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AL 1 N—2F026 96 N—2HIZO0Tid, HITERS L < 13MEHBEE DN
THITEN S FIE (5 ELIIZHIRTE) THS%E0, UTIZATEZERL7ESDEZT
7.

[FRER]
T MR TR REOH LA M TH L. TnEno THifaE, M Liciies 1
IO T MRS 24K (T cellreceptor ; TCR) A Z OREICHELL TH VY, TCRIZL T
B BT 5. T AR Tk 3 5 2%, 2 DFE, BI5 1 RIS L - THEKZ: TCR
L= b U =132 55 (Klein et al,, 2014). 2 k- T, ERIIRMOIFHREEZ L
PEBRFTREE LTV 5D, L, MK EMR-72 TCR OFICIFACZR#ET 2005 F
N5, ZOHCIRENETHRZHERT 5720, THRIIOEOE, X777 sy
3L RIENDEBERERT 5. * AT 4 7L a T, kBB o7 TCRIZ
% LUTC, TFEMEA &L EAM (major histocompatibility complex ; MHC) 2 H 2.1
it (self-peptide) 23D >7=H D (self-pMHC) 2327~ 2415 (Klein etal., 2014). Self-pMHC
ZEWEIRIME A R TCR 23 B19 5 T ML A CISEM L A Sh, 7R b= R
Lo THEBR & D (Klein et al., 2014). RHT 4 7 V7 ¥ 3 SZET A b— A ik
BT Bim ST 5 2 L BN EDIFFEH 57’ STV 2 (Bouillet et al., 2002; Labi et al.,
2014). L L, self-spMHC & OFEAIZ L %5 TCR FI E D L 512 Bim ~ &5 D D)
(ZOWTIE, AARENREZ . £ Bm \IXTT 4 7L 7 va VLSS, AR

BT D WDKK E DIEWL, TRIH TORIRAE DIEFMEMERF 22 EAk 2 0B TE < =
v ¥ R 72 n+ T 5 (Bouillet et al., 2002; Labi et al., 2014). < Bim MARIZI T 5
RAT 4TV a RHICED LS R ZZ T T2 DN ARHTH L.

AW T EFRORIWVICE X D720, monvYP—IZER Lz, =P —

& THIpRFE K N 7T AR FR 72 BAR T ORBLZBIET 55/ AfHIE T o % (Calo and



Wysocka, 2013). % 1%, Bim I MR TREEMED @\ N — ik, 2P & R E
L. B ) w770 b= R (AEPP <=0 X) OffilalX, TCR 7 F k> T
FHEIND TR b= AR Bim OFBUARRE R LI, Lo, AEP® <0 23R
F OVl T MR ORI R 2R S ehho e, LR -> T EMB X, MaRx 7 ¢
TRV a URRIC Bim OFBBAGE L THWD =N —HTH D 2 LAVR

hi-.

(R - BE]
AEB4 BgBg |2 [ high affinity TCR clone &9 %
o2 1 X FFAILD ChIP-seq 7 — ¥ Z FV T, H3K27ac"e" »> H3K4me3"Y T 5 = >/
> Y — A i (Calo and Wysocka, 2013) ZHE5% L, Bim TR CReEMED @V >
N A R R LT, Zhvae BB L 4S5, EME OATRIREREZ B B v
<, B 97U =T A (AP~ RA) ZA{ER LT,

£ T AEPP JaiRAlE % anti-CD4 /A& & Of anti-CD8 Hif& TYLta L, E* o T Al

HACIEFRIC )T DB AE T 7. AEPE < 0 A TiX CD4/CD8 D3 Al b3 A 5,
double negative (DN), CD4 single positive (CD4 SP), CD8 SP O E|A 234/, double positive

(DP) DOEIGNWA LWz, ZORKFZHED 72D, MRMEo RNA-seq 17> 7-.
ZOREE, AoPUFICH L TEmWEfMEEZRT TCR 2% L C\5 72— (high
affinity TCR clone) |ZHRHMEHI7RBIn OB EH L TWe. 22T, WML % anti-
TCRBHUA I Y anti-CD69 HLilk TYeta L, AEP JgfiRiZ 3517 % high affinity TCR clone D%
FE &2 T2, AEPE R ClE, TCRBME/CDOME L DEIA S EFH- L TV AR X

N7=Z L7225, high affinity TCR clone A EE L CTW5 EE 2 HivT-.

AE®E iR #ARA(E TCR ¥ F WEFEMLE TR b —S XAOFLEECT



AEP*B gl 334 T high affinity TCR clone 3 & fET 5 Z & 006, FxlL, AEME~ 7 A0
AIHBT ATV Va BT ATHR NV RACREEZEZTZ LT D &0V RFHLE L
Tl ETEAER (WT) 3 X CAE Mg AL anti-CD3 T4 K& O anti-CD28 Hif4 % AL
HIDHZ L Texvivo CRAT 4 TV I Va Vilfeaii L, TOBEOT R h—3 24
fa DE|E % AnnexinV/PT Y2l X W FHHI L7, AEMECIXIWT & LC, TCR ¥ 7'
JARTFRI 72 1A T 7R b — > Al (Annexin V/PT) OFEIE 28D LTz,

