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Polycomb chromatin modifiers regulate hematopoietic pluripotent stem and progenitor cell self-renewal and expansion. Poly-
comb complex redundancy and biochemical heterogeneity complicate the unraveling of the functional contributions of distinct
components. We have studied the hematopoietic activity of RYBP, a direct interactor and proposed modulator of RING1A/
RING1B-dependent histone H2A monoubiquitylation (H2AUb). Using a mouse model to conditionally inactivate Rybp in adult
hematopoiesis, we have found that RYBP deletion results in a reversion of B-1-to-B-2 B-cell progenitor ratios, i.e., of the innate
(predominantly fetal) to acquired (mostly adult) immunity precursors. Increased numbers of B-1 progenitors correlated with a
loss of pre-proB cells, the B-2 progenitors. RYBP-deficient stem and progenitor cell populations (LKS) and isolated common
lymphoid progenitors (CLP) gave rise to increased numbers of B-1 progenitors in vitro. Rybp inactivation, however, did not re-
sult in changes of global H2AUb and did not interact genetically with Ring1A or Ring1B deletions. These results show that a sus-
tained regulation of the B-1-to-B-2 switch is needed throughout adult life and that RYBP plays an important role in keeping B-2
dominance, most likely independently of its Polycomb affiliation.

RING1 and YY1 binding protein (RYBP) is a component of a
subset of type I Polycomb repressive complexes (PRC1), chro-

matin regulators endowed with histone H2A monoubiquitylating
activity (recently reviewed in references 1 and 2). RYBP contacts
the C-terminal region of RING1B and its paralog, RING1A (3),
heterodimeric RING-type E3 ubiquitin ligases that modify lysine
119 of histone H2A (H2AUb) (4, 5). Canonical PRC1 assemblies
are characterized by the presence of both chromobox-containing
subunits and oligomerizing SAM motif subunits, PHC proteins
(6, 7). Noncanonical PRC1 complexes, on the other hand, contain
RYBP or its paralog, YY1-associated factor (YAF1), instead of
chromobox proteins (6, 7), as their association with RING1 pro-
teins is mutually exclusive (8). PRC1 association with chromatin
not only modifies H2A but also promotes compaction, a struc-
tural alteration that usually correlates with transcriptionally re-
pressed states (6, 9–11). PRC1 is recruited to chromatin through
PRC2-induced H3K27me3-dependent and -independent mecha-
nisms (6, 7, 12). In vitro, RYBP-PRC1 is more efficient at histone
monoubiquitylation than canonical PRC1 complexes (6), an ob-
servation consistent with in vivo evidence showing decreased lev-
els of global H2AUb upon short-hairpin downregulation of RYBP
(6, 7, 13). However, the relative contributions to the H2A modi-
fication of RYBP- or chromobox-containing PRC1 complexes still
are controversial (6, 14), possibly because of cell type variations.

In the mouse, genetic analysis of PRC1 functions in differenti-
ation often has focused on the hematopoietic compartment (sum-
marized in references 15 and 16) as one of the best known hierar-
chies of related cell lineages (17). Most defects in PRC1 mutant
lines pertain to the maintenance of stem/progenitor cells and the
subsequent expansion of their differentiated derivatives. This is
due in part, but not completely, to the derepression of tumor
suppressors encoded by the Ink4a locus, which is associated with
PRC1 product loss of function (18–22, 25). As a consequence,
these mutant mouse lines develop hypoplastic bone marrow (BM)

and secondary hematopoietic organs, i.e., spleen and thymus (16).
Less frequently, cell lineage defects, such as skewed differentiation
toward lymphoid derivatives of Bmi1/Pcgf4-deficient multipotent
progenitors, also have been observed (23, 24). In general, most
investigated Polycomb mouse models bear mutations in loci en-
coding either the RING finger proteins that make the core E3
ligase (16, 25, 26) or subunits specific for canonical PRC1 com-
plexes (16).

Here, we investigated noncanonical PRC1 subunit RYBP func-
tion in adult hematopoiesis. Rybp genetic analysis is hampered by
the embryonic lethality of the inactive allele (27). Using a mouse
line in which the Rybp gene can be conditionally deleted in hema-
topoietic tissues, we find enlarged numbers of mature (peritoneal
B-1 cells) and immature (uncommitted and committed bone
marrow progenitors) B-1 cells and a concomitant decrease in
numbers for the B-2 cell compartment. The observation is consis-
tent with RYBP acting to maintain the ontogenic switch by which
numbers of innate immunity B-1 cells, predominant in fetal and
newborn stages, decrease while acquired-immunity B-2 cells pre-
vail.
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MATERIALS AND METHODS
Rybp conditional inactivation and other mouse lines. Genomic Rybp
sequences to construct a targeting plasmid were isolated from a � phage
obtained from a mouse 129SVJ genomic library. In the targeting vector
(Fig. 1), sequences spanning exons 3 to 5 (i.e., all potential coding regions
interacting with Polycomb subunits and other proteins [3, 28]) were
flanked by loxP sites (recognized by Cre recombinase). A PGK-neo selec-
tion cassette, flanked by frt sites (recognized by flippase [FLP] recombi-
nase), was located at intervening sequence 3, and at the end of the short
homology arm a PGK-DTA cassette was inserted for positive and negative
selection. The linearized plasmid was electroporated into R1 embryonic
stem (ES) cells grown on a layer of mitotically inactive mouse embryonic
fibroblasts as feeder cells. Colonies surviving the G418/ganciclovir selec-
tion were transferred into duplicate 48-well plates. Successfully targeted
events were identified by Southern blotting using probes external to the
homology arms in the targeting vector. Chimeric mice were generated by
aggregation of mutant ES cells with C57BL/6 morulae and subsequently
mated to C57BL/6 mice. Heterozygous animals then were backcrossed to
C57BL/6 mice. Crosses with a mouse line ubiquitously expressing the FLP

recombinase were done to remove the PGK-neo cassette. In vivo Rybp
inactivation, in 8- to 12-week-old mice, was done in animals previously
mated to the Mx1-Cre transgenic line, in which Cre expression is induced
predominantly in the hematopoietic compartment (29) after intraperito-
neal (i.p.) administration of polyinosine-polycytidine [poly(I·C); three
injections, 250 �g poly(I·C) each, every other day; GE Healthcare]. For ex
vivo Rybp inactivation, mice were mated to a mouse line carrying an IRES-
Cre-ERT2 cassette knocked in at the 3= untranslated region (UTR) of the
Polr2a locus (30) that expresses a 4=-hydroxytamoxifen (4=-OHT)-induc-
ible Cre recombinase. Ring1A�/�, Ink4a�/�, and Ring1Bf/f lines were de-
scribed previously (25, 31, 32). Mouse handling procedures were institu-
tionally approved and were in accordance with national and European
regulations.

