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Site-specific recombinases, such as Cre, are a widely used tool
for genetic lineage tracing in the fields of developmental biol-
ogy, neural science, stem cell biology, and regenerative medi-
cine. However, nonspecific cell labeling by some genetic Cre
tools remains a technical limitation of this recombination sys-
tem, which has resulted in data misinterpretation and led to
many controversies in the scientific community. In the past dec-
ade, to enhance the specificity and precision of genetic target-
ing, researchers have used two or more orthogonal recombi-
nases simultaneously for labeling cell lineages. Here, we review
the history of cell-tracing strategies and then elaborate on the
working principle and application of a recently developed dual
genetic lineage-tracing approach for cell fate studies. We place
an emphasis on discussing the technical strengths and caveats of
different methods, with the goal to develop more specific and
efficient tracing technologies for cell fate mapping. Our review
also provides several examples for how to use different types
of DNA recombinase—-mediated lineage-tracing strategies to
improve the resolution of the cell fate mapping in order to probe
and explore cell fate—related biological phenomena in the life
sciences.

In developmental and regeneration studies, different cell
types and lineages have unique properties and functions for
biological processes. In studies of organ regeneration and tissue
regeneration, we should identify the key cell types and their
ultimate fate in complex biological process, such as their num-
ber, location, cell behavior, gene profile, and function. For in
vivo cell fate studies, genetic lineage tracing represents a pow-
erful approach to track and understand one cell lineage without
in vitro artificial manipulation. Based on genetic DNA recom-
bination, genetic lineage tracing is a way of permanently and
indelibly marking a cell and its descendants for as long as they
live. Therefore, genetic fate mapping studies based on this tech-
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nology have been widely used to understand cell fate and behav-
iors in multiple life science disciplines, such as development,
tumor biology, neuroscience, and regenerative medicine (1-3).

Before the widespread use of the DNA site-specific recombi-
nation (SSR)” system for genetic lineage tracing, multiple strat-
egies have been developed for labeling cells and tracking their
fates. Vital dye labeling was the first physical approach used for
cell lineage tracing in the early 20th century. This method
employed agar chips impregnated with vital dyes and lipid-sol-
uble carbocyanine dyes, such as octadecyl (C18) indocarbocya-
nines and oxacarbocyanine, that were integrated into the
plasma membrane (4) (Fig. 1A); substrate-activated horserad-
ish peroxidase— conjugated lipid-soluble fluorescence (5, 6); or
DNA/histone level labeling (7-9). When cells migrate and
divide, the fate of their descendants can be tracked by cell label-
ing. Moreover, analysis of **C incorporation by genomic DNA,
which was used during the Cold War, introduced another way
to predict cell turnover by analyzing the present '*C level in
tissues and to estimate its age (10, 11).

Transplantation is another approach used in cell mapping
studies (Fig. 1B). Transplantation of targeted cells or tissues
from one embryo into another embryo has long been used for
studying early embryonic development (12). More recently,
transplantation has been widely used in stem cell fate studies of
adult tissues, such as blood, skin, and tumors (13—16). Bone
marrow transplantation is a classic approach for hematopoietic
stem cell studies. Moreover, cancer cell transplantation has also
been widely used in tumor biology research. However, cell fate
plasticity results derived from cell transplantation may not be
consistent with direct in vivo genetic fate tracing results and
thus should be interpreted with caution (17). Transfection or
viral infection is another useful approach for cell labeling that
has been introduced since the end of the 20th century (Fig. 1C).
The reporter genes encoding fluorescent protein or LacZ can be
introduced in target cells by physical or chemical transfection
or viral transduction for cell labeling and fate tracing (18 -21).

2 The abbreviations used are: SSR, site-specific recombination; ER, estrogen
receptor; HSP, heat shock protein; MADM, mosaic analysis with double
markers; BASC, bronchioalveolar stem cell; RFP, red fluorescent protein;
YFP, yellow fluorescent protein; EGFP, enhanced green fluorescent pro-
tein; IRES, internal ribosome entry site; BEC, biliary epithelial cell; Alb, albu-
min; DAPI, 4',6-diamidino-2-phenylindole.
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Figure 1. Lineage-tracing strategies. A, dyes for cell labeling. The lipid-soluble carbocyanine dyes could be embedded into lipid bilayer for cell tracing. B,
transplantation of labeled cells or tissues from donor embryo to host embryo. The fate of labeled cells or tissues could be tracked during embryonic develop-
ment. C, introduction of reporter genes such as GFP by transfection or viral infection has been used for cell labeling. D, cell fate tracing by DNA site-specific
recombination. The genetic recombination includes constitutive recombination and inducible recombination. Take the widely used Cre-loxP system as an
example. The loxP-flanked transcriptional stop cassette (Stop) was inserted before the RFP gene. In constitutive recombination, after the cell type-specific
promoter drives the Cre recombinase expression in target cells, the loxP-flanked Stop cassette can be removed, and the reporter gene would be turned on.
Because the excision of genomic level is permanent and heritable, all Cre ™ cells and their progeny could be labeled by the reporter gene. However, in inducible
recombination, binding to heat shock proteins (HSPs), the Cre-ER fusion protein is held in the cytoplasm. Only after the ligand (tamoxifen) enters the cell
cytoplasm and binds to ER can the Cre-ER fusion protein release from the HSP and enter the cell nucleus for Cre-loxP recombination. E,immunostaining for RFP,
DAPI, and club cell marker Scgb1a1 on Scgb1a1-CreER;Rosa26-RFP adult lung section after tamoxifen treatment. White arrows, RFP*Scgb1a1™ club cells. Tam,

tamoxifen. Scale bar, 100 um.

