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Scmh1 Has E3 Ubiquitin Ligase Activity for Geminin and Histone
H2A and Regulates Geminin Stability Directly or Indirectly via
Transcriptional Repression of Hoxa9 and Hoxb4
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Polycomb-group (PcG) complex 1 acts as an E3 ubiquitin ligase both for histone H2A to silence transcription and for geminin to
regulate its stability. Scmh1 is a substoichiometric component of PcG complex 1 that provides the complex with an interaction
domain for geminin. Scmhl1 is unstable and regulated through the ubiquitin-proteasome system, but its molecular roles are un-
known, so we generated Scmh1-deficient mice to elucidate its function. Loss of Scmh1 caused derepression of Hoxb4 and Hoxa9,
direct targets of PcG complex 1-mediated transcriptional silencing in hematopoietic cells. Double knockdown of Hoxb4 and
Hoxa9 or transduction of a dominant-negative Hoxb4N—A mutant caused geminin accumulation. Age-related transcriptional
downregulation of derepressed Hoxa9 also leads to geminin accumulation. Transduction of Scmh1 lacking a geminin-binding
domain restored derepressed expression of Hoxb4 and Hoxa9 but did not downregulate geminin like full-length Scmh1. Each of
Hoxb4 and Hoxa9 can form a complex with Roc1-Ddb1-Cul4a to act as an E3 ubiquitin ligase for geminin. We suggest that gemi-
nin dysregulation may be restored by derepressed Hoxb4 and Hoxa9 in Scmh1-deficient mice. These findings suggest that PcG

and a subset of Hox genes compose a homeostatic regulatory system for determining expression level of geminin.

Polycomb—group (PcG) proteins are subunits of PcG complex 1
and 2 (also designated as Polycomb repressive complexes 1
and 2, respectively) (1, 2) and other complexes and regulate the
transcription of developmental regulators, including Hox genes.
The hierarchical recruitment model (3) proposes that PcG com-
plex 2 is recruited first to target loci and methylates histone H3 at
lysine 27 (H3K27). PcG complex 1 is then recruited through the
recognition of methylated H3K27 by the chromodomain of Cbx
family members (Cbx2, Cbx4, Cbx6, Cbx7, and Cbx8) and in-
duces mono-ubiquitination of histone H2A at lysine 119, which
silences transcription (4—6). However, recruitment can occur in-
dependently of trimethylated H3K27 through molecular targeting
of RYBP-PcG complex 1 (7).

Scmhl is a mammalian homologue of the Drosophila Sex comb
on midleg (Scm) gene (8). Scm and its homolog associate substoi-
chiometrically with PcG complex 1 (9). We previously demon-
strated that Scmh1 mediates a molecular interaction of PcG com-
plex 1 with geminin (10) and that PcG complex 1 acts as an E3
ubiquitin ligase for geminin to sustain the hematopoietic stem cell
(HSC) activity (11, 12).

Scmhl encodes a protein with several characteristic domains,
including the malignant brain tumor (MBT) domains, the pro-
line-, glutamine-, serine-, and threonine-rich (PEST) domains,
the N-terminal and C-terminal putative nuclear localization sig-
nals, and the Scm-polyhomeotic-1(3)mbt (SPM) domain (8, 13),
also designated as the SAM domain (14). The C-terminal putative
nuclear localization signal domain acts also as an interaction do-
main for geminin (the geminin-binding [GB] domain) (10). The
MBT domains of Drosophila Scm directly interact with mono-
methylated H3K4, H3K9, H3K27, H3K36, and H4K20 (15). The
SPM domain is conserved between Scmh1 and Rae28 (also desig-
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nated Phcl), a mouse homologue of polyhomeotic, which is a
member of PcG complex 1 (8). The SPM domain of Scmhl1 me-
diates either homophilic or heterophilic molecular interaction
with Rae28 (8). Molecular roles for these domains in Scmh1, how-
ever, remain insufficiently understood. In mutant mice lacking
the SPM domain of Scmh1, skeletal abnormalities and male infer-
tility were observed (16).

DNA replication licensing occurs at late M and G, phases and
may also be involved in G,-to-G; transition (17). Geminin pre-
vents rereplication from S phase to early M phase to ensure one
round of DNA replication in a single cell cycle. Geminin forms a
Cdtl-geminin complex that regulates Cdt1, which initiates DNA
replication licensing (17, 18). Geminin inhibits (18) and stabilizes
(19) Cdtl. The stoichiometry of the Cdt1-geminin complex con-
trols regulation of DNA replication licensing (20).

Geminin also inhibits the chromatin remodeling factors
Brahma and Brgl to maintain an undifferentiated state (21) and
acts as a transcription repressor or corepressor (10, 22). Geminin
is required for maintaining pluripotency (23, 24). Thus, geminin
may be a central regulator governing cellular proliferation and
differentiation.
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As we previously reported, either Hoxa9 or Hoxb4 can form
aRDCOX complex with Roc1(Rbx1)-Ddb1-Cul4a, an E3 ubiq-
uitin ligase core component (25, 26, 51). This Hox-containing
complex downregulates geminin through the ubiquitin-pro-
teasome system (UPS) (27) to enhance hematopoietic stem and
progenitor activities. In Rae28-deficient mice, we observed
geminin accumulation and resultant hematopoietic dysfunc-
tion due to defective activity of the PcG complex 1 E3 ubiquitin
ligase activity for geminin (12). Therefore, there are at least two
independent E3 ubiquitin ligase activities targeting geminin. In
addition, the anaphase-promoting complex/cyclosome (APC/C)
gives rise to the oscillating expression pattern of geminin in the cell
cycle (28), but the role and relationship of these ubiquitin ligase ac-
tivities has not been studied.

We show here that gross phenotypes of Scmh1-null (Scmh1 /")
mutants are relatively mild. An unexpected cell cycle-dependent as-
sociation of Scmhl1 with PcG bodies suggests an underlying reason
for substoichiometric localization of Scmh1 with PcG complex 1 and
supports a role for Semhl in cell cycle regulation. Interestingly,
Scmh1 mutants result in decrease of geminin protein levels, which is
surprising if Scmh1 contributes to the E3 ligase activity of the PcG
complex 1 on geminin. The resolution to this paradox may be that
derepression of Hoxa9 and Hoxb4 leads to increased activity of the
RDCOX E3 ligase, which also targets geminin. We suggest that PcG
complex 1 and some Hox genes provide a ubiquitin-mediated ho-
meostatic regulatory system to control geminin levels.

