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研究成果の概要（和文）：vWFは血管内皮細胞に発現する止血因子で、vWFの過剰分泌は血栓症を誘発するが、分
泌阻害は出血傾向になる。vWFはWPBという分泌顆粒に蓄積され、外部刺激に応じてWPBは細胞膜と融合し、vWFは
血液中へ分泌され、血小板と結合して血栓を作る。vWFの輸送は厳密に調節される必要があるが、輸送の機構は
まだ不明である。申請者らはSMAP1とAGFG2をvWF輸送に関与する新規分子として同定した。SMAP1はWPBの分解を
阻害し、AGFG2はWPBの細胞膜との融合を促進することを見出した(biology open, Sep, 9, (10), 2021)。

研究成果の概要（英文）：vWF is blood clotting factor expressed in endothelial cells. Too much 
secretion of vWF causes thrombosis, whereas less secretion of vWF causes bleeding tendency. Strict 
regulation is needed for vWF transport but its regulation has been poorly understood. 
We identified SMAP1 and AGFG2 as novel regulators of vWF transport. SMAP1 inhibits WPB degradation 
whereas AGFG2 promotes fusion of WPBs and the plasma membrane.  (Biology open, Sep, 9, (10), 2021)

研究分野：分子細胞生物学
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研究成果の学術的意義や社会的意義
SMAP1とAGFG2がvWFの輸送に関与するという報告は新規の発見である。特にAGFG2についてはこれまで機能がわか
っておらず、vWFの分泌に関与するという本研究の報告が最初の機能に関する報告である。またSMAP1がWPBの分
解を阻害するという発見はSMAP1がオートファジーを阻害して長いWPBを維持している可能性があり、分泌顆粒を
維持する新規の機構である。本研究成果は血栓止血分野に貢献するとともに、分泌のメカニズムの解明に貢献し
た。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 

(1)真核細胞には膜によって区画化された細胞内小器官(オルガネラ)が存在し、オルガネラ間は

小胞によってタンパク質や脂質が輸送されている。積荷の選別には極めて精緻な仕組みがある

ことがわかってきた。積荷受容体をコートタンパク質が輸送小胞へ詰め込む過程において、申請

者は ArfGAP1 が積荷受容体とコートタンパク質の組み合わせをチェックする「出荷審査」を行っ

ていることを見出した(1-3)。ArfGAP ファミリーはヒトでは 31 遺伝子存在するが、ArfGAP1 以外

の ArfGAP が「出荷審査」を行なっているかはわかっていない。 

(2) von Willebrand Factor (vWF)は血管内皮細胞に発現する止血因子で、Weibel-Palade Body 

(WPB)という分泌顆粒に蓄積され、WPB は長い葉巻型の分泌顆粒として成熟する。その後外部刺

激に応じてWPBは細胞膜と融合し、vWFは血液中へ分泌され、血小板をトラップして血栓を作る。

vWF の過剰分泌は血栓症を誘発するが、分泌阻害は出血傾向になるため、その輸送は厳密に調節

される必要があるが、分泌調節がどのように行われているかはまだ不明である。 

 
２．研究の目的 

AP-1 はポストゴルジでクラスリンコート小胞の形成に関与するコートタンパク質で、ArfGAP の

基質である Arf によって制御される。AP-1 は vWF のゴルジ体から分泌顆粒への輸送にも関与す

る(4)。vWF は WPB への詰め込み過程で多量体化し、螺旋状に折り畳まれるが、どのように積荷

の選別が行われているかよくわかっていない。本研究では vWF の輸送に関与する ArfGAP を同定

し、vWF の選別過程を明らかにすることが目的である。 

 