The DNA SSR systems have been developed since the end of
the 20th century (Fig. 1D). The SSR components include a
recombinase enzyme and two recognition sites (1). Thus far,
multiple DNA SSR systems have been identified for genomic
engineering, such as Cre-loxP, FLP-FRT, Dre-rox, VCre-VloxP,
SCre-SloxP, and Nigri-nox (22-26). Among all, the Cre-loxP
system is the one most commonly used for mammalian gene
editing. The widely used Cre-loxP site-specific recombination
system of P1 bacteriophage contains two components, Cre
(cyclization recombination) and loxP sites. Cre recombinase is
a 38-kDa protein encoded by Cre cDNA, which could be driven
by a specific promoter of a gene for user’s interest. The loxP site
is a 34-bp sequence, consisting of an 8-bp core region flanked by
two 13-bp palindromic sequences (26). The Cre recombinase
could recognize and catalyze the recombination between two
loxP sites. The result of Cre-loxP recombination depends on
the orientation of the two loxP sites. If their orientations are in
the same direction, the Cre-loxP—mediated recombination
results in the excision of the DNA sequence flanked by the two
loxP sites. If their orientations are in opposite directions, the
Cre-loxP-mediated recombination results in the inversion of
the DNA sequences flanked by the two loxP sites. The Cre
recombinase could specifically recognize loxP sites and effi-
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ciently mediate a Cre-loxP recombination event (26). Cre
recombinase is driven by a cell- or tissue-specific promoter and
another gene locus, generally a widely active one such as
Rosa26, that harbors a loxP-flanked transcriptional stop cas-
sette followed by a reporter gene. After Cre-loxP recombina-
tion, the stop cassette is removed, and the expression of the
reporter gene is constitutively turned on. Because this genetic
labeling is permanent and irreversible, the Cre-expressing cells
and their progenies heritably express the reporter gene (26, 27).
Such a genetic recombination technology has been widely
applied in lineage-tracing and gene function studies in the fields
of developmental biology, oncology, immunology, and stem cell
and regeneration biology (1, 28-30).

According to the recombination type and readout, the
genetic recombination systems could yield conventional single
recombinase-mediated genetic readouts (conventional report-
ers) or more complex dual recombinase—mediated genetic
readouts (dual reporters). Based on the number of fluorescent
reporters that are needed for cell labeling, the conventional
reporters could be further divided into single-color reporters
and multicolor reporters. To facilitate tracing of the subpopu-
lation of cells or to enhance the precision of lineage tracing,
dual reporters are currently employed to reflect the varied com-
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binatory readouts of dual recombinases. Based on the arrange-
ment of the recognition sites and the readout, the dual genetic
reporter systems could be categorized into three major types:
intersectional reporters, exclusive reporters, and nested report-
ers. These categories will be explained in detail below along
with examples that elucidate how dual lineage tracing can
improve the resolution of cell fate mapping studies.

Conventional single recombinase-mediated genetic
approach

For genetic lineage tracing, inducible Cre recombinase was
developed with an attempt to achieve temporal and spatial con-
trol of recombination. To facilitate inducible recombination,
the human estrogen receptor (ER) is fused to Cre recombinase.
Because it binds to heat shock proteins (HSPs), the Cre-ER
fusion protein is held in the cytoplasm. Upon induction by the
ligand (tamoxifen or metabolite 4-hydroxy-tamoxifen) enter-
ing the cell cytoplasm and binding to the ER protein, the acti-
vated Cre-ER protein translocates into the nucleus and medi-
ates Cre-loxP recombination (31). Given its ability for temporal
control, this method has been widely applied in cell fate—
tracing studies (Fig. 1D). Using the bronchiolar epithelial club
cell maker gene Scghblal (Secretoglobinlal) as an example,
Scgblal-CreER mouse was generated by inserting CreER
sequences into the endogenous Scghblal gene locus. The
expression of CreER protein is thus specifically derived by
Scgblal gene promoter. After tamoxifen treatment in Scghlal-
CreER;Rosa26-loxP-Stop-loxP-RFP double-positive mice, the
CreER protein enters nucleus and mediates Cre-loxP recombi-
nation, removing the stop sequence and resulting in the RFP
expression. We could detect that almost all Scgh1al™ club cells
are targeted by RFP. For example, using this tool, Hogan’s
group (32) demonstrated that the club cells of bronchioles
could self-renew and regenerate ciliated cells after lung airway
injury. The early reporter systems utilized a conventional strat-
egy targeting single recombination. According to the number of
fluorescent reporters that are needed for cell labeling, conven-
tional reporter systems can be further divided into two catego-
ries: conventional single-color reporter systems and multicolor
reporter systems (Fig. 2). The wide application of these strate-
gies has greatly advanced multiple disciplines in the life
sciences.

