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中文摘要： 此計畫的最終目的是想了解在哺乳動物中，生殖細胞生成及早

期胚胎發育之整個遺傳機制。本計畫研究 14A3 區已知母源性

基因 Cphx 及下游之 Duxbl 及 Gcse 基因的功能，首先根據我們

已發表研究顯示 Cphx gene 是一個大量表現在卵細胞中的同源

箱基因，同時也是一個母源性的基因，我們產製 Cphx-dsRNA
基因轉殖鼠，以 RNAi 方式抑制 Cphx 基因表現，發現轉殖基因

套數較多之 M50D 轉殖鼠，有明顯的生育能力下降的狀況，卵

巢組織中之卵細胞數目比衛兵鼠減少 16％，而且基因轉殖鼠明

顯有提早不孕的現象，不孕之基因轉殖鼠其卵巢濾泡數目減少

同時卵巢形狀也異常，我們也發現沒有 TG/TG 轉殖小鼠的存

在，以 Cphx-dsRNA 打入 GV oocyte 及受精卵都明顯的抑制卵

細胞的成熟與早期胚胎的發育，因此我們推論 Cphx 在卵細胞

發育成熟與早期胚胎發育扮演重要角色。位於 Cphx 下游之

Duxbl gene 屬於雙同源箱基因(double homeobox gene)，與造成

人類顏面及肩胛肱肌肉失養症(FSHD)之候選基因 DUX4 同源箱

區的相似度最高，因此對於小鼠 Duxbl 基因的研究將有助於我

們對人類顏面及肩胛肱肌肉失養症致病機制的了解。由我們已

發表的結果顯示，胚胎發育過程中 Duxbl 參與體腔及四肢肌肉

的發育過程，Duxbl 基因表現在骨骼肌中之肌管細胞，但出生

後小鼠的肌纖維組織中，Duxbl 表現明顯的降低，成熟肌肉組

織中幾乎測不到 Duxbl 基因的表現，由於正常人類成熟肌肉組

織也沒有 DUX4 基因的表現，因此我們推測可能是應該在胚胎

時期表現的 DUX4 蛋白異常的表現於成熟組織因而造成 FSHD
疾病的生成。除了體腔骨骼肌外，我們發現眼外肌甚至眼球組

織及生殖細胞也有 Duxbl 基因的表現，顯示 Duxbl 基因對於眼

球的發育及生殖細胞的發育也扮演重要的角色。另外位於

Duxbl 基因下游的 Gcse 基因是一個新穎的生殖細胞特異性表達

的基因，Gcse 轉錄出兩種主要的 mRNA: Gcse-l 與 Gcse-s，
Gcse-l 與 Gcse-s 蛋白的 N 端 118 個氨基酸組成一致，而 Gcse-s 
蛋白的 C 端有 56 個胺基酸與人類 AKT2 （Protein kinase B）的

催化區域高達 50%的相似度。從 Northern blots、 RT-PCR、原

位雜交與組織化學免疫染色分析實驗發現，Gcse-l 專一表現於

卵細胞，從進入減數分裂的卵母細胞到成熟卵細胞皆有 Gcse-l
表現，然而在受精卵中並未偵測到 Gcse-l mRNA 的表現。在睪

丸組織中 Gcse-l 蛋白存在於精母細胞核內，而在減數分裂完成

的單倍體精細胞及副睪之成熟精細胞中，則發現 Gcse-l 蛋白會

轉移頂體構造，與頂體標記蛋白－Lectin-PNA 訊號位置重疊，

而 Gcse-s 只在早期的單倍體圓精細胞偵測到訊號，根據 Gcse
在生殖細胞的表現分佈我們推測 Gcse 與生殖細胞的形成有關。

英文摘要： The specific goal of this research proposal is to determine the 
developmental functions of Cphx, Duxbl and Gcse, in mouse 



chromosome 14A3. Cphx gene is a maternal homeobox gene 
specifically expressed in oocytes. We produce Cphx-dsRNA 
transgenic mice to investigate the function of Cphx involve in 
oogenesis and early embryo development. The reproduction ability 
of high copy number Cphx-dsRNA transgenic mice was decreased 
and become infertile at about 8 month. In addition, oocyte 
maturation and early embryo development was inhibited by direct 
microinjection of Cphx dsRNA in germinal vesicle oocytes and 2 
pronucleus embryos. We suggest that Cphx paly a role in oogenesis 
and early embryo development. On the other hand, the amino acid 
sequences of homeodomains in double homeobox gene Duxbl are 
most similar to those of human DUX4 protein, associated with 
facioscapulohumeral muscular dystrophy (FSHD). During 
embryonic development, Duxbl proteins were detected in trunk, 
limb and extraocular muscle and in elongated myocytes and 
myotubes. In adult tissues, Duxbl is predominantly expressed in 
female reproductive organs and eyes, and slightly expressed in brain 
and testes. We suggest that Duxbl proteins play regulatory roles 
during myogenesis, reproductive and eye development. The third 
gene, Gcse produce two transcripts: Gcse-l and Gcse-s in length. 
Gcse-l specifically expressed in both male and female germ cells, 
but Gcse-s expressed in male germ cell only. During 
spermatogenesis, strong Gcse-l transcripts were detected in late 
pachytene spermatocytes and round spermatids. However, Gcse-s 
transcripts were only existed in round spermatids. Gcse-l were 
detected in the nucleus of late pachytene spermatocytes. During 
meiosis, Gcse-l was translocated to acrosome region of spermatid 
and maintain in acrosome of spermatozoa. However, Gcse-s 
proteins expressed in cell nucleus of spermatid. We suggest that 
Gcse-l paly a role in oogenesis and spermatogenesis. 
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中、英文摘要及關鍵詞 (keywords) 

(一).中文摘要: 

此計畫的最終目的是想了解在哺乳動物中，生殖細胞生成及早期胚胎發育之

整個遺傳機制。本計畫研究 14A3 區已知母源性基因 Cphx 及下游之 Duxbl 及

Gcse 基因的功能，首先根據我們已發表研究顯示 Cphx gene 是一個大量表現在

卵細胞中的同源箱基因，同時也是一個母源性的基因，我們產製 Cphx-dsRNA 基

因轉殖鼠，以 RNAi 方式抑制 Cphx 基因表現，發現轉殖基因套數較多之 M50D轉

殖鼠，有明顯的生育能力下降的狀況，卵巢組織中之卵細胞數目比衛兵鼠減少

16％，而且基因轉殖鼠明顯有提早不孕的現象，不孕之基因轉殖鼠其卵巢濾泡數

目減少同時卵巢形狀也異常，我們也發現沒有 TG/TG 轉殖小鼠的存在，以

Cphx-dsRNA 打入 GV oocyte 及受精卵都明顯的抑制卵細胞的成熟與早期胚胎的

發育，因此我們推論 Cphx 在卵細胞發育成熟與早期胚胎發育扮演重要角色。位

於 Cphx下游之 Duxbl gene 屬於雙同源箱基因(double homeobox gene)，與造

成人類顏面及肩胛肱肌肉失養症(FSHD)之候選基因 DUX4同源箱區的相似度最

高，因此對於小鼠 Duxbl 基因的研究將有助於我們對人類顏面及肩胛肱肌肉失養

症致病機制的了解。由我們已發表的結果顯示，胚胎發育過程中 Duxbl 參與體腔

及四肢肌肉的發育過程，Duxbl 基因表現在骨骼肌中之肌管細胞，但出生後小鼠

的肌纖維組織中，Duxbl 表現明顯的降低，成熟肌肉組織中幾乎測不到 Duxbl 基

因的表現，由於正常人類成熟肌肉組織也沒有 DUX4基因的表現，因此我們推測

可能是應該在胚胎時期表現的 DUX4 蛋白異常的表現於成熟組織因而造成 FSHD

疾病的生成。除了體腔骨骼肌外，我們發現眼外肌甚至眼球組織及生殖細胞也有

Duxbl 基因的表現，顯示 Duxbl 基因對於眼球的發育及生殖細胞的發育也扮演重

要的角色。另外位於 Duxbl 基因下游的 Gcse基因是一個新穎的生殖細胞特異性

表達的基因，Gcse 轉錄出兩種主要的 mRNA: Gcse-l 與 Gcse-s，Gcse-l 與 Gcse-s

蛋白的 N 端 118 個氨基酸組成一致，而 Gcse-s 蛋白的 C端有 56個胺基酸與人

類 AKT2 （Protein kinase B）的催化區域高達 50%的相似度。從 Northern blots、 

RT-PCR、原位雜交與組織化學免疫染色分析實驗發現，Gcse-l 專一表現於卵細

胞，從進入減數分裂的卵母細胞到成熟卵細胞皆有 Gcse-l 表現，然而在受精卵

中並未偵測到 Gcse-l mRNA 的表現。在睪丸組織中 Gcse-l 蛋白存在於精母細胞

核內，而在減數分裂完成的單倍體精細胞及副睪之成熟精細胞中，則發現 Gcse-l

蛋白會轉移頂體構造，與頂體標記蛋白－Lectin-PNA 訊號位置重疊，而 Gcse-s

只在早期的單倍體圓精細胞偵測到訊號，根據 Gcse在生殖細胞的表現分佈我們

推測 Gcse 與生殖細胞的形成有關。 

關鍵字:卵細胞生成，精細胞生成，肌肉發育，同源箱基因，生殖細胞專一性表

達基因，雙同源箱基因，人類顏面及肩胛肱肌肉失養症，頂體形成，同源箱區，

Cphx, Duxbl, Gcse, DUX4 
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(二).英文摘要 

The specific goal of this research proposal is to determine the developmental 

functions of Cphx, Duxbl and Gcse, in mouse chromosome 14A3. Cphx gene is a 

maternal homeobox gene specifically expressed in oocytes. We produce Cphx-dsRNA 

transgenic mice to investigate the function of Cphx involve in oogenesis and early 

embryo development. The reproduction ability of high copy number Cphx-dsRNA 

transgenic mice was decreased and become infertile at about 8 month. In addition, 

oocyte maturation and early embryo development was inhibited by direct 

microinjection of Cphx dsRNA in germinal vesicle oocytes and 2 pronucleus embryos. 

We suggest that Cphx paly a role in oogenesis and early embryo development. On the 

other hand, the amino acid sequences of homeodomains in double homeobox gene 

Duxbl are most similar to those of human DUX4 protein, associated with 

facioscapulohumeral muscular dystrophy (FSHD). During embryonic development, 

Duxbl proteins were detected in trunk, limb and extraocular muscle and in elongated 

myocytes and myotubes. In adult tissues, Duxbl is predominantly expressed in female 

reproductive organs and eyes, and slightly expressed in brain and testes. We suggest 

that Duxbl proteins play regulatory roles during myogenesis, reproductive and eye 

development. The third gene, Gcse produce two transcripts: Gcse-l and Gcse-s in 

length. Gcse-l specifically expressed in both male and female germ cells, but Gcse-s 

expressed in male germ cell only. During spermatogenesis, strong Gcse-l transcripts 

were detected in late pachytene spermatocytes and round spermatids. However, 

Gcse-s transcripts were only existed in round spermatids. Gcse-l were detected in the 

nucleus of late pachytene spermatocytes. During meiosis, Gcse-l was translocated to 

acrosome region of spermatid and maintain in acrosome of spermatozoa. However, 

Gcse-s proteins expressed in cell nucleus of spermatid. We suggest that Gcse-l paly a 

role in oogenesis and spermatogenesis. 

