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with IL-4 or IL-13 in UAMS-32 cells. Both cytokines
increased OPG mRNA expression levels in similar dose-
and time-dependent manners (Fig. 2a, b). Similarly, OPG
protein levels in the culture supernatants of UAMS-32
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cells were also increased following treatment with IL-4
and IL-13 in dose- and time-dependent manners
(Fig. 2¢, d). IL-4 and IL-13 have been shown to recover
OPG mRNA expression down-regulated by la,25-
(OH),D5 in mouse calvariae and osteoblasts,'® therefore
we also examined their effects on OPG mRNA expression
levels in the presence of 10,25-(OH),D;. Addition of the
cytokines led to recovery of the down-regulation of OPG
gene expression by 1a,25-(OH),D; (Fig. 2e). Further, the
expression levels of RANKL mRNA were decreased in a
similar dose-dependent manner (Fig. 2f). These results
suggest that IL-4 and IL-13 act in a similar manner
toward osteoblasts to stimulate the production of OPG,
which inhibits osteoclast differentiation.

Inhibition of RANKL-induced osteoclast
differentiation by IL-4 and IL-13

We next examined the direct effects of IL-4 and IL-13 on
osteoclast differentiation from BMMs (osteoclast precur-
sors) using a BMM culture system. As shown in Fig. 3(a),
IL-4 at 3 ng/ml completely inhibited osteoclast differenti-
ation induced by RANKL, while the same concentration
of IL-13 demonstrated only slight inhibition and did not
completely inhibit osteoclast differentiation even at a con-
centration of 10 ng/ml. The ICs, values of IL-4 and IL-13
for osteoclast differentiation were 0-34 and 13-54 ng/ml,
respectively (Figs 3a,b). These results suggest that the
stronger inhibitory action of IL-4 observed in our cocul-
ture system was caused by the different sensitivities of
osteoclast precursors to IL-4 and IL-13.

Figure 2. Regulation of OPG and RANKL gene expression by IL-4
and IL-13 in osteoblastic cells. (a) Dose effects of IL-4 and IL-13 on
the induction of OPG mRNA. UAMS-32 cells were treated with 1,
10, and 100 ng/ml of IL-4 or IL-13 for 3'hr. (b) Time course analysis
of OPG mRNA expression in the presence of IL-4 or IL-13. UAMS-
32 cells were treated with 10 ng/ml of IL-4 or IL-13 for 1, 3, 6, 12,

~and 24 hr. (¢} Dose effects of IL-4 and IL-13 on the secretion of

OPG protein. UAMS-32 cells were treated with 0-1, 0-5, 1, 10, and
100 ng/ml of IL-4 (white bars) or IL-13 (grey bars) for 12 hr. Data
are shown as the means * SD (n = 3). (d) Time course analysis of
the secretion of OPG protein in the presence of IL4 or IL-13.
UAMS-32 cells were treated with 10 ng/ml of IL-4 (black bar) or
IL-13 (grey bar) for 6, 12, 24, 36, and 48 hr. Concentrations of OPG
in the conditioned media of UAMS-32 cells were determined
by enzyme-linked immunosorbent assay. Data are shown as the
means + SD (n = 3). (e) Effects of IL-4 and IL-13 on OPG mRNA
in osteoblastic cells pretreated with 1a,25-(OH),D;. UAMS-32 cells
were pretreated with 100 nm of 1a,25-(OH),D; for 1 hr, followed by
treatment with 10 ng/ml of IL-4 or IL-13 for 3 hr. (f) Effects of IL-4
and IL-13 on RANKL mRNA in osteoblastic cells. UAMS-32 cells
were treated with 1, 10, and 100 ng/m! of IL-4 or IL-13 for 24 hr.
(a, ¢, €, and f) The expressions of RANKL mRNA, OPG mRNA, and
18S rRNA were detected by Northern blot analysis.
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Figure 3. Effects of IL-4 and IL-13 on osteoclast differentiation
induced by RANKL in osteoclast precursor cultures. (a) BMMs were
cultured with various concentrations of IL-4 with (O) or without (@)
150 ng/ml of RANKL, or IL-13 with (A) or without (A) 150 ng/ml of
RANKL. After culturing the cells, the cell lysates were harvested and
TRAP activity was measured. Data are shown as the means + SE
(n = 4). (b) Photographs of BMCs and BMMs treated with 10 ng/ml
of IL-4 or IL-13. The cells were fixed and stained for TRAP (original
magnification x10).

Expression of receptor components for IL-4 and IL-13
in osteoclast precursors and osteoblasts

To explore the mechanism of IL-4 and IL-13 action,
we analysed the expressions of receptor components for
IL-4 and IL-13 (Fig. 4). Although IL-4Ra and IL-13Ral
mRNAs were commonly expressed in all the cells
tested, the yc mRNA was expressed in osteoclast
precursors such as BMCs and BMMs but not in osteo-
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Figure 4. Expression of receptor components for IL-4 and IL-13 in
osteoclast precursors and osteoblastic cells. Total RNAs were extrac-
ted from BMCs, primary osteoblasts (OBs), BMMs, RAW264.7 cells,
UAMS-32 cells, and ST-2 cells. Subsequently, the mRNA expressions
of IL-4Ra, IL-13Ral, yc, and GAPDH in the cells were analysed by
RT-PCR.
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Figure 5. Phosphorylation of STAT6 by IL-4 and IL-13 in UAMS-
32 cells and BMMs. UAMS-32 (a) cells and BMMs (b) were treated
with 0-1, 1, 10 and 10 ng/ml of IL-4 and IL-13 for 30 min. Subse-
quently, phosphorylation of STAT6 protein was analysed by Western
blot analysis.

blastic cells such as primary osteoblasts and UAMS-32
cells (Fig. 4). Consistently, the RAW264.7 cell line
known as osteoclast precursors and the ST-2 stromal
cell line showed the same expression patterns with
BMCs/BMMs and osteoblasts/UAMS-32 cells, respect-
ively (Fig. 4).

Activation of STAT6 by IL-4 and IL-13 in osteoclast
precursors and osteoblasts

In the UAMS-32 cells, phosphorylation of STAT6
occurred in the presence of as little as 1 ng/ml IL-4 or IL-
13 and increased in a dose-dependent manner, with phos-
phorylation levelling off at 10 ng/ml (Fig. 5a). On the
other hand, in the BMMs, phosphorylation of STATé
occurred at lower concentrations of IL-4 (>0-1 ng/ml)
than those of IL-13 (> 1 ng/ml) (Fig. 5b). These results
suggest that the effects of IL-4 and IL-13 on the activation
of STAT6 in osteoblasts are equivalent, but IL-4 proved
to be more effective than IL-13 for activation of STAT6
in osteoclast precursors.

Effects of IL-4 and IL-13 on expression of NFATcl
mRNA in osteoclast precursors

Because NFATc] is known to be a critical gene for regula-
ting the differentiation of osteoclasts,’ we examined the
effects of IL-4 and IL-13 on the expression of NFATcl
mRNA in BMMs treated with RANKL (Fig. 6). The
expression of NFATcl mRNA induced by RANKL in
BMMs was completely inhibited by 10 ng/ml of IL-4,
while the same concentration of IL-13 demonstrated only
slight inhibition. This is consistent with the results
observed in the BMM culture system following treatment
with IL-4 and IL-13.
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Figure'6. Effects of IL-4 and IL-13 on NFATcI mRNA expression in
osteoclast precursors. BMMs were treated with or without 150 ng/ml
of RANKL in the presence of I1L-4 or IL-13 at the indicated concen-
trations for 24 hr. Total RNA was then extracted and NFATcl
mRNA expression was examined using RT-PCR.

Discussion

It has been reported that IL-4 and IL-13 inhibit osteoclast
differentiation in a similar manner."**>** However, the
present results demonstrated some differences in regard
to their activities toward osteoclast precursors and osteo-
- blasts. Our data suggest that the inhibitory effect of IL-4
is stronger than that of IL-13 toward osteoclast precur-
sors, while their effects on OPG and RANKL mRNA
expression in osteoblasts are equivalent.

After comparing the 1Cso values of IL-4 and IL-13
between the coculture and BMM culture systems, it was
apparent that both cytokines inhibited osteoclast differen-
tiation more strongly in the coculture system than in the
BMM culture system, as their ICso values were 0-13 ng/ml
and 2-69 ng/ml, respectively, in the coculture system, and
0-34 ng/ml and 13-54 ng/ml, respectively, in the BMM
culture system. These results suggest that inhibition of
osteoclast differentiation by IL-4 and IL-13 is derived
from not only their direct actions on osteoclast precur-
sors, but also indirect actions on osteoblasts, including
up-regulation of OPG production and down-regulation of
RANKL expression.