Conventional single-color reporter systems

Examples of the ubiquitous single-color reporter derived
from a single recombination system include Rosa26-tdTomato,
Rosa26-LacZ, Rosa26-GFP, and Rosa26-YFP (33-35) (Fig. 2).
After recombination, the reporter gene labels promoter-acti-
vated cells for lineage tracing. By crossing Is/I-Cre with the
CMV B-actin-nlacZ reporters, Sylvia Evans’s group (36) identi-
fied IsL1 as a marker of the second heart field progenitors that
contribute to the right ventricle, outflow tract, interventricular
septum, and aria of the heart during early cardiac development.
Hans Clevers’s group (37) knocked EGFP-IRES-CreERT?2 into
the Lgr5 (leucine-rich-repeat-containing G protein— coupled
receptor 5) locus and generated the Lgr5-EGFP-IRES-CreERT2
allele. EGFP represented the expression map of Lgr5-positive
cells, and CreERT?2 was used for lineage tracing. After crossing
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this allele with the Rosa26-lacZ reporter, they identified that
Lgr5 was expressed in epithelial stem cells and that these Lgr5-
positive stem cells could give rise to all epithelial cell lineages.
Moreover, low doses of tamoxifen treatment can label cells at a
single-cell level for clonal analysis. For example, Hopx™ early
embryonic neural progenitors have been demonstrated to con-
stantly contribute to dentate neurogenesis of the embryonic,
postnatal, and adult stages by a clonal lineage-tracing study
(38).

Conventional multicolor reporter systems

By designing different loxP sites and controlling their posi-
tion/orientation, multicolor reporters have been used in the
Cre-loxP system for single-cell labeling and clonal analysis, pro-
viding a valuable information on the fate of single cells after cell
proliferation, differentiation. Several useful versions of “Brain-
bow” mouse lines have been available for clonal analysis of
neurons, including ThylI-Brainbow-1.0, Thyl-Brainbow-1.1,
Thyl-Brainbow-2.0, and Thyl-Brainbow-2.1 (39, 40). After
recombination, the individual neurons were randomly labeled
by a single-color reporter. More recently, another Rosa26-Con-
fetti was generated by placing the construct under the control of
Rosa26 locus, making construct expressed ubiquitously. There-
fore, the new version of Rosa26-Confetti could be widely used in
other stem cell research field. Using this reporter system, the
Clevers group (40) randomly labeled the initial Lgr5™ stem cells
and observed multicolor clones within the intestinal crypt.
Over time, however, these Lgr5" multicolor clones compete
with each other, and finally, only a single fluorescent clone pop-
ulates each crypt and contributes to the villi (40).

Mosaic analysis with double markers (MADM) is another
Cre-dependent dual-color labeling system. One allele encodes
the fluorescent proteins of the N terminus of RFP and the C
terminus of GFP, which are separated by a loxP site. Another
allele encodes the other halves of the fluorescent proteins of the
N terminus of GFP and the C terminus of RFP, which are also
separated by a loxP site. Only during cell mitosis do recombi-
nation events occur between these two loxP sites, resulting in
activated full-length RFP and GFP reporters, followed by ran-
dom labeling of daughter cells with red, green, or yellow fluo-
rescence for lineage-tracing studies. The MADM system has
been used for fate mapping of granular cells in the cerebellar
cortex, revealing the tumor cell of origin in glioma (10, 41). An
advantage of MADM is the accurate genetic readout of cytoki-
nesis, which is very helpful in studying cardiomyocyte prolifer-
ation or division (42), due to the involvement of multinuclei and
polyploidy during the progression of cell cycle. However, the
low efficiency of interchromosome recombination prevents its
capture of the majority of cells for analysis (43).

Despite the advances in technology that have generated these
valuable tools, conventional strategies have some limitations
that need to be considered. For instance, Cre recombinase is
generally driven by a gene that is specifically expressed in a
certain cell type. However, expression of certain genes that
denote cell populations is not always specific. The gene that
drives Cre could be ectopically or unintentionally activated in
unwanted cell populations, thus leading to unwanted cell label-
ing (44). Additionally, a single recombinase could only target
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Genetic reporters Reporter construct Recombinases and readout
Conventional reporters Cre*
R26-RFP RFP. Q P loxP
R26-LacZ O Drox
R26-GFP Q DFrt
B nox
R26-YFP Stop YFP O
R26-Confett &
Intersectional reporters Cre*
R26-Ai65 ){Stop])PStop}p-idTomate @ Flp*
R26-Ai66 NStopll> fiTomate @ Dre*
R26-RL-GFP NStopl> @ Dre*
R26-Confetti2 Dstopl> d-d]} @ Dre*
R26-NZG @ Flp*
RC:Fela @ Flp*
RC::Frepe @ Flp*
R26::Flap @ Flp*
RC:RLTG NStopl>HiaToma) ) GFP) @ Dre*
R26::FLTG D StoppP-tdTomato)P{GFP @ Flp*
R26-TLR Netopi M Zsarasn) fdTomate @ Dre*
Exclusive reporters J' First recombination event |
IR1 MStopP{ZsGreen H{Stopl HtdTomatc _Cre"@ Dre* Dre-rox _Cre“'@ Dre*
IR2 Cre*@» Dre* Dre-rox Cre"@» Dre*
IR3 P {stoplAidTomato){StoplP{ZsGreen)- Cre-loxP Cre*@» Dre* Dre-rox Cre“@» Dre*
IR4 DP{sStopl)> [tdTomato Cre*@ Dre* Dre-rox Cre*@ Dre*
IR5 (R26-NLR) B {StoplE{ZsGreen){StoplPtdTomato)— Cre*@» Nigri* Nigri-nox Cre*@» Nigri*
IR6 DP{Stopl){ZsGreen [tdTomato Cre*@ Flp* Flp-Frt Cre*@ Flp*
Nested reporters Cre*/Dre*
NR1 D ZsGreen){Stop|{tdTomato)— Cre"~€d§}»Dre+
NR2 Mstop{ZsGreen [tdTomato Cre* Dre*