 

Key words: oogenesis, spermatogenesis, early embryo development, homeobox gene, 

myogenesis, germ cell specific expressed gene, FSHD, double homeobox gene, 

homeodomain, acrosome formation, Cphx, Duxbl, Gcse,DUX4 
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前言、 
本研究計畫延續過去研究之 14A3 區 Cphx, Duxbl 及 Gcse 基因群之研究，其

中 Cphx 屬於卵細胞專一表達基因，Duxbl 雖然參與胚胎時期肌肉細胞的發育，

但也可以在精原幹細胞及卵細胞中表現，而 Gcse 基因則是專一性表達於生殖細

胞，其中 Cphx 及 Duxbl 皆屬於同源箱基因，同時在染色體上分別有兩個及三個

重複序列。同源箱基因家族（homeobox gene families）是一群轉錄調節因子的

基因群組，其蛋白產物可藉由調節下游基因的表現，而調控生物個體之發育過程

（De Rebertis, E.M., 1994），除了可以影響胚胎時期動物之發育，掌控細胞分

化及引導器官之形成。在年幼動物體的第二性徵之產生中，同源箱基因也佔有重

要的調控角色（Gehring, et al., 1994）。此群基因最早由果蠅中發現，當同源

箱基因 Antennapedia (Antp)發生突變，會產生果蠅觸角異位現象（McGinnis, et 

al., 1984）。往後的研究發現參與果蠅發育之基因都含有一段高度保留之序列，

稱為同源箱（homeobox），故命名之。此段高度保留區可轉譯出約 60 個胺基酸，

形成 helix-turn-helix 的結構，其中第三個螺旋會辨識特定的 DNA 序列與之結

合因而調節基因之表現（Gehring, et al., 1994）。根據其高度保留之核酸序列

的特徵，脊椎動物之同源箱基因可以分成不同家族，目前已有一群生殖相關的同

源箱基因群 Rhox (reproductive homeobox gene)被發現(MacLean et al., 

2005)，Rhox 基因群位於位於 X染色體上的 A2 區，與我們正在研究的 14A3 區的

基因一樣都位於染色體的端點上，Rhox 基因群會選擇性的表達在雄性及雌性生

殖組織，根據基因群在染色體上的前後位置不同，其表現的時間點也會有互相銜

接的現象，同時基因群中不同的基因也都有不同的細胞專一性的表現，這些基因

群有些也具有功能上的重複性，當其中一個基因缺失時另外的基因可以取代它的

功能，目前我們研究的 14A3 區的基因: Cphx, Duxbl 及 Gcse 同樣的以基因群的

方式選擇性的表達在雄性及雌性生殖細胞，14A3 區除了我們已發表且正在研究

中的Cphx及 Duxbl同源箱基因分別帶有兩個及三個重覆序列之外，其中的Plac9

基因也帶有兩個重覆序列(Galaviz-Hernandez et al., 2003)，Gcse 只有一個

重覆序列，Cphx 專一的表現於卵細胞，而下游的 Duxbl 則會表現於卵細胞及精

原細胞，Gcse 也表現於卵細胞，及進入減數分裂的精細胞，三個基因都在卵細

胞發育的過程會表現，但在精細胞發育的過程，Duxbl 與 Gcse 的表現也呈現接

力的現象，此種以基因群的方式共同調控生殖系統的方式，對於生殖能力強的囓

齒動物而言可能具有演化上的優勢；或者在基因群周圍可能存在著一些特異性的

調控序列，負責此複雜又精密的調控，其詳細機制並不清楚。 
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研究目的、 

本研究計畫將探討 14A3 區 Cphx,Duxbl 及 Gcse 基因群對於生殖系統與早期

胚胎發育所扮演的角色，將分別了解此三個基因的功能及其之間是否有如 Rhox

基因群一樣，共同以時間與空間的結合方式影響生殖系統的發育。目前對於生殖

系統與早期胚胎發育之分子機制未知的比已知的多，尤其是人類，主要受限於道

德法律的規範問題，而老鼠卻提供了一個很好的動物模式，來研究早期胚胎發育

的分子機制。即便如此，根據 cDNA library 及 EST database 的分析結果發現，

在早期胚胎發育中表現的基因大部分是未知功能的基因。為了發掘參與早期胚胎

發育之未知功能同源箱基因(Wang et al., 2003)，我們根據同源箱區中之高度

保留的氨基酸序列，設計退化寡核酸引子，進行 PCR 反應篩選小鼠胚胎幹細胞

cDNA 基因庫，發現一些新的同源箱基因，包括已發表 ENK(Nanog)(Wang et 

al.,2003),Cphx(Li et al., 2006a)及已發表的 Duxbl(Wu et al., 2010)基因，

這些同源箱基因同時表現在胚胎幹細胞及卵巢組織中之卵細胞或睪丸組織中的

精細胞中，由於生殖細胞的發育成熟是一個相當複雜的過程，目前對於調控的分

子機制所知有限。因此，研究 14A3 區生殖細胞表現基因群之功能將有助於了解

生殖細胞成熟發育及早期胚胎之發育機制，對於目前不孕症的發生與診斷治療有

一定程度的幫助。 
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文獻探討、 

 

(一). Cphx gene 

本研究計畫中的 Cphx 同源箱基因屬於卵細胞專一性表達的同源箱基因，過

去的研究指出卵細胞專一性表達的同源箱基因 Nobox 的缺失造成小鼠不孕

Rajkovic et al., 2004)，最近的研究顯示有些卵巢提早退化的病人(premature 

ovarian failure; POF)，其 Nobox 基因產生同源箱區的突變進而影響其與下游

基因結合的能力，因此 Nobox 基因的突變對一些 POF 病人而言可能是致病因素之

一 (Qin et al.,2007)，顯示同源箱基因在卵細胞發育上確實扮演重要的角色。

除了同源箱基因外，已知調節卵細胞基因表現的轉錄因子，如 Figla (Factor In 

the GermLine, Alpha )對於生殖也扮演很重要的角色 (Liang et al., 1997; 

Soyal et al., 2000)， Figla 基因踢除母鼠其胚胎時期性腺發育正常，但出生

後卵巢組織無法形成 primordial follicle，同時卵細胞在數天之內消失，顯示

Figla 對於生殖細胞及 follicle 的發育扮演很重要的角色，由最近 Figla 基因

踢除母鼠卵巢 microarray 的分析(Joshi et al., 2006)，發現本研究計畫中的

Cphx 表現也下降了，表示 Figla 蛋白直接或間接的調控 Cphx 基因的表現，因而

影響卵細胞的成熟發育。本研究計畫以直接受 Figla 蛋白調控的 Zp3 基因的

promoter 啟動 Cphx-dsRNAi 的表現，分析 Cphx 表現下降對卵細胞成熟或早期胚

胎發育的影響。 

 

(二) Duxbl: 

本研究計畫中的 Duxbl基因屬於雙同源箱基因家族(DUX)，過去的研究顯示，

DUX只存在於人類與靈長類中，囓齒類生物並不存在，同時DUX基因是沒有 intron

的，人類 DUX 基因通常會出現在染色體的重複片段中，其中，位於四號染色體

D4Z4 區的重複片段若有缺失，則可能會造成顏面及肩胛肱肌肉失養症

(FSHD:Facioscapulohumeral Muscular Dystrophy)，FSHD 是第三種常見的遺傳

性的肌肉萎縮症。雖然人類 DUX 基因家族已經被發現很久，也有不同的 DUX 基因

存在，但由於在正常組織中沒有 DUX 基因的表現，目前也只有 DUX1 及 DUX4 蛋白

被證實存在於 FSHD 病人的肌肉母細胞萃取物中，對於 DUX 蛋白的正常生理功能，

及其兩個同源箱區的各別特性及功能都還不是很了解，兩個同源箱區是否各自有

結合 DNA 的能力，並調控不同基因的表現？又會調節哪些下游基因？都尚待研

究。小鼠 Duxbl 基因除了是囓齒類第一個 Dux 基因之外，已知的 DUX 基因組成並

不含 intron，但 Duxbl 基因除了有 intron 之外，還包含不同的 splicing form。

分析小鼠 Duxbl 基因在染色體上的分佈，發現也有三個 tandom repeat 的現象，

同時位於 Cphx 基因的下游，Duxbl 也主要表現於卵巢組織及胚胎時期的睪丸組

織，因此對 Duxbl 基因的確認與功能分析，將直接或間接有助於我們對卵巢或睪

丸組織的發育或 FSHD 疾病的了解。 
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(三).Gcse gene 

 根據 Unigene database 及定量 PCR 的分析，發現小鼠基因體 4%的基因

只表現於單倍體雄性生殖細胞中(Shultz, et al., 2003)，進一步分離

spermatocyte 或 round spermatid 並分析其基因表現，發現其中分別有 11%或

22%的基因屬於睪丸專一性的，而這些睪丸專一性的基因，有一半以上其功能未

知(Hong et al., 2005; Choi et al., 2007)，因此研究精細胞專一表達基因，

將有助於我們瞭解不孕症雄性患者之雄性生殖細胞發育的缺失，對於發展避孕藥

也有幫助，由於破壞精細胞專一表達基因尤其是表現於精子發生期

（Spermiogenic phase）的基因，對體細胞及 spermatogonia 較少副作用。本研

究中之 Gcse 基因除了表現於卵細胞外，也專一性的表現於雄性生殖細胞，進入

減數分裂的 spermatocyte 開始有 Gcse 蛋白的表現，減數分裂後 Gcse 由細胞核

轉運至細胞質，成為頂體蛋白的一部份，頂體異常在人類會造成一種罕見的不孕

症稱為 globozoospermia，發生率占不孕症病因之 0.1% (Aitken, et al., 

1990)，一些頂體專一性表達基因如 Acrosin 突變後導致授精延緩(Adham et 

al.,1997)；Gopc(Golgi-associated PDZ and coiled-coli motif) 異常表現時，

使頂體發育不全，導致 globozoospermia (Yao et al., 2002)，另外也有一些

頂體蛋白陸續被發現，如 Afaf (Li et al., 2006b); AEP1(Luk et al.,2006)

及 VAD1.2/AEP2 (Lee et al., 2008)等，但這些蛋白的功能仍未知，因此研究

Gcse 蛋白在雄性生殖細胞包括頂體之表現與功能有助於我們對於雄性生殖細胞

減數分裂及頂體發育之了解。 
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研究方法、結果與討論（含結論與建議） 

