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RASSF2 belongs to the Ras-association domain family

(RASSF) of proteins, which may be involved in the

Hippo signalling pathway. However, the role of RASSF2

in vivo is unknown. Here, we show that Rassf2 knockout

mice manifest a multisystemic phenotype including hae-

matopoietic anomalies and defects in bone remodelling.

Bone marrow (BM) transplantation showed that Rassf2�/�

BM cells had a normal haematopoietic reconstitution

activity, indicating no intrinsic haematopoietic defects.

Notably, in vitro differentiation studies revealed that abla-

tion of Rassf2 suppressed osteoblastogenesis but promoted

osteoclastogenesis. Co-culture experiments showed that

an intrinsic defect in osteoblast differentiation from

Rassf2�/� osteoblast precursors likely leads to both hae-

matopoiesis and osteoclast defects in Rassf2�/� mice.

Moreover, Rassf2 deficiency resulted in hyperactivation

of nuclear factor (NF)-jB during both osteoclast and osteo-

blast differentiation. RASSF2 associated with IjB kinase

(IKK) a and b forms, and suppressed IKK activity.

Introduction of either RASSF2 or a dominant-negative

form of IKK into Rassf2�/� osteoclast or osteoblast pre-

cursors inhibited NF-jB hyperactivation and normalized

osteoclast and osteoblast differentiation. These observations

indicate that RASSF2 regulates osteoblast and osteoclast

differentiation by inhibiting NF-jB signalling.
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Introduction

RASSF2 is a member of the RASSF (Ras-association domain

family) protein family (which has 10 members, RASSF1–10)

and induces cell-cycle arrest and apoptosis (Cooper et al,

2008; Imai et al, 2008; Maruyama et al, 2008). RASSF2 binds

directly to K-Ras in a GTP-dependent manner via the RA

(Ras-association) domain (Vos et al, 2003). RASSF2 is often

inactivated in several types of tumours including breast, lung,

and gastric cancers, and hepatocellular carcinoma (Cooper

et al, 2008; Maruyama et al, 2008; Ren et al, 2009). Global

gene expression profiling analyses of RASSF2-overexpressing

cancer cells have suggested that RASSF2 inhibits expression

of genes involved in the immune response, haematologic

development, and tumourigenesis, as well as genes activating

nuclear factor (NF)-kB signalling (Imai et al, 2008; Maruyama

et al, 2008). RASSF2 has been shown to associate with and

stabilize MST1 and MST2 via the SARAH (Sav/RASSF/Hpo)

domain (Cooper et al, 2009), raising the possibility that

RASSF2 plays a role in the Hippo signalling pathway. The

latter pathway, including Hpo (the Drosophila homologue of

MST), Sav (the Drosophila homologue of WW45), Wts (the

Drosophila homologue of LATS), Yki (the Drosophila homo-

logue of YAP), and dRASSF, has been implicated in restriction

of cell proliferation and in control of organ size (Zhao et al,

2008; Pan, 2010; Sudol and Harvey, 2010). Genetic ablation of

Hippo components in mammals, thus WW45, Lats2, or YAP

knockout or Mst1 and Mst2 double knockout in mice,

resulted in embryonic lethality. This indicates that the

Hippo pathway plays a crucial role in development

(McPherson et al, 2004; Morin-Kensicki et al, 2006;

Lee et al, 2008; Oh et al, 2009). In addition, transgenic over-

expression of YAP (Camargo et al, 2007; Dong et al, 2007) or

liver-specific deletion of WW45 or Mst1/2 (Zhou et al, 2009;

Lee et al, 2010; Lu et al, 2010; Song et al, 2010a) induces

hepatocellular carcinoma. Turning to the RASSF protein

family, Rassf1a-deficient mice exhibited spontaneous

tumourigenesis, including development of lymphomas and

lung adenomas, when at an advanced age (Tommasi et al,

2005; van der Weyden et al, 2005). Moreover, mice deficient

in Nore1b (an isoform of RASSF5; also known as RAPL)

exhibited impaired lymphocyte trafficking and lymphoid

organ abnormalities (Katagiri et al, 2004). Rassf5-null mice

were significantly more resistant (compared with wild-type
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(WT) mice) to TNFa-induced apoptosis and failed to activate

Mst1 in vivo (Park et al, 2010). However, animal models

allowing investigation of the in vivo function of RASSF2

have not yet been developed.

The immune and skeletal systems are closely inter-related

(Walsh et al, 2006; Takayanagi, 2007). A number of regula-

tory factors, including immunoregulatory cytokines and sig-

nalling molecules, are expressed by both bone and immune

system cells. Haematopoietic stem cells (HSCs) are main-

tained in the bone marrow (BM), and bone provides a

microenvironment for immune cell development from

HSCs. Bone is continuously remodelled by the opposing

processes of osteoblast-mediated bone formation and osteo-

clast-induced bone resorption. Mesenchymal stem cell

(MSC)-derived osteoblasts and HSC-derived osteoclasts can

communicate via paracrine factors, including receptor

activator of NF-kB ligand (RANKL) and macrophage

colony-stimulating factor (M-CSF). Interaction between

RANKL from osteoblasts and RANK on osteoclast precursors

is essential for osteoclast differentiation (Matsuo and Irie,

2008). In addition, osteoblasts produce haematopoietic fac-

tors regulating the maintenance of HSCs; these factors in-

clude osteopontin and angiopoietin (Arai et al, 2004; Nilsson

et al, 2005; Stier et al, 2005). Previous studies have revealed

that impaired bone development caused by osteoblastic

defects can induce defective haematopoiesis in mice (Calvi

et al, 2003; Zhang et al, 2003; Visnjic et al, 2004).

In the present study, we have developed, for the first time,

a mouse model that reveals the physiological role of RASSF2.

Rassf2�/� mice exhibited systematic haematopoietic anoma-

lies, which may be attributable to bone microenvironmental

changes. Rassf2-deficient animals exhibited a severe osteo-

porotic phenotype caused by defects in both osteoclast and

osteoblast differentiation. We have also shown that RASSF2

attenuates osteoclastogenesis and stimulates osteoblastogen-

esis in vitro by inhibiting the NF-kB signalling that is critical

for maintenance of bone remodelling.

Results

Loss of Rassf2 leads to growth retardation, systemic

lymphopenia, and development of a severe

osteoporotic phenotype

To define the role of RASSF2 in mammals, Rassf2�/� mice

were generated (Figure 1A; Supplementary Figure S1A).

