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ProTracer — a New Genetic System to Seamlessly Record

Cell Proliferation in Vivo

SHI Mengyang, HE Lingjuan, ZHOU Bin*
(State Key Laboratory of Cell Biology, Shanghai Institute of Biochemistry and Cell Biology,

Center for Excellence in Molecular Cell Science, Chinese Academy of Sciences,
University of Chinese Academy of Sciences, Shanghai 200031, China)

Abstract

identifying cells with superior proliferative capacity mostly rely on lineage tracing of a subset of cell populations,

Organ homeostasis is orchestrated by timed and spatially restricted cell proliferation. Studies

introducing a potential selective bias. Here, this group developed a genetic system (proliferation tracer, ProTracer)
by incorporating dual recombinases to seamlessly record proliferation events of entire cell populations over time in
multiple organs. In the liver, ProTracer revealed that a subpopulation of midzonal hepatocytes have superior prolif-
erative capacity during homeostasis, injury repair, and regeneration. Clonal analysis showed that the majority of he-
patocytes labeled by ProTracer have undergone cell division. By genetically recording proliferation events of entire

cell populations, ProTracer enables unbiased detection of unique cellular compartments with enhanced regenerative

capacity.
Keywords

ing; regeneration
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Tam-induced DreER-rox recombination switches CrexER into Cre driven by the Ki67 promoter, which primes the system to continuously record all cell

proliferation events from T1 to Tn.

E1 ProTracerskAE R 2 E (IRIESE SCHA[31]152%0)

Fig.1 Schematic showing the ProTracer strategy (modified from reference [31])
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A: three liver zones from the periportal to the pericentral regions. Lower panel shows immunostaining for GS (glutamine synthetase) and E-CAD (E-
cadherin). O, @ and (3 indicate zone 1 (E-CAD"), zone 2 (E-CAD GS"), and zone 3 (GS"), respectively. Dashed arrow indicates blood flow. B: quanti-
fication of the percentage of Hep (hepatocytes) expressing GFP in each zone of the liver lobule. Data are X+s; n=5. *P<0.05. Inset is proliferation (proli.)

rate of hepatocytes per week from five time windows (weeks 2 to 4, 4 to 6, 6 to 8, 8 to 10, and 10 to 12) in each zone. Each figure is representative of

five individual biological samples.

E2 FFBEEI =X RIBERRARESE TE (31112250

Fig.2 Three liver zones and regional hepatocyte proliferation (modified from reference [31])
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A: the experimental strategy used for hepatocyte-specific tracing of cell proliferation. B: whole-mount fluorescence image of liver collected from

hepatocyte-specific ProTracer mouse at six weeks after Tam induction. C: immunostaining for tdTomato, GS, E-CAD, and B-catenin on liver sections.

D: quantification of the percentage of hepatocytes expressing tdTomato in each zone of the liver lobule. Data are X+s; n=5. *P<0.05.
E3 FFREFES % ProTracer RF(IRIES % SCHK([311182%)
Fig.3 Hepatocyte-specific ProTracer (modified from reference [31])
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Both A and B are quantification of the percentage of hepatocytes (Hep) expressing GFP in each zone of the liver lobule. Data are ¥£s; n=5. *P<0.05;

ns: nonsignificant. A indicates the trend of GFP™ hepatocyte percentage over time on the basis of quantification data after PHx. B indicates the data anal-

ysed after BDL.
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Fig.4 Hepatocyte proliferation examined by ProTracer during liver regeneration (modified from reference [31])

Wt . B, B U TR — R 4l R 1
WETH o TN TR AT AR 2 1 B 1 A i 2R Y (dancs UL 4H
MuEitf & o) L A 2. S8R T4 5 Gk
PG YLt ) T R A L, ProTracerBE $2 =115 Mt Lb A1 43
HEEE M AT TR SR TR 2 i 1) 38 LA 5 I At 1 5
SRR TS S B ke, DT AR S 1 PR R D0 2% 4 i 3
BH. ==, ProTracerJt ¥F X ik 1 2 ) 4H B 18 5E 10E 47
TEAN A BRI, AT DUAS[A) i AR LA B, LA
JA L 7 T T ) 0 PR RS N [ — 30 2 ) 4 o

