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measured using BAS 2500 and Image Gauge software (Fuji Photo Film Co. Ltd.).
The expression of BiP mRNA was nomalized to that of f-actin. RT-PCR analysis
was performed with the following primers: 5'-acctcaaacgectictcatc-3' and 5'-titctgg
geaggagceagcett-3' for SP-C, and 5'-atggggtgaggecggtgetg-3” and 5'-cttgatgtcateata
ctigg-3' for GAPDH,

Whole-mount in situ hybridization. Whole-mount in situ hybridization was
performed ysing digoxigenin-labeled riboprobes as described*® with rat BiP ¢cDNA.

Transfection. A ¢cDNA encoding mouse SP-C was obtained from wild-type lung
mRNA using the following primers: 5'-ccttacaaaatggacatgag-3' and 5'-cggatccacga
tatagtagagtggtaget-3', The cDNA was subcloned into a' pcDNA3.1 myc-His vector
(Invitrogen).: The DNA sequence was verified using the Applied Biosystems ABI
Prism 310 genetic analyzer, Transfection was performed with Fugene 6 (Roche),

Histochemistry. Lungs were isolated and fixed in 4% paraformaldehyde for
24 h, After fixation, they were dehydrated in increasing concentrations of ethanol
and embedded in paraffin wax. Sections (8 m) were stained with hematoxylin and
eosin. Forimmunohistochemistry, sections were incubated with 10% normal goat or
bovine. serum in phosphate-buffered saline (PBS) for 30 min to block non-specific
antibody binding, and then incubated with a primary antibody in PBS for 12h at 4°C:
Sections were rinsed with PBS; incubated with a secondary antibody in PBS for 2h
at room temperature and then visualized using the VECTASTAIN Elite ABC kit
{Vector Laboratories) with diaminobenzidine (Sigma).

Confocal and immunofluorescence microscopy. Cells on coverslips
were fixed in 2% formaldehyde in PBS for: 10 min at room temperature and
then processed as described.® Labeled cells were examined using a confocal
laser scanning microscope (Axiovert 100M, LSM510, Ver. 3.2, Carl Zeiss) fitted
with krypton and argon lasers and a Plan-Apochromat 100 NA 1.40 oil immersion
objective.:

Electron microscopy. Fifteen newbom animals: and 24 embryos were
processed for electron microscopy. Newbom animals were fixed within 2 h of birth.
Embryos were fixed on E18.5. Before fixation, a tail sample was collected for
genotyping.

Animals were anesthetized on ice. The thorax was opened, and the heart was
removed with part of the large vessels. The trachea was clamped with tweezers,
and both the left and right lobes of the lung were excised after cutting the trachea
just proximal to the clamped site. The [ung was immediately placed in a syringe filled
with 3% glutaraldehyde in 10 mM HEPES, 145 mM NaCl (pH 7.4); After the airinthe
lung-and air ducts was expelled by manipulating the plunger, the lung was cut
into small pieces with a razor blade and was further fixed in the same fixative for
an additional 2h, After postfixation with 1% osmium tetroxide, the tissue was
dehydrated in absolute ethanol and embedded in Epon mixiure (TAAB, Berks,
England). Ultra-thin sections, double-stained with uranyl acetate and lead citrate,
were observed using an electron microscope (1200EX-1i, JEOL, Tokyo; Japan).

Statistical analysis. Statistical analyses were performed by one-way analysis
of variance and the Bonferroni test and #test using KaleidaGraph software (Synergy
Software; Reading, PA, USA).
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The cellular memory in chromatin modifications can be
faithfully maintained through cell divisions by the counterac-
tion of transcriptional activators of the tithorax group
(TrxG) and repressors of the polycomb group (PcG) [1]. PcG
proteins form multiprotein complexes that play a role in the
silencing of cell type-specific target genes. At least 3 major
PcG complexes have been characterized. Polycomb repres-
sive complex 1 (PRC1) includes Bmil/Pgcfd, Rnf110/Mell8,
Phcl/Mph1/Rae28, Cbx2/M33, Semhl, and Ringla/b; PRC2/3
includes Eed, Enx1/Ezh2; and Suz12. The PRC1 and PRC2/3
complexes, possess H2A-K119 ubiquitin E3 ligase activity
and H3-K27 methyltransierase activity, respectively. Both his-
tone modifications contribute to polycomb gene silencing.
Although no physical associations between these 2 complexes
have been demonstrated, H3-K27 trimethylation (H3K27me3)
sites serve as binding sites for the Cbx2/M33 chromodomain.
thereby recruiting the PRCI complex. Thus, the 2 PcG com-
plexes could function in a cooperative manner to maintain
gene silencing [1]. Among the PRCI components, Bmil and
Phcl have been implicated in hematopoietic stem cell (HSC)
self-renewal [2-5], a process by which epigenetic cellular
memory is precisely inherited by daughter cells. We previ-
ously reported that Bmil plays a central role in the mainte-
nance of self-renewing HSCs, whereas Cbx2 is dispensable in
this process [3]. On the other hand, Cbx2 is essential for lym-
phopoiesis, as are the other PRCI components, including

Correspondence and reprint requests: Atsushi hwama, 1-8&-1
Inohana, Chuo-ku, Chiba, Japan: 81-43-226-2187; fax: 81-43-226-
2191 (e-mail: aiwama@faculty.chiba-ujp).
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Bmil and Phel [5,6]. Analysis of the tissue expression
of human PcG proteins has demonstrated that PeG protein
expression varies among tissues and even among specific
cell types within a particular tissue, indicating that the
composition of PcG complexes varies in tissue- and cell
type-specific manners {7]. The compositions of PRC com-
plexes, which have been characterized in Drosophila and
mammalian cell lines, determine target and/or substrate
specificities [8-10]; however, little is known about these com-
plexes in primary hematopoictic cells. particularly in HSCs
because of the limited numbers of these cells.

Our detailed reverse. transcriptase-polymerase chain
reaction analysis of mouse hematopoietic cells revealed that
the genes for all of the PRCI1 components that we analyzed,
including Cbx2, Phci, Bmil. and Rnfli0, are highly
expressed in CD34-KSL HSCs, which make up only 0.004%
of bone marrow mononuclear cells {11}, and that sustained
expression is evident in lymphoid-lineage cells [3]. To under-
stand the differentiation stage-specific functions of PRC1,
we used immunocytochemical staining and examination
with a confocal microscope o analyze the subcellular local-
ization of PRCI1 components in purified CD34 KSL HSCs,
CD34*KSL muitipotential progenitor cells (MPPs), Lin-
progenitor cells, B220*CD43* pro-B-cells in bone marrow,
and CD4-CD8 double-negative T-cells in thymus, as we
have previously described [12]. The PRCI components were
primarily distributed in the cuchromatic region of the
nucleus, and Cbx2 and Bmil or Phcl (Figures 1A and 1B).
Cbx2 and Rnft10 or Scmhi (data not shown), Ringlb and
Bmil or Phel (Figures 1C and 1D), and Ringlb and Rnf110
or Scmhl (data not shown) largely colocalized with one
another in all cells analyzed, except for CD34-KSL HSCs
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Figure 1. Hematopoietic stem cell (HSC)-specific polycomb repressive complex 1 (PRCH) with a unique composition devoid of Cbx2. CD34-KSL
HSCs, CD34*KSL multipotential progenitor cells, pro-B-cells (pro-B) (B220-CD43) in bone marrow, and double-negative (DN) (CD4-CD8") T
cells in thymus were immunostained for Bmil (green) and Chx2 (red) (A), Phel (green) and Cbx2 (red) (B), Bmil (green) and Ringlb (red) (C),
and Phcl (green) and Ringlb (red) (D). Nuclei were visualized by 4,6-diamidino-2-phenylindole (DAPI) staining (blue). The antibodies used
and their manufacturers are as follows: mouse anti-Bmit monoclonal antibody (229F6; Upstate Biotechnology, Lake Placid, NY, USA); mouse anti-
Phel, anti-Raf110, and anti-Scmh! monoclonal antibodies (provided by H.K.): rabbit anti-Cbx2 and anti-Ringlb polyclonal antibedies (pro-
vided by M.V.); and Alexa Fluor 488 goat antimouse immunoglobulin G (1gG) and Alexa Fluor 647 goat antirabbit IgG secondary antibodies
(Molecular Probes, Eugene, OR, USA). Immunofluorescence was observed with a Leica TCS SP2 AOBS confocal microscope (Leica. Wezlar.

Germany).

