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Polycomb-group (PcG) genes encode multimeric nuclear protein com-
plexes, PcG complex 1 and 2. PcG complex 2 was proved to induce
transcription repression and to further methylate histone H3 at
lysine-27 (H3K27). Subsequently PcG complex 1 is recruited through
recognition of methylated H3K27 and maintains the transcription
silencing by mediating monoubiquitination of histone H2A at lysine-
119. Genetic evidence demonstrated a crucial role for PcG complex 1
in stem cells, and Bmi1, a member of PcG complex 1, was shown to
sustain adult stem cells through direct repression of the INK4a locus
encoding cyclin-dependent kinase inhibitor, p16CKI, and p19ARF. The
molecular functions of PcG complex 1, however, remain insufficiently
understood. In our study, deficiency of Rae28, a member of PcG
complex 1, was found to impair ubiquitin-proteasome-mediated
degradation of Geminin, an inhibitor of DNA replication licensing
factor Cdt1, and to increase protein stability. The resultant accumu-
lation of Geminin, based on evidence from retroviral transduction
experiments, presumably eliminated hematopoietic stem cell activity
in Rae28-deficient mice. Rae28 mediates recruiting Scmh1, which
provides PcG complex 1 an interaction domain for Geminin. More-
over, PcG complex 1 acts as the E3 ubiquitin ligase for Geminin, as we
demonstrated in vivo as well as in vitro by using purified recombinant
PcG complex 1 reconstituted in insect cells. Our findings suggest that
PcG complex 1 supports the activity of hematopoietic stem cells, in
which high-level Geminin expression induces quiescence securing
genome stability, by enhancing cycling capability and hematopoietic
activity through direct regulation of Geminin.

Rae28 � Scmh1 � HSCs � ubiquitination � DNA replication licensing

Molecular bases supporting the potency of stem cells may be
provided by intrinsic and extrinsic signals. Recent studies

have started to unveil the molecular nature of bone marrow (BM)
niches, which may provide extrinsic signals to support hematopoi-
etic stem cells (HSCs) through cell-to-cell interactions and/or
cytokines, but as yet much less is known about the intrinsic signals
that maintain HSC property and activity.

The Polycomb-group (PcG) genes may provide an intrinsic signal
to support stem cells (1, 2). PcG genes encode multimeric nuclear
protein complexes designated as PcG complex 1 or 2. Represen-
tative PcG complex 1 consists of M33(Cbx2), Ring1A or
Ring1B(Rnf2), Bmi1, Rae28(Edr1, Mph1, or Phc1), and Scmh1.
PcG complex 1 is recruited through recognition of histone H3 at
lysine-27 (H3K27) methylated by PcG complex 2 and maintains
transcription silencing by mediating histone H2A monoubiquitina-
tion at lysine-119 (H2AK119) (3). The contribution of PcG proteins
to stem cells was indicated by genome-wide profiling of their
chromatin binding and H3K27 methylation in ES cells (4) and was
further supported by genetic evidence. Findings obtained from
mice or ES cells deficient in Rae28, Bmi1, and Ring1B suggested that
PcG complex 1 is crucially involved in HSCs (5–8), neural stem cells
(9), ES cells (10), and further leukemic stem cells (11). Impaired

control of p16 cyclin-dependent kinase inhibitor (p16CKI),
p19ARF (7, 12), p21 (13), and E4F1 (14) expression was reported
to be at least in part responsible for stem cell defects in Bmi1-
deficient mice. Nevertheless, the molecular role of PcG complex 1
in sustaining stem cell activity is believed to be not yet fully
understood for the following reasons. (i) Although stem cell defects
in Bmi1-deficient mice were genetically compensated for by INK4a
deficiency, the recovery was only partial (9). (ii) Overexpression of
Bmi1 augments HSC activity even in the absence of the INK4a locus
(15). (iii) Although knockdown of E4F1 (14) and p21 (13) was
shown to rescue stem cell activity in Bmi1-deficient mice, the
recovery was only partial and was not observed in the impaired
long-term repopulating (LTR)-HSC activity. In addition, these
molecular alterations were not detected in fetal liver cells (FL) of
Rae28-deficient mice, which were defective in self-renewal and LTR
capacities of HSCs (5, 6). Rae28-deficient mice may thus provide an
important clue for clarifying a novel molecular function of PcG
complex 1 in sustaining HSC activity.