MATERIALS AND METHODS

Generation of Scmh1-deficient mice. Scmh1 genomic DNA was isolated
from a 129/Sv mouse liver genomic library. We subcloned 6.0-kb Xbal-
Nhel and 3.7-kb Nhel-NarI fragments into pBluescript and inserted them
into the gene targeting vector which contains the pMC1 promoter-driven
neomycin resistance (Neo") and diphtheria toxin A (DT) genes. 129/Sv
RW4 embryonic stem (ES) cells (Incyte Genomics, Palo Alto, CA) were
cultured on STO feeder cells (29). The targeting vector (50 u.g) was sepa-
rated from the plasmid vector by digesting with BstXI and was electropo-
rated into ES cells using a BTX Electro cell manipulator 600 (Harvard
Apparatus, Holliston, MA) set at 270 V and 500 pF. ES cells were plated
onto G418-resistent feeder cells and were followed by selection with 175
g of G418/ml. After 7 to 10 days, G418-resistant colonies were picked up.
High-molecular-weight DNAs were isolated from the clones and sub-
jected to Southern blot analysis. The blots were hybridized with either
Xbal-BamHI 1.7-kb probe (see Fig. 2B) or Xbal-Kpnl 0.5-kb probe (see
Fig. 2B). Two independent ES clones with targeted disruption in Scmh1
were used to generate chimeric mice by injection of C57BL/6 blastocysts
with 10 to 20 ES cells. The chimeric mice were mated with BDF1 mice and
the offspring were examined for the presence of the targeted Scmh1 allele
by Southern blotting. Scmhl mutant mice were further genotyped by
direct PCR with tail samples, Ampdirect plus Set (Shimadzu, Kyoto, Ja-
pan) and the following oligonucleotides: a, 5'-GCCTCTAGTCTCAAGG
TAATTATTATAC-3; b, 5'-GAACACACCATTATTCTTCAAGTTCTC
A-3"; and ¢, 5'-GAGCTTGGCGGCGAATGGGCTGACCGC-3'. The
PCR conditions consisted of 1 cycle of 95°C for 10 min (predenaturing),
followed by 40 cycles of 94°C for 30s, 55°C for 1 min, and 72°C for 1 min,
followed in turn by 1 cycle of 72°C for 7 min (extension). Scmh1-deficient
mice with the C57BL/6 genetic background were generated and were sub-
jected to further analysis.

Skeletal analysis. Embryos at 17.5 days postcoitus (dpc) were fixed in
Bouin’s solution for 24 h. After removal of the skin, muscle, and viscera,
the embryos were dehydrated in 96% ethanol and transferred to acetone
for 2 days. The samples were stained in 0.001% alizarin red S and 0.003%
Alcian blue in 1% acid-alcohol solution for 6 h at 37°C and, after being
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washed in distilled water, the samples were subjected to the clearing steps.
Cleared skeletons were stored in 100% glycerol (30).

Whole-mount in situ hybridization. Embryos were fixed in phos-
phate buffered-saline (PBS) containing 4% paraformaldehyde, bleached,
and treated with 10 pg of proteinase K (Sigma-Aldrich, St. Louis, MO)/
ml. After additional fixation in 0.2% glutaraldehyde and 4% paraformal-
dehyde in PBS, the embryos were soaked in prewarmed prehybridization
buffer for 1 hat 70°C and hybridized overnight with a digoxigenin-labeled
Hox riboprobe. Hybridization was detected by treatment of embryos with
a preabsorbed alkaline phosphatase-conjugated anti-digoxigenin anti-
body (Roche Diagnostics GmbH, Mannheim, Germany), followed by
treatment with 4-nitroblue tetrazolium chloride and BCIP (5-bromo-4-
chloro-3-indolylphosphate; Roche Diagnostics GmbH). The samples
were investigated under a stereoscopic microscope (31).

Real-time PCR. Total cellular RNA was extracted from cells by using a
Quick-RNA MicroPrep kit (ZYMO Research, Orange, CA) and reverse
transcribed using TagMan reverse transcription reagents (Life Technolo-
gies, Carlsbad, LA), and the product was subjected to real-time quantita-
tive PCR analysis using TagMan gene expression assays and an ABI 7500
real-time PCR system (Life Technologies). The relative expression levels
for the specific transcripts were detected by normalization with transcripts
for GAPDH (glyceraldehyde-3-phosphate dehydrogenase).

Indirect immunofluorescence labeling. Cells were fixed in 3% para-
formaldehyde PBS for 10 min, permeabilized with 0.5% NP-40 PBS for
10 min, and stained with primary and fluorescence-labeled secondary
antibodies and further concurrently with Hoechst 33258 (1 pg/ml;
Calbiochem, La Jolla, CA). Images were captured using an epifluores-
cence optics equipped with a charge-coupled device camera (BX60 and
DP70; Olympus, Tokyo, Japan) or an inverted confocal laser scanning
LSM5 Pascal microscope (Carl Zeiss, Oberkochen, Germany). The
cells were synchronized by treatment with roscovitine (100 wM), hy-
droxyurea (5 mM), colchicine (1 pg/ml; Calbiochem), aphidicolin (5
wg/ml; Wako Pure Chemical, Osaka, Japan), or thymidine (2.5 mM;
Sigma-Aldrich) for 24 h.

Hematopoiesis and cell cycle analyses. Clonogenic activity was as-
sayed as follows. The fetal liver (FL) cells were cultured in Dulbecco
modified Eagle medium (DMEM; Life Technologies) supplemented
with 15% fetal bovine serum (FBS; Thermo Fisher Scientific, Waltham,
MA), 100 ng of mouse stem cell factor (SCF)/ml, 100 ng of human
thrombopoietin (TPO)/ml, and 100 ng of mouse FIt3 ligand (R&D
Systems, Minneapolis, MN)/ml for 24 h. The cells were then infected
with retroviruses. After being washed in minimal essential medium
alpha medium (Life Technologies), 10* cells were resuspended in
methylcellulose semisolid medium (Methocult M3231; Stem Cell
Technologies, Vancouver, British Columbia, Canada) and plated in
35-mm culture dishes in the presence of 10 ng of mouse SCF/ml, 10 ng
of mouse granulocyte-macrophage colony-stimulating factor/ml, 10
ng of mouse interleukin-3 (R&D Systems)/ml, and 3 U of human
erythropoietin (EPO) (Chugai Pharmaceutical, Tokyo, Japan)/ml.
Colonies were counted after 7 to 9 days of culture under an inverted
microscope. The long-term-culture-initiating cell (LTC-IC) activity
was examined by detecting myeloid CFU in culture (CFU-Cs) in FL
cells, which were cultured on an S17 feeder layer in the myeloid long-
term culture medium (Myelocult M5300; Stem Cell Technologies)
containing 10~ ® M hydrocortisone sodium hemisuccinate (Sigma-Al-
drich), changing half of the medium every week for 6 weeks. Long-
term repopulating (LTR) activity was assayed by injecting 10° retrovi-
rally transduced FL cells and 2 X 10° competitors into C57BL/6
congenic mice lethally irradiated with 9.0 Gy administered in a single
dose from a ®°Co gamma ray source. Enhanced yellow fluorescent
protein-positive (EYFP™) multilineage cells were examined 1 and 4
months after the transplantation.

Cell cycle analysis was performed with the APC BrdU flow kit (BD
Pharmingen, San Diego, CA). In vitro labeling with bromodeoxyuridine
(BrdU) was performed at a final concentration of 10 uM for 45 min, and
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in vivo labeling was performed as follows. BrdU (5 mg) was intraperito-
neally injected into mice. At 20 h after the injection, mice were sacrificed,
and bone marrow (BM) cells were subjected to further analyses. Geminin
protein expression in each phase of the cell cycle was detected by addi-
tional immunostaining with a rabbit polyclonal antibody raised against
glutathione S-transferase (GST)—geminin. Cell sorting analysis was per-
formed on the FACSCalibur flow cytometer and FACSAria II cell sorter
(BD Biosciences Immunocytometry Systems, San Jose, CA). More than
three independent experiments were performed, and the data were sub-
jected to statistical analyses (11, 12, 25).

