
Atsuo SUZUKI 
 

 1 

平成 24年度学位申請論文 

 

A novel ENG mutation causing impaired 

co-translational processing of endoglin associated with 

hereditary hemorrhagic telangiectasia  
（遺伝性出血性末梢血管拡張症に見られた蛋白翻訳後修飾欠如をきたす 

シグナルペプチド領域の新規エンドグリン遺伝子変異） 

 

 

 

 

 

 

 

 

 

名古屋大学大学院医学系研究科 

医療技術学専攻	 病態解析学分野 

（指導：	 小嶋	 哲人	 教授） 

 

鈴	 木	 敦	 夫 



Atsuo SUZUKI 
 

 2 

論文題目： 

A novel ENG mutation causing impaired co-translational processing of endoglin associated 
with hereditary hemorrhagic telangiectasia  

（遺伝性出血性末梢血管拡張症に見られた蛋白翻訳後修飾欠如をきたすシグナルペプチ

ド領域の新規エンドグリン遺伝子変異） 
 

鈴木敦夫 
 

【緒言】 
 

	 遺伝性出血性末梢血管拡張症（Hereditary Hemorrhagic Telangiectasia：HHT）は別名オス
ラー病とも称され、約１万人に１人の頻度の稀な遺伝性出血性疾患である。その主な症状

は、頻回の鼻出血や粘膜下の点状出血、臓器の血管異形成である。これらの３徴候に加え

家族歴を含めた４徴候を診断に採用したものが、HHTの国際診断基準に用いられるCuraçao 
Criteriaである。HHTの非常に大きな特徴のひとつは、遺伝性疾患ではあるもののその症状
が加齢とともに現れることである。したがって、HHTのなかには見逃されてきた症例もあ
る可能性が高く、先に述べた１万人に１人という頻度より実際には高い確率で発生してい

る可能性が示唆されている。HHTの直接的確定診断は遺伝子解析により行われ、その責任
遺伝子にはエンドグリン遺伝子とALK1遺伝子が存在する。一般にHHTは、エンドグリン
遺伝子（ENG）の変異によるHHTタイプ１（HHT1）、ALK1遺伝子（ACVRL1）の変異によ
るHHTタイプ2（HHT2）に区別されている。このうちHHT1はHHT2に比べ発症年齢が低い
ことが報告されている。また、ENGあるいはACVRL1以外の遺伝子異常で発症するHHTタ
イプ3（HHT3）の存在も報告されている。エンドグリンとALK1は、どちらもTransforming 
Growth Factor-β（TGF-β）のシグナル伝達に関与するTGF-βレセプターファミリーに属して
いる。TGF-βは多機能性サイトカインの一種であり、その作用はII型TGF-βレセプター（RII）
とI型レセプターであるALK1（RI）それぞれの二量体を含む複合体を介して発揮する。そ
の際にはさらに修飾レセプターとしてエンドグリン二量体も重要な機能を果たしている。

エンドグリン遺伝子およびALK1遺伝子は、それぞれ第９番染色体長腕（9q13.13）、第12
番染色体長腕（12q13.13）に位置し、これまで数多くHHTの原因となる遺伝子変異が報告
されている。これらの遺伝子変異はハプロ不全を引き起こし、すなわち残存する片方の正

常アレルだけではそれぞれ遺伝子の機能を十分に維持することができず、片アレルの異常

だけでもHHTを発症するといわれている。 
	 今回、我々はHHTが疑われた症例について遺伝子解析を行い、新規の遺伝子変異を同定
した。さらに、その遺伝子変異がHHT発症を引き起こすメカニズムについて詳細な解析を
行った。 
 

【方法】 
 

	 名古屋大学医学部倫理委員会の承認のもと、患者よりインフォームドコンセントを得た

のち、患者及びその家族の末梢血白血球から定法によりゲノムDNAを抽出した。遺伝子解
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析は、PCRにより目的遺伝子を断片的に増幅し精製後、ダイレクトシークエンス法にてエ
ンドグリン遺伝子およびALK1遺伝子の全コード領域の塩基配列を解読した。 
	 同定した遺伝子変異によるHHT発症の分子機構解析は、培養細胞株を用いた発現実験に
より行った。エンドグリンの蛋白コード領域は末梢血単核球よりクローニングし、哺乳類

蛋白発現ベクターであるpCIベクターに組み込み野生型エンドグリン蛋白発現ベクターを
構築した。さらにSite-directed Mutagenesis法により同定した変異を導入し、変異型エンドグ
リン発現ベクターを作製した。それぞれの発現ベクターはアフリカミドリザル腎臓由来細

胞株（COS-1）に遺伝子導入し、抗エンドグリン抗体を用いたウェスタンブロット解析に
より蛋白の発現を確認した。さらに、フローサイトメトリーおよび免疫蛍光染色によって

蛋白発現動態を解析した。 
 

【結果・考察】 
 

	 患者は、頻回の鼻出血、手指および舌の毛細血管拡張、また肺動静脈異形成を示してお

り、患者の父親と二人の姉、さらに息子も同様の毛細血管拡張症を呈していた。これらの

所見は、Curaçao criteriaの４項目全てに合致しHHTであると診断された。遺伝子解析の結果、
患者のエンドグリン遺伝子エクソン１に、これまで報告のない新規遺伝子変異を同定した。