Because Rae28 recruits Scmh1 (16), which is required for
recruitment of Geminin to PcG complex 1 (17), we examined in the
study reported here the molecular role of PcG complex 1 in the
regulation of HSCs by focusing on Geminin (18), and we demon-
strated that PcG complex 1 acts as the E3 ubiquitin ligase for
Geminin. It is known that Geminin is absent in the G1 phase and
accumulates during progression into the S phase. Geminin directly
inhibits the DNA replication licensing factor Cdt1, which recruits
the Mcm complex with helicase activity, and prevents rereplication
(18). Geminin was also found to maintain undifferentiated states
through the regulation of a chromatin-remodeling complex (19).
These findings emphasize that Geminin may be a key molecule for
the support of stem cells by regulating cellular proliferation and
differentiation as well as further genome stability. The findings
described in this study disclose a direct role for PcG complex 1 in
Geminin regulation and provide important insights into the mo-
lecular mechanisms supporting HSCs.

Results
Expression of Geminin, Cdt1, and PcG Complex 1 Members in BM Cells.
Murine BM cells were sorted for purification of CD34� c-Kit�
Sca1� lineage marker (Lin)� cells (CD34�KSL) (LTR-HSCs),
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CD34�KSL [multipotential progenitor cells (MPPs)], c-Kit� Sca1�

Lin� cells (progenitors), and their progeny subpopulations. Total
cellular RNA was extracted, and expression of PcG members,
Geminin, and Cdt1 was examined by means of quantitative RT-
PCR analysis (Fig. 1A). We focused on Ring1B, Bmi1, Rae28, and
Scmh1 among the PcG complex 1 members. Expression of Geminin
was higher in CD34�KSL and down-regulated in CD34�KSL and
progeny except for CD3� T cells. On the other hand, expression of
Cdt1 was up-regulated in CD34�KSL and progenitors. Expression
of Geminin and Cdt1 was thus reciprocally regulated during
differentiation from CD34�KSL to CD34�KSL and progenitors.
Expression of Ring1B, Rae28, and Scmh1 was especially aug-
mented in CD34�KSL, where it was higher than in CD34�KSL and
progeny. However, Bmi1 expression was not induced in CD34�KSL
and was gradually down-regulated during differentiation, which was
consistent with previously reported findings (20). The cell cycle

phase of sorted CD34�KSL, CD34�KSL, and progenitors was
further examined by using BrdU and 7-aminoactinomycin D.
Because Geminin expression oscillates at the protein level in the cell
cycle (17), we examined Geminin expression in G0/G1-phase
CD34�KSL, CD34�KSL, and progenitors by flow cytometry. The
average levels (Fig. 1B) and representative sorting profiles are
shown [supporting information (SI) Fig. S1]. Geminin expression is
higher in CD34�KSL and is differentially down-regulated. These
expressions are schematically represented in Fig. S2.

Expression and Stability of Geminin in Rae28-Deficient FL. Rae28
recruits Scmh1, which mediates interaction of PcG complex 1 with
Geminin (17), suggesting the possibility that Geminin expression
may be affected in Rae28-deficient cells. Immunoblot analysis as
well as quantitative RT-PCR analysis of Geminin expression in FL
was performed because homozygous Rae28-deficient (Rae�/�)
embryos are lethal at the perinatal period. Geminin expression
started to increase at the protein level in Rae�/� FL later than 15.5
days postcoitum (Fig. 2A), at which time the clonogenic activity
started to decline (5), although it was not affected at the mRNA
level (Fig. S3). We then performed pulse–chase analysis of Gemi-
nin with [35S]methionine in vivo to examine protein stability in FL
(Fig. 2B). This demonstrates that Geminin was stabilized in the
absence of Rae28, suggesting that Rae28 was involved in the
regulation of protein stability of Geminin. Because HSCs are
Mac1� and CD34� in FL, we could not sufficiently enrich HSCs in
FL by using the conventional HSC-sorting method (data not
shown). Thus, further detailed analysis of Geminin expression in
the Rae�/� HSC-enriched subpopulation remained untouched in
this study.