DNA transfection. cDNAs or Flag-tagged cDNAs were subcloned into
the downstream of the cytomegalovirus promoter of pcDNA3.1 expres-
sion vector (Life Technologies). HEK-293 or U-2 OS cells were grown in
DMEM supplemented with 10% FBS. The plasmid DNAs were trans-
fected by the calcium phosphate coprecipitation method (25), and the
resultant transfectants were subjected to further analyses.

siRNA transfection. Freshly prepared mouse BM were cultured in
DMEM supplemented with 15% FBS, 100 ng of mouse SCF/ml, 100 ng of
human TPO/ml, and 100 ng of mouse Flt3 ligand/ml for 24 h. Cells (5 X
10°) were harvested and resuspended in 1 ml of Accell small interfering
RNA (siRNA) delivery media (Thermo Fisher Scientific) supplemented
with 100 ng of mouse SCF/ml, 100 ng of human TPO/ml, and 100 ng of
mouse Flt3 ligand/ml and cultured with 0.5 mM (each) Accell SMART
pool of four double-stranded siRNAs for mouse Hoxa9 (CGCUUGACA
CUCACACUUU, UGACUAUGCUUGUGGUUCU, CUUGCAGCUUC
CAGUCCAA, and UGGGCAACUACUAUGUGGA) and for mouse
Hoxb4 (GCAUCGUUUAUUAUUAUUA, CCAUCUGUCUUGUUUA
CUC, CUCUUAGGUUACAAAUGAA, and CCAGAUAGCACAGUGU
UUU) or the negative control (Accell nontargeting pool [Thermo Fisher
Scientific]) for 72 h. The cells were then subjected to further analysis. The
efficiency of the cotransfection was monitored by using fluorescent dye-
labeled nontargeting siRNA (Accell green or red nontargeting siRNA;
Thermo Fisher Scientific) as indicators.

Retrovirus-mediated gene transduction. The murine stem cell virus
vector with the EYFP gene driven by the pgk promoter as a selection
marker (MEP) was cotransfected with Gag, Pol, and vesicular stomatitis
virus glycoprotein (VSV-G) envelope expression plasmids into HEK-293
cells with Lipofectamine 2000 (Life Technologies). The ecotropic packag-
ing cells line, PlatE, was infected 3 to 10 times with a virus, and the super-
natants were concentrated by centrifugation at 6,000 X g for 16 h to
produce a high-titer helper-free retrovirus. FL cells were extracted from
15.5-dpc embryos and cultured for 48 h in DMEM supplemented with
15% FBS and three cytokines (100 ng of mouse SCF/ml, 100 ng of human
TPO/ml, 100 ng of mouse FIt3 ligand/ml). The cells were then cultured
with retrovirus in retronectin-coated dishes (TaKaRa Bio, Otsu, Japan)
for 72 h in the same medium with the addition of 5 ug protamine sulfate
(Sigma-Aldrich)/ml. Retrovirally transduced cells were detected by flow
cytometry based on their EYFP expression (12, 25).

Immunoprecipitation and immunoblot analysis. Cell extracts were
obtained by resuspending cell pellets in radioimmunoprecipitation assay
buffer consisting of 10% glycerol, 0.5% Triton X-100, 20 mM HEPES (pH
8.0), 150 mM NaCl, 1 mM EDTA, 1.5 mM MgCl,, and a protease inhibitor
cocktail (Complete Mini; Roche Diagnostics GmbH), sonicated for 30 s on
ice, and centrifuged for 15 min at 15,000 X g. The supernatant of the lysate
was subjected to immunoprecipitation experiments, and the lysate was sub-
jected to immunoprecipitation with GammaBind G Sepharose (GE Health-
care, Milwaukee, WI). Proteins were separated by SDS-PAGE, transferred to
Immobilon-P (Millipore, Billerica, MA), immunoblotted with primary anti-
bodies, and visualized with horseradish peroxidase-conjugated anti-rabbit
IgG and SuperSignal West Femto maximum sensitivity substrate (Thermo
Fisher Scientific). To examine protein stability and ubiquitination in vivo,
cells were treated with MG132 (20 wM; Peptide Institute, Osaka, Japan).

Reconstitution of PcG complex 1 in Spodoptera frugiperda insect
cells (Sf9) and purification. Sf9 were cultured in Grace’s insect cell culture
medium (Life Technologies) supplemented with 10% FBS and 0.06%
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tryptose phosphate broth-Bacto (BD Pharmingen) in the presence of 0.1
mg of streptomycin/ml and 100 U of penicillin/ml (Wako Pure Chemi-
cal). cDNAs were inserted into either pV-IKS to produce the GST fusion
product or pVL1392, and the vectors were cotransfected into Sf9 with a
linearized BaculoGold baculovirus DNA (BD Pharmingen) for viral par-
ticle formation by using Cellfectin (Life Technologies). Recombinant
baculoviruses were amplified by repeating infection. Sf9 were then in-
fected with high-titer viruses, and at 72 h postinfection the cells were
washed with cold PBS and suspended in homogenizing buffer (20 mM
Tris [pH 7.9], 4 mM MgCl,, 0.4 mM EDTA, 2 mM dithiothreitol [DTT],
20% glycerol, 0.1% NP-40, 1 mM ZnCl,, with Complete Mini). The sus-
pension was homogenized and centrifuged at 15,000 X g for 10 min, and
the supernatant was subjected to a glutathione affinity column chroma-
tography (Glutathione-Sepharose 4 Fast Flow; GE Healthcare) (12, 25).

In vitro ubiquitination assay. Recombinant geminin, which was
tagged with His, and myc in the N- and C-terminal portions, respectively,
was produced in Escherichia coli BL2, and was purified from supernatant
of the extracts by means of cobalt affinity chromatography (Co-agarose;
Wako Pure Chemical). Purified recombinant geminin or nucleosomal
histone H2A (Calbiochem) was incubated in a 20-p.l reaction mixture
containing 50 mM Tris-HCI (pH 7.5), 5 mM MgCl,, 2 mM DTT, 100 uM
ZnCl,, 3 mM ATP, 0.1 pg of ubiquitin-activating enzyme E1 (Wako Pure
Chemical), 1.0 pg of ubiquitin-conjugating enzyme UbcH5¢ (Enzo Life
Science, Plymouth Meeting, PA), 10 ng of ubiquitin or myc-ubiquitin
(Biochem, Cambridge, MA), and the affinity-purified complex (1 pg).
After incubation at 37°C for 1 h, the reaction was terminated with protein
sample buffer, run on SDS-PAGE, and was subjected to immunoblot
analysis (12, 25).