Palmqyist et al. showed that IL-4 and IL-13 at a con-
centration of 50 ng/ml slightly increased OPG mRNA
expression levels in calvarial osteoblasts after 48 hr, when
evaluated using RT-PCR.'* Our time course and dose—
response results using Northern blot analysis indicated
that the cytokines strongly induced OPG mRNA expres-
sion after 1 hr, even at 1 ng/ml. Further, the maximum
expression levels of OPG mRNA were observed at 3 hr
and decreased thereafter. These results suggest that OPG
production is regulated very quickly and strongly by
stimulation with IL-4 and IL-13. As for RANKL, a con-
centration of 1 ng/ml of IL-4 or IL-13 was enough to
down-regulate its expression for 24 hr. Thus, IL-4 and
IL-13 may regulate OPG and RANKL production in osteo-
blasts to inhibit osteoclast differentiation in a manner
more sensitive than previously supposed.

In the immune system, IL-4 is necessary for CD4" Th2
cell development, while IL-13 has been reported to have
negligible effects on T cells.”® These functional differences
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have been explained by the different expression patterns
of the receptor subunits.”® The present results showed
that IL-4Ra and IL-13Ral are commonly expressed in
osteoclast precursors and osteoblasts, while yc s
expressed in osteoclast precursors but not in osteoblasts.
Palmqyvist et al. showed that the expression of IL-13Ra2,
a decoy receptor for IL-13 signalling, is decreased by
treatment with RANKL and M-CSF in BMMs, and recov-
ered by IL-13."* Therefore, the expression patterns of the
receptor subunits may be related, at least in part, to the
inhibitory actions of IL-4 and IL-13 toward osteoclast
differentiation.

Moreno et al. showed that ICsy for IL-4 induced sup-
pression of osteoclast differentiation correlated directly to
the ECso for inducing the tyrosine phosphorylation of
STAT6."> We further revealed that IL-4 induces tyrosine
phosphorylation of STAT6 at lower concentrations than
IL-13 in osteoclast precursors, while that in osteoblasts
was equivalent. These results are consistent with those
observed in the analysis of osteoclast differentiation, OPG
production and NFATcl expression. Thus, levels of
STAT6 activation may be crucially involved in the inhibi-
tion of osteoclast differentiation. Further investigation
including the analysis of JAK3 phosphorylation is
required to reveal the precise roles of intracellular signal-
ling pathways in the regulation of osteoclast differen-
tiation.

Osteoclast precursors are multipotential cells that dif-
ferentiate into immune cells, such as mature macrophages
and dendritic cells.”*® Although NFATcl has been repor-
ted to regulate osteoclast differentiation induced by
RANKL, the factor is also involved in immune cell func-
tions.”® Our RT-PCR analysis showed that a concentra-
tion of 10 ng/ml of IL-4, but not IL-13, inhibited
NFATcl expression in osteoclast precursors. Therefore,
we concluded that IL-4 and IL-13 differently regulate the
balance of differentiation into immune cells and osteo-
clasts via NFATcl.

Recently, Ahn et al. reported that IL-4 was more effect-
ive than IL-13 for in vitro differentiation of dendritic cells
from peripheral blood mononuclear cells*® We also
found that the inhibitory effects of IL-4 and IL-13 are dif-
ferent toward osteoclast precursors, while they are equiv-
alent toward osteoblasts for the induction of OPG
production. Together, our results imply that IL-4 and
IL-13 play different roles in bone metabolism, including
inhibition of bone resorption.

Acknowledgements

We thank Dr Achsah D. Keegan (University of Maryland)
for the critical review of our manuscript. We also thank
Drs Yongwon Choi (University of Pennsylvania) and
Charles A. O’Brien (University of Arkansas for Medical
Sciences) for providing the soluble forms of human

© 2007 Blackwell Publishing Ltd, /mmunology, 120, 573-579

— 465 —



TRANCE and UAMS-32 cells, respectively. This work was
supported in part by the ‘High-Tech Research Center’
Project for Private Universities matching fund subsidy, as

well as grants-in aid from the Ministry of Education, Cul-

ture, Sports, Science and Technology of Japan.

References

1

10

11

12

13

Suda T, Takahashi N, Udagawa N, Jimi E, Gillespie MT, Martin
TJ. Modulation of osteoclast differentiation and function by the
new members of the tumor necrosis factor receptor and ligand
families. Endocr Rev 1999; 20:345-57.

Simonet WS, Lacey DL, Dunstan CR et al. Osteoprotegerin:
a novel secreted protein involved in the regulation of bone
density. Cell 1997; 89:309-19.

Tsuda E, Goto M, Mochizuki S, Yano K, Kobayashi F, Morinaga
T, Higashio K. Isolation of a novel cytokine from human fibro-
blasts that specifically inhibits osteoclastogenesis. Biochem
Biophys Res Commun 1997; 234:137-42.

Yasuda H, Shima N, Nakagawa N et al. Identity of osteoclasto-
genesis inhibitory factor (OCIF) and osteoprotegerin (OPG):
a mechanism by which OPG/OCIF inhibits osteoclastogenesis
in vitro. Endocrinology 1998; 139:1329-37.

Bucay N, Sarosi I, Dunstan CR et al. osteoprotegerin-deficient
mice develop early onset osteoporosis and arterial calcification.
Genes Dev 1998; 12:1260-8.

Mizuno A, Amizuka N, Irie K et al. Severe osteoporosis in
mice lacking osteoclastogenesis inhibitory factor/osteoprotegerin.
Biochem Biophys Res Commun 1998; 247:610-5.

Takahashi N, Akatsu T, Udagawa N, Sasaki T, Yamaguchi A,
Moseley JM, Martin TJ, Suda T. Osteoblastic cells are involved
in osteoclast formation. Endocrinology 1988; 123:2600-2.

Yasuda H, Shima N, Nakagawa N et al. Osteoclast differentiation
factor is a ligand for osteoprotegerin/osteoclastogenesis-inhibi-
tory factor and is identical to TRANCE/RANKL. Proc Natl Acad
Sci USA 1998; 95:3597—602.

Takami M, Kim N, Rho J, Choi Y. Stimulation by toll-like
receptors inhibits osteoclast differentiation. J Immunol 2002;
169:1516-23.

Mundy GR. Role of cytokines in bone resorption. J Cell Biochem
1993; 53:296-300.

Wills-Karp M. Immunologic basis of antigen-induced airway
hyperresponsiveness. Annu Rev Immunol 1999; 17:255-81.
Callard RE, Matthews DJ, Hibbert L. IL-4 and IL-13 receptors:
are they one and the same? Immunol Today 1996; 17:108-10.
Moreno JL, Kaczmarek M, Keegan AD, Tondravi M. IL-4 sup-
presses osteoclast development and mature osteoclast function
by a STAT6-dependent mechanism: irreversible inhibition of the
differentiation program activated by RANKL. Blood 2003;
102:1078-86.

Palmgqvist P, Lundberg P, Persson E, Johansson A, Lundgren I,
Lie A, Conaway HH, Lerner UH. Inhibition of hormone and
cytokine-stimulated osteoclastogenesis and bone resorption by
interleukin-4 and interleukin-13 is associated with increased
osteoprotegerin and decreased RANKL and RANK in a STAT6-
dependent pathway. ] Biol Chem 2006; 281:2414-29.

© 2007 Blackwell Publishing Ltd, /mmunology, 120, 573~579

— 466 —

15

17

18

19

20

21

22

Regulation of osteoclasts by IL.-4 and IL-13

Wong BR, Besser D, Kim N, Arron JR, Vologodskaia M, Hana-
fusa H, Choi Y. TRANCE, a TNF family member, activates Akt/
PKB through a signaling complex involving TRAF6 and c-Src.
Mol Cell 1999; 4:1041-9.

Wong BR, Rho ], Arron ] et al. TRANCE is a novel ligand of
the tumor necrosis factor receptor family that activates c-Jun
N-terminal kinase in T cells. J Biol Chem 1997; 272:25190—4.
Suda T, Jimi E, Nakamura 1, Takahashi N: Role of 1a,25-dihyd-
roxyvitamin D, in osteoclast differentiation and function.
Methods Enzymol 1997; 282:223-35.

Yamada A, Sheikh F, Niimi T, DeMayo FJ], Keegan AD, Donnel-
ly RP, Kimura S. Induction of uteroglobin-related protein 2
(Ugrp2) gene expression by the Th2 cytokines IL-4 and IL-13.
] Immunol 2005; 175:5708-15.

Takayanagi H, Kim S, Koga T et al. Induction and activation of
the transcription factor NFATcl (NFAT2) integrate RANKL
signaling in terminal differentiation of osteoclasts. Dev Cell 2002;
3:889-901.

Watanabe K, Tanaka Y, Morimoto I, Yahata K, Zeki K, Fujihira
T, Yamashita U, Eto S. Interleukin-4 as a potent inhibitor of
bone resorption. Biochem Biophys Res Commun 1990; 172:1035—
41.