 
(一). Cphx gene 

(1).基因結構分析: 由我們在 2006 年發表的結果(Li et al., 2006)顯示，

Cphx 主要表現在卵細胞及胚胎幹細胞，卵巢組織中原始卵泡到成熟卵泡中

的卵細胞都有 Cphx 基因的表現，受精卵持續表現一直到囊胚期才慢慢消

失，分析 Cphx 基因的 mRNA 分子，發現在卵細胞成熟的過程中，Cphx mRNA

分子的 poly A 有延長的現象，此 mRNA 分子 poly A 延長現象可以促進 mRNA

穩定並活化轉譯作用的進行，是一些母源性基因常見的調控本身基因轉譯作

用進而影響胚胎發育的機制，我們推測 Cphx 基因在卵細胞的成熟與早期胚

胎發育過程可能扮演重要的角色。 

(2).蛋白表現：由螢光免疫抗體分析，我們證實 Cphx 蛋白在二細胞時期表

現量最高，到囊胚期後幾乎偵測不到(Cphx-Fig.1)，此結果證實 Cphx 蛋白

的表現與 mRNA 的表現是相吻合的。 

(3)功能分析:oocyte-specific RNAi，目前已得到十隻左右的 Cphx-dsRNAi

基因轉殖鼠(Cphx-Fig.2)，基因轉殖母鼠 founder 其所產生的小鼠數明顯降

低(Cphx-Fig.3)，大概 5-8 隻，而公鼠生殖能力不受影響，其中基因轉殖

DNA 套數較多的轉殖母鼠，其所生小鼠隻數為 4隻左右，分析基因轉殖母鼠

卵巢組織 Cphx 基因表現量有下降的趨勢，Cphx mRNA 被抑制的量由四週至

十週明顯的增加，大約減少 70%，但是還是有卵細胞成熟，而且可以正常的

排卵，只是前幾胎的胎數減少，同時基因轉殖母鼠有提早不孕現象，不孕小

鼠之卵巢明顯的形狀不正常(Cphx-Fig.4)，分析八個月及十三個月的

Cphx-dsRNA 轉殖鼠卵巢中之濾泡發育，發現明顯的各級濾泡數目都比同齡

的小鼠少了，同時濾泡的形狀也異常，甚至整個卵巢形狀也異常

(Cphx-Fig.4,5)，推測可能 Cphx 基因表現減少促使卵細胞成熟時間延緩，

同時減少整個卵巢組織卵細胞的所有數目，因而促使細胞提早不孕 

 (4).在 Cphx-dsRNA 基因轉殖鼠分析結果顯示，雄性基因轉殖鼠與雌性基因

轉殖鼠交配無法得到 Tg/Tg 小鼠，我們推測 Cphx 對於早期胚胎發育可能是

必需的，當 Cphx-dsRNA 轉殖基因序列增加後，大量降低 Cphx 基因表現量，

抑制胚胎發育，我們以顯微注射雙股 Cphx dsRNA 分析 Cphx 如何影響早期胚

胎發育。 

(5).研究 Cphx 基因對於卵細胞減數分裂及早期胚胎發育的影響 

收集 GV oocyte 以顯微注射 c-mos 和 CphX dsRNA，注射後 24 或 48 小

時觀察卵子型態，卵子進入第二次減數分裂期情況如下：CphX 組為 3.6％（3/ 

83）;c-mos 組為 1.3％（1 /77）。對照組為 18.8％（15/ 80）;和完全未

注射組為 52.4％（22/24）。在卵母細胞注射 CphX 小干擾 RNA 時，卵母細

胞的數目達到第二次減數分裂階段的卵子數與對照組比較顯著下降（P 

<.05）(Cphx-Fig.6)。若 c-mos 及 Cphx dsRNA 注射入 2PN embryo，胚胎大
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部份停在 morula 時期，只有少數進入 blastocyst (Cphx-Fig.7)。 

總結與討論: Cphx gene 對於卵細胞的發育是必需的，當 Cphx 表現減少後，

雖然仍有生育能力但明顯的前幾胎的胎數減少，同時 Cphx-dsRNA 轉殖鼠有

提早不孕的現象，進一步分析 Cphx-dsRNA 轉殖鼠卵巢中之濾泡發育，發現

明顯的各級濾泡數目都減少了，同時濾泡的形狀也異常，甚至整個卵巢形狀

也異常，而在 GV oocyte 或 2PN embryo 顯微注射 CphX dsRNA 後，明顯的

確實會影響減數分裂及早期胚胎之發育，因此我們推測 Cphx 基因在卵細胞

發育及早期胚胎發育都扮演很重要的角色。最近的研究以生物資訊的方法也

發現人類 Cphx-like 的基因，將來也可以分析不孕病人或 POF 病人，其是否

有 Cphx-like 基因異常現象。 

 

(二).Duxbl gene 

(1). 基因結構分析:  由我們 2010 年發表的研究結果(Wu et al., 2010)顯示

Duxbl 基因位於 Cphx基因下游有三個重複，雖然此三個重複基因序列有 95%

的相似度，由於在 intron 4的序列的差異，轉錄出兩種不同的 mRNA序列

Duxbl 及 Duxbl‐s，推測可產生兩種不同的蛋白，其中 Duxbl 蛋白帶有兩個同

源箱區，而 Duxbl‐s則只包含了一個同源箱區  (Duxbl‐Fig.1A,B)。 

(2). Duxbl 基因 orthologous 分析:小鼠雙同源箱蛋白的同源區與人類 DUX4

蛋白的相似度最高有 67%的相似度，DUX4是目前認為與人類顏面及肩胛肱

肌肉失養症(FSHD:Facioscapulohumeral Muscular Dystrophy;是第三種常

見的遺傳性的肌肉萎縮症)的形成有關的基因，目前對於疾病形成的分子機

制並不了解，雖然 Duxbl 基因由五個 exon 所組成，但人類 DUX4 基因並不包

含 intron，但以同源箱區的相似度而言，可能彼此互為 orthologous 

(Duxbl-Fig. 1C)。 

(3). Duxbl 表現分析(成熟組織):初步以 RT‐PCR 的方式分析 Duxbl基因的表

現，成熟組織中 Duxbl基因主要表現在生殖系統(卵巢組織、胎盤、子宮)及

眼球組織，次要表現於腦及睪丸組織，Northern blot  結果顯示，Duxbl mRNA

大約 2kb左右，與我們的 RACE 結果相符合(Duxbl‐Fig.2)。 

(4). Duxbl 表現分析(各個發育時期):早期胚胎發育過程，卵細胞大量表現

Duxbl 基因，隨著胚胎的發育一直到 17.5天的胎兒都有 Duxbl 基因的表現。

由於在成熟組織中卵巢組織 Duxbl基因表現量相當高，因此我們進一步分析

胚胎時期，不同性腺發育過程 Duxbl基因的表現與分佈，發現從出生到成熟

時期的卵巢組織都有 Duxbl 基因的表現，而相對的胚胎時期的睪丸組織開始

表現 Duxbl基因，出生後繼續表現，但第二週後慢慢下降到成熟時期的睪丸

組織，已幾乎測不到 Duxbl 基因的表現(Duxbl‐Fig.3)，顯示 Duxbl 基因以不同

的調控機制影響不同性腺的發育。   

(5).Duxbl 表現分析(生殖細胞):以切片原位雜交分析卵巢組織，發現 Duxbl

表現在卵細胞，由初始濾泡時期  (primordial follicle)  就開始表現，一直表現
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到二級濾泡時期之卵石細胞都有很強之訊號(Duxbl‐Fig.4B)，而睪丸組織中，

Duxbl 基因只表現在原始精原細胞  (Duxbl‐Fig.4A)，同時免疫組織染色結果也

明確的指出 Duxbl 蛋白專一性的表現於不同濾泡期的卵細胞中(Duxbl‐Fig.5)。 

(6).Duxbl 蛋白分析：除了分析 mRNA的表現外，由我們自己製造的 Duxbl

多株抗體進行免疫分析，確實在腦組織、眼球及卵巢組織中偵測到 Duxbl 蛋

白的存在，當抗體先以 Duxbl 蛋白中和反應後，此抗體即失去辨識組織中

Duxbl 蛋白的能力，以此證實 Duxbl多株抗體的專一性(Duxbl‐Fig.6)。 

(7).雙同源箱區功能分析：雙同源箱基因其 N與 C 端同源箱區以大腸桿菌表

達純化後，進行 DNA結合分析發現，N端的同源箱區具有與 DNA結合的能

力，但並沒有專一性，可以被 Poly‐dI‐dC 分子競爭掉，而 C 端的同源箱區卻

可以專一性的結合到 TGATNNNATCA的 palindromic 序列(Duxbl‐Fig.7)(D2BS)，

同時 C 端的同源箱區以 cooperative dimer的方式結合到 D2BS，顯示兩個同

源箱區可能以不同的調控機制影響下游基因的表現。 

 

總結與討論:根據我們的研究成果顯示在小鼠胚胎發育過程中，Duxbl 蛋白

主要表現於骨骼肌，但出生後隨著肌肉的發育 Duxbl 的表現量明顯減少，成

熟的肌肉組織幾乎測不到 Duxbl 的表現(與人類相似)，而小鼠肌纖維母細胞

株(C2C12)只有微量 Duxbl 基因表現，分化後的肌纖維中 Duxbl 表現明顯增

加，由於正常人成熟肌肉細胞並不會表現 DUX4 蛋白，目前推測肩胛肱肌肉

失養症病人肌肉細胞異常的表現 DUX4 蛋白，可能是造成疾病生成的原因，

我們將進一步以小鼠 Duxbl 基因建立肩胛肱肌肉失養症之疾病小鼠模式，研

究肩胛肱肌肉失養症之致病分子機制，除此之外 Duxbl 基因與眼球發育，眼

外肌的形成及生殖系統的發育都有關，在生化功能上雙同源箱區在調控基因

表現上，兩個同源箱區扮演不同的角色，結合不同的 DNA 序列，將來以細胞

或動物為模式，進一步研究 Duxbl gene 調控基因表現之功能將有助於我們

了解雙同源箱基因在發育及疾病(如 FSHD)的形成上所扮演的角色。 

 

(三). Gcse gene 

(1). Gcse 基因結構分析 

Gcse 位於小鼠 14 號染色體 A3 區塊，轉錄出兩種主要的 mRNA 剪輯型

式: Gcse-l（1589bp）與 Gcse-s（906bp），分別可轉譯出 215 與 152 個胺基

酸序列。Gcse-l 與 Gcse-s 蛋白的 N 端 118 個氨基酸組成一致，而 Gcse-s 蛋

白的 C 端有 56 個胺基酸與人類 AKT2 （Protein kinase B）的催化區域高達

50%的相似度(Gcse-Fig.1)。 

(2). Gcse 基因表現的模式分析： 

從 Northern blots 與 RT-PCR 實驗得知，Gcse-l 表現於睪丸與卵巢之中，

Gcse-s 專一地存在於睪丸組織(Gcse-Fig.2)。以 RT-PCR，原位雜交與組織化

學免疫染色分析不同發育時期的卵巢組織，發現 Gcse-l 專一表現於卵細胞
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(Gcse-Fig.3),，從進入減數分裂的卵母細胞到成熟卵細胞皆有 Gcse-l mRNA

表現，而 Gcse- l 蛋白則從初級濾泡時期明顯增加(Gcse-Fig.4)，然而在受精

卵中並未偵測到 Gcse-l mRNA 的表現。在睪丸組織中，Gcse-l mRNA 訊號

從粗絲期晚期精母細胞表現到早期單倍體圓精細胞中，而 Gcse-s 只在早期

的單倍體圓精細胞偵測到訊號(Gcse-Fig.5)。然而 Gcse-l 與 Gcse-s 的蛋白除

了表現於睪丸外，其蛋白亦表現於副睪組織（成熟精子）中。藉由分離生殖

細胞螢光免疫染色分析，發現 Gcse-l 蛋白存在於精母細胞核內，而在減數

分裂完成的單倍體精細胞中，則發現 Gcse 蛋白會轉移頂體構造，與頂體標

記蛋白－Lectin-PNA 訊號位置重疊(Gcse-Fig.6)。由 GC2(spd)細胞轉染

Gcse-l-EGFP 及 Gcse-s-EGFP，觀察到 Gcse-l-EGFP 表現於核外的 vesicle(推

測為 proacrosome)，而 Gcse-s-EGFP 表現於細胞核內(Gcse-Fig.7)。 

 

總結與討論: Gcse gene 屬於生殖細胞專一性表達基因，由目前的研究顯示

在生殖細胞(精細胞發育)過程，其在細胞內部的表達部位 spermatogenesis

不同時期而改變，減數分裂過程中，Gcse-l 由核轉移至 acrosome，另外卵

細胞由進入減數分裂開始至卵細胞成熟都有 Gcse-l 蛋白的表現，但受精作

用後，Gcse-l 明顯的消失，因此推測 Gcse-l 在生殖細胞減數分裂過程扮演

重要的角色，同時對於 acrosome 的形成是必須的，由於 Gcse-s 只在單倍體

的精細胞表現，推測 Gcse-s 對於 spermiogenesis 可能扮演重要的角色。 
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附圖 

Cphx-Fig.1 

 
以 anti-Cphx antibody 進行螢光染色分析 Cphx 蛋白在早期胚胎發育之表現分

佈，Cphx 蛋白表現量明顯的在二細胞時期表現最高，符合我們先前根據

cytoplasmic polyadenylation sequence 的推測，Cphx 屬於母源性基因，可能

影響早期胚胎的發育。 
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Cphx-Fig.2 

 
建構以 ZP3 promoter 啟動 Cphx-dsRNA 形成之 RNAi 轉殖質體，獲得 10 隻轉殖

鼠，及分析其帶有之轉殖基因套數，最高為 8 copy 之 F50 line。 
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Cphx-Fig.3 

 

 