(Lin~ progenitor cell data are not shown). This finding indi-
cates that these components are constantly included in
PRCI throughout the process of hematopoietic differentia-
tion from MPPs to lvmphocytes, although the stoichiometry
of each component could vary with the target gene loci and

the differentiation stages. Notably, however, Cbx2 was
largely excluded from PRCI, specifically in CD34°KSL
HSCs.'In most CD34°KSL HSCs analyzed (93.3%, n = 30),
the vast majority of Cbx2 protein was located in the periph-
cral cuchromatic region in discrete dots, whercas the other

Table 1.
Subcellular Colocalization and Functions of Polycomb Repressive Complex 1 (PRC1) Components in Hematopoietic Celis*

Colocalization with Other PRC1 Proteins (Present Study) Defects in Knock-out Mice {2-6]
PRC1 Proteins HSC MPP pro-B DN HSC Ltymphopoiesis
Cbx2/M33 - + + + No Yes
(Cbx4/Mpc2)
Phct/Mph1/Rae28 + + + + 2+ Yes
(Phc2/Mph2)
Bmi1 + + + + 3+ Yes
Rnf110/Mel-18 + + + + 1+ Yes
(Ring1/Ringla)
Rnf2/Ring1b + + + + + t
Scrahi + + + + t +
(Scmi2)

*Proteins in parentheses were not assessed in this study. HSC indicates hematopoietic stem cells; MPP, multipotential progenitor cells; pro-B,

pro-B-cells; DN, double-negative CD4-CD8" cells.
tData not available from the literature.
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PRC1 components. including Bmil, Phcl (Figures 1A and
1B), Rnf110, and Scmhi (data not shown), were located in
the central euchromatic region separately from Cbx2,

The subcellular colocalization results and recent findings
from loss-of-lunction analvses of PRCT components in the
hematopoietic system are summarized in Table 1. The loss
of Cbx2, Phcl, Bmil, or Rnf110 similarly caused hypoplas-
tic spleen and thymus because of defective lymphopoicesis
{6]. On the other hand, we and others have demonstrated
the differential contribution of PRC1 components to the
maintenance of sclf-renewing HSCs. The loss of function of
Bmil was preferentially linked with a profound defect in
HSC selt-renewal, and loss of function of Mphl led to the
same defect, but to a lesser extent [3.4]. In overexpression
experiments, Bmil induced a striking ex vivo expansion of
multipotential progenitors and markedly augmented HSC
repopulating capacity in vivo [3]. Ruf770, a polycomb gene
that is highly related to Bmil in domain structure, also
showed mild but significant effects in both loss-of-function
and gain-of-function analyses [3]. By contrast, Cbx2" fetal
liver hematopoietic cells exhibited a normal repopulating
capacity, and the forced expression of Chx2 unexpectedly
induced an adverse effect on HSC self-renewal and caused
accelerated differentiation into macrophages [3]. All these
findings clearly point to a central role for Bmil in the main-
tenance of HSCs. The finding that Cbx2 is dispensable in
the maintenance of HSCs is surprising. Both Bimil and
Chx2 are involved in the maintenance of the expression
pattern of homeotic genes through development. In this
process, strong dosage interactions between these 2 gencs
have been observed [13], and Cbx2 supposcdly targets
PRCH to the locus with H3K27me3 epigenetically marked
by PRC2. Our finding that Cbx2 is largely excluded from
PRCI in HSCs, but not in lymphocytes, provides a direct
explanation for the dispensable role for Cbx2 in HSCs but
its essential role in lymphopoiesis as one ol the PRC1 com-
poneunts. We previously demonstrated that forced expres-
sion of Binil in CD34'KSL MPPs had no effect on their
colony-forming efficiency or did not confer a sell-renewal
capacity to them [3]. In this study, we clearly showed that
HSCs and MPPs differ in their PRCLl compositions.
Together with other proteins, Bmil forms a cell type-spe-
cific PRCI complex and can exhibit different functions
depending on the composition of the complex. The distinct
complexes of different compositions exhibit differential
histone substrate specificities [9,10]. The HSC-specific
PRC1 complex is devoid of Cbx2 but might include another
PeG family member, such as Cbxd. This unique composition
may define the HSC-specific function of PRCI in the

establishment and maintenance of gene expression patteras
essential for HSC self-renewal.
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Novel regulation of MHC class Il function in B cells
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The presence of post-translational regulation of MHC class
II (MHC II) under physiological conditions has been
demonstrated recently in dendritic cells (DCs) that po-
tently function as antigen-presenting cells (APCs). Here,
we report that MARCH-I, an E3 ubiquitin ligase, plays a
pivotal role in the post-translational regulation of MHC I
in B cells. MARCH-I expression was particularly high in B
cells, and the forced expression of MARCH-I induced the
ubiquitination of MHC II. In B cells from  MARCH-I-defi-
cient mice (MARCH-I KO), the half-life of surface MHC II
was prolonged and the ubiquitinated form of MHC H
completely disappeared. In addition, MARCH-I-deficient
B cells highly expressed exogenous antigen-loaded MHC
Il on their surface and showed high ability to present
exogenous antigens. These results suggest that the func-
tion of MHC II in B cells is regulated through ubiquitina-
tion by MARCH-L.

The EMBO Journal (2007) 26, 846-854. doi:10.1038/
sj.emboj.7601556; Published online 25 January 2007

Subject Categories: proteins; immunology

Keywords: antigen presentation; B cell; MHC class II; traffic;
ubiquitination

Introduction

Ubiquitination is an essential post-translational modification
of proteins that ‘marks’ proteins with ubiquitin molecules,
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often resulting in degradation (Hershko and Ciechanover,
1998). This modification is achieved through the action of
three enzymes: ubiquitin-activating enzyme E1 (E1), ubiqui-
tin-conjugating enzyme E2 (E2), and ubiquitin-protein ligase
E3 (E3). El activates ubiquitin, and the activated ubiquitin is
subsequently transferred to a substrate through the interac-
tion of E2 and E3. Whereas E2 carries the activated ubiquitin,
E3 conjugates ubiquitin moieties to the target substrate
(Hershko and Ciechanover, 1998).

At present, ubiquitination is thought to play an important
role in the degradation of membrane proteins through the
induction of endocytosis (Dupre et al, 2004). In yeast, an E3,
RspSp, has been reported to induce ubiquitination of the
cytoplasmic tail of substrate proteins, a step that is necessary
for the endocytosis and degradation of the substrate proteins
(Dupre et al, 2004). Similarly, we and other groups have
recently identified a novel family of E3 enzymes termed MIR
family, whose catalytic domain is a variant RING domain
(RINGv domain). The MIR family members have been shown
to induce rapid endocytosis and degradation through the
ubiquitination of the cytoplasmic tail of substrate proteins
in mammals (Coscoy et al, 2001; Coscoy and Ganem, 2003;
Goto et al, 2003; Bartee et al, 2004; Lehner et al, 2005;
Ohmura-Hoshino et al, 2006a). The MIR family proteins
share a secondary structure and the RINGv domain located
at the amino terminus. They bind to the membrane through
their hydrophobic domains located at the center, and possess
two intracellular regions.

Most importantly, the forced expression of MIR family
members was found to be capable of degrading immune
recognition-related molecules, such as MHC class | (MHC I)
and MHC 1I (Coscoy and Ganem, 2000, 2001; Ishido et al,
2000a, b; Fruh et al, 2002; Ohmura-Hoshino: et al, 2006b).
However, the physiological substrates for these novel ubiqui-
tin ligases remain completely unknown. Among the MIR
family members, ¢-MIR and MARCH-I are of particular inter-
est, because they can efficiently degrade important proteins
in the immune system, and the surface expression of MHC I
has been shown recently to be regulated by ubiquitination
in dendritic cells (DCs) that potently function as antigen-
presenting cells (APCs) (Goto et al, 2003; Bartee ef al, 2004;
Ohmura-Hoshino et al, 2006b; Shin et al;: 2006). Within
the E3 catalytic domain and transmembrane regions,
the amino-acid identity between c-MIR and MARCH-I is
>80%, suggesting similar functions. As MARCH-I expression
was reported to be restricted to secondary lymphoid tissues
such as spleen and lymph node, we have been especially
interested in the functional elucidation of MARCH-1 (Bartee
et al, 2004).

In this report, we demonstrate that in B cells, the surface
expression of MHC II is regulated through ubiquitination by
MARCH-I, and the ubiquitination does not contribute to the
internalization: of surface MHC I1. In parallel with the stabi-
lization of surface MHC II, we found that MARCH-I-deficient
B cells highly expressed exogenous antigen-loaded MHC I on
their surface and showed high ability to present exogenous
antigens. Thus, our results suggest that the function of MHC
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I on the surface of B cells is regulated through ubiquitination
by MARCH-L.

Results

MARCH-1 is highly expressed in B cells

To identify MARCH-I mRNA in vivo, we first performed
Northern blot analysis in various tissues. Consistent with a
previous report (Bartee et al, 2004}, MARCH-1 mRNA expres-
sion was restricted to secondary lymphoid tissues, such as
spleen and lymph node (Figure 1A). Next, we generated
MARCH-I-specific antibodies (Abs) to identify MARCH-I pro-
tein. Initially, we were unable to detect MARCH-I protein by
Western blot analysis in all the examined tissues. As the
MARCH-I protein expression level was expected to be low, we
performed immunoprecipitation (IP)-Western blot analysis.
Also, in order to increase the S/N ratio for detection, matrix
conjugated with 13F11D12 anti-MARCH-I monoclonal anti-
body (mAb) was employed for IP, and a biotin-conjugated
4526 anti-MARCH-I polyclonal Ab was used for Western blot
analysis. The epitopes for mAb and polyclonal Ab are differ-
ent, as described in ‘Materials and methods.’ As shown in
Supplementary Figure 1C, we found a faint band (marked
with *), whose MW is similar to that of a protein transcribed
from the expected full-length MARCH-1 cDNA. These results
suggested that the MARCH-I protein expression levels are
extremely low in vivo. To provide some clues to determine
the physiological role of MARCH-I, we further examined
the expression levels of MARCH-I mRNA in various hemato-
poietic cells in the spleen by real-time PCR. As shown in
Figure 1B, MARCH-I mRNA was highly expressed in B cells,
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Figure 1 Expression profile of MARCH-I mRNA, (A) Expression
profile of MARCH-I mRNA was analyzed by Northern blot in the
indicated tissues, Data are representative of two independent
experiments: (B) Expression levels'of MARCH-I mRNA were com-
pared among the indicated cell fractions in splenocytes. Data are
representative. of two independent experiments. (C) Expression
levels of MARCH-I mRNA were compared among the indicated
cell fractions in splenic B cells. Data are representative of two
independent experiments. FO, follicular B cells; MZ, marginal
zone B cells.
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and among splenic B cells, follicular B cells in particular
highly expressed MARCH-I mRNA (Figure 1C). DCs and
macrophages moderately expressed MARCH-I mRNA,
whereas the expression was relatively low in splenic T cells,
suggesting that MARCH-I might mainly function in APCs.