３．研究の方法 

(1)vWF は本来血管内皮細胞に発現するが、遺伝子導入しやすい HEK293 に発現させても 例外的

に WPB 様構造を形成できる(5)。本研究では vWF 遺伝子を HEK293 細胞に導入し、全ての ArfGAP

の siRNA を導入して WPB 様構造の形態を観察し、形態に影響を与える ArfGAP を探索した。また

2nd スクリーニングとして、1st スクリーニングで拾われた ArfGAP の siRNA を内在的に vWF を発

現するヒト臍帯静脈内皮細胞(HUVEC)に導入し、内在性の WPB の形態を観察して内在性の WPB に

影響する ArfGAP を同定した。 

 

(2)同定した ArfGAP の HUVECにおける knockdown(KD)及び HEK293 細胞で作成した knockout(KO)

細胞株について、免疫蛍光染色、透過型電子顕微鏡(TEM)で WPB の形態を観察した。また ELISA

により vWF の分泌に影響があるか調べた。さらにマルチマー解析及び vWF のプロセシングを調

べることにより vWF の成熟のどの段階が阻害されているかを調べた。WPB の分解に影響している

のではないかを調べるため、リソソームの酵素の阻害剤である Leupeptin を用いて WPB の分解

を調べた。 

 

 

 

４．研究成果 



 

 

(1)1st スクリーニングでは SMAP1、GIT2、AGFG2、ASAP2、ACAP3、AGAP11 の６つの ArfGAP を同

定した。これら６つの ArfGAP の siRNA を HUVECへ導入し、WPB の形態を観察したところ、SMAP1

とAGFG2を同定した(図1)。 

 

(2)SMAP1及びAGFG2KD細胞

でWPBの形態を免疫蛍光染

色で観察し、WPB のサイズ

を 定 量 し た 。

SMAP1knockdown(KD) 細 胞

についてはやはり WPBのサ

イズが小さくなっていた。

一方 AGFG2KD細胞では、一

次抗体のインキュベーション時間を少し

長くすると長い WPB を観察でき、長さを定

量しても control と比べて差がなかった

(図２)。透過型電子顕微鏡(TEM)で観察し

たが、SMAP1KD細胞では小さい WPB が観察

され、AGFG2 では長い WPB が観察された。

SMAP1については HEK293で KO細胞株も作

製したが、WPB が小さくなる表現型が観察

されたため、siRNA のオフターゲット効果ではないことが確認できた。 

 

(3)HUVEC を PMA で刺激し vWF 分泌を

ELISA で定量したが、SMAP1KDでは変化

がなく、AGFG2KD 細胞では刺激依存性

の vWF 分泌が阻害されていた(図３) 。

また PMA と同様ヒスタミンでも

AGFG2KD 細胞の分泌が阻害されていた

ことから、内在的な刺激でも vWF の分

泌が阻害されることが明らかとなっ

た。 

 

(4)SMAP1KD 細胞では vWF のマルチマー化もプロセシングも変化がなく、WPB は成熟分泌顆粒マ

ーカーである Rab27もリクルートされていたため、WPB の形態は小さくなるものの、WPB の成熟

は阻害されていない可能性が示唆された。 
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Biology Open (2021): doi:10.1242/bio.058789: Supplementary information

Fig. S1. The siRNA screening by HEK293 cells and HUVECs. A. HEK293 cells were 
transfected with GFP-vWF and ArfGAP siRNAs and observed by confocal microscope. The 
cells that have apparently pseudo-WPBs were eliminated. Fourteen samples were kept for 
second screening, The same analysis was performed and 6 sample remained. The check mark 
was for ArfGAPs that were subjected for next analysis. B. HEK293 cells were transfected with 
GFP-vWF (green) and the nucleus was stained with DAPI (blue). The images were captured 
using a confocal microscope, and the cells were classified into three classes. Scale bar, 10 μm. 
C. HEK293 cells transfected with the six siRNAs were classified into three classes and the 
percentage of each class in the GFP-expressing cells were calculated. More than 30 cells were 
analyzed, as described. D. HUVECs were stained with anti-vWF and DAPI. The cells were 
classified according to WPB structure. Scale bar, 15 μm. E. HUVECs transfected with the six 
siRNAs were classified into four classes, and the percentage of each class in all cells was 
calculated. More than 40 cells were classified, and the experiment was repeated three times (n 
= 3). One-way ANOVA followed by Dunnett’s multiple comparison tests were performed to 
compare each class with control cells. In SMAP1 and AGFG2 siRNAs-transfected cells, the 
number of cells in Class I was decreased. * p < 0.05, error bar; standard error of means (SEM).