分析基因轉殖鼠 founder 及 F1 之生殖能力， 雖然 founder7,40 生殖胎數減少

了，但 F1 小鼠中只有 F1-50 之生殖胎數較其它轉殖鼠少。 
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Cphx-Fig.4 

 
提早不孕之 TG 鼠之卵巢與仍有生育能力之同齡小鼠卵巢之比較，TG 鼠之卵巢明

顯的形狀異常。 
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Cphx-Fig.5 

 

研究發現轉殖鼠大約在八個月後就喪失生育能力，其卵巢很明顯的較 wild type

小，組織切片染色後，發現濾泡的形狀也異常，各時期濾泡數也較 wild type

少，推測 Cphx 表現量減少，可能還是影響了卵細胞或濾泡細胞的發育，使的卵

巢中之卵細胞減少的較快，因此造成提早不孕。 
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Cphx-Fig.6 

 

顯微注射 Cphx dsRNA 入 GV (germinal vesicle) oocyte，體外培養 24 至 48

小時，統計 GV 卵細胞發育至 metaphase (MI)及 metaphase II(MII)卵石細胞的

數目。打入 Cphx-dsRNA 之 GV oocyte 繼續發育至 MI 或 MII 者明顯的減少 50%。 
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Cphx-Fig.7 

 

顯微注射 Cphx dsRNA 入 2PN embryo 體外培養 5 天，統計胚胎發育至 2 cell, 

morula 及 blastocyst 的數目。打入 Cphx-dsRNA 之 2PN embryo 繼續發育至

morula 或 blastocyst 者比 control 組少了 50 %。 
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Duxbl-Fig.1 
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Duxbl-Fig.2 

 

(A) 以 RT-PCR 分析 Duxbl 及 Duxbl-s 在各組織器官之表現，生殖系統的

組織如卵巢、睪丸、子宮、胎盤及眼球、腦組織都有 Duxbl 基因之表

現。 

(B) 以 RT-PCR 分析 Duxbl 及 Duxbl-s 在各細胞株之表現，NSC34,N2A 及

P19 表現量最高。 

(C) 取 3w 及 5w 之小鼠 testis 進行 northern blot 分析 Duxbl 基因之表

現，在 3w 明顯的有 2kb 左右的訊號出現。 
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Duxbl-Fig.3 

 
(A). RT-PCR 分析早期胚胎 Duxbl 基因之表現，由成熟卵細胞開始到受精後，早

期胚胎之發育，Duxbl 都持續性的表現。 

(B). RT-PCR 分析 11.5, 13.5,17.5 小鼠胚胎 Duxbl 基因之表現，都有 Duxbl

基因之表現。 

(C). RT-PCR 分析胚胎時期及出生後到成熟時期卵巢組織 Duxbl 基因之表現，由

胚胎時期開始，卵巢進入減數分裂時期 

(D). RT-PCR 分析胚胎時期及出生後到成熟時期睪丸組織 Duxbl 基因之表現 
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Duxbl-Fig.4 

 
(A). 以 in situ hybridization 分析 Duxbl 在睪丸組織之表現，Duxbl 表現在

精原細胞 (spermatogonia)。 

(B). 以 in situ hybridization 分析 Duxbl 在卵巢組織之表現，Duxbl 表現於

primodial, primary 及 secondary follicle 中之卵細胞 。 
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Duxbl-Fig.5 

 

 

以免疫組織染色法分析 Duxbl 蛋白在卵巢組織之表現，Duxbl 蛋白專一性的表現

於 primodial, primary,secondary, antral follicle 中之卵細胞中。 
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Duxbl-Fig.6 

 
(A).以自製 Duxbl 抗體 分析成熟組織中 Duxbl 蛋白之表現 

(B).以純化之 GST-H1 及 GST-H2 蛋白中和 Duxbl 抗體，分析自製 Duxbl 抗體是否

專一的辨識 Duxbl 蛋白，Duxbl 抗體以 GST-H1 及 GST-H2 中和後，無法辨識組織

及 E.coli 表現之 Duxbl 蛋白。 
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Duxbl-Fig.7 

 
(A,B).以 Cyclic Amplification of Sequence Target (CAST) assay 找出 Duxbl 

homeodomain II 之結合序列為 TGATNNNATCA palindromic序列(D2BS) 

(C,D,E,F).以EMSA assay證實 homeodomain II與 D2BS具有專一性的結合能力 
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Gcse-Fig.1 

 
Gcse 基因結構分析及推測之氨基酸序列 

（A）Gcse 兩種轉錄形式的外顯子-內插子的分佈圖。白色區域為非轉譯區，棕

色所示為轉譯區。紅色底線代表DNA 的重複片段。 

（B）Gcse-l 與Gcse-s 之胺基酸比對：以數字標記每段胺基酸之數目，Gcse-l 與

Gcse-s N 端前118 個胺基酸完全相同（黑色方框）。Gcse-l 有71 個胺基酸重

覆（紅色方框），C 端有連續11 個天門冬醯胺（Asparagine，N；黃色底線）。

灰色為性質相同之胺基酸。 

(C) Gcse 同源基因比對：Gcse-s 有一段序列（56 個胺基酸）與人類Akt2

（Protein Kinase B）催化區域相似度高達50％，而Gcse-l 相似度為39％。 
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Gcse-Fig.2 
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Gcse-Fig.3 
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Gcse-Fig.4 
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Gcse-Fig.5 
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Gcse-Fig.6 

 
將成鼠睪丸與副睪細精管破壞，分離生殖細胞，以細胞螢光免疫染色法分析內生

性之Gcse 蛋白表現。利用Gcse 抗體辨認Gcse，再以紅色螢光標定Gcse 抗體，

綠色螢光標定頂體膜蛋白lectin-PNA，DAPI 染細胞核。scale bar：50μm 
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Gcse-Fig.7 

 

將Gcse-l-EGFP或 Gcse-s-EGFP 送入GC2 cell，觀察EGFP螢光表現部位，由圖

(A)Gcse-l-EGFP表現在核外，而且以vesicle的形式存在，推測形成proacrosome， 

圖(B).Gcse-s-EGFP表現在細胞核內。 
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a PATTERNS & PHENOTYPES

Characterization of Genomic Structures and
Expression Profiles of Three Tandem Repeats of
a Mouse Double Homeobox Gene: Duxbl
Shey-Lin Wu,1† Ming-Shiun Tsai,2† Swee-Hee Wong,3 Hsiu-Mei Hsieh-Li,4 Tz-Shiu Tsai,3

Wei-Tang Chang,3 Shin-Ling Huang,3 Chun-Ching Chiu,1 and Sue-Hong Wang3,5*

We identified and cloned a mouse double homeobox gene (Duxbl), which encodes two homeodomains. Duxbl
gene, a tandem triplicate produces two major transcripts, Duxbl and Duxbl-s. The amino acid sequences of
Duxbl homeodomains are most similar to those of human DUX4 protein, associated with facioscapulohum-
eral muscular dystrophy. In adult tissues, Duxbl is predominantly expressed in female reproductive organs
and eyes, and slightly expressed in brain and testes. During gonad development, Duxbl is expressed from
embryonic to adult stages and specifically expressed in oocytes and spermatogonia. During embryonic devel-
opment, Duxbl is transcribed in limbs and tail. However, Duxbl proteins were only detected in trunk and
limb muscles and in elongated myocytes and myotubes. In C2C12 muscle cell line, Duxbl expression pattern
is similar to differentiated marker gene, Myogenin, increased in expression from 2 days onward in differenti-
ating medium. We suggest that Duxbl proteins play regulatory roles during myogenesis and reproductive
developments. Developmental Dynamics 239:927–940, 2010. VC 2010 Wiley-Liss, Inc.

Key words: double homeobox gene; Duxbl; myogenesis; reproductive development; mouse embryo

Accepted 28 November 2009

INTRODUCTION

Homeobox genes encode transcription

factors that regulate embryonic devel-

opment programs including organogen-

esis, axis formation, and limb develop-

ment (McGinnis and Krumlauf, 1992;

Boncinelli, 1997). Their products regu-

late the expressions of target genes

in tissue- and spatiotemporal-specific

manners through conservedDNA-bind-

ingmotifs called homeodomains.Home-

odomains have three a-helical seg-

ments of which the third constitutes the

main DNA recognition site and binds to

the major groove of DNA (Gehring
et al., 1994). This sequence-specific
binding allows homeodomain proteins
to activate or repress the expression of
a battery of downstream target genes.
The correct expressions of homeodo-
main proteins in adult tissues including
liver, kidney, and intestine are impor-
tant for the regulations of cellular mor-
phogenesis, growth, and differentiation
(Cillo et al., 2001).

Different homeobox genes are classi-
fied through similarities in amino acid
sequences within their homeodomains
and the other coding regions of their

gene products (Galliot et al., 1999; Hol-
land and Takahashi, 2005). The paired
(PRD) class is divided into two sub-
classes: the PAX subclass and the PAXL
subclass (Holland et al., 2007). ThePAX
subclass homeodomain proteins have a
conserved 130-amino-acid DNA-bind-
ing domain, the paired domain, up-
stream of their homeodomains (Bopp
et al., 1986). The PAX gene family is an
ancient and remarkably conserved
gene family, which plays key roles in
the formations of tissues and organs
during embryogenesis. PAX3 and PAX7
mark myogenic progenitor cells and
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regulate their behaviors and entries
into the program of skeletal muscle dif-
ferentiation (Buckingham and Relaix,
2007). PAX6 is required for eye forma-
tion in vertebrates and its homologues
in invertebrates, such as eyeless inDro-
sophila also play a crucial role in eye
formation (Kozmik, 2005). The PAXL-
subclass homeodomain proteins show
significant sequence similarities (55–
75%) to PRD-class homeodomain pro-
teins but lack the paired domain, and
contain a glutamine residue at position
9 of the third helix in their homeodo-
mains (Burglin, 1994). Another com-
mon feature ofPAXL homeobox genes is
the presence of an additional intron
within their homeoboxes, between the
region that encodes position 46 and 47
homeodomain amino acid residues.
Many PAXL homeobox genes, such as
Rax (retinal homeobox),Arx (aristaless-
related homeobox), and Vsx (visual sys-
tem homeobox), are expressed in the
nervous system and during brain or eye
morphogenesis (Mathers et al., 1997;
Miura et al., 1997; Ohtoshi et al., 2001).
They play critical roles during embry-
onic developments.

The human double homeobox (DUX)
genes encode two PAXL-subclass home-
odomains. The DUX genes are present
in multiple polymorphic copies with a
3.3-kilobase (kb) tandem repeat scat-
tered in human heterochromatins
(Ding et al., 1998; Gabriels et al., 1999;
Beckers et al., 2001). The 3.3-kb dis-
persed DUX repeats in the D4Z4 locus
of chromosome 4 (DUX4) have been
found to be associatedwith the faciosca-
pulohumeral muscular dystrophy
(FSHD), the thirdmost common form of
inherited muscular dystrophy (Wij-
menga et al., 1992; van Deutekom
et al., 1993; Hewitt et al., 1994). It has
been hypothesized that the larger
DUX4 copy numbers in nonaffected
individuals are associated with an in-
hibitory chromatin structure prevent-
ing gene expressions, and the inhibition
is relieved by the shorter DUX4 arrays
found in FSHD patients (Winokur
et al., 1994; Tupler and Gabellini,
2004). The coding region of human
DUX4 gene shows evolutionary conser-
vation (Clapp et al., 2007) and DUX4
protein can be detected in primarymyo-
blasts extracted from FSHD patients
(Belayew, 2004; Kowaljow et al., 2007).
Previously, DUX4 protein is identified
to have pro-apoptotic activity (Kowal-

jow et al., 2007) and is found to be a
transcriptional activator of PITX1 gene
(Dixit et al., 2007). DUX4 expression
recapitulates key features of FSHDmo-
lecular phenotype, including repression
of MyoD and its target genes, and then
diminished myogenic differentiation
(Bosnakovski et al., 2008). However,
the mechanism(s) that causes FSHD
phenotype remain unclear. Further-
more, the in vivo functions of DUX4
protein, especially in normal tissues,
remain unknown. Other human double
homeobox genes are previously identi-
fied using PRD-class homeoboxes as
query sequences to search human ge-
nome sequences, and they have been
assigned into four paralogous groups
including DUXA, DUXB, DUXC, and
DUXB-like (Duxbl; Booth and Holland,
2007; Clapp et al., 2007). Themolecular
structures of their transcripts and the
expression patterns and functions of
their protein products have not been
provided.

