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Fig. 3. Effects of the ent 1 lactate production on exp af
metastatic potential. (A) The lactate level in culture medium. The
P29mitP29 cybrids and p"P29 cells were used as cells with normal
mitochondrial respiratory function and without mitochondriul respi-
ratory function, respectively. Bars represent the means £ $.D. (n = 3).
*. P<0.05 **, P<0.005 (B) Experi | metastatic p il We

d ber of nodules fi d in the lung after inoculation of the
cybrids into the tail vein. Enhanced glycolysis is not necessarily
correlated with expression of high i p inl. Bars represent
the means + 5.D. (n = 6).

while P29mtP29 cybrids expressing normal respiratory func-
tion did not form lung nodules (Fig. 3B). These observations
suggest that the mtDNA mutations that induce ROS overpro-
duction can be responsible for is, but the mtDNA
mutation or mtDNA depletion that induces the Warburg effect
alone are not responsible for metastasis at least in Lewis lung
carcinoma cell lines.

4, Discussion

Our recent report demonstrated that complex | defects
caused by the mtDNA mutations and resultant ROS overpro-
duction reversibly control metastasis, and that ROS overpro-
duction controls metastasis not by induction of genetic
mstability or by upregulation of glycolysis, but by upregula-
tion of metastasis-related nuclear genes [16), However, since
complex | defects simultaneously induce up-regulation of gly-
colysis in addition to ROS overproduction, it is still possible
that upregulation of glycolysis caused by complex I defects
alone can be responsible for metastasis. We examined this pos-
sibility by isolation of the P29mtA cybrids that expressed en-
hanced glycolysis, but did not express ROS overproduction
(Fig. 2), and showed that metastasis was not induced in the
P29mtA cybrids (Fig. 3). Since enhanced glycolysis under nor-
moxia, ie., the Warburg effect, caused by mitochondrial respi-
ration defects alone did not induce metastasis in the P29mtA
cybrids, the induction of high metastatic potential in the
P29mtA11 cybrids [16] would be due to ROS overproduction,
but not to the Warburg effect caused by complex I defects.
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The remaining question is whether enhanced glycolysis may
induce oncogenic transformation of normal cells to develop tu-
mors, even though it did not induce malignant progression of
tumor cells to develop metastasis (Fig. 3B). This possibility
would be excluded, since mito-mice expressing enhanced gly-
colysis due to accumulation AmiDNA4696 [23.24] did not
show any bias o form tumors in their tissues (Ishikawa et al.,
unpublished observations). Thus, enhanced glycolysis induced
by mitochondrial respiration defects would not be involved in
both tumor and metastasis development at least in tissues of
mito-mice and in mouse tumor cells used in this study. To pro-
vide direct evidence of whether the Warburg effect induced by
mitochondrial respiration defects is not involved in tumor
development, we are going 1o isolate embryonic fibroblast cell
lines possessing AmtDNA4696 from the mito-mice, and exam-
ine whether they are prone to develop tumors.
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Binding immunoglobulin protein (BiP) is an endoplasmic reticulum (ER) molecular chaperone that is central to
ER Tunction. We examined knock-in mice expressing a mutant BiP in order to elucidate physiological processes that
are sensitive to BiP functions during development and adulthood. The mutant BiP lacked the retrieval sequence that
normally functions to return BiP to the ER from the secretory pathway. This allowed us to examine the effects of a
defect in ER function without completely eliminating BiP function. The homozygous mutant BiP neonates died after
birth due to respiratory failure. Besides that, the mutant BiP* mice displayed disordered layer formation in the
cerebral cortex and cerebellum, a neurological phenotype of recler mutani-like malformation. Consistent with the
phenotype, Cajal-Retzius (CR) cells did not secrete reelin, and the expression of reelin was markedly reduced
posttranscriptionally. Furthermore, the reduction in the size of the whole brain and the apparent scattering of CR
cells throughout the cortex, which were distinct from the reeler phenotype, were also seen. These findings suggest
that the maturation and secretion of reelin in CR cells and other factors related to neural migration may be sensitive
to aberrant ER quality control, which may cause various neurological disorders.

Proteins destined for the secretory pathway are inserted into
the endoplasmic reticulum (ER) cotranslationally and sub-
jected to quality control (12, 25). Aberrant protein folding due
to extracellular stimuli such as ischemia, hypoxia, and genetic
mutations results in the accumulation of misfolded proteins in
the ER, which causes ER stress and initiates the unfolded
protein response (UPR) (35, 39) that enhances the capacity for
ER quality control by reducing general protein synthesis (18),
producing ER chaperones, and promoting ER-associated deg-
radation (4, 6). A failure of this adaptation mechanism may
cause cellular dysfunction and cell death, resulting in diverse
human disorders (24, 26) such as neurodegenerative discase
(21, 23), cardiomyopathy (15), and diabetes (17, 34). Further-
more, mutant mouse models have revealed that the UPR plays
a vital role during normal development by increasing protein
synthesis, as necessary, of dedicated secretory cells (46) such as
pancreatic beta cells (38), plasma cells (37), hepatocytes (36),
and alveolar type 11 epithelial cells (29). Inadequate adaptation
to these physiological demands may lead to diverse diseases.

ER maolecular chaperones and folding enzymes such as bind-
ing immunoglobulin protein (BiP), calnexin, and protein disul-
fide isomerase facilitate the correct folding or degradation of
these newly synthesized proteins as well as of misfolded pro-
teins. BiP, also called the 78-kDa glucose-regulated protein
(GRP78), is a member of the heat shock protein 70 (HSP70)
family of proteins and is one of the most abundant ER chap-
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crones, assisting in protein translocation, folding, and degra-
dation (31). ER chaperones localize to the ER by two mech-
anisms: retention and retrieval (40), BiP is retained in the ER
by interacting with other ER proteins and the ER matrix.
When misfolded proteins accumulate in the ER, BiP is se-
creted from the ER together with the misfolded proteins,
where it assists with protein refolding, or it helps in the deg-
radation of these proteins (16, 47). In post-ER compartments,
the carboxyl-terminal Lys-Asp-Glu-Leu (KDEL) sequence of
BiP is then recognized by the KDEL receptor, which facilitates
the return of BiP to the ER (27, 30).

The complete depletion of BiP has lethal effects on mam-
malian early embryonic cells (28). Saccharomyces cerevisiae BiP
(Kar2p) is essential for survival, while the deletion of the
retrieval sequence (His-Asp-Glu-Leu [HDEL] in yeast) is dis-
pensable because the UPR is activated, and the loss of the
chaperone in the ER is compensated for (3). Therefore, to
clucidate physiological processes that are sensitive to BiP func-
tions during development and adulthood in multicellular or-
ganisms, we produced knock-in mice expressing a mutant BiP
in which the retrieval sequence was deleted by homologous
recombination. The mutant BiP mice died within several hours
after birth due to impaired pulmonary surfactant biosynthesis
and respiratory failure (29). We also found disordered layer
formation in the cerebral cortex and cerebellum in the mutant
BiP neonates. Although altered quality control in the ER due
to mutant BiP may affect the expression of several proteins
with regard to corticogenesis, we found that the expression of
one such protein, reelin, secreted by Cajal-Retzins (CR) cells
(9), was markedly reduced. These findings suggest that com-
mitted secretory cells, such as CR cells, have a threshold of
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protein-folding capacity to cope with the normal physiological
protein overload in the ER during development, and BiP plays
an important role.

MATERIALS AND METHODS

R The followi ihodies were used: mouse monoclonal antibody
{mAb) CRS0 against l:clm (4 gift from M, Ogawa, Brin Science Institute,
RIKEN, Japan), rabbit antserum against the hemagglutinin (HA) epitope
(Zymed, Sun Francisco, CA), mouse mAb G10 sgainst reelin, rabbit antiserum
against Dab] (Chemicon, Temecula, CA), rabbit antiserum against Dabl (phos-
pho-Y220) (Abcam, Cambridge, United Kingdom), mouse mAb EPS against
fibronectin, mouse mAb 6A6 against very-low-density lipoprotein recepton
{VLDLRY), rabbit antiscrum against CHOP/GADD133, rabbit antiscrum sgainst
ubiquitin, gout polyclonal antiscrum aguinst BIP/GRP78, mouse mAb J-3 ugainst
Cdk5 (Santa Cruz Biotechnology, Santa Cruz, CA), mouse mAb 9E10 against the
Myc epitope (ATCC, Manassas, VA), mouse mAb against y-tubulin (Sigma
Chemical, S1. Lowis, MO), mouse mAh SPA-827 aguinst BiP (KDEL sequence)
(Stressgen, Ann Arbor, Ml), d donkey by against rabbit
immunoglobulin G (1gG), um! (.‘ 3 d donkey dy against mouse
1gG (Jackson | West Grove, PA), TO-PRO-3 and
a Slow-Fude antifade kit were purthmd from Molecular Probes (Invitrogen,
Carlsbad, CA).

Plasmids and transfection. A reelin ¢cDNA (pCIIJ was kindly provided by T.
Curran (St Jude Chilidren's R h Hospital, M , TN) (10). To express
# Mye-tagged mutant BiP lacking the KDI:I.. uquenoe. a cDNA encoding a
mutant BIP with residues | to 650 was obtained by PCR using rat BiF cDNA (&
giflt from H. R. B, Pelham, MRC Laboratory of Molecular Biology, United
Kingdom), The PCR product was subcloned into a peDNA3.L Myc-His vector
(Invitrogen, Carlshad, CA). Transfection was performed with the calcium phos-
phate method (20).

MoL. CeLL BioL

lected, cemrifuged a1 440 x g for S min at 4°C, and used as the reelin-containing
medium,

Confocal and immunofluorescence microscopy of primary neurons. Cells on
coverslips were fixed in cold methanol for 10 min a1 =20°C and then processed
as previously described (20). The swined cells were examined by either confocal
laser scanning microscopy (LSMS10 fitted with krypton and argon lasers; Carl
Zeiss, Oberkochen, G y) or fi Py (Axiovert 200 M; Carl
Zeiss),

Northern blot. Northern blot analysis was done as previously described (15).
The expression level of the neelin and Bil? mRNAs was assessed relative to that
of Beactin mRNA using densitometry by Image Gauge software (Fuji Photo
Film)

In situ hybridization histochemistry, reelin cDNA extending from nucleatides
4716 1o 5476 (GenBank accession number LU24703) (9) was cloned into the
PGEM-T Easy vector (Promega, Madison, WI), In vitro transcription from reefin

CDNA wis p 1 using # dig UTP RNA labeling kit (Roche Ap-
plied Science, Mannheim, G y) to prepare the antk and scnse cRNA
probes ding to the fi s instructions.