Transplantation procedures. Transplants were performed using at
least 6 recipients, with 2 or 3 recipients per donor mouse per genotype.
Transplanted animals were provided with acidified sterilized drinking wa-
ter supplemented with 100 �g/ml neomycin and 5,000 U/ml polymyxin B
from 1 week before to 2 weeks after transplant. Animals were irradiated in
a Shepherd Mark I-30 gamma irradiator and transplanted within 24 h.

FIG 1 Analysis of Rybp-deficient hematopoietic cells. (A) Schematic representation of strategy used to conditionally inactivate Rybp. (Top) Rybp cDNA denoting
Zn finger (ZnF) and C-terminal region that interacts with Polycomb RING1A and RING1B. Rybp coding sequences are shown as black rectangles, and 5= and
3=-UTR sequences are shown as green rectangles; the broken line in the Rybp locus is due to the large size of intervening sequence that is not represented at the
scale used. Dashed lines delineate homology arms contained in the targeting construct, interrupted by a neo cassette flanked by frt sites (blue arrowheads); Rybp
coding sequences and the neo cassette are flanked by loxP sites (red arrowheads). The Rybpf allele was generated by mating Rybpf;neo mice to transgenic mice
expressing FLPE recombinase. Subsequent mating to MxCre mice or to mice expressing a Cre-ER fusion allowed for in vivo or ex vivo inactivation after poly(I·C)
injection or exposure to 4=-hydroxytamoxifen (4=-OHT), respectively. (B) H2AUb levels in Rybp-depleted hematopoietic cells. Shown are representative
Western blots of total lysate (top) or histone (bottom) extracts from cKit� cells from mice of the indicated genotypes. Extracts from Ring1B-deficient hemato-
poietic cells (on the right) were used as controls. On the left are molecular mass markers. (C) Absolute numbers of circulating cells in Rybpf/f (Cre�) and Rybp�/�

(Cre�) mice. RBC, red blood cells; WBC, white blood cells. (D) Bone marrow cells from mice of the indicated genotype. Left, total absolute cell numbers. Right,
relative numbers of lineage markers: B and T cell (B220� and CD3�, respectively), erythroid (Ter119�), megakaryocytic (CD41�), and myeloid (Mac1�/Gr1�).
(E) Absolute numbers of immature cell populations from mice of the indicated genotype. Lineage marker-negative bone marrow cells (Lin� population,
containing HSCs and all progenitor cells), Lin� ckit� Sca1�(LKS population, including long- and short-term HSCs), Lin� Sca1� ckit� (MyP population, corresponding
to myeloid progenitors), and Lin� Sca1lo ckit� IL-7� (CLP population, corresponding to common lymphoid progenitors) were used. Ten (C and E) or 20 (D) mice were
analyzed for each genotype. Data are mean values and standard deviations (SD). ****, P � 0.0001; n.s., not statistically significant (P � 0.05).
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Five million CD45.2� Rybpf/f MxCre� or Rybpf/f MxCre� BM cells were
injected intravenously (i.v.) into lethally irradiated (10-Gy) CD45.1� re-
cipient mice. At week 6 after transplant, blood was extracted and analyzed
for CD45.1/CD45.2 chimerism by flow cytometry. At week 4 to 6 after
transplant, only mice with more than 90% CD45.1� circulating cells were
further used for Rybp inactivation.

Hematopoietic cell isolation. BM cells were flushed out of both fe-
murs and tibiae with phosphate-buffered saline containing 2% fetal calf
serum (PBS–2% FCS), and cells were counted in a hemocytometer. Sin-
gle-cell suspensions of spleens were obtained by homogenization in
PBS–2% FCS and gentle straining through nylon mesh. The peritoneal
cavity was gently washed with 10 ml PBS, and cells were recovered,
counted, and analyzed. Pup livers were homogenized in PBS–2% FCS and
equally strained through nylon mesh.

Flow cytometry analysis and isolation. Cell separation was performed
by immunodepletion followed by cell sorting in a FACSVantageSE-Diva flow
cytometer (Becton Dickinson). Lineage-negative (Lin�) or Lin�/B220
cells from bone marrow and perinatal livers were prepared by using a
lineage cell depletion kit (Miltenyi Biotec) or the individual biotin-labeled
monoclonal antibodies against mature hematopoietic cells except for
B220, respectively. LD columns together with a QuadroMACS separa-
tion unit from Miltenyi Biotec were used. Lin� cells were stained with
antibodies against CD117 (cKit, 2B8)-fluorescein isothiocyanate
(FITC), phycoerythrin (PE), allophycocyanin (APC), or biotin; Sca1
(D7)-FITC, peridinin chlorophyll protein (PerCP)-Cy5.5, or biotin
(E13-161.7); or CD127 (IL7R, B12.1)-PE or biotin for the identifica-
tion of most immature (LKS; Lin� ckit� Sca1�), myeloid progenitor
(MyP; Lin� ckit� Sca1�), or common lymphoid progenitor (CLP; Lin�

