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研究成果の概要（和文）： 
新規ポリコーム遺伝子 Pcgf5の心臓形態形成に対する機能を明らかにし、先天性心疾患の原因
遺伝子としてのポリコーム遺伝子群の可能性を探索する為に、発生初期のマウス胎仔における
Pcgf5遺伝子の詳細な発現パターン解析を行い、更に Cre-loxP システムを利用した、Pcgf5遺
伝子欠損マウスを作製した。その結果、Pcgf5 遺伝子の特に強い発現が、形態形成中の胎仔心
臓で確認され、Pcgf5 遺伝子の心臓発生における重要性が示唆された。また、幾つかの既知の
ポリコーム遺伝子タンパク質（Bmi1、Ring1b、Rae28/Phc1）との相関関係を知るために、Pcgf5
タンパク質に対する抗体を作製し、Western	 blotting 法、免疫組織学法を用いて、発生中の心
臓における各タンパク質の発現分布を詳細に解析した上で、抗 Ring1b 抗体、抗 Pcgf5 抗体を用
いて共免疫沈降法、in	 situ	 PLA	 （proximal	 ligation	 assay）法を行った。その結果、Bmi1、
Ring1b、Rae28 タンパク質は共に心筋細胞、心内膜細胞両方の核に分布し、発生初期の心臓で
発現量が高く、周産期に減少することが確認された。抗 Ring1b 抗体を用いて共免疫沈降法を行
った結果、これまで知られてきた幾つかの細胞同様、胎仔心臓においても Rae28、Bmi1 各タン
パク質が Ring1b タンパク質と結合していることが確認された。それに対し Pcgf5 タンパク質は
Ring1b とは結合するものの、Rae28 とは結合せず、別の複合体を形成している可能性が示唆さ
れた。	 
 
研究成果の概要（英文）： 
To define the functions of one of the Polycomb group (PcG) protein, Pcgf5 for cardiac 
morphogenesis and know whether mutations of PcG genes are associated with human 
congenital heart disease, detail analysis of Pcgf5 expression in mouse embryos was 
performed, and conditional Pcgf5 knockout mice were generated using Cre-loxP system. 
In the whole-mount in situ hybridization analysis, strong Pcgf5 expression was 
observed in the developing heart at early stages, meaning Pcgf5 could be involved in 
cardiac development. The results of western blotting analysis and 
immunohistochemical analysis showed that some PcG protein, Bmi1, Ring1b and 
Rae28/Phc1 distributed in the nuclei of embryonic cardiomyocytes and endocardial 
cells. Expression levels of these proteins were higher at early stages and decreased at 
the perinatal period. Physical interaction between Ring1b and Bmi1, Ring1b and 
Rae28/Phc1 in the developing hearts was confirmed with co-immunoprecipitation 
analysis (Co-IP) and in situ proximal ligation assay (PLA), indicating that Bmi1, 
Ring1b and Rae28/Phc1 make a Polycomb complex in the embryonic hearts as shown 
in other tissues. On the other hand, Pcgf5 interacted with Ring1b but not with 
Rae28/Phc1. These findings suggest that some kinds of Polyocomb complex work in the 
developing hearts. 
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１．研究開始当初の背景 
ポリコーム遺伝子群は,ショウジョウバエ
や脊椎動物においてホメオボックス遺伝子
の発現を制御し、体の前後軸の形成（前後軸
に沿った領域の決定）に重要な働きを示す事
がすることは良く知られ、心臓も体軸同様、
前後軸を形成し、領域決定がなされると考え
られている。実際、ポリコーム遺伝子の一つ
Rae28/Phc1 遺伝子 KO マウスは、心臓及びそ
の周辺組織に、ヒト先天性心疾患の一つであ
る、CATCH22（DiGeorge）様の形態形成異常
を生じ、ポリコーム遺伝子群が心臓形態形成
に関与する事が示唆されているが、詳しい解
析はまだほとんどなされていない。	 
 