The brains of mouse embryos at embryonic day 15.5 (E15.5) were fixed with
4% paraformaldehyde dissolved in 0.1 M sodium phosphate buffer (pH 7.4), and
postfixed overnight at 4°C with the same fixative. The brains were embedded in
2% agar in PBS und sliced coronally into 150-pum sections with » Microslicer
(DTK-3000; Dosaka EM, Kyoto, Japan). Hybridization and detection proce-
dures were performed as described below. The free-floating sections were incu-
hated with proteinase K (20 pg/ml) in 0.1% Tween 20 in PBS (PBST) for 10 min
at room temperature. Sections were rinsed with PBST, refixed in 4% parafor-
maldehyde for 20 min, and again rinsed with PBST three times each for 20 min.
Sections were prehybridized in b buffer (50% fi ide, 3% §5C
[ SSC Is 0.15 M NaC1 plus 0.015 M sodium citrate], SO pgfml heparin, 0.1%
Tween 20, § mg/ml torula RNA) for 30 min at 65°C, Subsequently, sections were
hybridized overnight ut 65°C with digoxigenin-UTP-labeled antisense or sense
riboprobes (1.2 pg/ml) in the hybridization buffer. S were then sequen-
tially rinsed in 2% SSCT (0.19% Tween 20 in SSC)-50% lormamide twice each for
30 min at 65°C, 2% SSCT for 15 min at 65°C, and 0.2x SSCT lwm cach for 30
mm ot 65'(: and then incubated ight with alkaline ph

Mutant Bil* mice. We used | Loy hination to establish knock-i
mice expressing BiP lacking the carboxyl | KDEL seq (29). The
g KDEL seq wiss replaced by an HA wg. All animal |
procedures were performed in & with a p | upp d by the

Institutional Animal Care Committee of Chiba University, Chiba, Japan.
Western bloL. The brains removed from the mice und cells were homogenized
in @ buffer containing 04% Nonidet P40, 0.2% N-Inurqflnrmaim. 30 mM
Tris-HCl (pH 80), 1 mM EDTA, 10 pg mi™" aprotinin, 10 pg ml™" leupeptin,
and 30 pg ml™' N-acetyl-v-levcinal-L-ecinal-L-norleucinal (ALLN Sigma
Chemical). The lysates were boiled in sodium dodecy! sulfate-p lamnide gel

ibody (1:4,000 dilution; Roche Applied Scmmx, Mnnnb:lm.
Gcn'mmy] After washing with PBST three times and then once with 0.1 M
Tris-HCI (pH 8.2), sections were stained by use of a solution prcpar:d from
FastRed tablets (Roche Applied Science, A I G ¥) 1 to the
manufacturer’s instruction and then washed with PBST l]ln:e times. Qectmm.
were then coverslipped with 80% glyeerol, lnd!lwmecmc images were ob-
tained directly with a | laser (LSMS5 Pa; Zeiss,

clectrophoresis sample buffer and | by sodium dod lu!fll:-po}y\-
acrylamide gel electrophoresis under reducing conditions. Gels were transferred
onto polyvinylidene Muorid b (Immobilon-P; Millipore Corp., Hil-
lerica, MA), blocked with 5% nonfat dry milk in u-: buller dﬂcrih:d nbove,
incubated with o primary antibody followed by p jugated donkey
anti-goat, anti-mouse, or anti-rabbit 1gG, and developed by chemil ence
(ECL; Amersham Pharmacia Biotech, Buckingh hire, United Kingdom). Im-
uging was obtained by using LASI000 and Image Guuge software (Fuji Photo
Film Co. Ltd.. Tokyo, Japan).
Primary neuronal culture. Cortical neurons of mouse embryos were denved
from embryos at day 17.5 1o 185 fing 10 fard 1 | (1). After
g the 1 ical lobes were isolated in phosphate-buffered saline
(PBS), d.l!nﬂ.lcd into small pieces, and digested with Gﬁ% trypsin and 0.02%
DNase 1in PBS with 5% glucose at 37°C for 20 min. Trypsin was then lized

Oberkochen, G y). No labeling was detectable in the control sections that
were hybridized wnh the sense nbopmbc (data not shown),
Pregr mice were deeply anesthetized by Nembu-
tal, lndembrymwcremuwedbywmnwcum The embryos were fixed by
with 4% puraformaldchyde in PBS, and the heads were
further nnmmmﬁxedimﬂh ot 4°C. Embryonic brains were then embedded
in 3% agar in PBS, and sections at a thickness of 200 wm were prepared on a
Microslicer (Dosaka EM, Kyoto, Japan), The sections were incubated with 10%
normal goat serum in PBS for 30 min 1o block nonspecific antibody binding and
then incubated with a mixture of CR50 mouse monoclonal antibody (1:200
dilution) (32) and rabbit anti-calretinin (1:2.000; Swant, Switzerland) in PBS for
12 hat 4°C. The sections were rinsed with PBS and then incubated with a mixture
of Cy2-conjugated anti-rabbit 1gG (1:100; Juckson Immunoresearch) and Cyd-
mnjnynctl anti-mouse WG (1:200; Chemicon) in PBS for 2 h wt 4°C. For

ik

with @ half volume of horse serum, and the solution was centrifuged at 440 % g
for 5 min at 4"C. The resultant colls were triturated in Dulbecco’s modified
Engle's medium (DMEM)-F-12 medium containing 10% fetal bovine serum
using @ siliconized Pasteur pipette and scattered at about 2 % 10° 1o 4 x 10°
cells/em® on plates coated with poly-L-lysine (Sigma). Cells were maintained in
DMEM-F-12 medium containing 106 fetal bovine serum-1% penicillin-strep-
tomycin for 3 days st 37°C and Ihen rv:placed with opti-MEM (Invitrogen)
containing 1% of an insulin A mi (ITs; 1 gen)
and antibiotics. On the Toll g day, the sup were coll 1, centri-
fuged using a table-top machine at 440 X g for 5 min at 4°C, and concentrated
by c:nlnl.’u;.ntlnn (YMS0; Mllllporc] The neurons were treated with control or

i T | as previously described) (8) at 37°C for 20
min and collected for Wulelll blotting. 2937 cells were transfected with full-
length mouse reclin expression construct pCrl. The following day, the cells were
washed with serum-free DMEM and maintained in opti-MEM containing 1%
ITS and antibiotics. After three more days, the conditioned medium was col-

[ histochemistry of the cerebellum, rabbit antis c:llhmdln

(L:2,000; Swant) was used ns the primary fy, und Cyl-conjugated anti-
rabbit IgG was the fary antibody. The were then rinsed with PBS
and mounted onto glass slides with B0% gly I. For counter g with &
DNA dye, the 1 3 with anti-calbindi ibidy were stained

with TO-PRO-3 (Invitrogen) and mounted with SlowFade (Molecular Probes),
The sections were observed under a confocal lnser (LSMS
Pa; Carl Zeiss).

BrdU labeling. Bromodeoxyuridine (BrdU) (80 mg - kg™') was administered
intraperitoncally to pregnant mice at the E13 or E15 three times a day (at 10:00,
16:00, and 22:00). At E18, the emhryos were removed by cesarcan section and

rfusion fived as ioned above The brains were embedded in agar, and
u.'c!k!nl with & thickness of 200 um were prepared and incubated with 2 N HO
for | h ut room temperature. The sections were then rinsed with PBS, treated
with 10% normal goat serum, and then incubated with 3 mouse mAb sgainst
BrdU (1:50; Becton Dickinson, Sun Jose, CA) for 12 h. After rinsing with PBS,
the scctions were incubated with Alexa 488-conjugated goat anti 1gG
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Delective neocortical layer formation in mutant BiP mice,

I'he homozygous mutant BiP mice were born at the expected substantially smaller than those of wild-type mice (Fig. 1B),
Mendelian ratio, and they died within 1 day after birth due to suggesting that the brain was particularly affected by the BiP
respiratory falure (29). They moved and responded to painful mutation. In fact, the neocortical stratification a1 E18, as ob

stimuli but appeared pale and were significantly smaller than served with hematoxylin-cosin staining, was defective in the

y high den

1in had

iative

wild-type mice (Fig. 1A), Among the various organs, the mu mutant BiP mice. The mutant br

the cerebral cortex and cerebe

tant brain, including as sity of neurons in neocortical layer I (Fig. 1C, right), in contrast
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FIG. 3. Significant downregulation of reelin expression in superfi-
cial layer | of the mutant BiP neocortical primordium. (A and B) The
levels of expression of reelin, CdkS, and vy-tubulin in brains of E18.5
embryos were evaluated by Western blotting. (C and D) At E16,
intense reclin immunoreactivity was found in the superficial layer of
the control (C), but immunoreactivity was significantly reduced in the
mutant brain (D). Scale bars, 200 wm. cp, cortical plate; iz, interme-
diate zone; svz, subventricular zone; 1, layer I; B/B, homozygous mice;
B/+, heterozygous mutant mice; +/+, wild-type mice.

10 a low density of neuronal arrangement in the control (Fig
1C, left)

Cortical neurogenesis occurs in the ventricular zone, and the
new neurons migrate through other new neurons to the mar-
ginal zone and then move to their final destination during
embryogenesis, To further investigate the defect in layer for-
mation during neocortical development, birth date analysis of
the neocortical neurons was carried out by BrdU labeling (Fig.
2A to D). Neuronal precursors in the ventricular zone became
labeled with BrdU during proliferation and migrated afier the
final mitosis through earlier-born neurons to the cortical plate
in normal corticogenesis, When BrdU was administered at
E13, heavily labeled cells were distributed in forming layers V
and VI, and lightly labeled cells that repeated mitosis after
BrdU incorporation were distnbuted in the upper layers at E18
in the control (Fig. 2A and E), as reported previously by
Caviness (7). In the mutant, however, heavily labeled cells were
distributed in the upper layer up to superficial layer I, and few
labeled cells were observed in the lower layer at E18 (Fig. 2B
and E). When BrdU was administered at EL5, in the control,
the heavily labeled cells reached upper layers 11 and 111 at E18
(Fig. 2C and F), as reported previously by Caviness (7), but in
the mutant, only a small number of heavily labeled cells
reached these upper layers, and most of the labeled cells were
distributed in the lower layer (Fig. 2D and F). These findings
indicate that, in the mutant brain, the earlier-born neurons

reached the superficial layer and remained there and that the
later-born neurons did not reach the upper layer, remaining in
the lower layer, The mutant BiP mice exhibited an outside-in
pattern of neocortical layer formation, in contrast to the inside
out pattern in the control (7), indicating that neocortical layer
formation was impaired.