一方でALK1遺伝子に変異は同定されなかった。エンドグリン遺伝子変異は38番目の塩基T
をAに置換する一塩基置換（c.38T>A）で、これにより13番目のアミノ酸であるロイシンが
グルタミンに変化することが予想されるミスセンス変異であった（p.Leu13Gln；L13Q）。
この変異は患者の姉にも同定されたが健常人において本変異は同定されず、この変異が単

なる一塩基多型（SNP）でないことが確認できた。すなわち、本変異（L13Q）は患者のHHT
発症の原因遺伝子変異であることが示唆された。 
	 同定されたL13Q変異はエンドグリン蛋白のシグナルペプチド領域に位置していた。シグ
ナルペプチドとは、mRNAから翻訳された蛋白質が粗面小胞体（ER）に輸送され翻訳後修
飾を受ける過程で、ERへと侵入するための情報をもつ領域である。本変異以外にも、過去
にエンドグリン遺伝子のシグナルペプチド領域における変異は報告されているが、それら

変異体の詳細な解析はなされていなかったため、本遺伝子変異のHHT発症機序について解
析を行った。 
	 COS-1細胞における発現実験では、抗エンドグリン抗体を用いたウエスタンブロッティ
ング解析により、野生型エンドグリンは約90kDaと約70kDaの蛋白として発現していた。
L13Q変異体は、野生型にみられた90および70kDaの分子量を示さず、一方で50kDa以下の
低分子量を示した。発現するL13Q変異体は野生型と同程度の分子量を示すことが予想され
たが、それに反し極めて低分子量のタンパクとして細胞内に発現していることが明らかと

なった。すなわち、エンドグリンは通常、糖化をうけて成熟蛋白となるところ、L13Q変異
体は糖化を受けることができず低分子のまま存在していることが考えられた。このことを

ERでの糖化阻害剤であるTunicamycinを用いて検証したところ、野生型エンドグリンも糖
化阻害によりL13Q変異体と同程度の分子量を示すことが判明した。すなわち、L13Q変異
体は翻訳後糖化を受けることができないまま存在することが明らかとなった。 
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	 エンドグリンは翻訳後修飾を受けた後、二量体を形成して細胞表面に発現しているが、

フローサイトメトリー解析により、L13Q変異体は二量体を形成せず細胞表面への発現能力
を欠如していることが示唆された。さらに、このL13Q変異蛋白の細胞内局在を蛍光免疫染
色により検証したところ、野生型エンドグリンはERとの共局在が確認できたがL13Q変異
体は共局在を示さず、ERへと移行していないことが考えられた。また、過剰量の発現ベク
ターを導入した際、野生型ではERストレスパターンを示したが、変異型では正常ERパタ
ーンであった。すなわち、L13Q変異蛋白はERへの移行ができないため、過剰発現させて
もERストレスを示さなかったものと推察される。 
 

【結語】 
 

	 今回同定したエンドグリン遺伝子新規変異 c.38T>A（p.L13Q）により、変異エンドグリ
ン分子はシグナルペプチドの機能を著しく損なうため、ERへの移行が障害され翻訳後修飾
を受けることができず、細胞表面への発現を欠損することが判明した。エンドグリン分子

における13番目のロイシンは、ヒトからニワトリまで非常によく保存されているアミノ酸
であり、その変異あるいは欠失が重大な影響を及ぼすことが考えられる。すなわち、エン

ドグリンのシグナルペプチド機能において13Leuは非常に重要なアミノ酸であり、本研究
で同定されたL13Q変異は患者におけるHHT発症の原因遺伝子変異であることが強く示唆
された。 
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Summary 
 

  Hereditary hemorrhagic telangiectasia (HHT) is an inherited autosomal dominant vascular 
dysplasia caused by mutations in mainly the endoglin gene (ENG) or activin-like kinase receptor 1 
(ALK1) gene (ACVRL1). We investigated the molecular basis of HHT in a Japanese patient, and 
identified a novel missense mutation in ENG (c.38T>A, p.Leu13Gln) located in the signal peptide’s 
hydrophobic core, but not in ACVRL1. In experiments in COS-1 cells, the Leu13Gln (L13Q) mutant 
endoglin appeared to be expressed as a precursor form, probably due to impaired protein processing. 
Flow cytometry analyses of the COS-1 cells transiently expressing recombinant endoglins revealed 
that the wild-type endoglin was detected on the cell surface, but the L13Q mutant was not. We also 
analyzed expression patterns of the recombinant endoglins by immunofluorescent staining, and 
found that the endoglin wild-type co-localized with the endoplasmic reticulum (ER), but the L13Q 
mutant did not. These results implied that the L13Q mutant endoglin fails to enter to the ER, 
probably due to destruction of the hydrophobic core structure in the signal peptide to be recognized 
by signal recognition particles. Thus, the Leu13 in the signal peptide of endoglin might be essential 
for correct protein processing through the ER and cell-surface expression. Taken together, the novel 
c.38T>A mutation in ENG would impair co-translational processing of the endoglin, and could be 
responsible for HHT in this patient. 
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Introduction 
 