Recently, a novel mouse double
homeobox gene has been reported as
Duxl (Kawazu et al., 2007) and Duxbl
(Clapp et al., 2007), respectively. This
gene has been shown to play a critical
role in CD4/CD8 double negative thy-
mocyte development (Kawazu et al.,
2007), but its detailed genomic struc-
ture, major transcript(s), expression
patterns, and protein product(s) are not
available. Here, we characterize the
genomic structure of this mouse double
homeobox gene, Duxbl, and suggest
that theDuxbl gene is the mouse ortho-
log of human DUX4 gene. The Duxbl
protein is found expressed in adult tis-
sues, including reproductive tissues,
eyes, brain, but not inmuscle. However,
during embryo development, Duxbl is
seen expressed in differentiated myo-
cytes. The spatiotemporal expression
patterns ofDuxbl are also analyzed dur-
ing gonad developments, and Duxbl is
specifically expressed in germ cells,
including oocytes and spermatogonia.
Duxbl is predicted to play important
regulatory roles duringmyogenesis and
reproductive developments.

RESULTS AND DISCUSSION

Genomic Structure and RNA

Transcripts of Duxbl Genes

To identify novel homeobox genes
involved in early embryonic develop-

ment, we screened a murine embryonic
stem cell cDNA library by degenerate
RT-PCR (Wang et al., 2003; Li et al.,
2006). One of the genes identified con-
tained a sequence similar to a Riken
full-length cDNA clone (1110051B16
Rik) previously reported as Duxl
(Kawazu et al., 2007) and Duxbl (Clapp
et al., 2007), respectively. However, the
genomic structure, expression profiles,
protein product(s) of this gene, and in
vivo function(s) of this gene product(s)
are all unknown.Based on the sequence
in the database (1110051B16Rik), the
putative translated protein of this gene,
Duxbl, contains two helix-turn-helix
domains weakly similar to the known
homeodomains. Analysis of the genomic
structure of Duxbl gene based on infor-
mation in Ensembl and NCBI data-
bases localized it to the mouse chromo-
some 14A3, downstream of the Cphx
gene (previously named as Eso-1, Li
et al., 2006) and mapped to 24.82m
(Gene ID: 48502; Fig. 1A). However,
we discovered two other downstream
Duxbl genes mapped to 24.96m (Gene
ID: 72675) and 25.1m (Gene ID: 72672;
Fig. 1A). These two downstream Duxbl
genes are identical to each other, and
share approximately 95% sequence
identity with the upstream one (Gene
ID: 48502). During analysis of the
genomic structure of Duxbl, we
observed that in addition to Duxbl,
Plac9, and Cphx genes in mouse chro-
mosome 14A3 are all duplicated. Previ-
ous reports suggested that Plac9 and
Cphx genes play important roles in
mouse reproduction (Galaviz-Hernan-
dez et al., 2003; Li et al., 2006). This
near-telomeric cluster of reproductive
genes in rodents may constitute an evo-
lutionary advantage (Paillisson et al.,
2005) and may come from amechanism
for protecting genes against mutation
(Clapp et al., 2007). The location of
these Duxbl genes in a near-telomeric
cluster neighboring two reproductive
genes (Plac9 and Cphx) suggests that
Duxbl genes also play a role in mouse
reproduction.
According to our data of rapid ampli-

fication of cDNA ends (RACE) and
the sequences of expressed sequence
tag (EST) clones in databases, the
upstream Duxbl gene (Gene ID: 48502)
is composed of five exons spanning
6,390 bp.More than one transcriptional
start sites for thisDuxblwere identified
by 50 RACE analysis. The major
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Fig. 1. Genomic structure and RNA transcripts of Duxbl genes. A: The tandem triplicate of mouse Duxbl genes and their surrounding genes
(Plac9 and Cphx) are present on mouse chromosome 14A3. The lengths of spaces between each Duxbl gene and RNA transcripts are indicated.
The ORFs of Duxbl and Duxbl-s transcripts are shown in gray and the regions encoding homeodomains are in black. B: Comparison of the pre-
dicted amino acid sequences of Duxbl and Duxbl-s proteins. The identical amino acid residues are in bold and the homeodomains are boxed. The
different amino acid residues in helix 3 of homeodomain II (H2) are in italics. C: Alignment of amino acid sequences of two Duxbl homeodomains
(in bold) with those of other predicted homeodomains of double and paired-like homeobox genes. The names of gene products and their homeo-
domains are listed in the left. Dashes represent sequences identical to those of Duxbl homeodomains. Identity indicates the percentage of
sequence identity to Duxbl homeodomain. The asterisks (*) indicate amino acid residues predicted to be involved in sequence-specific DNA bind-
ing. D: Amino acid sequences of homeodomains of human DUX4 and mouse Duxbl proteins. The basic amino acid residues in two terminal
regions of homeodomains are shown in bold. The total numbers of lysine and arginine residues in two ends are shown on the right.



transcript is 2,055 bp in length (Fig. 1A)
and was deposited in the NCBI Gene-
Bank, accession number EF472598.
Although there are different transcrip-
tional initiation sites found in these
Duxbl transcripts, they contain the
same open reading frame (ORF) of
1,053 bp and a putative polyadenyl-
ation signal, AATAAA, at position 2,037
to 2,042. For the two downstream
Duxbl genes (Gene ID: 72675 and
72672), minor differences in the intron
4 sequences between them and the
upstream Duxbl gene (Gene ID: 48502)
result in producing an additional minor
transcript, Duxbl-s, composed of four
exons (Fig. 1A). More than one tran-
scriptional start sites for Duxbl-s tran-
scripts were also identified by 50 RACE,
and they also encode one identical pro-
tein. The most abundant Duxbl-s tran-
script is 1,653 bp in length with anORF
of 606 bp, and a putative polyadenyl-
ation signal, AATGAA, at position
1,566 to 1,571 (accession number
EU257807). The proposed translational
start sites for Duxbl and Duxbl-s tran-
scripts, both correspond to the Kozak
consensus site surrounding their start
codons (Kozak, 1996). Generations of
Duxbl and Duxbl-s transcripts may
result from different promoter usage
and/or alternative splicing during
development.

Analyzing ORFs of the major Duxbl
andminorDuxbl-s transcripts indicates
that the putative Duxbl and Duxbl-s
proteins contain 350 and 201 amino
acids, respectively (Fig. 1B). The N-ter-
minal 139 amino acid residues of Duxbl
and Duxbl-s proteins are identical and
contain one domain similar to known
homeodomains (homeodomain I, H1).
The C terminus of Duxbl protein con-
tains the other homeodomain (homeo-
domain II, H2); however, Duxbl-s pro-
tein does not because it lacks helix 3,
the sequence-specific recognition helix
(Fig. 1B). Thus, the major product
(Duxbl protein) of these three Duxbl
genes contains two homeodomains, so
they are double homeobox genes. Fur-
thermore, the coding regions of all
homeodomains for Duxbl and Duxbl-s
proteins contain an interrupting intron
between homeodomain codon 46 and
47. This is a common feature of PAXL-
subclass homeodomain proteins (Bur-
glin, 1994). In addition, the amino acid
sequences of Duxbl homeodomains
share the highest similarities with

known PAXL homeodomains (Fig. 1C).
Therefore, these three Duxbl genes
belong to PAXL-subclass homeobox
gene family and they are also mouse
double homeobox genes.

Searching for Putative Duxbl

Ortholog

Although the genomic structure of
Duxbl is more similar to human DUXA
gene than human DUX4 gene, the pre-
dicted amino acid sequences of homeo-
domains for Duxbl and DUX4 proteins
are more similar (H1: 42% identity; H2:
67% identity) than those of Duxbl and
DUXA proteins (H1: 35% identity; H2:
53% identity; Fig. 1C). Recently, a
mouse representative of D4Z4 on chro-
mosome 10 was identified and named
as Dux (Clapp et al., 2007) and mDUX
(Bosnakovski et al., 2009), respectively.
However, sequence identities of the pre-
dicted protein and DUX4 homeodo-
mains (H1: 36% identity; H2: 56% iden-
tity) are also lower than those of Duxbl
and DUX4. Based on these sequence
identities, we suggest that the human
ortholog of Duxbl gene is DUX4 gene
but not DUXA gene as previously
reported (Kawazu et al., 2007). Fur-
thermore, comparison of total amino
acid sequences of Duxbl protein with
those of its predicted ortholog shows
that Duxbl protein shares the highest
similarity with its rat ortholog
(RGD1311053; 80% identity; data not
shown). The homeodomain sequences
of Duxbl H1 and H2 also exhibit the
highest similarity with those of its rat
ortholog (93% and 91% identities) fol-
lowed by its human ortholog (42% and
67% identities; Fig. 1C). Comparisons
of homeodomain sequences of Duxbl
and otherPAXL-subclass homeodomain
proteins show identities of only 30 to
45% (Fig. 1C). This result indicates that
Duxbl is a special member of the PAXL-
subclass homeobox gene family.

Otherwise, the sequence identity
between Duxbl H1 and H2 is only 43%
(Fig. 1C).We found thatDuxblH1 binds
DNA ina nonspecificmanner butDuxbl
H2 specifically binds a palindromic
sequence (Tsai et al., unpublished
data). The large differences in amino
acid residues and DNA binding pro-
perties between Duxbl H1 and H2 sug-
gest that two Duxbl homeodomains
may bind and regulate different

downstream genes through different
mechanisms.

Duxbl Expression Pattern in

Adult Tissues

Althoughmany double homeobox genes
are found in humans, only DUX4 pro-
teins have been detected in vivo inmyo-
blasts from FSHD patients (Belayew,
2004; Kowaljow et al., 2007). However,
the in vivo expression pattern of DUX4
protein is still unknown. Accordingly,
we first detected their major and minor
transcripts,Duxbl andDuxbl-s, of these
three Duxbl genes in various adult tis-
sues by reverse transcriptase-polymer-
ase chain reactions (RT-PCRs). Both
Duxbl and Duxbl-s transcripts are pre-
dominantly expressed in adult eye,
brain, and reproductive organs includ-
ing ovary, uterus, placenta and testis
(Fig. 2A). We next performed Western
blotting to decipher in vivo expressions
of Duxbl proteins in adult mouse tis-
sues using affinity-purified homemade
Duxbl polyclonal antibodies. A 38-kDa
protein band indicating Duxbl protein
is predominantly detected in adult eye,
brain and ovary (Fig. 2B). The results of
Duxbl expression patterns in adult tis-
sues by RT-PCRs (Fig. 2A) andWestern
blotting (Fig. 2B) are complementary,
because we only detected Duxbl pro-
teins in adult tissues with strongDuxbl
transcript signals. However, Duxbl-s
protein is not detected in these adult
tissues by our polyclonal antibodies.
This may result from the much lower
expression levels of Duxbl-s transcripts
than Duxbl transcripts in these tissues
(Fig. 2A).
Blocking assays for preincubations of

polyclonal antibodies with purified glu-
tathione S-transferase (GST) proteins
or GST-H1 and GST-H2 fusion proteins
were used to verify the specificity and
activity of our Duxbl polyclonal anti-
bodies. After preincubation with GST-
H1 and GST-H2 fusion proteins, the
purified Duxbl polyclonal antibodies
did not recognize the previously identi-
fied Duxbl proteins in adult ovary and
overexpressed Duxbl-V5 fusion pro-
teins (Fig. 2C). However, antibodies
preincubated with GST proteins could
recognize Duxbl proteins in adult ov-
ary, overexpressed Duxbl-V5 fusion
proteins, and purified 6His-Duxbl
fusion proteins. This result verifies the
activity and specificity of our
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homemade affinity-purified Duxbl poly-
clonal antibodies.

