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Abstract Cell-cell communication and interactions are essential for multicellular organisms. Monitoring

and elucidation of their interactions is fundamental to understanding the diverse biological processes. However, in
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vivo genetic monitoring of cell-cell interactions remains challenging to date. In this study, this group developed a
proximal cell genetics, combining synNotch with traditional genetic approaches, to monitor in vivo cell-cell inter-
actions, as well as to permanently trace their contact histories. This group generated knock-in mice that expressed
synNotch elements, where an artificial Notch ligand was expressed in one cell type (sender cells) and an artificial
receptor in another cell type (receiver cells). The specific binding of ligand and receptor between two contacting
cells activates synNotch pathway, and initiates the expression of reporter gene in receptor cells, thus enabling ge-
netic labelling and lineage tracing of the receptor cells. Using the proximal cell genetics, this group revealed the
dynamic interactions between endothelial cells with cardiomyocytes or tumor cells. This proximal cell genetic ap-

proach could be widely applied to understand scientific questions involved with cell-cell interaction, opening new

window for study cell-cell communication.
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A: schematic figure showing canonical Notch signal pathway. NICD, Notch intracellular domain. B: illustration showing proximal cell genetics system

for genetic labeling of contacting cells. C: schematic showing the overall design of the intercellular genetic labelling system. D: whole-mount X-gal
staining of E9.5 embryos of Tnnt2-mGFP;tetO-LacZ, Cdh5-0GFP-N-tTA;tetO-LacZ, Tnnt2-mGFP;Cdh5-aGFP-N-tTA;tetO-LacZ embryos. Arrows,

LacZ+ cardiac ECs. Scale bars: yellow, 1 mm.
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Fig.1 Intercellular genetic monitoring of cell-cell interactions (modified from reference [21])
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A: schematic showing proximal cell genetics strategy for permanent genetic tracing of cardiac endothelial cells (ECs) that have contacted cardiomyo-
cytes (CMs). B: illustration of the development of the endocardial cushion and cardiac valves (red). Green indicates CMs. C,D: whole-mount fluores-
cence images of E9.0 (C) and E10.0 (D) Tnnt2-mGFP;Cdh5-aGFP-N-tTA;tetO-Cre;R26-tdT embryos, and immunostaining for tdT and GFP on their
embryonic sections. E: illustration showing that ECs from the developing heart migrate to liver bud at E8.5 and subsequently contribute to liver vas-
culature. F: whole-mount fluorescence images of PO livers. G: immunostaining for tdT and PECAM on PO liver sections. Arrowheads, tdTomato+ECs.
Control (blue box) is Cdh5-aGFP-N-tTA;tetO-Cre;R26-tdT. H: illustration showing genetic labelling of ECs based on their contact with CMs (left) and
lineage tracing of ECs based on their contact history with CMs (right). Fb, fibroblast; EMT, endothelial-to-mesenchymal transition. Scale bars: yellow,
400 pum; white, 100 pm.
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Fig.2 Intercellular genetic tracing of endothelial cells that have contacted with cardiomyocytes (modified from reference [21])
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Illustration showing that vessels expand from peripheral into tumor (ingrowth) and tdT+ vessels expand out of tumor into the peripheral capsule (out-

growth) during tumor growth and formation of its capsule.

El3 SRUTHAAEIE IR R ER IR B B AR L PR B 2R A (IR #8528 SRR 21112250

Fig.3 Genetic tracing of tumor cell-EC interaction during tumor growth (modified from reference [21])

Cre-loxPHE A1, X LLA0 il {4 KA aGFP-N-tTA% H,
PREFE ZARAN PR . CreHVE RS2 4R 41 BE F1 Cre
FHPEA R e fik J5 , bR e 9 (T . I Tigre-
synNotch, FZATREWE Fric 5 % 2 40 7 fik 1) BT 5
s 24 L

N T WGAIE Tigre-synNotchse 75 A] 4T, AT
5 Tie2-Cre;CAG-Dre/N R E ., 152 Tie2-Cre;CAG-
Dre;Tigre-synNotchfififi o Tie2-Cre/|N iR A P B 41 i
FIk Cre ALY, CAG-Dre/)N R4 5 4R IA Dre
HAME Y. K, 1E Tie2-Cre;CAG-Dre;Tigre-syn-
NotchEfh, N 57 41 i 38 i Cre-loxP # 2 £ iAmGFP
FCOABC A, At 25 28 240 i 3 RN P R 4 P T 4
fil e bR ic o e TEL 8, G An e JUR G O i = ) 4 B g b
LT, FECHE UL B RRIC 9 td TRIE, FERT
JUE F FF 40 B B i A td TR, 76 it U m it R 41 4 2m
M ARIC A Wd TR . % TG CAG-Dre;Tigre-syn-
Notch, T %A *KIE mGFPIIECARLI MY, AL
B A Bt THIE 5 , IEW Tie2-Cre;CAG-Dre;Tigre-
synNotchliE & F 1 td T/ 5 & 18 i mGFPIIE 52 1A 40
Jitd synNotchii 2SI . (Rl 4¥EHCHRF 2 Cre/N B
i 2], Tigre-synNotch&E % W il —Fh 40 i 5 FL 4% fir
() BT A7 e Ath 2 AL 40 i 1] ) ELAE