Nakano Y, Watanabe K, Morimoto 1 et al. Interleukin-4 inhibits
spontaneous and parathyroid hormone-related protein-stimula-
ted osteoclast formation in mice. ] Bone Miner Res 1994; 9:1533—
9.

Okada Y, Morimoto I, Ura K, Nakano Y, Tanaka Y, Nishida S,

. Nakamura T, Eto S. Short-term treatment of recombinant

23

24

25

26

27

28

29

murine interleukin-4 rapidly inhibits bone formation in normal
and ovariectomized mice. Bone 1998; 22:361-5.

Ahlen ], Andersson S, Mukohyama H, Roth C, Backman A,
Conaway HH, Lerner UH. Characterization of the bone-resorp-
tive effect of interleukin-11 in cultured mouse calvarial bones.
Bone 2002; 31:242-51.

Nagasaki K, Yamaguchi K, Watanabe K, Eto S, Abe K. Inter-
leukin-4 blocks parathyroid hormone-related protein-induced
hypercalcemia in vivo. Biochem Biophys Res Commun 1991;
178:694-8.

Zurawski G, de Vries JE. Interleukin 13, an interleukin 4-like
cytokine that acts on monocytes and B cells, but not on T cells.
Immunol Today 1994; 15:19-26.

Chomarat P, Banchereau J. Interleukin-4 and interleukin-13:
their similarities and discrepancies. Int Rev Immunol 1998; 17:1—
52.

Welhm M]J, Learmonth L, Bone H, Schrader JW. Interleukin-13
signal transduction in lymphohemopoietic cells. J Biol Chem
1995; 270:2012286-96.

Miyamoto T, Ohneda O, Arai F, Iwamoto K, Okada S, Takagi
K, Anderson DM, Suda T. Bifurcation of osteoclasts and dend-
ritic cells from common progenitors. Blood 2001; 98:2544—
54.

Wagner EF, Efer] R. Fos/AP-1 proteins in bone and the immune
system. Immunol Rev 2005; 208:126-40.

Ahn JS, Agrawal B. IL-4 is more effective than IL-13 for in vitro
differentiation of dendritic cells from peripheral blood mono-
nuclear cells. Int Immunol 2005; 17:1337-46.

579



LETTERS"

nature

cell biology

DEAD-box RNA helicase subunits of the Drosha
complex are required for processing of rRNA

and a subset of microRNAs

Toru Fukuda'$, Kaoru Yamagata'?$, Sally Fujiyama'*¢, Takahiro Matsumoto'?, Iori Koshida',
Kimihiro Yoshimura!, Masatomo Mihara', Masanori Naitou?, Hideki Endoh?, Takashi Nakamura'?,
Chihiro Akimoto', Yoko Yamamoto', Takenobu Katagiri?, Charles Foulds®, Shinichiro Takezawa',
Hirochika Kitagawa!, Ken-ichi Takeyama', Bert W. O’Malley® and Shigeaki Kato'2’

MicroRNAs (miRNAs) control cell proliferation, differentiation
and fate through modulation of gene expression by partially
base-pairing with target mRNA sequences’-. Drosha is an
RNase I enzyme that is the catalytic subunit of a large
complex that cleaves pri-miRNAs with distinct structurés into
pre-miRNAs’. Here, we show that both the p68 and p72 DEAD-
box RNA helicase subunits®1° in the mouse Drosha complex
are indispensable for survival in mice, and both are required for
primary miRNA and rRNA processing. Gene disruption of either
p68 or p72 in mice resulted in early lethality, and in both
p68+ and p72~ embryos, expression levels of a set of, but

not all, miRNAs and 5.8S rRNA were significantly lowered. In
p72+ MEF cells, expression of p72, but not a mutant lacking
ATPase activity, restored the impaired expression of miRNAs
and 5.8S rRNA. Furthermore, we purified the large complex

of mouse Drosha and showed it could generate pre-miRNA

and 5.8S rRNA in vitro. Thus, we suggest that DEAD-box RNA
helicase subunits are required for recognition of a subset of
primary miRNAs in mDrosha-mediated processing.

DEAD-box RNA helicases unwind RNA and alter RNA structures
through ATP binding and hydrolysis®*'®. Two members of the family,
p68 and p72, have been implicated in many biological events''-". p68
and p72 function may facilitate processing of RNA, particularly miRNA,
as generation of miRNAs from primary miRNAs (pri-miRNA) with
diverse structures seems to require many RNA-associated factors for
RNase [1I-mediated processing. miRNAs control cell proliferation, dif-
ferentiation and fate through modulation of gene expression by partially
base-pairing with target mRNA sequences'%'®. Mammalian miRNA

genes are initially transcribed as mono- or polycistronic precursor pri-
miRNAs. Pri-mRNAs are processed into 60-70 nucleotide hairpins
with 3’-overhangs by nuclear RNase III endonuclease Drosha to form
pre-miRNAs'*". Pre-miRNAs translocate into the cytosol and are then
processed by Dicer, another RNase III-related enzyme, to form mature
17-24 nucleotide miRNAs'~". Recently, the functional unit of human
Drosha (hDrosha) was biochemically identified’, and it was revealed that
hDrosha forms two types of complexes. The smaller di-subunit complex
(Drosha plus DGCRS8), Microprocessor, mediates genesis of 5.85 rRNA
and pre-miRNA from pri-miRNA’. The other larger hDrosha complex
comprises multiple classes of RNA associated proteins including DEAH-
box RNA helicases, heterogeneous nqdear ribonucleoproteins (hnRNP)
and several proteins with RNA binding or RRM motifs. p68-p72 ATP-
dependent DEAD-box RNA helicases are also components of the larger
hDrosha complex’. The precise role of the large complex components,
particularly the RNA-associated proteins, in procéssing of pri-miRNA
and rRNA remains to be investigated.

The genes for the p68 and p72 DEAD-box RNA helicases were
disrupted in mice using a conventional method (see Supplementary
Information, Fig. $1). The human homologues (DDXS5 for p68, refs 8,
9; and DDX17 for p72, ref. 10) are the subunits for the large hDrosha
complex’. Although no clear phenotypic abnormalities were detected
in p68*- and p72*~ mice (data not shown), embryonic lethality was
observed in p68~- embryos at ~E11.5, and neonatal death occured in
p727- pups (Fig. 1a) at postnatal day 2 (P2) with smaller body size (see
Supplementary Information, Fig. S1f). Double disruption of p68 and
P72 seemed to lead to earlier lethality than p68 inactivation alone in
embryos (Fig. 1a). Ubiquitous expression of p68 and p72 was observed
in developing embryos (Fig. 1b). Irrespective of early lethality of the
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Figure 1 Embryonic and neonatal lethality of p68 and p72 knockout mice.
(a) Genotype of F2 offspring from heterozygous and double (p68 and p72)
heterozygous matings. (b) Whole-mount in situ hybridization of p72 and
p68 mMRNA in wild-type (WT) embryos (E9.5). (c) Histological analysis of
wild-type and p72* embryos (E18.5). Sections were stained with thionine
(brain), and hematoxylin and eosin (heart and placenta). (d) Immunostaining
with anti-PECAM-1 antibody. Wild-type, p72+ and p68+ mouse embryos
were stage-matched to controls by somite count. (e} Analysis of cell-growth
rate by modified MTT assay. Results are expressed as the mean + s.d. of
six independent experiments. Protein levels of p72 and p68 for 6 days
were confirmed by western blotting. Uncropped images of the blots are
shown in the Supplementary Information, Fig. S5a. (f) BrdU incorporation

homozygous mutants, no specific degeneration in organogenesis was
detectable (Fig. 1¢). Staining with a PECAM-1 antibody showed p68-
Pp72homozygous-mutant embryos suffered malformation of blood ves-
sels (Fig. 1d), as previously observed in mice with genetically reduced
Dicer activity'®. Assuming the putative role of the hDrosha complex
is in processing of rRNA and miRNAs involved in cellular prolifera-
tion, differentiation and cell fate, we first examined cell-growth rates
in mouse embryonic fibroblasts (MEFs) from p727/- embryos. A severe
reduction in cell-growth rate because of p72 deficiency was observed
(Fig. 1e), and was confirmed by significantly impaired DNA syn-
thesis in p727/- MEFs, as measured by BrdU incorporation (Fig. 1f).

of wild-type and p72+ MEFs with depletion of p72 and p68. Results are
expressed as the mean + s.d. of six independent experiments. Significant
differences when compared with the data for wild-type or p72+ MEFs with
control RNAI are shown (single asterisk indicate P <0.05; double asterisks
indicate P <0.01 with one-way ANOVA). NS, not significant. (g) Apoptosis
was measured by quantification of DNA fragmentation. Results are expressed
as the mean + s.d. of six independent experiments. Significant differences
when compared with the data for wild-type or p72#* MEFs with control RNAI
are shown (single asterisk indicates P <0.05; double asterisks indicate

P <0.01with one-way ANOVA). (h) TUNEL staining of wild-type and p72+*
MEFs with the indicated RNAI. The scale bars represent 250 ym in b, 1 mm
inc, 150 ymin d and 200 ymin h.