ckit�Sca1int CD127�) cells. For the analysis of mature differentiated cell
types, total BM, spleen, peritoneal cavity, or perinatal liver cells were re-
suspended in staining buffer (PBS with 2% FCS and 0.1% sodium azide)
and blocked for 5 min at 4°C with anti-mouse BD Fc block (Becton Dick-
inson) and further incubated for 20 min with the appropriate antibodies:
anti-CD11b (Mac-1, M1/70)-PerCP-Cy5.5 or biotin; Gr1 (RB6-8C5)-
FITC or biotin; CD3e (500A2)-biotin, CD45R (B220, RA3-6B2)-FITC,
biotin, APC-Cy7, or APC-Alexa Fluor 750 (AF750); CD19 (1D3)-PE,
biotin, PerCP-Cy5.5, or PE-Cy7; Ter119-PE or biotin; CD45.1 (A20)-PE;
CD45.2 (104)-FITC; CD21 (7G6)-FITC; CD23 (B3B4)-PE; IgD (11-
26c.2a)-FITC; IgM (R6-60.2)-PE or biotin; CD93 (AA4.1, C1qRp)-APC;
or CD5 (53-7.3)-FITC. Streptavidin conjugates used were PE, PerCP-
Cy5.5, APC, APC-Cy7, PE-Cy5, and Pacific Blue. All monoclonal anti-
body conjugates were purchased from Becton Dickinson, except for
CD19-PE (from Miltenyi), B220-AF750 and CD93-APC (from eBiosci-
ence), and CD19-PE-Cy7, IgM-biotin, and streptavidin-APC (from Bio-
Legend). Propidium iodide or 4=,6-diamidino-2-phenylindole (DAPI)
was used for live-dead cell exclusion. Fluorescence-activated cell sorter
(FACS) analysis was performed on a FACScan or FACSCanto instrument
(Becton Dickinson) when four to seven colors were used. Mature bone
marrow cells were defined as B and T cell (B220� and CD3�, respec-
tively), erythroid (Ter119�), megakaryocytic (CD41�), and myeloid
(Mac1�/Gr1�). Spleen and peritoneal cavity (PerC) populations are de-
scribed below. B-1 and B-2 progenitors were defined as Lin� CD19�

B220� ckit� AA4.1� and Lin� CD19� B220int ckitlo AA4.1�, respec-
tively. Relevant gates used to analyze the different populations shown in
the figures are indicated in Fig. S1 to S3, which are available at https://copy
.com/EJdQJFI0BYvq4DAo. Data were analyzed with FlowJo software v.8
.8.6 (Tree Star, Ashland, OR) using the bi-exponential scaling (“logicle”
transformation) (33). Five percentiles, including outliers, and high
-resolution contour plots from 5,000 to 10,000 cells are shown.

B-1P culture. Medium for B-1 progenitor (B-1P) culture was RPMI
medium supplemented with 10% FCS, 50 �M ß-mercaptoethanol
(Merck), 1 mM L-glutamine, 100 U/ml streptomycin, 100 �g/ml penicil-
lin, and 20 ng/ml interleukin-3 (IL-3) or 10% WEHI conditioned me-
dium, 20 ng/ml IL-6, 20 ng/ml SCF, 10 ng/ml Flt3 ligand, and 10 ng/ml
human thymic stromal lymphopoietin (TSLP) (all cytokines were from

Peprotech). S17 cells were maintained in alpha-minimum essential me-
dium with 5% FCS, 1 mM L-glutamine, 100 U/ml streptomycin, and 100
�g/ml penicillin. When subconfluent, cells were trypsinized and seeded at
0.6 � 105 cells per cm2 into 0.4-�m Transwell inserts (Falcon) the day
before coculture. The original protocol (34) was followed. Sorted pools
enriched for B-1 progenitors (Lin� B220� CD19�) were seeded at a con-
centration of 1,500 cells per ml of B-1P medium with human TSLP at 10
ng/ml or at different concentrations as indicated. The inserts with S17 cell
confluent monolayers then were inserted into 6- or 12-well plates con-
taining seeded progenitors at 3 or 1.5 ml per well, respectively. Cultures
were incubated at 37°C in 5% CO2, one-third of the medium was changed
twice weekly, and the generated cells were analyzed at the indicated times.
Newly S17-seeded Transwells were changed after 8 to 10 days of culture or
when signs of disrupted monolayer were observed. All media and supple-
ments were from Life Technologies.

Proliferation and apoptosis analysis. In vivo 5-bromodeoxyuridine
(BrdU; Becton Dickinson) labeling was performed by i.p. injection of 0.1
ml solution (10 mg/ml) per mouse. Sixteen hours later, myeloid and B1
progenitors were isolated, fixed, permeabilized, and stained using an
FITC BrdU flow kit (Becton Dickinson). Early apoptosis was assessed by
staining with an annexin V/FITC kit (Bender MedSystems).

Western blotting. Cells were lysed in Laemmli buffer with protease
inhibitors for 5 min at 95°C and sonicated 3 times (30-s on/off cycles) with
a Bioruptor Diagenode. Cell lysates were cleared of debris by centrifuga-
tion at 15,000 � g for 15 min. For monoubiquitylated histone H2A anal-
ysis, cell pellets were lysed in PBS containing 0.5% Triton X-100, 2 mM
phenylmethylsulfonyl fluoride, 10 mM iodoacetamide, and protein in-
hibitors (Complete; Roche). Histones then were extracted in 0.2N HCl.
For protein and histone analysis, a volume equivalent to 105 cells was
subjected to SDS-PAGE and transferred to nitrocellulose membrane
(Amersham Protran; GE Healthcare) for 1 h at 2 mA/cm2 on a wet transfer
apparatus (Bio-Rad). After being blocked in Tris-buffered saline contain-
ing 0.1% Tween 20 and 5% nonfat dry milk, filters were incubated over-
night at 4°C with the following antibodies: anti-RING1B and anti-RYBP
(3), anti-histone H2A (Millipore), anti-histone H2AK119Ub1 (D2754;
Cell Signaling), and anti-�-tubulin (clone B-5-1-2; Sigma). After a wash-
ing step and incubation with horseradish peroxidase-conjugated second-
ary antibodies (Dako), signals were detected using an enhanced chemilu-
minescence system (GE Healthcare).