図1

performed immunofluorescence in AGFG2KD cells with or without
PMA (Fig. 2C). In AGFG2KD cells, many of cigar-shaped WPBs
remained, even following PMA treatment. We quantified WPBs
>2 µm (Fig. 2E), and found that AGFG2KD cells had around
threefold WPBs >2 µm compared with control cells (control
PMA+5.9%; AGFG2KD PMA+16.7%; P>0.0001). Therefore,
the immunofluorescence results were consistent with the ELISA
results, supporting the idea that PMA-stimulated vWF secretion

was inhibited in AGFG2KD cells. To check for off-target effects
of AGFG2 siRNA, we overexpressed the siRNA-resistant
AGFG2 gene with AGFG2 siRNA in HUVECs and performed
immunofluorescence. As shown in Fig. 2D, AGFG2 overexpressed
cells (AGFG2OE) lost cigar-shaped WPBs, even without PMA in
control cells, and only cytoplasmic and perinuclear vWF remained.
AGFG2 overexpression in AGFG2KD cells also led to the loss of
cigar-shaped WPBs with or without PMA. We quantified WPBs

Fig. 1. SMAP1 depletion results in small WPBs. (A) HUVECs electroporated with control, SMAP1, or AGFG2 siRNA were subjected to immunoblotting
with anti-SMAP1, AGFG2, and β-Actin antibodies. (B) HUVECs electroporated with siRNAs of control, SMAP1, or AGFG2, were stained with anti-vWF. Scale
bars: 10 μm. (C) The size of WPBs of more than ten cells was measured, and the experiment was repeated three times (n=32 for all samples). The
percentages of each WPB size are shown in the histogram. Two-way ANOVA followed by Sidak’s multiple comparisons test was performed for each siRNA.
SMAP1KD cells have more WPBs less than 1 μm, and fewer WPBs larger than 1 µm. AGFG2KD cells do not show any difference from control cells.
***P<0.001, ****P<0.0001, ns; not significant, error bar, s.e.m. (D) TEM images of control, SMAP1KD, and AGFG2KD cells are shown. In SMAP1KD cells,
smaller WPBs were detected, while in AGFG2KD cells, cigar-shaped WPBs were observed. Scale bars: 200 nm. (E) Control and SMAP1KO cell lines A2
and C4 derived from HEK293 were subjected to immunoblotting with anti-SMAP1 and anti-β-actin antibodies. (F) Control and SMAP1KO A2 and C4 cells
were transfected with GFP-vWF. Control cells have cigar-shaped pseudo-WPBs, while SMAP1 KO cells show small pseudo-WPBs. Scale bar: 5 μm. (G) The
experiment was repeated three times, and the size of pseudo-WPBs analyzed in more than 30 cells (Control, n=42, A2; n=39, C4; n=40). Two-way ANOVA
followed by Sidak’s multiple comparisons test was performed. SMAP1KO cell lines have smaller WPBs. *P<0.05, ***P<0.001,****P<0.0001, error bar, s.e.m.
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>2 µm and found that AGFG2OE cells had decreased WPBs >2 µm
in both control and AGFG2KD cells without PMA (Fig. 2E). PMA
did not stimulate further vWF secretion. These results indicate that
AGFG2 overexpression promotes vWF secretion and overcomes the
AGFG2KD phenotype. Our analyses indicated that AGFG2 plays
an important role in stimulation-dependent secretion of vWF.