Downregulation and ubiquitination of MHC Il by forced
expression of MARCH-1

Next, we examined whether MARCH-I is functionally equiva-
lent to ¢-MIR, using a 293T reconstitution system reported
earlier (Ohmura-Hoshino et al, 2006b). As shown in
Figure 2A, MARCH-1 downregulated the surface expression
of MHC 1I reconstituted with wild-type the I-A B chain. In
contrast, the surface expression of MHC II reconstituted with
the I-A B chain mutant, whose cytoplasmic lysine {the lysine
residue at position 225 in the I-A B chain) was mutated to
arginine, was not downregulated by MARCH-I. Also, a
MARCH-I mutant, whose RINGv domain was disrupted by
point mutation, was not able to downregulate MHC Il surface
expression. Consistent with these observations, MARCH-I
ubiquitinated the cytoplasmic lysine residue within the I-A
B chain, and its activity was dependent on the structure of the
RINGv domain (Figure 2B). The downregulation of MHC 11
surface expression was also observed in two different murine
B cell lines, A20 and M12 C3 cells (Griffith et al, 1988;
Harding et al, 1995) (Figure 2C and D). Taken together, the
forced expression of MARCH-I pointed to its broad functional
homology with c-MIR.

MHC Il expression is regulated through ubiquitination
of the I-A § chain by MARCH-1

To examine whether MHC 11 is a physiological substrate for
MARCH-I, we generated MARCH-I KO by gene targeting. As
shown in Supplementary Figure 1A, exon 6 encoding the
RINGv domain was flanked by two loxP sequences. After
confirmation of insertion of three loxP sequences and a Neo
cassette by Southern blot analysis, these mice were crossed
with CAG-cre mice (Sakai and Miyazaki, 1997) to delete both
exon 6 and the Neo cassette by cre-mediated recombination.
Finally, two KO lines were established from two independent
ES cells derived from 129 mice, as evaluated by Southern blot
analysis (Supplementary Figure 1B}. No MARCH-I protein
was detected in these mice, demonstrating that these gene-
targeted mice are indeed MARCH-I-null mice (Supplementary
Figure 1C). FACS analysis did not show. any significant
abnormalities in the cellularity and development of T cells
and B cells in the spleen (data not shown). Importantly, MHC
Il surface expression level was strikingly increased in the
blood-circulating B cells from MARCH-I KO (Figure 3A). The
extent of MHC II upregulation seems to parallel the extent of
MARCH-I down-regulation. In contrast, the expression level
of B7-1 was not altered (Figure 3A). Identical results were
obtained from experiments with splenic B cells and splenic
DCs in MARCH-I KO (data not shown). The same data were
obtained from two different lines of MARCH-I KO.

To examine whether the amount of MHC II protein is
increased in splenic B cells from MARCH-I KO, we analyzed
the total amount of I-A* § chain protein with 0.1% SDS-
containing lysis buffer. As shown in Figure 3B, the amount
of I-A B chain protein was significantly increased in splenic B
cells from MARCH-I KO compared with control littermates. In
contrast, as we expected, the expression level of I-A § chain
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Figure 2 Downregulation and ubiquitination of MHC 11 by MARCH-1. (A) 293T cells were transfected with the expression plasmid indicated
above each panel, with Fugene 6 reagent (Roche). Twenty-four hours after transfection, MHC I1 surface expression was analyzed by FACS. Data
are representative of two independent experiments. (B) As indicated above each panel, 293T cells were cotransfected with several expression
plasmids, and Flag-tagged I-A B chain was precipitated with anti-Flag Ab. Precipitated samples were probed with anti-Flag Ab (left) or anti-
ubiquitin Ab (right). The band corresponding to the ubiquitinated 1-A B chain is marked (*) as shown. Data are representative of two
independent experiments. (C} A20 cells were transfected with plasmid expressing EGFP and MARCH-I from different promoters (right). In the
left panel, only EGFP protein was expressed as control. MHC II surface expression level was examined by FACS. Data are representative of two
independent experiments. (D} In M12 C3 cells that express the I-A «, but not I-A §, chain, I-A B chain alone (left) or MARCH-I plus I-A B chain
(right) was expressed by electroporation with EGFP-coexpressing plasmid used in (C}. MHC I surface expression was examined by FACS. Data

are representative of two independent experiments.

mRNA was not significantly altered as judged by real-time
PCR, suggesting that the upregulation of MHC II occurs at the
post-transcriptional level. To confirm this, pulse-chase ana-
lysis ' was performed. B cells from MARCH-I KO or control
littermates were pulse-labeled with [**S]methionine and
[¥5S]cysteine and chased for indicated periods. At the end
of the chase periods, pulse-labeled proteins were immuno-
precipitated with Y-3P anti-I-A® § chain mAb that preferen-
tially recognizes mature «ff dimers (Brachet et al, 1997), and
the precipitated samples were boiled before SDS-PAGE. At
1h of chase, bands corresponding to the I-A B chain in both
groups showed maximal and identical intensities, suggesting
that both types: of B cells synthesize the same amount of
mature MHC 1I («f. dimers). In contrast, at 6 and - 9h of
chase, the amount of remaining MHC Il was significantly
increased in MARCH-I KO, compared with control littermates
(Figure 3C). Thus, the I-A B chain of MHC II protein was
stabilized in splenic B cells from MARCH-I KO.

The data from experiments with forced expression of
MARCH-I and experiments with MARCH-I KO strongly sug-
gested that MHC Il is a physiological substrate for MARCH-I.
To test this hypothesis, we examined the status of ubiquitina-
tion of the I-A § chain in splenocytes. In the splenocytes from
control littermates, the polyubiquitinated [-A B chains were
clearly detected, but the ubiquitinated I-A § chains comple-
tely disappeared in the splenocytes from MARCH-I KO,
demonstrating that the I-A B chain of MHC 11 is indeed
a physiological substrate for MARCH-I (Figure 3D).
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Furthermore, to confirm that MHC II surface expression is
regulated by ubiquitination of the [-A B chain, we expressed
the I-A B chain wild type (I-A p wt) or the I-A $ chain mutant
type, whose K225 was mutated to arginine (I-A B K>R), in
bone marrow (BM) cells by using retrovirus that coexpress
human CD8 as a marker, and generated chimeric mice
with these modified BM cells. We also generated control
chimeric mice with BM cells infected with control retrovirus
expressing human CD8 alone. Eight weeks ‘after reconstitu-
tion, blood-circulating B cells: expressing the same level
of human CD8:were analyzed among the three: groups.
As K225 in- the: I-A. B chain. is responsible for the
downregulation  and- ubiquitination of MHC II by forcibly
expressed MARCH-I' (Figure 2A and B), B cells generated
from the I-A-B K> R-expressing virus-infected BM cells are
expected. to highly - express: MHC II, compared with B
cells generated from the I-A B wt-expressing virus-infected
BM cells. As shown in Figure 3B and E, cells generated from
the I-A B wt-expressing virus-infected BM- cells (I-A B wt)
highly expressed MHC II compared with B cells generated
from control BM cells (Cont), and B cells generated from the
I-A B K> R-expressing virus-infected BM cells (I-A B K>R)
showed even higher expression of MHC Il than B cells
generated from the I-A B wt-expressing virus-infected BM
cells. In contrast, MHC 1 expression levels were indistinguish-
able among these groups. These results strongly suggest that
in B cells, MHC II surface expression is regulated by ubiqui-
tination of the I-A p chain.