  Hereditary hemorrhagic telangiectasia (HHT), also known as Osler-Rendu-Weber syndrome, is 
an inherited autosomal dominant vascular dysplasia with a frequency of 1 in 10,000, and exhibits 
age-related penetrance with variable expressivity 1-3. The most common clinical manifestations 
involve the development of vascular abnormalities seen as telangiectases on skin and lesions in nasal 
mucosa that readily bleed. Further clinical manifestations are pulmonary, cerebral, hepatic and, in 
rare cases, spinal cord arteriovenous malformations. These may cause serious complications such as 
stroke, brain abscess, hemorrhage, or venous thromboembolism 4-6. 
  HHT type 1 (HHT1) is caused by a mutation in the gene encoding endoglin (ENG) located on the 
long arm of chromosome 9 (9q34) 7-9. HHT type 2 (HHT2) is caused by a mutation in the 
activin-like kinase receptor 1 (ALK1) gene (ACVRL1) located on the long arm of chromosome 12 
(12q13) 10-12. Many mutations have been identified in ENG and ACVRL1 genes and support the 
haploinsufficiency model for HHT, that is that the remaining wild type allele is unable to contribute 
sufficient protein for normal function 13. Endoglin is a homodimeric integral membrane glycoprotein 
that interacts with signaling receptor complexes for several members of the transforming growth 
factor-β (TGF-β) superfamily, and composed of disulfide-linked 90-kDa subunits 14-16. It is 
expressed primarily in the vascular endothelial cells of capillaries, arterioles, and venules, as well as 
in activated monocytes, syncytiotrophoblasts, and some leukemic cells. Two alternatively spliced 
variants, long- and short-form endoglins, are encoded by ENG. It is suggested that short-form 
endoglin is induced during endothelial senescence and plays opposite roles with respect to the 
predominant long-form endoglin, contributing to age-dependent vascular pathology 13. ALK1 is also 
expressed on endothelial cells, and is a type I receptor of the TGF-β superfamily 17.  
  TGF-β family cytokines are multifunctional proteins that regulate proliferation, differentiation, 
migration, adhesion and apoptosis of various cell types, and mediate their cellular effects through a 
heteromeric complexes of type I and type II transmembrane serine-threonine kinase receptors 5. 
Ligand binding induces association of the type I and type II receptors, leading to a unidirectional 
phosphorylation event in which the type II receptor phosphorylates the type I receptor, thereby 
activating its kinase domain. The activated type I receptor phosphorylates receptor regulated Smads 
(R-Smads) and these activated R-Smads bind subsequently to the common mediator (Co-Smad), 
Smad4. The R-Smad/Co-Smad complexes accumulate in the nucleus where it regulates transcription 
by interacting with many specific DNA-binding proteins. Although the core of the TGF-β receptor 
complex is formed by the association of type I and type II receptors, it may also contain auxiliary 
receptors such as endoglin. In endothelial cells (ECs), the TGF-β type II receptor and two distinct 
TGF-β type I receptors, the EC-restricted ALK1 and the broadly expressed ALK5, are expressed 
18,19. Endoglin is necessary for efficient TGF-β/ALK1 signaling and indirectly inhibits TGF-β/ALK5 
signaling, thereby promoting the activation state of EC during angiogenesis 20. 
  To date, 282 different mutations have been reported in the ENG gene and 246 distinct mutations 
in the ACVRL1 gene (human gene mutation database: HGMD, http://www.hgmd.cf.ac.uk/ac/all.php). 
Some missense mutations in the signal peptide region of endoglin have been reported, but their 
molecular basis has yet to be investigated in detail. In this study, we analyzed the ENG gene in a 
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Japanese patient with HHT, and found a novel missense mutation in the signal peptide region of 
endoglin. We further investigated the molecular basis of HHT in the patient through expression 
analyses of the mutant endoglin in COS-1 cells. 
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Experimental Procedure 
 

Sample preparation 
 Ethical approval for this study was obtained from the Ethics Committee of the Nagoya University 

School of Medicine. Citrated blood samples were obtained from the patient and his sister with 
informed consent. Genomic DNA was isolated from the peripheral leukocytes by phenol extraction. 
 
Polymerase Chain Reaction (PCR) and DNA sequencing 
  The protein-coding exons and exon-intron boundaries of ENG and ACVRL1 were amplified by 
the polymerase chain reaction (PCR) using gene-specific primers (Table 1). The PCR products were 
electrophoresed on agarose gels, and purified with a QIAEX II Gel Extraction Kit (QIAGEN, 
GmbH, Germany). We performed direct sequencing of the purified PCR products with a Big Dye 
Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) and ABI Prism 310 
Genetic Analyzer (Applied Biosystems). 
 
Cell culture and reagents 
  African green monkey kidney COS-1 cells were purchased from the American Type Culture 
Collection (ATCC, Manassas, VA). The human umbilical vein endothelial cell (HUVEC)-like 
EAhy926 cells were generously donated by Dr. Cora-Jean S. Edgell (University of North Carolina, 
Chapel Hill, NC). The cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 
(Wako, Tokyo, Japan) supplemented with 10% fetal bovine serum (FBS; CCB from Nichirei 
Biosciences, Tokyo, Japan) and 100× antibiotic-antimycotic mixed stock solution (Nacalai Tesque, 
Kyoto, Japan). Tunicamycin was purchased from Sigma-Aldrich (St Louis, MO), and dissolved in 
Hybri-Max® DMSO (Sigma-Aldrich). 
 