２．研究の目的 
新規ポリコーム遺伝子 Pcgf5の心臓形態形

成に対する機能を明らかにし、先天性心疾患
の原因遺伝子としてのポリコーム遺伝子群
の可能性を探索する研究基盤を確立するた
めに、基礎的研究として、(1)遺伝子発現パ
ターンの詳細な解析、(2)Pcgf5ノックアウト
（KO）マウスの作製及び表現型の解析、(3)
他のポリコーム遺伝子タンパク質との相関
関係解析、臨床研究への展開として、
(4)Pcgf5遺伝子の変異解析、以上の研究項目
を計画し、遂行する。	 
 
３．研究の方法 
(1)Whole-mount	 in	 situ	 hybridization
（WISH）法を用いた、マウス胎仔における
Pcgf5遺伝子の発現パターン解析	 
胎令7.0日〜9.5日のマウス胎仔を実体顕
微鏡下において取り出し、4%	 PFA を用い
て 4˚C、一晩固定後、メタノール系列で脱
水した。WISH は常法に則って行い、染色
後のサンプルを観察、撮影後、凍結切片を
作製した。	 

	 
(2)Pcgf5	 KO マウスの作製	 
個体レベルで Pcgf5 の機能解析を行うた
めに、常法に則って Pcgf5遺伝子欠損マウ
スを作製した。この際の工夫として、組織
特異的に遺伝子を欠損できるように、
Cre-lox システムを用いた（図 2）。	 

(3)既知のポリコーム遺伝子タンパク質との
相互関係解析	 
① 抗 Pcgf5 抗体の作製	 
マウス Pcgf5 タンパク質の 98-131 アミ
ノ酸に相当するペプチドを合成し、ウサ
ギポリクローナル抗体を作製した。	 

②	 Western	 blotting 法による、発生中の
心臓におけるポリコーム遺伝子タンパ
ク質の発現解析。	 
胎令 8.5〜12.5 日、14.5 日、18.5 日の
マウス心臓及びその周辺組織を摘出し、
組織抽出液を作成後、既知のポリコーム
遺伝子（Bmi1、Rae28/Phc1、Ring1b）及
び作製した Pcgf5 に対する抗体を用い
て Western	 blotting を行った。	 

③	 共免疫沈降法（Co-IP）を用いた相互関
係解析	 
各発生段階のマウス胎仔心臓を摘出、組
織抽出液を作成後、抗 Ring1b 抗体を用
いて、Ring1b タンパク質と複合体を形
成するタンパク質を免疫沈降した。その
後、Western	 blotting 法を用いて、免
疫沈降したタンパク質中に Bmi1、
Rae28/Phc1、Pcgf5 タンパク質が存在す
るかどうかを解析した。	 

④	 in	 situ	 PLA	 (proximal	 ligation	 assay)
法による、組織切片中におけるタンパク
質相互関係の解析	 
各発生段階のマウス胎仔凍結切片を作
製し、in	 situ	 PLA 法により、発生中の
心臓におけるポリコーム遺伝子タンパ



ク質間の相互関係をより詳細に解析し
た。	 

	 
４．研究成果	 
(1)Pcgf5遺伝子の詳細な発現パターン	 

Pcgf5遺伝子の発現は、体節形成が始ま
ったマウス胎仔の cardiac	 crescent で最
初に確認された（図 1A）。発生の進行とと
もに Pcgf5遺伝子の発現量は増加し、胎令
8.5 付近の胎仔（6-9 体節時）では、ルー
ピングを開始した心臓、及び二次心臓領域
で特に強い発現が確認された。胎令 9.5
日のマウス胎仔では、心臓以外の組織にお
ける発現量も増加した。	 
胎仔心臓では、発生中の心筋、心内膜細
胞両方で Pcgf5 遺伝子の発現が確認され
た（図 1B）。	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 

(2)Pcgf5	 KO マウスの作製	 
組織特異的に Pcgf5 遺伝子を欠損でき

るように、Pcgf5	 exon1 を loxP 配列で挟
んだ（図 2A）。相同組換えが起きた ES 細
胞及び、マウス個体は、Southern	 blotting
法、PCR 法により確認した（図 2B、C）。	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
(3)抗 Pcgf5 抗体の作製	 

マウス Pcgf5 タンパク質の 98-131 アミ
ノ酸に相当するペプチドを合成し、ウサギ
ポリクローナル抗体を作製した。	 
作製した抗体が Pcgf5 タンパク質を認