KIZ, OT-II transgenic system (OT-Iltg) Z V>, LFLOIRFEL% invivo THGE L
72. OT-litg ¥~ 7 AD T #HlalE, chicken ovalbumin323-339 7% (OVAs330) Z58akd 5
TCR % 3§38l L Tu>%(Barnden et al., 1998; Bouillet et al., 2002). F 41X, WT ; OT-II tg,
EMP OT-tg, AE™;OT-Iltg vV AZAER L, ZALEIUT OVAsssz KN fr—
/L& LT OVAssraes & IEIENER G- L, 72 Rl O i O4% 1% anti-CD4/CD8 Hifk
Yt |2 K> TH~7Z. WT; OT-Iltg, E*B; OT-Il tg Ti, OVAsxsz DIEENIEHIZ X
T, CD4SP OEIGOBE/RWANBES N, ZOIE, AEP?;0T-11tg TILL &
Fa—InTWe. LEOFREENG, P I3XxTT 4781V 23 IZBT 5 high

affinity TCR clone DFREIZHETH D EEZ LT,

EPB [ TCR 7+ IUKFFHE Bim ORBIWHETHS

WIZ T % 1%, AEPEJIRAMIED TCR ¥ 7 FIARIFIN 2 7 R b — 3 ARER, EFETfED
TR b= AMEEEE T Bim OFBLEFICL DO THDL VIR ENL T, 7,
WT K OAE g JHi 2 anti-CD3/CD28 HLiK CTHI % 5- %, = DBRD Bim D5 Hi % qRT-
PCR |2 Lo Tif_7=. WT & iz U CAEME CTlE, HRIC KD Bim OB LH OFEEIX
Knotz. Zd L&, TCR V7 FARED~— I —8#IET ThH D Nrdal DFBLUX, WT
EAEPE L CRIBE CThH o 7.

WIZ, TCR ¥ 7 F ARTEHI 72 Bim DR % L 0 AR RS TR S 72012,



TCRB"e/CD69" fifg A 41 (TCR activated) & TCRP'™/CD69" Jif il i (TCR inactivated)
EhBNY =2 =TT, ENENICEIT D Bim OFEBLEZRE L. TCRR"/CD69"E"
([CHIT DAEMP O Bim DOFEUL WT L it LTk > 72, TCRYV/CD69'™™ 123\ T b
AEMP D Bim O3EBUEL WT & Hige L TIRWME Th - 72 H DD, TCRL"/CD69™" (235
FOEBOHNLVEETHoT=. LLEXY, EFMB X TCR v 7 F /VKTFHINC Bim % il

BMTAHZ LT, 2T 47TV a VICEBILTWAZ LR REINT.

EBB (FHEEGH T MR UHIEYE T MAOEEEICREEZRIFS AL

MR T ok, R U7z T MIIEERIE~ L%, F7z, MR O high affinity TCR
clone D—HFIIXRHT 4 7R VT v a vafi, SN T Mla~E b L, $RE ikl
PRSI A B 137 5 & 24 5. Bim KO ~ 7 A TIL, R T Hla M Ol T
RO 5 Z & NS &4 TV 5 (Bouillet et al., 2002; Labi et al., 2014). = Z T
Fex L, AP <~ 0 ZOERIE T Ak K ONHIBEYE T Ml o2 0~ 7-. AEME <~ o 2 T,
PRVE T AfQ, HIAEE T MR WThoBoins 2 bhiehoTe. Lizi> T, B o

RRITMRR T T « 78 L 7 v a VITRRIITH D Z LRSIz,

(5% k]
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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
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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

n n

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-4 (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

4T1+Vehicle

4T1+ANP

Figure 1 Representative images of lung metastasis in vehicle- or ANP-treated 4T 1-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).

107



Highlighted: = 2-fold or < 0.5-fold change

QN kY
0 4- BC100530 R .oo-a
Poyrpt S8
e Csart p ' / Widc17
E Ret pm n1¥ Clead
m Y 'i? \ . Stfa2i1
- . ' \ f’ Gt ma Cxer2
» \,g-@(f; 2
— T T
|_
<t
~—
Al 04
(@®)]
O
—l F - Tir13
Bol6o |
-2 - Np'p‘
Igh-VJ558
-"|2 L] L ) L ) é

Log2(4T1/Sham) rep1

Figure 5 Scatter plot showing log2 fold changes between the lungs of 4Tl1-bearing or
sham-operated mice. Genes exhibiting more than 2-fold changes are highlighted. Data from two

biological replicates are shown (repl and rep2).

108



Gene ontology Fold enrichment p-value

Fc-gamma receptor signaling pathway (GO:0038094) >100 6.88E-03
leukocyte migration involved in inflammatory response (GO:0002523) 80.53 5.10E-05
neutrophil chemotaxis (GO:0030593) 38.22 1.62E-09
neutrophil migration (GO:1990266) 35.79 3.07E-09
granulocyte chemotaxis (GO:0071621) 34.69 4.16E-09
granulocyte migration (G0O:0097530) 32.21 8.58E-09
leukocyte chemotaxis (GO:0030595) 30.65 4.03E-13
myeloid leukocyte migration (GO:0097529) 30.06 9.52E-11
leukocyte migration (GO:0050900) 24.57 5.60E-15

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 4T 1-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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