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Figure 3 Continued.

difference between MK2-deficient cells and wildtype cells
was striking (0.005 versus 29% for 10* HSCs and 0.005 versus
0.17% for 10° HSCs) (Figure 3D). Hence, MK2—/~ HSCs
showed an obvious disadvantage in their repopulation capa-
city, when compared with wild-type cells. To confirm and to
further extend this finding, the repopulation experiment was
also carried out with the LSK cell fraction enriched in HSCs. A
similar defect was observed with respect to the LSK-repopu-
lation capacity of MK2—/~ cells (Figure 3E). We also carried
out a secondary transplant experiment to confirm the self-
renewal capacity of HSCs. Mice transplanted with a cell
population of 2 x 10 WT and MK2—/— bone marrow cells
(CD45.2) mixed with 10° competitor cells showed a mild
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reduction of CD45.2-positive MK2~/— cells compared with
WT cells 12 weeks after transplantation (Figure 3F; primary
recipients). When 2 x 10° bone marrow cells of these primary
recipients. were transplanted into secondary recipients, a
defect of MK2-/— HSC became manifest (32% CD45.2
MK2—/— cells versus 78% CD45.2 MK2Z+/+ cells)
(Figure 3F, secondary recipients), almost independently of
addition of wild-type competitor cells (Supplementary Figure
9). Finally, the restoration of the CD150 + CD48— HSC com-
partment after transplantation into WT mice, depending on
the genotype of the donor cells, was analysed and was shown
to be reduced for MK2-deficient donor cells (Figure 3G).
Together these experiments show that a decreased quiescent
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HSC pool in MK2—/— mice results in functional impairment
under stress conditions.

Identification of Edr1 and Edr2 as interaction partners
of MK2

To identify new interacting proteins for mouse MK2, a yeast-
two-hybrid screen was carried out using a murine day-11-
embryo brain library. The analysis revealed 27 positive
clones: three of them carried ¢cDNAs of the known MK2-
interaction partner p38«a, 17 clones carried 11 different cDNA
fragments coding for C-terminal parts of mouse Edrl (n=4),
p36-Edr2 (n=6) and p90-Edr2 (Yamaki et al, 2002) (n=1).
Interestingly, all Edrl/2 clones contained a single zinc-finger
domain with the FCS signature followed by the region coding
for the C-terminal homology domains (HD) II and I1I. HDII is
also known as a sterile alpha motif (SAM) domain that has
been shown to self-associate, bind to other SAM domains or
form heteromeric interactions with some non-SAM domains
of other proteins (Qiao and Bowie, 2005). The specificity of
MK2-Edr1/2 interaction was confirmed by GST-pull-down
experiments upon recombinant expression in Escherichia
coli, using His-p38a/GST-MK2 interaction as a positive con-
trol. As shown in Figure 4A, His-Edrl and His-Edr2 specifi-
cally bind to GST-MK2 but not to GST. In subsequent
experiments, we limited our investigations to Edr2 interac-
tions, as ectopic overexpression of Edrl in mammalian cells
was inefficient and available antibodies showed a low degree
of specificity. Specific interaction of MK2 with endogenous
Edr2 was shown by GST pull-down of endogenous Edr2 from
HEK293-T cells transfected with different GST constructs
(Figure 4B). Although endogenous Edr2 was found to bind
to GST-MK2 and to the GST fusion of the structurally closely
related MK3, which is expressed in LSK cells at levels
comparable to MK2 (Supplementary Figure 10), as well as
to the PcG member GST-Bmil—used here as a positive
control, GST fusion of the structurally more distant MKS,
GST-MKS5, was not able to bind Edr2 efficiently. We then
extended the analysis of MK2-Edr2 interaction by carrying
out co-immunoprecipitation of endogenous MK2 and Edr2
from mouse embryonic fibroblasts (Figure 4C).. The specifi-
city of the positive signal is shown by inefficient co-immu-
noprecipitation from lysates of MK2/3-deficient fibroblasts.

MK2 interacts with PRC1

Next, we: were interested to know whether MK2 interacts
with” Edr2" within the physiological PRC1 complex. To this
end, we tried to detect another core component of PRC1, the
ring finger protein RinglB, in the protein fraction bound to
GST-MK2. As a negative control, we used again a GST-MKS
pull-down. As shown in Figure 4D, MK2, but not MKS,
precipitates RinglB, supporting the notion that MK2 is able
to interact with the physiological PRC1 complex. To rule out
the possibility that this interaction is because of the ectopic
overexpression of the recombinant fusion proteins, we ana-
lysed the co-existence of the endogenous proteins in high
molecular-weight fractions from lysates of mouse embryonic
fibroblasts (MEFs). Lysates were separated by gel filtration
and protein fractions were analysed by western blot using
antibodies against RinglB and MK2 (Figure 4E). In lysates
from wildtype MEFs, co-separation of RinglB and a small
sub-population of MK2 can be detected in a fraction corre-
sponding to a molecular mass of about 1MDa (asterisk). To
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show the specificity of the bands for MK2, we repeated this
analysis with lysate from MK2-deficient MEFs. Although
RinglB can be detected in the corresponding fraction, the
two corresponding bands for MK2 (boxed) are missing. This
supports the notion that a sub-population of endogenous
MK2 exists in the 1-MDa fraction, reflecting its interaction
with endogenous PRC1. This interaction obviously does not
include p38 MAPK, as it cannot be detected in the 1-MDa
fraction (data not shown).

Edr2 and MK2 co-localize in polycomb bodies
characteristic for PRC1

MK2 and p38a exist as a complex in the nucleus of resting
cells. Upon activation of the p38 MAPK cascade, MK2 is
phosphorylated, activated, and because of de-masking of a
nuclear export signal, translocates to the cytoplasm (Ben-
Levy et al, 1998; Engel et al, 1998; Neininger et al, 2001). In
view of this finding, we hypothesized that a physiologically
relevant nuclear PRC1-MK2 interaction may be released
upon activation of the p38 MAPK cascade. First, we analysed
the sub-cellular localization of MK2 and Edr2 in quiescent
HEK293 cells upon transfection with MK2-YFP and Edr2-CFP
fusion constructs. Both proteins showed perfect co-localiza-
tion in speckles in the nucleus (polycomb bodies), reminis-
cent of the characteristic distribution pattern of proteins
organized in PRC1 complexes such as endogenous Edrl,
Edr2, Bmil and RinglB (Suzuki et al, 2002) (Figure 5A).
Second, we visualized stress-dependent translocation of GFP-
MK?2 in HelLa cells co-transfected with HA-Edr2. In contrast to
our hypothesis, arsenite-induced stress activation of the p38
MAPK cascade did not trigger complete translocation of MK2
into the cytoplasm. In strict dependence on Edr2 co-expres-
sion, a sub-fraction of MK2 was retained in the polycomb
bodies (Figure 5B), suggesting that activated MK2 alone or
in complex with p38 may also have a physiological function
at the nuclear PRC1 (cf. also schematic presentation of
Figure 7).

Identification of the Edr2-interacting region in MK2

To further dissect the molecular interaction between MK2 and
Edr2, we carried out GST-Edr2 pull-down assays using GFP
fusion proteins with defined MK2 subdomains. Two regions
of the small lobe of the kinase, subdomains I-III {amino acids
29-99) and IV-V. (amino: acids 97-131), are sufficient to
interact with Edr2 (Figure 6A and B), indicating that both
regions contribute to the interaction. The specific role of
these subdomiains for interacting with Edr2 was further
substantiated using. a MK2/MKS hybrid molecule. When
amino-acids 38-128 are replaced by the homologous region
of MKS, the hybrid molecule no longer binds to Edr2, as
shown in pull-down experiments (Figure 6C), as well as in
the co-localization assay (Figure 6D). As these domains do
not overlap with the C-terminal docking site for p38« at
amino acids 371-375 (Tanoue et al, 2000}, it is possible that
MK2, Edr2 and p38 can form a ternary complex at PRCI1.

Functional rescue of MIK2-deficient HSCs requires
Edr2-binding of MIK2

Finally, we were interested to determine a direct functional
link between the HSC phenotype of MK2—/— mice and the
Edr2-binding properties of MK2. To address this issue, we
made use of the MK2/5 hybrid molecule, which is unable to
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Figure 4 Interaction of MK2 with PRC1 components. {A) MK2 interaction with recombinant Edr1 and Edr2 in vitro. GST pull-down (right) of
recombinant 6-His-tagged Edrl1/2 from E. coli lysate. As a positive control, 6-His-tagged p38a is used; as negative control pull-down is
performed with GST alone, Total E. coli lysates are separated at the left. His-tagged proteins are detected by anti-hexahistidine western blot.
(B) Interaction of MK2 with endogenous Edr2. Whole-cell lysate of transfected HEK 293-T cells were used in a GST pull-down with recombinant
GST-MK2, GST-MK3, GST-MKS, GST (negative control) and GST-Bmil (positive control). Comparable expression and GST pull down of the
fusion proteins was monitored by Coomassie protein staining. Specific interactions of GST-MK2, GST-MK3 and GST-Bmil with endogenous
Edr2 were detected by western blot using Edr2 antibodies. (C) Co-IP of endogenous MK2 and Edr2 from WT mouse embryonic fibroblasts
(MEFs) but not from MK2/3-deficient (MK2/3 KO): MEFs (negative control}. (D, E) MK2 interaction with the PRCI complex. (D) Lysates (L)
from HEK 293 cells overexpressing Edr2 were subjected to GST pull-down using GST-MK2 and, as negative control, GST-MKS. Supernatant (S)
and pull-down (P} were analysed for PRC1 complexes by western blot against the PRC1 component RinglB. (E} Co-separation of endogenous
Ring1B and endogenous MK2 in a high-molecular-weight fraction. Nuclear extracts from wildtype (WT) and MK2-deficient MEFs (MK2—/-)
were applied to FPLC gel filtration using a Superose 6 HR 10/30 column. Proteins from load (L} and fractions were subsequently separated by
SDS-PAGE. In both lower panels, an empty lane between load and fractions was cut out from the blot to align corresponding molecular-weight
fractions between the analysis of WT (upper panel) and MK2-deficient (lower panel) cells. Ring1B and MK2 were detected by western blot. The
approximate size of the native proteins in the chromatographic fractions is indicated on the top. The protein size in SDS-PAGE is indicated left.
The RinglB band and the two MK2-specific bands are indicated at the right of each blot. The bands representing the sub-population of MK2 in
the high-molecular-weight fraction are marked by a box with asterisk in the anti-MK2 blot of separation of WT lysate. The corresponding region
of separation of MK2-deficient lysate lacking these bands is also boxed. The MK2 antibody decorates also several bands in the lysate of
MK2-deficient cells (MK2—/-) probably because of cross-reaction with MK3 and because of non-specific binding.