Rassf2 protein was detected in all normal mouse tissues

examined, including the liver, brain, lung, BM, lymph node

(LN), spleen, and testis, and the absence of such expression

was confirmed in Rassf2�/� mice (Supplementary Figure

S1B). Offspring of Rassf2þ /� intercrosses were born in the

expected Mendelian ratio and appeared to develop normally

for 2 weeks after birth. However, Rassf2�/� mice exhibited

growth retardation commencing at 2 weeks of age and

postnatal mortality was evident at B4 weeks of age

(Figure 1B; Supplementary Figure S1C). To identify the

phenotypic defects of Rassf2�/� mice, we first performed

histological analysis of representative tissues isolated from

WT and mutant animals at 3 weeks of age. Most Rassf2�/�

tissues, including the brain, heart, lung, intestine, and kidney,

were normal (thus, similar to WT tissue) at this age, but the

thymus, spleen, BM, and liver were not. Rassf2�/� mice

exhibited thinning of cortical thymic epithelial cells, mild

congestion in the red pulp of the spleen, decreased cellularity

of the BM, and mild periportal fibrosis of the liver

(Supplementary Figure S2A). Moreover, Rassf2�/� animals

also exhibited marked abnormalities in bone development,

including decreases in bone mass and the extent of trabecular

bone (Figure 2A and B). Together, the data showed that

Rassf2�/� mice developed multisystemic abnormalities.

We first addressed abnormalities of haematopoiesis in

such animals. We found that total cell numbers in the

thymus, spleen, and BM, as well as those of peripheral

blood leukocytes and red blood cells, were greatly reduced

in mutant animals (Supplementary Figure S2B and data not

shown). Rassf2�/� mice also had reduced numbers of T, B,

and myeloid cells in the thymus, spleen, and BM (Figure 1C;

Supplementary Figure S2C). In addition, the thymus and

spleen weights of Rassf2�/� mice were markedly lower

than were those of WT littermates. However, other organs,

including the liver, were unaltered in mutant animals, indi-

cating that the observed hypotrophy was specific to lymphoid

organs (Supplementary Figure S2D). Because we had

observed an overall reduction in lymphocyte number and

histological anomalies in Rassf2�/� lymphoid organs, we

next investigated whether the lymphopenic phenotype of

mutant mice was caused by impaired haematopoiesis in

adulthood. To this end, we analysed HSC-enriched

Lin�Sca1þc-Kitþ (LSK) cells as well as Lin�Sca1�c-Kitþ

myeloid progenitor (MP) cells. The proportional contribu-

tions of LSK and MP cells to total BM cells were markedly

decreased in Rassf2�/� mice compared with WT controls

(Figure 1D). Consistent with this finding, a colony-forming

cell assay showed that the population of committed haema-

topoietic progenitor cells was reduced in Rassf2�/� mice

(Supplementary Figure S2E). Using competitive BM trans-

plantation, we first investigated whether the reduced popula-

tions of HSCs, haematopoietic progenitors, and leukocytes in

mutant animals were due to an intrinsic defect in the repo-

pulation capacity of HSCs. CD45.2þ BM cells from WT or

Rassf2�/� mice were mixed with CD45.1þ control BM cells

from WT competitor animals in a 2:1 ratio and then trans-

planted into lethally irradiated CD45.1þ recipient mice.

Unexpectedly, haematopoietic reconstitution by CD45.2þ

donor-derived cells at 12 weeks after transplantation did

not differ substantially compared with cells from WT and

mutant donors (Figure 1E; Supplementary Figure S3), indi-

cating that transplanted mutant BM cells exhibited normal

haematopoietic developmental capacity. However, we could

not transplant CD45.1þ control BM cells to Rassf2�/� mice

because the animals died soon after birth. Together, the

results indicated that the impaired haematopoiesis of

Rassf2�/� mice was probably not attributable to an intrinsic

developmental defect of HSCs.

RASSF2 regulates postnatal bone development

Since it is known that the activation of osteoblasts in the BM

regulates the HSC niche (Calvi et al, 2003), we then focused

on bone microenvironment changes that might explain the

haematopoietic defects and growth retardation of Rassf2�/�

mice. High-resolution microcomputed tomography investi-

gating bone microstructure in Rassf2�/� mice revealed a

pronounced osteoporotic phenotype characterized by marked

decreases in trabecular bone volume, bone mineral den-

sity, and the number and thickness of trabeculae, as well
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as an associated increase in trabecular bone separation

(Figure 2A). Whereas WT littermates showed a gradual

increase in bone mass after birth, Rassf2�/� mice did not

show such an increase between 14 and 24 days of age

(Figure 2A); this was coincident with the period of growth

retardation in mutant animals (Figure 1B). The numbers of

bone-forming osteoblasts and bone-degrading osteoclasts in

trabecular bone tissue, as visualized by haematoxylin–eosin

(H&E) and tartrate-resistant acid phosphatase (TRAP) stain-

ing, respectively, were also significantly decreased in

Rassf2�/� mice (Figure 2B). We next directly measured the

mineral apposition rate (MAR) and found that this value was

markedly reduced in mutant animals (Figure 2C). We also

noted that Rassf2�/� mice showed decreased levels of serum

RANKL and M-CSF (Figure 2D); these effectors are produced

principally by cells of the osteoblast lineage and stimulate

osteoclast formation. In addition, levels of serum and urine

type 1 collagen crosslinked telopeptide (CTX), a bone resorp-

tion marker, were reduced in mutant animals (Figure 2E).

These results indicated that the osteoporotic phenotype of

Rassf2�/� mice might be attributable to reduced bone turn-

over caused by impairment of osteoblast and osteoclast

formation, and that RASSF2 might play a role in normal

bone remodelling in the early stage of postnatal development.

RASSF2 regulates osteoblast and osteoclast

differentiation

To identify the intrinsic defects of osteoblasts and osteoclasts

in Rassf2�/� mice, we examined, first, osteoblastogenesis

from calvarial osteoblast precursors cultured in osteogenic

medium, and second, osteoclastogenesis from BM-derived

macrophages (BMMs) cultured in conditioned medium con-

taining RANKL and M-CSF. Surprisingly, Rassf2�/� osteoblast

precursors manifested a reduced extent of osteoblast differ-

entiation without affecting the formation of osteoblast pro-

genitors of MSC origin (Figure 3A; Supplementary Figure S4).