識するかどうか確かめるために、Pcgf5 遺
伝子発現 vector を CV-1 細胞に導入し、細
胞抽出液を作製した後、Western	 blotting
を行った（図 3）。	 
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図 1	 マウス胎仔における、Pcgf5 遺伝子の
発現パターン。	 

A. LHF	 (Late	 head	 fold)、体節形成初期（1-4s	 
St.）、胎令 8.5 日(6-7s、9s)、胎令 9.5
日における Pcgf5 遺伝子の発現パターン。	 

B. 9 体節時のマウス胎仔心臓における、
Pcgf5 遺伝子の発現パターン。Pcgf5 遺伝
子の発現は、心筋細胞、心内膜細胞両方で
確認された（黒矢頭）。	 
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図 2	 Pcgf5 遺伝子ノックアウトマウスの作
製。	 

A. Pcgf5 遺伝子ノックアウトマウス作製法。	 
B. Southern	 blotting 法による、相同組換え

の確認。	 
C. PCR 法による確認。	 
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(as described in Sims et al., 2006). The L3MBTL2-chromatin
complex was shifted toward the bottom of the gradient, relative
to chromatin alone, suggesting a chromatin conformational
change upon L3MBTL2 binding (Figure 6D). L3MBTL2 binding
to chromatin was observed with recombinant and native
chromatin, suggesting that posttranslational modifications on
histones neither facilitated nor precluded L3MBTL2 binding. To
further explore the effects of L3MBTL2 binding to recombinant
and native chromatin, we examined chromatin in the absence
or presence of L3MBTL2 by electron microscopy. Electron
micrographs illustrated that chromatin was compacted upon
the addition L3MBTL2, regardless of the presence of posttrans-
lational modifications on chromatin (Figure 6E).
Since L3MBTL2 binding to and compaction of chromatin

occurred in the absence of methyl-lysines, we next tested for
L3MBTL2-mediated repression as a function of the absence of
any of its three amino acid residues shown to be essential for
histonemethyl-lysine binding in structural studies.We generated
GAL4-L3MBTL2 constructs encoding an alanine substitution
mutant at either residue D546, W573, or Y577 and compared
cells stably transfected with these candidates relative to the
GAL4-wild-type L3MBTL2 case in the luciferase reporter system.
GAL4-LMBTL2, either wild-type or mutant versions, was
detected in extracts after cells were treated for 48 hr with DOX
(Figure 6F, left panel). Similar to the wild-type case, the mutant
versions of GAL4-L3MBTL2 led to strong repression of luciferase
expression (Figure 6F, right panel). This result suggested that
caging of the methylated histone-lysines does not contribute to
the steady-state transcriptionally repressive effect of L3MBTL2
when tethered to a promoter. To rule out the possibility that the
mutant L3MBTL2 candidates might exhibit a defect during the
early onset of L3MBTL2-mediated gene silencing in this system,
we scored for luciferase expression as a function of time (3, 8, 12,
and 24 hr) post-DOX treatment. No such defect was detected as
luciferase repression progressed during the first 12 hr and
reached a steady-state level at 24 hr postinduction in the case
of wild-type as well as mutant L3MBTL2 proteins (Figure S6).

DISCUSSION

Our findings here demonstrated that the MBT domain-contain-
ing protein L3MBTL2 interacted with a number of PcG proteins

previously identified in PRC1-like (PRC1L) complexes. Interest-
ingly, these PRC1L complexes purified from human cells contain
overlapping but not identical subunit compositions (Table 1).
RING1 and RING2 are invariant components found in all
PRC1L complexes and are required to mediate H2AK119ub1
(de Napoles et al., 2004). We suggest that a major determinant
for the classification of human PRC1L complexes be the
presence of only one of six RING domain containing human
homologs of Drosophila Psc, termed BMI1/PCGF4, MEL18/
PCGF2, MBLR/PCGF6, PCGF1, PCGF3, and PCGF5. The
L3MBTL2 complex purified here contained several PRC1 sub-
units including RING1, RING2, and the Psc homolog MBLR and
exhibited H2AK119ub1 E3-ligase activity. We therefore termed
this complex PRC1L4 (Table 1). Complexes containing BMI1/
PCGF4, MEL18/PCGF2, and PCGF1 have been reported
earlier (Table 1), and we predict that at least two more PRC1L
complexes will be discovered, being characterized by the pres-
ence of PCGF3 and PCGF5, respectively (Table 1). This claim is
supported by a recent proteomics study focused on identifying
RING2 interaction partners in which all six PCGF homologous
proteins were recovered (Sanchez et al., 2007).
The direct physical interaction between L3MBTL2 andmultiple