ChIP assay. A chromatin immunoprecipitation (ChIP) assay was per-
formed by using a LowCell ChIP kit (Diagenode, Liege, Belgium) accord-
ing to the manufacturer’s instructions. Freshly prepared mouse FL (~107)
were fixed with 0.01% formaldehyde for 8 min at room temperature,
which was terminated by the addition of 125 mM glycine. DNA-protein
cross-linked cells were washed twice with cold PBS, and were treated with
lysis buffer supplemented with 20 mM sodium butylate for 5 min on ice.
The samples were then subjected to sonication to shear the chromatin
using the Bioruptor (Diagenode) for 12 cycles (30 s on, 30 s off). The
average size of the DNA fragments was confirmed to be approximately 500
bp, ranging 200 to 1,000 bp. The sheared chromatin was incubated with
protein A- or G-coated paramagnetic beads bound with the antibody of
interest (anti-Ubl-histone H2A, anti-Scmhl, anti-RinglB, anti-Bmil,
and anti-Rae28 antibodies) overnight at 4°C. The samples were then
washed and immunoprecipitated. DNA was isolated from the immuno-
precipitates by boiling for 10 min and was purified by using supplied DNA
purifying slurry. ChIP DNA was detected by standard PCR for genomic
locus A (from —4023 to —3626, 398 bp; the nucleotide numbers are
designated by counting the adenine in each of the initiation codonsas +1)
and locus B (from bp —712 to —258, 455 bp) in the Hoxa9 gene and for
locus C (from bp —268 to +88, 356 bp) and locus D (from bp +4266 to
+4549, 284 bp) in the Hoxb4 gene. The PCR primer pairs used were as
follows: locus A, 5'-TCCACCTTTCTCTCGACAGCAC-3" and 5'-GAGC
ATGTGTTCCAGCCCAGC-3'; locus B, 5'-TTCACCAACCAAACACAA
CAGTCT-3" and 5'-AAAGGGATCGCGCAGCTCCAC-3'; locus C, 5'-C
CCCGCGGGAGCCCTATGTA-3" and 5'-GGTAGGTAATCGCTCTGT
GAATA-3';and locus D, 5'-AATCA AGTCAAAGCTGCTCCTTG-3" and
5'-ATCCGGAGAGACGGCTAACACT-3'.

Statistical analysis. More than three independent experiments were
performed, and the data were analyzed using the Student 7 test. The results
are shown with the standard errors of the mean. Correlation was analyzed
using the Spearman’s rank correlation coefficient, and the trend line was
estimated by the least-squares method.

Antibodies. The primary and secondary antibodies used were listed in
Table 1.
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TABLE 1 Antibodies used in this study

Species
Antibody (clone or product no.) (antibody type)® Manufacturer®
Probe-conjugated antibody
Anti-CD34 + APC (RAM34) Rat (m) eBioscience
Anti-Sca-1/Ly-6A/E + PE-Cy7 (D7) Rat (m) eBioscience
Anti-c-Kit/CD117 + APC- Rat (m) eBioscience
eFluor780 (2B8)
Anti-B220/CD45R + biotin Rat (m) eBioscience
(RA3-6B2)*
Anti-CD3e + biotin (145-2C11)* Hamster (m) eBioscience
Anti-Gr-1/Ly-6G + biotin Rat (m) eBioscience
(RB6-8C5)“
Anti-Mac-1a/CD11b + biotin Rat (m) eBioscience
(M1/70)°
Anti-TER-119 + biotin (TER-119)¢ Rat (m) eBioscience
Primary antibody
Anti-Flag (anti-Flag M2) Mouse (m) Sigma
Anti-myc (sc-789) Rabbit (p) Santa Cruz
Anti-myc (9E10) Mouse (m) Santa Cruz
Anti-HA (12CA5) Mouse (m) Roche
Antigeminin Rabbit (p) —
Anti-Scmh1 Rabbit (p) —
Anti-Rae28 Rabbit (p) —
Anti-Bmil (05-637) Mouse (m) Merck
Anti-Ring1B (H0000604-M01) Mouse (m) Abnova
Anti-B-actin (AC-74) Mouse (m) Sigma
Anti-Ub1-histone H2A Mouse (m) Merck
Anti-histone H2A Rabbit (p) Merck
Secondary antibody”
Anti-rabbit IgG + PE (611-108-122) Goat (p) Rockland
Anti-rabbit IgG + HRP (1858415)  Goat (p) Thermo Fisher
Anti-mouse IgG + HRP (1858413)  Goat (p) Thermo Fisher
Anti-goat IgG + HRP (sc-2020) Donkey (p) Santa Cruz
Anti-rabbit IgG + Alexa Fluor 488  Goat (p) Life Technologies
(A11034)
Anti-mouse IgG + Alexa Fluor 549  Goat (p) Life Technologies
(A11032)

“Lin"~ cells were purified by using the indicated biotin-conjugated antibodies with
streptavidin plus PerCP-Cy5.5 (BD Pharmingen).

 m or p, monoclonal or polyclonal antibody, respectively.

¢ Thermo Fisher, Thermo Fisher Scientific; Roche, Roche Diagnostics GmbH; Sigma,
Sigma-Aldrich. —, polyclonal antibodies raised against the GST fusion recombinant
molecules (12, 30).

4 Secondary antibodies were conjugated with labels.

RESULTS
UPS-mediated regulation of Scmhl. Scmhl encodes a protein
with several characteristic domains as described above (Fig. 1A)
(8, 10). We previously showed that Scmh1 was highly sensitive to
MG132, a proteasome inhibitor (12), so we transfected Scmhl
into a human embryonic kidney cell line, HEK-293 cells, and ex-
amined stability and ubiquitination of Scmh1 (Fig. 1B). Scmh1
levels were reduced after 6 h of cycloheximide treatment, suggest-
ing that Scmh1 is unstable. However, MG132 treatment stabilized
the Scmh1 protein and allowed detection of weak mobility-shifted
bands of the same mobility as those detected in ubiquitin-cotrans-
fected cells, suggesting that Scmh1 is ubiquitinated and is under
the regulation of UPS.

Expression of endogenous Scmhl was weakly detectable but
unstable, a finding consistent with the previous finding that
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Scmh1 was substoichiometrically detected in PcG complex 1 (9),
so we stably transfected U-2 OS cells with an expression plasmid
for Flag-Scmhl to improve the sensitivity of our assays. These
transfected cells were treated with five different drugs (roscovi-
tine, aphidicolin, hydroxyurea, thymidine, or colchicine) to syn-
chronize the cell cycle, and the cells were double stained with an
anti-Flag monoclonal antibody and rabbit polyclonal antibodies
against each member of PcG complex 1 (Fig. 1C). In cells treated
with hydroxyurea and thymidine, which synchronize cells at early
S phase, Flag-Scmh1 colocalizes with Ring1B, Rae28, and Bmil in
polycomb bodies (hydroxyurea, Fig. 1C; thymidine, data not
shown). In contrast, Scmh1 was undetectable in cells synchro-
nized at M phase by treatment with colchicine (data not shown).
These findings suggest that Scmh1 is detectable in polycomb bod-
ies in a specific phase of the cell cycle.