In addition, a clear increase in cell death, as measured by TUNEL stain-
ing, was observed in p72- MEFs, which was further promoted by p68
RNA interference (RNAi; Fig. 1g, h).

It has been suggested that the large hDrosha complex containing p68-
P72 may, atleast in part, excise pri-miRNAs into pre-miRNAs, and cleave
préribosomal RNA™-2_ As expression of mature miRNAs was shown
to be reduced in human cultured cells deficient in Drosha®, a global
survey of miRNA microarray data was performed to assess expression
of miRNAs (www.sanger.ac.uk/Software/Rfam/mirna/index.shtml}) in
P72~ embryos at E18.5 (ref. 22). A particular set (94) of pri-miRNAs, but
not all surveyed (266), were affected by p72 deficiency (more than 1.5
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Figure 2 The role of RNA helicases p72 and p68 in miRNA or rRNA
processing. (a) Northern blot analysis of miRNAs and 5.8S rRNA. Total RNA
from wild-type, p72+ and p68- mouse embryos (E9.5) were purified, and
each RNAs were detected by specifc probes as miRNAs, 5.8S rRNA, Drosha,
DGCR8or 55 rRNA. (b) Results from a are expressed as the mean + s.d. of
four independent experiments. Significant differences when compared with
the data for wild-type and p72~ or p68 are shown (single asterisks indicate
P <0.05; double asterisks indicate P <0.01 with one-way ANOVA).

(c) Northern blot analysis of miRNA-145, miRNA-16, miRNA-19a, 5.8S
rRNA, Drosha and 5S rRNA. Total RNA from wild-type or p72+ MEFs
transfected with or without the indicated expression vectors were prepared,

times lowered; see Supplementary Information, Fig. §2). To search homol-
ogous motif in the regulated 94 miRNAs, a DNA clustering program
(DIALIGN2.2.1, available at http://bibiserv.techfak.uni-bielefeld.de/dia-
lign/) was used. Clustering analysis of the two data sets, revealed no con-
tinuous consensus sequence among the miRNAs examined. Expression
of several of the miRNAs was detectable at significant levels by northern
blot analysis. Deficiency of either p68 or p72 was found to reduce expres-
sion levels of miR-145, miR-16, miR-199a, miR-199b and miR-21 to almost
half of those in the wild-type littermate embryos (Fig. 2a, b). Likewise,
expression levels of 5.85 rRNA were reduced in both homozygous
embryos (Fig. 2a, b). However, unlike the miRNAs described above, the

pri-miR-19a

ori-miR-16

pri-miR-14

and each RNA was detected by specific probes as miRNAs, 5.8S5 rRNA,
Drosha, DGCR8 or 5S rRNA. The p72 and p68 expression levels in wild-
type or p72+ MEFs, with or without the indicated expression vectors, were
detected by western blot analysis. Uncropped images of the blots are shown
in the Supplementary Information, Fig. S5b. (d) Results from c are expressed
as the mean = s.d. of four independent experiments. Significant differences
when compared with the data for wild-type or p72+ MEFs are shown (single
asterisks indicate P <0.05, double asterisk indicates P <0.01 with one-way
ANOVA). (e) Quantitative RT-PCR analysis of pri-miR-145, 15and 19a
expression in wild-type or p72+ MEFs with indicated expression vectors.
Results are expressed as the mean + s.d. of six independent experiments.

expression levels of miR-19a, miR-19b (Fig. 2a,b), and miR-32, miR-128,
miR-141 and miR- 146 (data not shown) seemed unaffected by p68-p72
deficiency, and miR-214 expression was reduced only in p72--, but not
in p68 (Fig. 2a, b).

To verify the putative function of p68 and p72 in RNA processing in
embryos, expression levels of these RNAs were then measured in MEF
cells from p72-- and wild-type littermate embryos. As expected, a signifi-
cant reduction in the expression levels of the examined miRNAs and 5.85
rRNA because of p72 deficiency was detected (Fig. 2¢, d). Knockdown
of Drosha by RNAI (see Supplementary Information, Fig. S3¢) caused a
reduction in the miRNA expression level (Fig. 2c), as expected. However,
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Figure 3 /n vivo association of the Drosha complex with pri-miRNAs through
p68-p72. (a) Schematic representation of pri-miR-199a-2/-214 with the
hairpin structure. The numbers (1-20) under the pri-miRNA indicate the
amplified region by PCR with spécific primer pairs used for RNA-ChIP

analysis in b. Binding sites for p68-p72 and Drosha in pri-miR-199a-2/-214

deduced from the RNA-Ch|P analysis in b are also indicated. (b) RNA-ChIP

analysis of p68-p72 and Drosha binding sites in pri-miR-199a-2/-214. ChiP

samples were prepared from wild-type MEFs transfected with p68 RNAi or
not, and from p72+ MEFs. RT-PCR was performed with either total input
RNA, RNA precipitated with I1gG (negative contro!) or anti-Drosha antibody.

pri-miRNA-145, pri-miRNA-16 and pri-miR-19a gene expression seemed
unaffected by p72 deficiency plus p68 RNAi knockdown (Fig. 2e), sug-
gesting that the reduced miRNA levels were not caused by reduced gene
expression. Ectopic expression of p72 in p72- MEFs was sufficient to
restore expression levels of the RNAs, whereas such recovery was not
induced by expression of a p72 mutant (p72¥"2%; Fig. 2c, d). p72¥4*R lacks
the putative ATPase activity that is believed essential for RNA helicase
activity'®”, Knockdown of p68 and p72 in the wild-type MEFs clearly
lowered expression levels of the miRNAs and 5.8S rRNA, as expected
(see Supplementary Information, Fig. S3a), and rRNA processing was
significantly affected by Drosha RNAI (Fig. 2c). Interestingly, expres-
sion levels of miR-19a were again unaltered when expression levels of

p68-p72 were modulated.

We then addressed the in vivo association of pri-miRNAs with
p68—p72 in the Drosha complex using an RNA-chromatin immuno-
precipiation (ChIP) assay with an mouse Drosha (mDrosha)-specific
antibody? (Fig. 3b). Using several sets of primers, in vivo association of
pri-miR-214 and pri-mR-16 with Drosha was detected, and the associat-
ing regions of pri-miRNAs were mapped (Fig. 3a, b for pri-miR-214and
see Supplementary Information, Fig. $3b for pri-miR-16), although no
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clearly homologous RNA sequence was present in these regions. Such
association was impaired, as expected, in p72”~ MEFs and wild-type
MEFs with p68 knocked down by RNAi (Fig. 3b). .

To verify the role of the p68~p72 subunits in the mDrosha complex
in vitro, the association of endogenous p68-p72 with endogenous
mDrosha was confirmed by coimmunoprecipitation (Fig. 4a). DGCRS
coimmunoprecipitaied with mDrosha as expected. Using a biochemical
approach®?, the Drosha complex (Fig: 4b) was purified from nuclear
extracts of MCT mouse kidney proximal tubule cells stably expressing

- Flag- and His-tandem tagged mDrosha at a similar expression level to

that of endogenous mDrosha (see Supplementary Information, Fig. S2d).
The purified mDrosha complex was present in a single complex with a
relative molecular mass of over 670,000 when fractionated on a glycerol
density gradient (Fig. 4b). Fractionation of total nuclear extracts with
western blotting also showed comigration of endogenous Drosha with
DGCRS and p68-p72 at the similar molecular masses with the puri-
fied mDrosha complex (Fig. 4c). These findings are consistent with a
previous report that the Drosha complex was biochemically isolated as
one large complex from S2 insect cells®. However, the small complex

. corresponding to the human Microprocessor complex was undetectable.

Even under more stringent conditions (such as at higher salt concentra-
tions), the smaller mDrosha complex was biochemically undetectable
in our hands (data not shown). Using mass spectrometric sequencing,
p68-p72, several RNPs and mouse DGCRS were identified (Fig. 4d), and
all of the examined subunits were detected by western blotting analysis
(Fig. 4b). Two-step column purification of mDrosha complex identified
the same subunits (Fig. 4e), supporting previous reports that p68-p72
form a complex™ . As the subunit composition of the purified mDrosha
complex accurately reflects the reported composition of the large hDro-
sha complex components, we presumed that mDrosha forms one large
complex similar to the large hDrosha complex.