PcG proteins suggests a tight functional cooperation, and given
that RING1, RING2, and E2F6 null mice showed similar develop-
mental defects (del Mar Lorente et al., 2000; Storre et al., 2002;
Voncken et al., 2003), we anticipate that mice null for L3MBTL2
will also exhibit abnormalities during embryogenesis. Previously,
a larger protein assembly containing L3MBTL2 was shown to
repress genes in quiescent cells (Ogawa et al., 2002). Impor-
tantly, we have shown here that L3MBTL2 and PRC1L4 also
play a gene-regulatory role in actively dividing cells, which is
consistent with earlier studies that implicated E2F6 in gene-
regulatory events at particular cell-cycle stages (Giangrande
et al., 2004). Prior to our study, E2F6 was shown to interact
with a number of different PcG proteins (Attwooll et al., 2005;
Deshpande et al., 2007; Ogawa et al., 2002), and we speculate
that such interactions might arise as a function of and/or be
specific to cell cycle stages and/or differentiation states of the
cell.
In this study and a previous one (Trojer et al., 2007), we inves-

tigated twoMBT domain-containing proteins, L3MBTL2 and -L1,
as to their functional import in gene regulation. Our results

Table 1. Polycomb Repressive Complex 1 Variations in Human Cells

Human PRC1-like

Complex Variations

Complex Composition

Reference

Human Homologs of Drosophila

Posterior Sex Comb (Psc)

Human Homologs of Drosophila

Ring (Invariant Subunits) Other (Variable) Subunits

PRC1 BMI1/PCGF4 RING1/RING2 PHC1, PHC2, PHC3, SCMH1,

HPC1, HPC2

Levine et al., 2002

PRC1L1 BMI1/PCGF4 RING1/RING2 HPH2 Wang et. al., 2004

PRC1L2/BCOR

complex

NSPC1/PCGF1 RING1/RING2 BCOR, FBXL10, RYBP, SKP1 Gearhart et al., 2006

PRC1L3/melPRC1 MEL-18/PCGF2 RING1/RING2 HPH2, CBX8 Elderkin et al., 2007

PRC1L4 MBLR/PCGF6 RING1/RING2 L3MBTL2, HP1g, E2F6 This study

PRC1L5 PCGF3 RING1/RING2 ?

PRC1L6 PCGF5 RING1/RING2 ?
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図 3	 Western	 blotting 法による、抗 Pcgf5
抗体の確認。	 
CV-1細胞中に Flag標識した Pcgf5タンパ
ク質を発現させ、抗 Pcgf5 抗体及び、抗
Flag 抗体を用いて Western	 blotting を行
った。抗 Flag 抗体と同じ位置にバンドが
確認された（矢印）。	 



(4)発生中の心臓における、既知のポリコー
ム遺伝子タンパク質の発現分布及び、相互
関係。	 
既知のポリコーム遺伝子の内、Ring1b、

Bmi1、Rae28 タンパク質に対する抗体を用
いて、発生中の心臓における発現分布を解
析した。Western	 blotting 法を行った結
果（図 4A）、Ring1b は胎令 8.5 日から 14.5
日の胎仔心臓で強く発現し、周産期に減少
することが確認された。Rae28 の心臓にお
ける発現は胎令 8.5 日に最も高く、Ring1b
同様、周産期に減少することが確認された。
一方、Bmi1 は全体的に発現量が低かった。
これらのポリコーム遺伝子タンパク質は、
胎令 8.5、9.5 日の二次心臓領域でより強
い発現が確認された。	 
それぞれの発生時期の心臓におけるポ

リコーム遺伝子タンパク質の分布を免疫
組織学法により確認した結果（図 4B）、心
筋細胞、心内膜細胞両方の核に分布してい
ることが確認された。	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
Ring1b、Rae28、Bmi1 は血球細胞をはじ