.
JEF AR P A AT — A S B 1] 83 AN [R] JH 4 i
VRS HE RS A AN AR B TRk AN RO BF TS

(R E5 VAN [FU> 744 R T I B AR T B Bt bR A 2
K 22 7R B2 HF 75, ProTracer R 4t 3¢ 7 %) 4 i€ 25 Y
() BTG 20 M 3 AT AR K 2 B e 5 el B A 9T 46
T BTSN RAT ) S B8 R AN SR R )
Axin2" O JE 4 B2 S48 B I S 2 RiTE
A FLR A, BT A X 35k 0 JH 20 Mk A s 1 o ik
FHEIIOE 5 ANE], ProTracer R T 8o, AL T
20X [ 44 B R A B T /N e A T 22 R AR
YA, T8 RLPRATTAE 25 P 1 B T 3% S0 H U 2% B ) 2
LT R TR o AR 72 AT e 52 BT A [R] -4
I3 1) 1 8 73 R i SR ()95 A A 22 B 2R I
FRIC R, Wos A R H XA XK. 1K T EdU

£ N BUKI67 44 00 1R AH 5% DX 381 FH 4 B 3 B 20 B A%
Gr7 i, WS TR P RE KA, DA T T A i 2] 3
I12% T-ProTracer 5 4t J& F B0 70 H WL 52 2] 1 20 P 14
FATHOLS, [FRE, fEARAS TS DL T, ProTracer & 4t (1)
1 S5 A 5% 3 40 B S s DX 3 3 B AR
M 75 B Sl S B RO, X ] A2 KA 40 A
FEAR N AR AS I AR B8 37 25, ProTracer R G idf — 4
B, LEFB o RS B FE rh, 2 X JH- 40 A 5 3 B,
X A] R AR R AR 2 B A i AR AE AR T IR 1 X R34,
M J5 252 A5 A A 7 (41 BA R AN 5] 5 AR 33 — 25k
S, JH P ARAS B /N A 21X 24 i 4 41

g5 B Rk, FATH) &I LA K ProTracer £ 444 i
AR A T RE A 3 — 25 A A 5] 40 A ) 7 AR 9
77 TfiProTracer 5 4t 1) A 5K N FH At — 20 LA K Al
KHAEFEFRATRT A S AEEZ AN BRERE &
Ko FAEE T B ASZRAH FE AR ST

BE Kk (References)

[1]  MICHALOPOULOS G K, DEFRANCES M C. Liver re-genera-
tion [J]. Science, 1997, 276(5309): 60-6.

[2] BLANPAIN C, SIMONS B D. Unravelling stem cell dynamics
by lineage tracing [J]. Nat Rev Mol Cell Biol, 2013, 14(8): 489-
502.

[3] MIYAJIMA A, TANAKA M, ITOH T. Stem/progenitor cells in
liver development, homeostasis, regeneration, and reprogram-
ming [J]. Cell Stem Cell, 2014, 14(5): 561-74.



692

SR -

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

MERRELL A J, STANGER B Z. Adult cell plasticity in vivo: de-
differentiation and transdifferentiation are back in style [J]. Nat
Rev Mol Cell Biol, 2016, 17(7): 413-25.

CAIC L, MARTIN J C, SUNY, et al. A myocardial lineage de-
rives from Tbx18 epicardial cells [J]. Nature, 2008, 454(7200):
104-8.

BECK B, DRIESSENS G, GOOSSENS S, et al. A vascular niche
and a VEGF-Nrpl loop regulate the initiation and stemness of
skin tumours [J]. Nature, 2011, 478(7369): 399-403.

VAN KEYMEULEN A, ROCHA A S, OUSSET M, et al. Distinct
stem cells contribute to mammary gland development and main-
tenance [J]. Nature, 2011, 479(7372): 189-93.

LARSIMONT J C, YOUSSEF K K, SANCHEZ-DANES A, et
al. Sox9 controls self-renewal of oncogene targeted cells and
links tumor initiation and invasion [J]. Cell Stem Cell, 2015,
17(1): 60-73.