Construction of the endoglin expression vector and transient transfection 
 Full-length human endoglin cDNAs, encoding the 658-amino acid long form (L-ENG) and 

625-amino acid short form (S-ENG), were prepared by reverse transcription (RT)-PCR from normal 
peripheral mononuclear cell mRNAs. These cDNAs were inserted into the pCI Mammalian 
Expression Vector (Promega, Madison, WI) between EcoRI and SalI sites (pL-ENGWT and 
pS-ENGWT). 
 To introduce a c.38T>A transversion, we used a Quik Change Lightning Site-Directed 

Mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer’s instructions, with the 
following primers; 5’-GTTGCCCTGCAGCTGGCCAGCTGCAGCC-3’ (sense: the mutated 
nucleotide is underlined), 5’-GGCTGCAGCTGGCCAGCTGCAGGGCAAC-3’ (antisense), and 
prepared L13Q mutant endoglin expression vectors (pL-ENGL13Q and pS-ENGL13Q). 
 For transient transfection, COS-1 cells were seeded at a concentration of 5×105 cells in 60mm 

dishes or 2×105 cells in 35mm dishes. After 18 h, the respective endoglin expression vector or a 
mock vector (pCI) (0.5µg or��� 5µg in 60mm dish, or 1µg in 35mm dish) was transfected using 
Lipofectoamine2000 reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s directions. 
Following experiments were performed at 48 h after transfection. 
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Western Blot analysis 
  The transfected cells were lysed in SDS sample buffer with or without β-mercaptoethanol (β-ME), 
boiled, and subjected to 10% SDS-PAGE followed by Western blotting. The Western blotting was 
performed as described previously 21 with minor modifications. Primary antibody against endoglin 
(H-300; Santa Cruz Biotechnology, Santa Cruz, CA), β-actin (Cytoskeleton, Denver, CO) was 
probed in a dilution of 1:1000, and after being washed, horseradish peroxidase-conjugated secondary 
antibody (Cell Signaling Technology) was probed. Signals were visualized with a chemiluminescent 
HRP substrate on ImmobilonTM-Western (Millipore Corp., Billerica, MA). 
 
Flow cytometry analysis 
  COS-1 cells were transiently transfected with 1µg of pL-ENGWT or pL-ENGL13Q in 35mm dish, 
and harvested using 1mM EDTA in PBS after 48 h. The cells were washed with PBS, and 
resuspended in flow cytometry (FCM) buffer (1% FBS, 0.1% NaN3 in PBS). The cells in flow 
cytometry buffer were divided into aliquots, and treated with blocking buffer (1% BSA in FCM 
buffer) for 15min at room temperature (RT). After centrifugation, the cells were incubated with 
anti-endoglin antibody (H-300) or isotype-matched rabbit IgG (10µg/mL) in blocking buffer for 
15min at RT. Anti-rabbit IgG-Alexa488 antibody (Invitrogen) was incubated for 15 min at RT after 
2 washes with FCM buffer, and the cells were analyzed in FACS Calibur (BD biosciences, Franklin 
Lakes, NJ).  
 
Immunofluorescence staining 
  COS-1 cells were transiently transfected with either pL-ENGWT or pL-ENGL13Q. After 24 h, the 
cells were replated and grown on 18x18mm cover glasses that were coated with collagen I (Nippi, 
Tokyo, Japan). Forty-eight hours after transfection, the cells were washed with PBS, fixed in cold 
methanol, and permeabilized with cold acetone. After a blocking procedure in PBS containing 1% 
BSA (1%BSA-PBS) for 30min, the cells were incubated with 1:100 diluted rabbit anti-endoglin 
antibody (H-300), mouse anti-alpha 1 sodium potassium ATPase antibody (Abcam, Cambridge, 
UK) or anti-protein disulfide isomerase (PDI) antibody (Stressgen Bioreagents, Ann Arbor, MI) in 
1%BSA-PBS for 1 h at RT. After 3 washes with PBS, the cells were incubated with 1:100 diluted 
anti-rabbit IgG-Alexa488 antibody (Invitrogen) or anti-mouse IgG-Alexa555 antibody (Invitrogen) 
in 1%BSA-PBS for 1 h at RT. After another 3 washes with PBS, the cells were enclosed by 
VECTASHIELD with DAPI (Vector Laboratories, Inc. Burlingame, CA), and inspected by 
fluorescence microscopy (PROVIS AX80, OLYMPUS, Tokyo, Japan). 
 
Glycosylation inhibition experiments 
 COS-1 cells were transfected with pL-ENGWT or pL-ENGL13Q in 35mm dish as described above. 

After 24 h they were treated with 10µg/mL tunicamycin for 24 h, and subjected to Western blotting 
as described above. 
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Results 
 
Case report 
  The patient was a 61-year-old man, who had mucocutaneous telangiectasia on his fingers and 
tongue, pulmonary arteriovenous malformations, and recurrent episodes of frequent nasal bleeding. 
His father, two of five sisters, and his son also suffered from recurrent nasal bleeding. As showing 
epistaxis, telangiectases, lung arteriovenous malformations and familiar bleeding history, he was 
diagnosed with HHT according to Curaçao criteria 5 and treated through ultrasonic coagulation of 
the nasal mucosa.  
 