めとする幾つかの細胞で PRC1 複合体を形
成する事が知られている。同様に発生中の
心臓において複合体を形成するかどうか
を確認するために、各発生時期の心臓から
の組織抽出液を抗 Ring1b 抗体により共免
疫沈降した。Western	 blotting 法を行っ
た結果、発生中の心臓においても Rae28、
Bmi1各タンパク質がRing1bタンパク質と
結合していることが確認された。（図 5A）。
更に、心筋細胞、心内膜細胞両方の核内で
Rae28-Ring1b、Bmi1-Ring1b、Rae28-Bmi1
タンパク質間の相互作用が in	 situ	 PLA
法を用いて確認する事ができた（図 5B）。	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
Pcgf5 タンパク質が PRC1 複合体に含ま

れるかどうかを確認するために、抗
Ring1b 抗体及び、抗 Pcgf5 抗体を用いて
共免疫沈降した結果、Pcgf5 は Ring1b と
は結合するが、Rae28 とは結合せず、PRC1
複合体とは別の複合体を形成している可
能性が示唆された（図 6）。	 
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(as described in Sims et al., 2006). The L3MBTL2-chromatin
complex was shifted toward the bottom of the gradient, relative
to chromatin alone, suggesting a chromatin conformational
change upon L3MBTL2 binding (Figure 6D). L3MBTL2 binding
to chromatin was observed with recombinant and native
chromatin, suggesting that posttranslational modifications on
histones neither facilitated nor precluded L3MBTL2 binding. To
further explore the effects of L3MBTL2 binding to recombinant
and native chromatin, we examined chromatin in the absence
or presence of L3MBTL2 by electron microscopy. Electron
micrographs illustrated that chromatin was compacted upon
the addition L3MBTL2, regardless of the presence of posttrans-
lational modifications on chromatin (Figure 6E).
Since L3MBTL2 binding to and compaction of chromatin

occurred in the absence of methyl-lysines, we next tested for
L3MBTL2-mediated repression as a function of the absence of
any of its three amino acid residues shown to be essential for
histonemethyl-lysine binding in structural studies.We generated
GAL4-L3MBTL2 constructs encoding an alanine substitution
mutant at either residue D546, W573, or Y577 and compared
cells stably transfected with these candidates relative to the
GAL4-wild-type L3MBTL2 case in the luciferase reporter system.
GAL4-LMBTL2, either wild-type or mutant versions, was
detected in extracts after cells were treated for 48 hr with DOX
(Figure 6F, left panel). Similar to the wild-type case, the mutant
versions of GAL4-L3MBTL2 led to strong repression of luciferase
expression (Figure 6F, right panel). This result suggested that
caging of the methylated histone-lysines does not contribute to
the steady-state transcriptionally repressive effect of L3MBTL2
when tethered to a promoter. To rule out the possibility that the
mutant L3MBTL2 candidates might exhibit a defect during the
early onset of L3MBTL2-mediated gene silencing in this system,
we scored for luciferase expression as a function of time (3, 8, 12,
and 24 hr) post-DOX treatment. No such defect was detected as
luciferase repression progressed during the first 12 hr and
reached a steady-state level at 24 hr postinduction in the case
of wild-type as well as mutant L3MBTL2 proteins (Figure S6).

DISCUSSION

Our findings here demonstrated that the MBT domain-contain-
ing protein L3MBTL2 interacted with a number of PcG proteins

previously identified in PRC1-like (PRC1L) complexes. Interest-
ingly, these PRC1L complexes purified from human cells contain
overlapping but not identical subunit compositions (Table 1).
RING1 and RING2 are invariant components found in all
PRC1L complexes and are required to mediate H2AK119ub1
(de Napoles et al., 2004). We suggest that a major determinant
for the classification of human PRC1L complexes be the
presence of only one of six RING domain containing human
homologs of Drosophila Psc, termed BMI1/PCGF4, MEL18/
PCGF2, MBLR/PCGF6, PCGF1, PCGF3, and PCGF5. The
L3MBTL2 complex purified here contained several PRC1 sub-
units including RING1, RING2, and the Psc homolog MBLR and
exhibited H2AK119ub1 E3-ligase activity. We therefore termed
this complex PRC1L4 (Table 1). Complexes containing BMI1/
PCGF4, MEL18/PCGF2, and PCGF1 have been reported
earlier (Table 1), and we predict that at least two more PRC1L
complexes will be discovered, being characterized by the pres-
ence of PCGF3 and PCGF5, respectively (Table 1). This claim is
supported by a recent proteomics study focused on identifying
RING2 interaction partners in which all six PCGF homologous
proteins were recovered (Sanchez et al., 2007).
The direct physical interaction between L3MBTL2 andmultiple