Generation and phenotype analysis of Scmh1-deficient mice.
Intensive analysis of mouse brain mRNAs by rapid amplification
of 5" ¢cDNA ends (5'-RACE) discovered two additional cDNAs
with alternative 5" sequences (8). The alignment of the predicted
amino acid sequences is shown in Fig. 2A. These N-terminal parts
of Semh1 are derived from multiple alternative exons (exons la to
1f) (Fig. 2B). To determine the roles of Scmhl in mammals, we
disrupted Scmhl by homologous recombination (Fig. 2B). The
targeting vector replaces the third exon, the second common pro-
tein-coding exon, with the Neo" gene. The linearized targeting
vector was introduced into ES cells. Genomic DNA from G418-
resistant ES clones was examined by Southern blotting. The wild-
type Scmh1 allele (Scmh1™) displayed an 18.5-kb single EcoRI
band, while the knockout allele displayed a 14-kb band with probe
A, and the result was confirmed with an independent probe (data
not shown).

Scmh1-deficient mice were generated from two independent
ES clones with the targeted allele. Generation of the offspring at
the Mendelian ratios was confirmed by the Southern blot and PCR
analyses (Fig. 2C and D). The testis, which expresses Scmhl at
high levels, was analyzed by immunoblot analysis with an anti-
Scmh1 antibody. Scmh1 protein was not detectable in Scmh1 ™/~
mice but was detectable in a gene dosage-dependent manner in
Scmh1*/™ animals (Fig. 2E).

Scmh1™/~ mice were fertile and had normal average life span.
We did not observe any obvious developmental abnormalities in
Scmh1™/" mice. Although mice deficient for PcG genes display
skeletal transformations that may result from altered Hox gene
expression boundaries along the anteroposterior axis (30, 32, 33),
no abnormality was observed in 10 Scmh1 ™/~ embryos (Fig. 2F).
The anterior expression boundary of Hoxd4 was shifted anteriorly
in the paraxial mesoderm in Rae28-deficient mice (30) and ex-
pression of Hoxa9 was increased in hematopoietic cells from
Scmh1™/™ mice as described below. However, we did not observe
any alteration in the expression domains of Hoxa9 and Hoxd4 in
the paraxial mesoderm of 10.5-dpc Semh1 ™/~ embryos (Fig. 2G).

Hematopoietic abnormalities in Scmh1-deficient mice. The
cellularity of FL or BM mildly increased in Scmh1 ™/~ mice relative
to wild-type mice (FL, Fig. 3A; BM, Fig. 4A). The number of cells
in lineage subpopulations of the hematopoietic cells was not af-
fected in FL (Fig. 3B), but the numbers of B220" and CD3™ lym-
phoid cells were reduced, and myeloid-lineage cells mildly in-
creased in BM from Scmh1 ™/~ animals (Fig. 4B). The clonogenic
and LTC-IC activities were augmented in Scmh1~/~ FL (Fig. 3C
and D).
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transfected U-2 OS cells synchronized with hydroxyurea. Nuclear DNA was stained with DAPIL.

We then examined the LTR activity. FL cells were retrovirally
labeled with EYFP, injected into lethally irradiated congenic mice,
and EYFP™ cells in the peripheral blood were examined 1 and 4
months after the injection. The numbers of EYFP" Scmh1 ™/~ and
control cells were almost equal after 1 month, but Scmhl = cells
were preferentially maintained after 4 months, indicating that ac-
tivity of the hematopoietic stem cells was augmented in Scmh1 ™/~
FL (Fig. 3E).

Hematopoietic stem and progenitor subpopulations are
poorly enriched by cell sorting of FL because these immature cells
are CD11b(Mac-1)"" or CD11b(Mac-1)" in FL (34). Therefore,
we analyzed the frequency of HSC (CD34~ c-Kit™ Scal™ Lin"),
multipotent progenitor cell (CD34* ¢-Kit™ Scal™ Lin ™), and he-
matopoietic progenitor cell (c-Kit" Scal ™ Lin~ [Progenitors in
Fig. 4C]) subpopulations in BM. All of these cell types were in-
creased in BM from Scmh1 ™'~ mice (Fig. 4C), a finding consistent
with the findings above that the hematopoietic stem and progen-
itor activities are promoted in Scmh1~/~ FL.

Role for derepressed Hoxb4 and Hoxa9 in the regulation of
geminin protein in Scmh1™/~ FL. PcG complex 1 that includes
Scmbh1 acts as an E3 ubiquitin ligase for geminin (12). Therefore,
we expected that deficiency of Scmh1 would impair the E3 ubig-
uitin ligase activity, thus stabilizing geminin and leading to the
accumulation of geminin in Scmh1 ™/~ mutants relative to control
mice. Surprisingly, expression of geminin protein in FL cells was
decreased in each phase of the cell cycle (Fig. 3F). This finding was
confirmed by immunoblot analysis (Fig. 3G). Real-time PCR
analysis indicated that expression of mRNA for geminin, Cdtl,
and cyclin A2, which is under the regulation of E2F (35), was
increased in Scmhl ™/~ FL. However, expression of mRNA for
p16™4* and p19*™ encoded by Cdkn2a, a well-known down-
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stream target for PcG complex 1 (36), was not altered (Fig. 3H).
The expression of Hoxa9 and Hoxb4 was markedly enhanced in
Scmh1~'~ FL, although the expression of Hoxal0 and Hoxd13
was not affected (Fig. 3H). Similar but milder alterations in Hoxa9
and Hoxb4 expression were also observed in BM from 3-month-
old Scmh1™'~ mice (Fig. 4D).

To determine whether Scmhl directly represses Hoxa9 and
Hoxb4, we assayed Scmhl binding and histone H2A monoubiq-
uitination at Hoxa9 and Hoxb4 loci using ChIP assays. We com-
pared Scmh1™/" and Scmh1 ™/~ FLin two evolutionary conserved
intergenic regions between the Hoxal0 and Hoxa9 genes (Fig. 5A
and B), the promoter region of the Hoxb4 genes (Fig. 5C) (37),
and an intergenic region between the Hoxb4 and Hoxb3 genes
(Fig. 5D), that includes a neural regulatory element, CR3 (38)
(Fig. 5B). An anti-Scmhl1 antibody efficiently immunoprecipi-
tated the chromatin in both of the promoter regions (Fig. 5B and
C) in FL from Scmh1*/* but not from Scmh1 ™/~ embryos. Sim-
ilarly, anti-Ring1B, anti-Bmil, and anti-Rae28 antibodies immu-
noprecipitated these regions in Scmh1 ™" FL but did so less effi-
ciently in Semh1™/~. As expected, an anti-monoubiquitinated
histone H2A (anti-Ubl-histone H2A) antibody gave similar re-
sults (Fig. 5C). Little binding of PcG complex 1 members, RinglB,
Bmil, Rae28, Scmh1, and Ubl-histone H2A was detected in the A
and D regions (Fig. 5C). Together, these results indicate that PcG
complex 1 members bind less efficiently in the absence of Scmh1
and that Scmhl1 directly represses Hoxa9 and Hoxb4.

We recently demonstrated that either Hoxb4 (25) or Hoxa9
(51) can form a RDCOX complex to act as an E3 ubiquitin ligase
for geminin. The derepression of Hoxa9 and Hoxb4 described
above would lead to increased activity of an alternative E3 ligase
for geminin and thus might compensate for defective activity of
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and 6th somites and between the 23rd and 24th somites, respectively. HL, hind limb; Ov, otic vesicle.

the PcG complex 1 E3 ligase for geminin caused by Scmh1 defi-
ciency.