Effect of Accumulated Geminin on Licensing of DNA Replication. We
analyzed Cdt1 and Mcm2, a component of the Mcm complex, in the
chromatin fraction of 2-day-cultured FL prepared from 15.5-days-
postcoitum embryos (Fig. 2C) to examine the effect of accumulated
Geminin on DNA replication licensing. Although the cell subpopu-
lation in the G0/G1 phase increased (see below), in which Cdt1 is
up-regulated, Cdt1 in the chromatin fraction was severely reduced
in Rae�/� FL, suggesting that an increase in Geminin causes a
reduction in chromatin-loaded Cdt1. Chromatin-loaded Mcm2,
which is essential for prereplication complex formation, was sub-
sequently reduced. In the absence of Rae28, licensing of DNA
replication was thus impaired by an increase in Geminin.

Effect of Exogeneous Geminin on Cell Cycle, Apoptosis, and Hemato-
poiesis. Self-renewal and LTR capabilities were impaired in Rae�/�

HSCs, whereas Geminin accumulated in Rae�/� FL, which facili-
tated examination of the effect of Geminin on HSCs. Geminin
contains a destruction box (amino acids 23–31; RRTLKMIQP) that
is required for ubiquitination through anaphase-promoting com-
plex/cyclosome (APC/C) and subsequent degradation from the M
to the G1 phase (21). We therefore transduced Geminin or Gemi-
nin with the destruction box deleted (Geminin-DBD) into FL by
using a retrovirus vector, MEP, which contains the gene for an
enhanced yellow fluorescence protein (EYFP) as a selectable
marker, examined Geminin expression in each phase of the cell
cycle (Fig. S4A), and detailed the effect on cell cycle (Fig. S4B),
apoptosis (Fig. S4C), and hematopoiesis including LTR activity
(Fig. S5 and Fig. 2D). Geminin transduction significantly reduced
cells in the S phase but increased cells in the G0/G1 phase (Fig. S4B),
probably because of induction of a licensing checkpoint (22).
Geminin transduction affected the clonogenic and long-term cul-
ture-initiating cell (LTC-IC) activities (Fig. S5). We further exam-
ined the effect of Geminin transduction on LTR activity. FL were
retrovirally transduced, and the percentage of EYFP� cells was
adjusted to 12.5% by adding FL precultured under the same
conditions. Lethally irradiated syngeneic mice were injected with
the transduced FL (2 � 106), and their peripheral blood was
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Fig. 1. Expression of Geminin, Cdt1, and PcG members. (A) CD34�KSL,
CD34�KSL, progenitors, and their progeny subpopulations were isolated from
murine BM cells, and mRNA expression was examined by quantitative RT-PCR.
The mRNA expression levels are shown as ratios to the level in GAPDH. Lane 1,
CD34�KSL (LT-HSCs); lane 2, CD34�KSL (MPPs); lane 3, progenitors; lane 4,
Ter119� cells (erythroid cells); lane 5, Gr1� cells (granulocytes); lane 6, CD3� cells
(T cells); lane 7, B220� cells (B cells). (B) Geminin expression in G0/G1-phase
CD34�KSL, CD34�KSL, and progenitors was further examined at the protein level
by cell sorting. Average intensity of Geminin expression in three independent
experiments is shown with SEMs.

