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本博士論文中 1 ページ目から 96 ページ目については，単行本もしくは雑誌掲載等の形

で刊行される予定（5 年以内に出版予定）であるため，以下に内容を要約したものを示

す． 

 

【研究背景】 

T 細胞は獲得免疫の中心を担う細胞である．それぞれの T 細胞は，細胞ごとに異なる 1

種類の T 細胞受容体（T cell receptor；TCR）をその表面に発現しており，TCR によって

異物を認識する．T 細胞は胸腺で分化するが，その際，遺伝子再構成によって膨大な TCR

レパートリーがつくられる(Klein et al., 2014)．これによって，生体は未知の病原体をも

排除可能としている．しかし，出来上がった TCR の中には自己を認識するものも含ま

れる．この自己応答性 T 細胞を排除するため，T 細胞は分化の際，ネガティブセレクシ

ョンとよばれる過程を経験する．ネガティブセレクションでは，出来上がった TCR に

対して，主要組織適合遺伝子複合体（major histocompatibility complex；MHC）に自己抗

原（self-peptide）がのったもの（self-pMHC）が提示される(Klein et al., 2014)．Self-pMHC

に高い親和性を示す TCR を発現する T 細胞は自己応答性とみなされ，アポトーシスに

よって排除される(Klein et al., 2014)．ネガティブセレクションにはアポトーシス促進遺

伝子 Bimが必須であることが過去の研究から示されている(Bouillet et al., 2002; Labi et al., 

2014)．しかし，self-pMHC との結合による TCR 刺激がどのように Bim へと伝わるのか

については，不明な点が多い．また Bim はネガティブセレクション以外にも，発生過程

における四肢の水かきの消滅，抹消での免疫機能の恒常性維持など様々な過程で働くユ

ビキタスな遺伝子である(Bouillet et al., 2002; Labi et al., 2014)．その Bim が胸腺における

ネガティブセレクション時にどのような制御を受けているのかも不明である． 

 本研究では上記の問いに答えるため，エンハンサーに着目した．エンハンサー

とは細胞種及びシグナル依存的な遺伝子の発現を規定するゲノム領域である(Calo and 



 

 

Wysocka, 2013)．我々は，Bim 近傍に胸腺で特異性の高いエンハンサー領域，EBABを同定

した．EBABノックアウトマウス（EBABマウス）の胸腺細胞は，TCR シグナルによって

誘導されるアポトーシス及び Bim の発現に不全を示した．しかし，EBABマウスは抹消

及び制御性 T 細胞の恒常性に異常を示さなかった．したがって EBAB は，胸腺ネガティ

ブセレクション特異的に Bim の発現を制御しているエンハンサー領域であることが示

された． 

 

【結果・考察】 

EBAB胸腺には high affinity TCR clone が蓄積する 

我々はまず公共の ChIP-seq データを用いて，H3K27achighかつ H3K4me3lowであるエンハ

ンサー候補領域(Calo and Wysocka, 2013) を探索し，Bim 近傍に胸腺で特異性の高いエン

ハンサー候補領域を発見した．これを EBABと名づけ，EBABの生理的機能を明らかにすべ

く，EBABノックアウトマウス（EBABマウス）を作成した． 

まずEBAB胸腺細胞を anti-CD4 抗体及び anti-CD8 抗体で染色し，EBABの T 細胞

分化過程に対する影響を調べた．EBAB マウスでは CD4/CD8 の分布に変化がみられ，

double negative（DN），CD4 single positive（CD4 SP），CD8 SP の割合が増加，double positive

（DP）の割合が減少していた．その原因を探るため，胸腺細胞の RNA-seq を行った．

その結果，自己抗原に対して高い親和性を示す TCR を発現しているクローン（high 

affinity TCR clone）に特徴的な遺伝子の発現が上昇していた．そこで，胸腺細胞を anti-

TCR抗体及び anti-CD69 抗体で染色し，EBAB胸腺における high affinity TCR clone の蓄

積を調べた．EBAB胸腺では，TCRhigh/CD69high集団の割合が上昇している様子が観察さ

れたことから，high affinity TCR clone が蓄積していると考えられた． 

 

EBAB胸腺細胞は TCR シグナル依存的なアポトーシスの不全を起こす 



 

 