Duxbl Expression Patterns in

Gonads

Because Duxbl is predominantly
expressed in adult ovary and slightly

expressed in adult testis (Fig. 2A), we
examined Duxbl expression levels in
embryonic and postnatal gonads by RT-
PCRs. In female gonads, Duxbl tran-
scripts are observed from embryonic
day 12.5 (E12.5) until birth (Fig. 3A).
After birth, Duxbl expressions in the
ovaries are found to be high until adult-

hood. Inmale gonads,Duxbl transcripts
are also detected from E12.5 until birth
(Fig. 3B).After birth,Duxbl expressions
peaked at day 7 and returned to low lev-
els from day 21 until adulthood. Fur-
thermore, the expression patterns of
Duxbl-s transcripts are similar to but
lower than those of Duxbl transcripts
(Fig. 3A,B). In addition, low levels of
Duxbl transcripts are also detected in
the mesonephros (data not shown).
Because no Duxbl expression is
detected inmouseLeydig (TM3), Sertoli
(TM4), and spermatocyte (GC-2) cell
lines (data not shown), we suggest that
Duxbl expresses in germ cells. To verify
this suggestion,we performed quantita-
tive RT-PCRs in male gonads. Results
of real-time RT-PCRs confirm the
increases of Duxbl expressions after
birth. Duxbl expressions in male testes
peak at day 7 (Fig. 3C), while male gon-
ocytes exit cell cycle arrest and enter a
wave of spermatogonia proliferation.
Duxbl expressions were seen decreas-
ing from day 15 to adulthood. Before
birth, there is a Duxbl expression peak
with a moderate expression level
observed around E13.5, a time for rapid
proliferations of male germ cells. After
this time, the proliferations of male
germ cells slow down and enter mitotic
arrest at around E16.5 (Olaso and Hab-
ert, 2000). Results of quantitative RT-
PCRs suggest high Duxbl expressions
in proliferating male germ cells includ-
ing gonocytes and spermatogonia.
We further characterized Duxbl

expressions in adult testis by in situ
hybridizations to decipher the cellular
localizations of Duxbl transcripts. In
adult testis sections, strongDuxbl tran-
script signals are only detected in sper-
matogonia from stage X to XII seminif-
erous tubules (Fig. 4A). However, we
did not detect any Duxbl signal in post-
meiotic cells of testis including sperma-
tocytes and spermatids. The Duxbl
expressions in spermatogonia and the
absence in other postmeiotic cells are
also confirmed by RT-PCRs of germ
cells isolated from distinctive stages
(data not shown). Results of in situ
hybridizations in adult testis (Fig. 4A)
are identical to results of RT-PCRs from
testis cell lines, because we could not
detect Duxbl expression in Leydig and
Sertoli cells, and in round spermatids
(data not shown). Pang and his co-
workers also identified differential
expressions of 1110051B16Rik gene in

Fig. 2. Expression profiles of Duxbl and Duxbl-s transcripts and Duxbl protein. A: The expres-
sion levels of Duxbl and Duxbl-s transcripts in adult mouse tissues were analyzed by reverse
transcriptase-polymerase chain reactions (RT-PCRs). Expression level of actin was used as an
internal control. B, brain; H, heart; Lu, lung; Li, liver; Sp, spleen; Ki, kidney; Mu, skeletal
muscles; Ut, uterus; Eye, eye; Pl, placenta; Te, testis; Ov, ovary. B: Purified Duxbl fusion protein
containing N-terminal 6 histidine residues (6His-Duxbl) and equal-amount of total proteins
extracted from indicated adult tissues were analyzed by Western blotting using affinity-purified
Duxbl polyclonal antibodies. C: Analyzing the specificity of purified Duxbl polyclonal antibodies.
The purified Duxbl polyclonal antibodies were preincubated with purified GST-H1 and GST-H2
fusion proteins (Ab þH1þH2) or with GST proteins only (Ab þGST). Total proteins extracted
from adult ovaries and HeLa cells transfected with Duxbl-V5 fusion protein expression vectors
(Duxbl-V5), or purified 6His-Duxbl fusion proteins were analyzed by Western blotting using two
different pretreated antibodies. Position of 38-kDa protein bands representing Duxbl proteins
was indicated by arrow.
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spermatogonia by microarray and
quantitative RT-PCR at different stages
of spermatogenesis (Pang et al., 2003).
Furthermore, we performed in situ
hybridizations to find cells that specifi-
cally express Duxbl in adult ovary. In
adult ovary sections, weak expressions
of Duxbl transcripts are found in the
oocytes of primordial follicles, but
strong expressions are seen in the
oocytes of primary and secondary fol-
licles (Fig. 4B). These results indicate
that Duxbl are specifically expressed in
oocytes during oogenesis and in sper-
matogonia during spermatogenesis.

We next examined the in vivo local-
izations of Duxbl proteins in 2-week-old
and adult ovaries by immunohisto-
chemistry using homemade affinity-
purified Duxbl polyclonal antibodies.
Results of immunostained ovary sec-
tions show that Duxbl proteins are spe-

cifically present in oocytes of primor-
dial, primary, secondary, and antral
follicles (Fig. 5). These results of in vivo
Duxbl protein localizations are consist-
entwith results of in situ hybridizations
(Fig. 4B), because we obtain oocyte-spe-
cific signals of Duxbl transcripts and
Duxbl proteins in the same types of fol-
licles in both cases.

Subcellular Localizations of

Duxbl and Duxbl-s Proteins

We used the same homemade Duxbl
polyclonal antibodies to examine the
subcellular localizations of overex-
pressed epitope-tagged Duxbl and
Duxbl-s proteins, respectively. Results
of immunofluorescence reveal that the
overexpressed Duxbl-V5 and FLAG-
Duxbl-s fusion proteins are both re-
stricted to the nuclei of transfected cells

(Fig. 6).We observed the same subcellu-
lar localizations of Duxbl and Duxbl-s
fusion proteins using commercial anti-
V5 and anti-FLAGmonoclonal antibod-
ies, respectively (data not shown).
These results indicate that both overex-
pressed Duxbl and Duxbl-s proteins
contain the nuclear localization signal
(NLS). Although the amino acid resi-
dues of homeodomains from various
homeodomain proteins show a high
degree of conservation, NLSs of homeo-
domain proteins are not identical. A
common theme of their NLSs is the ba-
sic amino acid residues at two ends of
homeodomains (Ploski et al., 2004;
Ostlund et al., 2005). The first (H1) and
the second (H2) homeodomains of
Duxbl protein contain 8 and 6 lysine/ar-
ginine residues at their two ends,
respectively (Fig. 1D). In addition, the
human DUX4 protein also contains 6
and 7 lysine/arginine residues at two
ends of its H1 andH2, respectively (Fig.
1D). Previously, DUX4 protein has been
shown to transactivate PITX1 expres-
sion (Dixit et al., 2007). Because Duxbl
and Duxbl-s proteins contain similar
lengths of basic residues as DUX4 pro-
tein at two ends of their homeodomains
(Fig. 1D) and both of them localize in
the nuclei (Fig. 6), theymight transacti-
vate downstream gene(s) as DUX4 pro-
tein. However, overexpressing Duxbl
proteins in C2C12 cells could not trans-
activate Pitx1 expression (data not
shown).

Duxbl Expression Patterns in

Embryonic Development

BecauseDuxbl transcripts are predomi-
nantly restricted in oocytes of ovary
(Fig. 4B),Duxbl expressions during em-
bryonic development were further
determined. Duxbl transcripts are first
detected in unfertilized eggs then con-
tinued to blastocysts but not in cumulus
cells (Fig. 7A). After implantation,
Duxbl expressions in embryos are seen
decreased from embryonic day 11.5
(E11.5) to 17.5 (E17.5), and Duxbl-s
shows similar expression pattern (Fig.
7B). Furthermore, whole-mount in situ
hybridizations were used to identify
Duxbl transcripts in developing mouse
embryos from E9.5 to E12.5. TheDuxbl
transcripts are detected in forelimb,
hindlimb, and tail beginning from E9.5
and maintained to E12.5 (Fig. 7C–E).
Duxbl expressions in limbs were

Fig. 3. Analyses of expression levels and profiles of Duxbl and Duxbl-s transcripts during
gonad developments. A,B: The expression levels of Duxbl and Duxbl-s transcripts in female (A)
and male (B) gonad developments were analyzed by reverse transcriptase-polymerase chain
reactions (RT-PCRs). Total RNAs were extracted from ovaries (A) or testes (B) from different
embryonic days (E12.5 to E19.5), newborn mice (NB), and mice at different postnatal days (7d
to 56d). Expression levels of actin were used as internal controls. C: Analysis of Duxbl expres-
sion levels in testes by real-time RT-PCRs. The relative expression levels of Duxbl to GADPH
transcripts in testes from different embryonic and postnatal days were determined. The relative
expression levels were shown after comparison with the expression level of 7-day-old testes.D
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further detected by section in situ
hybridization and Alcian blue staining.
Duxbl signals are localized in muscle
cells (data not shown). Furthermore,
in vivo Duxbl protein expressions were
analyzed by immunohistochemistry.
Strong Duxbl protein signals are
detected in muscle cells of limbs at
E13.5 embryo (Fig. 7F), whilemyotubes
begin to form. Especially, Duxbl protein
signals are detected in the fiber-like
muscle cells but not in themononuclear
cells expressing MyoD proteins (Fig.
7G). These results indicate that Duxbl
proteins are expressed in limbs and
tail during embryo development and in
differentiated myocytes but not in
myoblasts.

Duxbl Expressions During

Limb Development

During muscle development in limbs,

muscle progenitor cells from somite

migrate into limb bud, where they pro-

liferate, express myogenic determina-

tion factors and subsequently

Fig. 4. Identifying Duxbl transcripts in gonads by in situ hybridizations. A,B: The localizations of Duxbl transcripts were analyzed in adult testis
(A) and 10-day-old ovary (B). Adjacent sections were labeled with digoxigenin-labeled anti-sense (left panel) and sense probes (middle panel), or
stained with hematoxylin and eosin (H&E, right panel). Duxbl transcripts were only detected in spermatogonia (indicated by arrows) of testis (A)
and in oocyte of primordial (Pr), primary (P), and secondary (S) follicles in ovary (B). Scale bars ¼ 50 mm.

Fig. 5. Identifying Duxbl proteins in 2-week-old and adult ovaries by immunohistochemical analy-
sis. A–D: Duxbl proteins in 2-week-old (A,B) and adult (C,D) mouse ovary sections were probed
using affinity-purified Duxbl polyclonal antibodies (A–C) and normal rabbit immunoglobulin G (D),
respectively. Duxbl proteins are specifically present in oocytes of primordial (Pr), primary (P), sec-
ondary (S), and antral follicles (AnF) as indicated. Scale bars ¼ 50 mm.
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Fig. 7. Identifying Duxbl expressions during mouse development by reverse transcriptase-polymerase chain reaction (RT-PCR), whole mount in
situ hybridization, and immunohistochemical analysis. A,B: Expressions of Duxbl and Duxbl-s transcripts in preimplantation (A) and postimplanta-
tion (B) embryos were analyzed by RT-PCRs. A: Cu, cumulus cells; UF, unfertilized eggs; F, fertilized eggs; 2C, two-cell embryos; MO, morula; BL,
blastocysts. B: Total RNAs were extracted from postimplantation embryos at embryonic day 11.5 (E11.5), 13.5 (E13.5), and 17.5 (E17.5), respec-
tively. Amplifications without RNA served as negative controls (�). C–E: Identifying Duxbl expressions in different embryos at embryonic day 9.5
(E9.5), 11.5 (E11.5), and 12.5 (E12.5) by whole-mount in situ hybridizations, respectively. t: tail; fl: forelimb; hl: hindlimb. F,G: Identifying Duxbl and
MyoD protein expressions in dorsal sections through forelimb of 13.5-day embryo by immunohistochemical analysis using anti-Duxbl (F) and anti-
MyoD (G) antibodies, respectively. The boxed regions in small figures were amplified. H: Analyzing Duxbl and MyoD expression levels by RT-PCRs
during embryonic and postnatal limb developments. Total RNAs were extracted from limbs at embryonic day 12.5 (E12.5), 15.5 (E15.5), and 17.5
(E17.5), and at postnatal day 3 (3d) and adult, respectively. Expression levels of actin were used as internal controls. Scale bars ¼ 50 mm.