Sequencing of ENG and ACVRL  
 Direct sequencing of the proband’s ENG and ACVRL1 genes revealed a novel missense mutation 

in exon 1 of ENG as a heterozygous form, but no mutation in ACVRL1. The mutation was a T-to-A 
transversion at nucleotide 38 in the coding sequence of ENG (c.38T>A), replacing leucine 13 (CTG) 
with a glutamine (CAG) (p.Leu13Gln) in the hydrophobic core region of the endoglin signal peptide 
(Fig. 1). Although we also analyzed 100 samples of healthy individual, we detected no c.38T>A 
mutation (data not shown).  
 
Western blot analysis of recombinant endoglins expressed in COS-1 cells 
 To examine the effects of the L13Q missense mutation on the structure and function of endoglins, 

we expressed the mutant and wild-type endoglins (long-form; L-ENG, short-form; S-ENG) in 
COS-1 cells, and compared them by Western blot analyses. Under reducing conditions, the 
recombinant wild-type long-form endoglin (L-ENG) showed 3 bands, whereas the L13Q mutant 
showed only a smaller band (Fig 2A). We also compared the long-form (L-ENG) and short-form 
(S-ENG), and found that they showed a similar 3-band pattern with different sizes depending on the 
number of amino acids. The endogenous endoglin from EAhy926 cells possessed a single band 
equal in size to a larger band of recombinant L-ENG. Therefore we further analyzed long-forms of 
the recombinant endoglins expressed in COS-1 cells. Under non-reducing conditions, Western 
blotting revealed that the wild-type L-ENG showed two bands representing a protein dimer, with the 
larger bands getting more intense in a time-dependent manner, which were similar in size to the 
endogenous endoglin from EAhy926 cells (Fig. 2B). However, the L13Q mutant mostly retained a 
smaller 60kDa band at 72 h after transfection, indicating that the L13Q mutation impaired the 
dimerization of recombinant endoglin. The intensity of L13Q band was so low in the non-reducing 
gel but not in the reducing gel, although the reason for this reproducible phenomenon is unclear. 
 
Impaired cell surface expression of the L13Q mutant in COS-1 cells 
 We next investigated whether recombinant endoglins were expressed on the surface of COS-1 

cells, transfected with the respective expression vectors, by flow cytometry using anti-endoglin 
antibody. As shown in Fig. 3A, over 25% of the cells transfected with pL-ENGWT were positive for 
endoglin expression on the cell surface, whereas less than 3% of the cells transfected with 
pL-ENGL13Q were positive. We verified the transfection efficiency in COS-1 cells with a 
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GFP-expression vector, and found that about 20 to 30% of the cells were positive (data not shown). 
Considering the transfection efficiency, most of the cells expressing the wild-type recombinant 
endoglin were positive for its cell surface expression, but most of the cells expressing L13Q mutant 
were not. These results suggested that the L13Q mutation might severely impair endoglin expression 
on the cell surface. 
 We tested the cell-surface expression of recombinant endoglins by immunofluorescence analysis 

(Fig. 3B). To determine the localization of recombinant endoglins on the cell membrane, we 
performed co-staining of recombinant endoglins (green) with a membrane marker Na-K-ATPase 
(red) using the respective specific antibodies. As a result, wild-type endoglin was detected all over 
the cell bodies and co-localized with Na-K-ATPase on a part of the cell surface (yellow signals). In 
contrast, we observed no positive endoglin signal in the COS-1 cells transfected with pL-ENGL13Q. 
 
Distribution of recombinant endoglins 
  To investigate the intracellular distribution of the recombinant endoglins, we performed 
immunofluorescence staining for endoglin, together with that for endoplasmic reticulum (ER) by 
using an antibody against protein disulfide isomerase (PDI) (Fig. 4).  
  In the COS-1 cells transfected with low amount (0.5µg) of pL-ENGWT, wild-type endoglin signals 
were detected in the entire area of the cell and co-localized with ER marker PDI in the peri-nuclear 
region.  Transfection with high amount (5µg) of pL-ENGWT also showed co-localization of 
endoglin with PDI, but seemed to cause an ER stress. Meanwhile, in the COS-1 cells transfected 
with high amount of pL-ENGL13Q, the L13Q mutant endoglin was stained in a scattered pattern and 
almost never co-localize with PDI. Moreover, PDI staining seemed to be not an ER-stress pattern. 
We also observed no ER stress pattern in the transfected cells with low amount of pL-ENGL13Q, and 
no positive green fluorescence signal as well. These results suggested that the mutant endoglin 
would hardly enter to the ER, leading to severely impaired co-translational processing of the protein.  
 