associate with Edr2 (see Figure 6C and D) but maintains full reconstituted by MK2 but not by the MK2/5 hybrid kinase
catalytic kinase activity, as shown in MK2/3 double knockout with respect to stem-cell fitness.
cells (Figure 6E). MK2/3 double-knockout embryonic fibro- The viral constructs were then used to introduce MK2 and
blasts do not display any stress-induced Hsp25 phosphoryla- MK2/5 into lineage-marker negative MK2-deficient CD45.2
tion. In contrast, retrovirus-mediated expression of MK2/5 cells, yielding similar transduction rates (30%) as assessed by
and MK2 yielded a comparable level of Hsp25 phosphoryla- expression of the marker gene GFP, 10* bi-cistronic expres-
tion upon UV stimulation. Hence, MK2:and MK2/5 are sion construct-transduced CD45.2 MK2-deficient LSK cells
indistinguishable with respect to their kinase activity and were mixed with: the same number of control GFP-con-
differ only in Edr2 binding, allowing the dissection of kinase struct-transduced CD45.1 LSK WT competitor cells, trans-
function from Edr2-mediated effects in the MK2/5 hybrid planted into lethally irradiated CD45.1 recipient mice,
kinase. We hypothesized that MK2-deficient cells would be which were analysed 3 month later. As seen in Figure 6F,
8 The EMBO Journal ©2008 European Molecular Biology Organization
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Figure 5 Co-localisation of MK2 and Edr2 in palycomb bodies characteristic for PRC1. (A) HEK 293 cells were transfected with constructs
coding for an MK2-yellow fluorescent protein (YFP) fusion and an Edr2-CyAn fluorescent protein (CFP) fusion. Fusion proteins were visualized
by fluorescence microscopy. Nuclei were stained using TO-PRO. (B) Stress-dependent changes in subcellular localizations of a GFP-MK2 fusion
protein (GFP-MK2) in HeLa cells in the absence and presence of HA-tagged Edr2 (HA-Edr2). In the absence of HA-Edr2, arsenite treatment
(+ Arsenite) leads to export of evenly distributed GFP-MK2 from the nucleus. In cells overexpressing HA-Edr2 (+ HA-Edr2), GFP-MK2
accumulates in polycomb bodies already before stress treatment (—Ars). Upon stress and in the presence of HA-Edr2, MK2 is translocated to the
cytoplasm, but a sub-population of MK2 remains in polycomb bodies.

the LSK repopulation capacity of MK2—/— cells (6.8% in
experiment 1 (N=3); 4.1% in experiment 2 (N=3)) is
significantly increased by re-introduction of MK2 (42 and
49%), but not by the re-introduction of the Edr2 non-binding
mutant of MK2, MK2/5 (0.4 and 0.2%). Taken together, this
indicates that MK2-Edr2 interaction is essential for LSK
repopulation capacity.

Discussion

MK2 is a downstream component of the p38 MAPK signalling
cascade with pleiotropic functions. Acting as a protein kinase,
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MK2 controls the regulation of the actin cytoskeleton (Stokoe
et al, 1992; Guay et al, 1997), stress-dependent small
heat-shock protein phosphorylation (Vertii et al, 2006), and
stability and translation of the AU-rich element containing
cytokine mRNAs (Neininger et al, 2002; Hitti et al, 2006).
Independently of its catalytic activity, MK2 stabilizes p38a
(Kotlyarov et al, 2002) and could act as a shuttling protein,
mediating nuclear export of p38a (Ben-Levy et al, 1998).
Here, we propose a new function for MK2 in maintaining
HSC quiescence. This function involves MK2-targeting to
PRC-1 through Edrl/2 binding and subsequent modulation
of the transcriptional control mechanisms governing HSC

The EMBO Journal 9
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quiescence (summarized in Figure 7). This represents a
mechanism for attracting signal-transducing protein kinases
to specific target genes in mammalian cells as already de-
scribed for the yeast, S. cerevisiae (Pokholok et al, 2006; Proft
et al, 2006). We document the specific interaction of MK2 and
members of PRC1 and define the regions involved in Edr2-

MK2 interaction as a SAM domain on Edr2 and subdomains
-V in the small lobe of the kinase. The latter does not overlap
with the p38a docking site on MK2, possibly allowing
formation of a ternary complex.

Recently, the p38 MAPK pathway has been shown to
control the lifespan of HSCs (Ito et al, 2006). Sustained
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Figure 6 Identification of the Edr2-interacting region in MK2 and rescue of the repopulation capacity of MK2-deficient cells by MK2, but not by
MK2/5. (A) Schematic representation of GFP-MK2, different GFP-tagged fragments of MK2, as well as an MK2/MKS hybrid kinase (P-rich is the
proline-rich N-terminal region, AH is the auto-inhibitory C-terminal helix containing the nuclear export signal (NES; Engel et al, 1998), NLS
represents the nuclear localization signal and T205 and T317 are the regulatory phosphorylation sites of mouse MK2). (B, C) Lysates (L) from
HEK 293 cells expressing the different GFP-tagged constructs described in (A) were subjected to GST-Edr2 pull-down (P). Proteins were
detected by anti-GFP western blot. Molecular masses (kDa) are indicated in the left. (D) Comparable enzymatic activity of MK2 and MK2/5
against the in vivo substrate Hsp25 detected in transduced MEFs after UV stimulation (200 J/m?) and 30 min recovery. (E) MK2/5 hybrid kinase
misplaced from polycomb bodies (examined as in Figure 5B). (F) Competitive repopulation assay. 1 x 10% CD45.1 4+ LSK cells transduced with

PMMP-IRES-GFP together with 1x10* CD45.2+ LSK cells transduced

with the different bicistronic constructs indicated at the left were

transplanted into recipient mice (CD45.1 + ) and analysed for repopulation capacity as described. Two characteristic experiments and statistical
evaluation (right) (N=6) are shown. Asterisks indicate significant differences (P<0.01) to vehicle-transduced cells. Transfection efficiency

(about 30% for all three constructs) was monitored by GFP-expression.
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Figure 7 The model of stress -signalling to PRC1: In the nucleus of resting cells, a sub-population of MK2 (and MK3) is associated to PRC1 via
specific interaction to Edr2 (and/or Edr1). A distinct, probably more abundant sub-population of MK2 (and MK3) exists in complex with p38a
(or p38P). On stimulation of the p38 pathway, p38 is phosphorylated by MKK3 or MKK6 and, in turn, phosphorylates MK2 (and MK3). As a
result of phosphorylation, the p38/MK2 complex becomes unstable (Lukas et al, 2004}, the nuclear export signal of MK2 is unmasked
(Neininger et al, 2001; White et al, 2007} and the sub-population of MK2 formerly bound to p38 is exported to the cytoplasm meeting its
substrates such as Hsp25 and mRNA-binding proteins as tristetraprolin (TTP) (Hitti et al, 2006). Activated p38 may partially leave the nucleus
(Ben-Levy et al, 1998), but also remains in the nucleus to phosphorylate transcription factors, such as ATF2 (Raingeaud et al, 1996) or MEF2
(Zhao et al, 1999}, as well as PRC1-bound MK2/3. Activation of PRC-bound MK2/3 by p38 leads to phosphorylation of components of PRCI,
such as Bmil (Voncken et al, 2005}, and contributes to chromatin remodelling. Black balls symbolize phosphorylations.

activation of p38 MAPK under oxidative stress, which is
probably paralleled by increased cytoplasmic accumulation
of p38/MK2 complexes (Ben-Levy et al, 1998) and, hence, by
their: reduction at the PRC1, induces loss of ‘stemness’,
similar to our findings in MK2-deficient mice. Thus, our
analysis' of MK2-deficient HSC may provide a missing link
between the stress-induced MAPK pathway and Bmil-
controlled HSC maintenance.

1t has been shown that the protein kinase MK3/3pK, which
is closely related to MK2 and shows 75% identity in primary
structure, is able to directly phosphorylate His-tagged Bmil
in vitro at as yet unidentified sites (Voncken et al, 2005). In light
of this observation, the MK2 could directly phosphorylate
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Bmil in vivo, as both enzymes share activators and sub-
strates (Clifton et al, 1996; Ronkina et al, 2007).
Physiologically, we identified a new role for MK2 in
maintaining HSC quiescence. Although we could show that
the haematopoietic differentiation program seems to be intact
in MK2-deficient cells, we identified a selective deficiency of
the HSC compartment, as shown by decreased numbers of
HSCs in MK2-deficient mice. Furthermore, we defined an
increased fraction of proliferating cells in the early haemato-
poietic progenitor cell pool as well as increased in vitro
proliferation, suggesting that MK2 is needed to put brakes
on a state of quiescence by modulating the PRC1 complex. As
a consequence of MK2 deficiency, ‘stemness’ is lost, as the
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HSC’s long-term engraftment and repopulation potential re-
sides predominantly in the GO fraction (Passegue, 2005).
Mechanistically, we propose that targeting of the MK2 to
PRCI is responsible for the observed effects on HSCs. This
idea is supported by our finding that the Edr2-binding do-
main of MK2 is necessary to rescue the repopulation capacity
of MK2—/- LSK cells. Interestingly, it seems that the Edr2-
non-binding mutant MK2/5 even suppresses repopulation
capacity. We speculate that this could be because of the
interference with MK3 action, which might, to a certain
degree, functionally compensate for the loss of MK2. This
idea is supported by the comparable expression of MK2- and
MK3-mRNA in LSK cells (Supplementary Figure 10) and
comparable Edr2-binding (Figure 4B) of both enzymes.
However, a detailed analysis of the effects of the MK2/5
mutant in WT cells will be necessary to further substantiate
this speculation.