Fig. 6. A,B: Subcellular localizations of overex-
pressed Duxbl and Duxbl-s proteins. Duxbl-V5
(A) and FLAG-Duxbl-s (B) fusion proteins were
overexpressed in HeLa cells by transfection of
Duxbl-V5 and FLAG-Duxbl-s expression vectors,
respectively. The overexpressed Duxbl-V5 or
FLAG-Duxbl-s proteins were detected by affinity-
purified anti-Duxbl polyclonal antibodies (left
panel). Cell nuclei were stained with DAPI (mid-
dle panel). Images of left and middle panels
were merged (right panel).



differentiate into skeletal muscles.

MyoD and myogenin (MyoG) are first
detected in the proximal regions of both
hindlimb and forelimb at embryonic
day (E) 11.5 embryo and later accumu-
lated in the differentiated muscle
masses, continuously expressed in fetal
skeletal muscles (Sassoon et al., 1989).
Although expressions of Duxbl and
MyoD are both continuous from E12.5

to postnatal stage (3d) in limbs by RT-
PCR analyses (Fig. 7H), Duxbl expres-
sions in limbs are largely increased
from E12.5 to E15.5 and maintained in
high level to postnatal (3d) stage, but
almost undetectable in adult muscles
by RT-PCR analyses (Fig. 7H). These
results suggest that Duxbl expressions
are low in myoblast proliferation stage
but increase largely following myotube

formation, so Duxbl may play a role in
myogenesis during embryonic limb
development.

Duxbl Protein Expressions in

Trunk Myogenesis

During embryogenesis, skeletal mus-
cles in the trunk and limbs are both
derived from somites (Tajbakhsh and

Fig. 8. Identifying Duxbl and MyoD protein expressions in embryonic muscles. A–C: Duxbl and MyoD proteins were detected on parasagittal
sections of 11.5-day embryo (A) and transverse sections of 12.5-day embryo (B,C) by immunohistochemistry. A: High magnifications of the boxed
regions in the left panels were shown in the right. B,C: High magnification of the boxed regions in the left panels of epaxial (E), hypaxial (H), and
limb (L) muscles were shown in the middle and right panels as indicated. FL, forelimb; NT, neural tube. Scale bars ¼ 50 mm.
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Buckingham, 2000). During myotome
development, MyoG and MyoD are de-
tectable at E10.5 (Cusella-De Angelis
et al., 1992), while terminally differenti-
atedmuscle cells could already be identi-
fied in the myotome. To decipher the
Duxbl protein expressions during myo-
tome development in advance, we used
immunohistochemistry on parasagittal
sections of E11.5 embryos. Duxbl protein
is not detected in somite (Fig. 8A). How-
ever, the myoblast marker gene prod-
ucts, MyoD proteins, are expressed in
the myotomes. To further confirm the
expressions of Duxbl proteins during
skeletal myogenesis in the trunk and
limb,we used immunohistochemistry on
transverse sections of embryo at E11.5
with antibodies react with MyoD and
Duxbl proteins, respectively. In trans-
verse sections of the same embryo,
MyoD-positive cells are also observed in
myoblasts of developing limbs and
somite. However, no Duxbl-expressing

cells are present in transverse sections
of the same E11.5 embryos (data not
shown). In further embryonic develop-
ment, Duxbl is seen expressed in the
epaxial, hypaxial, and forelimb muscles
in E12.5 embryo (Fig. 8B), similar to
MyoD (Fig. 8C).However, the intensities
of Duxbl proteins are less than MyoD
proteins in all muscle-forming regions,
especially in limb muscles. After com-
paring stained cell morphology, Duxbl
proteins are obviously stained in fewer
elongated myocytes and immature myo-
fibrils (Fig. 8B). However, MyoD pro-
teins are detected in mononuclear myo-
cytes (Fig. 8C). These results suggest
that Duxbl expressions are low in limb
myoblast proliferation stage, embryonic
day 12.5. After myoblast proliferation
stage, at E13.5 embryo, myoblasts have
clearly acquired a spindle-shaped mor-
phology, and considerably more and lon-
ger myofibrils have now been formed. In
E13.5 embryonic transverse sections,

Duxbl proteins are expressed in in-
creased number of cells, virtually includ-
ing all of the newly formed primary
fibers, present in both body wall and
limbs (Fig. 9A). StrongDuxbl signals are
detected in elongatedmyocytes andmul-
tinuclear myotubes (Fig. 9A). The distri-
bution and intensity of Duxbl expres-
sions are both similar to those of myosin
heavy chain (MHC; Kablar et al., 1997).
MHC is expressed exclusively in termi-
nally differentiated myotubes and is de-
tectable in the intercostal muscles of the
trunk and the muscle anlagen of fore-
limb. The expressions of both Duxbl and
MHC are increased in E13.5 embryo, in
which stage the myotube formations are
observed.

Duxbl Expressions During

C2C12 Cell Differentiation

To verify that Duxbl is expressed in dif-
ferentiated myocytes but not in

Fig. 9. Identifying Duxbl and MyoD protein expressions in developing muscles. Duxbl (A) and MyoD (B) proteins were detected on transverse
sections of 13.5-day embryo by immunohistochemistry. A,B: High magnification of the boxed regions in the left panels of epaxial (E), hypaxial (H),
and limb (L) muscles were shown in the middle and right panels as indicated. FL, forelimb. Scale bars ¼ 50 mm.
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myoblasts during skeletal muscle for-
mation, we examined Duxbl expres-
sions during in vitro differentiations of
C2C12 cells. Duxbl transcripts are
slightly detected in confluent myocytes,
and seen significantly increased in dif-
ferentiated cells following 2 days in dif-
ferentiation medium as MyoG (Fig.
10A). Because Duxbl exhibits similar
expression patterns as MyoG during
C2C12 cell differentiation, we suggest
that Duxbl also play a role in myoblast
differentiation and/or fusion. Our dou-
ble immunofluorescence data also show
the presence of Duxbl protein signals in
differentiating cells and clearly located
in the nuclei of multinuclear myotubes
(Fig. 10B), similar to results of in vivo
immunohistochemistry analyses (Figs.
7F, 8B, 9A). However, MyoD proteins
are stained strongly in small nuclear
myoblasts and myocytes, while only
slightly in myotubes (Fig. 10B). From
the above results, we conclude that
Duxbl is expressed in myotubes but not
in proliferating myoblasts during in
vitro differentiation of myoblasts and in
vivo skeletalmuscle formation. Because
the expression of Duxbl is downstream
of MyoD and seems parallel to MyoG,
whether expression of Duxbl influences
MyoD or MyoG or other muscle specific
genes to affect myogenesis need further
characterizations. C2C12 can be used
as a model cell line to identify the mo-
lecularmechanism ofDuxbl influencing
myoblast differentiation or how Duxbl
interact with the myogenic regulatory
factors to regulatemyogenesis.

In brief, Duxbl is a mouse double
homeobox gene that contains introns.
The Duxbl homeodomain exhibits the
maximum identities to those of human
DUX4 gene. From the homeodomain
similarity, we suggest that Duxbl is the
ortholog of human DUX4, which is the
candidate gene to cause FSHD. How-
ever, the exact expression pattern of
DUX4 in human development or during
myogenesis is not detected and might
be undetectable, because DUX4 protein
cannot be obtained from normal adult
tissues. Studying the expression profile
of a mouse double homeobox gene,
Duxbl, can facilitate the understanding
of the functions of double homeobox
genes including DUX4 during develop-
ment. In addition, the characterization
of Duxbl expression during myogenesis
might help in understanding themolec-
ular mechanism of FSHD. During

Fig. 10. Identifying Duxbl, MyoD, and MyoG expressions in differentiated and undifferentiated
C2C12 cells. A: Expression levels of Duxbl, MyoD, and MyoG transcripts were determined by
reverse transcriptase-polymerase chain reactions (RT-PCRs) during C2C12 differentiation. Total
RNAs were extracted from proliferating myoblasts (PMB), confluence myoblasts (CMB), and dif-
ferentiating myocytes cultured in differentiation medium for 2, 3, and 5 days (D2, D3, D5),
respectively. Expression levels of actin were used as internal controls. B: Double immunofluores-
cence analysis of Duxbl and MyoD expressions in C2C12 cells. C2C12 cells were incubated in
growth medium as proliferating myoblasts (PMB) and in differentiation medium for 6 days (D6)
as differentiating myocytes, respectively. They were analyzed by double immunofluorescence
with anti-Duxbl and anti-MyoD antibodies. Signals of Duxbl proteins were detected with Texas
red-conjugated secondary antibodies (Duxbl) and signals of MyoD were detected with fluores-
cein isothiocyanate (FITC) -conjugated secondary antibodies (MyoD). Cell nuclei were stained
with 40-6-diamidino-2-phenylindole (DAPI). Scale bars ¼ 50 mm.
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embryodevelopment, Duxbl is predomi-
nantly expressed in differentiated myo-
cytes during embryo skeletal myogene-
sis. The myofibers of epaxial, hypaxial,
and limb express Duxbl proteins, first,
from E12 embryo. However, Duxbl is
barely detectable in the adult limbmus-
cle. Because DUX4 protein can be
detected in primary myoblasts ext-
racted from FSHD patients but not
from normal people, we suggest that an
increase in the expression of embryo
protein, mDux in adult tissue may
develop a muscular dystrophy with
features characteristic of the human
disease. In addition to skeletal myogen-
esis, Duxbl is also expressed in germ
cells, especially in oocytes and sperma-
togonia, during gonad development.
Our results suggest that Duxbl is im-
portant in germ cell development. Our
future experiments would be directed
toward characterizing the exact func-
tion of this gene using transgenic or
conditional knockout analysis.

EXPERIMENTAL

PROCEDURES

Animals

Mice were maintained in a specific
pathogen-free environment at the ani-
mal housing in Chung Shan Medical
University. All experimental proce-
dures were conducted in accordance
with the guidelines of the institutional
animal committee and received protocol
number 401.

RNA Isolations and RT-PCRs

Total RNAs were extracted using Trizol
reagent (Life Technologies) from vari-
ous mouse tissues, embryos at different
stages, and various mouse cell lines.
Quantities and purities of RNAs were
determined by ultraviolet absorbance
(DU 800; Beckman Coulter) and by gel
electrophoresis. Five or two micro-
grams each of total RNAs were reverse
transcribed using Superscript II system
(Life Technologies) and oligo-dT primer.
P1/GSP1 (P1, 50-GAGCTGCAGTAC-
TGGCCTACTG-30; GSP1, 50-CTGG-
GAGGACTGAAGTAGTGTGGT-30) and
P1/GSP2 (GSP2, 50-ATGATTATGCA-
GGTCTGATGTG-30) primer pairs were
used to determine the expressions of
Duxbl and Duxbl-s transcripts (Fig.

1A), respectively. As positive controls,
the expression of b-actin gene was
detected using the following primers:
Actin F: 50-GAGACCTTCAACACCC-
CAGC-30 and Actin R: 50-AGGAAG-
GCTGGAAAAGAGCC-30.