Mutant Bil* mice have reduced expression of reelin, The
above-described findings suggested that aberrant neocortical

MoL. CeLL. Biow

+/+ BIB

FIG. 4. Mutant BiP mice exhibit defective cerebellar development
(A and B) Staining of the cerebellar primordium at E18 with a DNA
dye, TO-PRO-3. The cerebellum of the homozygote (B) is much
smaller than that of the wild type (A). An EGL is formed in both
genotypes, but the progression of EGL formation in the caudorostral
direction is retarded in the homozygote (B). (C and D) Purkinje cell
distribution in the cerebellum at E18. Calbindin-immunoreactive Pur-
kinje cells are distributed in the cortical layer in the cerebellum of the
control (C). In contrast, large numbers of immunoreactive cells stay in
the subcortical region of the mutant cerebellum (D). Scale bars, 100
wm. B/B, hnnm;_l,-_gmn mice; +/+, wild-type mice; cn, cerebellar nu-
cleus; egl, EGL,; Pj, Purkinje cell layer; rl, rhombie lip; IV, the fourth
ventricle.

formation is due to the defects in layer formation, like a defi

ciency in reelin signaling in a reeler mutant malformation (9,
13) or a deficiency in Cdk5 signaling (33). Indeed, analysis of
the embryonic cerebral neocortex revealed significantly re-
duced reelin expression by Western blotting and immunoreac

tivity in superficial layer 1 of the mutant BiP mice (Fig. 3A, C,
and D), while the expression of Cdk5 was preserved (Fig. 3B).
These results are consistent with the fact that reelin is a secre-
tory protein that may interact with BiP in the ER, whereas
CdkS5 is a cytosolic protein that i apart from BiP.

Because reeler malformation is also well documented in the
cerebellum with regard to the migration defect of Purkinje
cells (48), the structure of the cerebellum was examined at
E18. The growth of the mutant cerebellum was significantly
retarded as shown by staining with DNA dye (Fig. 4A and B).
Although the external granular layer (EGL) was formed in

both genotypes, the development of an EGL migrating tangen-
tially from the rhombic lip was significantly retarded in the
mutant BiP' m

e (Fig. 4A and B). A large number of Purkinje
cells remained in the subcortical region, in contrast to the
cortical arrangement of Purkinje cells in the control (Fig. 4C
and D). Hippocampal layer formation showed little defect in
the mutant BiP mice based on hematoxylin-cosin-stained
sections (data not shown),
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FIG. 7. Reelin expression is reduced posttranscriptionally in the
mutant BiP brain. (A) The levels of expression of reelin, VLDLR,
Dabl, tyrosine-phosphorylated Dabl (p-Dabl), fibronectin, GRP94,
BiP, mutant BiP, CHOP, and y-tubulin in brains of E18.5 embryos
were cvaluated by Western blotting. In mutant BiP, the carboxyl-
terminal KDEL sequence was replaced by an HA tag. (B) Northern
blotting using probes for reelin, BiP, and B-actin mRNAs in brains at
E18.5. The expression levels of reelin and BiP mRNAs were as-
sessed by the relative ratio to B-actin mRNA. (C) Secretion of
reelin and mutant BiP in the culture medium from the primary
neurons and 293T cells transfected with reelin cDNA, as evaluated
by Western blotting. (D) Primary neurons were treated with control
(=) or reelin-containing medium (+) at 37°C for 20 min, collected,
and subjected 1o Western blotting with antibodies against reelin,
Dab1, tyrosine-phosphorylated Dabl, and y-tubulin, The expres-
sion levels of reelin and tyrosine-phosphorylated Dabl were as-
sessed by the relative ratios (o y-tubulin, (E) Expression of ubig-
uitinated (Ub) proteins in the cerchrum at EI8.5 embryos, as
evaluated by Western blotting. B/B, homozygous mice; B/+, het-
erozygous mutant mice; +/+, wild-type mice.

Reelin secretion is impaired in the mutant BiP brain. Reclin
is a large secreted glycoprotein (9) produced by some cortical
neurons such as CR cells in the marginal zone during devel-
opment. Reelin mediates cortical laminar formation through
binding to VLDLR and apolipoprotein E receptor type 2
{ApoER2) on cortical neurons (8, 43). In reeler mice deficient
in the reelin gene (Y), the cortical neurons lack the ability to
localize properly and settle inside the earlier-migrating neu-
rons (7).

In EIS.5 mice, we used an anlibody directed against the
amino terminus of reelin to detect a fragment of reelin (—180
kDa) in the wild-type cerebral cortex; however, these frag-
ments were much less intense in the homozygous mutant BiP
cortex (Fig. 7A), consistent with histological observations. Al-
though VLDLR expression was equivalent between wild-type

Mol CeLL. Bio-

and mutant BiP cortices, dephosphorylated Dab1 accumulated
in the mutant BiP brain, indicating that the reelin signaling
pathway was inactivated there. The expression of another se-
creted glycoprotein, fibronectin, was preserved in the mutant
brain. The reelin deficiency was not a consequence of reduced
transcription, because reelin mRNA expression did not differ in
control and mutant brains (Fig. 7B), consistent with the in situ
hybridization experiment (Fig. 6). The expression of BiP
mRNA as well as CHOP protein (a cell death-related tran-
scriptional factor of the UPR) (50) was enhanced in the mu-
tant brain (Fig. 7A and B), suggesting that the mutant brain
suffered from ER stress.

Mutant BiP might impair the folding of reelin, leading to its
degradation by the ER-associated degradation pathway or to
its secretion as an immature form from the CR cells due to an
escape from ER quality control. To test this possibility, we
used primary neurons derived from embryonic brains and
found a significant decrease in reelin secretion by the homozy-
gous mutant BiP neurons compared with that of wild-type or
heterozygous neurons (Fig. 7C). To investigate whether the
homozygous mutant BiP neurons maintained their respon-
siveness Lo reelin stimulation, we incubated primary neurons
with conditioned culture medium containing a severalfold
physiological level of reelin secreted by 293T cells tran-
siently transfected with reelin cDNA (Fig. 7D). Exogenous
reelin seemed to be active on the homozygous neurons,
leading to the activation of the reelin signaling pathway, as
demonstrated by a reduced amount of Dabl expression and
an increased amount of phospho-Dabl expression. On the
other hand, the reelin signaling pathway in the heterozygous
mutant cortical neurons seems to be constitutively active
with endogenous reelin even without exogenous reelin stim-
ulation. Thus, Dabl expression and phosphorylation (Fig.
7D) are rather unchanged in the heterozygous mutant.
These results suggest that the impaired secretion of reelin
by the CR cells rather than defective responsiveness in the
cortical neurons may be responsible for the ncurological
phenotype of reeler mutant-like malformations in mutant
BiP mice. Thus, the impaired retrieval of BiP may promote
the degradation of misfolded proteins by the ubiquitin/pro-
teasome pathway. In fact, ubiquitinated proteins accumu-
lated in the mutant cerebrum (Fig. 7E).

BiP may enhance the folding of reelin. Mutant BiP was
detected in the ER (29), but a significant fraction was also
secreted from cells because of the lack of the retrieval motif
(KDEL) (Fig. 7C). We examined the subcellular localization of
reelin to establish its relationship with mutant and wild-type
BiP. Reelin colocalized with mutant BiP in the ER in primary
neurons derived from heterozygous mutant BiP embryos; this
was also the case in cortical neurons in the homozygous mutant
postnatal brain, where the expression of reelin was reduced
(Fig. 8A). To obtain further insight into the interaction of BiP
and reelin, we performed cotransfection experiments in HeLa
cells. Coexpression of reelin and wild-type BiP, but not the
mutant BiP lacking the KDEL sequence, greatly enhanced the
cxpression of reelin protein (reclin mRNA levels were equiv-
alent in the two transfections) (Fig. 8B). These results suggest
that BiP promotes the folding of reelin.
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FI1G, 8. BiP may enhance the maturation of reelin. (A) Subcellular
localization of endogenous reelin and mutant BiP in primary neurons
from the heterozygous (B/+) mutant BiP embryo and the cortex of the
homozygous (B/B) mutant BiP embryo (E18.5), as evaluated by con-
focal laser scanning microscopy, with double cling using a mouse
mAb for reelin and a rabbit antiscrum for H: le bars, 10 pm
(B) HeLa cells were transiently transfected with reelin alone or co-
transfected with either mutant BiF in which the KDEL sequence was
replaced by a Myc tag or wild-type BiP (the Myc-tagged mutant BiP
has a higher molecular weight than wild-type BiP), The levels of ex-
pression of reelin, BiP, and y-tubulin were evaluated by Western
blotting, and the levels of expression of reelin and P-uctin mRNA were
evaluated by Northern blotting. The expression level of reelin mRNA
was assessed relative to that of B-actin mRNA

DISCUSSION

We produced knock-in mice expressing a mutant BiP with
the retrieval sequence deleted, which allowed us to examine
the effects of a defect in the response to secretory pathway
stress withoul completely eliminating BiP function, as would be
the case with BiP knockout mice (28). The loss of BiP [unction
was compensated for by the UPR in embryonic fibroblasts.
However, neonates expressing mutant BiP suffered respiratory
failure caused by the impaired secretion of pulmonary surfac-
lant in alveolar type 11 epithelial cells (29). Furthermore, we
observed abnormal corticogenesis in mutant BiP mice. Mutant
cretory cells, such as

BiP may predominantly affect dedicated
alveolar type 11 cells and CR cells, in which active secretion is
particularly important; thus, protein folding was probably af-
fected in these cells. Indeed, we found an impaired secretion of
reelin in CR cells, which may account for one aspect of cortical
malformation in the cerebrum and cercbellum of mutant BiP
mice. We also demonstrated increased Dabl protein levels and
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a reduction in Dabl tyrosine phosphorylation, which are con
sistent with a reeler-like phenotype. On the other hand, this
mouse has other phenotypes in the brain that are distinct from

e include the reduction in the size of

the reeler phenotype. Th

the wk bram and the

apparent scattering of CR cells

throughout the cortex, suggesting that mutant BiP may likely

with other sub

ites in addition to : reclin re

quired for brain development
The deletion of the retrieval sequence from BiP could have
wo possible effects. First, the lack of recycling of mutant BiP

o

: ER could impair the folding environment in the ER
This effect may be limited because constitutively active UPR
compensates for it, and a sufficient amount of the functional
mutant BiP, as long as it stays in the ER, may be produced for
cell survival, Second, the impaired retrieval of mutant BiP may
affect quality control in post-ER compartments, In addition to
the ER itself, several studies have revealed that proper ER-
to-Golgi apparatus transport and the subsequent retrieval/re
turn of proteins and lipids to the ER may contribute to quality
control (16, 19, 42, 45, 47). In this regard, the folding (and
therefore function) of reelin may be dependent on the proper
retrieval of BiP to the ER via interactions with the KDEL
receplor.