We then examined whether this purified large complex mediates
the processing of miRNA in vitro. The purified complex from fraction
7 (Fr. 7) on the glycerol density gradient (see Fig. 4b), as well as the
immunoprecipitates of Drosha (Flag-His-mDrosha; Fig. 5a), were able
to cleave miR-16 and miR-145 pri-miRNAs into pre-miRNAs (Fig. 5b),
but not mRNAs (see Supplementary Information, Fig. $4a). Cleavage
products of pre-miRNAs were of the expected size (70 nucleotides for
miR-145, 93 nucleotides for miR-16) and 5.8S rRNA (157 nucleotides)
was generated from 12S rRNA in vitro (Fig. 5b)*. However, conversion
efficiency of this in vitro RNA processing was unexpectedly low, even for
longer incubations (Fig. 5¢), raising the possibility that a coregulatory
subunit for the mDrosha complex may be lost during biochemical puri-
fication. Such in vitro RNA processing activity of the purified complex
(Fr. 7) was significantly attenuated by specific antibodies for p68-p72, as
well as mDrosha (Fig. 5d), and by the presence of an ATP analogue (see
Supplementary Information, Fig. S4b, ¢), supportihg ATP dependency
(Fig. 5e). Furthermore, the complex deficient of either p68 or p72, puri-
fied from stable transformants knocked down with RNAI, was impaired
in RNA processing (Fig. 5f). This confirms the significance of p68-p72
subunits within the mDrosha complex in RNA processing.

In this study, early lethality of p68~- and p72~- mice clearly estab-
lishes the physiological significance of DEAD-box RNA helicases
in survival. The physiological impact of p68-p72 on cell differen-
tiation, proliferation and cell fate was also observed in MEFs. Most
importantly, the processing of a set of miRNAs and rRNA seemed to
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Figure 4 Biochemical isolation of mouse Drosha-containing complex.

(a) Coimmunoprecipitation of p68-p72 with mDrosha. Whole-cell extracts
from MEFs (wild-type and p72-“) were prepared for immunoprecipitation
(IP) with endogenous mDrosha followed by western biotting (IB). Input, 5%
of the cell extracts for immunprecipitiation. Uncropped images of the blots
are shown in the Supplementary Information, Fig. S5c. (b) Biochemical
isolation of mouse Drosha-containing complexes. Silver staining and
western blot analysis of glycerol density-gradient fractions are displayed.
Molecular masses of marker proteins and fraction numbers are indicated.
Fraction 7 was used for mass spectrometric analysis and in vitro RNA

be impaired in both of the homozygous mutants (Fig. 2a, b and see
Supplementary Information, Fig. S2). Currently, it remains unclear
whether the cellular function of affected miRNAs as a result of p68-p72
knockout is related to early lethality observed in p68~- and p727 mice.
However, considering the previous report that mouse embryogenesis
in the absence of Dicer ceases at an_earlier stage (E7.5)%, normal
expression of miRNAs may be essential for survival. Furthermore,
the purified mDrosha complex containing p68-p72 was capable of
generating a set of processed pre-miRNAs and rRNA through p68
and p72 using an in vitro assay (Fig. 5b). Impaired miRNA processing
was detected for several, but not all, of the examined miRNA species.
Therefore, we speculate that p68—p72 DEAD-box RNA helicases serve

Anti-TDP-43
IP:Flag + + + +
Ni*-column - + - +

processing. Input, 5% of the input for glycerol density gradient. The arrow
indicates Flag-His—mDrosha. {c) Endogenous mDrosha, DGCR8, p72 and

 p68 cosediment at the same fractions with the Flag—His—-mDrosha complex

on glycerol density gradients. (d) Mass spectrometric identifications of the
components in Fr. 7 Flag-His-mDrosha complex in b. Asterisks indicate
background bands. (e) Identification of mDrosha complex components

in the mDrosha immunoprecipitant. The Flag-His—mDrosha complex was
collected from the nuclear extracts using an anti-Flag antibody column,
then repurified by Ni2+ affinity chromatography. The compliex components
were analysed by western blot.

as miRNA species-selective subunits in the conversion of pri-miRNA
into pre-miRNA by specific recognition of a certain structure of pri-
miRNA. This hypothesis is supported by a previous report that the
double-stranded RNA-binding protein partner of Drosha (Pasha) is
required for insect Drosha-mediated pri-miRNA processing®. In this
respect, it would be interesting to know whether the cellular functions
of the specific miRNAs species processed by p68-p72 correlate with
the putative biological functions of p68-p72 (refs 11-17).

Different sets of RNA-associated protein subunits may be required
for the processing of other miRNA species”. Notably, in the p68-
p72 homozygous mutants, the expression levels of several miRNAs
were reduced to only half of the wild-type littermates. Therefore, we

608

NATURE CELL BIOLOGY VOLUME 9 | NUMBER 5 | MAY 2007

— 471 —



LETTERS

©
n £
=G
2 b I8 . ¢ |o-pre-mir-16
MCT (stable fine) g T T & [4-premiR-145
Nuclear extract w1 w L 8’50_ <> 5.85 rRNA
. L p o -3 E
‘;n'—miFHG 8
IP: anti-flag o
o
c
Elute .g
| 5
>
c
§ &
Flag-His~ ‘ Glycerol density gradient ¢p're-miR-16 0 5 5 30
mDrosha . Time (min)
Fr.7 Fr.12 € . min-145 A 7
i
T g <=
5 2 Z
E o©
<'gre-miR-145 . £n—m/R—16
pre-miR-16
pri-miR-16
12S rANA
pre-miR-16 e -
-0-pre-miR-16 5.85 rANA
& 504
=]
8
= S
125 rANA § Anti-p72
c
8 Anti-p68
<& 2 POt | cnEbae
S8SMANA 2 Anti-DGCR | e
Q e —
701 o3 1.0  Anti-Drosha | eumsenme e
ATP (mM) -

Figure 5 Purified mDrosha complex mediates processing of miRNA and rRNA
in vitro. (a) Schematic representation of the preparation of the samples used
in b. (b) In vitro processing analysis of pri-miR-16, pri-miR-145 and 12S
rRNA with Flag-HIS-mDrosha immunocomplexes, fractionated mDrosha
complex (Fr. 7), mDrosha-negative fraction (Fr. 12) or negative control ().
Closed arrows and opened arrows indicate the precursor RNA and processed
RNA, respectively. {c) Time-course conversion rate of pre-miR-16, pre-miR-
145 and 5.8S rRNA (diamond) by purified mDrosha complex (Fr. 7). Resuits
are expressed as the mean + s.d. of three independent experiments.

(d) Specific antibodies for p68, p72 and mDrosha attenuated the pri-miR-16
and 12S rRNA cleavage by the purified mDrosha complex (Fr. 7).

speculate that there is possible functional redundancy of p68-p72
with other RNA processing subunits. As it is known that nuclear com-
plexes often form subclasses through association of core components
with regulatory subunits®®*, we cannot exclude the possibility that
Drosha-DGCRS exist as multiple complexes differentially combined
with RNA-associated protein subunits in mammals. Furthermore, the
subunit composition of the Drosha complex may be developmentally
modulated, and thereby cell-type specific. :

It remains unclear how the p68-p72 subunits support RNA process-
ing activity of the complex. p68-p72 may function to specifically rec-
ognize and stably bind to certain structures of pri-miRNAs and 125
pre-rRNA, and to initiate cleavage at precise RNA sites by Drosha. As

All studies were repeated three times. Probe, input of the substrate pri-
miR-16; -, Fr. 7 only; IgG, negative control. Closed arrows and opened

arrows indicate the precursor RNA and processed RNA, respectively. (e) ATP
concentration-dependent effect on the pri-miR-16 cleavage by purified mDrosha
complex (Fr. 7). Results are expressed as the mean + s.d. of three independent
experiments. (f} /n vitro processing analysis of pri-miR-16 and 125 rRNA with
the purified mDrosha complexes prepared from Flag-His—mDrosha stable

cells transfected with control RNAi, p72 RNAi or p68 RNAi. Western blotting
indicates the presence of each complex component. Closed arrows and opened
arrows indicate the precursor RNA and processed RNA, respectively. Uncropped
images of the blots are shown in the Supplementary Information, Fig. S5d.

the p72 mutant lacking putative ATPase activity did not potentiate RNA
processing (Fig. 2c, d), we suggest that ATPase activity of p68-p72 may
be required. p68-p72 /.TPase activity is dependent on RNA binding'®*
and is likely to be critical for RNA-unwinding activity’. Therefore, we
suggest that ATP-dependent p68-p72-mediated structural alteration
of specifically associating protein subunits may lead to presentation of
RNA:s for cleavage by mammalian Drosha. DGCR8 has been reported to
be a critical pri-miRNA-associated subunit for Drosha to precisely rec-
ognize miRNA stem-loop structures’*, However, other RNA-associated
subunits may recognize distinct cognate pri-miRNA tertiary structures
by similar or different mechanisms, thus enabling the Drosha complex
to process a number of pri-miRNAs. O
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METHODS

Antibodies. The following antibodies were used: p68-abl0261 (Abcam,
Cambridge, UK); p72 p72N (ref. 17); PECAM-1 MEC13.3 (BD Bioscience, San
Jose, CA); Drosha 07017 (Upstate, Billerica, MA); Flag polyclonal (Sigma, St
Louis, MO); TARDBP 2E2-D3 (Abnova, Taipei City, Taiwan); hnRNP H N16
(Santa Cruz Biotechnology, Santa Cruz, CA); DHX15 BL972 (Bethyl Laboratories,
Montgomery, TX); hnRNP M1-M4 (Zymed, San Francisco, CA); Actin 119 (Santa
Cruz). Anti-DGCRS antibody was generated against a synthetic peptide corre-
sponding to the carboxy-terminal 20 amino-acid sequence (Operon, Huntsville,
AL). Appropriate anti-mouse, anti-rabbit and anti-goat secondary antibodies were
obtained from Dako (Glostrup, Denmark).