Cre*/Dre*

Figure 2. Genetic recombination systems. The first column indicates different reporter alleles, the second and third columns show the reporter
construct and recombinases, and the last column shows the readout of related reporter alleles. The conventional reporter system includes the single-
color reporter system and the multicolor reporter system, which are derived by one type recombination. The novel dual-reporter systems include
intersectional reporters, exclusive reporters, and nested reporters. In exclusive reporters, the readout depends on the first recombination type. For
example, in IR1, the first Cre-loxP will remove the Stop cassette and a rox site, which labels the Cre™* cells (including both Cre *Dre ™ cells and Cre* Dre™
cells) as ZsGreen. The following Dre-rox recombination results in tdTomato expression of Dre* Cre ™ cells. In contrast, if the first recombination event is
Dre-rox, the Dre™ cells (including both Dre "Cre ™ cellsand Dre*Cre ™ cells) are labeled as tdTomato, and the Dre~Cre ™ cells would be labeled as ZsGreen
by the following Cre-loxP recombination.
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one cell population at a time, limiting its simultaneous detec-
tion in multiple cell lineages of one tissue. Detection of multiple
cell lineages and tracing of their cell fate commitment during
biological processes require a combination of orthogonal
recombinases.

Multiple recombinase-mediated genetic fate mapping

If there are no genes unique to a specific cell type, it cannot
be specifically labeled by the conventional approach. More-
over, targeting two gene promoters in one cell population
could be more precise than relying on a single promoter as
commonly employed in the conventional reporter system.
Controlling the restrained reporter expression driven by two
promoters requires two distinct SSRs. Recently, diverse dual
recombinase—mediated genetic labeling systems have been
developed to enhance the specificity and the number of cell
types being labeled simultaneously. Cre-loxP, Flp-frt, Dre-rox,
and Nigri-nox have been respectively used for designing dual
systems (44). Given that the way in which multiple recombi-
nases are used for resolving scientific questions largely relies on
the readout of the reporter system, we use the reporter as an
entry site to categorize these systems into three different types
for multiple recombinase—mediated fate mapping studies,
including intersectional reporters, exclusive reporters, and
nested reporters (44, 45) (Fig. 2). Their working principles and
examples of their application are discussed in the subsequent
sections.

Intersectional reporters

The intersectional reporters usually respond to two sets of
orthogonal recombination systems, and the expression of the
reporters reflects different types of recombinase-mediated
recombination (44, 45). The intersectional approach is suitable
for genetic targeting of these cell types, which are generally
defined by the expression of distinct genes. Based on reporter
readout colors, the intersectional reporters could be further
categorized into two subclasses: single-color reporter systems
and multicolor reporter systems.

Single-color reporter systems—To precisely label one cell
population, two cell-specific markers are sometimes used to
define a cell population. The double marker—positive cell pop-
ulations can be specifically labeled by a single reporter after dual
recombination has completed in the intersectional single-color
reporter systems (Fig. 2). For example, the Ai66 (Rosa26-CAG-
rox-Stop-rox-loxP-Stop-loxP-td Tomato) system can be used for
labeling double marker—positive cell populations (46 —48).
Here, we provide one example to delineate how this single-
color reporter could be utilized for tracing one cell population
defined by two marker genes. In the lung, various resident stem
cell populations are distributed among the respiratory tract epi-
thelium from proximal to distal, including the trachea, bronchi,
bronchioles, and alveoli. Recent reports have identified a group
of multipotent stem cells termed as bronchioalveolar stem cells
(BASCs) located at bronchioalveolar duct junctions, which
coexpress the bronchiolar club cell marker Scgblal (also called
CC10) and the alveolar type 2 cell marker Sftpc (49, 50). Ex vivo
organoid culture of sorted Scgblal "Sftpc™ BASCs has shown
multipotency after their differentiation into both bronchiolar
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and alveolar epithelial cells (50, 51). Nevertheless, the singular
Sftpc-CreER tool could not specifically label BASCs (32). The
lack of the single best marker gene specifically defining BASCs
makes it impossible to determine its stemness using the
conventional Cre-loxP-mediated lineage-tracing approach.
Indeed, by using the intersectional genetic reporter system
Ai66, Liu et al. circumvented this weakness and specifically
traced Scgblal™ Sftpc™ BASCs through dual recombinases
driven by two marker genes (47). In the Sftpc-DreER;Scgblal-
CreER;Ai66 triple-positive mouse, the tdTomato reporter gene
of Ai66 was activated in BASCs after double Dre-rox and Cre-
loxP recombinations, which were driven by the Sftpc and
Scgblal promoters, respectively (Fig. 3A4). By fate-mapping
analysis, Liu et al. provided direct in vivo genetic evidence that
BASCs at the bronchioalveolar duct junction have multipo-
tency, generating multiple types of epithelial cells in bronchi-
oles and alveoli after injuries (47). The double-positive cell
types could also be labeled by other dual systems. For example,
the “split-Cre” system is another novel technique for precisely
targeting cell subpopulations when two marker genes are
required to define one cell population. The N terminus of the
Cre component and the C terminus of the Cre component are
controlled by two distinct promoters. Only if the two promot-
ers are both active in the same cell does the recombined func-
tional Cre protein work for genetic labeling of the targeted cells
(52). By using Scgblal-NCre and Sftpc-CCre mice, Thomas
Braun’s group (53) also proved that Scgblal*Sftpc™ BASCs
actively participate in the regeneration of distal lung epithelia in
vivo. For specifically targeting cell populations defined by two
markers, both the double Dre-rox/Cre-loxP system and split-
Cre system can be used to achieve it by combining with appro-
priate reporter systems. Differently, the mouse tools of the
split-Cre system can only serve for this double-positive cell-
labeling purpose, as NCre or CCre mouse tools do not work
separately. However, the mouse tools of the double Dre-rox/
Cre-loxP system also can used individually for conventional
lineage tracing. Furthermore, combined with different dual-
reporter systems (i.e. intersectional reporters, exclusive report-
ers, and nested reporters), the Cre- and Dre-expressing tools
could be used for many different types of genetic cell labeling,
such as Cre Dre~ or Cre Dre™.