ZAJICEK G, OREN R, WEINREB M Jr. The streaming liver [J].
Liver, 1985, 5(6): 293-300.

BRALET M P, BRANCHEREAU S, BRECHOT C, et al. Cell
lineage study in the liver using retroviral mediated gene transfer.
Evidence against the streaming of hepatocytes in normal liver [J].
Am J Pathol, 1994, 144(5): 896-905.

ZAJICEK G. Do livers “stream” [J]? Am J Pathol, 1995, 146(3):
772-6.

WANG B, ZHAO L, FISH M, et al. Self-renewing diploid Axin2"
cells fuel homeostatic renewal of the liver [J]. Nature, 2015,
524(7564): 180-5.

FONT-BURGADA J, SHALAPOUR S, RAMASWAMY 8§, et al.
Hybrid periportal hepatocytes regenerate the injured liver without
giving rise to cancer [J]. Cell, 2015, 162(4): 766-79.
PLANAS-PAZ L, ORSINI V, BOULTER L, et al. The RSPO-
LGR4/5-ZNRF3/RNF43 module controls liver zonation and size
[J]. Nat Cell Biol, 2016, 18(5): 467-79.

PU W, ZHANG H, HUANG X, et al. Mfsd2a” hepatocytes
repopulate the liver during injury and regeneration [J]. Nat
Commun, 2016, 7: 13369.

LIN S, NASCIMENTO E M, GAJERA C R, et al. Distributed
hepatocytes expressing telomerase repopulate the liver in homeo-
stasis and injury [J]. Nature, 2018, 556(7700): 244-8.

ANG C H, HSU S H, GUO F, et al. Lgr5" pericentral hepatocytes
are self-maintained in normal liver regeneration and susceptible
to hepatocarcinogenesis [J]. Proc Natl Acad Sci USA, 2019,
116(39): 19530-40.

SUN T, PIKIOLEK M, ORSINI V, et al. AXIN2" pericentral
hepatocytes have limited contributions to liver homeostasis and
regeneration [J]. Cell Stem Cell, 2020, 26(1): 97-107,e6.

CHEN Q, LIU Y, JEONG H W, et al. Apelin” endothelial niche
cells control hematopoiesis and mediate vascular regeneration
after myeloablative injury [J]. Cell Stem Cell, 2019, 25(6): 768-
83,¢0.

MATSUMOTO T, WAKEFIELD L, TARLOW B D, et al. In vivo
lineage tracing of polyploid hepatocytes reveals extensive prolif-
eration during liver regeneration [J]. Cell Stem Cell, 2020, 26(1):
34-47,¢3.

RAVEN A, LU WY, MAN T, et al. Cholangiocytes act as fac-
ultative liver stem cells during impaired hepatocyte regeneration
[J]. Nature, 2017, 547(7663): 350-4.

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

DENG X, ZHANG X, LI W, et al. Chronic liver injury induces
conversion of biliary epithelial cells into hepatocytes [J]. Cell
Stem Cell, 2018, 23(1): 114-22,¢3.

SHIN S, UPADHYAY N, GREENBAUM LE, et al. Ablation of
Foxl1-Cre-labeled hepatic progenitor cells and their descendants
impairs recovery of mice from liver injury [J]. Gastroenterology,
2015, 148(1): 192-202,¢3.

RUSSELL J O, LU W Y, OKABE H, et al. Hepatocyte-specific
beta-catenin deletion during severe liver injury provokes cholan-
giocytes to differentiate into hepatocytes [J]. Hepatology, 2019,
69(2): 742-59.

KRETZSCHMAR K, POST Y, BANNIER-HELAOUET M, et
al. Profiling proliferative cells and their progeny in damaged mu-
rine hearts [J]. Proc Natl Acad Sci USA, 2018, 115(52): E12245-
54.

BASAK O, KRIEGER T G, MURARO M J, et al. Troy" brain
stem cells cycle through quiescence and regulate their number
by sensing niche occupancy [J]. Proc Natl Acad Sci USA, 2018,
115(4): E610-9.