Few extrinsic and intrinsic factors have been implicated in
controlling HSC maintenance (Suda et al, 2005; Adams and
Scadden, 2006). Bmil, a component of PRC1, is a crucial
molecule in governing ‘stemness’ of HSC (van der Lugt et al,
1994; Lessard and Sauvageau, 2003; Ilwama et al, 2004) and
neuronal stem cells (Molofsky et al, 2003). Interestingly, in
contrast to Bmil-deficient stem cells, the Ink4a locus as a
downstream target of Bmil (Jacobs et al, 1999; Park et al,
2003), encoding pl6inkda and p19Arf under the control of
two distinct promoters (Quelle et al, 1995), is selectively
affected in MK2-deficient HSC: Only the expression of
pl19Arf, a protein involved in p53-dependent apoptosis, is
increased. The reason for this selectivity is currently un-
known, but it might reflect the difference between Bmil
deletion and loss of Bmil phosphorylation, or a different
as-yet unknown function of MK2. Regardless of the molecular
mechanism, MK2 emerges as a new important player and
potential target to be manipulated in normal and malignant
haematopoiesis.

Materials and methods

Mice

Mapkapk2™!Mel mice (C57/Bl6) representing the conventional
complete knockout of MK2 {Kotlyarov ef al, 1999). were bred and
maintained under specific pathogen-free conditions in the central
animal facility at Hannover Medical School. In all experiments;
age- and sex-matched mice were used at 4~12 weeks of age. All
experiments were approved by the institutional review board.

Cell sorting and culture

For in vitro studies, purified SLAM . (CD150+CD48-} or
Lin~Scal Tc-kit* cells from MK2+/+ and MK2—/— mice were
cultured in IMDM medium supplemented with 10% FCS, 2mM
L-glutamine, 1% penicillin-streptomycin, 1 mM non-essential ami-
no acids, 10ng/ml rm-IL3, 10ng/ml rm-IL6, 50ng/ml rm-SCF,
50 ng/ml and rh-FIt3L (all from Peprotech, Rocky Hill, NJ).

For in vitro proliferation experiments, LSK cells were cultured for
48h as mentioned above and subsequently pulsed with 1 pCi *H-
thymidine for 12h. Incorporated *H-thymidine was quantified by
scintillation counting.

For p38 inhibitor studies, Lin"Scal * ¢-kit* cells from MK2 +/ +
mice were sorted and cultured either in the presence or in the
absence of SB239063 (5 uM, Calbiochem) for 72 h.

For cell-cycle analysis, sorted LSK cells were cultured for 48 h
in vitro and fixed with ice-cold absolute ethanol for 1 h on ice. Cells
were washed, incubated with propidium iodide (0.5 pg/ml, Sigma)
and RNase A (Spg/ml, Qiagen) for 1h, and analysed by flow
cytometry.

12 The EMBO Journal

Side population (SP} studies

SP studies were conducted as described earlier (Goodell et al, 1996).
Briefly, RBC-depleted total bone marrow cells of MK2+/+ and
MK2--/- mice were re-suspended in pre-warmed DMEM medium
containing Hoechst 33342 dye (5ug/ml, Sigma) either in the
presence or in the absence of verapamil (50puM, Sigma) and
incubated for 90 min at 37°C. Cells were washed twice with ice-cold
HBSS, stained with propidium iodide (2 pg/ml} and analysed by a
Moflo cell sorter (DAKO Cytomation, Glostrup, Denmark).

Flow cytometry

Single cell suspensions were analysed by flow cytometry using
FACS SCAN or FACS Canto and CELLQuest software, FACS Diva
software: (BD Biosciences) or-FlowJo software (Tree Star, Inc.,
Ashland, OR). Cell sorting: of defined sub-populations was carried
out using the Moflo cell sorter with Summit software or FACSAria
cell sorter (BD Biosciences). The following monoclonal antibodies
(all from BD Pharmingen, San Diego, CA except noted otherwise)
were used: CD3eg-biotin, CD-4-biotin, CD8-biotin, CD11b-biotin,
CD1lc-biotin, CD19-biotin, CD48-biotin (eBiosciences, San Diego,
CA), CD117-APC, CDI150-PE (eBiosciences), B220-biotin, Gr-1-
biotin, Sca-1-PE and TER119-biotin.

BrdU incorporation

In vivo incorporation of BrdU into LSK cells was assessed using the
FITC BrdU Flow kit (BD Pharmingen). After a single intraperitoneal
injection of BrdU (Sigma, 1mg per 6g of mouse weight), an
admixture of 1 mg/m! of BrdU was added to the drinking water for 3
days. Mice were killed, BM cells were prepared and stained with
antibodies recognizing lineage, Scal and c-kit markers, and analysed
by flow cytometry.

CFSE proliferation assay

For CFSE studies, purified CD150 + CD48— cells were labeled with
2mM CFSE (Molecular Probes, Karlsruhe, Germany) in IMDM
complete medium at 37°C for 10 min. Cells were washed with PBS,
cultured as indicated above and analysed by flow cytometry.

RNA isolation and real-time PCR

Total RNA was isolated using commercially available kit systems
(Absolutely RNA mini prep kit,Stratagene, La Jolla, CA). cDNA was
synthesized using oligo-dT primer and expand reverse transcriptase
(Roche). p19 and p2l expression levels were determined by real-
time PCR using the primers described in Supplementary data. The
PCR reaction was carried out in duplicates using a LightCycler-
FastStart DNA Master SYBR Green [ kit (Roche) according to the
manufacturer’s instructions.

Competitive repopulation studies

Defined numbers of (i) RBC-depleted donor (CD45.2) BM or of (ii)
LSK cells of 8-week-old MK2+ /4 and MK2—/— mice or (iii) 10%
MK2--/~ LSK cells transduced with the bicistronic 5[;)MMP—IRES
viral construct (see below) were mixed with (i}’ 10° competitor
bone marrow or (ii) 10* competitor LSK cells or (iii) 10* LSK
cells transduced with the viral GFP-expressing control construct
(CD45.1) cells, ‘respectively, and transplanted i.v. into lethally
irradiated (10Gy) ‘congenic recipients (CD45.1). In the LSK
repopulation experiments ((ii) and (iii)), 10° total-BM-compensa-
tory carrier cells (CD45.1) were added to the cell mixture to create a
supportive environment during the initial period after transplanta-
tion and to increase the viability of the transplanted animals. The
number of stem cells in these compensatory cells is negligibly small
compared with the number of stem cells in the LSK populations.
Transplanted mice were maintained under specific pathogen-free
conditions for 3 months. For secondary transplantation, 2 x 10° BM
cells were transplanted into lethally irradiated congenic recipients
and 12 weeks after transplantation, 2 x 10° BM cells were isolated,

-analysed for CD45.2 derived cells and subsequently transplanted

into lethally irradiated congenic secondary recipients. At 16 weeks
after transplantation, BM of secondary recipients was analysed for
CD45.2-derived cells.

Yeast two-hybrid screen

A mouse-brain library (MY4008AH, MATCHMAKER, Clontech) in
strain Y187 (MAT«) was mated with pGBKT7-MK2 to identify the
interaction partners of mouse MK2. About 2.5 x 107 colonies that
contained 3.5 x 10° independent ¢cDNA clones were screened.
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Transfections, pull-down and co-immunoprecipitation
HEK293-T and Hela cells were cultured and transfected as
described (Schumacher et al, 2004). For in vitro pull-down assays,
a total of 1 x107 transfected HEK293-T cells expressing GST-tagged
MK2, MK3, MKS or Bmil were used and GST pull-down was carried
out as described {Schumacher et al, 2004). Bound proteins were
analysed by western blot using antibodies against Edr2 or RinglB
(Atsuta et al, 2001). Alternatively, purified recombinant hexahisti-
dine-tagged Edrl, Edr2 or p38 proteins were incubated with
recombinant GST or GST-tagged MK2 protein bound to glutathione
Sepharose 4B beads. Binding of His-fusion proteins was detected by
western blot using 6x-His antibodies (Clontech). For co-IP, 2 x 107
immortalized WT or MK2/3 double-knockout MEFs were lysed in
1.3ml buffer (S0mM HEPES (pH 7.5), 1% Triton X-100, 10%
glycerol, 150 mM NaCl, 1.5 mM MgCl,, 1 mM EGTA). In all 2.5 mg of
cell lysate was incubated with 5ul of MK2 antibody (Cell
Signaling3042) overnight at 4°C and subsequently incubated with
25 ul of protein G Sepharose {(Amersham) for 1.5h at 4°C. Beads
were washed five times with cold lysis buffer and western blot was
carried out using Edr2 antibody (Atsuta et al, 2001).

