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Identification of progenitor cells that generate differentiated cell types during development,
regeneration, and disease states is central to understanding the mechanisms governing such
transitions. For more than a century, different lineage-tracing strategies have been developed,
which helped disentangle the complex relationship between progenitor cells and their prog-
enies. In this review, we discuss how lineage-tracing analyses have evolved alongside tech-
nological advances, and how this approach has contributed to the identification of progenitor
cells in different contexts of cell differentiation. We also highlight a few examples in which
lineage-tracing experiments have been instrumental for resolving long-standing debates and
for identifying unexpected cellular origins. This discussion emphasizes how this century-old
quest to delineate cellular lineage relationships is still active, and new discoveries are being
made with the development of newer methodologies.

Development of multicellular organisms
from a single-cell zygote is a complex pro-

cess involving highly synchronized events of
cellular proliferation, differentiation, and pat-
terning. For development to proceed in a regu-
lated manner, mechanisms exist that properly
regulate the generation of cell progenies from
specific progenitor populations. These progeni-
tor cells traverse a defined developmental trajec-
tory involving progressive fate decision steps,
each refining their identity, until they reach their
functional end state (Weinreb et al. 2018). Pro-
genitor cells also play important roles in the
mature animal, by serving as reservoirs of new
cell types in contexts of normal tissue turnover,
damage, and regeneration (Pellettieri and Alva-
rado 2007). Concordantly, a major endeavor of
developmental biology has been to identify the

progenitors from which different cell types
originate, thereby establishing lineage relation-
ships between different cells. Over the last cen-
tury, a large number of techniques and model
systems have been developed for efficient and
reliable “lineage tracing”—the identification of
progenies generated from a progenitor cell type
(reviewed by Kretzschmar and Watt 2012;
Woodworth et al. 2017).

The importance of lineage tracing lies not
only in revealing the identity of progenitor cells,
but is also central to the quest for understanding
how the different fate decisions are made and
how different cell types can be produced from
the same progenitors. The identification of cel-
lular origins for differentiated cell types also
have important functional implications, espe-
cially in cases where seemingly identical cell
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types are derived from ontologically distinct sub-
sets. A growing number of studies have described
how similar cell types, derived from ontologically
distinct subsets, can show different properties
(Topouzis andMajesky 1996; Cheung et al. 2012;
Plein et al. 2018; Sande-Melón et al. 2019). In-
deed, the importance of “lineage history” of a cell
is underlined by the recent proposal that a full
characterization of cellular identity requires un-
derstandingof three essential aspects: lineage, cel-
lular function, and state (Morris 2019).

Identification of progenitors of differentiat-
ed cells is not a straightforward process. Because
differentiation can make progenies very distinct
from their progenitors, both in morphology and
molecular composition, clonal relationships be-
tween cell types can only be discovered through
well-strategized techniques. The basis of line-
age-tracing experiments consists in selecting a
reliable and specific identifier for a cell or a cell
population that is stable over the experimental
time and is inherited by all its progenies through
the subsequent rounds of cell division and dif-
ferentiation (Fig. 1A). At the experimental end
point, the identifier should be readily detected in
the cells that inherited it (the progenies), thus
allowing to establish lineage relationships be-
tween them and the cells bearing the identifier
at the beginning of the experiment. Typically,
visual identifiers are used such as dyes or fluo-
rescent proteins (FPs), but other identifiers like
genetic barcodes, or heritable change in the ge-
nome have also been successfully used.

Herein, we review different lineage-tracing
techniques and discuss how they help uncover
novel progeny–progenitor relationships among
various cell types and in different contexts. We
focus primarily on model systems that were
most influential in establishing vertebrate cell
lineages, including mouse, zebrafish, salaman-
der, and quail-chick chimeras.