Multicolor reporter systems—To facilitate genetic labeling of
multiple cell types (the cell population and its subpopulation) at
the same time with the use of additional colors, some intersec-
tional genetic reporter systems incorporated two or more
reporter genes (Fig. 2) (e.g RC:Fela, RC::Frepe, R26-NZG,
R26::Flap, R26-TLR, and Rosa26-Confetti2) (47, 54—59). The
structure of some intersectional multicolor reporter systems
can be summarized as a Promoter-sitel-Stop-sitel-site2-re-
porter A-Stop-site2-reporter B, including RC::Fela, R26-NZG,
RC:Frepe, or R26:Flap (Fig. 2). In this design, expression of
reporter A requires recombination of recombinasel-sitel, and
that of reporter B occurs only after recombinations of both
recombinasel-sitel and recombinase2-site2. Therefore, this
strategy can be used for consecutively labeling recombinasel ™
cell populations by reporter A as well as their intersectional
recombinasel “recombinase2® subpopulations by reporter B.
Furthermore, in R26-TLR, the structure is CAG promoter-
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Figure 3. Intersectional reporter systems. A, after dual Dre-rox and Cre-loxP recombination, the intersectional Ai66 reporter can specifically mark the
Dre"Cre* cells as tdTomato. In Sftpc-DreER;Scgb1al-CreER;Ai66 triple-positive mouse, the Sftpc™Scgb1al™ BASCs are labeled by tdTomato after tamoxifen
treatment. The cartoon image (right) shows that BASCs are marked by red in the Sftpc-DreER;Scgb1a1-CreER;Ai66 triple-positive mouse. Yellow arrowheads in the
sectional staining picture (right) indicate Sftpc*Scgb1a1*tdTomato™ BASCs. B, the R26-TLR is another intersectional system that could be used for tracing three
cell populations simultaneously. Also, taking the lung epithelium as an example, in the Sftpc-DreER;Scgb1a1-CreER;R26-TLR triple-positive mouse, after Dre-rox
recombination, the Sftpc™ AT2 cells are labeled as ZsGreen; after Cre-loxP recombination, the Scgb1a1™ are club cells labeled as tdTomato; and after both
Dre-rox and Cre-loxP recombination, the Sftpc* Scgb1a1™ BASCs are labeled as ZsGreen and tdTomato, the readout for which is a yellow fluorescent color. A
cartoon image (right) shows the club cells, AT2 cells, and BASCs marked as red, green, and yellow, respectively. Yellow arrowheads in the sectional staining picture

(right) indicate ZsGreen*tdTomato ™ BASCs. Scale bar, 100 um.

sitel-Stop-sitel-reporter A-CAG promoter-site2-Stop-site2-
reporter B (57). The expression levels of reporter A and
reporter B are driven independently by two recombination
events, which do not interfere with the readouts with each
other. Therefore, the R26-TLR tool can be used to label three
cell populations: A*B~, A"B™, and A”B™. Using lung epithe-
lium as an example, Liu et al. (57) showed that the Sftpc-DreER;
Scgblal-CreER;R26-TLR triple-positive lines could simultane-
ously trace the three cell populations of Sftpc™ AT2 cells,
Scgblal™ club cells, and Sftpc "Scgblal* BASCs at homeosta-
sis and after injury (Fig. 3B). In addition to R26-TLR, Rosa26-
Confetti2 is the improved version of the conventional R26-Con-
fetti line. After recombination of both Dre-rox and Cre-loxP,
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the Dre*Cre™ cells and their progenies can be randomly
labeled as RFP, YFP, or GFP (47, 58) (Fig. 2). Therefore, this new
version of R26-Confetti2 is valuable for clonal analysis of cells
defined by two marker genes. Using this tool, Han et al. (58)
showed that a single SOX9™ hepatocyte has biopotency, giving
rise to both hepatocytes and ductal cells after liver injury, and
Liu et al. (60) reported that a single BASC has bidirectional
potential to contribute to both bronchiolar and alveolar epithe-
lial cells after lung injury. These examples illustrated how dual
reporters can improve the resolution of cell fate mapping,
enhancing our understanding of the fate plasticity of those
unique cell populations that are not easily defined by tracing
based on a single marker gene.
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Exclusive reporters