©2007 European Molecular Biology Organization
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Figure 3 MHC Il as a physiological substrate of MARCH-I. (A} MHC Il (left) or B7-1 (right) surface expression was examined in blood-
circulating B cells. Data from control littermates (wild), heterozygous MARCH-I KO (Hetero), and homozygous MARCH-I KO (Homo) are
shown. Data are representative of two independent experiments. (B) In the left panel, I-A B chain protein or invariant chain (li} protein
expression was examined in splenic B cells from respective mice. To show that the two samples have the same amount of loaded proteins, each
sample was probed with anti-tubulin Ab. Data are representative of two independent experiments. Wt, control littermates; KO, homozygous
MARCH-I KO. In the right panel, I-A B chain mRNA expression levels were compared between MARCH-I-deficient B cells (KO) and control B
cells (Wt) by real-time PCR. Data are expressed as the mean+s.d. of triplicate samples, and values are representative of two independent
experiments. (C) Splenic B cells from each mouse were pulse-labeled with {**s]methionine and [**S]cysteine for 30 min and chased for 0.5-9 h.
Labeled protein samples were extracted and precipitated with Y-3P anti-I-A P chain Ab and analyzed by SDS-PAGE. At each point, the
percentage of remaining I-A B chain was calculated relative to the amount of labeled I-A f chain at 1h of chase (right panel). Data are
representative of three independent experiments. (D) MHC Il molecules were purified with Y-3P anti-I-A B chain Ab, and subjected to Western
blot analysis with FK2 anti-ubiquitin Ab (left) or KL295 anti-I-A p chain Ab (right). Data are representative of two independent experiments.
(E) Sca-1* BM cells were infected with retrovirus that expresses the I-A B chain wild type (i-A B wt), I-A B chain mutant type (I-A p K>R}, or
human CD8 alone (Cont). Chimeric mice were generated with these modified BM cells. Eight weeks after reconstitution, blood-circulating B
cells expressing the same level of human CD8 were analyzed in terms of MHC II expression level by FACS.

Surface MHC I molecules are stabilized in MARCH-I- Further, we examined whether the transport of MHC 11 to the
deficient B cells surface was modified in MARCH-1 KO. B cells from MARCH-I
As shown in Figure 3A, MHC II surface expression was KO or control littermates were pulse-labeled as in Figure 4A,
remarkably increased in B cells from- MARCH-1 KO. The and at the end of the chase: periods, the labeled cells were
next question was how the MHC II surface expression was biotinylated with-a- membrane-impermeable - reagent. The
enhanced in MARCH-I KO. MHC II surface expression level is pulse-labeled -and - biotinylated  MHC -II molecules. were
regulated by several steps: the assembly between o 'and § immunoprecipitated with Y-3P mAb, followed by purification
chains, peptide loading onto «ff dimers, trafficking to the cell with streptavidin=agarose. As shown in Figure 4B, the trans-
surface, and internalizing from the: surface. As Figure 3C port efficiency of aff dimers to the cell surface was slightly
shows that the assembly of MHC Il was not impaired in low in MARCH-I KO. Together, these findings did not explain
MARCH-I KO, we examined whether the formation of pep- how MHC II surface expression was increased in MARCH-I
tide-loaded: af dimers was- altered in MARCH-I KO. B cells KO; rather, they suggest that the molecular events at the cell

from MARCH-I KO or control littermates were pulse-labeled surface might be altered in MARCH-I KO. As the half-life of
as in Figure 3C. At the end of the chase periods, pulse-labeled MHC II was prolonged (Figure 3C), we examined the half-life

proteins were immunoprecipitated with Y-3P anti-I-A® B chain of surface MHC IL in both types of mice. Surface MHC Ii
mAb, and the precipitated samples were analyzed by SDS- molecules on splenic- B cells were biotinylated and the

| PAGE without boiling the samples before electrophoresis. As stability of the biotinylated I-A § chains of MHC II was

5 shown in Figure 4A, in both groups, bands corresponding examined by IP-Western: blot. analysis. As MHC 1I surface

to SDS-stable compact dimers, which reflect peptide-loaded expression: was significantly upregulated in MARCH-I KO

af dimers (c(«/B)), were equally detected at 6h of chase, (Figure 5B), we used one-fifth of the total volume of each

, suggesting that the step for peptide loading was not impaired. sample from MARCH-1 KO at each chase point; otherwise,
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Figure 4 Stabilization of surface MHC I in MARCH-I-deficient B
cells. (A} Splenic B cells from each mouse were pulse-labeled as
shown in Figure 3C. Labeled protein samples were extracted and
precipitated with Y-3P anti-I-A'f chain  Ab and analyzed by SDS-
PAGE, without boiling the samples before electrophoresis. At each
point, the intensity of SDS-stable compact dimer was measured with
an image analyzer and presented far right from the panel. c{o/f)
represents the SDS-stable compact dimer. Data are representative of
two independent experiments. (B) Splenic B cells were pulse-
labeled and chased as in (A). At the end of the chase periods
indicated above the: panel, each. cell type was, biotinylated with
NHS-SS-biotin in PBS, The samples were precipitated with Y-3P
anti-I-A § Ab, followed by precipitation with streptavidin-agarose.
Ateach point, the intensity of the I-A f chain was mneasured with an
image- analyzer and presented far right from'the panel. Data are
representative of four independent experiments. (C) Surface MHC II
molecules of splenic B cells were biotinylated and chased for 0-9h.
At each point, the amount of biotinylated MHC I was determined
by Western blot analysis with KL295 anti-I-A B chain Ab, and the
percentage of remaining surface I-A-B was calculated relative to the
value at Oh (right panel). Data are representative of two indepen-
dent experiments. (D) Surface MHC II molecules of splenic B cells
from control littermates were biotinylated; purified with streptavi-
din-agarose, and analyzed with KL295 MHC II mAb (right panel).
The same samples: were incubated: with Y-3P MHC II' mAb and
precipitated. MHC II' proteins: were: eluted: with: SDS buffer and
analyzed with FK2 ubiquitin mAb (left panel} or KL295 MHC I
mADb (middle panel). Data are representative of two independent
experiments.

signals from the biotinylated I-A B chains from MARCH-I KO
would have been too strong to enable precise comparison
with those from control littermates. As shown in Figure 4C,
the half-life of MHC II was significantly prolonged in B cells
from MARCH-I KO. Collectively, these results indicate that
MARCH-I modulates MHC Il surface expression presumably
through ubiquitination at the B cell surface. To investigate
this hypothesis, we examined the status of ubiquitination of
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surface MHC 1I in B cells from control littermates. Surface
MHC 1l molecules in B cells from control littermates were
biotinylated, purified with streptavidin-agarose, and ana-
lyzed with KL295 MHC II mAb. The same samples were
incubated with Y-3P MHC Il mAb and precipitated MHC 11
proteins were analyzed with FK2 ubiquitin mAb or KL295
MHC 1l mAb. As shown in Figure 4D, in the sample purified
with streptavidin-agarose, above the band corresponding to
the unmodified I-A B’ chain; we detected additional bands
showing similar MWs to those corresponding to the ubiqui-
tinated I-A B chain. Thus, surface MHC Il molecules in B cells
were ubiquitinated.

MHC Il molecules are internalized and recycled in
MARCH-I-deficient B cells

We  previously found- that: B7-2  was rapidly degraded in
lysosome: by ¢-MIR,  suggesting that: MHC II might be de-
graded in the same manner by MARCH-1 (Goto et al, 2003).
To investigate this possibility, the rate of degradation of
surface MHC Il was examined in the presence of bafilomycin
A1, which raises endolysosomal pH through the inhibition of
vacuolar H " -ATPase. As shown in Figure 5A, the degradation
of the surface I-A B chain was completely blocked in the
presence of bafilomycin Al. Next, we examined whether the
internalization of MHC Il is inhibited in MARCH-I-deficient B
cells, as we also found that surface MHC II molecules were
rapidly internalized by c¢-MIR (Ohmura-Hoshino et al,
2006b). Surface MHC II molecules of MARCH-I-deficient B
cells were biotinylated with a membrane-impermeable deri-
vative of biotin. After incubation for 30 min, the remaining
cell-surface biotin was cleaved with glutathione, and inter-
nalized proteins were collected using streptavidin-conjugated
beads. The internalization rate of MHC Il was analyzed with
KL295 MHC II mAb. Unexpectedly, in MARCH-1 KO, MHC I
molecules were clearly internalized, as observed in control
littermates (Figure 5B). These results demonstrate that
ubiquitination is not essential for the internalization of
MHC II'in B cells.

These results suggest that ubiquitination mainly contri-
butes to the sorting of MHC II into acidic organelles such as
lysosome, for degradation, and in the absence of MARCH-],
internalized MHC II might be efficiently recycled to the sur-
face,”as MARCH-I-deficient B cells highly expressed MHC II
on their surface (Figure 3A). To confirm these, we examined
where the internalized MHC II molecules are localized in B
cells from MARCH-I KO or control littermates. Surface MHC II
molecules were labeled with FITC-conjugated AF6-120.1 anti-
MHC II mAb at 4°C and chased for 60min at 37°C.
LysoTracker and transferrin were used to. viably label the
lysosomal compartment - and the: recycling compartment,
respectively.” To- clearly visualize the internalized MHC ‘11,
labeled MHC II molecules remaining on the surface were
removed with acidic solution. As shown in Figure 5C, MHCII
molecules were internalized in both: types of cells, and the
amount of labeled MHC II detected inside MARCH-I-deficient
B cells was larger than that detected inside B cells from
control littermates. As expected, in B cells from control
littermates, most internalized MHC II molecules were sorted
into the lysosomal compartment (left panel in Figure 5C). In
contrast, most internalized MHC II molecules were sorted
into the recycling compartment in MARCH-I-deficient B cells
(right panel in Figure 5C). Collectively, these results suggest
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the amount of biotinylated MHC II was determined by Western blot analysis with KL295 anti-I-A B chain Ab, and the percentage of remaining
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surface I-A f chains and lower panel shows the amount of internalized I-A B chains at each incubation time. At each point, the percentage of
internalized MHC II was calculated relative to the total amount of biotinylated surface I-A f chains, and presented far right from the panel. Data
are representative of four independent experiments. (C) Purified B cells were stained with FITC-conjugated AF6-120.1 anti-I-A B chain mAb at
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Figure 6 Enhanced antigen presentation by MARCH-I-deficient B
cells. (A) Splenic B cells from each mouse type were incubated with
10 M I-Eor peptide 52-68 for 20h, and surface expression of I-Ex
peptide-loaded MHC 1I ‘was analyzed using Y-Ae mAb. Data are
representative of two independent experiments. Open and shaded
histograris show the values for non-incubation and incubation with
peptide, respectively. (B) Splenic B cells incubated as in (A) were
fixed with 0.5% paraformaldehyde and incubated with 20.6 T-T
hybridoma overnight. IL-2 production from 20.6 T-T hybridoma was
determined by enzyme-linked immunosorbent assay. Data are
expressed as the meandts.e.m. of triplicate samples, and values
are representative of two independent experiments. (—) and (4)
indicate non-incubation and incubation with peptide, respectively.