EBAB胸腺において high affinity TCR clone が蓄積することから，我々は，EBABマウスが

ネガティブセレクションにおけるアポトーシスに異常をきたしているという仮説を立

てた．まず野生型（WT）およびEBAB胸腺細胞に anti-CD3 抗体及び anti-CD28 抗体を処

理することで ex vivo でネガティブセレクション過程を模し，その際のアポトーシス細

胞の割合を AnnexinV/PI 染色により計測した．EBABでは WT と比較して，TCR シグナ

ル依存的な初期アポトーシス細胞（Annexin V+/PI-）の割合が減少していた． 

 次に，OT-II transgenic system（OT-II tg）を用い，上記の仮説を in vivo で検証し

た．OT-II tg マウスの T 細胞は，chicken ovalbumin 323-339 残基（OVA323-339）を認識する

TCR を発現している(Barnden et al., 1998; Bouillet et al., 2002)．我々は，WT ; OT-II tg，

EBAB+/- ; OT-II tg，EBAB ; OT-II tg マウスを作成し，それぞれに OVA323-339及びコントロー

ルとして OVA257-264 を腹腔内投与し，72 時間後の胸腺細胞の様子を anti-CD4/CD8 抗体

染色によって調べた．WT ; OT-II tg，EBAB+/- ; OT-II tg では，OVA323-339の腹腔内投与によ

って，CD4 SP の割合の顕著な減少が観察された．この減少は，EBAB ; OT-II tg ではレス

キューされていた．以上の結果から，EBAB はネガティブセレクションにおける high 

affinity TCR clone の除去に必須であると考えられた． 

 

EBABは TCR シグナル依存的な Bim の発現に必須である 

次に我々は，EBAB胸腺細胞の TCR シグナル依存的なアポトーシス不全が，EBAB近傍の

アポトーシス促進遺伝子 Bim の発現異常によるものであるという仮説を立てた．まず，

WT 及びEBAB胸腺細胞に anti-CD3/CD28 抗体で刺激を与え，その際の Bim の発現を qRT-

PCR によって調べた．WT と比較してEBABでは，刺激による Bim の発現上昇の程度は

低かった．このとき，TCR シグナル強度のマーカー遺伝子である Nr4a1 の発現は，WT

とEBABとで同程度であった． 

次に，TCR シグナル依存的な Bim の発現をより生理的な条件で調べるために，



 

 

TCRhigh/CD69high胸腺細胞（TCR activated）とTCRlow/CD69low胸腺細胞（TCR inactivated）

とをセルソーターで分け，それぞれにおける Bim の発現を測定した．TCRhigh/CD69high

におけるEBAB の Bim の発現は WT と比較して低かった．TCRlow/CD69low においても

EBAB の Bim の発現は WT と比較して低い傾向であったものの，TCRbhigh/CD69high にお

ける影響の方がより顕著であった．以上より，EBAB は TCR シグナル依存的に Bim を制

御することで，ネガティブセレクションに貢献していることが示された． 

 

EBABは抹消 T 細胞及び制御性 T 細胞の恒常性に影響を及ぼさない 

胸腺内で分化，成熟した T 細胞は抹消へと流出する．また，胸腺内の high affinity TCR 

clone の一部はネガティブセレクションを免れ，制御性 T 細胞へと分化し，抹消で過剰

な免疫応答を抑制するはたらきをする．Bim KO マウスでは，抹消 T 細胞及び制御性 T

細胞の数が増加することが報告されている(Bouillet et al., 2002; Labi et al., 2014)．そこで

我々は，EBABマウスの抹消 T 細胞及び制御性 T 細胞の数を調べた．EBABマウスでは，

抹消 T 細胞，制御性 T 細胞いずれの数の増加もみられなかった．したがって，EBABの機

能は胸腺ネガティブセレクションに特異的であることが示された． 
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Appendix 

Transcriptome analysis reveals a role for the 

endothelial ANP-GC-A signaling in interfering with 

pre-metastatic niche formation by solid cancers 

Introduction 

Solid cancer is not a simple local disease but systemically interacts with host environment such 

as blood vessels, ultimately metastasizing to form secondary cancers (McAllister and Weinberg, 

2014; Paget, 1989; Psaila and Lyden, 2009; Steeg, 2016). Pre-metastatic niche is one of 

well-known primary cancer's ability to rewire host tissues: primary cancer alters the condition of 

distant organs to be more preferable landing sites for disseminated cancer cells (McAllister and 

Weinberg, 2014; Paget, 1989; Psaila and Lyden, 2009; Steeg, 2016). A number of studies 

showed that the pre-metastatic niche and innate immune responses share genetic factors, 

suggesting that these two phenomena are closely interacting with each other (Costa-Silva et al., 

2015; Hiratsuka et al., 2013; Hiratsuka et al., 2002; Hiratsuka et al., 2006; Hoshino et al., 2015; 

Liu et al., 2016; McAllister and Weinberg, 2014; Paget, 1989; Psaila and Lyden, 2009; Steele et 

al., 2016). 