Gel filtration

In total, 4 x 107 immortalized WT or MK2-/- mouse embryonic
fibroblasts (Kotlyarov et al, 1999) were lysed in 400 pl lysis buffer
(20 mM HEPES pH 7.5, 50 mM KCl, 2 mM MgCl,, 0.5% Nonidet P40,
0.5 mM DTT, protease inhibitor cocktail tablet (Roche Diagnostics))
and centrifued at 800 g for 8 min at 4°C. Supernatant was removed
and the pelleted nuclei were lysed in Buffer A {50 mM HEPES pH
7.6, 250 mM NaCl, 10% glycerol, 0.5% Triton X-100, 1 mM EDTA,
1 mM DTT, protease inhibitor cocktail tablet {Roche Diagnostics))
for 20 min on ice. Nuclei were passed 10 times through a 20-gauge
needle and centrifuged at 16000 g, 4°C. In total, 500 ug of nuclear
extract was separated by FPLC (LCC-500 Plus) using two Superose
6HR 30/10 columns connected in series (Pharmacia LKB Bio-
technology, Uppsala, Sweden), developed with 0.05 M K,HPO,/
KH,PO4, pH 7.2, 0.15M NaCl with a flow-rate of 0.1 ml/min.
Proteins from fractions were precipitated by adding 1/100 volume of
2% deoxycholate, incubation for 30 min at 4°C and addition of 1/10
volume of 100% trichloroacetic acid. Samples were incubated
overnight at 4°C, centrifuged for 15min at 16000g, air-dried,
dissolved in 4 x SDS sample buffer-and separated by 10% SDS-
PAGE. Western blotting was carried out using anti-RinglB (Atsuta
et al, 2001) and anti-MK2 (Cell Signaling 3042) antibodies.

Fluorescence microscopy

For subcellular localization of YFP- and CFP-tagged proteins, the
transfected cells (with lipofectamine/plus reagent, invitrogen) were
replated in chambered coverglass (Lab-Tek, Nunc) and analysed
using a Leica DM IRBE microscope with the Leica TCS confocal
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ABSTRACT

Cell lineages generated during development and tissue
maintenance are derived from seif-renewing stem cells by
differentiation of their committed progeny. Recent studies
suggest that epigenetic mechanisms, and in particular the
Polycomb group (PcG) of genes, play important roles in con-
trolling stem cell self-renewal. Here, we address PcG regula-
tion of stem cell self-renewal and differentiation through
inactivation of RinglB, a histone H2A E3 monoubiquitin
ligase, in embryonic neural stem cells (NSCs) from the olfac-
tory bulb of a conditional mouse mutant line. We show that
neural stem/progenitor cell proliferation in vivo and in.neu-
rosphere assays is impaired; lacking RinglB, and their seif-
renewal and multipotential abilities, assessed as sphere for-
mation and differentiation from single cells, are severely
affected. We also observed unscheduled neuronal, but not
glial, differentiation of mutant stem/progenitor cells under

proliferating conditions, an alteration enhanced in cells also
lacking RinglA, the RinglB paralog, some of which turned
into morphologically identifiable neurons. mRNA analysis of
mutant cells showed upregulation of some neuronal differ-
entiation-related transcription factors and the cell prolifer-
ation inhibitor Cdknla/p2l, as well as downregulation of
effectors of the Notch signaling pathway, a known inhibitor
of neuronal differentiation of stem/progenitor cells. In addi-
tion, differentiation studies of RingIB-deficient progenitors
showed decreased oligodendrocyte formation in vitro and
enhanced neurogenesis and reduced gliogenesis in vivo.
These data suggest a role for RinglB in maintenance of the
undifferentiated state of embryonic neural stem/progenitor
cells. They also suggest that RinglB may modulate the dif-
ferentiation potential of NSCs to neurons and glia. STEM
CrLLs 2009.27:1559~-1370
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INTRODUCTION

The generation of cell lineages during development and the
integrity of tissues in the adult depends on a variety of self-
renewing embryonic: and adult stem cells {I}. Self-renewal
allows the maintenance of pools of stem cells needed for
appropriate embryo development and cell replacement during
an organism’s life span [2]. Stem cell self-renewal combines
the ability to proliferate with the preservation of developmen-
tal potential [3]. Embryonic stem (ES) and fetal stem cells
proliferate extensively, in contrast to adult stem cells, which

proliferate - rather - sparsely - and rely on transit-amplifying
progenitors for cell expansion {1, 4}. Developmental potential
is maximal in ES cells (pluripotent), whereas other embry-
onic/fetal and adult stem cefls show fineage-restricted poten-
tial [1, 5.

Studies on ES cells show. that self-renewal is determined
by a regulatory network of transcription factors acting to-
gether with chromatin regulators. thus defining a cell type—
specific epigenetic landscape [6-9]. Among epigenetic regula-
tors, the Polycomb group (PcG) of genes encodes subunits of
chromatin  complexes ~(Polycomb repressing complexes
[PRCs]). Two of these subunits are endowed with chromatin-
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modifying activities. One, Ezh2, is a methyltransferase that
modifies lysine 27 of histone H3 [10], whereas RinglB and
its paralog RinglA are E3 monoubiquitin ligase that modify
lysine 119 of histone H2A [11]. Both enzymatic activities
belong in nonoverlapping core protein complexes unique to a
variety of biochemical entities grouped as PRC2 (H3K27
methyltransferase) and PRC1  (H2AK119 monoubiquitin
ligase) [12]. These histone modifications are commonly found
on transcriptionally silent loci [13-16]. Currently, it is
accepted that PRC2 acts as an instructed chromatin-modifying
module [17], whereas PRC1 acts as a reader device that binds
to H3K27 methylated nucleosomes [10, 18], although some-
times PRCI subunits are also recruited to chromatin in a
H3K27-independent manner {19].

The PcG role in stem cell self-renewal is best known for
ES cells and hematopoietic stem cells [20]. In ES cells, PcG
products act as repressors of transcription factors and of com-
ponents of signaling modules widely used in the generation of
cell lineages that appear during development [13, 15].
Recently, it was shown that PRC2-dependent markers and
other epigenetic markers are related to changing transcrip-
tional programs associated with transitions from ES cell-
derived neural stem cells (NSCs) to neural progenitors and
their differentiated progeny [21]. The impact of PcG regula-
tion on NSC self-renewal is more limited and is derive mostly
from the study of loss-of-function models of Pegfd/Bmil, a
PRC1 subunit that acts as a cofactor in H2A ubiquitylation by
RinglA/RingiB [22]. Mice lacking Bmil have a lower num-
ber of adult NSCs whose sclf-renewal ability is severely
impaired [23-25]. Acute inactivation of Bmil, by short hair-
pin (sh)RNA-mediated inactivation of embryonic neural stem/
progenitor cells also results in” defective self-renewal [26].
Both Bmil-deficient adult and fetal stem/progenitor cells have
upregulated inhibifors of cell cycle progression. Although
Ring1B and Bmil are part of a common régulatory device
{22, 27], they also show distinctivé activitics, as seen, for
example, in the adualt hematopoietic compartment [28]. Here,
we set out to iivestigate the role of the PcG histone E3
monoubiquitin ligase Ring{B in the self-renewal and differen-
tiation potential of embryonic NSCs. Using a model of condi-
tional inactivation of RinglB to study self-renewal of NSCs
from the fetal olfactory bulb, we show that Ring!B promotes
embryonic NSC self-renewal by sustaining their proliferative
activity and maintaining their undifferentiated state and devel-
opmental potential.

MATERIALS AND METHODS

Mice

Ring!B conditional knockout. Ring/A knockout, and genotyping
were described previously [28, 29). Inducible Cre-expressing
mouse lines were Polr2a::CreERT2 [30] and Rosa26:CreERT2
{31]. Animal handling procedures were institutionally approved
and were in accordance with national and European regulations.

Neural Stem/Progenitor Ceil Culture

Reagents for cell cultures were bought from Invitrogen (Carlsbad,
CA, htip://www.invitrogen.com), Sigma-Aldrich (St. Louis, MO,
hitp:/fwww .sigmaaldrich.com), and PeproTech (Rocky Hill, NJ,
http://www.peprotech.com). Embryonic olfactory bulb stem cells
(OBSCs) were prepared from the olfactory bulb of 13.5 days
postcoitum (dpc) mice. Cells were plated and expanded in Dul-
hecco's modified Eagle's medium (DMEM)/nutrient mixture Fi12/
insulin, apotransferrin, putrescine, progesterone, and sodium sele-
nite supplemented with fibroblast growth factor (FGF)-2 and epi-
dermal growth factor (EGF) [32]. Proliferation assays were per-
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formed in cells growing in the presence of FGF-2 and EGF.
Cultures were pulsed with §-bromo-2-deoxvuridine (BrdU) for |
hour before fixation. Differentiation assays were performed after
mitogen removal from the cultures. For clonal analysis, OBSC
spheres were dissociated into a single-cell suspension and diluted
to eight cells/m! in DMEM/F12/N12:0BSC-conditioned medium
(I:1). Two hundred gt of this suspension was plated into each
well of 96-well plates, One day after seeding. wells containing a
single cell were marked and induced to proliferate for 9 days,
when the wells were screened for the presence of clonal neuro-
spheres. Differentiated clonally derived sccondary spheres were
tinally fixed and triple immunostained to detect the presence of
neurons, astrocvtes, and oligodendrocytes [33].

Immunostaining of Cultured Cells

Cells were fixed in 4% paraformaldehyde (PFA) and incubated
with antibodies to: RingliB (1:250 [34]). f-tubulin 11 (Tujl.
1:2,000; Covance, Princeton. NI, http://www.covance.com), glial
fibrillary acidic protein (GFAP. 1:800; Millipore, Billerica, MA,
hup:/fwww.millipore.com}, O4 (1:8), microtubule-associated pro-
tein 2ab (Map2ab) (1:250; Sigma), neurofilament medium chain
(NF-m) (1:400; Encor Biotechnology. Gainesville. FL, hup:/
www.encorbio.com), and BrdU (1:1,000; Becton, Dickinson and
Company. Franklin Lakes, NJ, htp://www.bd.com). Ditferentiated
clones were triple immunostained with antibodies against fi-tubu-
fin Il (rabbit antibody diluted 1:2,000; Covaince), GFAP (mouse
antibody. diluted 1:800: Millipore), and O4 (diluted 1:8). The O4
antibody was obtained from the culture mediwm of O4-producing
hybridoma cells, kindly provided by A. Rodriguez-Peria, Consejo
Superior de Investigaciones Cientificas. Appropriate secondary
antibodies were used to detect specific signals. Cultures were
stained with 2 pg/mi 4'.6-diamino-2-phenylindole (DAPI) (o stain
the nuclei and aliow total cell counting.