YANG G, NOWSHEEN S, AZIZ K, et al. Toxicity and adverse
effects of Tamoxifen and other anti-estrogen drugs [J]. Pharmacol
Ther, 2013, 139(3): 392-404.

LIY, HE L, HUANG X, et al. Genetic lineage tracing of
nonmyocyte population by dual recombinases [J]. Circulation,
2018, 138(8): 793-805.

ZHANG H, PU W, LIU Q, et al. Endocardium contributes to
cardiac fat [J]. Circ Res, 2016, 118(2): 254-65.

PU W, HE L, HAN X, et al. Genetic targeting of organ-specific
blood vessels [J]. Circ Res, 2018, 123(1): 86-99.

HE L, PU W, LIU X, et al. Proliferation tracing reveals regional
hepatocyte generation in liver homeostasis and repair [J].
Science, 2021, 371(6532): eabc4346.

HALPERN K B, SHENHAV R, MATCOVITCH-NATAN O, et
al. Single-cell spatial reconstruction reveals global division of
labour in the mammalian liver [J]. Nature, 2017, 542(7641): 352-
6.

JUNGERMANN K, KIETZMANN T. Zonation of parenchymal
and nonparenchymal metabolism in liver [J]. Annu Rev Nutr,
1996, 16: 179-203.

COLNOT S, PERRET C. Liver zonation [M]. US: Springer,
2011: 7-16.

AIZARANI N, SAVIANO A, SAGAR, et al. A human liver cell
atlas reveals heterogeneity and epithelial progenitors [J]. Nature,
2019, 572(7768): 199-204.

WANG Y, HUANG X, HE L, et al. Genetic tracing of
hepatocytes in liver homeostasis, injury, and regeneration [J]. J
Biol Chem, 2017, 292(21): 8594-604.

MADISEN L, GARNER A R, SHIMAOKA D, et al. Transgenic
mice for intersectional targeting of neural sensors and effectors
with high specificity and performance [J]. Neuron, 2015, 85(5):
942-58.

YANGER K, KNIGIN D, ZONG Y, et al. Adult hepatocytes are
generated by self-duplication rather than stem cell differentiation
[J]. Cell Stem Cell, 2014, 15(3): 340-9.

MARGALL-DUCOS G, CELTON-MORIZUR S, COUTON D,
et al. Liver tetraploidization is controlled by a new process of
incomplete cytokinesis [J]. J Cell Sci, 2007, 120(20): 3633-9.



i %54%%%: ProTracer

A T8] W 12 S5 R A T R B A s BB BOR

693

[40]

[41]

[42]

[43]

MIYAOKA Y, EBATO K, KATO H, et al. Hypertrophy and
unconventional cell division of hepatocytes underlie liver re-
generation [J]. Curr Biol, 2012, 22(13): 1166-75.

KATSUDA T, HOSAKA K, MATSUZAKI J, et al. Transcriptom-
ic dissection of hepatocyte heterogeneity: linking ploidy,zonation,
and stem/progenitor cell characteristics [J]. Cell Mol Gastroen-
terol Hepatol, 2020, 9(1): 161-83.

HIRAI M, CHEN J, EVANS S M. Tissue-specific cell cycle indi-
cator reveals unexpected findings for cardiac myocyte prolifera-
tion [J]. Circ Res, 2016, 118(1): 20-8.

MITCHELL C, WILLENBRING H. A reproducible and well-

[44]

[43]

[46]

tolerated method for 2/3 partial hepatectomy in mice [J]. Nat
Protoc, 2008, 3(7): 1167-70.

CHEN F, JIMENEZ R J, SHARMA K, et al. Broad distribution
of hepatocyte proliferation in liver homeostasis and regeneration
[J]. Cell Stem Cell, 2020, 26(1): 27-33,¢4.

FORBES S J, NEWSOME P N. Liver regeneration-mechanisms
and models to clinical application [J]. Nat Rev Gastroenterol
Hepatol, 2016, 13(8): 473-85.

WEILY, WANG Y G, JIAY, et al. Liver homeostasis is maintained
by midlobular zone 2 hepatocytes [J]. Science, 2021, 371(6532):
eabb1625.