Unglycosylated wild-type endoglin showed a similar size to the Leu13Gln mutant 
  To evaluate the glycosylation of the recombinant endoglins, COS-1 cells were transiently 
transfected with pL-ENGWT or pL-ENGL13Q, and subsequently treated with a glycosylation inhibitor, 
tunicamycin. In Western blotting under reduced conditions, tunicamycin treatment decreased the 
size of recombinant endoglins in the pL-ENGWT-transfected COS-1 cells, down to 60kDa that was a 
similar size to the L13Q mutant endoglin (Fig 5). On the other hand, tunicamycin treatment did not 
affect the size of the recombinant endoglins in the pL-ENGL13Q-transfected COS-1 cells. These data 
suggested that the largest and second bands could be fully and partially glycosylated proteins, 
respectively. The third band would be non-glycosylated protein, which was similar in size to the 
L13Q mutant, suggesting that the L13Q mutant might be impaired in its glycosylation.  
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Discussion 
 

  Endoglin is a 180-kDa homodimeric transmembrane glycoprotein primarily associated with the 
vascular endothelium, and functions as a component of the transforming growth factor-β (TGF-β) 
receptor complex 22. Endoglin gene (ENG) located at 9q33-q34 encodes two variants, long- and 
short-form endoglins, though the long-form is predominant 7,12,23. Mutations in ENG are responsible 
for hereditary hemorrhagic telangiectasia type 1 (HHT1), because TGF-β signaling plays a crucial 
role in angiogenic processes 22,24. Many mutations have been identified in ENG and support the 
haploinsufficiency model for HHT1 13. It is reported that endothelial cells lacking endoglins lead to 
significant angiogenic abnormalities 5, which supports the fundamental roles of endoglin in the 
correct tuning of physiological effects mediated by TGF-β in endothelial cells 25.  
  In this study, we investigated the molecular basis of HHT in a Japanese patient, and identified a 
novel missense mutation in the ENG gene (c.38T>A, p.Leu13Gln), located in the hydrophobic core 
of the endoglin signal peptide. We detected the same mutation in his sister, but could not find it in 
any samples from healthy volunteers (data not shown). These results suggested the c.38T>A 
transversion in ENG to be a causative mutation of HHT in this patient. There are some reports of 
missense mutations in the endoglin signal peptide, 3 start codon alterations (p.Met1Thr, p.Met1Arg 
and p.Met1Val) 3,26,27 and 3 internal part codon alterations (p.Thr5Met, p.Leu8Pro and p.Ala11Asp) 
28-30, but their molecular basis has yet to be investigated in detail. 
  Signal peptides range in size from 15 to 30 amino acids, and their primary sequences are 
extremely heterogeneous 31. However, they typically have three essential conserved regions, an 
amino-terminal positively charged region (n-region), a central hydrophobic part (h-region), and a 
more polar carboxy-terminal domain (c-region) 32. The hydrophobic core of seven to fifteen amino 
acids in the h-region is thought to be critical for co-translational processing into a mature protein 31,33. 
This is the first report of a missense mutation at 13Leu in the h-region of the endoglin signal peptide, 
which is highly conserved in amino acid sequence among species (Fig.6). Therefore, the substitution 
of the hydrophobic 13Leu with a polar Gln might have a major influence on the structure and 
function of the endoglin signal peptide.  
  To examine effects of the L13Q mutation on the structure and function of endoglin, we performed 
transient expression experiments for the recombinant endoglins in COS-1 cells. In Western blotting 
under reducing conditions, the wild-type recombinant endoglins were expressed as mainly 2 
monomers (a fully processed 90kDa and partially glycosylated 80kDa form) as reported previously 
34, whereas the L13Q mutant seemed to be expressed as a non-glycosylated precursor monomer 
(60kDa). In Western blot analyses under non-reducing conditions, the wild-type recombinant 
endoglins appeared to be expressed as homodimers, whereas the L13Q mutant remained as a 
non-glycosylated precursor. It was speculated that the L13Q mutation might impair 
post-translational processing of endoglin such as glycosylation and dimerization, probably due to a 
destroyed function of the signal peptide. Flow cytometry and immunofluorescent microscopy 
analyses of the recombinant endoglins also demonstrated that the wild-type endoglins were 
expressed on the cell surface, but the L13Q mutant was not. These results suggested that the L13Q 
mutation might severely impair endoglin expression on the cell surface. 
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 To assess the distribution of the recombinant endoglins in the cells, we performed 
immunofluorescent staining for the wild-type and the L13Q mutant transiently expressed in COS-1 
cells, together with staining for ER. We observed that the wild-type endoglin co-localized with ER, 
but the L13Q mutant did not. In addition, the immunofluorescent pattern of the ER in the COS-1 
cells transfected with high amount of pL-ENGWT was different from that in the untransfected cells as 
well as the pL-ENGL13Q-transfected cells, probably due to overexpression of the wild-type 
recombinant endoglin leading to an excess of protein processing in the ER lumen, that is an ER 
stress. Overexpression of the wild-type endoglin might cause an ER stress, but not that of the L13Q 
mutant. Tunicamycin, which blocks the initial step of glycosylation in the ER 35, would affect the 
expression of wild-type endoglin. In fact, we observed that the wild-type recombinant endoglin in 
the tunicamycin-treated cells was as small as the L13Q mutant, which showed no difference in size 
on tunicamycin treatment. These results suggested that the L13Q mutant would not enter to the ER, 
not undergo correct processing such as glycosylation, and be retained in the cytoplasm.  
  Glycosylation is one of the post-translational modifications to often need for crucial functions of 
the proteins, and incorrect processed proteins may be degraded by the normal quality control system 
in the protein biosynthesis. Interfering with glycosylation dramatically decreased the stability of 
endogenous endoglin of EAhy926 cells (data not shown). However, it did not seem to affect stability 
of overexpressed wild-type endoglin and perhaps stabilized the L13Q mutant. Further study is 
needed to clarify this phenomenon, but it might be due to the effect of glycosylation interference on 
the function of quality control system molecules themselves in the protein biosynthesis.  
  Appropriate targeting of proteins to subcellular compartments is an essential process in all living 
cells. Membrane proteins, such as endoglin, usually contain an amino-terminal signal peptide, which 
is recognized by the signal recognition particle (SRP) complex 36. A universally conserved 
component of SRP binds to signal peptides, in which the total hydrophobicity of the h-region is a 
determinant for recognition 37. The substitution of 13Leu with Gln in the center of the h-region of the 
endoglin signal peptide, which replaces a hydrophobic amino acid with a hydrophilic polar residue, 
would reduce hydrophobicity. Although we have no direct evidence, it might be possible that the 
mutated signal peptide of the L13Q endoglin would be impaired in the recognition by SRP.  
  Insight into whether particular amino acids in a signal sequence are consistent with signal peptide 
function can be gained with the SignalP-NN program 38. The analysis of putative signal sequences in 
this way yields an s-score, which reports the signal peptide prediction for every single amino acid 
position with high s-cores indicating that the particular amino acid is part of a functioning signal 
peptide. SignalP-NN prediction for signal peptide of the wild-type endoglin showed that the s-score 
of L13Q mutant fell below the 50% cutoff after 18Ser except for 19Leu and 24Leu, suggesting that 
substitution of the hydrophobic 13Leu for a hydrophilic Gln might cause the collapse of its 
hydrophobic core and spoil its signal peptide function (Fig.7). On the other hand, the mutation 
seemed to have no influence on the site of cleavage of the signal peptide according to c-scores and 
y-scores. Predictions of signal peptide function and cleavage sites suggested that the L13Q mutation 
would not affect the net charge, but it might be possible that the mutation would disturb the 
secondary structure of the signal peptide as a result of its abnormal α-helix (h−region), leading to 
poor recognition by SRP and failed insertion into the ER membrane. A comparison of endoglin 
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sequences across species revealed that 13Leu was highly conserved attesting to its importance (Fig. 
6).  
  In the present study, we identified a novel missense mutation in ENG (c.38T>A, p.Leu13Gln), 
located in the hydrophobic core of the endoglin signal peptide. We also demonstrated disturbed 
cell-surface expression of the recombinant L13Q endoglin, which could lead to endoglin 
haploinsufficiency for HHT phenotype of the patient. In conclusion, this is the first report that the 
L13Q substitution of endoglin would be a causative mutation for HHT due to impaired 
co-translational processing of the protein.  
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Figure Legends 
 