Reelin is a large 3,461-residuc secreted glycoprotein that has
cight reelin repeats of —350 residues each that contain an
epidermal growth factor motif followed by a carboxyl-terminal
33 residues rich in basic amino acids (43), During embryogen-
esis, CR cells secrete reelin as homo-oligomers that function in
cortical layer formation through binding to lipoprotein recep-
tors on cortical ncurons (44). Although the folding, intracellu-
lar transport, and oligomerization of reelin have not been
characterized in detail, we found that reelin protein expression
was impaired in mutant BiP mice, indicating that BiP may play
a role in the maturation of reelin. Furthermore, we found that
the expression levels of BiP mRNA and the CHOP protein
were enhanced in the mutant brain, suggesting that the mutant
brain might have suffered from ER stress. We speculate that
the folding of the reelin protein may be vulnerable to impaired
quality control in the ER and the post-ER compartments of
mutant CR cells. If true, this assumption suggests that envi-
ronmental stresses that perturb ER quality control may also

impair the reelin signaling pathway and other factors, which
may causc neuronal migration defects

In addition to brain development, several studies suggested
the possible role of reelin in the pathogenesis of human mental
disorders such as schizophrenia, autism, bipolar disorder, and
Alzheimer's 14, 43). Because reelin signaling
through ApoER2 in adult brains modulates synaptic plasticity
and memory formation (2), the defective reelin signaling path
way may contribute o the pathogenesis of adult mental disor
ders. Reelin and ApoE share ApoER2 on cortical neurons (8),
and ApoE inhibits reelin signaling by competin,
ApoER2. Interestingly, the E4 allele of ApoE increases the
risk of developing sporadic forms of Alzheimer’s disease.

In the meantime, the persistent accumulation of misfolded
proteins beyond the capacity of ER guality control causes ER
stress, leading to cellular dysfunction and cell death (24, 26).
This process is thought to cause human mental disorders such

discase (5,

iy

for binding to

as neurodegenerative diseases including Alzheimer's discase
(23) and Parkinson’s discase (21), bipolar disorders (22), and
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ischemic neuronal injury (41). The involvement of impaired
BiP function in neurodegenerative diseases has been reported
in a mouse model where the disruption of S1L1, a cochaperone

of

BiP, caused protein accumulation and neurodegeneration

(49). Thus, reclin signaling and ER quality control may be
related to the pathogenesis of adult mental disorders, as seen

in

reeler mutant-like cerebral malformation in mutant BiP

neonates,

The UPR is a ubiguitous mechanism in all cells to adapt to
ER stress in pathological conditions, and BiP is an essential
component of this system. Our results suggest that a physio-
logical increase in the production of reelin and other factors in
dedicated secretory cells like CR cells during neonatal periods
may require the UPR and a proper folding capacity in the ER.
Neuronal migration and stratification may be sensitive 10 en-
vironmental insults such as viral infection, hypoxia, and isch-
emia that perturb ER functions,
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Inactivation of the Polycomb Group Protein RinglB Unveils an
Antiproliferative Role in Hematopoietic Cell Expansion and
Cooperation with Tumorigenesis Associated with
Ink4a Deletion”
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Polycomb group (PeG) proteins act as positive regulators of cell proliferation. RinglB is a PeG gene essential

for embryonic development, but its contribution to cell turnover in regenerating tissues in nut known, Hert, we
have generated a conditional mouse mutant line to study the Ring1B role in adult hemat is. Mutant mice
developed a hypocellular bone marrow that paradoxically contained an enlarged, hyperprnlifernting compart-

ment of immature cells, with an intact differentiation potential. These alterations were associated with
differential upregulation of cyclin D2, which occurred in all mutant bone marrow cells, and of pl16'™**,
observed only in the dilferentiated compartment. Concurrent inactivation of fnkda rescued the defective
proliferation of maturing cells but did not affect the hyperproliferative activity of progenitors and resulted in
a shortening of the onset of lymphomas induced by /nk4a inactivation. These data show that RinglB restricts
the progenitors’ proliferation and promotes the proliferation of their maturing progeny by selectively altering
the expression pattern of cell cyele regulators along hematopoietic differentiation. The novel antiproliferative
role of RinglB's downregulation of a cell cycle activator may play an important rele in the tight control of

hematopoietic cell turnover.

Adult multicellular organisms have evolved cell turnover
strategies adapted to the maintenance and repair of tissues. In
many cases, such as the hematopoietic system, gut, skin, and
brain, tissue homeostasis depends on the activity of multipo-
tent stem cells from which derive all the cell lineages that make
these tissues (17, 56). Because of the relatively small number of
stem cells, their progeny undergoes an expanding but limited
number of cell divisions along the differentiation process be-
fore entering the mitotically inactive state of fully mature cells.
Tissue homeostasis, then, depends on an adeguate balance
between stem cell renewal, regulated cell proliferation, and
terminal differentiation of stem cell progeny (58, 74).

The Polycomb group (PcG) of proteins are transcriptional
repressors that prevent the inappropriate expression of genes
that determine cell identity (4, 11). PcG gene products assem-
ble in multimeric complexes (Polycomb repressing complexes
[PRC]) whose transcriptional activity is associated to their role
as chromatin modifiers (64). PRC are compositionally diverse,
but depending on which of two sets of core subunits they
contain, they are designated type PRCI or PRC2 (40). Histone
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H2AK119 monoubiquitylation depends on the RING finger
E3 ligases of PRCI complexes (10, 73), whereas histone
H3K27 trimethylation is carried out by PRC2 complexes (12,
18, 34, 46), Well known as developmental regulators (57), PeG
genes also play important roles in cell proliferation control (41,
52). Murine models of loss of function of PeG genes encoding
PRC1 subunits show reduced size and hypocellularity of he-
matopoietic organs (1, 15, 69, 70) and also, in some cases
(Bmil) of brain structures (71), indicating that PcG complexes
are positive regulators of cell proliferation. The upregulation
of PeG products observed in a wide variety of tumors (54, 68)
and their cooperation in oncogene-induced tumorigenesis (27)
further support a role for PcG complexes as promoters of
proliferation. Exceptionally, inactivation of the PRC2 subunit
Eed resulted in enlarged hematopoietic compartments (36).
These alterations are due, at least in part, to PeG-mediated
repression of the Ink4a/Cdkn2a locus, which encodes the tu-
mor suppressors p16"™*** and p19*. Loss of function of PRC1
proteins, and Bmil in particular, results in premature senes-
cence of hematopoictic and neuronal stem cells (28, 37, 44, 48,
49, 51), PeG complexes also promote expansion of maturing
cells by preventing senescence and apoptosis, although the
contribution of each of these mechanisms varies depending on
the particular tissue and the PcG protein (9, 14, 38, 45).
RinglB and its paralog RinglA are the RING finger E3
ligases that monoubiquitylate H2A (20, 73). They associate
directly with Bmil, Mel18, M33, and Phcl, forming the core of
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PRCI1 complex(es) (25, 39, 63), The contribution of RinglA
and RinglB to cell turnover of renewing tissues is not known.
Constitutive inactivation of RinglA results in fertile mice with
no overt phenotypes (19), whereas inactivation of RinglB
leads to embryonic lethality due to defective gastrulation (72).
Considering that RinglB expression in the adult hematopoi-
etic compartment is detected in all differentiation stages, from
the hematopoietic stem cells (HSCs) and their immature de-
scendants (29), we sought to address the role of RinglB in
adult hematopoiesis using a conditional mutant mouse line.
We find that RinglB inactivation results in a reduction of total
bone marrow cells and, at the same time, an enlargement of
the immature cell compartment. We also show that the alter-
ations in the size of bone marrow cell populations are due 1o
cell proliferation defects caused by upregulation of compo-
nents of the cell cycle machinery that act as activators (cyclin
D2) or inhibitors (p16"***) of proliferation in a differentiation
stage-dependent manner. Finally, we observed premature de-
velopment of lymphomas in compound RinglBi/nk4a mutant
mice that suggests an important role for RinglB in controlling
the expansion of progenitor cells in adult hematopoiesis,

MATERIALS AND METHODS

Mice, g ping, und ditienal inactivation of RinglB, RinglB penomic
sequences for the targeting vector were generated from a partial genomic clone
isolated from a mouse 1295V Lambda FIX 11 phage library (Stratagene) probed
with a Ring /i cDNA. The 5" arm of the targeting vector was a 4,680-kb EcoR1-
BsINI frag cor ding to es located 4,464 bp 5' from the intron
2-exom 3 junction, and |hc <3 lmn wna u 5,286-bp BstNI-EcoR1 fragment encom-
passing sequences up to 97 bp 3’ of the exon S-intron 3 boundary. They were
subcloned into pP(JKJl:D!lmDTJ\ plasmid (67), which contains & phosphoglye-
erol k:nus: yein gene flanked by two laxf* sites
and & p .' | | ki tiph taxin gene cassette (see Fig. S1A in the
:uppl:mcnul mncml} The 5' arm was modified by inserting an oligonucleotide
containing a laxP sequence and a Bglll site at the Avell site 197 bp §' from the
intron T-exon 2 junction using a PCR strategy. The targeting construct was
linearized and electroporated into 2 % 10" mouse R1 embryonic stem (ES) cells.
Colonies surviving the G418 selection were transferred into duplicated 48-well
plates, which were used 10 prepare frozen stocks of the ES cell colonies and to
lsolate genomic DNA, respectively. The targeted allele was identified by South-
ern blotting using probes external to the targeting vector (see Fig. S1A in the
supplementul material), Two Ringl B*™* (herealter, RinglB") ES clones were
aggregated with morulae obtained from CS7BI10 mice, and the resulting chi-
meric males were mated to CSTBI0 mice, and h:l:mxygonn animals were iden-
tified by Southern bl 2. For routine g ping. ) DNA was amllymd
by using a three-primer PCR (see Fig 51!\ in the suppi
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Dounce homogenizer (loose pestle) in PBS-2% FCS. Cells were counted in o
hemocytometer.