In agreement with these findings, global gene expression

profiling analyses also revealed that expression levels of

Rassf2�/� osteoblast markers were reduced compared with

WT cells (Figure 3B). We further confirmed downregulation

of markers such as Alp, Bmp2, Bmp4, Rankl, Csf1, Sp7,

Bglap1, Spp1, Fra-1, and Runx2 in Rassf2�/� osteoblast

Figure 1 Targeted disruption of Rassf2 results in growth retardation and non-cell-autonomous defects in haematopoiesis. (A) Targeting
strategy for Rassf2 knockout. RI, EcoRI; Puro, puromycin-resistance gene; DT-A, diphtheria toxin A gene. Numbered vertical lines indicate
Rassf2 exons, and small arrows denote 50 and 30 genotyping site sequences. The 30 probe used in Southern blot analysis is indicated. (B) Growth
curve of WT, heterozygous, and Rassf2�/� mice; data are mean values±s.d. (n¼ 15–27). (C) Numbers of B cells (B220þ ) in the spleen and T
cells (CD4þ or CD8þ ) in the thymus and peripheral blood (PB) of WTand Rassf2�/� mice at 3–4 weeks of age; data are mean values±s.e.m.
(n¼ 4 or 5, *Po0.01, #Po0.05). (D) Percentages of LSK and MP cells among BM cells from 3- to 4-week-old WTand Rassf2�/� mice; data are
mean values±s.e.m. (n¼ 5, *Po0.01). (E) The percentage contributions of CD45.2þ leukocytes to donor-derived peripheral blood leukocytes
were determined by flow cytometry at the indicated times after transplantation; data are mean values±s.e.m. (WT mice, n¼ 4; Rassf2�/� mice,
n¼ 5).
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precursors using RT–PCR (polymerase chain reaction),

real-time PCR, or immunoblot (IB) analysis during osteoblast

differentiation (Figure 3C and D; Supplementary Figure S5).

In contrast, BMMs prepared from Rassf2�/� mice manifested

enhanced formation of TRAP-positive multinucleated cells

(TRAPþ MNCs) and increased pit formation on dentine slices

compared with the corresponding WTcells (Figure 3E and F),

indicating that RASSF2 functions as an inhibitor of osteoclast

formation and function. Global gene expression profiling

analyses also revealed that expression levels of osteoclast

differentiation markers were increased in Rassf2�/� osteo-

clasts (Supplementary Figure S6A). These results were

further confirmed by RT–PCR or IB analysis during osteoclast

differentiation, which showed upregulation of markers such

as Acp5, Ctsk, Oscar, c-Src, c-Fos, and NFATc1 in Rassf2�/�

BMMs (Supplementary Figure S6B and C). Notably, the

numbers of osteoblasts and osteoclasts in bone were also

significantly decreased in Rassf2�/� mice (Figure 2B).

Therefore, we next attempted to explain the inconsistency

in osteoclast formation from Rassf2�/� cells in vivo and

in vitro. To this end, we co-cultured BMMs and primary

calvarial osteoblasts to examine osteoclastogenesis. Co-cul-

ture of WTor Rassf2�/� BMMs with WTor Rassf2�/� primary

osteoblasts in conditioned medium, which can induce ex-

pression of RANKL and M-CSF by osteoblast precursors and

eventually give rise to osteoclastogenesis, revealed that WT

osteoblasts did indeed induce formation of more osteoclasts

from Rassf2�/� BMMs than from WT BMMs (Figure 3G).

However, Rassf2�/� osteoblast precursors eventually failed

to induce osteoclast formation from WT or Rassf2�/�

Figure 2 Rassf2 deficiency deregulates bone remodelling. (A) Microcomputed tomography of the tibiae of WT and Rassf2�/� mice showing
postnatal skeletal development. Representative images are shown in the left panels (scale bar, 0.5mm). Quantitative data (mean values±s.d.;
n¼ 4–8, *Po0.01, #Po0.05) for bone volume (BV), bone volume per unit of tissue volume (BV/TV), bone mineral density (BMD), trabecular
number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp) are shown in the right panels. (B) Tibial sections from 3-week-
old WTand Rassf2�/� mice were stained with H&E or for TRAP (left panels); scale bar, 200 mm. The numbers of osteoblasts per bone surface
(NOb/BS) and osteoclasts per bone surface (NOc/BS) were determined (right panels); data are mean values±s.d. (n¼ 4–8, *Po0.01).
(C) Analysis of trabecular bone surface dynamics in 3-week-old Rassf2�/� and WT mice using the calcein double-labelling method.
Representative images are shown in the upper panels (scale bar, 10mm) and MARs are quantitated in the lower panels (mean values±s.d.;
n¼ 3, *Po0.01). (D) Serum M-CSF, RANKL, and OPG levels were measured by ELISA; data are mean values±s.e.m. (n¼ 4, *Po0.01,
#Po0.05). (E) Serum and urine type 1 collagen CTX levels were analysed by ELISA; data are mean values±s.e.m. (n¼ 4, #Po0.05).
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Figure 3 RASSF2 promotes osteoblast differentiation and inhibits osteoclast differentiation. (A) Calcium deposition during differentiation of
osteoblasts from calvarial osteoblast precursors isolated from Rassf2�/� and WT littermates. Representative alizarin red S staining images of
cultures on days 0, 6, and 12 are shown on the left, and quantitative data appear on the right (the figures are expressed relative to the values for
WT cells on day 0, and are mean values±s.d.; n¼ 4, *Po0.01). (B) Global gene expression profiling of WT and Rassf2�/� osteoblasts.
Expression of marker genes for osteoblast differentiation (biological process GO 0001649) was analysed in Rassf2�/� osteoblast precursors both
before (day 0, OBD0) and during differentiation into osteoblasts (day 7, OBD7), and compared with that of WTcells. Data are shown relative to
expression levels in the latter type of cells. (C, D) RT–PCR analysis of the expression of osteoblast differentiation marker genes and Rassf2 (C),
and IB analysis of osteoblast differentiation marker proteins and Rassf2 (D), during osteoblastogenesis in osteogenic medium of calvarial
osteoblast precursors isolated from Rassf2�/� and WT mice. Gapdh and b-actin were used as controls in either analysis. (E) Osteoclast
differentiation from BMMs prepared from Rassf2�/� and WT littermates. TRAP-positive multinucleated osteoclasts (TRAPþ MNCs) after
culture for 4 days in the presence of RANKL and M-CSFare shown on the left (scale bar, 100 mm), and the numbers of TRAPþ MNCs at this time
are shown on the right; data are mean values±s.d. (n¼ 4, *Po0.01). (F) Bone pit formation assay. After differentiation of BMMs into
osteoclasts on dentine slices, the slices were stained with haematoxylin and staining was quantitated using image analysis software.
Representative images are shown in the upper panel (scale bar, 100mm). Quantitative data are mean values±s.d. (n¼ 3, *Po0.01).
(G) Osteoclast differentiation from WT or Rassf2�/� BMMs co-cultured with WT or Rassf2�/� osteoblasts (Ob). TRAP-positive osteoclasts
after co-culture for 9 days are shown in the left panels (scale bar, 100mm), and the numbers of TRAPþ MNCs appear in the right panel; data are
mean values±s.d. (n¼ 4, *Po0.01). (H) After osteoblast differentiation in osteogenic media for the indicated times, RANKL, M-CSF, and OPG
levels in culture media were measured by ELISA; the data are mean values±s.d. (n¼ 3, *Po0.01). ND; not detected.
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BMMs (Figure 3G). Notably, Rassf2�/� osteoblast precursors