Kidney histology and pathology assessment. Kidney fixation was
carried out for 24 h in 10% neutral buffered formalin, and samples were
further dehydrated and embedded in paraffin wax. Sections (3 �m
through the center of the longitudinal axis of each whole kidney) were
stained with hematoxylin and eosin (HE), Periodic acid-Schiff (PAS), and
methenamine silver stains. Images were acquired using an Olympus PRo-
vis AX70R microscope (Tokyo, Japan) with a Nikon DXM 1200W digital
camera. At least 60 glomeruli per animal were evaluated in fixed and
stained kidney samples for cellular hypertrophy and hyperplasia, adhe-
sions, sclerosis, or hyalinosis. Lesions were scored according to the num-
ber of affected glomeruli and degree of damage: 0 (	5%), I (5 to 25% mild
or 5 to 10% moderate to severe), II (25 to 50% mild or 10 to 25% moderate
to severe), and III (
50% mild or 
25% moderate to severe). Interstitial
inflammation and tubular injury also were graded semiquantitatively on a
scale of 0 to 3�. Lesion evaluation and grading were assessed according to
previously described methods (35–37).

Statistical analysis. Data sets were compared using two-tailed Stu-
dent’s t tests, except for kidney lesions, for which a Mann-Whitney test
was used. Statistically significant differences were considered and are in-
dicated for P values below 0.05 in each figure legend.

RESULTS
Altered bone marrow B-cell differentiation in Rybp-deficient
hematopoiesis. Poly(I·C)-induced deletion of floxed Rybp alleles
(Rybpf) removes coding sequences (Fig. 1A) downstream of the
zinc finger (Rybp�/� allele). Efficient Rybp inactivation in bone
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marrow cells was assessed by Western blotting (Fig. 1B, top) but
did not affect global H2AUb levels, in contrast to the observed
decrease in Ring1B-depleted bone marrow cells (Fig. 1B, bottom).

Circulating or total bone marrow cells (Fig. 1C and D) did not
show gross alterations between mutant and control mice. The
relative proportion of erythroid, megakaryocytic, myeloid, and
T-cell precursors was not affected by Rybp depletion; however, the
B-cell pool significantly decreased by one-third in mutant mice
(from 17.9% to 11.2%, as shown in Fig. 1D, right). Immature
populations as a whole lineage-negative (Lin�) Sca1� ckit� (LKS)
pool or containing hematopoietic stem cell (HSC) or myeloid
progenitor (MyP) subpopulations showed no alteration (Fig. 1E).
Only the lymphoid-committed progenitor pool (CLP) was en-
larged in Rybp-deficient mice (Fig. 1E, right).

To determine if the decreased B-cell pool (B220� cells) in-
volved all maturation stages or only a given subpopulation, we
focused on B-cell markers B220 and CD19. As seen in Fig. 2A, cell
distribution in Rybp�/� total bone marrow cells departed from the
canonical pattern observed with Rybpf/f cells. Of the two canonical
CD19� cells, the population with the brightest B220� staining had
similar labeling in both mutant and wild-type bone marrow; how-
ever, the dimmer B220� pool appeared systematically shifted to-
ward a lower, even negative fluorescence, as shown in representa-
tive plots (Fig. 2A, left). Mutant B cells contained a substantial
fraction of CD19� cells expressing little (B220lo) or no B220 (even
below the classical quadrant boundaries drawn according to sin-
gle-labeled controls), whereas the content of CD19� B220� cells
was significantly decreased. These two populations contain pro-
genitors for B-1 (B-1 progenitors [B-1P]) and for B-2 (pre-proB
cells or B-2 progenitors [B-2P]) lymphocytes (38), respectively.

For the quantification of B cells and immature cells, bone mar-
row cells were immunomagnetically depleted of cells expressing
lineage-specific markers except B220. The unlabeled population
(Lin�/B cells) was stained with anti-B220 and CD19 antibodies
(Fig. 2A, right). The ratio of B-1P- and B-2P-containing pools was
inverted within mutant Lin�/B-cell populations (Fig. 2B), and
CD19� B220� and CD19� B220�/lo cell numbers were equally
shifted (Fig. 2C, left and middle bar graphs). In fact, only a small
proportion of wild-type CD19� cells expressed little or no B220
(less than 10%), and nearly 50% of mutant CD19� cells were
B220�/lo (Fig. 2C, right bar graphs). Thus, RYBP deficiency pro-
foundly modified two B-cell compartments, decreasing by 80%
the size of the pre-proB-containing population and enlarging by at
least 5-fold the physiologically scarce B-1P-containing B220�/lo

CD19� population. In fact, using a more stringent definition of
B-1P as Lin� AA4.1� B220�/lo CD19� ckit� cells (38–40), we
confirmed that Rybp mutant bone marrow was enriched in these
early progenitors, as shown by the 10-fold increase of B-1P com-
pared to the level in control bone marrow (Fig. 2D). Interestingly,
the inverted B-2P-to-B-1P ratio in Rybp mutant mice seemed
reminiscent of that of perinatal B-cell progenitors before the post-
natal shift toward adult B-2 dominance (Fig. 2E).

We also asked whether the effects of Rybp inactivation were cell
autonomous. Rybpf/f MxCre� or MxCre� CD45.2� bone marrow
cells were transplanted into CD45.1 lethally irradiated mice. Rybp
inactivation then was induced by poly(I·C) injections in recipient
mice with 
90% reconstitution (Fig. 2F, diagram). Rybp-defi-
cient B cells (derived from recombined donor CD45.2� stem
cells) showed an identical altered distribution of CD19� and
B220-expressing B-cell populations (Fig. 2F, right), with B-1P in-

crease and concomitant B-2P decrease similar to those described
above (Fig. 2G). We conclude that RYBP contributes, in a cell-
autonomous manner, to the development of the adult B-cell com-
partment.