Isolation of MEFs, MEF growth, BrdU incorporation, TUNEL assay and DNA
fragmentation. MEFs were isolated from E13.5 embryos and cultured in DMEM
with 10% FBS*. For MEF growth experiments, cells were seeded in 96-well
plates and growth rates were measured by using Cell Counting Kit-8 (Dojindo
Laboratories, Kumamoto, Japan). DNA synthesis was detected and measured in
cultured cells by BrdU incorporation using 5'-bromo-2'-deoxy-uridine Labeling
and Detection Kit III (Roche Applied Science, Basel, Switzerland). Apoptotic
cells were assessed by the DNA terminal nick-end translation method (TUNEL
assay) using the DeadEnd Fluorometric TUNEL System (Promega, Madison,
WI). For apoptotic cell quantitation, DNA fragmentation was measured by using
Cell Death Detection ELISA™YS (Roche Applied Science). These assays were per-
formed following the manufacturer’s instructions.

RNAi depletion of p68, p72 and Drosha. Small interfering RNA (siRNA)
oligonucleotides of p68, p72 and Drosha were used for knockdown of endog-
enous protein expression using siGENOME (Dharmacon, Lafayette, CO).
Four kinds of independent siRNA duplexes were mixed. Their sequences
are: p68 siRNA duplex, sense 5-GAACUGAGUGCAAACCAUAUU-
3 and antisense 5'-PUAUGGUUUGCACUCAGUUCUU-3"
sense 5'-GCUUGUCGCUUGAAGUCUAUU-3' and anti-
sense 5’-PUAGACUUCAAGCGACAAGCUU-3": sense
5'-UCAAUUAUGACUACCCUAAUU-3 and antisense 5'-
PUUAGGGUAGUCAUAAUUGAUU-3sense5-GCGCACCGCACAAGAGGUAUU-
3’ and antisense 5'-PUACCUCUUGUGCGGUGCGCUU-%. p72 siRNA
duplex: sense 5-GUACUUACCUUGUGUUGGAUU-3' and antisense 5'-
PUCCAACACAAGGUAAGUACUU-3"sense5’-GAAAGAGAUUGGGUACUUAUU-
3 and antisense 5-PUAAGUACCCAAUCUCUUUCUU-3;
sense 5-GGAAGACAUUGGCGUAUUUUU-3' and antisense 5'-
PAAAUACGCCAAUGUCUUCCUU-3"sense5-GGGCUAGGUUUGUAUAGAUUU-
3’ and antisense 5-PAUCUAUACAAACCUAGCCCUU-3. Drosha siRNA
duplex: sense 5-CGUGGAGGGUGUUAUAGUAUU-3’ and antisense 5'-
PUACUAUAACACCCUCCACGUU-3":sense5-CAAUACGUGUCAUAGAAUGUU-
3 and antisense 5'-PCAUUCUAUGACACGUAUUGUU-3"
sense 5-GAACCUACAUCGUGAGCGGUU-3" and antisense 5'-
PCCGCUCACGAUGUAGGUUCUU-3'sense5-GGGACUCUCUAGACUGUGAUU-
3'and antisense 5'-PUCACAGUCUAGAGAGUCCCUU-3'. MEFs were
transfected with each duplex (25 nM) using SuperFect transfection reagent
(Qiagen, Hilden, Germany).

Northern blot analysis and quantitative RT-PCR. Total RNA from embryos
or MEFs was prepared in TRIzol reagents (Invitrogen, Carlsbad, CA) in accord-
ance with the manufacturer’s instructions. Northern blot analysis was carried
out as previously described®. Drosha cDNA and the following oligonucleotides
were used as probes: miR-145, 5'-AAGGGATTCCTGGGAAAACTGGAC-3)
miR-16, 5'-CGCCAATATTTACGTGCTGCTA-3; miR-214, 5'-CTGCCT-
GTCTGTGCCTGCTGT-3; miR-199a, 5-AACCAATGTGCAGACTACT-
GTA-3; miR-199b, 5'-GAACAGGTAGTCTAAACACTGGG-3; miR-21,
5 TCAACATCAGTCTGATAAGCTA-3"; miR-19a, 5-TCAGTTTTGCATA-
GATTTGCACA-3"; miR-19b, 5-TCAGTTTTGCATGGATTTGCACA-3";
5.85 rRNA, 5'-TCAGACAGGCGTAGCCCCGGGAGGAACCCG-3'; and 58
rRNA, 5'-CAGGCCCGACCCTGCTTAGCTTCCGAGATCAGACGAGAT-
3'(5S rRNA). Real-time quantitative RT-PCR was performed on an ABI Prism
7900HT Sequence Detector (Applied Biosystems, Foster City, CA). The prim-
ers used were as follows: pri-miR-16, 5'-CCCTTGGAGTAAAGTAGCAGCA-3¥
(forward) and 5-GTCCTTGTATTTTGAGGCAGCA-3' (reverse); pri-miR-19,

5-ACTGCCCTAAGTGCTCCTTCTG-3" (forward) and 5-GAGGGCT-
GCAAACACAACTATG-3'(reverse); pri-miR-145, 5'-ATGCCGAGAGAACT-
GCTGGT-3 (forward) and 5-AAACTGGACCGTGAGGACAA-3 (reverse);
GAPDH, 5'-AAATGGTGAAGGTCGGTGTG-3'(forward) and 5-TGAAG-
GGGTCGTTGATGG-3' (reverse). Expression levels were normalized for
GAPDH expression.

Purification of Flag-His-mDrosha. Flag-His-mDrosha was transfected into
MCT mouse kidney proximal tubule cells. Transfected cells were selected with
G418 and individual colonies were isolated and analysed for Flag-His-mDrosha
expression. To purify the mDrosha complex, nuclear extract was prepared as
described previously**?* and applied to the anti-Flag M2 affinity resin (Sigma)
column. After washes with buffer A (20 mM Tris-HCl at pH 7.9, 0.5 M KCl, 10%
glycerol, 1 mM EDTA, 5 mM DTT,; 0.5% NP-40, 0.2 mM PMSF), the affinity
column was eluted with 400 pg mi™ Flag peptide in buffer A. Eluted complex was
analysed by 10-40% glycerol density gradient centrifugation. Fractions from the
glycerol density gradient were concentrated by precipitation with trichloroacetic
acid and analysed by SDS-PAGE followed by silver staining and western blot-
ting?**%. For two-step purification, Flag-eluted complex was applied to HIS-Select
nickel affinity gel (Sigma). After washes with 0.8x LEW buffer (40 mM NaH, PO,
at pH 8.0, 240 mM NacCl), the complex was eluted with elution buffer (50 mM
NaH,PO, at pH 8.0, 300 mM NaCl, 250 mM imidazole). For the large mDrosha
complex deficient for p68 or p72, p68 or p72 was knocked down by RNAi in the
stable transformants before the complex purification.

In vitro miRNA or rRNA processing analysis. In vitro transcription was
carried out using linearized pcDNA3 vector containing pri-miR-16 or
12S rRNA*. Briefly, the miRNA probes (pri-miR-16 or pri-miR-145) were
amplified from embryo RNA by RT-PCR with 5-TTCAGGGATCCCAT-
GCTAGCAAGAAGCACTTGGCCA-3" as forward primer and 5-AACAA-
GAATTCTGAAAAGGTGCAGGCCATACTGTGC-3' as reverse primer or
5. TTCAGGGATCCAAAAGCTATACAAAGGTCAGAAGAG-3’ as forward
primer and 5-AACAAGAATTCTTCCCAGAGCAGGACGCTGCATCCC-
3'as reverse primer, respectively. The 125 rRNA probes were also prepared with
5'.TCTATGGATCCGTCAGAAAGGGGGGACACGCGCCCAGCCGC-
3‘as forward primer and 5'-TCTATGAATTCCGACTCTTAGCGGTGGAT-
CACTCGGCTCGTG-3' as reverse primer. The processing reaction, containing
the indicated amounts of Drosha complex (immunoprecipitation products or two-
step purification products from MCT cells), 3 ul of solution containing 32 mM
MgClL, 10 mM ATP, 2006mM creatine phosphate, 20 U ul*! RNAase inhibitor
(Toyobo, Osaka, Japan) and the a”P-UTP-internal-labelled pri-miRNA and buffer
(20 mM Tris-HCl at pH 7.9, 0.1 M KCl, 10% glycerol, 5 mM DTT, 0.2 mM PMSF),

_were added to a final volume of 30 p, as previously described’?, in the absence or

presence of hexokinase (Sigma). The reaction mixture was incubated at 37 °C for
90 min and extracted with phenol:chloroform mixture, then with chloroform and
precipitated with 300 mM sodium acetate and ethanol. The precipitated RNA was
loaded on 15% denaturing polyacrylamide gels, and then autoradiographed.