 Atrial natriuretic peptide (ANP) is an endogenous hormone that is primarily expressed 

from atrial cells in the heart (Kangawa and Matsuo, 1984). Major biological roles of ANP 



99 
 

include promotion of diuresis, reduction of central blood pressure and inhibition of cardiac 

hypertrophy (Kishimoto et al., 2009). The receptor for ANP was identified in 2002: guanylyl 

cyclase-A (GC-A) (Li et al., 2002). There are a couple of studies suggesting a role for ANP in 

preventing diseases. One example is that ANP treatment may reduce the frequency of 

post-operative lung cancer-recurrence in lung cancer patients post-surgery (Nojiri et al., 2015). 

The same study also uncovered that ANP inhibits cancer metastasis in the mouse model of solid 

cancers such as F16/F10 melanoma (Nojiri et al., 2015). To extend clinical applications of ANP, 

and to use ANP for preventing cancer recurrence, it is essential to investigate whether these 

observations can be extended to other solid cancers. It is also important to understand how ANP 

prevents cancer metastasis, particularly, which metastatic step(s) ANP interferes with. 

 Here, in collaboration with Dr. Kangawa's group, the one who identified ANP, I tried 

answer the above-described questions. I found that the ANP-GC-A pathway inhibits 

pre-metastatic niche formation in two different solid cancer models, indicating a general role for 

ANP in metastasis suppression. Comprehensive gene expression analyses I performed revealed 

that ANP treatment significantly suppressed gene expression changes caused by cancer 

transplantation, which represent pre-metastatic niche formation in the lung. Additionally, I was 

able to find extensive similarities between ANP treatment and GC-A overexpression in 

endothelial cells on antagonizing cancer-induced gene expression changes. GC-A 
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experiments were in particular important to demonstrate that endothelial cells mediate 

ANP-dependent inhibition of the pre-metastatic niche.  

 

Results and Discussion 

In the study, I performed transcriptome analyses to investigate how ANP-GC-A signaling 

prevents cancer metastasis. Data provided by Dr. Kangawa's group was basis for my analyses. 

Hence, I briefly summarize the data provided: in vivo assessment on effects of ANP treatment 

on cancer metastasis. To quantify the effect of ANP on cancer metastasis, a transplantation 

model of mouse breast cancer 4T1 (EGFP) (4T1-EGFP) was used. 1st recipient BALB/c mice 

used for obtaining cancer tissues, which was transplanted into the mammary pad of 2nd 

recipient. Mice were further sacrificed at 28 dpt .The results showed that ANP-treatment 

significantly reduced the number of GFP-positive metastases to the lungs, one of the most 

frequent targets for metastasis (Figure 1, Figure 2). Neither volume nor weight of primary 4T1 

tumor was significantly affected by ANP treatment (Figure 3, Figure 4). Thus, it was likely that 

ANP prevents metastasis of 4T1 cancer to the lungs, and importantly, seemingly does not affect 

the nature (e.g. survival) of cancer cells.  

 To know how ANP accomplished its anti-metastasis activity, I investigated the effects 

of ANP on lung gene expression with or without 4T1 transplantation via RNA-seq. The lungs 
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from control and 4T1-bearing mice treated with vehicle or ANP (thus four experimental groups) 

were subjected to gene expression analyses at 7 dpt, roughly 2 weeks before visible metastases 

are detected. I found that, in the lung of 4T1-bearing mice in comparison to those of controls, 

genes associated with inflammation were prominently elevated (Figure 5). Gene ontology 

analyses in fact validated that the up-regulated genes were indicative of increases in "leukocyte 

migration", "neutrophil chemotaxis", and "myeloid leukocyte migration" (Figure 6). Notably, 

ANP suppressed most of 4T1-induced gene expression changes in the lungs of 4T1-bearing 

mice (Figure 7, Figure 8) while unaffected expression of 4T1-induced genes in the normal lung 

(Figure 8). These indicated that ANP inhibit pre-metastatic niche formation inflammation in 

the lung in 4T1-bearing mice. 

 Next, to extend the above-described observation, the inhibitory activity of ANP against 

pre-metastatic niche formation was tested in the Lewis Lung Carcinoma-EGFP (LLC-EGFP) 

model using C57BL/6 male mice. I analyzed lung gene expression at 10 dpt and found that, as 

was the case for the lungs in the 4T1 model, expression of inflammation markers was elevated 

in the lung of LLC-bearing mice. I decided to analyze the lungs at 10 dpt simply because 

LLC-EGFP model grows less aggressively. Gene set enrichment analyses (GSEA) demonstrated 

that up-regulated genes in 4T1-bearing mice were strikingly similar to those in LLC-bearing 

mice (Figure 9). Importantly, similar to the 4T1 model (Figure 7, Figure 8), ANP canceled gene 
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expression changes caused by LLC in the lung (Figure 10, Figure 11). Moreover, the lungs of 

C57BL/6 males appeared to be largely unresponsive to ANP at the mRNA level in the absence 

of LLC (Figure 11). Taking the results from two solid cancer models together, I concluded that 

ANP's role in suppressing cancer-induced gene expression changes might be generalizable, and 

that the activity was specific to cancer-bearing condition. 