TOOLS FOR LINEAGE TRACING

A Historical Perspective

As advancements were made on light microsco-
py, the 17th century saw an increased interest in
microscopic observation and description of liv-

ing specimens. As a result, the cell theory, rec-
ognizing that living organisms are made of cells,
and that cells derive from preexisting cells (for
reviews, see Wolpert 1995; Mazzarello 1999),
was formally formulated in 1838–1839. This
new insight led to a fundamental question—“If
all cells come from preexisting cells, then how is
thewhole array of spectacular cell diversity with-
in an organism generated?” The quest for under-
standing the mechanisms underlying cell-type
diversification, has led to an interesting path of
discoveries that remains active to this day.

Since the beginning, one of the biggest chal-
lenges of lineage-tracing experiments has been
finding ways to reliably track specific cells and
their progenies within the entire population.
Some of the earliest work on lineage tracing
took advantage of invertebrate animal models,
such as leech (Whitman 1887) and sea squirt
(Conklin 1905), for direct microscopic observa-
tions of early development of the fertilized egg.
Edwin Conklin, for instance, used a natural label
—an orange-yellow spot—in the cytoplasm of
the one-cell-stage sea-squirt egg, that was car-
ried with the cells in subsequent divisions and
could be followed up to the tadpole stage (Conk-
lin 1905). This spot, called the “yellow crescent”
is now known to contain lipid inclusions
that migrate to the vegetal hemisphere of the
egg immediately after sperm entry (Gilbert
2000). Conklin was able to trace the cells for
up to eight rounds of cell division and found
the yellow cytoplasmic cells to generate meso-
dermal structures. Unfortunately, natural labels
are not readily available for most model systems,
and, thus, highlighting specific cells in the rap-
idly dividing and differentiating embryo called
for the establishment of more sophisticated
methodologies.

The use of “vital dyes” that stain living cells
without killing them became one such way to
label and follow cells. The power of this ap-
proach was shown by Walter Vogt, who con-
structed a fate map of the 32-cell-stage Xenopus
embryo (Vogt 1929; discussed in Anderson and
Dietrich 2012). Small pieces of agar chips were
saturated with vital dyes and applied to the dif-
ferent regions of the late-blastula embryo. Cells
that absorbed the dye retained the label over
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Figure 1. Lineage tracing and usage of Cre-lox-mediated site-specific recombination. (A) Basic outline of lineage
tracing. “Cell-identifier” of various kinds are introduced in selected cells (red), that are inherited by the daughter
cells. “Cell-identifier”-tagged cells (red) at later stages of life are identified as the progenies of these initially tagged
cell(s). (B,B0) Cre-lox recombination system is commonly used for lineage tracing. Cell-specific transcriptional
drivers, inducing expression of Cre recombinase allows recombination between loxP sites, which in turn results
in expression of a reporter gene. The progenies of these cells (in green), also expressing the reporter, can be
identified at different stages of life.
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days and passed it on to their daughter cells,
thereby enabling tracing of cells from gastrula-
tion to the early organs they formed. This ap-
proach was further improved by the use of lipid-
soluble, but water-insoluble, carbocyanine dyes
that reduce their diffusion to neighboring cells,
thus increasing the reliability of the results (for
review, see Hsu 2015). However, externally add-
ed dyes whose intracellular concentrations be-
come diluted with every round of cell division,
could not be used to trace cell progenies for long
time periods. In recent years, the advent of
transgenic techniques and genetically expressed
FPs, has significantly expanded the term of lin-
eage-tracing experiments (discussed in the sec-
tion below on lineage tracing).