PcG proteins suggests a tight functional cooperation, and given
that RING1, RING2, and E2F6 null mice showed similar develop-
mental defects (del Mar Lorente et al., 2000; Storre et al., 2002;
Voncken et al., 2003), we anticipate that mice null for L3MBTL2
will also exhibit abnormalities during embryogenesis. Previously,
a larger protein assembly containing L3MBTL2 was shown to
repress genes in quiescent cells (Ogawa et al., 2002). Impor-
tantly, we have shown here that L3MBTL2 and PRC1L4 also
play a gene-regulatory role in actively dividing cells, which is
consistent with earlier studies that implicated E2F6 in gene-
regulatory events at particular cell-cycle stages (Giangrande
et al., 2004). Prior to our study, E2F6 was shown to interact
with a number of different PcG proteins (Attwooll et al., 2005;
Deshpande et al., 2007; Ogawa et al., 2002), and we speculate
that such interactions might arise as a function of and/or be
specific to cell cycle stages and/or differentiation states of the
cell.
In this study and a previous one (Trojer et al., 2007), we inves-

tigated twoMBT domain-containing proteins, L3MBTL2 and -L1,
as to their functional import in gene regulation. Our results

Table 1. Polycomb Repressive Complex 1 Variations in Human Cells

Human PRC1-like

Complex Variations

Complex Composition

Reference

Human Homologs of Drosophila

Posterior Sex Comb (Psc)

Human Homologs of Drosophila

Ring (Invariant Subunits) Other (Variable) Subunits

PRC1 BMI1/PCGF4 RING1/RING2 PHC1, PHC2, PHC3, SCMH1,

HPC1, HPC2

Levine et al., 2002

PRC1L1 BMI1/PCGF4 RING1/RING2 HPH2 Wang et. al., 2004

PRC1L2/BCOR

complex

NSPC1/PCGF1 RING1/RING2 BCOR, FBXL10, RYBP, SKP1 Gearhart et al., 2006

PRC1L3/melPRC1 MEL-18/PCGF2 RING1/RING2 HPH2, CBX8 Elderkin et al., 2007

PRC1L4 MBLR/PCGF6 RING1/RING2 L3MBTL2, HP1g, E2F6 This study

PRC1L5 PCGF3 RING1/RING2 ?

PRC1L6 PCGF5 RING1/RING2 ?

Molecular Cell

L3MBTL2 Establishes a Repressive Chromatin Structure

Molecular Cell 42, 438–450, May 20, 2011 ª2011 Elsevier Inc. 447

Mol. Cell 42, 438–450 (2011)

A

B

PRC1 proteins express in the 
developing heart

Heart/PHFPA/SHF
E8.5 E9.5 E10.5 E12.5 E14.5 E18.5 P0E9.5E8.5

αTubulin

Bmi1/Pcgf4

Rae28/Phc1

Ring1b

Ring1b

Bmi1/Pcgf4

Rae28/Phc1

αTubulin

Heart/PHFPA/SHF

E9.5 E12.5 E14.5 E18.5 P0E9.5E8.5

E8.5
PA/SHF

E9.5 E9.5 E12.5 E14.5 E18.5 P0
Heart/PHF

- + - + - + - + - + - + - +

Ring1b interacts with Rae28 and 
Bmi1 in the developing hearts  

Distribution of Polycomb-group proteins in the developing heart
○Manabu Shirai1, Yoshihiro Takihara2, Takayuki Morisaki1, 3

(1Dept. Biosci. & Genetics, NCVC Res. Inst., 2Dept. Stem Cell Biol., RIRBM, Hiroshima U., 3Dept. Mol. Pathophysiol., Osaka U. Grad. Sch. Pharm. Sci.)