that in B cells, MARCH-I-mediated ubiquitination of the I-A B
chain leads to the sorting of MHC II into acidic organelles
such as lysosome to regulate MHC II surface expression.
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MARCH-I-deficient B cells highly present exogenous
antigens through MHC 1l

As shown in Figure 3A, in MARCH-I-deficient B cells, the
amount of surface MHC Il was remarkably increased. The
same result was obtained using Y-3P MHC II mAb that
preferentially recognizes mature off dimers of MHC II, sug-
gesting that surface MHC II expressed in MARCH-I-deficient B
cells would be functional. To investigate this possibility, we
examined whether MARCH-I-deficient B cells can express
exogenous peptide-loaded MHC II on their surface. B cells
from MARCH-1 KO or control littermates were incubated with
I-Eo peptide 52-68 for 20 h, and the surface expression of I-Ea
peptide-loaded MHC II was monitored with Y-Ae mAb that
specifically recognizes the complexes of I-A® MHC i present-
ing the I-E« peptide 52-68 (Rudensky et al, 1991). As shown
in Figure 6A," MARCH-I-deficient B cells highly expressed
I-Ex-peptide-loaded MHC II relative to B cells from control
littermates. To confirm the enhanced presentation of the I-Ex
peptide 52-68 in MARCH-I-deficient B cells, peptide-loaded B
cells from MARCH-I KO or control littermates were fixed with
0.5% paraformaldehyde, and incubated with 20.6 T-T hybri-
doma that recognizes the MHC II-peptide complex detected
with Y-Ae mAb (Ignatowicz et al, 1996). As shown in
Figure 6B, IL-2 production from 20.6 T-T hybridoma was
significantly enhanced in MARCH-I-deficient B cells. These
results demonstrate that the expression of functional MHC i
is increased in MARCH-I-deficient B cells.

Discussion

In this report; we demonstrated two important novel findings
in B cells: the presence of post-translational regulation of
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functional MHC II by ubiquitination, and the indispensable
role of MARCH-I in MHC II ubiquitination. These important
findings were based on the fact that the forced expression of
MARCH-I downregulated MHC 11 surface expression through
ubiquitination of the lysine residue at position 225 in the I-A
B chain, and that surface functional MHC II molecules were
stabilized owing to complete loss of ubiquitination of the I-A
B chain of MHC Il in MARCH-I-deficient B cells. Given that
MHC II molecules are indispensable for T-cell-mediated
immunity (Cosgrove et al, 1991), these novel findings serve
as clues to understand the molecular basis of immune
regulation.

MARCH-I was also expressed moderately in DCs and
macrophages (Figure 1B), suggesting that MHC II is also
regulated by ubiquitination in other APCs. Indeed, we
found that MHC 11 expression was also augmented on the
surface of bone-marrow-derived DCs (BMDCs) and splenic
DCs in MARCH-1 KO (Supplementary Figure 2A). In addition,
the amount of ubiquitinated MHC II was decreased in BMDCs
from MARCH-I KO, compared with those from control litter-
mates (Supplementary Figure 2B). Interestingly, we found
that in MARCH-I-deficient BMDCs, ubiquitinated MHC I did
not completely disappear, indicating that other E3s might
play a role in the ubiquitination of MHC II in BMDCs
(Supplementary Figure 2B). In relation to this, we previously
showed that ¢-MIR was expressed in DCs. ¢-MIR is a homo-
logue of MARCH-I and acts to effectively downregulate and
ubiquitinate MHC 1[I (Ohmura-Hoshino et al, 2006b).
Therefore, in DCs, ¢c-MIR and MARCH-I might work together
in ubiquitinating MHC II. On the other hand, in B cells, the
expression level of c¢-MIR was extremely low (Ohmura-
Hoshino et al, 2006b); thus, MARCH-I is thought to be a
unique E3 for MHC Il in B cells.

What is the role of MHC 1I ubiquitination in B cells? We
showed that ubiquitination is crucial for the turnover of
functional MHC 11 at the surface of B cells. In the absence
of MARCH-1, an E3 for MHC II, the turnover of mature surface
MHC 1I was decreased. As the results of experiments with
Y-Ae mAb and I-Ea-specific T cell hybridoma indicated that
stabilized MHC 1I molecules. are capable of presenting exo-
genous antigens, MHC II ubiquitination might prevent ex-
cessive antigen presentation. In this connection, an important
observation has been reported recently “(Kitamura et “al,
2006), strongly suggesting that MHC II surface expression is
regulated by zinc-requiring enzymes. The catalytic domain of
MARCH-1 is a variant type of RING domain that requires zinc
to maintain its structure and function as E3. DCs treated with
TPEN, a zinc-chelating reagent, highly expressed MHC If on
the surface and highly presented peptide antigens. Thus, in
TPEN-treated DCs, MARCH-I' might be inactivated owing to
zinc deficiency, leading to an increase in MHC II surface
expression. It would be interesting to investigate the status of
MHC II ubiquitination in TPEN-treated DCs.

In order to answer the question of the role of MHC 1I
ubiquitination in B cells, the results from MARCH-I KO have
to be carefully interpreted, because other molecules might be
targeted by MARCH-I in vivo. For example, the interpretation
of the results showing increased ability of antigen presenta-
tion by MARCH-I-deficient B cells should be done with
caution. Indeed, the forced expression of MARCH-I has
been reported to downregulate transferrin receptor, B7-2,
and Fas (Bartee et al, 2004). Therefore, to answer the ques-
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tion raised above, we are going to generate MHC II knock-in
mice in which mutant I-A B, whose lysine residue at position
225 was mutated to arginine, is expressed in APCs. As shown
in Figure 2B, mutant MHC I was not ubiquitinated by
MARCH-I, so that in this knock-in mouse, the ubiquitina-
tion-mediated regulation of MHC 1l is expected to be dis-
rupted.

In our experiments, we found that MHC II ubiquitination
was not necessary for the internalization of MHC Il in B cells.
Previously, we demonstrated that the forced expression of
¢-MIR induced the rapid internalization of MHC II using A20
cells (Ohmura-Hoshino et al, 2006b). As c-MIR and MARCH-1
are thought to share the molecular machineries for the down-
regulation of MHC 11, we expected that MARCH-I contributes
to the initiation of MHC II internalization from the plasma
membrane. Unlike primary B cells used in this study, A20
cells might have different features of MHC II traffic. Indeed,
we could not observe the spontanecus internalization of
MHC 1I in A20 cells (Ohmura-Hoshino et al, 2006b). Thus,
ubiquitination might play an important role in MHC I inter-
nalization in the situation where spontaneous internalization
does not take place, such as in A20 ceils. However, in the
situation where spontaneous internalization takes place,
ubiquitination might be no longer necessary for internaliza-
tion. Recently, the contribution of the AP2 clathrin adaptor
complex to the rapid internalization of MHC 1I was reported
(Dugast et al, 2005; McCormick et al, 2005). It would be
interesting to examine whether the AP2 complex is involved
in the spontaneous internalization of MHC II in primary B
cells.

MARCH-I is highly expressed in B cells. Why do B cells
need MARCH-I? What happens when MHC II molecules are
highly expressed in B cells? As long as the development of B
cells was examined on the basis of the expression level of
surface markers by FACS analysis, striking abnormalities
could not be observed and a more fine-grained analysis is
in order. In primary B cells, the molecular machinery for
MHC 1! trafficking remains largely unknown. Our findings
suggest that in native B cells, surface MHC II molecules are
replaced with: newly - synthesized molecules through the
degradation - of pre-existing molecules, as is the case in
immature DCs (Villadangos et al, 2005). Is this ‘MHC II
metabolism by MARCH-I" necessary for B cell homeostasis?
We are going to answer numerous open questions that are yet
to be addressed.

Materials and methods

Molecular cloning

Murine MARCH-I cDNA was generated from total RNA of the spleen
by RT-PCR. The gene-targeting vector was generated using murine
BAC clones. Substitutions were generated into the cytoplasmic tail
of the I-A B chain by PCR-based mutagenesis (Promega). To
construct retroviral vectors, I-A B chain ¢cDNA was subcloned into
pMX-IRES-hCD8 (Yamasaki et al, 2006).