In addition to labeling cells to serve as
identifiers, experiments involving transplanta-
tion of cells from one embryo to another have
also yielded important cell lineage discoveries.
Many important notions in developmental
biology, such as the organizer concept, have em-
erged from transplantation experiments. This
technique involves grafting a desired piece of
tissue from one embryo (donor) to another
(host), and then tracing the fate of the donor
cells within the host embryo. The important re-
quirement of this methodology is the ability to
distinguish between donor and host cells in the
host embryo. In the classic Spemann–Mangold
organizer experiment, for instance, a salaman-
der host embryo with a distinct pigmentation
pattern was grafted with tissue from an unpig-
mented donor (Spemann and Mangold 1924).
Hence, by tracing the unpigmented cells within
the resulting chimera, the fate of the donor tis-
sue could be revealed. Additional important
progenitor cell discoveries were made using
the quail-chick chimera system. Chimeras gen-
erated from chick and Japanese quail embryos
have been useful because the cells from each
animal could be identified by the differences in
their interphase nuclei (Le Douarin 1973). This
system has contributed extensively to the iden-
tification of the progenies of neural crest cells
and the neural primordium (for reviews, see
Le Douarin 1980, 2004). Mammalian chimeras
have also been insightful for lineage tracing (for
review, see Mascetti and Pedersen 2016). Using

mouse chimeras, Gardner and Rossant (1979)
identified the progenitors present in the late
blastocyst that generate the entire fetus versus
those that generate the extraembryonic tissues.
Thus, transplantation-based lineage tracing has
been used in different models for identifying
new progenitor–progeny relationships. Howev-
er, these experiments could also render mislead-
ing conclusions as the donor cells might behave
differently in the host body.Moreover, the trans-
plantation process involves wounding that can
also change the behavior of the cells.

During the last decades, site- and temporal-
specific genetic recombination has become the
most extensively applied lineage-tracing meth-
od. The development of various FPs, microsco-
py, transgenesis techniques, and genome editing
has further improved this endeavor.

Lineage Tracing through Site-Specific
Recombination

The discovery of site-specific recombination
systems in bacteriophages and yeasts, and the
exploitation of these systems as tools for specific
manipulation of the genome, have brought
about major improvements in lineage tracing.
One of the most commonly used site-specific
recombination system in vertebrates is the Cre-
lox system (Fig. 1B). LoxP sites are short DNA
stretches from the coliphage P1, which under
the catalyzing influence of the recombination
enzyme Cre recombinase (Cre), undergo DNA
cleavage and reciprocal strand exchange with
another loxP site (Sternberg and Hamilton
1981; reviewed by Gierut et al. 2014). Because
animals lack this system, it can only be engi-
neered through transgenesis, allowing site-spe-
cific recombination at the genomic locations
where loxP has been introduced. For lineage
tracing, a stable transcriptional driver is engi-
neered upstream to a reporter gene (usually cod-
ing for an FP or LacZ), and a loxP flanked stop
signal (loxP-STOP-loxP) is placed between these
two sequences (Fig. 1B). In the presence of
Cre, recombination of the loxP sites removes
the interfering loxP-STOP-loxP sequence and
allows expression of the reporter gene. Cre, on
the other hand, is expressed through a cell-
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specific transcriptional driver that can be specif-
ically induced within a desired cell population.
To achieve temporal control of the system, Cre is
fused with a mutant ligand-binding domain of
the human estrogen receptor (CreER) (Danie-
lian et al. 1993; Metzger et al. 1995; Feil et al.
1996) that does not bind to the endogenous
estradiol, but can be activated through experi-
mental exposure of synthetic ligands such as
tamoxifen or 4-hydroxytamoxifen (CreERT2).
Exposure to tamoxifen leads to translocation
of CreER into the nucleus, where it induces re-
combination of the DNA at the loxP sites. Be-
cause this change in DNA is heritable and irre-
versible, the progenies of these cells can be
traced throughout life based on the expression
of the reporter (Fig. 1B0).

Lineage tracing through site-specific recom-
bination is not without drawbacks (discussed
in Semo et al. 2016). Conclusions derived from
these experiments largely depend on the accu-
racy of the transcriptional drivers used for
expressing Cre. In certain cases, leakiness and
promiscuity of Cre expression, may cause unde-
sirable labeling, hampering the interpretation of
the results. For example, Payne et al. (2018) have
described how certain Cre lines commonly used
in endothelial cell (EC) research also highlight
non-EC populations.