 ANP exerts its biological roles via interaction with a receptor called guanylyl 

cyclase-A (GC-A) (Li et al., 2002). Mice overexpressing GC-A specifically in endothelial cells 

(termed EC GC-A-Tg mice) were utilized to address whether this can mimick ANP treatment 

(Kishimoto et al., 2009; Li et al., 2002; Nojiri et al., 2015). It is known that overexpression of 

GC-A in endothelial cells can activate ANP-GC-A signaling. Littermate mice with or without 

GC-A overexpression in endothelial cells were given LLC cancer tissues, and then sacrificed at 

10 dpt for RNA-seq analyses. I found that the extent of LLC-induced gene upregulations were 

suppressed in the lung of EC GC-A-Tg compared to the littermate controls (Figure 12, Figure 

13). Interestingly, EC GC-A-Tg had only a minor effect on lung gene expression in the absence 

of cancer tissues (Figures 13), which was reminiscent to observations in ANP administration 

experiments. Yet, extensive similarities (> 95%) were found between ANP-suppressed genes 

and EC GC-A Tg-affected genes in the LLC-bearing mice. These results suggest that ANP 

inhibited pre-metastatic niche formation through endothelial GC-A (Figure 14). 
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 In summary, I concluded that endothelial ANP-GC-A signaling inhibits pre-metastatic 

niche formation in 4T1 and LLC bearing mice but does not affect the lung in cancer-free mice. I 

propose this pathway could be a target for drugging pre-metastatic niches by solid cancers 

(Nojiri et al., 2017). 
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Figures 

 

 

Figure 1 Representative images of lung metastasis in vehicle- or ANP-treated 4T1-bearing mice. 

Mice were sacrificed four weeks after cancer cell transplantation. Scale bars represent 10 mm. 
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Figure 2 Dot plot showing the number of nodules representing lung metastasis of 4T1-EGFP 

cells in mice grouped as in Figure 1 (10 mice per a group). 
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Figure 3 Primary tumor volume in vehicle- or ANP-treated 4T1-bearing mice on day 10, 17, 

and 24 after cancer cell transplantation. Data are means ± s.e.m. (10 mice per a group). 
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Figure 4 Primary tumor weight in vehicle- or ANP-treated 4T1-bearing mice on 28 dpt (9 mice 

for vehicle and 8 for ANP). 
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Figure 5 Scatter plot showing log2 fold changes between the lungs of 4T1-bearing or 

sham-operated mice. Genes exhibiting more than 2-fold changes are highlighted. Data from two 

biological replicates are shown (rep1 and rep2). 
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Figure 6 Gene ontology analysis. Top 100 up-regulated genes were subjected to GO analysis 

and signatures highly significantly enriched in the group are shown. 
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Figure 7 Scatter plot comparing log2 fold changes between 4T1-bearing or sham-operated mice 

with or without ANP treatment. Genes exhibiting  3-fold or  0.3-fold changes in vehicle are 

highlighted. Data from two biological replicates are averaged. 
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Figure 8 Heatmap of genes exhibiting more than 3-fold increases in the lung of 4T1-bearing 

mice is shown. Gene expression changes of the indicated genes in ANP-treated sham group are 

also shown. 
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Figure 9 Gene set enrichment analysis comparing 4T1- and LLC-induced gene expression 

changes in the lung. 
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Figure 10 Scatter plot comparing log2 fold changes between LLC-bearing or sham-operated 

mice with or without ANP treatment. Genes exhibiting  3-fold or  0.3-fold changes in vehicle 

are highlighted. Data from two biological replicates are averaged. 
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Figure 11 Heatmap of genes exhibiting more than 3-fold increases in the lung of LLC-bearing 

mice is shown. Gene expression changes of the indicated genes in the ANP-treated sham group 

are also shown. 
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Figure 12 Scatter plot comparing log2 fold changes between LLC-bearing or sham-operated 

mice in WT and EC GC-A-Tg. Genes exhibiting  3-fold or  0.3-fold changes are highlighted. 

Data from two biological replicates are averaged. 
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Figure 13 Heatmap of genes exhibiting more than 3-fold increases in the lung of LLC-bearing 

WT mice is shown. Gene expression changes of the indicated genes between WT and EC 

GC-A-Tg (sham-operated) are also shown. 
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Figure 14 Venn diagram demonstrates extensive overlap between ANP- or GC-A-regulated 

genes. 
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