Blood was ob d by heart p i diately after mice were sacrificed.
Blood counts were mostly performed by manual i ,,m ah ¥ or
iummnlically using an Abacus {Diatron) h logical .M I count-
|n; of white hiuod cclls was carried oul after cr)ﬂhrumx Ipu

ping and cell ion. Single-cell suspensions were washed
with FBSund Jed in cold washing sol (PBS-2% FCS-0.1% sodium

azide). The appropriate antibodies were then added, and cells were labeled for
20 min at 4°C. After a washing step, cells labeled with biotin-conjugated anti-
bodies were further incubated with streptavidin conjugated to phycoerythrin
(PE) ot peridinin chlorophyll protein-Cy5.5, Samples were acquired in a FAC-
Scan fluorescence-activated cell sorter (FACS) instrument with CellQuest soft-
ware of # FACSCanto with Diva sofiware, all from Becton Dickinson. The
antibodies that were used were s follows: c-Kit conjugated to fluorescein iso-
thineyanate (FITC), biotin, or allophycocyanin (for analysis); Sca-1, Gr-1, CD41,
and B220 conjugated w FITC or biotin; Mac-1, CD3, and Ter119 conjugated to
biotin; CD34 conjugated to FITC; FeyR and CD19 conjugated to PE, All anti-
bodies were purchased from BD Biosciences,

For common myeloid pm;eni!ur (CMP) sorting, isolated colonies with immii-
ture phenotype were pooled, ically depleted of Lin® cells, and
Inbeled with anti-c-Kit-allophycocyanin -, nm:—CDMF‘.ITC and anti-FeyR-PE-
conjugated antibodies and sorted on the ¢-Kit*/CD34 " /FeyR™ gate in a FACS
Vantage soner c,qu&pp:d with a Diva ;yﬁem (BD Biosciences), set to render the
highest purity, | ic cell solation was done using a Lincage Cell
Depletion kit and LD mlurnns together with a QuadroMACS separation unit
from Miltenyi Biotec. puietic cell subpoy ions for Ring1 B exp
analysis were isolated by cell sorting as described previously (30), usln; M-:i"
Gr1* for monocytie and Macl * Gr1™# for granulocytic |
in a FACS Vantage sorter (BD anm)

In vitro colony forming assuys. Myekud nnd pre-k B—oell colony plating anays
were performed in cytok ¥ ylcellulose-based
M3434 and M3630 (StemCell Technol ) g total bone in
duplicate (2 % 10° or 2 x 10* cello/35-mm dish for pr:-B-::Il and myeloid assays,
respectively), For assays of solated progemitors, 500 Lin~ cells were used pcr
plate. Mycloid cultures were scored for colony f won and hol
unalyzed at day +12 unless otherwise specified, Pre-B-cell and Immanut nml.md
colonies were systematically scored at day +8 and day +7 after seeding, respec-
tively. Serial replating, using equal numbers of cells, was performed 10 days after
plating.

Cell proliferation, cell division, and apoptosis assays. Bone marmow or so-
lsted Lin~ cells were cultured in 24-well plates containing Iscove's modified
Dulbecca’s medium-10 FCS medium plus 20 or 50 ng/ml of recombinant
murine interleukin-3 (1L-3} or recombinant human 1L-6, respectively (Pepro-
tech). Recombination in cultured cells was achicved by adding 4-HT (0.4 pM;
Sigma) or vehicle, where indicated. Lin™ cells cultures also contained 100 ng/mi
of recombinant human stem cell factor (Peprotech). Viable cells were counted by

T 44

uypan blue excl inah Y

B devxyuridine (Brdl) i P on was d by sdding the nucle-
otide precursor analog to the culture medium at a final { (lf‘iﬂaM
Alfter 18 h labeled cells were di | with a filuoroch onj | anti-

BrdU antibody (FITC BrdU Bwtu'BDPhummsen]mdmﬂyudbyﬂw

For in vivo conditional inactivation, Ring /8™ (hereafier, Rﬂwfm mice

y in a FACScan cytometer equipped with CellQuest software (BD
Bummcea] For cell division assays, cells were labeled with 2 uM carbuoxy-

were crossed with MyCre (ransgenic rlm.‘e(“] MxCre expression was induced by succinimidyl ester (CFDA-SE) and handled as indicated by
intraperitoneally injecting 250 pg of p polycytidine (plpC; Pt 1] the facturer (1 ). Cell inted fluorescence was analyzed by flow
on three alternate days in 6- to l’-m\-.ck old mice, “Ex vivo™ I | mncti- y v 18 h ].w, To o ine the 1 jated 1o cells before
vation of Ringl/B was carricd out on cells ob d from mice i by ivision, two were : one was analvzed i diately, and the

crossing Ring!B™ mice with RERT™ mice, a mouse line in which an IRES-Cre-
ERT2( ifen-inducible Cre) wis knocked in into the 3° luted

second was I(epl at 4°C to match the analysis conditions. An FITC-conjugated

region of the RNA polll (Polr2a) geoe (43), to obwain Ring! B, RERT™" mice
(here termed Ring! B CreERT2). Tramslocation of Cre-ERT2 to cell nuclei and
laxP recombination were achieved by adding to the cul 4'-hyd if
{[4-HT] 0.4 pM final concentration; Sigma) or vehicle {+4—H| :nu =4-HT
cultures, respectively),

Compound Ring! B Ink4a ="~ mice were obtained by crossing Rinmg | B mice
wllh the Ink+4a™'" nm'uk line [65} Gcnulypm; of the lnkda allele was done by

t blotting as ibed previously (65). All mouse procedures were in-

stitutionally wpproved and were in accordance with national and European reg.
ulations,

Cell ing and blood analysis. Bone cells were flushed out of both
femurs with phosphate-bulfered saline (PBS) containing 2% fetal culf serum
(PBS-2% FCS) under sterile conditions. Spleens and thymi were di dinn

recombi human V kit (Bender Medsystems) was used to stain
apoptote cells prior 1o flow cytometry analysis.

Western blotting analysis. Cells were lysed in radioimmunoprecipitation ussiy
buffer (10 mM Tris-HCL, pH 7.2, 150 mM NaCl, 1% TX-100, 0.1% sodium
dudﬂ-yl wilfate, 1% slcmydlullll:. 5 mM EDTA. 20 mM NaF, 100 pM or-

late, and p inhib ) for 30 min on ice. Cell lysates were cleared
of debris by rl:rllnlngalinn at 15,000 % g for 15 min, aliquoted, snap-frozen, and
kept at =70°C until used. Thirty micrograms of el protein was subjected o
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to
BioTrace polyvinylidene difluoride b (Pall Cory ) for L hat2
mA/em?® on a semidry transfer (A ham). Ponccau sthining was
routinely performed on b und digital ph hs were taken in order
to record a sample loading control. After being blocked in Tris-buffered saline
ining 0.1% Tween 20 and 5% nonfat dry milk, filters were incubated
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overnight at 4°C with the following antibodies: unti-Ring| B (63), anti-p16'™*
(M-156; Santa Cruz), anti-cyclin D2 (M-20; Sants Cruz), anti-cyclin D3 (C-16;
Santa Cruz), ant-pI7T™" (clone 57, Transduction Laboratories), anti-cdch (Ab-3;
Oncogene), anti-pST™ (KP-39, Sigma), anti-cyclin A (H-432; Santa Cruz), anti

pI9M" (abB0; Abcam). After n washing step and incut with horseradish
peroxi gated sccondary antibodies {Dako), signals were detected using
nn enh i ch e Tnee mlcm {Pierce ).

Histopathology and i Y- Normal and tumor tissue samples

were fixed in 10% neutral-buffered formalin for 24 h. After dehydration and
paraffin wax embedding. 3-um sev:ﬂom were prepared and stained with hema-
toxylin and eosin. For h 1 analysis, were 4 on
poly-i-lysine-coated slides, and anti-PaxS antibodics were detected by the avidin-

biotin-g Jise complex hod (P Elite, Vectastain, and ABC kit
Vector Laboratories)

o itative reverse tr iption-PCR exy Iy RNA was so-
lated from sorted b poietic cell 1 using un RNeasy kit (Qingen),

Random-primed ¢DNA was genersted using a Superseript 111 First Strand re-
verse transcription kit (Invitrogen), Triplicate reactions of cDNA amplification
were performed in Sybr Premix Ex Tag (Tekara) and analyzed using a 700HT
Fast Real-Time PCR System (Applied Biosy Relative mRNA i
to scidic nbowmnl phmplm;rmt:m mRNﬂ levels was determined using the
cydle th i (AAC ) 1. The following sets of primers were
uud for Ring1 B, TTGACATAGAATGGGACAGC (forward) and GTCAGC
AGAAAGTCTTGTGE (reverse); for acidic ribosomal phosphoprotein, CGAC
CTGGAAGTCOCAACTAC (forward) and ATCTGCTGCATCTGCTTG (re-
verse)

ChIP. Lin™ and Lin* bone marrow cells were processed for chromatin im-
munoprecipitation (ChiP) assays using anti- :nmel.hyhmd H3K2T7 (Upstate),
anti-Ringi B (3), and anti-Bmil (21) antibodi ipi | DNA was
amplified using the primer pair TTGCCCTGAATATAGCATGA and TCATG
CTATATTCAGGGCAA or the pair COATCCTTTAGCGCTGTTTC and CA
CACTCTGCTCCTGACCTG that span 271 bp and 201 bp in the murine
P16 geae promoter area, respectively.

ly Values are exp 1 as means = standurd deviation
(5D). Data sets were compared using a two-tailed Student’s ¢ test, and differences
were considered significant for P values of <005,

RESULTS

Loss of RinglB leads to concurrent bone marrow hypocel-
lularity and enlarged i ture cell comp RinglB
mRNA expression was found to be ubiquitous in hematopoi-
ctic cells, from the most primitive HSC and its derived pro-
genitors (CMP and common lymphoid progenitor) through
more committed but still immature bivalent progenitors
(granulo-monocytic  progenitors [GMPs] and megakaryo-
erythroeytic progenitors [MEP]) and the most mature myeloid
and lymphoid cells (Fig. 1A). To study the function of Ringl B
during adult hematopoiesis, we crossed a plpC-inducible
MxCre mouse line that expresses the Cre recombinase in the
hematopoietic compartment (33) with a conditional RinglB"
mouse line (Fig. 1B) to produce RinglB"; MxCre mice and
their MxCre-negative littermate controls. Six- to 12-week-old
mice were treated with pIpC and sacrificed 4 weeks later. The
treatment resulted in efficient deletion of alleles flanked by
loxP sites (see Fig. S1A in the supplemental material) and loss
of Ringl B protein in the bone marrow (Fig. 1B).