One way to tackle the problem of promiscu-
ous Cre expression has been the use of a “dual
recombinase system” (Fig. 2A,A0; He et al.
2017). This method uses the Dre-rox recombi-
nation system (Sauer and McDermott 2004), in
which Dre induces DNA recombination at the
rox sites. The method has been used when a Cre
driver is available for labeling the desired cell
type (“dCells”), but it also labels additional cells
(“aCells”). This method has been used in two
different ways: In one case (Fig. 2A), a transcrip-
tional driver expressed in aCells but not in
dCells, is engineered to express Dre (Li et al.
2018). By using a dual reporter line “driver-
loxP-rox-Stop-loxp-reporter1-Stop-rox-reporter2,”
it is ensured that Dre-rox recombination will
excise reporter 1 sequence in the Dre+ aCells,
rendering sole expression of reporter 2. Subse-
quent induction CreERT2 activity will result in
exclusive expression of reporter 1 in cells where

Dre-rox has not disrupted its sequence (i.e.,
dCells, which are CreERT2+, Dre–). The second
strategy (Fig. 2A0; Liu et al. 2019) is useful when
two different drivers are available for the dCells
(Dre+, Cre+), but both of them also label addi-
tional sets of aCells (each either Cre+ or Dre+).
In this case, the reporter line is programmed to
allow simultaneous recombination of both loxP
and rox sites (through a “driver-rox-Stop-rox-
loxp-Stop-loxp-reporter”) in a given cell, thereby
rendering exclusive expression of the reporter
only in cells that are both Cre+ and Dre+. The
dual recombinase system has been successfully
used to analyze cardiomyocyte renewal (Li et al.
2018, 2019) (further discussed below in the sec-
tion Assessing Progenitor Cells in Adult Health
and Disease) as well as liver (Han et al. 2019)
and lung regeneration (Liu et al. 2019).

Another innovative application of the Cre-
lox system for lineage tracing consists of the la-
beling of any given cell with a unique color re-
sulting from the combinatorial expression of
three or four FPs (Fig. 2B). This method, known
as “Brainbow” as was first used to label neurons
in the brain (Livet et al. 2007), is engineered such
that induction of Cre at a particular time point
would trigger stochastic recombination and
therefore variable expression of FPs, rendering
cells displaying distinctive spectral emissions
that will be inherited by its progenies. Thus,
this technique allows tracking of multiple cells
in the same animal, each distinguished based on
their unique spectral emission (Hampel et al.
2011; Gupta and Poss 2012; Pan et al. 2013;
Currie et al. 2016). Simplified versions of this
approach, including the confetti (Snippert
et al. 2010) and the Rainbow systems (Red-
Horse et al. 2010; Rinkevich et al. 2011), were
created through modification of the Brainbow
cassette (Snippert et al. 2010). These systems
harbor one copy of the construct per haploid
genome (reviewed by Weissman and Pan
2015), and thus Cre induction, instead of pro-
ducing combinatorial expression of FPs, allows
each cell to express only one of the three (Rain-
bow) or four (confetti) FPs. Although in these
systems cells can acquire a limited number of
colors, image acquisition and analysis are less
complex than with the Brainbow system.

Progenitor Cell Discovery through Lineage Tracing
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reporter 1 (green). (Legend continues on following page.)
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Identifying Progenitors through Live Imaging
and Photoconvertible Proteins

Direct visualization of cellular genesis is one of
the concrete methods for identifying progenitor
cells. However, limited optical accessibility has
traditionally restricted thewidespread use of live
imaging in most model organisms. In recent
years, with advancements in imaging technolo-
gies, real-time observation of cellular events has
becomemore achievable. The zebrafish is one of
the most widely adopted vertebrates for live im-
aging because of its transparency during embry-
onic and larval stages (discussed in Nguyen and
Currie 2018). In addition, the availability of pig-
mentation mutants (White et al. 2008), along
with the advancements in anesthetic methods
(Daetwyler et al. 2019), have enabled further
improvement in deep tissue- and long-term im-
aging. In the case of murine models, creation
of imaging windows exposing specific organs
(intravital imaging) combined with the use of
multiphoton microscopy have provided ample
opportunities for recording progenitor cell
behavior (for review, see Nguyen and Currie
2018). Such “imaging windows” have been suc-
cessfully used to visualize cellular dynamics in
the hair follicle (HF) (Rompolas et al. 2012),
intestinal crypts (Ritsma et al. 2014), mammary
glands (Zomer et al. 2013), hippocampus (Pilz
et al. 2018), and many more (reviewed by
Prunier et al. 2017). One great advantage of
live imaging is that not only it reveals the pro-
genitor–progeny relationships, but also the
interaction between the progenitor and its mi-
croenvironment. This is particularly important
because the microenvironment is known to play