Ohtsubo et al. PNAS � July 29, 2008 � vol. 105 � no. 30 � 10397

CE
LL

BI
O

LO
G

Y

http://www.pnas.org/cgi/data/0800672105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0800672105/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0800672105/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0800672105/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0800672105/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0800672105/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0800672105/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0800672105/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0800672105/DCSupplemental/Supplemental_PDF#nameddest=SF5


examined (Fig. 2D). Mice with �0.5% EYFP� multilineage cells
were evaluated as repopulated mice. Three months after injection
62.5% of mice injected with MEP-transduced FL showed repopu-
lation, whereas those with either Geminin or Geminin-DBD did
not at all. Thus, Geminin and Geminin-DBD transduction ap-
peared to accurately reproduce cell cycle alterations and apoptosis
and further impaired HSC activities in Rae�/� FL (5). It was also
confirmed that Geminin transduction reduced chromatin-loaded
Cdt1 and Mcm2 to a similar extent in Rae�/� FL (data not shown).

Ubiquitination of Geminin and Scmh1. Next, we examined sensitivity
to a specific inhibitor of proteasome, MG132. U-2 OS cells, a
human osteosarcoma cell line used for analyzing PcG complexes,
stably transfected with PcG members, were treated with MG132
and were examined by immunoblot analysis. MG132 treatment
markedly augmented protein expression of Scmh1 and Geminin
(Fig. 3A), but the effect was only very minor on Ring1B and was
undetectable on either Bmi1 or Rae28 (data not shown). We
further examined in vivo whether these molecules were subjected to
ubiquitination. For this purpose, HEK-293 cells, a cell line with high
transfection efficiency derived from human kidney cells, were
cotransfected with either PcG members or Geminin combined with
ubiquitin and were subjected to immunoblot analysis. Mobility-
shifted bands were detected in Scmh1 (Fig. S6) and Geminin (Fig.
3B). These findings showed good consistency with sensitivity of
Scmh1 and Geminin to MG132, suggesting that they were regulated
by the ubiquitin-proteasome system (UPS). Because Geminin is
believed to be ubiquitinated solely by APC/C from the M to the G1
phase, we examined Geminin ubiquitination in synchronized cells
(Fig. 3B). HEK-293 cells were cotransfected with Geminin and
ubiquitin, treated with thymidine for 24 h, and cultured 3 h after
removal of thymidine to synchronize cells in the S phase. Cell
synchronization was confirmed by DNA content analysis. Ubiqui-

tinated Geminin was detected even in cells synchronized in the S
phase, and intensity of the detected bands was not significantly
different for asynchronized and synchronized cells. Ubiquitinated
molecules were also detected in HEK-293 cells transfected with
Geminin-DBD, which is resistant to APC/C. These findings suggest
that Geminin is regulated through UPS even in the S phase and that
there exists a ubiquitination mechanism for Geminin other than
APC/C. Because PcG complex 1 was reported to act as an E3
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Fig. 2. Geminin expression and its effect on LTR
activity. (A) Geminin protein expression in FL. FL were
examined by immunoblot analysis with an anti-
Geminin antibody. �-Actin detection confirmed equal
amounts of protein on the filter. Wild type: Rae�/�. (B)
Stability of Geminin. FL were pulse-labeled with
[35S]methionine in FL. Geminin was immunoprecipi-
tated and was detected by autoradiography. (C) Cdt1
and Mcm2in chromatin fraction of 15.5-days-postco-
itum FL. S, soluble fraction; C, chromatin fraction. His-
tone H2A was detected as a control. (D) Effect of exo-
geneous Geminin on LTR activity. Retrovirally
transduced FL were injected into lethally irradiated
syngeneic mice, and the repopulation was examined 1
and 3 months after injection. The number of recipient
mice is indicated above each bar. d.p.c., days post-
coitum.

Fig. 3. Involvement of UPS in the regulation of Geminin and Scmh1. (A)
Sensitivity to MG132. The lanes of Geminin and Scmh1 show the effect of MG132
on the endogenous and exogeneous expression in U-2 OS cells, respectively.
�-Tubulin detection confirmed equal amounts of protein on the filter. (B) In vivo
ubiquitination of Geminin. Either Geminin or Geminin-DBD was cotransfected
with ubiquitin into HEK-293 cells and was detected by immunoblot analysis.
Cellular synchronization was done by thymidine treatment. DNA content is
shown below the blots to confirm cellular synchronization.
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ubiquitin ligase for histone H2A and efficiency in Geminin ubiq-
uitination was impaired in the absence of Rae28 (Fig. S7), we
hypothesized that PcG complex 1 acts as the E3 ubiquitin ligase for
Geminin.