Examination of circulating blood cells and secondary hema-
topoietic organs (spleen and thymus) of MxCre-positive and
MxCre-negative mice showed only mild, but consistent, reduc-
tion of erythrocytes and splenocytes in most mutant animals
and a few thrombocytotic individuals (see Fig. S2A and B in
the supplemental material). Immunophenotypic analysis of
bone marrow cells showed no remarkable differences in lin-
eage composition between normal and mutant mice, except for
a slight decrease of mutant lymphoid B cells (see Fig. S2C in

Mov. CeLL Brow

D Lin’ cely E L5K cots
—
-—1—-1'—|—|—r
3 4 t 15 2z 28 (109
B Cres [ Cre- WCres [ Cre-
3 I L! 20 l
asn%of BM u‘Ld m

FIG. 1, Conditional targeting of RinglB and analysis of RinglB-
deficient bone marrow cells. (A) Analysis by quan reverse tran-
scription-PCR of the expression levels of Ring]B in the indicated
subpopulations of h:rnnlopotcuc progenitors and their maturing prog-
eny. LSK, Lin~Sca-17¢-Kit* oells nrrmpundmg to long- anl:l short-
term HSCs; CLP, s; Macl,
precursors; Grl, granuhcync precurmrs, " CD19, Becell prucurwn‘
Ter119, erythocytic precursors. Each value has been normalized for
acidic ribosomal phospl n levels. (B) Schematic rep-
resentation of slratcgy used to ablate Rbua'ﬂ' in vivo and results of
Ring!B detection by Western blotting in bone marrow from Ring/ 87
mice and from mice lucking the RinglB locus (Ring]BY3), (C,] Total
bone marrow cell count from Ringl B (n = 20, Cre”) and Ringl B¥*
(n = 20; Cre™) mice. (D) Absolute (top) and relative (bottom) num-
bers of bone marrow cells lacking lincage markers (Lin~ ulation,
corresponding to HSC and all progcm!o: cells) from ngfﬁp(n =12
Cre”) and Ringl/B¥* (n = 12; Cre") mice. (E) Absolute (top) and
relative (bottom) numbers of LSK population (corresponding to long-
and short-term HSCs) from control (n = 10; Cre™) and mutant (n =
10; Cre*) i ically isolated Lin™ cells. BM, bone marrow,;
IFN-y, gamma interferon; wt, “wild type; Tg, transgenic.

the supplemental material). A relevant difference, however,
was seen in total bone marrow cell numbers, which were re-
duced upon RinglB ablation by nearly one-third (P = 0.001)
(Fig. 1C). In contrast, the progenitor compartment (minority
cells lacking lineage differentiation markers, i.e., Lin~ cells)
was enlarged in mutant bone marrow (Fig. 1D), The HSC-
enriched subpopulation (Lin ~ cells that simultancously express
c-Kit and Sca-1 markers) was also larger than that of RinglB-
expressing cells (Fig. 1E). Thus, Ring/B ablation resulted in
concurrent hypocellularity of the mature bone marrow and an
increased number of progenitor cells, with no apparent alter-
ations in lincage specification.

Cell-autonomous increase of RinglB-deficient myeloid clo-
nogenic cells. Clonogenic assays were employed to determine
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FIG. 2. Clonogenic assays of Ringl B-deficient bone marrow cells.
(A) Impaired pre-B-cell colony formation in mice in which the Ringl B
locus has been excised as a result of the expression of MxCre. Colonies
generated per § ¥ 10° bone marrow cells from mutant (1 = 14; Cre*)
and control (1 = 12; Cre™) mice. At right are images of representative
colonies at day +8 of cullure. (B) Increased myeloid clonogenic activ-
ity in MxCre" (excised RinglB) mice (n = 14; Cre*) compared to
MxCre™ (nonexcised RinglR) mice (n = 16; Cre™). Bar segments
represent the average absolute number (CFU) of the various colony
types: unilineage monocytic (M), granulocytie(G), and erythrocytic
(BFU-E) and bilineage granulo-monocytic (GM) and GEMM (mixed)
colonies, (C) Myeloid colonies. At top are photographs of represen-
tative individual immature colonies picked at day +7 of culture; at
hottom are contour plots of the flow cytometry analysis of these col-
onies showing the myeloid progenitors MEPs, GMPs, and CMPs iden-
tified as CD34~ FeyR™ gmr left lobe), CD34™ FeyR™ (upper right
lobe), and CD34% FeyR™ (lower right lobe; almost absent in control
Cre™ colonies), respectively. A representative experiment (out of
three) is shown, indicating the CMP relative content value = SD.
(D) Replicating assay of ex vivo RinglB-excised bone marrow cells.
The results are shown as the mean = SD (n = 6) of the total number
of secondary and tertiary colonies generated from identical numbers of
pooled primary control (—4-HT) and mutant (+4-HT) myeloid colo-

nies.

the abundance of cells (CFU) able to expand and give rise to
differentiated progeny in vitro. These include primitive, mul-
tilineage progenitors and immediate unilineage precursors that
give rise to characteristic, morphologically distinguishable col-
onies. For lymphoid cells, clonogenic assays in the presence of
1L-7 revealed a severe reduction in the number and size of
RinglB-deficient pre-B-cell colonies (Fig. 2A). On the other
hand, ablation of Ring!B resulted in an almost twofold increase
of myeloid CFU (Fig. 2B). Whereas all types of supported
CFU were represented, their relative proportions were altered,
particularly the mixed granulo-mono-erythromegakaryocitic
(GEMM) colonies (sixfold increase; P < 0.0001) (Fig. 2B)
originated from the most immature progenitors. The GEMM
colonies derived from blast-like cell clusters, which in mutant
bone marrow cultures appeared invariably denser (Fig. 2C,
top) and also contained a higher proportion of the primitive
CMP (fivefold increase; P = 0.05) (Fig. 2C, bottom). We con-
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clude that RinglB clearly affected both the size and clonogenic
activity of the progenitors’ compartment.

Since extrinsic signals affect hematopoiesis, we aimed to
determine the cell-autonomous contribution to the above al-
terations, To do this, we devised an ex vivo RinglB inactivation
system that used bone marrow cells from Ringl B Cre-ERT2
mice. These were obtained by crossing the conditional
RinglB"” mouse line with a RERT™ mouse deleter line
(Cre-ERT2:Polr2a [43]) (see Fig. S3A m the supplemental
material). The mouse deleter line ubiquitously expresses a
tamoxifen (4-HT)-inducible fusion protein between the Cre
recombinase and a mutated ligand binding domain of the hu-
man estrogen receptor. Bone marrow cells from these mice
were cultured in parallel in the absence (Cre™) and in the
presence (Cre™) of 4-HT to generate control and RinglB-
deleted cells, respectively. Efficient RinglB ablation was
achieved 2 days after 4-HT treatment (see Fig. S3B in the
supplemental material). As seen above for in vivo RinglB-
inactivated bone marrow cells (Fig. 2A and B), 4-HT treatment
resulted in a reduction of pre-B-cell colonies, an increase in
total Lin~ cells, and a larger number of myeloid CFU (see Fig.
S3C o E in the supplemental material). Consistent with this,
mutant progenitors (+4-HT; Cre") yielded more secondary
and tertiary colonies in a replicating assay than control pro-
genitors (—4-HT; Cre ™), indicating a higher self-renewal rate
of RinglB-deficient cells (Fig. 2D). These results indicate that
alteration of immature cell populations and of their clonogenic
activities are mostly due to a cell-autonomous defect resulting
from the ablation of RinglB.

RinglB inactivation enhances the proliferative rate of my-
eloid progenitors. We used ex vivo inactivation of RinglB to
investigate whether differences in cell proliferation rate, apop-
tosis, or cell differentiation could account for the accumulation
of RinglB-deficient primitive hematopoietic cells. Pulse label-
ing of Lin~ cells with BrdU demonstrated that more cells
incorporated BrdU in 4-HT-treated (Cre ") than in nontreated
(Cre™) cultures (Fig. 3A). We also used CFDA-SE fluores-
cence decay as an additional test of the cell division rate. This
assay is based on the dilution of the fluorescent dye resulting
from its equal distribution among daughter cells upon cell
division. As shown in Fig. 3B, nearly all Ringl B-deficient Lin~
cells had completed one cell cycle at the same point when 30%
of the RinglB-expressing Lin™ cells still remained undivided.
Under these culture conditions, annexin V labeling (an indi-
cator of apoptosis) showed no differences between treated and
nontreated cultures (Fig. 3C). These results indicate that the
enlargement of the mutant Lin™ compartment is due to an
increase in the cell proliferation rate provoked by the loss of
RinglB.