Usually, the activation of a gene in a cell type is not an “all” or
“nothing.” A specific gene marker means that the activity of the
promoter is relatively high in this cell type, which can be easily
tested at transcription and protein levels. Sometimes the pro-
moter of interest could be weakly activated in other cell types,
which is regarded as ectopic expression. This ectopic expres-
sion can sometimes lead to genetic labeling, which is regarded
as unwanted or unintentional tracing that may lead to some
controversies regarding cell fate. Taking the c-kit gene as an
example, by using the c-kit-CreER tool, previous studies
reported that the c-kit™ cells are cardiomyocyte progenitors
and could contribute to new cardiomyocytes after heart injury
(61). However, subsequent study showed that the c-kit gene is
also expressed in very few cardiomyocytes, indicating that
traced cardiomyocytes after heart injury could be c-kit* car-
diomyocytes labeled previously. Some of the ectopic expression
of genes could be detected at the protein level or transcription
level, which is associated with the strength of promoter activity
(45, 62). In this case, the exclusive reporter system is a better
choice for specifically targeting a unique cell population
through two recombination systems. Interleaved reporter 1
(IR1), IR2, IR3, IR4, and IRS (R26-NLR) are exclusive reporters
(24, 45). The structure of the exclusive reporter system is Pro-
moter-sitel-site2-Stop-sitel-reporter A-Stop-site2-reporter B.
These two pairs of recognition sites are interleaved distributed
at the interleaving Rosa26 locus. If one recombination occurs
first, the expression of the corresponding reporter gene would
remove one recognition site of another recombination system.
In other words, this would prevent a second recombination in
the same cell type. Using IRI as an example, the structure of
IR1 is CAG-loxP-rox-Stop-loxP-ZsGreen-Stop-rox-td Tomato,
and the first Cre-loxP recombination would result in ZsGreen
expression that removes a rox site, preventing the subsequent
Dre-rox recombination in the same cell (45). This strategy is
applicable for specific labeling of targeted cells by circumvent-
ing ectopic labeling issues and for labeling two distinct cell pop-
ulations simultaneously. Here, we use the controversial studies
of putative c-kit™ cardiomyocyte progenitors as an example.
Because some research groups showed that the c-kit is also
expressed in very few cardiomyocytes, the controversy is that
the newly generated cardiomyocytes are derived from c-kit™
cells or previously labeled c-kit™ cardiomyocytes. So only
specifically targeted c-kit™ noncardiomyocytes can draw cor-
rect conclusions. The c-kit" cardiomyocyte labeling cannot
be excluded by conventional systems (Fig. 4C). But this con-
troversy have been solved by incorporating the IR1 system
and another cardiomyocyte-specific labeling tool, Tnni3-Dre.
First, all Tnni3™ cardiomyocytes (including these unwanted
c-kit"Tnni3™ cardiomyocytes) can be specifically labeled by
Dre-rox recombination. Then after tamoxifen induction, c-kit-
CreER could specifically label all c-kit™ cells (excluding these
unwanted c-kit*Tnni3 " cardiomyocytes) (Fig. 4C). Fate-map-
ping analysis showed that c-kit* noncardiomyocytes do not
contribute to new cardiomyocytes at homeostasis or after
injury (45). Another example is cardiac valve development. It
has been reported that the atrioventricular valve mesenchyme
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is mainly derived from the epicardium and endocardium (63—
65), and the aortic and pulmonary valve mesenchyme is primar-
ily derived from cardiac neural crest cells and the endocardium
(63, 66, 67). However, because of separate analyses performed
using different lineage-tracing lines, there is still a lack of pre-
cise description in the diverse origins of valve mesenchyme of
the same mouse heart during development. Liu et al (24)
reported an exclusive reporter system, IRS (also named R26-
NLR), which incorporates Cre-loxP and a newly identified
Nigri-nox system. This reporter line can be used to simultane-
ously label two distinct progenitor cell populations and to iden-
tify the dynamic mesenchymal cell contribution from diverse
sources during cardiac valve development. In the Thx18-Cre;
Cdh5-Nigri;IRS triple-positive mouse line, the epicardial cell
lineage was traced by tdTomato after Cre-loxP recombination,
and the endocardial cell lineage was traced by ZsGreen after
Nigri-nox recombination (Fig. 44). Similarly, in the Wnt1-Cre;
Cdh5-Nigri;IRS triple-positive line, the neural crest lineage and
endocardium lineage were traced by tdTomato and ZsGreen,
respectively (Fig. 4B). By using IRS, they revealed that the mes-
enchyme of atrioventricular valves and semilunar valves has
diverse and dynamic origins during heart development (24).