Absence of genetic interactions between Rybp, Ring1A,
Ring1B, and Ink4a. One of most paradigmatic Polycomb targets,
the Ink4 locus, well known for its role in products of aging and
cancer development, negatively affects B-2 progenitor develop-
ment (41). Thus, we asked whether the observed phenotype in
Rybp-deficient cells was related to a hypothetical upregulation of
this inhibitor. The shifted B-1P-to-B-2P ratio in Rybp mutant
mice also was seen in double Rybp�/� Ink4a�/� mice but not in
single Ink4a knockout (KO) mice (Fig. 3A). On the other hand,
since RYBP associates directly with RING1A and RING1B in non-
canonical PRC1 complexes (6), we analyzed single-mutant mice
for Ring1A or Ring1B and double mutants also lacking RYBP. The
results (Fig. 3B and C) showed that the enlargement of the B-1P-
containing B-cell subpopulation is an Rybp-specific alteration not
found in Ring1A or Ring1B single-mutant mice. Pre-proB popu-
lations in both double-mutant mice also were reduced compared
to those of single mutants. In addition, the expressivity of the Rybp
mutation was not affected in the compound mutants, suggesting
the lack of genetic interaction. Thus, the genetic analysis indicated
that RYBP activity regulating B-cell differentiation was mostly in-
dependent of Polycomb Ring1 products and of their target, Ink4.

Rybp deletion leads to enhanced expansion of B-1 progeni-
tors and B-1-biased differentiation of most immature progeni-
tors. A characteristic feature of B-1P is the proliferative response
to thymic stromal lymphopoietin (TSLP) when cocultured with
stromal cells (38). We asked whether Rybp-deficient B-1P would
proliferate under these conditions. A Transwell assay then was set
up with RYBP�/�- or RYBPf/f-sorted B-1P (Lin� ckit� AA4.1�

CD19� B220�/lo). Indeed, both control and Rybp-deficient B-1P
proliferated (Fig. 4A, top left, circles). However, Rybp ablation
resulted in enhanced cell expansion. We also cultured B1-P iso-
lated from RYBPf/f Cre-ERT2 mice, divided them into two identical
aliquots, and cocultured them with S17 Transwell-seeded cells 1
day after treatment with 4=-OHT or the equivalent amount of
vehicle (ethanol). As for in vivo recombined progenitors, tamox-
ifen-treated cells expanded to a larger extent than the nonrecom-
bined cells (Fig. 4A, top left, triangles). After 20 days in culture,
most control B-1P had differentiated into a homogenous popula-
tion of B220int/� cells (91% � 3%) (Fig. 4A, top right). Mutant
B-1P cultures also contained differentiated B220int/� cells, in fact,
twice as many as the control cultures. However, they still con-
tained a considerable proportion of B220�/lo cells (16% each
CD19� B220� and CD19� B220lo compared to 1.5 and 7%, re-
spectively, in control cultures). In particular, the level of most
immature CD19� B220� cell accumulation was 24-fold higher in
mutant than in control cultures (2.4 � 105 versus 0.1 � 105, re-
spectively, recovered from 2 � 103 initially seeded CD19� B220�

cells). In order to explore whether the different expansion rates
were due to an enhanced sensitivity to the lymphopoietin, we
performed a similar assay with 5, 10, or 25 ng/ml of TSLP and
assessed the number of generated cells over time in culture. As
shown in Fig. 4A (bottom bar graphs), Rybp-deficient cells had an
enhanced response to TSLP compared to that of wild-type cells at
all concentrations and at any of the analyzed time points.

The facilitated expansion of mutant cells could be due to the
larger number of responsive B-1Ps or to a faster proliferative rate,
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FIG 2 Cell-autonomous reversal of the B-1 progenitors to pre-proB cell ratio in Rybp-deficient bone marrow. (A) Representative flow cytometry plots of total
bone marrow cells or of Lin�/B cells (lineage-depleted cells, except for B220) labeled with antibodies against B220 and CD19 markers. (B) Relative size of B-cell
subpopulations (gated as indicated in the corresponding plots) from control (Rybpf/f) and mutant (Rybp�/�) Lin�/B220 cells. (C) Absolute and relative cell
numbers of B220�/lo CD19� and B220� CD19� subsets within Lin� CD19� (left) or Lin� B220� (right) populations in mice of the indicated genotypes. (D)
Increased cell numbers of mutant B1 progenitors (Lin� AA4.1� B220�/lo CD19� ckit�). (E) B220/CD19-labeled cells in newborn and mice at day 3. Bar graphs
show means and SD of relative contents in Lin� CD19� B220�/lo and Lin� CD19� B220med populations of six pups/experiment from two independent
experiments. (F, left) Schematic representation of hematopoietic transplantation of 5 � 106 total bone marrow CD45.2� Rybpf/f Cre� or Cre� cells into lethally
irradiated CD45.1� mice; 4 weeks later, hosts in which �90% of circulating cells were CD45.2� were treated with poly(I·C) and sacrificed for analysis 4 weeks
later. (Right) Representative plot of B220/CD19-labeled cells. (G) Absolute number of donor B220�/lo CD19� and B220� CD19� compartments containing B1
progenitors and pre-proB cells, respectively, of the indicated genotypes. Data are from two independent experiments (n � 6 and n � 4 for each genotype in
transplants 1 and 2, respectively). Bar graphs show mean values and SD. In panels B and C, ten mice were analyzed of each genotype. **, P � 0.01; ***, P � 0.001;
****, P � 0.0001; n.s., not statistically significant (P � 0.05).
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as the response of ex vivo recombined progenitors suggested.
Thus, we assessed in vivo BrdU incorporation into DNA. Mutant
bone marrow cells contained a larger proportion of BrdU-labeled
B-1P than controls (Fig. 4B), whereas similar numbers of mutant
and control myeloid progenitors incorporated BrdU in similar
proportions, indicating a cell stage-specific effect. Since Rybp-de-
ficient B-1P cells and controls showed similar cell survival rates (as
determined by annexin V labeling) (Fig. 4C), we conclude that the
increased expansion of adult B-1Ps in vivo and in vitro is due, at
least in part, to the higher proliferation rate in the absence of
RYBP.