produced much less Rankl and Csf1mRNA, and secreted smaller

levels of the encoded effectors (RANKL and M-CSF protein)

into the culture medium during differentiation (Supplemen-

tary Figure S5; Figure 3C and H). This caused osteoclast

formation from Rassf2�/� osteoblasts to fail. Together, the co-

culture data strongly indicated that the osteoblast defects

evident both in vivo and in vitro were a cell-autonomous

consequence of Rassf2 deficiency in the osteoblast progeni-

tors. These observations further suggested that the osteoclast

defect in vivo was due to the osteoblast defect, even though

BMMs from Rassf2�/� mice showed intrinsic enhancement of

the propensity towards osteoclast differentiation in vitro.

RASSF2 acts as an inhibitor of NF-jB signalling that is

critical for differentiation of osteoclasts and osteoblasts

To determine the precise mechanism underlying the osteo-

clast stimulation and osteoblast inhibition associated with

Rassf2 deficiency in vitro, we examined the levels of intra-

cellular signals required for osteoclast and osteoblast differ-

entiation. Because NF-kB signalling is known to be important

for both osteoclast and osteoblast differentiation, we first

examined the status of such signalling. We found that Rassf2

ablation resulted in marked enhancement of NF-kB signalling

in Rassf2�/� BMMs, as reflected by phosphorylation of the

NF-kB inhibitor IkBa; this is both an immediate and a delayed

response to RANKL during osteoclast differentiation (Supple-

mentary Figure S7A; Figure 4A). In addition, Rassf2�/�

osteoblast precursors also showed enhanced NF-kB signal-

ling, both before and during differentiation into osteoblasts,

compared with WT cells (Supplementary Figure S7B;

Figure 4B). Consistent with these results, global gene expres-

sion profiling revealed upregulation of positive regulators of

NF-kB activity in Rassf2-deficient osteoblasts and osteoclasts

both before and during differentiation, compared with WT

cells (Figure 4C). We also observed that some of putative NF-

kB target genes such as Ppard, Htra3, Adrb2, Snrpd3, Gsdm2,

and Tbc1d5 were downregulated in Rassf2-deficient osteo-

blasts but upregulated in Rassf2-deficient osteoclasts, both

before and during differentiation (Supplementary Figure S8).

These data suggested that a subset of known NF-kB target

genes could be differentially regulated in the context of

osteoblasts and osteoclasts. However, the roles played by

these genes in osteoblast and osteoclast differentiation are

not yet known. In this context, however, signalling by mito-

gen-activated protein kinases (MAPKs), including extracellu-

lar signal-regulated kinase, p38, and c-Jun NH2-terminal

kinase, did not significantly differ from that in Rassf2�/�

BMMs (Figure 4A and D; Supplementary Figure S7A)

or Rassf2�/� osteoblast precursors (Figure 4B and D;

Supplementary Figure S7B), compared with WT cells. We

finally examined whether restoration of RASSF2 might cor-

rect the defects in osteoclast and osteoblast differentiation

associated with Rassf2 ablation. To this end, we constructed a

retroviral vector (pMX-Flag–RASSF2) encoding full-length

human RASSF2. Reintroduction of RASSF2 into Rassf2�/�

BMMs normalized the NF-kB signalling response to RANKL

(Figure 4E) and restored differentiation of Rassf2�/� BMMs to

the level of WT cells (Figure 4F). In addition, reintroduction

of RASSF2 into Rassf2�/� osteoblast precursors attenuated

the enhanced NF-kB signalling that was apparent before, and

prompted, the differentiation response (Figure 4G). Also,

such reintroduction rescued the reduced differentiation of

Rassf2�/� osteoblast precursors to a level similar to that of

the WT control (Figure 4H). Consistently, real-time PCR data

revealed that, upon RASSF2 reintroduction, expression levels

of osteoclastogenic (Acp5 and Nfatc1) and osteoblastogenic

gene markers (Runx2, Sp7, Bglap1, Rankl, and Csf1) were

rescued to levels similar to those of WTcells (Supplementary

Figure S9). Together, the genetic complementation data in-

dicated that suppression of NF-kB signalling by RASSF2

indeed inhibited osteoclastogenesis, and stimulated

osteoblastogenesis, in vitro.

RASSF2 associates with IKK and inhibits IKK activity

How does RASSF2 inhibit the NF-kB signalling cascade? We

next attempted to identify NF-kB signalling targets for inhibi-

tion by RASSF2 using co-immunoprecipitation (co-IP).

Importantly, we observed an association between RASSF2

and IkBa kinase a (IKKa) and b (IKKb) (Figure 5A), both of

which are overexpressed in 293T cells. We next sought to

show an endogenous interaction between Rassf2 and IKK in

osteoblast precursors. However, we found that no commer-

cially available antibody against IKKa, IKKb, or RASSF2

quantitatively precipitated the relevant protein. To overcome

this technical difficulty, a retroviral vector encoding Flag-

tagged RASSF2 was reintroduced into Rassf2�/� osteoblast

precursors. We could then show that a small proportion of

endogenous IKKa and IKKb co-precipitated with Flag–

RASSF2 from RASSF2-complemented cells (Figure 5B).

Furthermore, an immune complex kinase assay revealed

that coexpression of HA–RASSF2 inhibited the kinase activity

of Flag–IKKa/b, as measured using a glutathione S-transfer-

ase (GST) fusion protein with IkBa as substrate (Figure 5C).