A terminal deoxynucleotidyl transferase dUTP nick end label-
ing (TUNEL) assay was performed following the manufacturer’s
instructions  (Roche Diagnostics, Basel, Switzertand, hup://
wwiwv.roche-applied-science.com).

Immunostaining of Tissue Sections

Embryonic day (E)17.5 mouse. embryos were perfused with 4%
PFA and embryo heads were postfixed in 4% PFA for 2 hours,
cryoprotected with Tissue-Tek (Sakura, Tokyo. lapan, hup://
www.sakwra.com), and then frozen at —80°C. Coronal cryostat
sections (14 pm) were immunostained with antibodies against
Ring!B (1:400), phospho-H3 (PH3, 1:1,000; Millipore), Tujt
(1:2.000), GFAP (1:800), and nestin (mouse monoclonal difuted
1:50; Millipore). The TUNEL assay (Roche’s kit) was also per-
formed on cryostat sections. Ring1B and Tujl immunochistochem-
istry was done on 7-pm sections of paraffin-embedded fixed
embryos. Binding of anti-Ring1B [34] and anti-Tuj! anmibodies
was detected with the avidin—biotin—peroxidase complex method
(Peroxidase Elite, Vectastain, and ABC kit: Vector Laboratories.
Burlingame, CA, http:/fwww.vectorlabs.com) followed by coun-
terstaining  with hematoxylin-eosin. Cryostat sections were also
prepared from the OBs of E17.5 embryos from pregnant mice
that were injected ip. with BrdU (100 pgfg) 4 hours before
embryos were removed. Sections were double immunostained
with antibodies against BrdU (1:200; Abcam, Cambridge. UK.,
hitpr/fwww.abcam.com) and TuJl or nestin (rabbit polyclonal,
diluted 1:1,000, provided by R. McKay, NIH), followed by
appropriate fluorescent secondury antibodies. Some sections were
stained with DAPL

Western Blot Analysis

Cells were lysed in RIPA buffer (10 mM Tris-HCL pH 7.2: {50
mM NaCl: 1% Triton-100; 0.1% sodium dodecy! sulfate; 1% so-
dium deoxycholate; 3 mM EDTA, 20 mM NaF and Complete
{Roche]). Thirty-five pg of total extract was subjected to SDS-
PAGE electrophoresis and posterior- immunoblotting following
standard procedures. Nitrocellulose membranes were incubated
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with antibodies specific for Ring!B [34] and o-tubulin (Sigma,
clone B-5-1-2).

Microarray Methods and Gene Ontology Analysis

Total RNA was extracted using the Trizol reagent (Invitrogen)
and purified with Qiagen RNeasy separation columns (Qiagen,
Hilden, Germany, http://wwwl.qiagen.com). First-strand cDNA
was synthesized and hybridized to Affymetrix GeneChip Mouse
Genome 430 2.0 arrays (Aftymetrix, Santa Clara, CA. hitp://
www.affymetrix.com) to assess and compare the overall gene
expression profiles. The signal intensities of probe sets in each
chip were normalized with the gcRMA algorithm [35] imple-
mented in the Bioconductor package (Bioconductor, http://biocon-
ductor.org) to estimate the expression value of cach probe set in
the chip. The annotation information for the probe sets was
obtained from RefDIC (RIKEN Research Center for Allergy and
Immunology. http://refdic.rcai.riken jp) [36}, and probe sets hav-
ing no gene information or matching two or more genes were
excluded from the analysis. We considered only probe sets whose
expression values varied by twofold or more between RingiB-de-
ticient cells and control cultures. For 972 up/downregulated
genes, gene ontology (GO) term enrichment analysis was per-
formed according to a method described by Draghici et al. {37},
with a correction for multiple testing using the false discovery
rate (FDR) [38]. Eventually, GO terms with a FDR < 0.05 were
selected as functionaily enriched terms.

Quantitative Reverse Transcription-Pelymerase
Chain Reaction

Total RNA was isolated using Trizol (Invitrogen) and the reverse
transcription (RT) reaction was carried out using the First Strand
Synthesis Kit according to the manufacturer’s guidelines (Invitro-
gen). A quantitative polymerase chain reaction (QPCR) analysis
was performed in triplicate using 150 ng ¢cDNA per reaction in
an iQ5 with Bio-Rad SYBR-Green (Bio-Rad, Hercules, CA,
hup://www.bio-rad.com). Gene expression data were analyzed
with iQS software (Bio-Rad). Sequences of primer pairs for the
QPCR were obtained from the Primer Bank [39): Hesl,
6680205a2; Hes5, 6754182al; Heyl, 6754188al: NewroDlI,
33563268al: Tubb3, 12963615al; Cdknla. 6671726a3; [na.
34328368al; Id4, 13624309at; Evmes/Thr2, 5738950at; Prdmi6,
33186878u2; Ascll, 6678806al: Zfhy3iAthfl. 6680736al; Nr2f2/
COUP-TFII, 6153104al. Other primers were: Cdkn2a, 5-CGAA
CTCTTTCGGTCGTACCC-3 (forward) and 5-CGAATCTGCAC
CGTAGTTGAGC-3" (reverse) and Cdknd, 5-CTGAACCGCT
TTGGCAAGAC-3' (forward) and 5'-GCCCTCTCTTATCGCCA
GAT-¥ (reverse).

Cell Counts and Statistical Analysis

To determine the number of cultured cells expressing a specitic
antigen, 10 random fields were counted per coverslip using a 40x
objective and fluorescence filters |33}, PH3" cells.and GFAP™ cells
were counted in 24 serially cut cryostat sections (n = 3 wild-type
mice and n = 3 Ring! B mice). To count BrdU™ and Tul1™ cells,
confocal images from cryostat sections were: taken every micron.
The entire image stacks were then analyzed and the cells were
counted using ImageJ software (Wayne Rasband, National Insti-
tutes of Health, USA), Statistical analysis was performed using Stu-
dent’s i-test and Sigma Stat Software (Sigma).

RESULTS

RinglB Is Required for Proliferation of NSCs

Multipotent self-renewing NSCs can be propagated in cell
suspension cultures, where they form cell aggregates known
as neurospheres [40]. Under these conditions, survival and
expansion of stem and progenitor cells result in populations
of undifferentiated cells that retain their ability to differentiate

www.StemCells.com

W
o
w

B ATG £
Ring18

Cre-ERT2::Polr2a - cytoplasmic Cre-ERT2

y 4HT

nuclear Cre-ERTZ

—»———83—HE- Ring15?

EtOH 4HT
Ring1B | we

% Y Tubulin .

Ring18B
Figure 1. . RinglB expression in the fetal olfuctory bulb and strategy
for Ring B inactivation' in olfactory bulb stem cells (OBSCs). (A): His-
tochemical analysis of 13.5 days postcoitwn olfactory bulb, showing
high levels of RingIB'in: the neuroepithelial zone (NEZ); some cells
located in the mantle zone (MZ) @lso expressed RingiB. (B): Strategy
for generation of Ringl BM® cells. ATG denotes the initiation codon of
RingI1B. red triangles loxP sequences and filled boxes Ring!B exons.
(C): Ring1B immunostaining (left) and Western blotting (right) analysis
of control OBSCs (ethanol [E1OH]) and Ring/BY2 OBSCs (hydroxyta-
moxifen, [+4HTD shows almost total deletion of RinglB 4 days after
treatment under profiferation conditions (<5% of cells were immunore-
active for Ring I B1. Scale bars = 100 microns (A). 45 microns (C).

in vitro to neuronal and glial derivatives. Typically, neuro-
sphere cultures are established from embryonic brain regions
or from the adult subventricular zone and the OB [31, 41}. To
investigate the role of RinglB in NSC self-renewal, we iso-
lated cells from the embryonic OB that are known to show
multipotential and self-renewing capacities under clonal anal-
ysis conditions, These cells reside in the proliferating layers
(neuroepithelial zone) of the OB and express. RingiB (Fig.
1A). We dissected the OB from 13.5 dpc fetuses homozygous
for a floxed RinglB (Ring/B") allele that can be inactivated
by Cre-mediated recombination, a strategy needed to circum-
vent the embryonic lethality of RinglB inactivation {28, 42},
This Ring/B mutant- allele was obtained by homologous
recombination of a targeting construct in which /oxP sequen-
ces flunk the first coding exon of the Ringl/B gene and a
selectable neo cassette (Fig. 1B) [28]. These fetuses also ubig-
uitously expressed a cytoplasmic Cre recombinase—estrogen
receptor fusion protein. (Cre-ERT2) whose activity is con-
trolled by translocation. to the cell nucleus induced by 4-
hydroxy-tamoxifen. (4HT) [43] (Fig. 1B). NSCs were
expanded in the presence of growth factors, EGF and FGF-2,
and cultured in neurosphere-forming conditions. as previously
described [33]. To obtain RinglB-deficient progenitors, we
treated parallel cultures seeded at 5,000 celisfem® with 800
nM 4HT in ethanol, or with only vehicle. for 18 hours and
scored the resulting neurospheres 72 hours later. At this stage,
4HT treatment vesulted in RinglB-depleted cell cultures, as
shown by Western blot and Ring B immunofluorescence anal-
ysis (Fig. 1C, supporting information Fig. 1A). We termed
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Figure 2. Impaired proliferation of Ring/B mutant olfactory bulb
stem cells in neurosphere assays. (A): RinglB mutant cultures show
less sphere formation (left) and a lower total number of cells (right, n
= 24). (B): The number of cells incorporating 5-bromo-2-deoxyuri-
dine (BrdU) (left, n = 7). as assessed by immunofluorescence analysis
(right), was significantly lower in Ring/B™" cultures than in control
cultures. Error bars depict the standard ervor of the mean. Scale bar
= 100 microns (A), 45 microns (B).