a major role in determining progenitor cell be-
havior and specification (reviewed by Batlle and
Clevers 2017).

Another approach for lineage tracing in-
volves usage of photoconvertible FPs. These
proteins can be transformed from one fluores-
cent state to another, following activation by
specific wavelengths. For instance, the photo-
convertible protein Kaede, isolated from the
stony coral Trachyphyllia geoffroyi, switches
from green to red fluorescence emission after
ultraviolet/violet light irradiation (Ando et al.
2002). This property allows the use of violet light
to specifically highlight a single cell or a small
group of cells within a large population of Kaede
expressing cells. This is particularly useful in
optically accessible tissues and in cases where
it is not possible to genetically label small-cell
populations because of the lack of specificmark-
ers. The tool is often combinedwith live imaging
to enable precise tracking of the trajectory of a
photoconverted cell, or can be used for pulse-
chase experiments, in which photoconverted
cells and their progenies are identified at later
time points. The use of both these strategies in
the transparent zebrafish embryo revealed, for
instance, how specialized progenitor cells in
the embryonic vein generate lymphatic vessels
and blood vessels of various developing organs
(Hen et al. 2015; Nicenboim et al. 2015). Over
the years, a number of photoconvertible pro-
teins have been discovered (Wiedenmann et al.
2004; Tsutsui et al. 2005), and variants have
been created for increased efficiency (McKinney
et al. 2009). Yet, it is important to keep in mind
that photoconvertible proteins are suited for
tracing cells for relatively short timescales, as

Figure 2. (Continued) (A0) In certain cases (scenario 2), combinatorial expression of both Cre andDre is required
for the reported gene expression, restricting the reporter expression only in the overlapping cells. Cells that
express only Cre (blue) or Dre (violet) cannot express the reporter, but combinatorial recombination in the
desired cell (green) allows the expression of the reporter. (B) The multicolor system depends on stochastic and
combinatorial expression of different fluorescent proteins (FPs) that allow unique spectral emission from dif-
ferent cells and, thus, uniquely labeling them. The construct allows expression of dTomato (outcome I) without
any recombination. Cre mediates recombination either between the lox2272 or the loxN sites, resulting in the
expression of CFP (outcome II) or YFP (outcome III). By inheriting multiple copies of the construct, and
different outcomes from each copy, each cell independently acquires a unique combination of the FPs, resulting
in unique spectral emission.
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their concentration is diluted with each round of
cell division. Interestingly, recent work analyz-
ing zebrafish neuromast regeneration has sug-
gested that nuclear localized photoconvertible
proteins are suited for longer tracing ex-
periments by being protected from degrading
components of the cytoplasm (Thomas and
Raible 2019).

In the next section, we summarize some of
the important discoveries of progenitor cells
made through the use of lineage-tracing tools.