WPB maturation was not highly perturbed in SMAP1KD and
AGFG2KD cells
To investigate WPBs maturation in SMAP1KD and AGFG2KD
cells, we examined the colocalization of vWF and the secretory

granule marker, GFP-Rab27a. Rab27 has been reported to be a late
stage marker for WPBs (Hannah et al., 2003). vWF was partially
colocalized with GFP-Rab27a in control, SMAP1KD and
AGFG2KD cells (Fig. 3A). We quantified the colocalization
using Pearson’s correlation coefficient (PCC). The PCCs between
vWF and GFP-Rab27a in control, SMAP1KD and AGFG2KD cells
were 0.1±0.08 (n=14), 0.14±0.23 (n=10) and 0.26±0.11 (n=5),
respectively. The values were all positive, confirming that GFP-
Rab27a is recruited to WPBs in all cases. In SMAP1KD cells,
WPBs were smaller but we did observe the colocalization of GFP-
Rab27awith the small puncta of vWF (Fig. 3A). To confirm that the

Fig. 2. AGFG2 plays a role in vWF secretion. (A) HUVECs electroporated with control, SMAP1, and AGFG2 siRNAs were stimulated with DMSO or
100 ng/ml PMA for 30 min, the medium and the lysates were collected, and the vWF amount was quantified using ELISA. The percentage vWF was
calculated as the vWF in the medium divided by the total vWF. The experiments were repeated three times (n=3). Two-way ANOVA with Dunnett’s multiple
comparison test was performed with or without PMA. PMA-stimulated vWF secretion was significantly decreased in AGFG2KD cells. **P<0.01, error bar,
s.e.m. (B) The same analysis was performed by 100 μM histamine. Histamine-stimulated vWF secretion was significantly decreased in AGFG2KD cells.
**P<0.01. (C) HUVECs electroporated with control and AGFG2 siRNAs were stimulated with DMSO or 100 ng/ml PMA for 30 min, and stained with anti-vWF
(green) and DAPI (blue). Following PMA treatment, control cells lost cigar-shaped WPBs, whereas AGFG2KD cells retained cigar-shaped WPBs. Scale bars:
10 μm. (D) HUVECs were electroporated with control or AGFG2 siRNAs, together with AGFG2 siRNA-resistant plasmids. The cells were treated with PMA
for 30 min, and then stained for anti-vWF (green) and anti-AGFG2 (magenta) antibodies. AGFG2 overexpressing (OE) cells are indicated by **, and the cells
without overexpression of AGFG2 are indicated by *. AGFG2OE cells lost cigar-shaped WPBs with or without PMA in both control and AGFG2KD cells.
Scale bars: 10 μm. (E) WPB size was analyzed for 15 cells per experiment, and the experiment was repeated three times (n=45 for all samples). WPBs
>2 μm are shown. Two-way ANOVA with Sidak’s multiple comparison test was performed. ****P<0.0001, error bar, s.e.m.
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(5) AGFG2KD細胞では、免疫染色で PMA で刺激しても WPB

が細胞内に残留したままになる表現型が観察された。

AGFG2 を過剰発現させると WPB が細胞内に観察されなくな

るため、表現型がレスキューされたと考えられた(図４)。 

 

(6)SMAP1KD細胞では、vWF や WPB の成熟に影響がないのに

WPB の形態が小さくなることから、WPB のリソソームにお

ける分解が阻害されているのではないかと考え、

Leupeptin でリソソームの消化酵素を阻害したところ、

SMAP1KD 及び KO 細胞の WPB の長さが回復した(図６)。こ

のことから、SMAP1欠損では WPB の成熟は阻害されていな

いが、WPB の分解が促進されていることがわかった。 
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>2 µm and found that AGFG2OE cells had decreased WPBs >2 µm
in both control and AGFG2KD cells without PMA (Fig. 2E). PMA
did not stimulate further vWF secretion. These results indicate that
AGFG2 overexpression promotes vWF secretion and overcomes the
AGFG2KD phenotype. Our analyses indicated that AGFG2 plays
an important role in stimulation-dependent secretion of vWF.