4HT-treated and ethanol-treated cultures as Ring/B>® and
RingiB", respectively. RingIB¥® cultures consisted of neuro-
spheres whose size was smaller than that ot wild-type neuro-
spheres (Fig. 2A, left, and also the clonal analysis in Fig. 3).
This observation was consistent with a poorer expansion of
RingiB-deficient cells, as indicated by the total number of
cells in mutant versus wild-type cultures under proliferating
conditions (Fig. 2A, right). To-eliminate the possibility that
transient nuclear activity of the recombinase Cre had a toxic
effect on cell growth, we characterized the proliferative prop-
erties of neurospheres derived from Cre-ERT2::Polr2a mice
and found that the proportion of BrdU-incorporating cells in
tamoxifen-treated cultures was similar to that in control. etha-
nol-treated cultures (supporting information Fig. 1B). We also
investigated the possible role of 4HT treatment characterizing
neurosphere cultures from OB cells isolated from: wild-type
mice and found them to be indistinguishable. from: vehicle-
treated neurospheres in cell proliferation assays (supporting
information Fig. 1C). Thus, these experimental conditions had
no effect on the observed results and, therefore, we conclude
that the appropriate proliferation of neural stem/progenitors
depends, in a cell-autonomous manner, on the activity of
RinglB. We then studied whether the decrease in cell num-
bers in mutant cultures was due to differences in apoptosis or
in proliferative rates. The TUNEL analysis showed almost no
apoptotic cells in either culture (0.3% and 0.2% of total cells
in RingIB>* cultures and wild-type cultures, respectively;

Ring1B in Embryonic Neural Stem Cell Self-Renewal

data not shown). In contrast, quantitation cultures that were
BrdU pulsed for 1 hour demonstrated that 4HT-treated cul-
tures contained fewer cells that had incorporated BrdU (19%)
than cultures treated with ethanol (12%; p < .005) (Fig. 2B).
To see whether this observation on OB-derived NSCs could
be generalized to NSCs from other regions of the cenual
nervous system. we investigated the proliferative properties of
neurospheres derived from the cortex and ganglionic eminen-
ces of 13.5 dpc embryos. The results (supporting information
Fig. 2) showed that, in the absence of RinglB. ncurosphere
formation and proliferation, assessed as BrdU incorporation.
were lower than in RinglB” cultures. Collectively, these
results show that defective expansion of mutant neural stem/
progenitors results from a decrease in the proliferative rate of
RingB-deficient cells.

Defective Self-Renewal of Ring1B-Deficient NSCs

The nonclonal neurosphere assay assesses the presence of
NSCs but it does not inform on their seif-renewal capacity.
Instead, self-renewal is usually analyzed by the ability of sin-
gle celis to reform spheres while retaining the production of
neurons and glia. To determine whether RinglB plays a role
in NSC self-renewal, we quantitated the number of cells able
to reform neurospheres when cultured as single cells. First,
we treated single cell cultures with 4HT and cultured them
for 7-9 days to obtain primary RinglBY* neurospheres (Fig.
3A, top). Efficient inactivation of RingiB in these cultures
was assessed by PCR analysis of single spheres (supporting
information Fig. 3A). Second, we set up single-cell cultures
from neurospheres derived from RinglB-deficient cells 10
derive mutant secondary neurospheres (Fig. 3A, bottom). We
also tried to establish neurospheres from two stages of single-
cell cultures, but under these conditions no neurospheres were
obtained from mutant OBSCs (supporting information 3B,
3C). The assays revealed that the capacity of Ring/BY* cells
to give rise to primary neurospheres was one third lower (p <
.001) than that of wild-type cells. and that such a capacity
was further reduced in secondary neurospheres. to only one
fifth of that of wild-type cells (p < .001) (Fig. 3B). Sizes of
primary and secondary mutant neurospheres from the clonal
analysis were, as already seen in nonclonal neurosphere
assays, smaller than those of wild-type cells (46% and 63%
of that of wild-type spheres) (Fig. 3D, 3E). The comparison
of neurosphere sizes obtained in these clonal assays showed a
distinctive distribution in which wild-type cells generated neu-
rospheres in the range of 200-1,800 microns in diameter,
whereas mutant cells never reached diameters >800 microns
(Fig. 3C). Altogether, the data show that RingiB is required
for self-renewal and proliferation of OB stem cells.

Premature Differentiation of RinglB-Deficient NSCs

To address whether the impaired proliferation and self-
renewal abilities of mutant NSCs is related to Ringl B regula-
tion of differentiation, we evaluated the potential of E13.5-
derived OB neurospheres: to generate the three: major neural
cell lineages normally found when they are cultured under
differentiation conditions, without mitogens. We found that
both RinglB-deficient and wild-type culures formed similar
numbers of neurons (Tujl immunoreactive cells) and astro-
cytes (GFAP immunoreactive cells), as shown in Figure 4. In
contrast, we found a consistently lower number of oligoden-
drocytes (O4 immunorecactive cells) in cultures that lacked
RingiB. We tested the possibility that mutant cells were
counterselected during their time in culture by identifying
RingB-expressing cells with anti-Ring!B antibodies in cul-
tures undergoing differentiation. The results (supporting infor-
mation Fig. 4A) showed that, whereas all cells in control
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Figure 3. RingiB deletion reduces. the self-renewal capacity of offactory bulbystem cells, (A): Schematic diagram of clonal analysis protocols
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ter seeding single celis (inset). Scale bar for single cells, 25 microns: clonal spheres. 80 microns. Error bars depict the standard error of the

meatt.

cultures were stained for RinglB, 4HT-treated cultures lacked
Ring1B immunoreactivity. Because the differentiation poten-
tial of NSCs can change with' developmental time, we also
addressed the phenotype of neurospheres derived from 18.5
dpc OBs: Similarly to observations for Ring!B-deficient 13.5
dpc NSCs, mutant 18.5 dpc OBSCs showed impaired neuro-
sphere formation and decreased proliferation (supporting in-
formation Fig. 5A), compared with that of untreated cultures.
In the absence of growth factors, both 4HT-treated or
untreated cultures generated similar proportions of the three
cell lineages. although a (statistically not significant) trend to-
ward a lower number of oligodendrocytes was observed for
RingI B cultures (supporting information Fig. 5B). Consid-
ering that most differentiated derivatives from wild-type cells
are newrons and astrocytes, the overall differentiating potential
of RinglB-deficient cells growing under nonclonal conditions
was similar to that of Ring/B™ cells after induction of differ-
entiation. To better ascertain the differentiation potential of
mutant stem cells, single cell-derived neurospheres were
induced to differentiate, revealing a lower (30% of that of
RinglB™ cells) number of tripotent clonal neurospheres (Fig.
4C, 4D). Also, the overall differentiation potential of mutant
clonally derived neurospheres was lower (50% of that of
RingIB™ cells).These findings unveil a defective differentia-
tion potential of Ring1BYA OBSCs that was masked under

www. StemCells.com

nonclonally derived neurospheres in nonclonal neurosphere
cultures.

We next asked whether RinglB might play a role in
maintaining neural stem/progenitor cells undifferentiated, as
has been observed in ES cells {15, 44}, To this end. we ana-
lyzed 4HT-treated and untreated OB stem cell cultures grow-
ing in the presence of mitogens for the expression of the neu-
ronal differentiation marker f-tubulin Ul (Tujl). We found
that RinngA’ cultures comtained a larger fraction (13%) of
immunoreactive cells. than_ wild-type cultures (1.4%) (Fig.
3A), suggesting that RinglB deficiency lcads to a weakened
stability of the undifferentisted state of mutant cells. If,
indeed; RingiB is playing a role in the maintenance of the
undifferentiated state, we reasoned that a differentiated pheno-
type would be better observed in stem/progenitor cells derived
from compound mutant embryos in which both Ring/B and
its paralog Ring/A are inactivated. Figure 3B shows that more
than one third of Riltgl/r/‘RinngA"‘\ OB stem/progenitor
cells growing in the presence of FGF and EGF-2 were immu-
noreactive for Tujl, compared with <% among those in sin-
gle Ring/A mutant cell cultures. In addition. examples of cells
possessing clear neuronal morphologies could be seeni among
RinglA- and RinglB-lacking cuitures (Fig. 3B. inset). This
was corroborated by double immunostaining of TuJ17 cells
with Map2ab or NF-m, neuronal markers that label dendrites
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any of the differentiation markers.

and axons, respectively (Fig, 5C. 5D). Neuronal differentia-
tion of RinglB /3 stem/progenitor cells, however, was not
accompanied by glial differentiation, assessed as GFAP im-
munoreactive cells (data not shown), Differentiation, in the
absence of mitogens, of Ring/ A~ "Ring/B** OB stem/pro-
genitor cells, showed a pronounced phenotype with neurons
possessing long processes, fewer astrocytes and the. absence
of oligodendrocytes (supporting information Fig, 6). Together,
the results suggest that RinglB (and RinglA) contribute to
the stability of the undifferentiated state of neural stem/pro-
genitor cells.