IDENTIFICATION OF NOVEL CELLULAR
ORIGINS DURING EARLY DEVELOPMENT

Progenitors of Hematopoietic Stem Cells

The origin of blood cells has been a focus of
intense debate for most of the twentieth century.
The identification of hematopoietic stem cells
(HSCs) that can generate all blood cell lineages
(for review, see Orkin 2000) called for the de-
termination of their own progenitors. Lineage-
tracing experiments performed in chick, mouse,
and zebrafish provided strong evidence for the
role of early ECs, called hemogenic endothelium
(reviewed by Gritz and Hirschi 2016), in gener-
atingHSCs. In chick, ECswere originally labeled
by injection of a nonreplicative spleen necrosis
virus (SNV) vector harboring the lacZ reporter
gene (Jaffredo et al. 2000). By visualizing the
lacZ-labeled ECs at different time points, it
was established that many of them express
CD45, an important surface antigen of hemato-
poietic progenitors. ECs expressing CD45 were
also detected in the floor of the aorta (Jaffredo
et al. 2000). Later on, amore definite proof of the
existence of the hemogenic endothelium came
from lineage-tracing experiments in the mouse.
Using VE-cadherin-CreERT2 transgenic mice
(Monvoisin et al. 2006), which label both devel-
oping and mature endothelium, Zovein et al.
(2008) labeled ECs at E9.5 and showed that
the label was carried over at later stages by
HSCs. These EC-derived progenies were also
shown to populate the fetal liver and bone mar-
row, the sites of haematopoesis at different de-
velopmental stages. Definite confirmation for
these results arrived from live-imaging experi-

ments in mouse (Boisset et al. 2010) and zebra-
fish (Bertrand et al. 2010; Kissa and Herbomel
2010; Lam et al. 2010). In zebrafish, three sepa-
rate studies used elegant live imaging of trans-
genic embryos bearing fluorescently labeled ear-
ly hematopoietic progenitors to show that ECs
from the floor of the dorsal aorta indeed bud off,
migrate to the HSC niche, and seed the HSC
population (Fig. 3A).

The Origins of Blood Vasculature

Blood vessels are one of the early forming sys-
tems in the embryo. Sabin, in 1917, made visual
observations in live chick embryos to describe
the emergence of angioblasts from mesoderm,
which serve as progenitors for ECs (Sabin 1917).
Later on, the splanchnopleuric mesoderm was
identified as the subset from which ECs emerge
(reviewed by Risau and Flamme 1995). This or-
igin of early ECs remained almost unchallenged
for decades, with the exception of the liver, in
which certain EC subsets were shown to be gen-
erated from endoderm (Goldman et al. 2014)
and endocardium (Zhang et al. 2016b). Most
recently, a lineage-tracing study in mouse re-
vealed a new and surprising cell type contribut-
ing to blood vessels—the yolk sack–derived
erythromyeloid progenitors (EMPs) (Plein et
al. 2018). Analysis of an inducible Csf1r-Cre
mice, which labels EMPs along with their de-
rivedmicroglia and other differentiated myeloid
cells, also revealed sparse labeling of ECs. These
EMP-derived ECs were detected in the adult
animal and in multiple organs, including the
liver, where ∼60% of its ECs derived from this
population.

One of the vascular beds that has attracted a
lot of interest because of its high clinical impor-
tance are the coronary vessels (for review, see
Sharma et al. 2017). The origins of the coronary
vasculature have a been a subject of extensive
debate, propelled in large part by lineage-trac-
ing experiments, each highlighting the contribu-
tion of different progenitor populations. Early
anatomical examinations in mammals, such as
pig (Bennett 1936), led to the idea that coronary
arteries are derived from the aorta and veins
from the sinus venosus (SV) (reviewed by Tian
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zebrafish embryos revealed the existence of hemogenic ECs (green) in the dorsal aorta (DA), whichmigrate to the
caudal end of the embryo and seeds in the cardinal vein (CV), also called caudal hematopoietic tissue (CHT).
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phatic vessels (green) have been revealed through lineage-tracing experiments over the years.
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et al. 2015; Sharma et al. 2017). However, a num-
ber of lineage-tracing studies using chick and
quail-chick chimeras identified the proepicar-
dium, a transient extracardiac structure that
gives rise to most of the epicardium as the major
source for coronary vessels (Mikawa and Fisch-
man 1992; Pérez-Pomares et al. 2002; reviewed
byMajesky 2004). Cre-lox-based lineage tracing
in mouse models, however, showed conflicting
results, and did not support proepicardium or
its epicardium derivatives as a major contrib-
utor of coronary vessels. Reporter-mediated
labeling of different epicardium populations,
such as Gata5+ (Merki et al. 2005), Tbx18+