This suggested that interaction of RASSF2 with IKK inhibited

the activity of the kinase. To further confirm IKK inhibition by

RASSF2, we performed an in vitro kinase assay using purified

RASSF2, IKKb, and IkBa proteins. Purified RASSF2 prevented

IKKb-mediated IkBa phosphorylation in a dose-dependent

manner (Figure 5D). Consistently, the TNFa-induced activity

of an NF-kB reporter gene was significantly inhibited by

forced expression of RASSF2 (Figure 5E). Finally, subcellular

fractionation and immunostaining assays revealed increased

nuclear translocation of p65 in Rassf2�/� osteoblast precur-

sors (Figure 5F and G), further demonstrating that NF-kB

signalling was activated in such cells.

Finally, we attempted to clarify the genetic relationship

between inhibition of IKK by RASSF2 and the effects of

RASSF2 on osteoclast and osteoblast differentiation. We

infected BMMs and osteoblast progenitors from Rassf2�/�

mice with a retrovirus encoding a dominant-negative form of

human IKKg (IKK-DN); the encoded protein inhibits IKKa/b

activity (Chang et al, 2009). Expression of IKK-DN in

Rassf2�/� BMMs and osteoblast precursors attenuated the

enhancement of NF-kB activation that is apparent in such

cells upon induction of differentiation (Figure 6A and C).

Furthermore, expression of IKK-DN restored the abnormally

enhanced osteoclastogenesis of Rassf2�/� BMMs (Figure 6B)

and the repressed osteoblastogenesis of Rassf2�/� osteoblast

precursors to levels similar to those of WT cells (Figure 6D).

Additionally, real-time PCR showed that IKK-DN overexpres-

sion in Rassf2�/� BMMs and osteoblast precursors restored

the expression of osteoclastogenic (Acp5 and Nfatc1) and

osteoblastogenic gene markers (Sp7, Rankl, and Csf1) to
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Figure 4 Loss of RASSF2 enhances NF-kB signalling associated with differentiation of osteoclasts and osteoblasts. (A) BMMs from WT and
Rassf2�/� mice were cultured in the presence of RANKL and M-CSF for the indicated times to induce osteoclast differentiation, and cell lysates
were next subjected to IB analysis using the indicated antibodies. (B) IB analysis of MAPK and NF-kB signalling molecules during WT and
Rassf2�/� osteoblast differentiation in osteogenic medium containing bone morphogenetic protein 2, b-glycerophosphate, and ascorbic acid.
The data in (A, B) are representative of those of three independent experiments. The band intensity of phosphorylated IkBa was normalized to
the density of total IkBa, and the extent of phosphorylated IkBa in each test was next represented as a fold-induction relative to control (both
for 2-day cultures undergoing osteoclast differentiation and for 0-day cultures undergoing osteoblast differentiation). (C, D) Gene expression
profiling analyses of marker genes that are positive activators of NF-kB signalling (C) and MAP kinase activity (D). Expression of marker genes
was analysed in Rassf2�/� osteoblast precursors or BMMs both before (day 0; OBD0 or OCD0) and during differentiation into osteoblasts or
osteoclasts (day 7 or day 3; OBD7 or OCD3). Data are expressed relative to the values for WT cells. (E–H) BMMs (E, F) and osteoblast
precursors (G, H) from WT or Rassf2�/� mice were infected with a retroviral vector encoding Flag-tagged RASSF2 or with the empty vector
(Mock) and were next stimulated with RANKL (E, F) or osteogenic medium (G, H). Cell lysates prepared at the indicated times were subjected
to IB analysis using antibodies to phosphorylated IkBa, IkBa, or Flag (E, G), and either the number of TRAPþ MNCs was determined after 4
days (F) or calcium deposition was measured after 12 days (H). Quantitative data are mean values±s.d. (n¼ 4, *Po0.01).
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Figure 5 RASSF2 suppresses NF-kB signalling by inhibiting IKK activity. (A) 293T cells transfected with vectors encoding HA–RASSF2 and either
Flag–IKKa (left panel) or Flag–IKKb (right panel) were lysed and subjected to IP using an antibody directed against Flag. The resulting precipitates,
and the corresponding whole-cell lysates (WCL), were subjected to IB analysis using the indicated antibodies; *Ig heavy chain; **non-specific band.
(B) Rassf2�/� osteoblast precursors were infected with a retroviral vector encoding Flag-tagged RASSF2 or with the empty vector. Cell lysates were
prepared and subjected to IP with antibody against Flag, and immunoblotted employing antibodies to RASSF2 or endogenous IKKa and b. (C) 293T
cells expressing HA–RASSF2 and both Flag–IKKa and Flag–IKKbwere lysed and subjected to IP employing antibody against Flag, and the resulting
precipitates were used in a kinase assay with [g-32P]ATP using GST–IkBa as a substrate (top panel). After autoradiography, the membrane was
stained with Fast Green FCF to reveal substrate input (middle panel); and the cell lysates were subjected to IB analysis with antibody against Flag to
detect IKKa and IKKb, and with an antibody against HA to detect RASSF2 (bottom panels). (D) In vitro kinase assay data using different molar
ratios of purified recombinant RASSF2 and IKKb proteins. The IKKb kinase activities (percentage values) were measured by estimating the extent of
phosphorylation of GST–IkBa, and were plotted against the RASSF2 versus IKKb molar ratio (logarithmic scale). (E) C2C12 cells transiently
transfected with an NF-kB reporter construct and either a vector encoding HA–RASSF2 or the empty vector (Mock) were incubated in the absence
(Control) or presence of TNFa (20ng/ml), lysed, and next assayed for luciferase activity; the data are mean values±s.d. (n¼ 3, *Po0.01).
(F) Nuclear/cytoplasmic fractionation. Subcellular fractionation was performed onWTor Rassf2�/� osteoblast precursors. Nuclear and cytoplasmic
lysates were subjected to IB analysis with antibodies against p65 and Rassf2. b-Tubulin and TFIIB, respectively, were used as controls in the analysis
of cytoplasmic and nuclear fractions. (G) Immunostaining analysis. WTor Rassf2�/� osteoblast precursors were subjected to immunostaining using
an antibody against phosphorylated p65. Note that mutant cells showed highly increased nuclear translocation of activated p65.
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levels similar to those of WT cells (Supplementary Figure S10).