RNA-ChIP. RNA~ChIP was performed as previously described?. All the buffers
used in this study contained 0.5 U pl RNase inhibitor. Nuclei from MEF cells (wild-
type. p68-knocked down wild-type or p72+-) were first isolated from 1% formalde-
hyde-fixed cells and used for chromatin fragmentation. After immunoprecipiation
with anti-Drosha antibody, washing and elution, the precipitated RNA-DNA pel-
lets were resuspended in 70 pl nuclease-free water with 1 ul of 40 U pl' RNase
inhibitor, 5 ul of 1 M Tris-HCl at pH 7.5, 20 pl of 50 mM MgCl,,and 4 pl of 10U
pl DNase I. The mixture was incubated for 30 min at 37 °C and extracted once
with phenol:chloroform (5:1). RNA was precipitated with ethanol and dissolved
in 30 pl of nuclease-free water. Twenty-nine microliters of the RNA was used for
a 60 Wl cDNA synthesis reaction. The PCR reactions were performed at 33 cycles,
which was within the linear range of the amplification. Of 50 ul of product, 6 ul was
loaded onto a 1.5% agarose gel, stained with ethidium bromide, and photographed.
The primer sequences used are given in the Supplementary Information.

Microarray data. The microarray data can be be seen in ArrayExpress
(accession number, E-MEXP-1052; for further details see Supplementary
Information, Methods).
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Statistical analysis. Statistical differences were determined using one-way
ANOVA followed by post-hoc comparison with the Fisher’s protected least signifi-
cant difference test. Statistical significance is dlsplayed as P <0.05 (one asterisk)
or P < 0.01 (two asterisks).

Note: Supplemén.tury Information is available on the Nature Cell Biology website.
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BMP signaling and skeletogenesis
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protein (BMP) I3 Eh#& I BHET 3 L RAAMMDBHK ¢ BE T3 EREEMBEEL LTRREIAAFT, Ch
ETICHSATVWRAEEMMEDEN TH - L HEVBERERTRFOVEDTHS. XKL S BMP D
RMEFEEIMEEBRICICATAIZEN/MFENTEL. LAL, ThiE»Y) Th, BMP ICET 38
WMDMAEDL S BMP 2 T FHILDOEENSH 3 WIRNBERICE I3 REVBO L ELNDDOHD. KIFTIEZ
CHBEOBKMERICSUIRRICERESH T, BUP DOBHRICEIIHLWREIEERT 3.

Doy | BMP, R, BEEE. BN, SEAEEEHE. B

Bone morphogenetic protein(BMP) i%, 1965 £
Urist 12 & - TAAAREP R TICBIET 5 L 2rEE
MREFET 2 EHEEYE L L TRES Y,
1988 FEIZ cDNA DS 7 u—= v 7 E3NTLE, o
% “CIC transforming growth factor-B (TGF-8) A —
NR=7 7Y =@ 15 EHEU ED BMP »37
n—=v /&N T3, BMP-1 #1}Hid—KHi
BYRESC B, Xpu7us7—X¥OiEk
b2 BMP X2 ¥ E2HFOLRLTH- LD
WD R EMBRRERFDOOLEOTH BN D TR
{, WA BT 2 NEERSFE, OIE, BRERZ
EOBRETEHREBTOEREREREZE) .

BMP OB R#ICE T 2&HIE, BMP 8 X UR
Bikiz EOBIEFRE T X%, BMP OBHHIC X
LEMMEBFEER, BEMEEACoLFEE
EBREEBELTOTFLANTHSDIZINTE
7o, EBIT, b bRev ADEEBERBOEND
5 BMP & 7+ VL OAEBPRENHES hicIhs
FlH S\, AFETIE, & ICREDBREEIC
BUZHRIC7+—DA%YT, H5LIKHSD
L DOOHEBHE L PRHNEERICE T

5 BMP > 7 FNDBE%#EET 5.

@ BMPOY I F UGS

BB EERAZIIC O LT3 BMP D%k
EEEEIZ TR, ERMELLICEET S TEE
OI8O Y) Y« ALA=Z ¥ F—YRIZER
oA k> CHRIEZEE N Y (1), ¥
T, IRREGOX - I RZREDSY >
VERYVEBEIZEDGS FAL v EXIENSHE
Hez ) vEBkl, Zhicko CiEH LI N IR
REFROXF—¥D, fIMETCISIKTRD
Smadl/5/8, MAP ¥+ —¥, PB ¥+ —¥iZ D
BREERE Y VEBLIC ko TIEELT 2. B
I BMP & 7 vk, BRICBIT3IEE 2138
DEEHRIEE LTRBING, L2, VU
{t Smadl/5/8 DILHR~DER L, HEHZ BMP
MPEEBEBEFTH 3 dl OHEBIE, Mgz
BMP CHIBL Th 5% 30~45 BRI — 7103
ER-Y

A SmHAND BMP > 7 F i &%
BRFICE>TEBiZINE (K1), BMP YA~ F

ESDBHIH Vol 221 No. 1 2007.4.7 | 57

— 479 —



{BERF TrRAZA b
sulfated polysaccharides ﬁ Noggin
kielin/chordin-like protein BMP ) Chordin —_—
; , Follistatin
HENSEH < DAN family
RGMs > h
P TP R A S A AT W DTS TN S Ao s RIS NI, NP R B TR SR T _ pailplid
1. —
7 BAMBI
#WHIAY-Smad
— Smad6
Nl I
00 Snasvse
(I Smad4
AT IFA— - 2Ty Y-
p300/CBP c-Ski
Runx2 (G SnoN LA
oAz : = | sip1 8
L____ W Tob

1 BMPOBIRIEREER &V FHIEHEF
BMP 3EERMMIED I B & I RIZAGICHEAT S, TERAHKII I BRERK
D GS FAL v BHRomA), I HZEFIITMO Smad 212U LT 28R
EERE ) vEBbic & o TiEMLT 3. BMP B0 EfillTE LT, Kok
B I FEESER T, A IERTFERL A,

PRAKRBEORBEROENIIDL Y TR, 2D
X 9 % BMP ¥ 7+ VEEiIEF O FHBLDdS BMP O
APREICECBESE T2 EVHL LR DD
255,

@ BUPIEEHET

1. HBIREE

TGF-B DGE, > 7 VEEIEET 3 18E
IO N BRAERDIZPIT, VHY FERBHROB
%2 & % I RRAR (FIBREE) DL
ENTWVW3, ITHETIZ, TGF-B DR EHEL
L T Endoglin %> Betaglycan D &k % 7w 747
VA HSEEE T8, BMP 5§ 2 fiBh32
FRBRABINTVE» o, LEALERE, 38
¥ D repulsive guidance molecule(RGMa, RGMb/
DRAGON, RGMc/hemojuvelin/HEF2) 23Z L Z
BMP O#iBIRAERE L CTHET A LBHL
Lilp o159,

RGM 7%, C RKiglic GPIL 7 A —D%®d
D7uR7F FESOWERE cHlaiEERE L
WCRBEL, BMP VA Y FE IV IBRZEE LGS
TH5ZETBMP 7 L%{EET 5, RGM 134

58 | E2DHFH Vol. 221 No. 1 2007.4. 7

HBHTIA L FHEEHEL TWw3h, RGMb/DRAGON @
/w77 ey RARERBICRORERESR
Honb v,

2. MEALSHE

BMP 23~ A5 LA THBMEINEZEDS
S 27 & 91T, BMP i3~ 8 v EEEgZ
R, —H, ~N) VR FIELEEEEWHE
LEAL, HFESFOLEESELZHENICIBET
LZEBEE L HMoNT VS, Blt, ~%Y W in
vitro B X T in vivo 128 T, BMP OB HHEL
{LFEEECRITEEFEESE 2 IEET S Z L 28
B Eizo™, ~s) ik BMP O3S %
WU CRRIAZER T % & & b IZ, Noggin D K
IRBMP 7Yy =AM o UL Y FE2RET
RSB 5 LY,

O~ ORI TFROGEBEICHKREFEL
TEY, EARAEDTFEEZDONST UHRE E
DFRBALEHEIC S ZoEENRDo NS, LI
AR VBRI S E S Al T e T A S A
Vi L CHileERmEm o MEmER I cRE Y5 L
6, sz > T BMP EESFHEI I LT
ZHEEMEDSH 3. Ld L, HEEfilakmmomEil