(Cai et al. 2008), and Wt1+ (Zhou et al. 2008),
did not show major labeling of coronary vessel
endothelium. Later, two subsets of proepicar-
dium (Sema3D+ and Scx+) were shown to con-
tribute toward a fraction of the coronary endo-
thelium (Katz et al. 2012). Yet, the main source
of coronary vessels was found to be the SV (Red-
Horse et al. 2010). By following coronary ECs
specifically labeled by the apelin-nlacZ driver
and clonal analysis of VE-cadherin-CreERT2-
derived clones, the SV was identified as the ma-
jor source of coronary ECs. These results were
further confirmed by lineage tracing of SV en-
dothelium-specific Apj-CreERT2 cells (Chen
et al. 2014). Interestingly, the endocardium
was also proposed as an additional source of
coronary vessels (Chen et al. 2014). Recently, it
has been reported that the SV-derived coronary
veins give rise to coronary arteries as well
through gradual fate switching (Red-Horse
et al. 2010; Su et al. 2018). However, a minor
fraction of coronary arteries was shown to be
derived from the Npr3+ endocardial population
(Zhang et al. 2016a).

Mixed Origins of Lymphatic Endothelial Cells

The origins of lymphatic endothelial cells
(LECs) have been pondered over and debated
since the early twentieth century (reviewed by
Semo et al. 2016). Twomain theories took shape
—the centrifugal or venous theory—which ar-
gued that lymphatics originate from the cardinal
vein (CV) and spread in the body from the cen-
ter toward the periphery (Sabin 1902, 1904), and

the centripetal or nonvenous theory, claiming
that LECs derive from mesenchymal clusters
that grow from the periphery toward the center
(Huntington and McClure 1910). The contro-
versy between these two models remained vivid
until the past decade, when the use of lineage-
tracing tools shed much light on this issue. By
following the development of the vasculature
through live imaging of zebrafish embryos, Ya-
niv and colleagues showed that posterior CV
(PCV)-derived ECs generate the trunk lymphat-
ics (Yaniv et al. 2006). In similar fashion, induc-
tion of lacZ reporter through Prox1-CreERT2,
confirmed that LECs emerge from veins in the
mouse as well (Srinivasan et al. 2007). Although
these studies strongly supported the “venous
theory,” later work in zebrafish and mouse re-
vealed that lymphatic vessels have much more
heterogeneous origins (reviewed by Ulvmar and
Mäkinen 2016). A combination of live imaging
and lineage-tracing approaches in zebrafish led
to the surprising finding that although LEC pre-
cursors emerge from the PCV, they do so from a
population of angioblasts residing within the
PCV (Nicenboim et al. 2015). Indeed, these
PCV-resident progenitors, which display certain
features of undifferentiated ECs, could also gen-
erate veins and arteries for the neighboring
organs (Hen et al. 2015). Also in the mouse, a
recent study reinforces the idea that only specific
cells in the CV have the potency to generate
LECs (Stone and Stainier 2019). Though the
large majority of CV-ECs are known to derive
from the lateral plate mesoderm, Stone and
Stainier, showed that Pax3-Cre, which traces
the paraxial mesoderm (PXM), labeled a subset
of cells in theCV. Interestingly, LECs ofmultiple
organs and tissues were in fact derived from this
specific subset. Furthermore, conditional dele-
tion of Prox1 in the PXM led to severe defects in
LEC differentiation. Many other studies pointed
at a mixed origin for specific lymphatic popula-
tions (Fig. 3B). These included c-kit+ cells in the
mouse mesentery (Stanczuk et al. 2015) and lo-
cal blood capillary plexus in the skin (Pichol-
Thievend et al. 2018). In the case of the heart,
the majority of the LECs are thought to be of
venous origin (Klotz et al. 2015) that emerge
from the CV ∼E9.5–10.5 (Gancz et al. 2019),
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with additional contributions from nonvenous
sources such as the yolk sac hematopoietic de-
rivatives (Klotz et al. 2015) as well as Isl1+ sec-
ond heart field cells (Maruyama et al. 2019).
Similarly, live imaging of the facial lymphatics
in the zebrafish revealedmixed venous and non-
venous origins (Okuda et al. 2012; Eng et al.
2019).