To assess whether Rybp deletion affected B-1P expansion only,
we investigated the generation of B-1P from earlier progenitors.
Noncommitted (LKS cells, containing HSCs and multipotent
progenitors) and lymphoid-determined progenitors (CLP) were
sorted from Rybp�/� and Rybpf//f mice and cultured under the
conditions described for B-1P with TSLP (for CLPs) or TSLP and
IL-7 (required for lymphoid differentiation of the LKS pool) (42).
In the absence of RYBP, in all cases a larger number of B-1Ps was
generated, suggesting a biased differentiation of most immature
cells toward the B-1 cell lineage. RYBP-deficient LKS or CLP
yielded almost three times more B-1Ps than control progenitors
after 7 days in culture (Fig. 4D), supporting an inhibitory role for

RYBP early in the B-1P differentiation pathway. Together, the
data suggest that the enlarged subset of B cells containing B-1P in
mutant adult mice originates in shifted differentiation, skewed at
very primitive stages.

Rybp depletion leads to decreased B-2 B-cell populations. All
bone marrow maturing B cells, i.e., total CD19�, proB (B220�

IgM� CD43�), early preB (B220� IgM� CD43�), and late preB
(B220� IgM� CD43�) cells, were reduced in mutant mice (Fig.
5A). We then asked if these low levels of immature B cells, due to
altered proportions of B-2P and B-1P in Rybp-deficient bone mar-
row, were reflected in spleen B cells.

No major differences were found in spleen weight, cellular-
ity, or frequencies of CD19� or IgM� cells (Fig. 5B). However,
the ratio of B220� to B220lo cells within CD19� and IgM�

populations was inverted (5.2 in control cells versus 0.9 in
mutant cells) (Fig. 5C, top left). In addition, the total number
of B220� mutant cells was less than half that of the control (Fig.
5C, top right), and both follicular (B220� IgM�/lo CD23hi

CD21lo) and marginal-zone (B220� IgM�/lo CD23lo CD21hi)
B-2 populations were decreased in RYBP-deficient mice (Fig.
5C, bottom). Thus, the data showed a correlation between de-
creased pre-proB progenitors and maturing and differentiated
adult B-2 B-cell subpopulations.

FIG 3 B-cell progenitor alterations associated with Rybp inactivation are independent of Ring1A, Ring1B, and Ink4a loci. (Left) Representative flow cytometry
plots of CD19- and B220-labeled lineage-depleted (except for B220) bone marrow cells from mice of the indicated genotypes. (Right) Absolute number of
populations containing B-1P and pre-proB progenitors. Values are means and SD from three mice per genotype.
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FIG 4 Increased TSLP-activated self-renewal and expansion of isolated, HSC- or CLP-derived Rybp mutant B-1 progenitors. (A) Expansion and phenotype of
cultured B-1 progenitors (B-1P; Lin� B220�/lo CD19� ckit�). (Top left) Proliferation kinetics of 2 � 103 B-1P sorted from bone marrow of Rybpf/f MxCre� or
Rybpf/f MxCre� mice previously injected with poly(I·C) (circles) or of Rybpf/f; Cre-ERT2 mice after treatment with 4=-OHT (Rybp�/�) or vehicle (ethanol; Rybpf/f)
during the first 24 h in culture (triangles). Cells were cocultured with S17 stromal cells seeded in Transwells, with no cell contact, and medium supplemented with
10 ng/ml TSLP. (Top right) Representative flow cytometry plots of CD19- and B220-labeled cells after 20 days in culture; data correspond to mean absolute
numbers and SD of CD19� cells with different B220 labeling (boxes depicted in plots; triplicate cultures of three independent experiments). (Bottom) A total of
2 � 103 B-1P sorted from pooled Rybp�/� (left) and Rybpf/f (right) bone marrow (n � 3 mice/genotype per experiment) were cultured in the presence of the
indicated amounts of TSLP. Cells were collected and counted at the indicated time points (means of duplicate cultures from two independent
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Increased peritoneal B-1 B lymphocytes and kidney altera-
tions in Rybp�/� mice. To assess if B-1P increase resulted in
expanded numbers of B-1 B lymphocytes, we analyzed the peri-
toneal cavity (PerC), their most abundant reservoir. Rybp-de-
ficient mice showed an increased ratio of B-1 (B220lo/�

CD23�) to B-2 (B220�/CD23�) cells, and the B-1 pool was

nearly 2-fold larger in mutant than in wild-type PerC (Fig. 6A).
Similarly, an increased B-1 to B-2 proportion was observed in
IgD-labeled populations within IgM� cells (Fig. 6B, left). In
contrast, B-1a and B-1b subtype distribution (CD11b� CD5�

and CD11b� CD5� cells, respectively) was similar in both mu-
tant and wild-type PerC compartments (Fig. 6B, right), indi-

experiments). (B) BrdU-labeled B-1P and myeloid progenitors (MyP) isolated from mice of the indicated genotypes 12 h after intraperitoneal injection of 1 mg
BrdU. (C) Apoptosis within the B-1P population of the indicated genotypes, assessed by FITC-conjugated annexin V labeling of propidium iodide-impermeable
cells. Horizontal bars denote apoptotic cells showing mean and SD values from triplicates of two independent experiments. (D) Enhanced production of B-1P
from LKS and CLP pools in mice of the indicated genotypes. (Left) Total B220�/lo cells; (right) B-1P. Bar graphs show mean values and SD from triplicates of two
independent experiments. **, P � 0.01; ***, P � 0.001; ****, P � 0.0001); n.s., not statistically significant (P � 0.05).

FIG 5 Decreased numbers of bone marrow and spleen Rybp-deficient B-2 B-cell precursors. (A) Absolute number of total bone marrow B cells (CD19�) and of
subpopulations among early precursor CD19� B220med populations, i.e., proB (IgM� CD43�), early preB (IgM� CD43�), and late preB (IgM� CD43�) subsets
from mice of the indicated genotypes. (B) Size of spleens (weight, cellularity) and content of CD19� and IgM� cells in control and mutant mice. (C) Splenic B-cell
populations. Representative flow cytometry plots of control and mutant CD19� cells (top) show mean percentages and SD of populations within drawn boxes
and their absolute numbers (bar graph). Also shown are representative flow cytometry plots of control and mutant IgM� cells and absolute numbers (bar graphs)
of follicular (CD21lo CD23hi) and marginal-zone (CD21hi CD23lo) populations. Bar graphs show means and SD from analyzed mice (n � 8 [A and B] and n �
10 [C and D]). **, P � 0.01; ***, P � 0.001; ****, P � 0.0001; n.s., not statistically significant (P � 0.05).
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cating that both subpopulations were equally enlarged in the
absence of RYBP.