Mice

The Xhol-linearized gene-targeting vector was electroporated into
R1 embryonic stem (ES) cells, and targeted ES cells were selected
with G418. ES cell colonies were screened by Southern. blot
analysis. Four independent clones were injected into blast cysts
and two independent clones gave rise to chimeric mice that
transmitted the desired mutation to the germ line. Two independent
gene-targeted mice were mated with CAG-Cre mice to generate
MARCH-1 KO. All mice were maintained under specific pathogen-
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free conditions according to RIKEN’s guidelines for animal facilities
and used for analysis at 8-12 weeks of age.

Northern blot analysis and quantification by real-time RT-PCR
For Northern blot analysis, 2 ug of poly (A) + RNA was extracted
from various tissues, transferred to Hybond-N + membrane (GE
Healthcare Bio-Sciences), and probed with 3*P-labeled cDNA
probes. For MARCH-I mRNA quantification, the TagMan Gene
Expression Assay (Applied Biosystems) was employed, as described
previously (Ohmura-Hoshino et al, 2006b). Quantitative analysis of
I-A B chain expression was performed as described previously (Goto
et al, 2003).

Pulse—chase analysis

Cells were labeled in medium containing 50 uCi of {3°s)methionine
and [*°S)cysteine (Perkin Elmer) for 30min and chased for the
indicated time, Labeled proteins wete extracted with 1% NP 40
buffer (1% NP 40, 300mM NaCl, and 50 mM Tris buffer (pH 7.4))
containing protease inhibitors, and incubated with Y-3P anti-I-A
Ab. Precipitated labeled MHC Il molecules were subjected to
quantitative analysis using Fuji BAS 2500 (FUJIFILM Corporation}.

Detection of the ubiquitinated |-A § chain

In order to detect ubiquitination of the exogenous I-A B chain, we
employed a previous method (Ohmura-Hoshino et al, 2006b). For
detection of endogenous MHC I ubiquitinated in vivo, cell lysate
was obtained by extraction with 1% NP 40 buffer containing S mM
ethylmaleimide, and MHC II molecules were precipitated with Y-3P
anti-FA® Ab coupled with CNBr-activated Sepharose 4B (GE
Healthcare Bio-Sciences). The precipitated MHC [l molecules were
eluted with 0.1M glycine-HC! (pH 2.7). The eluted samples were
subjected to Western blot analysis with KL295 anti-I-A § Ab (ATCC)
or FK2 anti-ubiquitin Ab (AFFINITI).

Detection of MARCH-I protein

Two Abs to MARCH-I were generated. The 4526 polyclonal Ab was
generated with a synthetic peptide, GCETKLKPLRKWEKLQMTTS,
corresponding to amino acids 123-140 of MARCH-1. 13F11D12 mAb
was genierated ‘with a synthetic peptide, GCLNMWKKSKIST-
MYYLNQD, corresponding to amino acids 18-35 of MARCH-L
Protein sample was extracted with 0.1% SDS-Tris buffer from the
spleen, and MARCH-I protein was precipitated with 13F11D12 anti-
MARCH-I Ab coupled with protein G Sepharose (GE Healthcare Bio-
Sciences). The precipitated MARCH-I protein was eluted with 2%
SDS-containing PBS, and the eluted samples were analyzed with
biotinylated 4526 anti-MARCH-I Ab.

Immunofluorescence microscopy

Purified B cells were stained with FITC-conjugated AF6-120.1 anti-I-
A B chain mAb (BD Immunocytometry System}) at 4°C and washed
with 2% calf serum-containing PBS. Labeled B cells were cultured
in RPML with 10% fetal calf serum. (FCS). in the:presence of
LysoTracer Red DND-99 or Alexa 594-conjugated transferrin
(Invitrogen) ‘at 37°C. Cells were washed in an’acidic solution to
remove uninternalized Abs, fixed; and examined with a LEICA
DMIRE2 confocal laser scanning microscope.

Analysis of stability of surface MHC II

Splenic B cells were incubated with: Sulfo-NHS-biotin, (2 mg/ml)
(Pierce) in PBS for 2 min on ice and chased for the indicated times.
At the end of the chase periods, the protein samples were extracted
with 0.1% SDS-containing PBS,. and. biotinylated proteins- were
precipitated with streptavidin-agarose (Pierce). Precipitated bioti-
nylated samples were analyzed with KL295 anti-I-A B chain Ab.

Bone marrow transfer
Sca-1* BM cells from C57BL/6 mice were purified with the MACS
system (Miltenyi Biotec) and cultured at a density of 1 x 10° cells/mi
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in RPMI with 10% FCS, 10ng/mi IL-7, and 100ng/ml stem cell
factor (PeproTech). At days 1 and 2, cells were infected with the I-A
B-chain expressing retrovirus. Four days after infection, hCD8*
cells were purified with the MACS system (Miltenyi Biotec) and
transferred intravenously into irradiated (8.5Gy) C57BL/6 mice.
Eight weeks after transfer, examinations were performed.

Antigen presentation assay

Splenic B cells were incubated with 10 uM [-Ex peptide 52-68 for
20h, and incubated B cells were stained with Y-Ae mAb that
specifically recognizes the complexes of I-A” MHC II presenting I-Ex
peptide 52-68. Splenic B cells incubated with I-Eo peptides (3 x 10%)
were fixed with 0.5% paraformaldehyde for 10min at room
temperature, mixed with 20.6 T-T hybridoma (5 x 10*) in 200 ul of
a 96-well plate, and cultured overnight. IL-2 production from 20.6
T-T hybridoma was determined by enzyme-linked immunosorbent
assay (BD).

Internalization assay

Internalization of MHC Il was analyzed by cell-surface biotinylation
assay. Splenic B cells were subjected to biotinylation on ice with the
reversible membrane-impermeable derivative of biotin, sulfo-NHS-
S-S-biotin (1.5mg/ml) (Pierce), in PBS. Biotinylated B cells were
incubated at 37°C for 30 min, and the remaining cell-surface biotin
was cleaved by reducing its disulfide linkage with glutathione
cleavage buffer. The internalized I-A P chain molecules were
precipitated with streptavidin-agarose (Pierce} and analyzed with
KL295 anti-I-A B chain Ab.

Cell preparation and reagents

Splenic B cells, T cells, macrophages, and DCs were purified from
the spleens of C57BL/6 mice using the MACS system (Miltenyi
Biotec). The fraction shown as ‘other’ indicates the cell fraction that
contained no B cells, T cells, M¢ or DCs. Among the splenic B cells,
the T1, T2, T3, FO, and MZ fractions were collected based on the
expression levels of B220, AA4.1. CD23 and were detected IgM
using a FACS Vantage SE high-speed sorter (BD Immunocytometry
System). HL3 CD1lc Ab for DCs, 145-2C11 CD3 Ab for T cells, RA3-
6B2 B220 Ab for B cells, and CIl:A3-1 F4/80 for M¢ were used for
the MACS system. RA8-6B2 B220, AA4.1 C1gRp, R6-60.2 IgM, and
B3B4 CD23 Abs were used for FACS Vantage. Immature DCs were
prepared by culturing BM cells obtained from each mouse with
GM-CSF (20ng/ml) (Pepro Tech} for 7 days. Seven days after
cultivation, immature DCs were purified using CDllc beads
(Miltenyi Biotec).

Statistics

Data from enzyme-linked immunosorbent assay and real-time RT-
PCR were analyzed with the Student’s ¢ test. Values with P<0.05
were considered significant.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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SUMMARY ‘ and pluripotency in embryonic stem (ES) cells (for recent
reviews, see Jorgensen et al, 2006; Schwartz and
Recent studies have shown that PRC1-like Pirrotta, 2007).

Polycomb repressor complexes monoubiquity- Biochemical and genetic studies revealed that PcG
late chromatin on histone H2A at lysine residue proteins are components of at least two major multipro-
119. Here we have analyzed the function of the tein complexes, termed polycomb repressor complex 1

(PRC1) (Saurin et al., 2001; Shao et al., 1899) and PRC2
(Cao et al.,, 2002; Czermin et al., 2002; Kuzmichev et al.,
2002; Muller et al., 2002). Other PcG complexes have also
been described (Klymenko et al., 2006; Kuzmichev et al.,
2004). Analyses of PRC1 in D. melanogaster (Shao et al.,

polycomb protein Mel-18. Using affinity-tagged
human MEL-18, we identify a polycomb-like
complex, melPRCH1, containing the core PRC1
proteins, RING1/2, HPH2, and CBX8. We show

that, in ES cells, melPRC1 can functionally sub- 1999), and subsequently in mammalian cells (Levine
stitute for other PRC1‘|ike complexes in Hox et al.; 2002), defined- the core components Polycomb
gene repression. A reconstituted subcomplex (PC), posterior sex combs: (PSC), polyhomeotic (PH),
containing only Ring1B and Mel-18 functions and RING1 (dRING). There are two or more homologs of
as an efficient ubiquitin E3 ligase. This complex each of these core proteins in human and other higher
ubiquitylates free histone substrates nonspe- organisms: It remains to be determined whether these
cifically but is highly specific for histone H2A homologs have equivalent and/or unique functions.

lysine 119 in the context of nucleosomes. Muta- Early studies demonstrated that purified. and recon-

stituted: PRC1- complexes can- inhibit transcription: and
SWI/SNF-mediated chromatin remodeling (Francis et al.,
2001; Shao et al., 1999). More recently, PRC1-like com-
plexes, containing. the: core components RING1/2 and

tional analysis demonstrates that while Ring1B
is required for E3 function, Mel-18 directs this
activity to H2A lysine 119 in chromatin. More-

over, this substrate-targeting function of Mel- BMI1, were isolated from HeLa cells and shown to func-
18 is dependent on its prior phosphorylation tion as a ubiquitin E3 ligase that specifically monoubiqui-
at multiple residues, providing a direct link be- tylates histone H2A lysine 119, this activity being attrib-
tween chromatin modification and cell signaling uted to the RING2 (Ring1B) protein (Wang et al., 2004),
pathways. Monoubiquitylated H2A (H2AUb1) is a relatively abundant

histone modification, estimated to comprise §%-15% of
available nucleosomal. H2A- (West and Bonner;1980).