— 480 —



sclerostin/SOST
BMP :

N ¢ Y,

wnt

WPeI <" Lppste  frizzled
| / /

B R{RE
2 Sclerostin® &4 » 5 F38 & h 3BMPEwnt
DR
Sclerostin 12 & % BMP fEHEEEGENIE Y H v Ficxd
THEEEATIE AL, THReEEbE s Wnt >
Aol N T IABESTRIND

SHEEX NIRRT L, L5 BMP EEMRES N
5LVIHIRELH Y, ALaTEADT BT
TN A THERBIC L > THEEODTFY A AR
gtz 2o BfioskEsmoNTEY, <
N5 DEOIZ K > T BMP EHEHLIEIC S AICDH
HxnrugEEsrd 5. REE~Y) V28 ET
3 LEHBREZER T LBAMONTED,
BMP & & OBFESFEH I NS,

3. Sclerostin/SOST

BMP &M #BBET S 7 ¥ T =X FiE, Nog-
gin % Chordin 213U & LTHEHSECHEINT
W32 (1), Zhe BMP 7Y ¥ T=Z b Dk
T, & {12 Sclerostin/SOST (2B L THak, HL v
BRI A SN T3, Sclerostin (X B HE{LIE (scle-
rosteosis) EE BT OB 6 BRI N5 F
T, Z20%, BEEOLI»OBHBEIEHKET S
BMP 7V ¥ =R }FTHBI LEBHREIN
7012 BSR, BEBREICHT 2EEROVED
& L T Sclerostin DHFMILFEIBHFESINTED,
PREREHEIC X 2 BHERIEE T LVICB L TENLE
TEBREERZRT L),

—7, Sclerostin DEZ LD BMP Tld 7%
(,Wnt THEZELEZRTHREVEELODH 3,
Wnt 284 TH 5 LRP5 D> 7 F IV IGBIGF I
roe bOBRZAMTLZ LTI TL
7-. BRI X B &, Sclerostin & Smad DY
v#{t7 £ BMP O#ARIG % BHEE 1, BMP
k2 EFEEFEEEEET S LY, Scle-
rostin 2% LRP5/6 IZf5& L, Wnt > 7 V2 HE

THIELRENTLBYY Tns2BAT2
&, BMP ¥ 7+ VDO TFHT Wit > 7 F D31 H
fbEnTEh, D Wnt > a3 Sclerostin D
ElThs tFHEIN3(H2).

P BMPEB%E

1. BHEBE '

DRI &, Hefafk 20p12.3 SHIRO R
RIE L OESEBEIEZIN TS, Z ZiZid BMP-
2Na—FInTEH, BHEEFIZBHTT L 37
BHORY VEENS 7 I VREREANDEENR
HEhn, Zhick->T BMP-2 EHEOREMR
k7 LI R T B R AR S ),
Lo LBRGE, & 5 IS KBRR N6, 2D BMP-
2 @ SNP & BHEE & ORI IZBEMS R W ED
WEDH 2, ¥4, BMP-2 EiEF D 3 -UTR
SN D SNP I & h BAEEA & B EIZEL
L, mRNA OZEMWICENEL 3 2 ERENT
W3 I k) REEHOEEHICE D BMP-2
DRBEMET L, BREBESEZ 3 EEsE
A6, ' ,
BMP i3, BREILEENZ I 05, —RICA
R BERATFEEZoNTWS, L,
Bdicdh BMP 8L 7-4YESEE2 R T HFD
EINTEY, ZoXEHEEYEZERLLLZ
%, BMP-4 TH 5 Z EHSHBAL 721, Z DfERI
BMP Mz i L CLBHIcEAT 2 algE %
T LTEY, Ifif BMP OEfES>, BMP 0lfifL
AV EEREE OBEBER I NS,

2. Bif

BMP /v 779 re AWNKREBI LS
EDs, £B0BHRICET 2 BMP O&EIZA
% EH% Do 7. B, Tsuji 5213 Cre-Lox &
AT LISk VIR R BMP-2 / v 27U b
T AREML, LAREBOBERICEIT S
BMP-2 0BEBEHZ/R L7, 207 ARKBEHD
BHEBORE IIITERIOETT 228, £RICE
WHEHT 5, X612, BMP-2 L4t BMP %32
REREEICEBRLTH3ILL22b6T, KE
AN ADR e EIBROMARIEHE L A ERD
S\ &5, BMP-2 i BIAEICEE 2K
FrhdiERINLD, 261, AROFER

ESDHHH Vol. 221 No. 1 2007. 4.7 | 59

— 481 —



ﬁﬂﬂﬂ%vﬁiﬁ i ‘t")/ Xlx?!’ /=\'—1*—t'

NH, {7 }-I-l "~ "} COOH
K )( ‘f > -
— T
ALK2  SCTSGSGSCLPFLVQRTVAR/QE

BMPR-IA 'SQSSGSGSGLPLLVQRTIAKIQ
BMPR-IB SQSSGSGSGLPLLVQRTIAKQI

ActR-IB ' S-TSGSGSGLPLFVQRTVAR|T
TAR-l T-TSGSGSGLPLLVQRTIARITI

D/E

A |

.3 [BSEEGSKAOHAEANET I/ BEBERICE 35t
BMP % TGE-8, activin @ I Ik GS F X A » i3RI E, T
HALBHRCREIN: ALK2 0FR 206 13, BiE7 I/ B~0EBHfIC k>
THRNEELEREZT 2 LHS h'c WP I ) @?ﬁ% 207 OBET af) )

7.

w75 5, BMP-2 & BMP-4 & % \» i3
BMP-2 & BMP-7 %/ v 777 b L THEREH
RIZE®EICEZ 30, BFRICIE BMP-2 &
BMP-4 23687 2 L R I T30,

3. EITHILEHBR

£ 17 ¥ 1. B #h 4 (fibrodysplasia ossificans pro-
gressiva : FOP) iX, 28 DEEHVHRLICELT
L EROHEEEEE T TERETH S, ZOER
H3 BMP % fi Rk I TSR LU 7B D BT Bk &
PILTWwBZ Ers, AEBIIBMP ¥ 7 F LD
BEICE2bDETFHINTOLER, B, KIE
HOHETHEILEHR DB S, 18 BMP %A
ko—fEThH 5 ALK2/ACVRI1 BIiEFIc 617 FH
DG o ANDEERNRE I NLD, FiRMES G
T{, MEHEOEFMIZEBOLTHEA—DERIME
AINTVE, ZOBBEFEDERIXF—XE
HE2FHIHET S GS FAAVHADO7 I/ BE#% 5
L, AFEEDOEMEEL T ENIR X
Nz, 100 EMEDE, ETHRLEHRCTREI N
T-BED T I )R ANBNICERE T 3 BICERT
2L, TGF-B7 7 IV —DREEIZV IV FIEK
FRICEE LI N 2 EBMEINTVLE(H
3)2 L7235 TC, EITHALEHA TR
EHEL & 7 BMP B & 0> 7 Vo3
BoOBEZFETL L PHEINS,

60 | EZOD¥HKHH Vol. 221 No. 1 2007.4.7

¢a*sbmg

BMP (3% B 41 &, B/ R O BHEIR
HECB2EBEROERT & vy HEIHE
ol LErLEABETRhRRILEIIC, THED
R BMP 04BN H 2 WIZRHNEBER~OBE S
ERTVLLOPDOERNH -7, Ttk hAF
RSB IC 8T BMP WBHRICEE 2 FHNA
FTHBIEVNERHRINOOH S, BREWFE
DRERFBEOVDEDELTBAY TV TT7 7
7 —DREIEBERINTWVS, ZDOAEEH BMP
THELEIDEEDT, SHBOMRICE-T
BMP i ;5ﬂﬁmﬁ%%%®$%@#%6#'
BB EBPFEINS,

iR

1) Urist, M. R. : Science, 150 : 893-899, 1965.

2) Rosen, V. : Ann. NY Acad. Sci. USA, 1068 : 19-25,
2006.

3) Abe, E.: Ann. NY Acad. Sci. USA, 1068 : 41-53,
2006.

4) Wan, M. and Cao, X.: Biochem. Biophys. Res.
Commun., 328 . 651-657, 2005.

5) Babitt, J.L. et al.:J. Biol. Chem., 280 : 29820~
29827, 2005.

6) Samad, T A. et al. :J. Biol. Chem., 280 : 14122~
14129, 2005.

7) Ruppert, R. et al. : Eux J. Biochem., 237 : 295-302,
1996. '

8) Takada, T. et al.:J Biol Chem., 278 : 43229~

43235, 2003.

9) Zhao, B. et al. : J. Biol. Chem., 281 : 23246-23253,

— 482 —