Gene Expression Analysis of RinglB-Deficient
OBSCs

Genome-wide mRNA profiling of OB-derived neurospheres
under proliferating conditions by microarray analysis showed
972 probes derepressed or. repressed more than twofold in
Rir:(q[BA’A cultures compared with control spheres. GO analy-
sis showed an enrichment of categories related to neuronal
differentiation and to cell proliferation (Fig. 6A, supporting
information Table ). For instance, Neurod!, a transcription
factor specific for neurogenesis [45]. Tubb3. the Tujl antigen,
and Ina (internexin neuronal intermediate filament protein,
alpha), well-known markers of neuronal differentiation, were
among the genes derepressed in Ring!B-deficient cells. Also,
effectors of the Notch signaling pathway, such as Hes5, were
repressed in mutant cells, which is consistent with previous

observations showing the large impact that their inactivation
has on the self-renewal of NSCs [46, 47]. Among cell cycle
regulators, Cdknla, an inhibitor of cyclin-dependent kinases
(CDKs), which regulate progression through the G, phase of
the cell cycle [48], was the one more clearly derepressed. To
validate the microarray analysis data, we camied out QPCR
on a number of select targets (Fig. 6B). Among transcriptional
regulators with: relevance in neural progenitor differentiation,
we studied Neurodl, EomesiThr2, 1dd, Prdmi6. Ascll/Mashl.
Zfha3iArhfl, and Nr2f2; all of which were upregulated in mu-
tant neurospliere cultures, except Ascll:Mashl. Genes encod-
ing neuron-specific. filaments, Tubb3 and Ina, were also derve-
pressed. Of the CDK-encoding. genes analyzed (data not
shown for Cdknleip§7, Cdkn2bipls, and Cdkn2eipl8), only
Cdknlalp2l was confirmed to be upregulated. Finally, tran-
scripts for the Notch effectors, HesS, Hesl. and Heyl, were
found to be repressed in an RT-QPCR analysis of Ring1B-de-
ficient neurosphere cultures (Fig. 6B). These data show that,
in the absence of Ring1B, neural progenitors upregulate an in-
hibitor of cell cycle progression, attenuate Notch signaling.
and cannot maintain their undifferentiated state. all of which
can contribute to the impaired self-renewal and reduced pro-
liferation abilities observed in RinglB-deficient OB stem/pro-
genitor cells.

Considering that RingIB is a transcriptional repressor, it
appears likely that repressed genes in mutant cells are indirect
targets of RingiB. To distinguish between direct (RinglB
bound) and indirect (not RingiB bound) targets; we used a
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chromatin immunoprecipitation (ChIP) on chip approach. Sup-
porting information Figure 7A shows the results on a subset
of chosen genes. Whereas the promoter regions of a number
of genes derepressed in RinngAlA cultures were bound by
RinglB (Newrodl, ldd4, Eomes, Prdmi6, Nr2f2), other upregu-
lated loci (Tubb3, Ina, Athfl, or Cdknla) showed very little
bound RinglB, suggesting that their derepression is secondary
to RinglB inactivation. Of interest is the fact that despite
Ring1B occupancy. of promoter regions of Neurog/ and Neu-
rog2, two important regulators of neural development, their
expression was found unaltered in RinglB-deficient cells. On
the other hand, no Ring1B was found recruited to the chroma-
tin of genes encoding Notch pathway members, such as Hes/,
Hes5, Hevl, and DII3 (supporting information Fig. 7A), all of
which were repressed in RinglB-deficient neurospheres.
Analysis of chromatin modifications by ChIP. analysis on
select targets (supporting information Fig. 7B) revealed
increases in the promoter proximal levels of H3K4me3, a his-
tone marker typically associated with transcriptional. activa-
tion in mutant cells. Levels of H3K27me3, a histone marker
usually: associated with transcriptional repression, however,
showed little variation between mutant and control cultures.
On the other hand, Ring/B inactivation lead to only a partial
reduction in global levels of monoubiquitylated histone H2A
(supporting information Fig. 7C), and complete depletion was
only observed when both RinglA and RinglB were deleted
(supporting information Fig. 7C). The data suggest that gene
expression changes in directly regulated RinglB 1argets are
accompanied by chromatin modifications and that RinglA
partially compensates for the absence of Ring!B in mutant
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neurosphere cultures. Overall, the data suggest that RinglB
contributes to the maintenance of self-renewal and modulation
of developmental potential of OBSCs throughout an intricate
network of regulatory events that may be under both direct
and indirect control by RinglB.

In Vivo Altered Proliferation/Differentiation of
Neural Progenitors in RinglB Mutant Embryos

To assess the impact of Ring!B inactivation in an in vivo set-
ting, we analyzed fetuses 4 days after tamoxifen treatment of
gestating females, of which some received a dose of BrdU 4
hours before pertusion. For these expeliments, we used
RingIB” females that were mated to Ring/B™. Rosa2é::-
CreERT2 males, so that mutamt (Cre-expressing) and wild-
type (without the Cre-expressing transgene) embryos were
obtained in the same litter. Efficient Ring!B inactivation
assessed by immunohistochemistry is shown in supporting in-
formation Figure 4B. Proliferation was evaluated by staining
with an antibody that recognizes the phosphorylated form (at
serine {0) of histone H3 (PH3), a mitotic marker. We found a
lower number of labeled cells (54.5%; p < .001) (Fig. 7A).
which agrees with the reduced proliferation seen in neuro-
sphere assays. These PH3™ cells expressed nestin (supporting
information Fig. 8), indicating their neural stem/progenitor na-
ture. The numbers of PH3" cells were also lower (25% lower
than in controls: p < .05) in the cortex of RinngA"\ 17.5 dpe
fetuses (sections, # = 16 from two animals of each genotype).
This reduction in mitotically active cells was still more
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Figure 6. RNA profiling analys;s of RinglB-deleted neurospheres.
(A): Gene ontology (GO) analysis of genes whose expression changed
more than two-fold in neurosphere cultures of olfactory bulb stem
cells isolated from 13.5 days postcoitum (dpc) RinglB' T mouse
embryos, 4 days after 3-hydroxy-tamoxifen (4HT) treatment. The four
most significantly altered GO categories (biological process) by statis-
tical analysis are shown. (B): Validation of Ring1B target genes indi-
cated by analysis of RNA expression profiling, using quantitative
polymerase chain reaction. Changes in expression levels are displayed
as the ratio between normalized (for f-actin expression) levels of
select transcripts in Ring [B-deficient and ‘wild-type neurosphere cul-
tures. Error bars depict the standard ervor of the mean between three
experiments. Expression analysis of the same subset of Ring!B target
genes was also carried out with RingiB-deficient neurospheres grown
under differentiating conditions, with 13.5 dpc dissected olfactory
bulb tissue and with Ringl/A and Ringl/B compound mutant neuro-
spheres grown under proliferating conditions (supporting information
Table 2).

pronounced in 17.5 dpc Ringl A~ Ring/B>" embryos than in
controls (supporting information Fig. 9).

We also analyzed differentiation in l'(’melBA/A embryos.
Gliogenic differentiation was analyzed in 17.5 dpc embryos.
at the beginning of astrocyte formation in the developing
embryo. The sections, stained with an anti-GFAP antibody,
showed a lower number of stained cells in mutant embryos
than in wild-type embryos (41% of those in wild-type
embryos; p < .001) (Fig. 7B). In addition. using an alterna-
tive assay that allows the identification of differentiating,
unexpanded. plogemlom (32), we found a 50% lower (p <
05) number of GFAP* cells in 17.5 dpc mutant OBs, com-
pured with controls (n = 9 control cultures and n = 7

Ring1B in Embryonic Neural Stem Cell Self-Renewal

RinngAm cultures). In contrast, neurogenesis, assessed by
immunostaining with anti-Tujl antibodies, was found to be
augmented in mutant OBs, which showed greater numbers of
Tujl! cells (Fig. 7C, 7D). To test if the increase in Tult’
cells and the reduction in’ GFAP" cells. were due 10 changes
in the proliferation of OB progenitor cells in vivo and/or to
an increased tendency of progenitors towards neurons, divid-
ing cells were labeled with BrdU and their differentiation was
examined 4 hours later. As seen in Figure 7D and 7E, the
number of BrdU™ cells was 50% lower in sections from mutant
embryos, wheteas the fraction of BrdU™ cells that expressed
Tull was significantly greater than that of control embryos,
suggestinig: that neuronally. biased differentiation: may be' re-
sponsible for the fower numbers of GFAPT cells.” A similar
analysis to identify doubly BrdU™ and GFAP" cells could ot
be done because the acid treatmient of sections needed to detect
BrdU interferes with the: weak GFAP immunostaining of sec-
tions at this developmental stage. The impaired proliferation of
neural progenitors in:mutant embryos; the augmeited neuronial
generation; and: the. decreased: glial v differentiation  establish
Ring B as a promoter of proliferation of embryonic¢ neural pro-
genitors and as a modulator of their differentiation potential in
the developing OB.

[ Discussion

Self-renewal of stemcells: involves the coordination: of signal-
ing:’ pathwaysthat ensure cell replication” while " maintaining
their differentiating potential. We report here  that” inactivation
of  Polycomb: subunit 'Ring1 B impairs’ proliferation and  self-
renewal of ‘embryonic: OB neural: stem/progenitor cells: con-
currently with' the loss'of developmental potential and acceler-
ated neuronal diffeventiation. Our observations suggest that
the self-renewing function of embryonic neural stem/progeni-
tor cells uses Polycomb epigenetic regulation to balance cell
cycle control and differentiation commitment.

Self-Renewal and Proliferation

Major differences between the self-renewal dynamics of em-
bryonic/fetal and adult stem cells lie in their programs of pro-
liferation control [4]. Thus, fetal stem cells proliferate actively
and  expand their populations throughout development,
whereas proliferation of adult stem cells is tightly regulated,
dividing rarely, as demanded by tissue homeostasis. The Poly-
comb role in selt-renewal of NSCs is mostly known through
the analysis of Bmi/-mutant adult mice, which show a lower
number of neural stem/progenitor cells whose self-renewal
ability is also impaired. These defects are thought to resul
from premature senescence induced by the accumulation of
products of the Inkda locus, which is novmally repressed by
Bmil [23-25]. that are responsible for decreased neurogenesis
during ageing [49].