Finally, we reconstituted recombinant PcG complex 1 composed
of Ring1B, Bmi1, Rae28, and Scmh1 in Spodoptera frugiperda (Sf9)
insect cells. Sf9 cells were coinfected with baculoviruses including
glutathione S-transferase (GST)-Ring1B, Bmi1, Rae28, and Flag-
Scmh1. Because Rae28 and Scmh1 were unstable in Sf9 cells, a
truncated form of Rae28 (amino acids 222-1012), lacking an
N-terminal region including serine threonine-rich and glutamine-
rich domains [Rae28(222)] (23), and one of Scmh1 (amino acids
358–664), lacking an N-terminal region including the MBT and
PEST domains preceded by a Flag tag in the N-terminal portion
[Flag-Scmh1(358)], were expressed together with GST-Ring1B and
Bmi1 to obtain the stable protein complex (PC1–4). The cell extract
was prepared from Sf9 cells expressing PC1–4 and the complex but
lacking Bmi1[PC1–3(-Bmi1)], Rae28(222)[PC1–3(-Rae28)], or
Flag-Scmh1(358)[PC1–3(-Scmh1)]. The complexes were purified
by means of glutathione affinity chromatography. The molecular
size of PC1–4 digested with thrombin to release GST was examined
by gel filtration fractionation on Superose 6 10/300GL, and the
presence of each of the PcG members was confirmed by immuno-
blot analysis. The molecular mass of the major recombinant com-
plex was close to that of a stoichiometric amount of the members
predicted from cDNAs (200 kDa) (Fig. S8A). A pull-down assay
clearly showed that Rae28 mediates recruitment of Scmh1 to the
complex and further that GST-Ring1B formed a complex with
Flag-Scmh1 (358) even in the absence of Bmi1 but not in the

absence of Rae28(222) (Fig. 4A), which may be because of direct
interaction of GST-Ring1B with Rae28(222) (data not shown).

Recombinant myc-tagged Geminin was subjected to an in vitro
ubiquitination assay with the affinity-purified PcG complex. The
reaction product was analyzed by immunoblot analysis using an
anti-myc monoclonal antibody. PC1–4 was used to detect mobility-
shifted Geminin bands in the reaction products (Fig. 4B), but they
were undetectable in the absence of either E1 or E2 (Fig. 4B).
Intensity of the bands increased and the mobility shifted further
depending on reaction time and quantity of PC1–4 (Fig. S8B).
Weak mobility-shifted bands detected in the reaction product with
GST (Fig. S8B) were also detectable in the reaction product solely
with E1 and E2 (data not shown). We examined with biotin-tagged
ubiquitin whether the shifted bands corresponded to ubiquitinated
Geminin. The reaction product was immunoprecipitated with an
anti-myc polyclonal antibody, and the exactly same mobility-shifted
bands were detected through biotin-streptavidin interaction (Fig.
4C), confirming that these represented ubiquitinated Geminin.
Mobility-shifted bands for ubiquitinated Geminin may represent
either formation of an elongated ubiquitin chain at a single lysine
residue in Geminin or attachment of a single ubiquitin molecule to
multiple lysine residues in Geminin. To determine the validity of
these possibilities, we examined Geminin ubiquitination with meth-
yl-ubiquitin, which is incapable of serving as a substrate for further
elongation of the ubiquitin chain. The lower two mobility-shifted
bands may correspond to monoubiquitinated Geminin (Fig. 4D),
but the other more mobility-shifted bands may represent Geminin
with elongated ubiquitin chains. PC1–4 may thus mediate the
formation of polyubiquitin chains at specific lysine residues in