6 RESRE
L AR S U T DL A T RS
SR MR AL AR M (AR TR T R, TR S AT

AT DA i 158 A5 45 4% 70 A S LA S 4T ) s i B ik TR
FKiBWEE. % TAET, RAVGEE TAHREYFH
ARAMEG IR 2T B, @A 7 A4 i & bt 4%
AR A M 383 AL 7R ERFOR o AR 40 M 383 AL Am 1 4
AR T 478 41 40 T ) S B 4 e, %% 24 i 4 o A5 5
HARNEEE S, I A (R B A A HAE R
A5 NtetO-Cre T B 58, 3T Cre-loxPHE 4 24,
3L 7 AR A AL R R ROR , H TR AR R4
(A BAE ), i o e lod i 4m . i Bh AR
ML bRt HoR , FRATEDWHIE R T/ BRAR A
() 24 1) () B 2 A8 ELAE D, ALFE O JULAH Mo A0 Py 52 2
JHO s P R A e 4 DA % i g 248 R PN 2 4 )
BAE FATRIL 70N P B 48 R AE IR R K
BRI BNE, HFE XER T E A
S 4 i 23 7% B i 8 0 I R B R

LI 20 i 38 A% 2 R W] DLfR TR AR 2 5 A i B
VERA S 1) B LR 2 m) i, LU Gni8 R R 2 A7 BRI
YA, R A2 VR RS AN R R = A2 (1) 38 I 248 M % T
FANEEE B TTER SO R A S TR A i
V) PR R A s T Tl PR B 4, DT A2 AT 200 P i A B
R TRE ; 1E A — A ZUN AR I A7 B AN [F]R: B 20
325, AT DR AN [ 245 70 24 o 2 fich 11 5 W 240 ) Ay
ANEIZE 5 b6 A= L e 248 G Tl B 5 4 i )
M. R, AR 4E ML F R R @S B T
FEARFT B 5T 7 1A, %48 MAH BAEH i iR E
HERRA . B e E ARSI R IR AW T4t



5K/ 55 R AR AR M A% A BORIB - SL B o P ZR IR AH LA E 7

HEPORIFF

(1]

[2]

[3]

(4]

[3]

(6]

(7

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

£ #k (References)

DANEMAN R, ZHOU L, KEBEDE A A, et al. Pericytes are re-
quired for blood-brain barrier integrity during embryogenesis [J].
Nature, 2010, 468(7323): 562-6.

HOYTEMA VAN KONIJNENBURG D P, REIS B S, PEDI-
CORD V A, et al. Intestinal epithelial and intraepithelial t cell
crosstalk mediates a dynamic response to infection [J]. Cell,
2017, 171(4): 783-94,¢13.

BUTCHER E C, PICKER L J. Lymphocyte homing and homeo-
stasis [J]. Science, 1996, 272(5258): 60-6.

BALKWILL F R, CAPASSO M, HAGEMANN T. The tumor
microenvironment at a glance [J]. J Cell Sci, 2012, 125(Pt 23):
5591-6.

TIAN X, PU W T, ZHOU B. Cellular origin and developmental
program of coronary angiogenesis [J]. Circ Res, 2015, 116(3):
515-30.

MORSUT L, ROYBAL K T, XIONG X, et al. Engineering
customized cell sensing and response behaviors using synthetic
notch receptors [J]. Cell, 2016, 164(4): 780-91.

ROYBAL K T, WILLIAMS J Z, MORSUT L, et al. Engineer-
ing T cells with customized therapeutic response programs using
synthetic Notch receptors [J]. Cell, 2016, 167(2): 419-32,e16.
HE L, HUANG J, PERRIMON N. Development of an optimized
synthetic Notch receptor as an in vivo cell-cell contact sensor [J].
Proc Natl Acad Sci USA, 2017, 114(21): 5467-72.

PASQUAL G, CHUDNOVSKIY A, TAS J M J, et al. Monitoring
T cell-dendritic cell interactions in vivo by intercellular enzy-
matic labelling [J]. Nature, 2018, 553(7689): 496-500.
BRANON T C, BOSCH J A, SANCHEZ A D, et al. Efficient
proximity labeling in living cells and organisms with TurbolID [J].
Nat Biotechnol, 2018, 36(9): 880-7.