A E12.5 E14.5 E18.5
LV

LA
B E12.5 E14.5 E18.5

PcG proteins  decrease in cardiac cells at perinatal stage

R
in

g1
b

R
ae

28
B

m
i1

R
in

g1
b

R
in

g1
b

R
ae

28

R
ae

28

B
m

i1

B
m

i1

PV
E12.5 E14.5C

Tp
m

R
in
g1
b/
Tp
m

LV LA

AVC

B
m

i1
 /T

pm

LV LA

AVC

R
ae

28
 /T

pm

LV LA

AVC

R
ae

28
-R

in
g1

b�

R
in

g1
b-

B
m

i1
�

Tpm/DAPI�

E8.5
PA/SHF

E9.5 E9.5 E12.5 E14.5 E18.5 P0
Heart/PHF

- + - + - + - + - + - + - +

Heart/PHFPA/SHF

E9.5 E12.5 E14.5 E18.5 P0E9.5E8.5

αRing1b 
αRing1b 
αRae28 
αBmi1 

IP: 
WB: 

Ring1b 
Rae28 

Bmi1 

αTubulin 

A�

B�

A�

B�

C�

図 4	 マウス胎仔心臓におけるポリコーム遺
伝 子 タ ン パ ク 質 （ Ring1b,	 Rae28	 
/Phc1,	 Bmi1）の発現分布。	 

A. Western	 blotting 法による、ポリコーム
遺伝子タンパク質の発現量解析。	 

B. 免疫組織学法による、ポリコーム遺伝子
タンパク質の発現分布解析。胎仔心筋細
胞（青矢頭）、心内膜細胞（白矢印）、房
室管間充織細胞（黄矢印）において、発
現を確認。	 

AVC,房室管、LA,	 左心房、LV,左心室、PA、咽
頭弓	 
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(as described in Sims et al., 2006). The L3MBTL2-chromatin
complex was shifted toward the bottom of the gradient, relative
to chromatin alone, suggesting a chromatin conformational
change upon L3MBTL2 binding (Figure 6D). L3MBTL2 binding
to chromatin was observed with recombinant and native
chromatin, suggesting that posttranslational modifications on
histones neither facilitated nor precluded L3MBTL2 binding. To
further explore the effects of L3MBTL2 binding to recombinant
and native chromatin, we examined chromatin in the absence
or presence of L3MBTL2 by electron microscopy. Electron
micrographs illustrated that chromatin was compacted upon
the addition L3MBTL2, regardless of the presence of posttrans-
lational modifications on chromatin (Figure 6E).
Since L3MBTL2 binding to and compaction of chromatin

occurred in the absence of methyl-lysines, we next tested for
L3MBTL2-mediated repression as a function of the absence of
any of its three amino acid residues shown to be essential for
histonemethyl-lysine binding in structural studies.We generated
GAL4-L3MBTL2 constructs encoding an alanine substitution
mutant at either residue D546, W573, or Y577 and compared
cells stably transfected with these candidates relative to the
GAL4-wild-type L3MBTL2 case in the luciferase reporter system.
GAL4-LMBTL2, either wild-type or mutant versions, was
detected in extracts after cells were treated for 48 hr with DOX
(Figure 6F, left panel). Similar to the wild-type case, the mutant
versions of GAL4-L3MBTL2 led to strong repression of luciferase
expression (Figure 6F, right panel). This result suggested that
caging of the methylated histone-lysines does not contribute to
the steady-state transcriptionally repressive effect of L3MBTL2
when tethered to a promoter. To rule out the possibility that the
mutant L3MBTL2 candidates might exhibit a defect during the
early onset of L3MBTL2-mediated gene silencing in this system,
we scored for luciferase expression as a function of time (3, 8, 12,
and 24 hr) post-DOX treatment. No such defect was detected as
luciferase repression progressed during the first 12 hr and
reached a steady-state level at 24 hr postinduction in the case
of wild-type as well as mutant L3MBTL2 proteins (Figure S6).