Fig. 4. Reconstitution of PcG complex 1 in Sf9 cells and the E3 ubiquitin ligase activity for Geminin. (A) Pull-down assay of the recombinant PcG complex 1. Schematic
representation of the complex is shown below the blots. Note that Rae28 and Scmh1 interact with GST-Ring1B even in the absence of Bmi1. Affinity-purified
recombinant complex was subjected to in vitro ubiquitination reaction (myc-Geminin�E1�E2�ubiquitin) with indicated modifications. B–E shows E3 ubiquitin ligase
activity for Geminin of the recombinant complexes. (B) E1 and E2 dependency. (C) Reaction with biotin-tagged ubiquitin (Biotin-ubiquitin). The reaction products were
immunoblotted with an anti-myc antibody (Right) and were also immunoprecipitated with an anti-myc antibody, and molecules modified with biotin-ubiquitin were
detected with the VECTASTAIN ABC kit (Left). (D) Effect of methyl-ubiquitin. Mobility-shifted bands other than the lower two may represent polyubiquitinated
Geminin.Mono-andpolyubiquitinatedmoleculesare indicatedbyUb1andUbn,respectively. (E)ComparisonofE3ubiquitin ligaseactivityamongPC1–4,PC1–3(-Bmi1),
PC1–3(-Rae28), PC1–3(-Scmh1), and GST-Ring1B. *, no reaction. One microgram of PC1–4 was subjected to the reaction, and the amount of GST-Ring1B in the other
complexes was adjusted to that in 1 �g of PC1–4. E3 ubiquitin ligase activity was reduced in PC1–3 and GST-Ring1B. Note that polyubiquitinated Geminin was hardly
detectable in PC1–3(-Rae28), PC1–3(-Scmh1), and GST-Ring1B.
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Geminin. To further confirm that PC1–4 directly exerts its E3
ubiquitin ligase activity for Geminin, we prepared mutant GST-
Ring1B containing a single amino acid substitution (R70C) in
Ring1B (GST-mut-Ring1B), which is defective in the E3 ubiquitin
ligase activity for histone H2A (3). R70C mutation did not affect the
formation of complex PC1–4 (data not shown), but the ubiquiti-
nation activity was abrogated (Fig. S8C), suggesting that the E3
ubiquitin ligase activity of PC1–4 for Geminin was mediated by the
RING finger domain providing an interaction domain with E2.

We also compared the ubiquitin ligase activity in PC1–4, PC1–
3(-Bmi1), PC1–3(-Rae28), PC1–3(-Scmh1), and GST-Ring1B. In-
tensity of the bands, especially those for polyubiquitinated Gemi-
nin, was reduced in PC1–3(-Rae28), PC1–3(-Scmh1), and GST-
Ring1B (Fig. 4E). The intensity was decreased in PC1–3(-Bmi1),
but to a lesser extent, so that it was reproducible. The polyubiq-
uitinated bands were relatively conserved, probably because GST-
Ring1B formed a complex directly with Rae28(222) and Flag-
Scmh1(358) even in the absence of Bmi1 (Fig. 4A). Rae28 and
Scmh1 appeared to be required for an effective induction of
polyubiquitination. These findings may represent a molecular
mechanism underlying the affected Geminin ubiquitination in
Rae28-deficient cells. To eliminate the possibility that Geminin was
ubiquitinated by contaminated APC/C, we confirmed that the
similar activity was detected in Geminin-DBD (Fig. S8D).

Polyubiquitinated GST-Ring1B, Bmi1, and Rae28(222) were
detected in the reaction product with PC1–4, but not with PC1–4
containing R70C mutation in Ring1B (Fig. S8E), suggesting self-
ubiquitination of these members. However, it remains unclear
whether ubiquitination of PcG complex 1 is required for regulating
the stability of PcG complex 1 itself through UPS or for inducing
the E3 ubiquitin ligase activity as suggested previously (24).