Although the representation of the various lineages in bone
marrow and circulating cells in Ring! B mutant mice suggested
that no major alterations in differentiation were occurring, we
further tested this by immunophenotyping cells generated in
methyleellulose cultures of Lin™ cells. As seen in Fig. 3D,
levels of Gr-1, Mac-1, and CD-41 lineage markers (specific for
granulocytes, monocytes, and megakaryocytes, respectively)
showed no differences between cultures from RinglB-deleted
and nondeleted Lin~ cells, Moreover, FACS-sorted mutant
CMPs retained the ability 1o give rise in vitro to more mature
progeny, MEPs and GMPs (Fig. 3E). Together, these data
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FIG. 3. Increased proliferation of RinglB-deficient progenitors. (A to C) Proliferation and apoptosis of Lin™ cells isolated from RinglB';
Cre-ERT2 bone marrow cells in the absence (Cre™; top) or the presence (Cre*; bottom) of 4-HT. (A) Solid plots correspond to cells labeled with
anti-BrdU antibodies. Overlaid empty plots correspond to cells labeled with isotype-matching FITC antibody to define the BrdU-negative
population. Proliferating, BrdU-positive cells (indicated by the bar) are shown as the mean = SD of wo duplicate, independent experi

(B) CFDA-SE fluor ce content of
and fluorescent dye incubation. The empty histogram shows CFDA-SE

(+4-HT; Cre™) (bottom) or control (=4-HT; Cre ™) (top) Lin™ cells, 18 h after immunoseparation

cell content immediately after dye loading, (C) FITC-conjugated annexin

V labeling of propidium iodide-impermeable viable Lin~ cells cultured with (Cre*: bottem) or without (Cre—; top) 4-HT. The overlaid empty

histogram corresponds to cells treated under the same conditions but with no added annexin V. (D)) Expression of lineage markers in cells from
mutant (light empty plots) and control (dark solid plots) myeloid colonies harvested at day +8, Gr-1, Mac-1, and CD41 markers stain mature cells
of the granulocytic, monocytic, and megakaryocytic lineages, respectively. Bars indicate positively labeled cells, (E) Mutant CMPs retain their
diferentiation potential. Sorted mutant CMPs (Lin~ ¢-Kit* CD34* FeyR™) cells were seeded into myeloid differentiation medium and individual
colonies appearing at day +7 (d +7jwere labeled with antibodies to ¢-Kit, CD34, and FeyR to determine MEP, CMP, and GMP content as

indicated in the legend of Fig. 2.

strongly suggest that the accumulation of carly progenitor cells
resulting from RinglB inactivation is mostly due to an en-
hanced proliferation rate of myeloid progenitors and not to
reduced apoptosis or impairment of their differentiating
ability.

RinglB negatively regulates cyclin D2 and pl16™*, Afier
establishing the role of RinglB in proliferation of hematopoi-
etic cells, we began 1o study the underlying mechanism(s) by
analyzing protein expression levels of known cell cycle regula-
tors. The rate of cell proliferation in mammalian cells is de-
termined mainly in the G, phase of the cell cycle by the specific
activation of cyclin-dependent kinases, which are in turn neg-
atively regulated by two families of cyclin-dependent kinase
inhibitors (CKIs) (66). First, we compared total bone marrow
cell extracts from control MxCre-negative and in vivo deleted
RinglB (MxCre positive) mice. Western blot analysis showed
increased levels of cyclin D2 (Fig. 4A) and also of the cell cycle

progression indicator cyclin A (see Fig. S4A in the supplemen-
tal material) in extracts from RinglB-deficient cells. Also, lev-
cls of the CKI p27 appeared slightly higher in mutant cells (see
Fig. 54 in the supplemental material). However, the most
prominent difference was observed for the levels of p16'™®,
another CKI which, while undetectable in extracts from non-
deleted cells, gave a strong signal in RinglB-deficient cell ex-
tracts (Fig. 4A). No signals were detected for ede6, a compo-
nent of the replication licensing machinery, the CKI p57, or
p19* in any of the extracts (see Fig, S4A in the supplemental
matcrial).

Since the most immature cells (ic., HSCs and progenitors)
represent only a minor contribution to total bone marrow cells,
we performed Western blot analysis on mutant and control
Lin™ cells (Fig. 3B). In contrast to whole bone marrow, the
expression pattern of cell cycle regulators in mutant Lin~ cells
showed an upregulation of proliferation activators cyclin D2
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been excised as a result of the expression of MxCre (A/A; Cre*) and from Ring! B ({ff; Cre ™) mice. (B) Blots at lelt are extracts from Lin™ cells
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are blots of extracts from pooled pre-B-cell colonies grown after 8-day cultures of RinglB” and Ringl B-deficient bone marrow cells. Cil, extracts
from mouse erythroleukemia cells; +, with 4-HT treatment; —, without 4-HT treatment. In panels A and B, Ponceau red-stained membranes were
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in culture. Bars represent the average ratio of the percentage of mutant to control cells, considering the value of control cells as 1. (D) Switch in
the values of CFDA-SE fluorescence of cells in cultures in which the Ringl8 locus has been excised as a result of 4-HT treatment (Cre™) and in
untreated (nonexcised RinglB; Cre™ ) cultures at the indicated times. (E) FITC-conjugated annexin V labeling of propidium iodide-impermeable
viable cells present in day +6 cells cultured with (right) or without (left) 4-HT. Overlaid empty histogram corresponds to cells treated under the
same conditions but with no added annexin V., (F) Western blot analysis of cell extracts obtained from cells cultured in the presence (+) or the
absence (=) of 4-HT for the indicated times. Day +0 corresponds to extracts of Lin~ cells isolated from the bone marrow of Ringl B, Cre-ERT2
mice at the time of sacrifice. Controls and loading control are as described in panels A and B. (G) Ink4a promoter occupancy by RingB and Bmil
in progenitors and maturing hematopoietic cells. At top is a schematic representation of the pl/6"** gene locus shows exons and coding (filled)
sequences and the amplicon used for ChIP assays. Lin™ and Lin™ cell populations were immunomagnetically isolated from bone marrow and
chromatin analyzed using the indicated antibodies (bottom). Ex, exon; H3K27me3, trimethylated H3K27; 1gG, immunoglobulin G; d, day.

(Fig. 4B, left), cyclin A, and cdeb (see Fig. S4A in the supple-
mental material) with a concomitant absence of proliferation
inhibitors p16'™** (Fig. 4B, left), p27, and pS7 (see Fig. S4A in
the supplemental material). However, the analysis of colonies
harvested from Lin~ cell methylcellulose cultures at day 8
showed a sustained upregulation of cyclin D2 together with a

dramatic increase of p16™*" levels in maturing Ringl B-defi-
cient cells only (Fig. 4B, middle panel), thus resembling the
expression pattern seen in unfractionated bone marrow cells.
A similar upregulation of p16™** levels was observed in ex-
tracts from cultured mutant pre-B cells (Fig. 4B, right). Only
cyclin D3, which is needed for the expansion of pre-B cells
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(13), was detected in these cells, and its expression was hardly
affected by the lack of RinglB in either pre-B cells or myeloid
cells (see Fig. 54C in the supplemental material), suggesting
that the effect on cyclin D2 is specific. Modest increases in p27
and p57 levels were also observed in maturing mutant cells (sec
Fig. 54B in the supplemental material). These data show thal
RinglB inactivation alters the expression pattern of cell cycle
regulators in differentiating cells and suggest that the resulting
populations of mature and immature cells are endowed with
reduced and enhanced proliferation rates, respectively.

We investigated these cell populations by using liquid cul-
tures of ex vivo RinglB-ablated Lin~ cells under conditions
that recapitulate the differentiation events occurring in normal
myelopoiesis. Initially after treatment, the relative accumula-
tion of cells was faster in mutant (+4-HT; Cre*) than in
control (=4-HT: Cre™) cultures (Fig. 4C). However, by day 6
after treatment, this ratio was inverted, and Ringl B-expressing
cultures contained more cells than those of RinglB-deficient
cells. Analysis of CFDA-SE fluorescence decay confirmed the
inversion of cell division rates between days 4 and 6 after 4-HT
(Fig. 4D) treatment, The lower accumulation of mutant cells
did not result from increased cell death, as determined by
annexin V staining (Fig. 4E). Instead, the late upregulation of
pl6'"**, detected only by day 6 after treatment (Fig. 4F),
correlated with the switch in proliferation rate. This contrasted
with the prompt upregulation of the proliferation promoter
cyclin D2 in mutant cultures (Fig. 4F), which, in the absence of
the inhibitor p16™**, would explain the enhanced prolifera-
tion observed before day +6. A possible explanation for the
differential regulation of p16'™** in immature versus mature
cells may be related to the decreasing levels of Bmil during
hematopoietic  differentiation  (26), which would ensure
pl6'™*** silencing in progenitors, even in the absence of
RinglB. We tested this by analyzing promoter occupancy at
the Ink4a locus in ChlP assays and found that whereas Ring1B
was detected in both immature Lin~ and maturing Lin* cells,
Bmil was seen associated predominantly in the immature com-
partment (Fig. 4G).

Collectively, these results show that through the balanced
expression of positive and negative cell cyele regulators,
RinglB controls the expansion of differentiating hematopoi-
etic cells both by restricting proliferation of progenitors and by
contributing 1o their expansion during maturation.

Inkda deficiency rescues only the expansion defects of
RinglB-deficient hematopoietic cells. Given the correlation
seen between pl6'™*" upregulation and proliferation inhibi-
tion in maturing ex vivo Ring/B-deleted cells, the overall de-
crease of bone marrow cells associated with RinglB inactiva-
tion could be explained by similar mechanisms. To test this
hypothesis, we crossed RinglB"; MxCre and RinglB"” mice
with a mouse line carrying an Inkda null mutation which does
not express either p16'™** or p19*' (65). Bone marrow anal-
ysis after plpC-induced RinglB ablation showed that inactiva-
tion of the Ink4a locus abolished the differences in cellularities
of bone marrow and spleen observed in single Ring I B-deficient
cells (Fig. 5A). Furthermore, the severe reduction of pre-B-cell
colonies associated with RinglB inactivation was not observed
in cultures of bone marrow cells that were also deficient in
Ink4a, which showed even a further increase in the number and
size of pre-B-cell CFU (Fig. 5B). In contrast, the increased
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FIG, 5, Inkda and RinglB genetic interaction: Inkda insctivation
rescues impaired proliferation of Ring!B-deficient (Ringl B**) matur-
ing cells, (A) Total or fractionated Lin~ bone marrow and total spleen
cell number from Ring1 B, Ink4a™'~ (n = 6) and Ring1 B, nkda™
(n = T) mice. (B) Pre-B-cell colonies from Riﬂg.’ﬁ}:"; Inkda™"" and
RingIB*; Ink4a™"" bone marrow cells. Photographs correspond to
day +4 of culture and show the increased size and number of Ink4a
mutant colonies and, in particular, of double mutant cullures. Histo-
grams show pre-B-cell colony numbers at day + B of culture. (C) Same
experiment as in panel B but in myeloid clonogenic methyleellulose
medium, Photographs were taken at day +8 of cullure. Histograms
depict total myeloid colony numbers in day +8 cultures

number of Ringl B-deficient myeloid CFU was not affected by
the lack of Ink4a (Fig. 5C), although the enlarged size of
double mutant colonies indicated that /nk4a products could act
by restricting the proliferative potential of maturing RinglB-
deficient cells. Since p19*™ is not affected by RinglB inactiva-
tion, the results confirm that the proliferative deficits of
RinglB-deficient hematopoietic cells are due to the upregula-
tion of p16™** in maturing cells.