Mutant mice with increased numbers of PerC B-1 lymphocytes
develop kidney disease related to immunoglobulin deposits (43,
44). Histological analysis of kidneys from poly(I·C)-treated mice
showed glomerular damage in almost every Rybp-deficient
mouse, varying both the number of glomeruli affected and the
extent of alteration. Kidney abnormalities were seen in a small
subset of control mice, affecting very few glomeruli and to a lower

extent than that in mutant mice (Fig. 6C, left, and Table 1). Cres-
cent formations were identified in almost 10% of glomeruli per
mutant mice (a representative section of one moderately damaged
is shown in Fig. 6D). Signs of nephritis, both periglomerular and
interstitial, also were evident in a large subset of mutant kidneys.
Nephritis degree, given by number and size of foci involved/sec-
tion, also was more severe in mutant than in control mice (Fig. 6C,
left, and Table 2).

Altogether, the data show that RYBP specifically controls adult

FIG 6 Peritoneal B-1 B cells and kidney disease in Rybp-mutant mice. (A and B) Representative flow cytometry plots and quantitation of the indicated
subpopulations of the peritoneal cell cavity (PerC) in mutant and control mice showing increased absolute numbers of B-1 cells (A, bar graph on the right),
increased B-1 to B-2 pool ratios (A, bar graph on the left, and B, left), and unaltered distribution of B-1a (CD5�) and B-1b (CD5�) subsets of CD11b� cells (B,
right). B-1 cells, B220lo/� CD23� IgM� IgDlo; B-2 cells, B220� CD23� IgM� IgD�. Bar graphs show means and SD (n � 4 [A] and n � 10 [B]). *, P � 0.05; ***,
P � 0.001; ****, P � 0.0001; n.s., not statistically significant (P � 0.05). (C) Glomerular lesions, box plot, and severity of interstitial nephritis foci in mice of the
indicated genotypes. (D) Representative hematoxylin- and eosin-stained sections showing control (Rybpf/f) and unaffected glomerulus (Rybp�/�). Note the tuft
in the center of the mutant renal corpuscle compressed by a fibrocellular crescent (●), accompanied by a loss of capillary lumen. In addition, a mononuclear cell
infiltrate (*) is found in the medullary interstitium. Scale bar, 25 �m. Bars in the box plot are median values (n � 16 [mutant]; n � 13 [control]); ****, P � 0.0003.
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B-cell development by inhibiting B-1P proliferation and promot-
ing B-2 B subpopulation predominance.

DISCUSSION

Here, we show that the hematopoietic depletion of Rybp, a com-
ponent of noncanonical PRC1, causes specific alterations in B-cell
lineage by altering the adult bone marrow ratio of B-2 to B-1 B-cell
progenitors. Rybp inactivation also reveals that adult B-cell lym-
phopoiesis is continuously regulated in adult life, as the postnatal
B-1-to-B-2 shift must be actively perpetuated. RYBP appears to be
a key actor maintaining B-2 progenitors as the dominant adult B
lymphocyte precursors, and it also inhibits B-1P expansion. A
number of genes in mouse mutant or transgenic lines have been
associated with increased numbers of mature B-1 cells (39, 45–
48), but to our knowledge, only Rybp has been involved in target-
ing adult B-1P expansion.

RYBP regulation of B-cell homeostasis and conventional
Polycomb function. Early B-cell lymphopoiesis implies lineage
specification through the timely expression of instructive tran-
scription factors (49–51). Their silent chromatin locus configura-
tion often is enriched in histone modifications elicited by PRC1
and PRC2 enzymatic activity. Such an epigenetic state becomes
modified when genes are activated. For example, repressed Ebf1,

whose product is a key B-cell lineage specification instructor, is in
an H2AUb state that is dependent on PRC1 H2A ubiquitin ligase-
positive cofactor BMI1 (23, 52). Its activation requires the H2A
deubiquitylase MYSM1, as indicated by the lack of B-2P (pre-
proB cells) in Mysm1 mutants (53). In contrast with Rybp defi-
ciency, where B-2P also are diminished, no B1-P increases were
documented in Mysm1 mutants (53). Thus, RYBP appears to tar-
get the postnatal B-1-to-B-2 switch rather than the global B-cell
transcriptional program. Moreover, although CLPs increased af-
ter Rybp inactivation, as in Bmi1 mutant mice (23), the overall
phenotype is rather distinct, since Rybp mutant bone marrow con-
tains fewer B cells and global H2AUb levels are hardly altered. The
discrepancies suggest that mechanisms distinct from those involv-
ing BMI1 are involved and that RYBP acts independently of
known PRC1 complexes, as we have seen in ES cells (54). Indeed,
single Ring1A or Ring1B mutant mice do not show the described
two side effects of Rybp-deficient B cell lymphopoiesis, and in fact,
no genetic interactions are observed with the PRC1 Ub ligases or
with their paradigmatic target, Ink4a. All of this points to a PRC1-
independent function for RYBP in B-cell development.

B-1 biased differentiation of Rybp-deficient lymphoid pro-
genitors at the expense of B-2 lineage. Two models have been
proposed to explain adult peritoneal B-1 cell origin: (i) a B-cell

TABLE 1 Glomerular lesions

Genotype and mouse

No. of glomerulia No. of altered glomeruli with a lesion extentb of:

Total Altered Mild Moderate Severe

RYBPf/f

L870 62 2 2 0 0
M183 68 1 1 0 0
M476 62 3 3 0 0
M488 82 0 0 0 0
M543 106 0 0 0 0
M546 75 0 0 0 0
R968 75 7 5 1 1
S254 65 4 2 1 1
T266 65 2 1 0 1
T268 63 3 3 0 0
T272 72 2 2 0 0
T273 67 1 1 0 0