INTRODUCTION ‘Genetic studies revealed that mouse cells: deleted: for
Ring1B- and the closely related homolog Ring1A; exhibit
Polycomb group (PcG) repressor proteins were originally global loss of H2Aub1 (de Napoles et al.; 2004).
identified as factors involved in the maintenance of Although the function of H2Aub1 remains to be deter-
homeobox gene silencing during development in D. mela- mined, several pieces of evidence suggest that it is impor-
nogaster. Further studies showed these factors to be tant for PRC1-mediated gene repression. First, PRC1 tar-
conserved in a wide range of organisms, with key roles gets, such as Hox genes and the inactive X chromosome
in developmental gene regulation, cell-cycle regulation, in mammals, are enriched for H2Aub1 (Cao et al., 2005;
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de Napoles et al.,, 2004). Second, in D. melanogaster,
a point mutation affecting only the RING finger domain
of dRING results in a classical polycomb phenotype
(Fritsch et al., 2003). Analysis of this mutant protein in vitro
demonstrated concomitant loss of H2A E3 ubiquitin ligase
activity (Wang et al., 2004).

While, in vitro, the histone ubiquitin ligase activity of
mouse Ring1B can be stimulated by other subunits of
PRC1 (Cao et al., 2005), subcomplexes containing either
human RING1 (Ring1A) or RING2 (Ring1B) with BMI1 ex-~
hibited E3 activity equivalent to that of PRC1 purified
from Hel.a cells (Wel et al., 2006). Since addition of other
PRC1 proteins to this latter subcomplex did not enhance
its E3 activity, it is likely that the Ring1B/Bmi1 subcomplex
comprises a minimal bipartite ubiquitin E3 ligase. Similar
synergistic effects have been reported for the RING finger
proteins Brcal and Bardi, in which heterodimerization
markedly stimulates the E3 ubiquitin ligase activity of
Brcat (Hashizume et al., 2001; Mallery et al., 2002). Fur-
thermore, like Brcal/Bard1, the ubiquitin ligase function
of Ring1B/Bmi1 is enhanced by autoubiquitylation (Ben-
Saadon et al., 2006; Chen et al., 2002; Hashizume et al.,
2001; Mallery et al., 2002).

Structural analysis of a Ring1B/Bmit complex (Buch-
wald et al., 2008; Li et al., 2006) revealed extensive inter-
actions between the RING finger domains of Ring1B and
Bmi1 and that the association with the ubiquitin-conjugat-
ing enzyme (E2) maps to a surface on Ring1B (Buchwald
et ali, 2006). Although Bmi1 is not required for E2 interac-
tion, it has been shown to contribute to the stabilization of
the PRC1 complex (Cao et al., 2005; Wei et al;; 2006).

In mammals, there are at least four paralogs of the
D. melanogaster RING finger protein PSC: Bmit, Mel-18,
MBLR,; and NSPc1 (Akasaka et al., 2002; Brunk et al.,
1991; van Lohuizen et al., 1991). Evidence suggests that
these paralogs may interact with other PcG proteins to
form a set of distinct but related complexes. Specifically,
MBLR together with Ring1B is: implicated: in' the E2F6
complex (Ogawa et al.; 2002); and NSPc1 together with
Ring1B ‘and other PRC1- proteins is a component of a
BCOR corepressor complex (Gearhart et al.; 2006).

Mel-18 protein is 70% identical to Bmi1l at the amino
acid level.' Genetic experiments suggest that these pro-
teins may have similar or overlapping functions. Mel-18
knockout. mice exhibit- homeotic: transformations: and
cell-cycle deficiencies similar to those reported for Bmit
mutants (Akasaka et al; 1996, 1997, 2001; van der Lugt
et al.; 1994), and the Mel-18 protein localizes to PRC1 tar-
get'genes (Fujimura et al., 2006). Despite this, Mel-18 has
not been identified in purified PRC1 or related complexes
(Gearhart et al., 2006; Levine et al.; 2002; Ogawa et al.,
2002; Wang et al., 2004) and, unlike Bmit, did notenhance
the E3 ligase activity of Ring1B in vitro (Cao et al., 2005).

In this study, we investigated the function of this protein
and whether it forms part of a functional polycomb repres-
sive complex. We show that Mel-18.is indeed a compo-
nent of a PRC1-like complex and that it can functionally
substitute for Bmit in repressing Hox gene-expression
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in ES cells. Furthermore, contrary to previous reports, we
show that a holocomplex and a reconstituted Ring1B/
Mel-18 subcomplex efficiently ubiquitylate H2A lysine
119. Interestingly, we find that a phosphorylated form of
Mel-18 is important for targeting this complex to histone
H2A lysine 119. Our results provide insights into the mech-
anism of action of H2A ubiquitin E3 ligase complexes
and demonstrate a direct link between chromatin
regulation by PcG repressor complexes and cell signaling
pathways.

RESULTS

Affinity Purification of a Polycomb-like Complex
To investigate whether, like other polycomb proteins,
MEL-18 is present in cells as part of a large multiprotein
complex, we expressed and purified human MEL-18 pro-
tein, fused to a tandem affinity purification (TAP) tag, from
293T celis. Mass spectrometry analysis identified several
proteins that copurify with MEL-18 (Figure 1A). These
proteins, namely RING1/2, the short isoform of HPH2a
(Yamaki et al, 2002; Tonkin et al., 2002), and CBX8,
were previously identified as core PRC1 components
(Shao et al., 1999; Levine et al., 2002). Other paralogs of
HPH2 were present in substoichiometric amounts, sug-
gesting. that multiple MEL-18 complexes might exist °
in_the cell. Importantly, the. MEL-18 paralog BMI1 was
not present in this complex, and, conversely, MEL-18
was not present in a PRC1-like complex isolated using
TAP-tagged BMI1 (see Figure S1 in the Supplemental
Data available with this article online). Thus, MEL-18 and
BMI1 proteins are cotnponents of similar but mutually
exclusive PRC1-like complexes. We subsequently refer
to these complexes as MEL-18 PRC1 (melPRC1) and
BMIT PRC1 (bmiPRC1).

melPRC1 is also present in mouse ES cells. Nickel-affin-
ity-purification: of Mel18-FlagHis' expressed.in BM3 ES
cells;, which lack endogenously. expressed. Mel-18: and
Bmit, also “pulled down” Ring1A, Ring1B, and mPhi,
homologs. of the human PRC1 proteins RING1/2 and
HPH1 (Figures S2A and S2B). Copurification of mPht,
rather than mPh2, most likely reflects low levels of mPh2
expression in mouse ES cells (H.K. and M.E., unpublished
data).

Regulation of Hox Gene Expression in Embryonic
Stem Cells

Microarray-based gene expression profiles identified
several Hox genes whose expression is upregulated in
cells lacking Mel-18 and Bmi1 (H.K. and M.E., unpub-
lished data). Using RT-PCR, we measured:expression
of several of these genes in independently derived
clones of BM3 that overexpress Mel-18-FlagHis (BM3-
1, BM3-2,-and BM3-3). In these cells, expression of
the Hoxal, Hoxa5; Hoxd4, and Hoxd8 genes was ap-
proximately - 5-- to- 10-fold lower than in the parental
BMS3 cell line (Figure 1B). Downregulation of gene ex-
pression was not a general phenomenon, as expression
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Figure 1. Mel-18 Forms a PRC1-like Complex that Represses Hox Gene Expression

(A) MEL-18 complex purified from 293T cells by TAP. Coomassie-stained gel showing proteins identified by mass spectrometry. Lane 1, proteins
isolated by expression and purification of TAP alone, negative control. Lane 2, proteins isolated by expression and purification of TAP-Mel-18,

(B) Expression of Hox genes is downregulated in BM3 cells expressing Mel-18. Expression of Hox genes was analyzed by real-time RT-PCR in BM3 or
BM3-1, BM3-2, and BM3-3, which express Mel-18-FlagHis. Gene expression levels were normalized against the average of two housekeeping genes
(GAPDH and HMBS) and are represented as a ratio of expression in the parental cell line BM3. Expression of the Oct-4, Hoxal, Hoxa5, Hoxd4, and
Hoxd8 genes is shown. Error bars represent the average standard deviation of five independent experiments.