TODA S, BLAUCH L R, TANG S K Y, et al. Programming self-
organizing multicellular structures with synthetic cell-cell signal-
ing [J]. Science, 2018, 361(6398): 156-62.

GE Y, CHEN L, LIU S, et al. Enzyme-mediated intercellular
proximity labeling for detecting cell-cell interactions [J]. J Am
Chem Soc, 2019, 141(5): 1833-7.

WANG J, LIU Y, LIU Y, et al. Time-resolved protein activa-
tion by proximal decaging in living systems [J]. Nature, 2019,
569(7757): 509-13.

OMBRATO L, NOLAN E, KURELAC I, et al. Metastatic-niche
labelling reveals parenchymal cells with stem features [J]. Na-
ture, 2019, 572(7771): 603-8.

LEE C K, JEONG S H, JANG C, et al. Tumor metastasis to
lymph nodes requires YAP-dependent metabolic adaptation [J].
Science, 2019, 363(6427): 644-9.

KADESCH T. Notch signaling: the demise of elegant simplicity
[J]. Curr Opin Genet Dev, 2004, 14(5): 506-12.

KOPAN R, ILAGAN M X. The canonical Notch signaling path-

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

way: unfolding the activation mechanism [J]. Cell, 2009, 137(2):
216-33.

SPRINZAK D, LAKHANPAL A, LEBON L, et al. Cis-interac-
tions between Notch and Delta generate mutually exclusive sig-
nalling states [J]. Nature, 2010, 465(7294): 86-90.

ROYBAL K T, RUPP L J, MORSUT L, et al. Precision tumor
recognition by T cells with combinatorial antigen-sensing circuits
[J]. Cell, 2016, 164(4): 770-9.

SRIVASTAVA S, SALTER A I, LIGGITT D, et al. Logic-gated
RORI1 chimeric antigen receptor expression rescues T cell-
mediated toxicity to normal tissues and enables selective tumor
targeting [J]. Cancer Cell, 2019, 35(3): 489-503,¢8.

ZHANG S, ZHAO H, LIU Z, et al. Monitoring of cell-cell com-
munication and contact history in mammals [J]. Science, 2022,
378(6623): eabo5503.

VOOIJS M, ONG C T, HADLAND B, et al. Mapping the conse-
quence of Notchl proteolysis in vivo with NIP-CRE [J]. Devel-
opment, 2007, 134(3): 535-44.

ZHU Z, ZHENG T, LEE C G, et al. Tetracycline-controlled tran-
scriptional regulation systems: advances and application in trans-
genic animal modeling [J]. Semin Cell Dev Biol, 2002, 13(2):
121-8.

FRIDY P C, L1'Y, KEEGAN S, et al. A robust pipeline for rapid
production of versatile nanobody repertoires [J]. Nat Methods,
2014, 11(12): 1253-60.

DE LA POMPA J L, EPSTEIN J A. Coordinating tissue interac-
tions: Notch signaling in cardiac development and disease [J].
Dev Cell, 2012, 22(2): 244-54.

DEL MONTE-NIETO G, RAMIALISON M, ADAM A A S, et
al. Control of cardiac jelly dynamics by NOTCHI and NRGI
defines the building plan for trabeculation [J]. Nature, 2018,
557(7705): 439-45.

ZHANG H, PU W, TIAN X, et al. Genetic lineage tracing identi-
fies endocardial origin of liver vasculature [J]. Nat Genet, 2016,
48(5): 537-43.

CARMELIET P, JAIN R K. Molecular mechanisms and clinical
applications of angiogenesis [J]. Nature, 2011, 473(7347): 298-
307.

POTENTE M, MAKINEN T. Vascular heterogeneity and special-
ization in development and disease [J]. Nat Rev Mol Cell Biol,
2017, 18(8): 477-94.

POTENTE M, GERHARDT H, CARMELIET P. Basic and ther-
apeutic aspects of angiogenesis [J]. Cell, 2011, 146(6): 873-87.
ZENG H, HORIE K, MADISEN L, et al. An inducible and re-
versible mouse genetic rescue system [J]. PLoS Genet, 2008,
4(5): €1000069.

KISANUKI Y Y, HAMMER R E, MIYAZAKI J, et al. Tie2-Cre
transgenic mice: a new model for endothelial cell-lineage analy-
sis in vivo [J]. Dev Biol, 2001, 230(2): 230-42.

HE L, L1Y, LI, et al. Enhancing the precision of genetic lin-
eage tracing using dual recombinases [J]. Nat Med, 2017, 23(12):
1488-98.