Together, the data show that hyperactivation of NF-kB signalling

induced by loss of Rassf2 can be normalized by expression

of IKK-DN during both osteoblast and osteoclast differentia-

tion. Our work thus suggests that RASSF2 suppresses NF-kB

signalling by inhibiting IKK activity, consequently attenuat-

ing osteoclastogenesis and stimulating osteoblastogenesis

(Figure 6E).

Discussion

Osteoporotic bone diseases including postmenopausal osteo-

porosis, arthritis, periodontitis, bone metastasis of cancer,

and Paget’s disease are mostly attributable to excessive bone

destruction by osteoclasts relative to bone formation by

osteoblasts (Boyle et al, 2003; Novack and Teitelbaum,

2008). An optimal anti-osteoporotic agent would thus both

inhibit the activation of bone-degrading osteoclasts and pro-

mote the actions of bone-forming osteoblasts. NF-kB signal-

ling is known to activate osteoclast differentiation and to

suppress osteoblast differentiation (Jimi et al, 2004; Chang

et al, 2009). A cell-permeable selective inhibitor of NF-kB

signalling was recently shown to block the inflammatory

bone loss that results from enhanced osteoclast formation

(Jimi et al, 2004). Osteoblast-specific inhibition of IKK–NF-kB

signalling has been shown to prevent the bone loss associated

with oestrogen deficiency by maintaining osteoblastic bone

formation (Chang et al, 2009). Recent studies using an

in vitro reporter assay have shown that RASSF1A, RASSF2,

RASSF6, and RASSF8 all inhibit the transactivation activity of

NF-kB (Allen et al, 2007; Imai et al, 2008; Del Re et al, 2010;

Lock et al, 2010). However, neither the molecular mechanism

of action nor the role played by RASSF-mediated NF-kB

regulation during bone development has been determined.

Our present study provides novel insights into the role of

RASSF2 in mammalian bone remodelling. Our conclusions

are supported by the following observations: (i) Rassf2-null

mice exhibit reductions in the numbers of osteoblasts

Figure 6 Inhibition of IKK activity restores the deregulated differentiation of Rassf2-deficient osteoclasts and osteoblasts. (A–D) BMMs (A, B)
and osteoblast precursors (C, D) from WT or Rassf2�/� mice were infected with a retroviral vector encoding Flag-tagged IKK-DN or with the
empty vector, and were next stimulated with RANKL (A, B) or osteogenic medium (C, D). Cell lysates prepared at the indicated times were
subjected to IB analysis with the indicated antibodies (A, C), and either the number of TRAPþ MNCs was determined after 4 days (B) or
calcium deposition was measured after 12 days (D). Quantitative data are mean values±s.d. (n¼ 4, *Po0.01). (E) Model for RASSF2-mediated
inhibition of NF-kB signalling during osteoclast and osteoblast differentiation.
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and osteoclasts and the rate of bone formation (Figure 2);

(ii) in vitro differentiation studies reveal that cells from Rassf2�/�

mice show reduced osteoblast differentiation and enhanced

osteoclast differentiation (Figure 3); (iii) Rassf2�/� cells

demonstrate reduced expression levels of osteoblast differ-

entiation markers and increased expression levels of osteo-

clast differentiation markers (Figure 3; Supplementary

Figures S5 and S6); and (iv) co-culture studies show that

WT osteoblasts support enhanced osteoclastic differentiation

of Rassf2�/� BMMs compared with that of WT BMMs,

whereas Rassf2�/� osteoblasts do not induce osteoclast for-

mation from either WT or Rassf2�/� BMMs (Figure 3).

Collectively, we conclude that a reduction in the number of

osteoblasts expressing osteoclastogenic factors eventually

impairs osteoclast formation in Rassf2-null mice. At the

molecular level, Rassf2 ablation resulted in enhanced

phosphorylation of the NF-kB inhibitor IkBa during both

osteoclast and osteoblast differentiation, indicating hyperac-

tivation of NF-kB signalling (Figure 4). Our biochemical

studies further show that purified RASSF2 inhibits the activ-

ity of IKK. Finally, overexpression of a dominant-negative

form of IKK in Rassf2�/� osteoclast or osteoblast precursors

inhibits NF-kB hyperactivation and normalizes both osteo-

clast and osteoblast differentiation (Figure 6), revealing the

genetic interaction between RASSF2 and IKK in such cell

contexts. Based on these results, we suggest that RASSF2

suppresses NF-kB signalling through an inhibitory associa-

tion with IKK, and that RASSF2 consequently attenuates

osteoclastogenesis and stimulates osteoblastogenesis.

The Hippo pathway has been implicated in both develop-

mental processes and tumourigenesis, and in the control of

the size of organs such as the liver (Camargo et al, 2007;

Dong et al, 2007; Lee et al, 2008, 2010; Zhou et al, 2009; Lian

et al, 2010; Lu et al, 2010; Zhang et al, 2010; Song et al, 2010a).

In addition, Nf2/Merlin, an upstream component of the

Hippo signalling pathway, maintains the bone microenviron-

ment by regulating osteoblast numbers and the level of the

HSC pool (Larsson et al, 2008). We and others have recently

shown that MST is a major binding partner of RASSF2 and

that the stability of both proteins is regulated in a reciprocal

manner (Cooper et al, 2009; Song et al, 2010b). Mst1-deficient

mice exhibit reduced levels of naive T cells in all of the

peripheral blood, the spleen, and LNs, and lack marginal

zone B cells in the spleen (Zhou et al, 2008; Choi et al, 2009).

Similarly, Nore1b-null mice have reduced lymphocyte num-

bers in peripheral lymphoid organs and fewer hypoplastic

B-cell follicles in the Peyer’s patches and spleen (Katagiri

et al, 2004). However, despite the fact that expression of the

genes is ubiquitous, neither Mst1 nor Nore1b deficiency

caused significant growth retardation; abnormalities were

present only in lymphoid organs. Importantly, we found

that depletion of Rassf2 in mice resulted in systemic lympho-

penia accompanying severe bone defects. The reduction in

lymphocyte numbers in Rassf2�/� mice may not be attribu-

table to cell-autonomous defects affecting the repopulation

capacity of Rassf2�/� HSCs (Figure 1E). Although Rassf2�/�

BMMs manifested intrinsic differentiation enhancement

(Figure 3E), our findings of reduced levels of HSCs in

Rassf2�/� mice (Figure 1D) and impaired differentiation of

Rassf2�/� BMMs towards Rassf2�/� osteoblast precursors

(Figure 3G) further suggest that impaired bone remodelling

in Rassf2�/� mice is likely attributable to reduced bone

turnover caused by defects in both osteoclast and osteoblast

formation. However, we cannot currently exclude the

possibility that Rassf2 deficiency causes intrinsic defects in

lymphoid organ development, immune cell differentiation, or

maintenance of HSCs or MSCs. Therefore, in the light of the

fact that crosstalk occurs between the immune and skeletal

system of Rassf2�/� mice, tissue-specific depletion of Rassf2

will be required to identify, in more detail, the roles played

by RASSF2 during haematopoietic development and bone

remodelling.