(C) Mel-18 localizes to the promoter of Hox genes. ChiP was performed using antibodies against either Mel-18 or Ring1B at the promoter regions
of Oct-4, Hoxal, Hoxa5, Hoxd4, and Hoxd8 in BM3-1 and BM3-3 cells. Antibody against IgG was used as a control. Enrichment is represented
as a percentage of input. Replicate experiments are shown in Figure $3.

of the Oct-4 gene in the same cells was: unaffected by Ring1B/Mel-18 Complex Is a Ubiquitin E3 Ligase
Mel-18. Therefore, like PRC1, melPRC1 may. function Although Bmit and Ring1B interact to form a ubiquitin
as a negative regulator of Hox gene expression in ES ligase complex that ubiquitylates nucleosomes in vitro,
cells. no. such_activity has been reported for Mel-18.. We
expressed- and purified recombinant Mel-18 and Ring1B
Localization of melPRC1 to Hox Gene Promoters proteins in-a complex, from-Sfg- cells  (Figures 2A and
Todetermine whether : melPRC1“localizes “ to -~ the 2C). We noted that while Ring18 migrates ‘as a single
promoters of Hox genes,; we performed chromatin immu- species, Mel-18 migrates as several distinct bands after
noprecipitation (ChlP) analysis. As expected, neither Mel- polyacrylamide gel electrophoresis (Figure 2A). Subse-
18 nor RingiB was enriched at the promoters of Hox quent analysis revealed these bands to be different phos-
genes or Oct-4 in parental BM3 cells (Figure 1C and phorylated forms of Mel-18 (see below).
Figure S3). However, in BM3-1 and BM3-3 cells, we Contrary to a previous report (Cao et al., 2005), we found
observed enrichment of both Ring1B and Mel-18 at the that Ring1B/Mel-18, in the presence of the ubiquitin-
promoters of Hoxal, Hoxa5, Hoxd4, and Hoxd8, but not conjugating enzyme (E2) UbcH5C, efficiently monoubiqui-
at Oct-4 (Figure 1C and Figure S3). Hence, there is a clear tylates nucleosomes in vitro (Figure 2B). Like many other
correlation between the repression of gene expression RING domain E3 ligases, Ring1B/Mel-18 also undergoes
and the recruitment of melPRC1 to the promoters of autopolyubiquitylation (Figure 2B), mainly on RingiB
Hoxal, Hoxa5, Hoxd4, and Hoxd8. (data not shown).
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Figure 2. Ring1B/Mel-18 Complex Ubiquitylates Nucleosomes In Vitro

(AY FlagHis-tagged Ring1B and HA-tagged Mel-18 proteins were coexpressed and copurified from Sf8 cells as described in the Experimental
Procadures. A 10 pi aliquot of the purified complex was analyzed by 12% SDS-PAGE and protein visualized by western blot using anti-Mel-18,
anti-Ring1B antibodies (as indicated) or by staining with Simply Blue Safe Stain (invitrogen) (SBS). Molecular weights are indicated.

(B) Ring1B/Mel-18-dependent ubiquitylation of chromatin requires ATP, E1, and E2 enzymes. Ubiquitylation assays were carried out as described in
the Experimental Procedures with individual components omitted where indicated (lanes 2-6). The complete reaction is showninlane 1. Ubiquitylated
histone product is labeled. Autoubiquitylated Ring1B/Mel-18 complex is indicated by an asterix.

(C) Ring1B and Mel-18 were expressed and purified individually or as a complex from Sf9 cells. Proteins were visualized by staining with SBS. Shown
are Ring1B alone (lane 1), Mel-18 alone (ane 2), Ring1B and Mel-18 mixed in vitro (lane 3), and copurified Ring18/Mel-18 complex (lane 4).

(D) A complex of Mel-18 and Ring1B is required for efficient ubiquitylation of nucleosomes, Ubiquitylation assays were performed using the protein

preparations described in the left panel.

We observed efficient ubiquitylation of nucleosomes
only when Mel-18 and Ring1B were coexpressed and
coputified as a complex (Figure 2D, lane 5). Neither
Mel-18 or Ring1B purified individually nor a mixture of

the two proteins - exhibited. strong E3 ligase activity
{Figure. 2D). This suggests; first, that both Mel-18 and
Ring1B are required forthe efficient ubiquitylation of
nucleosomes and, second, that a factor (or factors)
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Figure 3. Ring1B/Mel-18 Complex Exhibits Defined Substrate
Specificity

(A) Ubiquitylation assays were performed using 1 pg Ring1B/Mel-18
complex with various substrates, as indicated, Shown are 1.5 ug nu-
cleosomes (lane 2); 1 pg of individual histones H2A, H2B, H3, and
H4 (lanes 3-6); H2AX (ane 7); and H1 (lane 8). I'?5-labeled products
are shown,

(B) Purifled reconstituted nucleosomes. Shown are wild-type nucleo-

some (lane 1), mutant H2AX!*/119% nuyclaosome (fane 2); and mutant
H2BX12%® nucleosome (lane 3).

present during the assembly of the Ring1B/Mel-18 com-
plex in Sf9 cells plays an important role in activating the
ubiquitin ligase function of the complex (see below).

Ring1B/Mel-18 Ubiquitylates Histone H2A

in vitro, Ring1B/Mel-18 seemed to ubiquitylate nucleo-
somes on a single histone (Figure 3A, lane 2). Modification
was largely monoubiquitylation, although some diubiqui-
tylated histone was also observed. We next investigated
ubiquitylation of individual histones in vitro. We found
that, whereas Ring1B/Mel-18 ubiquitylates individual
nucleosome core histones with similar high efficiency,
ubiquitylation of H1, the linker histone, was much less
efficient (Figure 3A, lanes 3-8, respectively). Hence it
appears that the Ring1B/Mel-18 complex acquires
specificity for its histone substrate only in a nucleosomal
context,

SDS-PAGE suggested that ubiquitylation of nucleo-
somes occurred on either histone H2A (H2Aub1) or histone
H2B (H2Bub1). To investigate which of these histones is
modified by Ring1B/Mel-18, we made nucleosomes with
recombinant histone proteins in which either lysine 118
and 119 of H2A or lysine 120 of H2B were substituted
with arginine residues (Figure 3B, lanes 2 and 3, respec-
tively). We found that, whereas the Ring1B/Mel-18 ubig-
uitylated wild-type nucleosomes and those containing
H2BX'2%% mutant with equal efficiency (Figure 3C, lanes 1
and 2 and 5 and 6, respectively), those made with
H2AKTIM9R were largely unmodified (Figure 3C, lanes 3
and 4).

Comparison of Mel-18/Ring1B with Bmi-1/Ring1B re-
vealed that these complexes exhibit similar specific activ-
ity toward H2A on a nucleosomal substrate (Figure S4A).
This was also the case when we compared the activity
of melPRC1 and bmiPRC1 holocomplexes isolated from
293T cells (Figure S4B). We conclude that Ring1B/Mel-
18 is a chromatin E3 ubiquitin ligase with specificity for
lysines 118 or 119 of histone H2A. Again, this mirrors the
specificity of the bmiPRC1 ubiquitin ligase and, because
H2Aub1 is thought to be a repressive modification, is in
keeping with the role of melPRC1 as a negative regulator
of gene expression.

The Role of the Ring1B RING Domain in
Ubiquitylation

RING domains are known to confer E3 ligase function, To
investigate the role of the Ring1B RING domain in ubiqui-
tylation of H2A, we made cysteine-to-glycine substitu-
tions at residue 87 or 90, representing cysteines 7 and 8
of the RING domain (Figure 4A). We also made mutant
protein with an isoleucine-to-alanine  substitution at
residue 53, which is critical for interactions with the

(C) Ubiquitylation of reconstituted nucieosomes by Ring1B/Mei-18
in vitro. Wild-type riucleosomes (lanes 1 and 2}, histong H2AK118/119R
mutant (lanes 3 and 4), and histone H2B%'?°% mutant (lanes 5 and 6)
nucleosomes are shown,
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Figure 4. Mutations in the RING Domain of Ring1B Abolish the E3 Ligase Activity of the Ring1B/Mel-18 Complex
(A) Amino acid sequence of a consensus RING domain and the RING domain of Ring1B. Boxed residues represent the substituted amino acids and

correspond to the circled residues of the consensus RING domain.

(B) Wild-type and mutant Ring1B/Mel-18 complexes. Wild-type, Ring1B®"%/Mel-18, and Ring1B%**%/Mel-18 complexes are shown. Molecular

weight markers are indicated.

(C) Ring1B%87%/Mel-18 and Ring1B8°°°%/Mel-18 complexes were examined for E3 ligase activity in vitro. I'**-ubiquitylated histone H2A (H2Aub1)

product is indicated:
(D) Wild-type and mutant Ring1B'5**/Mel-18 complex.

(E) Mutant Ring1 B'3A/Mel-18 complex was examined for E3 ligase activity. Ubiquitylated H2A {(H2Aub1) product is indicated.

ubiquitin-conjugating enzyme Ubc5C in other ES3 ligases
(Brzovic et al., 2003) (Figure 4A). Although these mutant
proteins copurified normally with Mel-18 (Figures 4B and
4D), they were defective for the ubiquitylation of the nucle-

osome substrate and for autoubiquitylation (Figures 4C
and 4E). In addition, these mutants were unable to ubiqui-
tylate free histones (data not shown). We infer that the
RING domain of Ring1B plays a central role in conferring
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