Nested reporters

During the design of a genetic lineage-tracing experiment,
we sometimes encounter difficulties when the definition of a
specific cell type relies on the expression of both positive and
negative markers (e.g. A"B7). The Cre-loxP strategy labels all
A™ cells, including the “wanted” cell type (e.g. A*B™ cells) and
“unwanted” cell types (e.g. A"B™ cells). In this case, we can
utilize the dual nested reporter system to precisely distinguish
these distinct “wanted” and “unwanted” cell types accurately.
By its name, the two pairs of recombination sites are nested as
follows: Rosa26-CAG-site2-sitel-Stop-sitel-reporter A-site2-
reporter B. Nested reporters 1 (NRI) and 2 (NR2) are more
appropriately designed for cell lineage tracing through the use
of inducible recombination systems, such as CreER and DreER
(45). The structure of NRI is CAG-rox-loxP-Stop-loxP-Zs-
Green-Stop-rox-tdTomato. In the approach using NRI, the
promoter A—mediated internal recombination of Cre-loxP
could result in ZsGreen expression in cell A. However, if pro-
moter A is also activated in “unwanted” cell B(A*B™ cells), the
sequences of the ZsGreen gene and two loxP sites could both be
removed subsequently by an external Dre-rox recombination
driven by specific promoter B in that type of cells. Thus, the
final readout includes specific labeling of the Cre Dre™ cell
population (A"B™ cells) by the ZsGreen and of the Cre* Dre™
cell populations (A*B™ cells) by tdTomato (45). Moreover,
within Cre " Dre™ cells, the recombination order of Dre-rox and
Cre-loxP would not influence the final readout, which is deter-
mined by the expression of Cre and Dre. Therefore, the nested
reporter system can be used to solve some controversial ques-
tions in defining the cell fate of stem cells with known specific
expression of both positive and negative markers.

For example, whether Sox9™ ductal cells are progenitors of
hepatocytes during liver regeneration remains controversial.
Some lineage-tracing studies reported that Sox9-CreER-
labeled ductal cells or biliary epithelial cells (BECs) could con-

J. Biol. Chem. (2020) 295(19) 6413-6424 6419



JBC REVIEWS: Genetic lineage tracing

A

—B){Stoplp{ZsGreen)-{Stop PHidTomatd)—

IR5

Cdh5-Nigri; Tbx18-Cre;IR5

Cdh5-Nigri Tbx18-Cre
X

Cdh5-Nigri; Tbx18-Cre;IR5

Cdh5-Nigri; Tbx18-Cre;IR5

Endothelial cells

| Nigri-nox

—p{ZsGreen){StopP-idTomato)——

0 al mi EC
IF Xic - S
e gg%\ A =
< XXX &#\ N2 §
5 E O @i Fibroblasts
6 O Y WS e XX
ofc R
{ N CMs
¢ U ZX ©

Epicardial cells

—){Stoplp{ZsGreen)-{Stop PHtdTomate)—

IR5

Cdh5-Nigri;Wnt1-Cre;IR5

Cdh5-Nigri Wnt1-Cre

[tdTomato

}onP Enox

| Cre-loxP
>HidTomato

Cdh5-Nigri;Wnt1-Cre;IR5

DAPI tdTomato ZsGreen PECAM

Cdh5-Nigri;Wnt1-Cre;IR5
Semilunar valves

ECs

Neural crest cells

~—

Fibroblasts
> S<

| Cre-loxP
SP-tdTomato
Endothelial cells
SP{Stoplp> Stop
I_'_l
| Nigri-nox

—P{ZsGreen [tdTomato)——

C
IR1
Stop[P{ZsGreen {Stopj -tdTomat
Tnni3-Dre;Kit-CreER;IR1
; c-Kit*/Tnni3* s ” .
Cardiomyocyte {C-Kit' Tnnia* c-Kit" Non-cardiomyocyte
P P-{tdTomato P ZsGreen)-{Stopf{>{tdTomato)—
| Dre-rox lNo Tnni3
MtdTomato P{StopP{ZsGreen){Stop > fidTomato)—

}onP Drox

l_f_l
| Cre-loxP

ZsGreen ){Stopfi {tdTomat

Kit-CreER;IR1

DAPI tdTomato ZsGreen PECAM

Conventional strategy Dual recombination strategy

O] = o)
o S\ g o N\ O\
O =
o \'® N TN ONC -
Kit' CMy 7 0| & AL
A CA S S[oXN 0 %2
O\, OE?s ;_é O \ OECs
- S -
O| @) O ) O| ® O
g
P Kitt CMAAC M € P Kitt CMANC )
a AN

Figure 4. Exclusive reporter systems. A, the exclusive IR5 reporter can be used to label distinct cell populations. In the Cdh5-Nigri;Tbx18-Cre;IR5 triple-positive mouse,
Cdh5™ endothelial cells (including endocardial cells) are marked as ZsGreen by Nigri-nox recombination, and Tbx18™ epicardial cells are marked as tdTomato by
Cre-loxP recombination. The image (right) shows the contribution of these two distinct cell populations for atrioventricular valve mesenchyme during heart devel-
opment. B, in the Cdh5-Nigri;Wnt1-Cre;IR5 triple-positive mouse, Wnt1™ neural crest cells are marked as tdTomato by Cre-loxP recombination, and Cdh5™ endothelial
cells (including endocardial cells) are marked as ZsGreen by Nigri-nox recombination. The image (right) shows the contribution of these two distinct cell populations
for outflow track valve mesenchyme during heart development. C, the interleaved reporter 1 (IR7) can be used to label distinct cell populations. After Dre-rox
recombination in Dre™ cells, all DNA sequences between these two rox sites would be removed, including a loxP site. So the next Cre-loxP recombination would not
happen in Dre™ cells, and it can only happen in Dre Cre™ cells. Taking the c-kit as an example, because the c-kit ectopic expressed in a little cardiomyocytes, the
Kit-CreER:IR1T mouse (conventional strategy) could label kit* cardiomyocytes after Cre-loxP recombination. In Tnni3-Dre;Kit-CreER:IR1 triple-positive line, firstly, all
Tnni3™ cardiomyocytes (including these unwanted c-kit *Tnni3 ™ cardiomyocytes) can be specific labeled by Dre-rox recombination. Then after tamoxifen induction,
c-kit-CreER could specifically labeled all c-kit* cells (excluding these unwanted c-kit* Tnni3* cardiomyocytes). ECs, endothelial cells; CM, cardiomyocyte; LV, left
ventricle; RV, right ventricle; pl, parietal leaflet; s/, septal leaflet; al, aortic leaflet; m/, mural leaflet. Scale bar, 100 pm.