To date, the Hippo pathway in mammals has been exten-

sively studied with respect only to epithelial developments

and to control of organ size. No obvious bone defects have

yet been reported in Mst1, Rassf1, Lats1, or Nore1b-deficient

mice. Importantly, we also found that expression of both

Hippo components and Rassf2 gradually increased during

differentiation of WT osteoclasts and osteoblasts (Supple-

mentary Figure S11). Moreover, Hippo component expres-

sion, such as that of Mst1, Mst2, or Lats1, was apparently

reduced in Rassf2-deficient osteoclasts and osteoblasts

(Supplementary Figure S11). Therefore, it is possible that

Hippo components play roles in bone development. In addi-

tion, RASSF2, among the RASSF protein family, may serve as

a specific integrator of the Hippo signalling network during

bone development. Thus, it will be necessary to determine

whether bone-specific deletion of Hippo components such as

Mst1/2 and Lats1/2 also result in deregulated bone cell

differentiation.

Materials and methods

Generation of Rassf2 knockout mice
The Rassf2 genomic locus encompassing exons 2–9 was isolated
from a 129/SvJ mouse BAC (bacterial artificial chromosome)
library. For construction of the targeting vector, a 3858-bp right-
arm fragment obtained by PCR was subcloned into the BamHI site
of the PGK-puro targeting vector, after which a 5237-bp left-arm
fragment, also obtained by PCR, was subcloned into the EcoRI site
of the same vector. The diphtheria toxin A gene (DT-A) was next
inserted into the NotI site at the 30 end of the right arm, to permit
negative selection. A genomic region (3.99 kb) spanning exons 4
and 5 of Rassf2was thus replaced with a 1.5-kb fragment containing
the puromycin-resistance gene (Puro), a positive selection marker.
Generation of Rassf2 knockout mice was accomplished using
standard methods permitting homologous recombination in em-
bryonic stem cells, followed by blastocyst injection. The correct
recombination event was confirmed by Southern blotting, genotyp-
ing of genomic DNA, and RT–PCR detecting Rassf2mRNA in mouse
embryonic fibroblasts. The primers for mouse genotyping were 50-
AAC AAA CTA GAA CAA TCC TGT CGT C-30 (forward) for the WT
and mutant alleles of Rassf2; and 50-CAA GAC CCT GTT TCT TTA
AAA CTG A-30 (reverse) for the WTallele and 50-GCA CGA GAC TAG
TGA GAC GTG CTA C-30 (reverse) for the mutant allele. Primers for
RT–PCR were 50-TGT GGA GGG GTT ACT GAA CA-30 (forward) and
50-AGC CAT AGG CTG GTG TGA AC-30 (reverse); PCR yielded a
product of 413 bp from Rassf2. Rassf2�/� mice were backcrossed
into C57BL/6 animals for more than seven generations. Animal care
and experimentation complied with procedures approved by the
KAIST Animal Care and Use Committee (KACUC).

Retrovirus preparation and infection
For preparation of retroviral particles, 293T cells were transfected
with pMX vectors encoding Flag-tagged human RASSF2 or Flag-
tagged human IKK-DN (or with empty vector) employing poly-
ethylenimine (Polysciences). After 3 days, the medium containing
retroviruses was harvested and passed through a syringe filter
0.2mm in pore diameter. BMMs or primary osteoblast cells were
infected with retroviruses for 6 h employing polybrene (8 mg/ml) in
the presence or absence of M-CSF (120ng/ml). After washing with
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fresh medium, BMMs or osteoblast cells were cultured for 2 days in
the presence of puromycin (2 mg/ml) with or without M-CSF
(120ng/ml). Puromycin-resistant BMMs or osteoblast cells were
next studied.

RT–PCR and protein analyses
Isolation of total RNA, and cDNA synthesis, were performed
following the protocols of the manufacturer of the kit (Intron). The
sequences of the various PCR primers are available on request.
Antibodies used in IB analysis included those against Flag (Sigma);
HA (Covance); and Fra-1, Runx2, c-Src, c-Fos, NFATc1, phosphory-
lated IkBa, IkBa, p65, and b-actin (Santa Cruz Biotechnology).
Antibody against RASSF2 was generated as previously described
(Song et al, 2010b). All other antibodies were obtained from Cell
Signaling. Co-IP and immune complex kinase assays were
performed as described previously (Song et al, 2010b). Purified
histidine-tagged RASSF2 protein, GST–IKKb (Cell Signaling), and
GST–IkBa, were used in the in vitro kinase assay. The kinase
activity of IKKb was measured by incubating 15 nM of GST–IKKb,
300nM of GST–IkBa (as a substrate), and the indicated molar ratios
of RASSF2, in kinase buffer (25mM Tris–HCl (pH 7.5), 10mM
MgCl2, 0.1mM Na3VO4, 5mM b-glycerophosphate, 2mM dithio-
threitol, and 3 mCi (g-32P) ATP) for 30min at 301C. The levels of
phosphorylated GST–IkBa were measured by autoradiography. The
NF-kB reporter assay was performed using the firefly luciferase
reporter plasmid pNF-kB-Luc (Stratagene) and the Renilla luciferase
control plasmid pRL-TK (Promega); the activity of firefly luciferase
was determined using the Dual-Luciferase reporter assay system
(Promega). Subcellular fractionation was performed using NE-PER
Nuclear and Cytoplasmic Extraction Reagents, as per the protocols
of the manufacturer (Thermo Scientific). Immunostaining
employed a phospho-p65 antibody (Abcam) and was performed
as previously described (Lee et al, 2008).