WPB maturation was not highly perturbed in SMAP1KD and
AGFG2KD cells
To investigate WPBs maturation in SMAP1KD and AGFG2KD
cells, we examined the colocalization of vWF and the secretory

granule marker, GFP-Rab27a. Rab27 has been reported to be a late
stage marker for WPBs (Hannah et al., 2003). vWF was partially
colocalized with GFP-Rab27a in control, SMAP1KD and
AGFG2KD cells (Fig. 3A). We quantified the colocalization
using Pearson’s correlation coefficient (PCC). The PCCs between
vWF and GFP-Rab27a in control, SMAP1KD and AGFG2KD cells
were 0.1±0.08 (n=14), 0.14±0.23 (n=10) and 0.26±0.11 (n=5),
respectively. The values were all positive, confirming that GFP-
Rab27a is recruited to WPBs in all cases. In SMAP1KD cells,
WPBs were smaller but we did observe the colocalization of GFP-
Rab27awith the small puncta of vWF (Fig. 3A). To confirm that the

Fig. 2. AGFG2 plays a role in vWF secretion. (A) HUVECs electroporated with control, SMAP1, and AGFG2 siRNAs were stimulated with DMSO or
100 ng/ml PMA for 30 min, the medium and the lysates were collected, and the vWF amount was quantified using ELISA. The percentage vWF was
calculated as the vWF in the medium divided by the total vWF. The experiments were repeated three times (n=3). Two-way ANOVA with Dunnett’s multiple
comparison test was performed with or without PMA. PMA-stimulated vWF secretion was significantly decreased in AGFG2KD cells. **P<0.01, error bar,
s.e.m. (B) The same analysis was performed by 100 μM histamine. Histamine-stimulated vWF secretion was significantly decreased in AGFG2KD cells.
**P<0.01. (C) HUVECs electroporated with control and AGFG2 siRNAs were stimulated with DMSO or 100 ng/ml PMA for 30 min, and stained with anti-vWF
(green) and DAPI (blue). Following PMA treatment, control cells lost cigar-shaped WPBs, whereas AGFG2KD cells retained cigar-shaped WPBs. Scale bars:
10 μm. (D) HUVECs were electroporated with control or AGFG2 siRNAs, together with AGFG2 siRNA-resistant plasmids. The cells were treated with PMA
for 30 min, and then stained for anti-vWF (green) and anti-AGFG2 (magenta) antibodies. AGFG2 overexpressing (OE) cells are indicated by **, and the cells
without overexpression of AGFG2 are indicated by *. AGFG2OE cells lost cigar-shaped WPBs with or without PMA in both control and AGFG2KD cells.
Scale bars: 10 μm. (E) WPB size was analyzed for 15 cells per experiment, and the experiment was repeated three times (n=45 for all samples). WPBs
>2 μm are shown. Two-way ANOVA with Sidak’s multiple comparison test was performed. ****P<0.0001, error bar, s.e.m.
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that the amount of HMW-vWF in the medium of AGFG2KD cells
was decreased but not in SMAP1KD cells. As the PMA-stimulated
secretion of vWF was inhibited in AGFG2KD cells (Fig. 2A), lower
levels of HMW-vWF in AGFG2KD cells could come from the
inhibition of fusion of cigar-shaped WPBs, rather than inhibition of
vWF multimerization in cells. We analyzed vWF processing in
lysates by a protease furin that recycles between the TGN and the cell
surface (Wagner et al., 1986; Wise et al., 1990; Molloy et al., 1994).
We observed cleaved vWF in SMAP1KD and AGFG2KD cells as
well as in control cells (Fig. 3D). We quantified the percentage of
cleaved vWF per total cleaved and non-cleaved vWF (Fig. 3E).
Although we found that AGFG2KD cells had an approximately 9%
decrease of cleaved vWF (control 83.2%; AGFG2KD 74.5%;
P<0.05), but most of vWF were cleaved in AGFG2KD cells.
Overall, these results indicate that vWF transport to WPBs is not

highly perturbed in SMAP1KD and AGFG2KD cells.