Fig. 1.  Detection of c. 38T>A mutation in endoglin gene. 
  Direct sequencing of ENG exon 1 revealed a T-to-A transversion at nucleotide 38. The proband is 
heterozygous for this transversion, as indicated by a double peak. The same mutation was detected in 
his sister (data not shown).  
 
Fig. 2.  Comparison of wild-type and Leu13Gln mutant recombinant endoglins. 
  COS-1 cells were transiently transfected with  pL-ENGWT, pL-ENGL13Q, pS-ENGWT, or 
pS-ENGL13Q, and subjected to Western blot analyses. A: Western blotting under reducing 
conditions; After 48h cell culture, the transfected cells were lysed in SDS sample buffer containing 
β-mercaptoethanol (β-ME), and subjected to 10% SDS-PAGE followed by Western blotting using 
anti-endoglin antibody. B: Western blot analysis under non-reducing conditions to detect endoglin 
homodimers; At several time points, the transfected cells were lysed in SDS sample buffer without 
β-ME, and subjected to 10% SDS-PAGE followed by Western blotting. Whole cell lysates from 
EAhy926 cells were used as a positive control, and anti-β actin antibody was used as a loading 
control. Numbers indicate the hours after transfection. Similar results were obtained in three 
independent experiments.  
 
Fig. 3.  Detection of cell surface recombinant endoglins expressed in COS-1cells. 
  COS-1 cells were transiently transfected with pL-ENGWT or pL-ENGL13Q, and analyzed for the 
cell-surface expression of recombinant endoglins by flow cytometry (A) and immunofluorescence 
microscopy (B). A: Flow cytometry analyses for recombinant endoglins using anti-endoglin 
antibody. The X-axis indicates Alexa488 fluorescence intensity (recombinant endoglins), and the 
Y-axis, cell number. Percentages of positive cells in the whole cell population are shown in the 
upper right corner of each histogram. The upper column shows the results of pL-ENGWT-transfected 
COS-1 cells and the lower column, those of pL-ENGL13Q-transfected COS-1 cells. Similar results 
were obtained in three independent experiments. B: Immunofluorescence microscopy for 
recombinant endoglins and membrane marker Na-K-ATPase. COS-1 cells were transfected with 
0.5µg of pL-ENGWT or pL-ENGL13Q. Localization of endoglins and the ER was shown with 
anti-endoglin antibody (green) and anti-alpha1sodium-potassium ATPase antibody (red), 
respectively. The images were merged to represent the co-localization of both molecules as yellow 
signals. 
 