To confirm this hypothesis, we performed three experiments.
The Hoxb4N—A mutant forms RDCOXB4 complex more stably
than Hoxb4 but, because Hoxb4N—A does not interact with
geminin, the resulting complex does not display the E3 ubiquitin
ligase activity for geminin, and Hoxb4N—A may affect the E3
ubiquitin ligase activity of the RDCOX complex in the cells (25).
First, we showed that transduction of Hoxb4N—A increased
geminin protein expression (Fig. 6A) through the dominant-neg-
ative effect on the RDCOX complex, even though geminin mRNA
levels decreased (Fig. 6B). Augmented clonogenic activity was ef-
fectively downregulated by Hoxb4N—A transduction in
Scmh1™/~ FL cells but had little effect on Semh1™/* FL cells
(Fig. 6C).

Second, we simultaneously knocked down both Hoxb4 and
Hoxa9 (double knockdown [DKD]) using the transfection of
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siRNA. We controlled for the efficiency of transfection of
siRNA into FL cells using flow cytometric analysis and showed
that the majority of FL cells were efficiently transfected with the
fluorescence-labeled siRNA (data not shown). DKD effectively
downregulated Hoxa9 and Hoxb4 in both Scmh1*/" and
Scmh1™/~ FL (Fig. 6D). As expected, DKD increased the
amount of geminin protein in every cell cycle phase (Fig. 6E),
even though geminin mRNA levels decreased in Semh1~'~ FL
(Fig. 6F). DKD exerted less effect on geminin expression in
Scmh1™/* FL (Fig. 6E and F). DKD downregulated the aug-
mented clonogenic activity in Scmh1~'~ FL but had less effect
on Scmh1™/" FL (Fig. 6G).

Third, we examined geminin expression in BM from mice that
were older than 20 months. In vivo labeling experiments with
BrdU showed that geminin accumulation occurred in each phase
of the cell cycle in approximately half of aged Scmh1 ™/~ mice
(geminin™€" Semh1~'~ mice) (Fig. 7A), although the proportion
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FIG 3 Hematopoietic and molecular analyses of FL. (A) Total number of FL cells. (B) Percentage of each of the lineage-committed cells. Cells were analyzed by
flow cytometry with the indicated lineage markers. (C) Clonogenic activity. Microscopic views of representative colonies are shown in the lower part of the panel.
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of cells in each phase of the cell cycle was not significantly altered
(Fig. 7B). Overt geminin protein accumulation was also detected
by immunoblot analysis in BM from 5 of 10 Scmh1~/~ mice (Fig.
7C). Geminin protein accumulation occurred in Schm1~/~ BM,
with lower expression of Hoxa9 than controls (Fig. 7C and E).
Hoxa9 is the most abundantly expressed Hoxa cluster gene in BM
(39), and its expression is essential for normal function of HSCs
(40). Curiously, the expression levels of Hoxa9 mRNA (Fig. 7E)
and those of geminin protein relative to mRNA (Fig. 7C, D, and
G) were negatively correlated (Fig. 7H) at a statistically significant
level (Spearman’s r = 0.697 > 0.4, P < 0.05). We suggest that in
aged Scmh1~/~ mice, decreased expression levels of Hoxa9 lead to
the inability to prevent geminin accumulation caused by Scmh1
deficiency. The expression levels of geminin protein relative to
mRNA level were low despite a low Hoxa9 mRNA expression in
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Scmh1 ™/~ mice (Fig. 7E and G), in which Hoxb4 mRNA expres-
sion was the highest (Fig. 7F).

Molecular role for Scmhl in the E3 ubiquitin ligase activity.
We transfected Scmh1(358-664) and geminin in HEK-293 cells
and confirmed the molecular interaction of Scmh1(358-664) with
geminin by immunoprecipitation analysis. This molecular inter-
action was impaired by deletion of the GB domain (540 to 568
amino acids) from Scmh1(358-664) (Fig. 8A).

To further characterize the molecular role for Scmhl and its
GB domain, in the E3 ubiquitin ligase activity in vitro, we recon-
stituted PcG complex 1, which is composed of RinglB, Bmil,
Rae28, and Scmhl, in Sf9. The insect cells were coinfected with
baculoviruses encoding GST-RinglB, Bmil, Rae28, and either
Flag-Scmhl or Flag-Scmhl lacking the GB domain (Flag-
Scmh1AGB). Since full-length Rae28 and Scmh1 were unstable in
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S§9, a truncated form of Rae28 lacking an N-terminal region in-
cluding serine threonine-rich and glutamine-rich domains
[Rae28(222-1012)] and that of Scmh1 lacking an N-terminal re-
gion, including the MBT and PEST domains preceded by a Flag
tag in the N-terminal portion [Flag-Scmh1(358-664)], were ex-
pressed together with GST-Ring1B and Bmil to obtain the recom-
binant PcG complex 1 (PC1-4). We also prepared for PC1-4 with
Flag-Scmh1(358-664)AGB (PC1-4AGB), and a complex desig-
nated PC1-3, which is composed of GST-RinglB, Bmil, and
Rae28(222-1012) but lacks Scmhl1. Cell extracts were prepared
from Sf9 expressing PC1-3, PC1-4, and PC1-4AGB, and the com-
plexes were purified by means of a glutathione affinity chroma-
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tography. A pulldown assay showed that GST-Ring1B, Bmil, and
Rae28(222-1012) formed a complex with either Flag-Scmh1(358-
664) or Flag-Scmh1(358-664)AGB (Fig. 8B).

Equal amounts of the affinity-purified recombinant PcG com-
plex 1 were analyzed using an in vitro ubiquitination assay with
myc-tagged geminin as a substrate. The reaction product was an-
alyzed by immunoblot analysis with an anti-myc monoclonal an-
tibody. As described previously, PC1-4 mediated the formation of
polyubiquitin chains in geminin. The two faster-migrating mobil-
ity-shifted bands correspond to monoubiquitinated (Ub1) gemi-
nin and the other more mobility-shifted bands correspond to
polyubiquitinated (Ubn) geminin (12). The polyubiquitination

mcb.asm.org 651


http://mcb.asm.org

Yasunaga et al.