RYBPf/f MxCre
L865 75 6 4 2 0
L868 56 4 3 1 0
M189 65 6 3 0 3
M190 72 1 0 0 1
M478 67 9 4 2 3
M486 80 3 0 0 3
M581 58 14 2 7 5
M582 88 13 2 9 2
M584 70 5 0 5 0
M585 73 15 2 7 6
S253 58 8 4 3 1
S259 55 5 2 3 0
T262 79 4 3 0 1
T263 70 6 0 0 6
T269 69 8 4 0 4
T270 66 5 4 0 1

a A minimum of 60 glomeruli were scored among 10 fields in cortical sections at �20 magnification.
b Mild, periglomerular fibrosis and reactive parietal epithelial cells lining Bowman’s capsule; moderate, proliferation of the parietal epithelium belonging to Bowman’s capsule
mixed with scarce inflammatory cells; severe, half-moon-shaped fibrocellular mass formation with occasional glomerular tuft adhesion and sclerosis.
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receptor-mediated positive selection model (B-1 or B-2 fate de-
pending on the antigen exposure) and (ii) a layered model (B-1 or
B-2 coming from distinct progenitors). The idea that a B-2 cell (or
a B-2P) acquires B-1 characteristics under certain circumstances
in a particular microenvironment (55, 56) or by genetic manipu-
lation (43, 57, 58) has not been discarded. However, it is now
evident that B-1P are generated in adult bone marrow (38, 39,
42). Both B-1 and B-2 B cell progenitors, as in fetal liver, arise
from HSC-derived, more primitive progenitors (42). B-1 and
B-2 cells generated from then on change during ontogeny so
that a high B-1-to-B-2 ratio in fetal hematopoiesis turns into a
low B-1-to-B-2 ratio in the adult. The postnatal lineage switch
results in fewer progenitors with B-1 potential relative to those
endowed with B-2 potential (42). Along this line of reasoning,
the Rybp-deficient B-1P-to-B-2P inverted ratio, together with
the low numbers of mutant B-2 cells, can be interpreted as an
inverted flip toward a more juvenile developmental stage.
Thus, RYBP appears to be a key positive regulator of definitive
B-2 dominance throughout adult life.

B-1P also are produced more efficiently from isolated Rybp-
deficient CLP and LKS. The existence of CLPs distinctly specified
toward B-1 or B-2 has been proposed, as has the idea that B-1 CLP
numbers and proliferative potential decline during postnatal de-
velopment (42). In this context, we interpret that RYBP depletion
provokes B-1 CLP expansion not only in vivo but also in vitro. This
would explain the increased number of B-1P (and most probably
B-1 CLPs) derived from mutant LKS. Interestingly, neonatal B-1
CLPs have a much higher proliferation rate than adult progenitors
(42). RYBP then would be a positive regulator of B-1-to-B-2
switch by inhibiting B-1 CLP proliferation. Other important reg-
ulators, such as Lin28b, have been implicated in such a fetus-to-
adult flip, since it is postnatally downregulated (59). In contrast,

ectopic expression in adult stem and progenitor (59) or even in
proB (58) cells results in increased peritoneal B-1a cells in trans-
planted mice. We tested the hypothesis that RYBP represses
Lin28b, but the mRNA was not upregulated in Rybp-deficient
proB cells (data not shown). Again, our data better support a role
for RYBP in B-1 and B-2 CLP homeostasis, as well as in B-1P
intrinsic proliferation rate (or their response to proliferative cues),
than a role in B-cell specification. It is worth noting that Rybp-
deficient B-1 progenitors have increased in vivo and in vitro pro-
liferation. The higher proliferative rate of Rybp-deficient B-1 pro-
genitors was observed regardless of whether cells were isolated
from Rybp�/� mice or whether they originated in vitro after ta-
moxifen-induced deletion. This strongly suggests an intrinsic role
for RYBP within the progenitor response to the mitogen. Interest-
ingly, a recently annotated map for TSLP signaling included three
major proliferation-associated pathways, SRC/YES and STAT5 in
normal cells and the AKT/mTOR axis in pre-ALL cells (60). Such
a correlation merits subsequent work on the possible impact of
RYBP on these signal transduction pathways.

An additional difference between fetal and adult B-1 precur-
sors is their potential to generate different B-1 B-cell types. B-1
cells comprise B-1a (CD5�) and B-1b cells (CD5�), present in
both fetal and adult B-1 populations. B-1a cells are more effi-
ciently produced by fetal (and neonatal) than by adult progenitors
(42, 55, 56, 61). B-1a is also the main B-1 subtype generated when
adult cells are reprogrammed by Lin28b transduction (58, 59). In
contrast, adult B-1P give rise preferentially, but not exclusively, to
B-1b cells (38–40, 55). That both PerC B1 populations are en-
larged in RYBP mutant mice reinforces the notion that RYBP acts
by inhibiting the expansion of adult B1 progenitors as a whole.

Altogether, our results further support the immune layered
model by which B-1 and B-2 lineages are produced in waves of B

TABLE 2 Nephritis data

Genotype and mouse

No. of foci

Lesion degreebTotal

With indicated
focus sizea With indicated lesion location

I II Periglomerular Perivascular, interstitial

RYBPf/f

L870 3 3 0 1 2 0
M183 3 3 0 1 2 0
M476 4 3 1 3 1 0
M488 4 2 2 0 4 0
M543 2 0 2 0 2 0
M546 2 1 1 1 1 0

RYBPf/f MxCre
L865 6 4 2 4 2 1
L868 9 8 1 8 1 1
M189 5 4 1 4 1 0
M190 5 4 1 2 3 0
M478 11 3 8 6 5 2
M486 8 5 3 2 6 1
M581 11 3 8 6 5 2
M582 14 6 8 9 6 2
M584 10 9 1 4 6 1
M585 9 7 2 6 3 1

a I, occasional or multifocal small foci (10 to 15 inflammatory cells); II, multifocal larger foci (15 to 30 inflammatory cells).
b As described by Shlomchik et al. (36) and Stokes et al. (37).
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lymphopoiesis arising from precursors changing during develop-
ment (56, 62). We propose that RYBP, likely independently of
other PRC1 subunits, is a key actor playing a lead part in adult
B-cell development from multipotent progenitors.
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