DISCUSSION

Our findings here demonstrated that the MBT domain-contain-
ing protein L3MBTL2 interacted with a number of PcG proteins

previously identified in PRC1-like (PRC1L) complexes. Interest-
ingly, these PRC1L complexes purified from human cells contain
overlapping but not identical subunit compositions (Table 1).
RING1 and RING2 are invariant components found in all
PRC1L complexes and are required to mediate H2AK119ub1
(de Napoles et al., 2004). We suggest that a major determinant
for the classification of human PRC1L complexes be the
presence of only one of six RING domain containing human
homologs of Drosophila Psc, termed BMI1/PCGF4, MEL18/
PCGF2, MBLR/PCGF6, PCGF1, PCGF3, and PCGF5. The
L3MBTL2 complex purified here contained several PRC1 sub-
units including RING1, RING2, and the Psc homolog MBLR and
exhibited H2AK119ub1 E3-ligase activity. We therefore termed
this complex PRC1L4 (Table 1). Complexes containing BMI1/
PCGF4, MEL18/PCGF2, and PCGF1 have been reported
earlier (Table 1), and we predict that at least two more PRC1L
complexes will be discovered, being characterized by the pres-
ence of PCGF3 and PCGF5, respectively (Table 1). This claim is
supported by a recent proteomics study focused on identifying
RING2 interaction partners in which all six PCGF homologous
proteins were recovered (Sanchez et al., 2007).
The direct physical interaction between L3MBTL2 andmultiple

PcG proteins suggests a tight functional cooperation, and given
that RING1, RING2, and E2F6 null mice showed similar develop-
mental defects (del Mar Lorente et al., 2000; Storre et al., 2002;
Voncken et al., 2003), we anticipate that mice null for L3MBTL2
will also exhibit abnormalities during embryogenesis. Previously,
a larger protein assembly containing L3MBTL2 was shown to
repress genes in quiescent cells (Ogawa et al., 2002). Impor-
tantly, we have shown here that L3MBTL2 and PRC1L4 also
play a gene-regulatory role in actively dividing cells, which is
consistent with earlier studies that implicated E2F6 in gene-
regulatory events at particular cell-cycle stages (Giangrande
et al., 2004). Prior to our study, E2F6 was shown to interact
with a number of different PcG proteins (Attwooll et al., 2005;
Deshpande et al., 2007; Ogawa et al., 2002), and we speculate
that such interactions might arise as a function of and/or be
specific to cell cycle stages and/or differentiation states of the
cell.
In this study and a previous one (Trojer et al., 2007), we inves-

tigated twoMBT domain-containing proteins, L3MBTL2 and -L1,
as to their functional import in gene regulation. Our results

Table 1. Polycomb Repressive Complex 1 Variations in Human Cells

Human PRC1-like

Complex Variations

Complex Composition

Reference

Human Homologs of Drosophila

Posterior Sex Comb (Psc)

Human Homologs of Drosophila

Ring (Invariant Subunits) Other (Variable) Subunits

PRC1 BMI1/PCGF4 RING1/RING2 PHC1, PHC2, PHC3, SCMH1,

HPC1, HPC2

Levine et al., 2002

PRC1L1 BMI1/PCGF4 RING1/RING2 HPH2 Wang et. al., 2004

PRC1L2/BCOR

complex

NSPC1/PCGF1 RING1/RING2 BCOR, FBXL10, RYBP, SKP1 Gearhart et al., 2006

PRC1L3/melPRC1 MEL-18/PCGF2 RING1/RING2 HPH2, CBX8 Elderkin et al., 2007

PRC1L4 MBLR/PCGF6 RING1/RING2 L3MBTL2, HP1g, E2F6 This study

PRC1L5 PCGF3 RING1/RING2 ?

PRC1L6 PCGF5 RING1/RING2 ?
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図 5	 マウス胎仔心臓におけるポリコーム遺
伝 子 タ ン パ ク 質 （ Ring1b,	 Rae28	 
/Phc1,	 Bmi1）の複合体形成。	 

A-B.	 Co-IP 法 に よ る 、 Ring1b-Rae28 、
Ring1b-Bmi1 相互関係解析。	 

A. 3%	 input	 
B. Co-IP 後の Western	 blotting 解析。	 
C. In	 situ	 PLA 法を用いた、胎令 9.5 日、胎

仔左心室におけるポリコーム複合体の確
認。心筋細胞（矢頭）、心内膜細胞（矢印）。	 
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図 6	 マウス胎仔心臓における Pcgf5 とたの
ポリコーム遺伝子タンパク質との相
互関係。	 

A. 抗 Ring1b 抗体を用いた共免疫沈降。	 
B. 抗 Pcgf5 抗体を用いた共免疫沈降。	 