Our studies: on neural embryonic stem/progenitor cells
show that their proliferation, both in neurosphere assays and
in the OB, depends, at least in part, on Ring!B. Furthermore,
self-renewal. as assessed in secondary neurospheres under
clonogenic conditions and in two stages of single cells, is
impaired in the absence of Ring!B. These results are in line
with those resuiting from acute inactivation of Bmil in em-
bryonic stem/progenitor cells expressing Bmil shRNAs [26].
In both cases, loss of function of either Bmil or RinglB (this
report) leads to little or no upregulation of the products of the
Inkda locus. Instead, Cdknla/p2i. an inhibitor of the CDKs
that determine progression of the cell cycle through the G
phase, is upregulated. A difference, however, between Bmil
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Figure 7. Proliferation and cell differentiation in the fetal OB. (A): Decreased cell proliferation of 17.5 dpc OBs from mice injected with ta-
moxifen. assessed by immunostaining with antibodies against PHY (n'= 24 sections from three animals of each genotype: p < .001). (Bj: GFAP
immunostaining revealed reduced gliogenesis in'17.5 dpe Ring!B-deficient OBs (1= 24 sections from three animals of each genotype). (C): His-
tochemical analysis of 17.5 dpc OB, showing a higher number of Tujl-expressing cells in the subventricular and granular cell layers of muunt
OBs. (D): Confocal microscope images of 17.5 dpc OB sections from mice injected with BrdU 4 hours before sacrifice to identify proliferating
cells (assessed by anti-BrdU immunostaining) and newly differentiating cells (immunostained with Tujl antibodies) from dividing progenitors (n
= 20 sections from two mutant and two control animals). Histograms show that, in Riung‘ﬁ"A OBs, a significant fraction of proliferating cells
had begun to differentiate into neurons (right) despite the generalized decrease in cell proliferation in the mutant OB (left). (E): Confocal micro-
scope images of neural progenitors (nestin-expressing cells) in 17.5 dpc OBs from mice injected with BrdU 4 hours before sacrifice, showing the
lower proliferative rate in mutant OBs. Scale bars = 100 microns (A}, 20 microns (B), 25 microns (C), and 38 microns (D, E). Abbreviations:
BrdU. §'-bromo-2-deoxyuridine; DAPL. 4’ .6-diamino-2-phenylindole: dpe. days posteoitum; GCL, granule cell layer: GFAP, glial fibrillary acidic
protein: GL. glomerular tayer; OB, olfactory bulb: PH3, phosphohistone H3: SVZ, subventricular zone.

and RingiB activities promoting fetal NSC self-renewal
appears to be suppressing apoptotic programs, which seems
to depend more on Bmil [26] than on RinglB, given the
indistinguishable apoptotic rates of wild-type Ring/B mu-
tant progenitors. In this regard, it seems peculiar that a set
of deregulated genes in RinglB-deficient OB-derived neuro-
spheres belongs in the GO term of positive regulation of ap-
optosis. On the other hand, negative regulation of Cdknla/

www . StemCells.com

p2l by Polycomb products. may occur through indirect
mechanisms because, at least for RinglB, we found no evi-
dence of association with gene promoter regions. Cell cyele
control of adult neural stem/progenitor cells is controlled, at
least in part, by CDKIls encoded by Inkda and Cdknlaip?]
{24, 50, 51}. However. our data, together with previous
observations such as the growing impact of Bmil inactiva-
tion on self-renewal of developing neural progenitors while
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Cdknla/p?] upregulation decreases over time [26] and the
lack of pl6Ink4a upregulation in the fetal brain from
Bmil '™ mice [24] and fetal RinngA'A OB-derived neuro-
spheres (Fig. 7B), suggest that negative regulation of
Cdknla/p2?l is a prevalent mechanism during expansion of
embryonic neural stem/progenitor cells.

Maintenance of Differentiation Potential

Our striking observation that RinglB-deficient embryonic
neurospheres growing under proliferative conditions express
differentiation markers (f-tubulin IH) suggests defective
maintenance of the undifferentiated state central to stem/pro-
genitor cells, Unscheduled differentiation in the absence, of
Ring 1B was, however, only partial, because when its paralog,
Ring1A, was also inactivated, signs of differentiation affected
a larger fraction of cells in the culture, some of which
expressed morphological features of neurons and expressed
not only fS-tubulin III but also neuronal markers characteristic
of differentiated neurons, such as Map2ab and neurofilament.
Nevertheless, Ring!B-deficient neurospheres derepress a num-
ber of transcription factors relevant to the differentiation of
neural progenitors and the specification of neuronal fates; in
particular, Neurod!, which appear as RinglB direct targets.
Acute inactivation of Bmif, in contrast. does not lead to simi-
lar differentiative defects, although downregulation of progen-
itor markers such as Nestin and Neurog2 were observed [206].
It is worth noting that the fewer GFAP™ cells and the lack of
047 cells together with:the presence of large process-bearing
Tuji* cells in RinglA-"and Ring!B-deficient cells growing
without mitogens suggest. that neuronal differentiation. is
much favored in these mutant progenitors: Most likely this
relates to the observation: that the neural cell fate appears (o
be the default specification during neural differentiation {52,
53]. The accelerated neuronal differentiation seen here  in
RinglA- and Ring]B-deficient neural progenitors parallels the
differentiative defects seen in Ring!1B-deficient ES cells [44,
54}, except for the fact that the failure to prevent differentia-
tion leads toward a defined. rather than a more disordeied,
cell fate, possibly due to restrictions on the developmental
potential of tissue-specific stem cells,

A possible explanation for the premature ditferentiation of
Ring1B-deficient neural progenitors is that some of the signal-
ing pathways involved in stem cell self-renewal are affected,
Of these. the Notch pathway appears to be a good. candidate,
considering the accelerated differentiation of NSCs defective
in one or more compouents of the Notch signaling pathway
{46. 55]. Active Notch signaling downregulates proneural
gene expression.  thus inhibiting neuronal  differentiation
(reviewed in [56=59]). Indeed, expression analysis of Ring1B-
deficient neurosphere cultures, under proliferating conditions,
shows that stationary mRNA levels of Notch effectors. such
as Hes5, are downregulated. Considering that RingIB is a
transcriptional repressor, it is likely that downregulation of
Notch effectors occurs through indirect effects, perhaps
through the upregulation of uncharacterized transcriptional
repressors or microRNAs. In this regard, it is worth noting
that regulation of Notch target genes is preferentially modu-
lated by postranslational modifications in subunits of tran-
scriptional complexes, leading to the dismissal/recruiting of
coactivators and corepressors {60].  Although Bmil and
Ring 1B associate with each other for efficient H2A monoubi-
quitylaton [18, 22, 27, 61}, the fact that Bmil inactivation
does not have a similar impact on Notch signaling may be
due 1o functional substitution by Bmil paralogs known to act
as cofactors in H2A modification [61, 62]. Alternatively, it is

Ring!B in Embryonic Neural Stem Cell Self-Renewal

possible that RinglB complexes other than PRCl are
involved, at least in part, in transcriptional control of the reg-
ulatory network associated with the program defined by Notch
signaling.

Coordinated: regulation of cell ¢ycle exit and differentia-
tion of progenitors is-essential for the generation of appropri-
ate numbers of cells. Thus, in-epithelial cells, Notch! has
been found to activate p21 expression [63], In contrast. in our
Ringl BY® neural  $tem/progenitor ~ cells, Notch signaling
downregulation. ‘occurs - with . p21: upregulation. However.
rather than an inconsistency. both observations may only be a
reflection of the known context dependency of Notch signal-
ing activity, by which it can serve both as an oncogene and
also-as a’ tumor. suppiessor” [64]. In: neural stem/progenitor
cells, it is not. known: whether slowing ‘proliferation, perhaps
due to upregulation of inhibitors of cell proliferation (Cdknla/
p21), and unscheduled differentiation are related processes or
whether they are independent of each other. It has been noted
that cell: cycle lengthening of neural progenitors may contrib-
ute to & switch from proliferative to neuron-generating cell di-
vision [65]. If this is the case, it is conceivable that downreg-
ulation of the Notch pathway may occur as a consequence of
a primary alteration in the cell cycle. This is illustrated by
Hes! vepression mediated by pl07 [66], an inhibitor of G,-S
transition. Alternatively, premature neurogenesis, induced by
weakening of Notch signaling, may lead, even in the presence
mitogens, to slower, neurogenic-like cell divisions previous to
eventual cell cycle withdrawal.

Our results show that; in: the absence of mitogens. loss of
function ot ‘RinglB has: little effect on'cell differentiation
under nonclonal conditions (as:a fraction of neural and glial
derivatives ‘and: the. total: number-of differentiated cells). An
exception ' is: the significantly ' lower number of oligodendro-
cytes: formed: in Rz'nngA/A than in: control neurosphere cul-
tures, a phenotype sirongly enlianced in Ring/A~""RinglBY*
mutant cultures, This observation: could not be confirmed in
vivo;  because  olidogendrocyte: formation: peaks postnatally
and the administration of tamoxifen 1o gestating mice leads to
defective delivery of pups (also, tamoxifen treatment at very
carly 'stages' leads to a severe developniental defect in our
Ringl B mutant: mouse “line). ‘However, a similar phenotype
was: recently reported for neural progenitors depleted of Ezh?2
(the: Polycomb protein with activity of histone H3K27 methyl-
transferase), which were found to be unable to differentiate
into oligodendrocytes [67]. In. vivo, we found alterations in
astrocyte ‘and neuron differentiation in the OB. First, fewer
GFAP™ cells were detected in 17.5 dpc mutant fetuses that
were exposed to tamoxifen at day 13.5 of development. com-
pared with controls. stuggesting defective astrocytic differen-
tiation:’ In"contrast, neurogenesis at the same developnental
stage, assessed as Tujl™ cells, appeared enhanced. Although
RingIBY® OB progenitor proliferation is lower than in" con-
trols, they contain more double Tujl "BrdU™ cells. suggesting
that the tendency toward neuronal differentiation of mutam
progenitors may account for the lower number of GFAP™
cells in mutant OBs. Finally, alterations in the differentiating
ability of Ring1B%4 progenitors were also observed in the
fower developmental potential of clonally derived mutamt
neurospheres.

In summary, we have shown that the Polycomb protein
RingiB promotes proliferation and self-renewal of embryonic
neural stem/progenitor cells through the repression of cell
cycle inhibitors and maintenance of signaling pathways
(Notch) that prevent differentiation. The data also suggest that
RingiB is part of the mechanisms that regulate competence
of embryonic neural stem/progenitor cells to generate neurons
and glia over developmental time.
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