Discussion
Based on the findings presented in this study, we propose here
a model for a novel role of PcG complex 1, which acts as the E3
ubiquitin ligase for Geminin to regulate protein stability (Fig. 5).
This model may help to deepen conceptual understanding of the
molecular function of PcG complex 1, which has long been
believed to be involved solely in transcription silencing (25).
Some light has been shed on the molecular role of PcG complex
1 in transcription silencing by evidence of the E3 ubiquitin ligase
activity for H2AK119 of PcG complex 1 (3, 26). H2AK119

monoubiquitination correlates well with transcription silencing
and is presumed to inhibit RNA polymerase II transcriptional
elongation (27). The polyubiquitin chain, on the other hand,
which is attached to Geminin through PcG complex 1, may serve
as a recognition signal for the proteasome to regulate protein
stability of Geminin. In addition, Pc2 (Cbx4), an isoform mem-
ber of PcG complex 1, is reportedly involved in SUMO E3 ligase
(28). Previously reported biochemical evidence indicates that
PcG complex 1 competitively inhibits activity of SWI/SNF in
Drosophila (29). Thus, it might be reasonable to assume that PcG
complex 1 regulates protein stability and activity of a target
protein in SWI/SNF through ubiquitination or sumoylation. This
makes it tempting to speculate that PcG complex 1 plays various
regulatory roles by mediating ubiquitination and/or sumoylation
for a variety of target molecules.

Retroviral transduction of Geminin into Rae�/� FL reduced the
cells in the S phase, whereas that of Geminin-DBD further in-
creased the cells in the G2/M phase and induced apoptosis. These
findings are reminiscent of those for Rae�/� FL and may result
from reduced chromatin-loaded Cdt1 and Mcm2. The resultant
reduction in active replication origins is presumed to give rise to a
licensing checkpoint, which may reduce the cells in the S phase,
and/or replication fork stalling, which may trigger G2/M checkpoint
and apoptosis (22). This may constitute, at least in part, the
mechanism for the reduction of clonogenic and LTR activities seen
in Rae�/� FL. Because derepression of the INK4a locus and altered
p21 expression in Bmi1-deficient mice were reported (7, 13), we
examined expression of p16CKI, p19ARF, and p21 in Geminin-
transduced FL. p16CKI and p19ARF mRNAs increased by �50%
of those in control cells, whereas the induction could not be
detected by immunoblot analysis (data not shown). And expression
of p21 mRNA was not altered at all (data not shown). Therefore,
transcriptional alterations of these genes can hardly be assumed to
be responsible for HSC deficiency in Geminin- or Geminin-DBD-
transduced FL, which is consistent with our previously reported
findings for Rae�/� FL (5). An increase in Geminin may directly
impair HSC activity in Rae�/� FL through reduced chromatin-
loaded Cdt1 and Mcm2, as was further evidenced by the finding of
a genetic complementation experiment; i.e., retroviral transduction
of Cdt1 partially complemented a reduction of clonogenic activity
of Rae�/� FL (S.Y. and Y.T., unpublished observation). Because
Geminin was found to be subjected to nonproteolytic inactivation
through polyubiquitination (30), Geminin may also be regulated at
the activity level as well as at the protein level by PcG complex 1.
Additional roles for Geminin have been reported, such as its
repression of transcription by interaction with PcG complex 1, Hox
(17), Six3 (31), SMRT, and AP4 (32). It has also been proposed that
Geminin maintains undifferentiated cell states by antagonizing
activity of Brg1, a subunit of SWI/SNF, which is reportedly crucial
for neural and myeloid differentiation from stem and progenitor
cells (19, 33). This suggests the possible existence of an additional
function, namely, that an increase in Geminin further affects
cellular differentiation capacity through direct interaction with
these factors.