Fig. 4.  Intracellular localization of recombinant endoglins. 
  Immunofluorescence staining analyses were performed for the COS-1 cells transiently transfected 
with 0.5µg or 5µg of pL-ENGWT or pL-ENGL13Q. Localization of endoglins and the ER was shown 
with anti-endoglin antibody (green) and anti-PDI antibody (red), respectively. The images were 
merged to represent the co-localization of both molecules as yellow signals. Data for untransfected 
cells are also shown at the bottom. 
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Fig. 5.  Effects of tunicamycin treatment on recombinant endoglins. 
 COS-1 cells were transiently transfected with pL-ENGWT or pL-ENGL13Q, and subsequently treated 
with (+) or without (-) 10µg/mL of tunicamycin for 24 h. Whole cell lysates from 
tunicamycin-treated cells as well as from untreated cells were separated by 10% SDS-PAGE under 
reducing conditions followed by Western blotting.  
 
Fig. 6.  Comparison of amino acid sequence of endoglin signal peptide across species. 
  The amino acid sequences of endoglin signal peptides across diverse species were aligned. Open 
boxes denote identical amino acids between human endoglin and endoglins from other mammalian 
species. 13Leu (bold letters L in the shaded boxes) is conserved in all species. 
 
Fig. 7.  SignalP-NN analysis of endoglin signal sequences in wild-type and L13Q mutant. 
  N-terminal regions of the wild-type and L13Q mutant endoglins (black and red circles indicate 
wild-type 13Leu and mutant 13Gln, respectively) were analyzed with the SignalP-NN program (ver. 
3.0). Attainment of signal peptide prediction (s-), cleavage site prediction (c-) and derived cleavage 
site prediction (y-) scores >50% cutoff values indicate proper signal peptide function and cleavage, 
whereas values below the cutoff indicate compromised function. A highly significant probability 
score of wild-type endoglin was obtained and the position of a signal cleavage site was predicted 
between amino acids 25Ala and 26Glu. However, SignalP-NN predictions for the signal peptide of 
the L13Q mutant showed that s-scores fell below the 50% cutoff after 18Ser except 19Leu and 
24Leu (black arrows).  
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Table 1.  Oligonucleotide primers used for PCR amplification of ENG and ACVRL1 
 

Gene       Exon Foward (5’→3’) Reverse (5’→3’) Amplicon (bp) 

ENG 

１ CGTCCCTGTGTCCACTTCTCCT CGGGAATACTTGGGGCCTG 324 

2 GGAGACGTTTGGAAAGTAGGA GACCCTGCCCCTAGAAATG 412 

3 ACAGAGCAGGCAGGGAGAG AAGATGAAAGGGAGAAGCAGG 376 

4 GGATAGAGAGGGCACAGGG TGTGGGATGTGAACTGTGG 353 

5 GGCGGGGCTCTGTTAGGT GGTCAGGGGGGTGGTCTC 289 

6 TCCCTATCCCATAAAACAC CTTCTGCCTGGCCCCTTC 393 

7 CAGAAGACGCAGCAGGAG GTGCAGATGAGAAAAATGAGG 428 

8 GGAGATGGAGGTTGCAGTGA GCTTGCAGAGGGACGTGA 424 

9A GGGAATGGCTGTGACTTG TTGTGTTCTGAGCCCCTG 372 

9B GTCTCCCCATCTGCAAAAA CGTCACCCTCAGCAGTCC 303 

10 CATGATGCCTGTTCCTCCC AATGCCTTCTCTGTCTCTCCC 354 

11 GGGGTGGGAACTCTTAATTCT GCTGCCATGTCCCTTCCT 434 

12 AGGCTCTAGGGTGGGCTG CTTCTGGGCCGCTTTCTC 281 

13 CAACAGGGTAGGGGATGGG TGTGGTTGGTGCTGCTGCT 384 

14 TGCTGCACTCTGGTACATCTACTC TGGCGGCTGCTCAGTCTC 340 

ACVRL1 

2 CCAGCGGCTGTCACACTT GGGGTAGCTGGGGACTGA 292 

3 CTGGGACCACAGTGGCTG TGGCCAGAGCATGAGAGGA 372 

4 GGGATCTAACTGGCAGAGTGG CTCCCCACCGGCTCTAATC 410 

5 CTGGGCGAGTGAGGAGCTT CGCCTGTGATTCCAGTAGCC 299 

6 AGCGCAGCATCAAGATGG GGGTTCTGTTAATGTCTGGAGG 319 

7 GACGACTCCAGCCTCCCTT AAAGGAGAGGAGAGCGCACA 416 

8 GTTTCTCTCAGTCCCCACCTT CTGGCTCCACAGGCTGATT 334 

9 TCAGGGGTAGCGTGTCCAG CCAGAAATCCCAGCCATGAG 318 

10 CCTCTGCATCTCTCTCCCGAC CCCTGCAGGCAGAAAGGAA 255 
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