Cloning the Full-Length

cDNAs

Because Duxbl and Duxbl-s transcripts
are predominantly expressed in adult
ovary, total ovary RNAs were used to
characterize the full-length Duxbl and
Duxbl-s transcripts. The 50 and 30 end
sequences of Duxbl and Duxbl-s tran-
scripts were obtained by 50 and 30

RACE-PCRs using the SMART RACE
cDNA amplification kit (Clontech),
respectively. Total RNAswere reversely
transcribed using 50 or 30 CDS primers.
The resultant cDNAproducts were sub-
jected to PCR for generating the 50 and
30 Duxbl and Duxbl-s cDNA fragments,
respectively, using transcript-specific
primers (GSP1, GSP2, or GSP3: 50-
AGCAGGAGCAGGATAAACCTAGAG-
TTAAAGA-30) and UPM primer. The
PCR products were then subjected to
nested PCR using transcript-specific
primers (GSP1 or GSP2) and nested
universal primer A. Finally, the PCR
products were analyzed on 1.2% aga-
rose gels, subcloned into pGEM-T Easy
vectors (Promega) and then sequenced.

Real-Time PCRs

Total RNAs were extracted from testes
at different stages using TRI Reagent
(Sigma-Aldrich). Primers for real-time
PCRs were designed for mouse Duxbl
and GAPDH transcripts. The forward
primer for Duxbl was 50-GCATCTCT-
GAGTCTCAAATTATGACTTG-30, and
the reverse primer was 50-GCGTT-
CTGCTCCTTCTAGCTTCT-30. The for-
ward primer for GAPDH was 50-
TGTGTCCGTCGTGGATCTGA-30, and
the reverse primer was 50-CCTGC-
TTCACCACCTTCTTG-30. Complemen-
tary DNAs were synthesized from RNA
samples using Superscript II RNase H-
minus reverse transcriptase (Invitro-
gen) according to the manufacturer’s
protocol, and then cDNAs were used as
templates for real-time PCR assays
using the ABI Prism 7000 Sequence
Detection System (Applied Biosys-
tems). Threshold (Ct) values for Duxbl
and GADPH transcripts were deter-

mined using Prism SDS software ver-
sion 1.0 (Applied Biosystems).

Expressions and Purifications

of Duxbl Homeodomain

Fusion Proteins

The coding regions of Duxbl N-terminal
homeodomain (H1) and C-terminal
homeodomain (H2) were PCR ampli-
fied, gel-purified, and then subcloned
into pGEX-6P-2 expression vectors
(Amersham). After induction, the
expressed glutathione-S-transferase
(GST) fusion proteins, GST-H1 and
GST-H2, were purified using Glutathi-
one Sepharose beads (Amersham). The
forward primer for H1 homeodomain
was 50-CGGAATTCTTGAGCTGAGC-
TGCAGT-30, and the reverse primer was
50-CCCTCGAGCTATGCAAACTCTGCT
TG-30. The forward primer forH2homeo-
domain was 50-CGGAATTCTTAGAGT-
TAAAGAAGCTAGAAG-30, and the re-
verse primer was 50-GCGGCC-GCTTA
AGTTTTCTGAGTGTTCTGTCC-30.

Production of Anti-Duxbl

Polyclonal Antibodies and

Western blotting

The Duxbl coding region was PCR
amplified, gel-purified, and then
inserted into the pAE expression vector
(Ramos et al., 2004). The Duxbl fusion
proteins containing 6 histidine residues
at the N-terminus (6His-Duxbl) were
overexpressed and then purified using
His-bind resin (Novagen), before being
used to immunize rabbits for genera-
tion of anti-serum against Duxbl
proteins. These anti-Duxbl polyclonal
antibodies were purified by affinity
chromatography using 6His-Duxbl
fusion proteins. To test the immunospe-
cificity of purified anti-Duxbl antibod-
ies, we performed a blocking assay
using antibodies pretreated with puri-
fied GST-H1 and GST-H2 proteins or
GST protein only. To detect Duxbl pro-
tein in various mouse tissues, equal
amount of total proteins extracted from
various adult mouse tissues were sepa-
rated in 12% sodium dodecyl sulfate-
polyacrylamide gels and electro-trans-
ferred onto polyvinylidene fluoride
membranes (Millipore). Expression lev-
els of Duxbl proteins were then deter-
mined by Western blotting using puri-
fied anti-Duxbl polyclonal antibodies.
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Whole-Mount In Situ and

Section In Situ

Hybridizations

Expressions of theDuxbl gene were an-
alyzed by in situ hybridizations using a
660-bp Duxbl cDNA fragment (265-
925), which encodes the coding region
of Duxbl protein. The 660-bp Duxbl
cDNA fragments (position 265-925)
were subcloned into pGEM-T Easy vec-
tors. The sense and anti-sense ribop-
robes were prepared by in vitro tran-
scriptions using SP6 and T7 RNA
polymerases with digoxigenin (Dig)-
UTP (Boehringer Mannheim), respec-
tively. Some serial sections were
stained with hematoxylin and eosin
(Sigma-Aldrich).

Testes from adult mice and ovaries
from 10-day-old mice were collected
and fixed in 4% paraformaldehyde for
in situ hybridizations. They were dehy-
drated, embedded in paraffin, and then
serially sectioned. Five- or 7-mm sec-
tions were cut and counterstained with
methyl green. These sections were then
mounted before observation. For whole-
mount in situ hybridizations, embryos
were rehydrated and bleached in PBT
containing 6% hydrogen peroxide.
Whole-mount in situ hybridizations of
embryos was performed as previously
described (Correia andConlon, 2001).

Immunohistochemistry

Embryos of FVBmice and adult ovaries
were fixed in 4% paraformaldehyde and
embedded in paraffin according to
standard protocols. Adjacent 6-mm sec-
tions were used for comparative analy-
sis. Sections were deparaffinized and
rehydrated, and some of them were
stained with hematoxylin and eosin.
Sections were incubated with a 1:300
dilution of purified anti-Duxbl polyclo-
nal antibodies or with 1:500 dilution of
mouse monoclonal anti-MyoD antibody
clone 5.8A (IMGENEX). After washing,
sections were incubated with a 1:200
dilution of biotinylated goat anti-rabbit
IgG or biotinylated goat anti-mouse
IgG followed by incubation with horse
radish peroxidase-streptavidin com-
plexes. Positive signals were visualized
by incubation with diaminobenzidine
(DAB), a kit from Molecular Probes,
and sections were then lightly counter-
stained with methyl green (Sigma-
Aldrich). Negative controls consisted of

identical reactions with normal rabbit
immunoglobulin G as the primary
antibodies.

Cell Cultures

C2C12 cells were kept in DMEM sup-
plemented with 10% fetal bovine se-
rum. Differentiation in C2C12 cells was
induced by replacing the medium with
differentiation medium (2% horse se-
rum in DMEM). HeLa cells were kept
in alpha-MEM supplemented with 10%
fetal calf serum, 1% nonessential amino
acids, and 1%sodiumpyruvate.

Subcellular Localizations of

Duxbl and Duxbl-s Proteins

The coding regions ofDuxbl andDuxbl-
s were inserted into pcDNA3.1/V5-His
(Life technologies) and pFLAG-CMV2
(Sigma-Aldrich) to produce the Duxbl-
V5 and FLAG-Duxbl-s expression vec-
tors, respectively. The expression vec-
tors were transfected into HeLa cells
using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s in-
structions. After transfection, cells
were immunostained with a 1:500 dilu-
tion of purified anti-Duxbl polyclonal
antibodies and then a 1:200 dilution of
fluorescein isothiocyanate (FITC) -con-
jugated goat anti-rabbit immunoglobu-
lin. After immunostaining, cell nuclei
were counterstained with 40-6-diami-
dino-2-phenylindole (DAPI; Sig-ma-
Aldrich). The fluorescent signals were
obtained by fluorescence microscopy
(Axioplan, Zeiss).

Immunocytochemistry

Expressions of Duxbl and MyoD pro-
teins in C2C12 cells were examined by
immunocytochemistry. C2C12 myo-
blasts were grown in 4-well chamber
slides and were allowed to differentiate
intomyotubes. The cellswere thenfixed
in 4% paraformaldehyde followed by
permeable with 0.1% Triton. Cells were
blocked with 1% bovine serum albumin
in phosphate buffered saline (PBS).
C2C12 cells were immunostained with
rabbit anti-Duxbl (1:500) polyclonal
antibodies and mouse monoclonal anti-
MyoD (1:500) antibody. Cells were
washed with PBS, incubated with
FITC-conjugated chicken anti-mouse
IgG antibodies and Texas red-conju-
gated goat anti-rabbit IgG antibodies at

a 1:300 dilution, and then counter-
stained for nuclei with DAPI. The fluo-
rescent signals were obtained by fluo-
rescencemicroscopy.
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國科會補助專題研究計畫成果報告自評表 

請就研究內容與原計畫相符程度、達成預期目標情況、研究成果之學術或應用價

值（簡要敘述成果所代表之意義、價值、影響或進一步發展之可能性）、是否適

合在學術期刊發表或申請專利、主要發現或其他有關價值等，作一綜合評估。

1. 請就研究內容與原計畫相符程度、達成預期目標情況作一綜合評估 
■達成目標 
□未達成目標（請說明，以 100 字為限） 

□實驗失敗 

□因故實驗中斷 
□其他原因 

說明： 

2. 研究成果在學術期刊發表或申請專利等情形： 
論文：■已發表 □未發表之文稿 □撰寫中 □無 

專利：□已獲得 □申請中 ■無 

技轉：□已技轉 □洽談中 ■無 

其他：（以 100 字為限） 
目前有兩篇報告撰寫中 

3. 請依學術成就、技術創新、社會影響等方面，評估研究成果之學術或應用價

值（簡要敘述成果所代表之意義、價值、影響或進一步發展之可能性）（以

500 字為限） 
本研究發現兩個新穎生殖細胞專一性表達基因 Cphx 及 Gcse，及一個人類 FSHD 疾病致病基

因DUX4之同源基因Duxbl，其中 Cphx以 RNAi技術分別以基因轉殖及體外microinjection

的方式降低 Cphx 基因的表現，研究發現 Cphx-dsRNA 轉殖鼠生殖能力降低，同時提早不孕，

而 microinjection Cphx dsRNA 也影響卵細胞的成熟與早期胚胎發育，我們推測 Cphx 基

因影響卵細胞成熟發育及早期胚胎之發育， Cphx 基因之研究，在學術上可以幫助我們了

解複雜的生殖細胞發育機制，在社會影響方面同時也可以幫助我們解開人類不孕症與卵巢

提早老化之謎，將來進一步找出人類 CPHX 基因，同時分析不孕症病人或卵巢提早老化病

人其 CPHX 基因是否異常，將有助我們了解不孕症之成因。另外一個生殖細胞專一性表達

基因 Gcse，根據我們的結果顯示，與生殖細胞減數分裂及 acrosome 的形成有關，減數分

裂正常與否將影響單倍體生殖細胞之合成，而 acrosome 是受精作用必要的胞器，是決定

精細胞與卵細胞結合之重要構造，因此，對 Gcse 基因的研究將有助於我們對單倍體生殖

細胞之產生與受精作用的了解，對於不孕症病人生殖細胞數目為何異常及為何精細胞無法

與卵細胞結合有更進一步的了解，最後一個基因 Duxbl 雖然也表現於生殖細胞，但也表現

於骨骼肌，更重要的是人類 FSHD 疾病致病基因 DUX4 之同源基因，對 Duxbl 的研究將有助

於我們了解骨骼肌發育及 FSHD 之致病機制，進而找到 FSHD 治療的方法，目前我們的研究

顯示 Duxbl 基因異常的表現將抑制肌纖維的分化，無法形成多核的肌小管，根據我們 Duxbl

基因之研究成果，將來可以建立 FSHD 疾病的小鼠模式，將可以協助我們進一步了解 FSHD



致病機制及找出治療 FSHD 疾病的方法。 
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