Geminin expression is higher in LTR-HSCs than in MPPs and its
progeny. This higher Geminin expression may help induce quies-
cence probably through a mechanism similar to the licensing
checkpoint and may also firmly secure genome stability after
entering the S phase to self-renew in LTR-HSCs. Otherwise,
LTR-HSCs may be susceptible to rereplication in the same cell
cycle, which could lead to genome instability. This assumption is
supported by recent reports that lack of Geminin causes premature
endoreduplication and abrogated development of pluripotent cells
of the inner cell mass (34, 35). Because Rae28 deficiency resulted
in deficient self-renewal and LTR capability of HSCs (5), it is
possible that PcG complex 1 balanced growth potential and genome
stability in LTR-HSCs through direct regulation of Geminin.
Geminin expression is lower in MPPs and progenitors than in

proteasome

UbUbUbUb Ub

+Ub

DNA replication
licensing

PcG complex 1

Rae28

Scmh1Bmi1

Cdt1Ring1B

Geminin

Ubiquitination

Fig. 5. PcG complex 1 directly regulates Geminin by acting as the E3 ubiquitin
ligase. Cdt1 is loaded on chromatin and licenses the chromatin for DNA replica-
tion, whereas Geminin inhibits the licensing through the direct interaction with
Cdt1. PcG complex 1 induces polyubiquitination of Geminin by acting as the E3
ubiquitin ligase, and the polyubiquitin chain may serve as a recognition signal for
the proteasome to regulate stability of Geminin. Ub, ubiquitin.
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LTR-HSCs, and the reverse is true for Cdt1, which may help the
efficient triggering DNA replication licensing in MPPs and pro-
genitors to induce cell cycling. On the other hand, the mRNA levels
of PcG complex 1 members Ring1B, Rae28, and Scmh1 are higher
in MPPs than in LTR-HSCs, and these PcG members were
reported to be well colocalized in hematopoietic cells including
HSCs (36). Because PC1–4 was shown to induce ubiquitination of
Geminin in a dose-dependent manner at least in the in vitro
ubiquitination assay, PcG complex 1 may affect down-regulation of
Geminin at the protein level to provide sufficient growth potential
during transition from LTR-HSCs to MPPs and progenitors. Al-
ternatively, the high level of Geminin in LTR-HSCs may help
maintain undifferentiated states through the direct inhibition of
Brg1 as described above, whereas in MPPs and progenitors down-
regulation of Geminin may be required for inducing their differ-
entiation into more mature progeny.

Materials and Methods
Rae28-Deficient Mice. The generation of Rae28-deficinet mice with the C57BL/6
genetic background was described previously (37).

Quantitative RT-PCR. RNA was extracted by using the Mini RNA isolation kit
(ZYMO Research), reverse-transcribed with TaqMan reverse transcription agents
(Applied Biosystems), and subjected to real-time quantitative PCR analysis with
ABI Prism 7700 sequence detection system (Applied Biosystems).

Transfection and Cellular Analyses. Transfection experiments and analyses of cell
cycle and apoptosis were performed with standard methods as detailed in SI
Materials and Methods.

Immunoblot, Chromatin Fraction, and Protein Stability Analyses. Immunoblot
and chromatin fraction analyses were performed as detailed in SI Materials and
Methods, and pulse–chase analysis with [35S]methionine was done as described
previously (38).

Retrovirus-Mediated Gene Transduction. Retrovirus-mediated gene transduc-
tion was done as described previously (39), and preparation of high-titer retro-
virus is detailed in SI Materials and Methods.

Flow Cytometry, HSC, and Progenitor Analyses. Flow cytometry analysis and cell
sorting were performed on FACSCalibur and FACSAria (BD Biosciences Immuno-
cytometry Systems) by using antibodies listed in Table S1, and methylcellulose,
LTC-IC, and competitive repopulation assays were performed as described previ-
ously (5).

Reconstitution of PcG Complex 1 in Sf9 Cells and Purification. Recombinant PcG
complex was composed in Sf9 cells by the baculovirus-mediated gene transfec-
tion method and was purified by affinity column chromatography as described
previously (40). The details are in SI Materials and Methods.

In Vitro Ubiquitination Analysis. E3 ubiquitin ligase activity of the complex was
examined in vitro with recombinant myc-tagged Geminin as a substrate as
detailed in SI Materials and Methods.

Antibodies. Primary and secondary antibodies used are listed in Table S1.

Statistical Analysis. More than three independent experiments were performed,
and the findings were statistically analyzed. The results are shown with SEM.
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