Microcomputed tomography, histological analysis,
measurement of mineral deposition rate, and assay of
osteoclast-regulating and bone resorption markers
The proximal tibia (sections 18mm thick) was scanned in three
dimensions using a high-resolution microcomputed tomography
scanner (Skyscan 1076 Micro-CT System). For analysis of bone
histology, serial 5 mm-thick sagittal sections were prepared with the
use of a microtome and were stained either with H&E to detect
osteoblasts or with TRAP to visualize osteoclasts. Counterstaining
employed methylene blue. For analysis of MAR, mice were
intraperitoneally injected with calcein (15mg/kg of body weight;
Sigma) on postnatal days 13 and day 23 and were sacrificed 3 days
after the final injection. Bones were sectioned and calcein double-
labelled bone surfaces were photographed to measure the rate of
mineral apposition. For measurement of M-CSF, RANKL, and
osteoprotegerin (OPG) (all of which regulate osteoclast formation);
and type 1 collagen CTX (a known bone resorption marker); sera
and urine were collected from 3-week-old WT and Rassf2�/� mice.
Osteoclast-regulating factors (RANKL, M-CSF, and OPG) in sera,
and CTX in sera and urine, were measured using commercial
immunoassay kits from R&D Systems and IDS Ltd., respectively.

Osteoclast and osteoblast differentiation
For analysis of osteoclast differentiation, BMMs (osteoclast pre-
cursors) were obtained from cultures of BM cells isolated from the
tibia and femur of 3-week-old male mice, as described (Kim et al,
2009). BMMs were cultured for 4 days in a-minimum essential
medium (a-MEM) supplemented with M-CSF (30ng/ml) and
RANKL (100ng/ml). The cells were next fixed and stained for
TRAP employing a leukocyte acid phosphatase staining kit (Sigma).
TRAP-positive cells containing X10 nuclei, and an actin ring, were
counted with the aid of a light microscope. For analysis of bone pit
formation, BMMs (5�103 cells/well in 96-well plates) were seeded
onto dentine slices (IDS Ltd.) and were allowed to differentiate into
osteoclasts in the presence of M-CSF and RANKL for 6 days, with a
change of medium after 2 days. After all slices were subjected to
ultrasonication to remove adherent cells, and stained with
haematoxylin, pit areas were photographed under a light micro-
scope and analysed using Image-Pro Plus version 6.0 software
(MediaCybernetics). For analysis of osteoblast differentiation,
primary osteoblast cells were prepared from the calvarium of
newborn mice by five sequential digestions with dispase II and
collagenase type IA. Primary osteoblast cells (1�104 cells/well in

48-well plates) were cultured in osteogenic medium (a-MEM
supplemented with 10% FBS, bone morphogenetic protein 2
(100ng/ml; R&D Systems), 10mM b-glycerophosphate, and ascor-
bic acid (100mg/ml)) for 12 days. Mineralized nodule formation
was determined on days 6 and 12 by staining with alizarin red S
solution (2%, pH 4.2). For quantitation of calcium deposition, cells
were washed with distilled water, the dye was eluted with 10%
cetylpyridinium chloride, and absorbance at 595 nm was measured
with the use of a microplate reader (Bio-Rad). In the co-culture
experiments, BMMs (1�105 cells/well in 48-well plates) were
cultured with calvarial osteoblast cells (1�104 cells/well) in the
presence of 20 nM 1a,25-dyhydroxy vitamin D3 and 1mM prosta-
glandin E2 to induce expression of osteoclastogenic M-CSF and
RANKL and to permit osteoclast differentiation over 9 days.

Flow cytometric analysis
Thymus and spleen tissue digests were passed through a Cell
Strainer 40mm in pore diameter (BD Falcon) and cells in the filtrate
were isolated by centrifugation employing lymphocyte separation
medium (Mediatech Cellgro). For isolation of peripheral blood
leukocytes, blood from the tail vein was suspended with a solution
containing 0.15M NH4Cl, 10mM KHCO3, and 0.1mM EDTA
(disodium salt) at pH 7.2. Isolated cells were stained with
fluorescein isothiocyanate (FITC)-conjugated antibody to CD4 and
phycoerythrin (PE)-conjugated antibody to CD8a for analysis of T
lymphocytes, and with FITC-conjugated antibody to B220 for
analysis of B lymphocytes. To detect LSK and MP cells, BM cells
were prepared by flushing of the femur and tibia with Dulbecco’s
modified Eagle’s medium supplemented with 2% (v/v) FBS and
antibiotics followed by centrifugation using lymphocyte separation
medium. Isolated BM cells were stained with biotin-conjugated
antibodies to lineage markers (CD4, CD8a, B220, Gr-1, CD11b, and
Ter119); FITC-conjugated antibody to CD34; PE-conjugated anti-
body to Flk2; PE-Cy7-conjugated antibody to Sca1; and allophyco-
cyanin (APC)-conjugated antibody to c-Kit. APC-Cy7-conjugated
streptavidin was next used to detect lineage markers. Stained cells
were analysed with a FACSCalibur or LSRII flow cytometer (BD
Biosciences).

BM transplantation
BM cells were harvested from the femur and tibia of 3-week-old WT
or Rassf2�/� mice, as described above. For competitive transplanta-
tion, CD45.1þ competitor BM cells (1�106) from WT C57BL/6J
mice and CD45.2þ donor BM cells (2�106) from Rassf2þ /þ or
Rassf2�/� mice were mixed in a 2:1 ratio and next injected into the
tail vein of lethally irradiated (10Gy) C57BL/6J recipient mice.
CD45.2þ donor cells in peripheral blood of recipient mice were
quantitated at the indicated times thereafter by staining with
PE-conjugated antibody to CD45.1 and FITC-conjugated antibody to
CD45.2, followed by flow cytometry.

Global gene expression profiling analyses
Global gene expression analyses were performed by eBiogen Inc.,
using the Agilent Mouse whole-genome 44K platform. Data were
analysed using Agilent’s GeneSpring GX software. Heatmap
representation was achieved using the TIGR Multiexperiment
Viewer program MeV version 4.6. For analysis of marker genes
related to positive regulators of NF-kB activity, significantly
upregulated genes were selected by hierarchical clustering analysis
using average linkage and Euclidean distance values and assigned
to the biological pathways GO 0042345, GO 0042346, GO 0051092,
GO 0043123, GO 0033257, GO 0007250, GO 0008588, or GO
0043122.

Statistical analysis
Data are presented as mean values±s.e.m. or ±s.d., as indicated,
and were analysed using Student’s two-tailed t-test. A P-value
o0.05 was considered to be statistically significant.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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