Leupeptin recovered the size of WPBs in SMAP1-depleted
cells
So far, our results indicated that SMAP1 plays a role in maintaining
WPB size. However, it was not clear how SMAP1 regulates
WPB size independent of vWF multimerization/processing or

mis-localization of vWF. We investigated whether SMAP1
regulates the degradation of cigar-shaped WPBs. We transfected
GFP-vWF into the SMAP1KO cell line A2, and treated them with
leupeptin, a soluble lysosome inhibitor that inhibits a wide range of
proteases, including cysteine, serine and threonine proteases. We
found that in leupeptin-treated cells, cigar-shaped WPBs re-
emerged in SMAP1KO cells (Fig. 4A). We quantified the size of
the pseudo-WPBs (Fig. 4B) and found that the numbers of WPBs
>2 μm was recovered by leupeptin (SMAP1KO 8.2%;
SMAP1KO+Leup 17.8%; P<0.01). To confirm these results for
endogenous WPBs, we used HUVECs electroporated by either
control or SMAP1 siRNA. We found that cigar-shaped WPBs were
also restored with leupeptin treatment in HUVECs (Fig. 4C). Our
quantification confirmed that WPBs >2 μm was recovered by
leupeptin (SMAP1KD 9.7%; SMAP1KD+Leup 13.9%; P<0.01)
(Fig. 4D). These results suggested that SMAP1 depletion
accelerated the degradation of cigar-shaped WPBs, so only
globular WPBs remained in SMAP1-depleted cells.

DISCUSSION
In this study, we identified SMAP1 and AGFG2 as ArfGAPs that
regulate vWF transport. SMAP1 regulates the size of WPB,

Fig. 4. Leupeptin restored the size of WPBs in
SMAP1-depleted cells. (A) Wild-type HEK293
and SMAP1KO A2 cell lines were transfected with
GFP-vWF, and 40 h post-transfection, the cells
were treated with 1 mg/ml Leupeptin for 8 h. The
cells were fixed and processed for
immunofluorescence. SMAP1KO cells had small
pseudo-WPBs, but leupeptin treatment recovered
long pseudo-WPBs. Scale bars: 5 μm. (B) Pseudo-
WPB size was analyzed for more than seven cells
per experiment, and the experiment was repeated
three times (WT; n=35, WT+Leup; n=25,
SMAP1KO; n=30, SMAP1KO+Leup; n=39).
Pseudo-WPBs >2 μm are shown. Mann–Whitney
tests were performed. The size of pseudo-WPBs
was recovered by leupeptin in SMAP1KO cells. ns;
not significant, *P<0.05, **P<0.01, error bar, s.e.m.
(C) HUVECs were electroporated with control or
SMAP1 siRNAs, and 60 h post-transfection, 1 mg/
ml leupeptin was added, and the cells incubated
for 12 h. The cells were fixed and processed for
immunofluorescence. Cigar-shaped WPBs were
recovered with leupeptin in SMAP1KD cells. Scale
bars: 10 μm. (D) WPB size was analyzed for more
than ten cells per experiment and the experiment
was repeated three times (Control n=36,
Control+Leup n=33, SMAP1KD; n=39,
SMAP1KD+Leup; n=34). WPBs >2 μm was
shown. Mann–Whitney test was performed. WPB
size was recovered by Leupeptin treatment in
SMAP1KD cells. ns; not significant, **P<0.01,
****P<0.0001, error bar, s.e.m.
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