A

Hoxa9 B region

. mouse =112
HOX09 A I'CQIOI\ LRy PECCRELTERREREEEE PR
humen 27208762 27205708
e > O I | e - -
ECCCLETE UL EETEECEEC T L T T T T e TR TR i
human - 27209145 T 27205086 272057071 © I UL I oG l..m” I I 27205649
-3963 AGCAGH - ~3%07 LY = -137
L L A e FEECEEEEE CEEEREEE P e e e e e e e e e e e eeeeen
27209085 BEACGE - - -O66 aTz0%031 27205648 27205589
-3906 ~CCCATG-' TCCTC- = =-536 -477
R e TEE AL EEE Rt e e el
27205030 TGCT-CAGGAGC--CT 27208978 27205588 27205529
-3849 W AL - TUIG- LUUL LU G -3199 -478 —427
R N I FEECEEE CEEREEr Fee e e e e e e
2720897%  GCAGCGCTTTRCCAGCCHRGCCHGCTTTCCCCT-TCCACCACACACCTCCACCTGGTCAC- 272089148 27205528 27205469
-3798 TCT -373 426 -367
PECCRERE 1 e e e 0 FEE e e e e 1eeeen TECCLLEEEEE PR LT e LN EEEIIN
27208917 TTCT 27208859 27205468 GTGATATAAAATAGTCCGCTTAAGAAGTCTCTCT- - ----ATG-G-G-G-G GCAGA 27205426
-3138 CruL 3679 -366 -7
1"l T I T T O REEEEEE et FORe e e e
27208858 27208799 27205425 - 205368
, y 316 ATEARRACAAM o -
e ST TR A T T Jee il
27208158 A 27205367 TT 27205333
B C Hoxa9 locus A Hoxa9 locus B Hoxb4 locus € Hoxb4 locus D
Scmhi+/+  Scmhl-/-  Scmhl+/* semhi-/-  Semhl+/+  Semhl-/-  Scemhl+/+ Semhl-/-
Hoxa10  Hoxa9 Hoxa?
' Ta Ii'l antibodies:
| B 1 anti-Semhl
A B
anti-Rae28
Hoxb5 Hoxb4 Hoxb3
= 1 Fr
II I I | | II anti-Bmil
exon 1 2z 1 21 2 34
c B
anti-Ring1B
anti-Ub-H2A
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activity was impaired but not abolished by deletion of the GB
domain in Scmhl (Fig. 8C). We suggest that the E3 ubiquitin
ligase activity of PC1-4 for geminin mediated by the GB domain
provides PC1-4 with a higher-affinity interaction domain with
geminin.

Next, we examined activity of the E3 ubiquitin ligase for chro-
matin histone H2A by using myc-tagged ubiquitin. As shown in
the lower panels of Fig. 8C, a mobility-shifted band with the mo-
lecular mass of 25 kDa was detected in the reaction product with
PC1-4 or PC1-4AGB by either of anti-histone H2A, anti-Ubl-
histone H2A or anti-myc antibodies. The intensity of the mobility-
shifted bands was not significantly affected by deletion of the GB
domain in Scmhl, but a deficiency of Scmh1 (PC1-3) reduced
labeling. Thus, Scmh1 augments the activity of the E3 ubiquitin
ligase for histone H2A as well as for geminin, but the activity of the
E3 ubiquitin ligase for histone H2A is not mediated by the GB
domain. We could not detect the E3 ubiquitin ligase activity for
histone H2A in the recombinant RDCOXA9 and RDCOXB4
complex (Fig. 8D), showing that the PcG complex 1 and RDCOX
complex have different substrate specificities.
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We further examined in vivo whether exogenous expression of
Scmh1 exerted an effect on the ubiquitination and expression of
geminin. We transiently expressed full-length Scmh1, geminin,
and ubiquitin in HEK-293 cells and examined the ubiquitination
of geminin. The transfection of exogenous Scmh1 induced ubig-
uitination of geminin (Fig. 8E) and reduced the endogenous
geminin expression levels in each phase of the cell cycle in FL (Fig.
8F), probably through the increased ubiquitination of geminin, as
shown in the in vitro and in vivo assay systems described above.

Effect of Scmhl, Scmh1AGB, and Scmh1AMBT transduc-
tion on Hox and geminin expression in Scmh1~/~ FL. We pre-
pared several murine stem cell virus vectors with EYFP: MEP,
Scmhl, Semh1AGB, and Semh1AMBT, in which amino acids 28
to 287 of the MBT domain were deleted. After we confirmed the
expression of these constructs in HEK-293 cells (Fig. 9A), we
retrovirally transduced each of the mutants into Scmh1 ™/~ FL
cells. As expected, the Scmh1 deficiency by itself was responsi-
ble for the derepression of the Hox genes, because full-length
Scmh1 reduced expression of Hoxa9 and Hoxb4 in Scmh1 ™/~
FL cells (Fig. 9B and C).
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FIG 6 Effect of Hoxa9 and Hoxb4 on geminin expression and clonogenic activity. (A to C) Effect of Hoxb4N—A transduction on FL cells. (A) Geminin protein
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Transduction of Scmh1AGB decreased geminin mRNA lev-
els and reduced the expression of Hoxa9 and Hoxb4 in
Scmh1 ™/~ FL cells (Fig. 9B to D) but, unlike full-length Scmhl,
did not downregulate the geminin protein (Fig. 9E). This ob-
servation is consistent with our observations that the GB do-
main is required for the efficient E3 ubiquitin ligase activity of
PcG complex 1 for geminin (Fig. 8C). The MBT domain of
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Drosophila Scm aids transcriptional repression of PcG complex
1 through direct interaction with monomethylated histones
(15). We transduced Scmh1AMBT into Scmh1 ™/~ FL cells to
determine whether the MBT domains of Scmh1 are required to
repress the transcription of Hox genes. The Scmh1AMBT
transduction failed to lower expression levels of Hoxa9 and
Hoxb4 in Semh1~/~ cells (Fig. 9B and C). We conclude that the
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MBT domains are required for efficient transcriptional repres-
sion of the target genes by PcG complex 1 in mice.
Transduction of full-length Scmh1 into Scmh1™/~ FL cells
could alter geminin protein levels, either by increasing the E3 li-
gase activity of PcG complex 1 or indirectly by decreasing expres-
sion of Hox genes, which in turn would decrease the E3 ligase
activity of the RDCOX complex. Scmh1 overexpression induced
ubiquitination of geminin in HEK-293 cells (Fig. 8E) and retrovi-
ral Scmh1 transduction reduced geminin expression in each phase
of the cell cycle in FL cells (Fig. 8F). The transduction of Scmh1
downregulated geminin protein levels without significantly affect-
ing the mRNA level, probably as a consequence of enhanced ac-
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tivity of the PcG complex 1 E3 ubiquitin ligase for geminin by
overdose of Scmh1 (Fig. 9F).

Expression levels of geminin protein were more strongly re-
duced by transduction of ScmhlAMBT than by full-length
Scmhl. We suggest that Scmh1AMBT was not able to downregu-
late Hoxa9 and Hoxb4 but retained polyubiquitination activity for
geminin. As described above, the E3 ubiquitin ligase activity for
histone H2A was detected in vitro in PC1-4 which lacked the MBT
domains in Scmh1. Therefore, we suggest that the MBT domains
are required for the recruitment of PcG complex 1 in the Hoxa9
and Hoxb4 loci, and this leads to the derepression of Hox loci.

These findings further support the model that Scmh1 regulates
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geminin protein directly via PcG complex 1 and indirectly via
repression of Hoxa9 and Hoxb4, leading to decreased levels of
RDCOX E3 ligase activity. The GB domain of Scmhl is crucial to
the E3 ubiquitin ligase activity for geminin, and the MBT domains
are required for the transcriptional repression of a subset of Hox
genes.