RinglB deficiency results in an accelernted onset of hema-
topoietic neoplasias in the absence of Inkda. Mice with an
inactive Ink4a locus spontaneously develop and succumb 1o
variety of tumors, mostly fibrosarcomas and lymphomas (62,
65). Remarkably, compound RinglB; Ink4a mutant mice pre-
sented a quicker onset of fatal disease that lead 1o an acceler-
ation of the death rate, on average 11 weeks after RinglB
ablation, as indicated in the survival plot shown in Fig. 6A.
Four out of the six compound mutant mice which could be
subjected to necropsy had developed splenomegalia and hepa-
tomegalia (Fig. 6B, left), resulting from infiltration by cells
which expressed the lymphoid marker Pax5 (Fig. 6E, right),
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FIG. 6. Loss of RinglB accelerates the onset of tumors associated
10 Ink4 inactivation. (A) Survival analysis of plpC-injected Ringl 8",
Inkda ™'~ (n = 8; solid lines) and R.iugiB”; Ink4a™"" MxCre (n = 8;
dashed lines) mice. (B) Histochemical analysis of liver (left panel) and
spleen (right panel) of a mouse in which the Ring!B and Ink4a loci are
inactivated. Periportal (P) proliferation of tumor cells (arrows) with
sinusoidal colonization in midzone arcas (arrowhead) and marked
distention of sinusoids (*) in the central vein (CV) area are shown. The
normal architecture of the spleen is efaced by a diffuse proliferation of
neoplastic cells, These tumor cells display positive immunostaining
with Pax-5 antibody, H/E, hematoxylin and eosin stain.

The resulls show cooperation between the loss of function of a
tumor suppressor (/nk4a) and the inactivation of RinglB,
which is in agreement with a role for RinglB as a negative
regulator of cell proliferation.

DISCUSSION

Elucidating the mechanisms underlying tissue self-renewal is
important to understanding neoplastic processes. In this study,
we provide genetic evidence supporting a distinctive role for
the Polycomb protein RinglB in the regulation of adult hema-
topoiesis. We find that RinglB controls hematopoietic cell
proliferation by acting as not only a positive regulator, as other
PRC1 members, but also a negative regulator, depending on
the maturational stage of cell differentiation. Thus, while re-
stricting proliferation of early myeloid progenitors, RinglB is
needed for the expansion of maturing, cell lineage-committed
precursors of both myeloid and lymphoid B-cell lineages. We
demonstrate that these effects are mediated, at least in part, via
downregulation of opposing cell eycle regulators, the G, cyclin
D2 and its inhibitor p16™***,

Dual roles of RinglB in positive and negative regulation of
cell proliferation through downregulation of cell cycle inhibi-
tors and activators. The hematopoictic compartment is among
the tissues most affected by mutations in PeG genes, resulting
in smaller thymi and spleens and a hypocellular bone marrow
(36, 55). Inactivation of RinglB results in a hematopoietic
phenotype milder than that of other PRC1 mutant mice but
equally consistent with a positive role in cell proliferation.
However, the enlargement of the size of the mutant progenitor
compartment indicates that Ringl B also acts as an antiprolif-
erative regulator. The accumulation of RinglB-deficient imma-

RinglB CONTROL OF CELL PROLIFERATION 1025

ture cells seems to be due mostly to their hyperproliferative
phenotype rather than to reduced apoptosis or defective dif-
ferentiation. Thus, the antiproliferative activity of RinglB con-
trasts with the most prominent role of other PRCI subunits as
proliferation promoters, e.g., Bmil. It also resembles that of
the PRC2 component Eed, whose inactivation antagonizes the
effects of a Bmil mutation (35). Moreover, the use of an ex
vivo inactivation model shows that these proliferative alter-
ations are, at least in part, the result of RinglB cell-autono-
mous regulated events,

In agreement with a dual role for RinglB in negative and
positive regulation of cell proliferation, we find that RinglB
targets both cell cycle activators and inhibitors. Usually, the
activity of PcG proteins as promoters of cell proliferation is
associated to their role as repressors of the Ink4a locus (23).
We find that the inactivation of RinglB also causes upregula-
tion of pl6'™* but not of pl9*", similarly to the previous
observation of Inkda mRNA selective derepression in consti-
tutively Ringl B-deficient mouse embryos (72). In addition, our
analysis demonstrates that RinglB regulates negatively the G
cyclin D2 and the replication factor cde6, two characteristic
promoters of cell proliferation.

Repression by PcG complexes usually refers to the mecha-
nisms dealing with maintenance of transcriptionally silent loci.
An example is the Ink4a/Arf locus, which is normally inactive in
proliferating cells, Association of PcG components, including
RinglB, to genomic regions of Ink4a/Arf and its correlation
with the repressed state are considered indications of direct
transcriptional control (6, 21, 31). On the other hand, negative
regulation of transcriptionally active loci, such as cyclin D2 in
proliferating cells, appears as a novel scenario for Polycomb
repression. However, studies in Drosophila melanog show
that the Cyclin A gene, the product of which is needed for cell
cycle progression, is repressed by PRC1 subunits, Polycomb
and Polyhomeotic (42). Furthermore, Polycomb was found
associated to the Cyelin A locus, just as RinglB and Bmil
appear bound to regions of the Cyclin D2 gene in ES cells and
fibroblasts (5, 7). It is likely, then, that the presence of Poly-
comb complexes in the proximity of regulatory regions of ac-
tive loci (6, 8, 50) may serve a regulatory role for fine-tuning of
the transcriptional response. Regardless of the underlying
mechanism(s), the finding that RinglB negatively regulates
cyclin D2 reinforces the notion that the role of PeG complexes
in cell proliferation includes the regulation of components of
the machinery involved in cell eycle progression.

Selective regulation of hematopoietic cell proliferation by
RinglB and other PeG products. Normal hematopoiesis dis-
plays an orchestrated use of the cell eycle machinery compo-
nents in order to ensure the self-renewal and expansion activ-
ities associated with the various stages of cell differentiation of
hematopoietic lineages (53). These include proliferative re-
sponscs as diverse as the high self-renewal capacity and low
proliferative rate of HSCs, the various proliferation rates of
their progeny along their maturation, or retrieval from active
proliferation of fully differentiated cells (58).

In our studies, Ring/B inactivation resulted in upregulation
of cyclin D2 in most hematopoietic cells analyzed, except for
B-cell precursors, whereas that of p16'™** was detected only in
maturing B and myeloid cells but not in progenitors, thus
providing an explanation for their altered proliferation rates.
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Mutant myeloid progenitor hyperproliferation would result
from increased cyclin D2, in the absence of pl6'™* as it
ocecurs in Cyelin D2-transduced bone marrow cells (61). In
turn, progressive accumulation of p16™** along differentia-
tion would abrogate the proliferative potential of the maturing
progeny, despite their high content of cyclin D2, thereby re-
sulting in a hypoplastic bone marrow. In this simple hypothesis,
inhibition, but not promotion, of proliferation caused by
RinglB inactivation would be alleviated by loss of pl6'™*e,
Indeed, myeloid and B-cell precursors of mice bearing a coin-
cident loss of Ringl B and Ink+a proliferate efficiently, and the
reduced cellularity of RinglB-deficient bone marrow is re-
stored in the compound mutant. Instead, the hyperprolifera-
tive phenotype elicited by RinglB inactivation in myeloid pro-
genitors was not reversed by the absence of Inkda. Altogether,
our data support a broad regulatory role for RinglB in the
differentiation/expansion of adult hematopoietic cells by inte-
grating signals during amplification of immature progenitors
and during the expansion of their maturing progeny (Fig. 7).
The contrasting differences between hematopoietic alter-
ations associated with Ring]B ablation and those seen in mice
lacking some of their interacting partners in PRC1 com-
plex(es), i.e, Bmil, Mell8, M33, and Mbtl (1, 14, 71), are
likely a reflection of differential targeting in distinct cell types
by complexes that vary in compaosition or activity. For instance,
maintenance of repression of Ink4a/Arf m HSCs and early
progenitors occurs in the absence of RinglB but not in the
absence of Bmil (48); another example is the p57 derepression
in Mbtl-null mycloid progenitors (2). Given the increasing
biochemical diversity of Ringl B-containing complexes (22, 47,
59), it appears that a definition of the expression pattern of
their subunits throughout the differentiation stages of the var-
ious lineages will be needed for a comprehensive understand-
ing of Polycomb complex function in hematopoiesis.
RinglB-Inkda interaction: implications for tumorigenesis.
The role of RinglB as a proliferation promoter through re-
pression of inhibitors of cell proliferation is consistent with the
rescue of RinglB-deficient bone marrow hypocellularity by
Inkda/Arf inactivation. This observation is reminiscent of the
substantial restoration of the sclf-renewing capacity of HSCs
(48) and of thymocytes and splenocytes of Bmil ™'~ Inkda/

MoL CewnL Brot

Arf~"" mice (9). Bmil-mediated repression of Ink4a appears as
a causal agent of primed cell proliferation in tumors, and
protein expression analysis shows upregulation of Bmil in a
variety of tumor cells. Similarly, RinglB protein expression is
mereased in a vanety of tumors (60), and its expression corre-
lates with poor prognosis in a subset of malignant human
cancers (24). However, the antiproliferative activity of Ringl B
may also play a role in the development of neoplastic pro-
cesses, as suggesied by the decreased latency of wumor devel-
opment in mice whose bone marmow is doubly RinglB and
Ink4aiArf deficient compared to those lacking only Inkda/Arf.
Since RingB imactivation does not lead to p19*™ upregulation,
the contribution of Ring!B in the absence of p16'™** 10 neo-
plastic events may lic in the presence of a population of pro-
genitors with enhanced self-renewal properties susceptible of
transformation (16, 32), thus cooperating with other genetic/
epigenetic lesions appearing during the onset and development
of tumors.

In conclusion, we have identified an antiproliferative role for
Ring1B in the expansion of progenitor cells, mediated by the
suppression of a positive regulator of the cell cycle machinery,
which may be important in the tight control of proliferation
occurring during adult hematopoiesis. It will be of interest 1o
investigate whether this role in cell turnover takes place also in
other self-renewing tissues.
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