tribute to hepatocytes at homeostasis and after injury (68, 69).
Other studies report that the newly generated hepatocytes are
derived from pre-existing hepatocytes after injury (70-74). Of
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note, Sox9 is expressed in BECs and in some periportal hepato-
cytes (45, 75, 76). The BECs-to-hepatocytes conjecture based
on Sox9 lineage tracing is problematic because the new hepa-
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Figure 5. Nested reporter systems. A, the nested NR1 reporter can be used to label distinct cell populations. The Cre™ cells are labeled as ZsGreen by Cre-loxP
recombination. The Dre*Cre ™ cells are marked as tdTomato by Cre-loxP recombination. The final readout of Dre *Cre™ cells is tdTomato because of the final
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and hepatocytes, which is same as conventional strategy. C, in the Sox9-CreER;Alb-CreER;NR1 triple-positive mouse (nested strategy), the Sox9™" Alb™ hepato-
cytes are finally labeled as tdTomato. So the nested reporter system is valuable for labeling distinct cell populations.

tocytes may possibly be derived from Sox9-CreER-labeled pre-
existing hepatocytes (Fig. 5A4). By incorporating Sox9 and
another hepatocyte-specific marker, albumin (Alb), the dual
NRI reporter can be used to distinguish Sox9* BECs and Sox9*
hepatocytes by two different reporters through dual-recombi-
nation events. In Sox9-CreER;Alb-DreER;NR1 triple-positive
mice, two kinds of recombination events can be induced by
tamoxifen treatment. The Sox9™ BECs and Sox9 " Alb™ hepa-
tocytes are both labeled by ZsGreen after the first Cre-loxP
recombination, but after another round of Dre-rox recombina-
tion, the Sox9™ Alb™ hepatocytes will convert to express tdTo-
mato, and so do all Alb™ hepatocytes that are labeled by
a unique tdTomato reporter. Thus, the precisely labeled
ZsGreen" BECs and tdTomato™ hepatocytes can be used to
reassess the contribution of Sox9™" ductal cells to hepatocytes
during liver repair (Fig. 5B). In summary, such a fate-mapping
analysis showed that BECs do not regenerate new hepatocytes
but only proliferate to replenish BECs after CCl,-induced liver
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injury (45). Altogether, the nested system is valuable for distin-
guishing two distinct cell populations, A*B* versus A"B™.
The choice of strategies mainly depends on the gene expres-
sion, mouse tools available, and scientific questions to be
addressed. If the promoter A is activated specifically in A type
cells of interest, a conventional single recombinase—mediated
genetic approach is suitable for specific labeling of A type cells.
If the promoter A is ectopically expressed in some “unwanted”
B type cells (promoter is B), we can choose exclusive reporters
or nested reporters to distinguish the labeling of “unwanted”
A" B™ type cells. Here we need two separate recombinases (one
is Dre and another is Cre), which are derived by promoter A
or B, separately. The choice of which dual-reporter system
depends on the types of recombination tools. If the B-mediated
recombination tool is constitutive and the A-mediated recom-
bination tool is inducible, we may use exclusive reporters to
label all B" cells (including unwanted A*B™ cells) before
tamoxifen induction. If both A- and B-mediated recombina-
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tions are inducible, we should choose nested reporters to revert
all B* cells (including unwanted A*B™ cells) labeling into
another unique genetic reporter after tamoxifen induction,
thus distinctly and specifically labeling A" B~ cells.

Conclusions and perspectives

Stem cells are crucial players in organ development, regen-
eration, and disease. However, the definition of stem cells and
their potential in these physiological and pathological pro-
cesses are unclear unless we can precisely track their lineage
commitment. Owing to the efforts of this community, cell-trac-
ing strategies have been developed for more than a century.
From transplantation, transfection, and viral transduction to
the recently developed and widely used approach of genetic
recombination, diverse new techniques have been evolved for
more specific and precise cell fate or behavioral studies. Among
these techniques, genetic recombination mediated by SSR
systems is one of the most powerful tools to achieve these
goals. Compared with conventional tools, powerful multiple
recombinase—mediated genetic approaches enhance the spec-
ificity and precision of cell fate mapping, permitting the discov-
ery of unprecedented cell events in biological processes. Com-
bined with live imaging, we can observe the cell behaviors more
accurately and comprehensively. We could also manipulate
the function of one cell lineage, such as proliferation inhibition
(77), and observe the behavior of another cell lineage simul-
taneously to see how cell-cell communication coordinating
development or tissue repair and regeneration. The new ge-
netic systems could also be combined with CRISPR-Cas9—
mediated barcoding, for more complex but higher resolution
for single cell fate studies. For these iterations and wide appli-
cation, more genetic tools should be developed, such as multi-
ple recombination—mediated barcoding systems.
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