DISCUSSION

Opverall, the developmental and hematopoietic phenotypes ob-
served in Semh1 ™/~ mice are very mild. Notably, we did not ob-
serve posterior transformations of paraxial mesoderm, or anterior
derepression of Hox loci similar to those reported for mutations in
other PcG complex 1 subunits (30, 32, 33). This may be because
Scmh1 homologues such as LAMBTL1-3 (41), Scml1 (42), Scml2
(43), and Sfmbt1 (44, 45) compensated for deficiency of Scmh1. A
second possibility is that Scmh1, which is a substoichiometric
member of the PcG complex 1, has a minor effect on the activity of
PcG complex 1. On the other hand, mice lacking SPM domain of
Scmhl display skeletal abnormalities (16), which we do not ob-
serve in our mutants. We speculate that the stronger phenotypes
observed in mutants lacking the SPM domain may result from a
dominant-negative effect of the N-terminal truncated form of
Scmhl on the activity of PcG complex 1, consistent with the ob-
servation that truncated transcripts were observed in homozygous
mutants (16). It would be interesting to monitor Scmhl1 protein
expression in mice lacking the SPM domain to confirm this hy-
pothesis.

Scmh1 may have a specific role in target selection or in cell
cycle-dependent activity of PcG complex 1. In support of this idea,
our analysis shows that the MBT and GB domains contribute to
Scmh1 recruitment and specificity. MBT domains are required for
repression of Hoxa9 and Hoxb4 in FL cells. The MBT domains
were originally found in Scm, Sfmbt, and 1(3)mbt in Drosophila
(13) and are evolutionarily related to the chromatin-binding Tu-
dor domain “Royal Family,” including the Tudor, plant Agenet,
chromo, and PWWP domains (46). The MBT domains of Scmh1
may be required for recruitment of PcG complex 1 to Hoxa9 and
Hoxb4. This finding argues against the model that the chromodo-
main of Cbx proteins is sufficient for recruitment of PcG complex
1 to target loci (3). We could not, however, address the contribu-
tion of the MBT domain to E3 ligase activity, because we could not
prepare enough recombinant PcG complex 1 in vitro to compare
full-length Scmh1 with the MBT deletion in our in vitro E3 ligase
assay (Fig. 8A to D).

The expression of most PcG genes is ubiquitous. Nevertheless,
there is evidence for cell cycle-specific PcG binding in mitosis (47,
48). Bmil binding to heterochromatin is high in early S phase and
is not detectable in the late S through the G,/M phases. This cell
cycle-dependent heterochromatin binding is inversely correlated
with the phosphorylation of Bmil (49). It is very striking that
Scmh1 associates with PcG bodies in cells synchronized at the G,/S
boundary (Fig. 1C) but not in cells synchronized at the G,/M
boundary. The NLS and PEST sequences are required to regulate
Scmhl stability through UPS and the subcellular localization
(Ohtsubo et al., unpublished). Since PEST sequences can be phos-
phorylated, we speculate that cell cycle-dependent phosphoryla-
tion by cyclin-dependent kinases may indirectly regulate presence
of Scmh1 in PcG bodies by controlling Scmh1 stability. Cell cycle-
dependent association of Scmhl with PcG bodies is consistent
with the observation that Scmh1 is a substoichiometric compo-
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nent of the PcG complex 1 (9). Given our observation that the
MBT domain of Scmhl is required for recruitment to Hox loci,
these observations together suggest that PcG complex 1 may bind
targets or act as an E3 ligase for histone H2A in a cell cycle-depen-
dent manner. One intriguing possibility is that Scmh1 recruits
PcG complex 1 to nascent DNA after replication, and its E3 ligase
activity reestablishes posttranslational modifications of histones
necessary for epigenetic inheritance of gene expression patterns.

Scmbh1 contributes to the E3 ligase activity toward histone H2A
and geminin itself (Fig. 8C). Scmh1 directly regulates Hoxa9 and
Hoxb4 (Fig. 3H, 4D, and 5C) and is necessary for the recruitment
of the PcG complex 1 (Fig. 5C) and thus for the ubiquitination of
histone H2A (Fig. 5C). The failure of this E3 ligase activity on
histone H2A presumably leads to the derepression of the Hox
genes. It would be interesting to determine whether the form of
Scmh1 that binds Hox genes lacks the GB domain, since the GB
domain confers target specificity for the E3 ligase activity of PcG
complex 1 to geminin, but not to histone H2A. Such experiments
could distinguish whether Scmhl exerts transcriptional repres-
sion and geminin downregulation coordinately through the MBT
and GB domains in the specific chromatin loci.

We expected that deficiency for Scmh1 would prevent the E3
ligase activity of PcG complex 1 and thus lead to increased stability
of geminin. So, we were surprised to observe decreased stability of
geminin in Scmh1 ™/~ mice. The simplest explanation for this par-
adox is provided by our recent observations that Hox proteins
themselves are members of a protein complex with E3 ligase ac-
tivity for geminin (25). Derepression of Hoxa9 and Hoxb4 will
lead to increased levels of RDCOX E3 ligase activity, which will
compensate for the loss of the PcG complex 1 E3 ligase activity.
Several experiments support this conclusion. DKD of Hoxa9 and
Hoxb4 in Scmh1™/~ mice prevents the decrease in geminin levels
(Fig. 6E). Aged mice have lower levels of Hoxa9 and Hoxb4 ex-
pression and, correspondingly, in old Semh1~/~ mice there are
increased levels of geminin (Fig. 7A and C). These results are not
an indirect effect of RDCOX activity on ubiquitination of H2A
because this complex lacks activity on H2A (Fig. 8D).

Most phenotypes of PcG mutants in embryos and in stem cells
are assumed to arise from defects in transcriptional repression of
targets, including Hox genes. The findings presented here suggests
that more attention should be paid to nontranscriptional effects of
PcG complex 1 in generation of phenotypes. This proposal is con-
sistent with a recent study showing a role for posterior sex combs
in the destruction of cyclin B (50).

We previously showed that Hoxb4 transduction suppressed
the accumulation of geminin and rescued impaired hematopoi-
etic stem cell activity in Rae28 '~ mice, suggesting that Hox and
PcG complex 1 proteins work in concert to regulate geminin levels
via modulation of E3 ubiquitin ligase activity (25). Thus, we sug-
gest that derepressed Hoxa9 and Hoxb4 compensate for impaired
activity of the E3 ubiquitin ligase for geminin and accelerated
hematopoietic stem and progenitor activities through the down-
regulation of geminin in Semh1 ™/~ (Fig. 10A). Here, we propose
that PcG complex 1 and a subset of the downstream Hox target
genes form a regulatory homeostatic network for tuning the ex-
pression level of geminin protein (Fig. 10A). Unlike the APC/C
that mediates polyubiquitination of geminin from the late M to
the G, phase, the PcG complex 1 and RDCOX complex could
regulate geminin in other phases of the cell cycle. This model
provides a way to couple gene regulation and the control of DNA
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coordinately regulate cellular proliferation and differentiation during mammalian development.

replication in stem cell regulation and development. PcG complex
1 may repress Hox genes in the anterior region of embryos
through the epigenetic regulation, suggesting the possibility that
Hox-mediated regulation of transcription and geminin protein
stability takes part in the posterior expression domains and that
the PcG complex 1-mediated effect is limited to the anterior part
of embryos (Fig. 10B).
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