Multiple Progenitors of Vascular Smooth
Muscle Cells

Vascular smooth muscle cells (VSMCs) are
intimately associated with the endothelium,
and their dysregulation is involved in various
human diseases (for review, see Gaengel et al.
2009). Lineage-tracing experiments have re-
vealed multiple origins for VSMCs, and differ-
ences in their ontogeny have been linked to
functional differences. Neural crest cells were
the first to be reported to give rise to VSMCs
in the “quail-chick” chimera. When a piece of
quail cranial neural tube was grafted into the
chick, the donor generated progenies that pop-
ulated the walls of the pharyngeal arch arteries,
whereas the ECs of these vessels remained that
of the host (Le Lièvre and Le Douarin 1975).
More than two decades later, the same was
seen in a mouse model when Cre-lox-mediated
lacZ-labeled neural crest cells were shown to
generate VSMCs (Jiang et al. 2000). Since
then, several lineage-tracing studies have uncov-
ered a wide variety of progenitor cell types gen-
erating VSMCs (for review, see Majesky 2007).
These include second heart field cells (Waldo
et al. 2005), different subsets of mesothelium
(Mikawa and Gourdie 1996; Wilm et al. 2005),
somites (Pouget et al. 2006), mesoangioblasts
(Minasi et al. 2002), certain progenitors that re-
side in vessel walls (Hu et al. 2004), and ECs
(Chen et al. 2016). Recent work in zebrafish
used live imaging of photoconvertible Kaede-
expressing cells and showed that the VSMCs
recruited in the developing dorsal aorta derive
from sclerotomal progenitors, whereas neural
crest cells were not found to contribute (Strat-
man et al. 2017).

VSMCs, along with their multiple progen-
itors, form an important model to understand

the potential link between lineage history and
function. Indeed, many of these ontologically
different subsets of VSMCs show anatomical
segregation (Sinha et al. 2014; Sawada et al.
2017), and single-cell transcriptional profiling
shows that the anatomical segregation often
correlates with differences in gene expression
(Dobnikar et al. 2018). In addition, distinct
VSMC subtypes have been shown to respond
differently to various signaling triggers (To-
pouzis and Majesky 1996; Cheung et al. 2012),
a fact that is important in atherosclerosis
(Cheung et al. 2012) and aneurysms (Lindsay
and Dietz 2011). Accordingly, lineage-tracing
tools have been applied to understand the rela-
tive contribution of different VSMCs to the for-
mation of atherosclerotic plaques (for review,
see Basatemur et al. 2019). Multicolor “confetti”
labeling of SMCs in mice showed that only a
few VSMC cells are involved in generating most
of the plaques (Chappell et al. 2016; Jacobsen
et al. 2017), raising the possibility of a link be-
tween the lineage history of these cells and dis-
ease susceptibility.

ASSESSING PROGENITOR CELLS IN ADULT
HEALTH AND DISEASE

Adult Progenitor Cells and Regeneration

In addition to embryonic development, main-
tenance of tissues throughout the life span
involves cellular turnover, proliferation, and dif-
ferentiation (Pellettieri and Alvarado 2007).
These processes require a source of new differ-
entiated cells, and lineage-tracing tools have
been instrumental in revealing the identities of
these progenitor sources. In general, different
organs have evolved different strategies for pro-
genitor cell recruitment (reviewed by Clevers
and Watt 2018). One of them is the use of a
dedicated stem cell pool, as is the case in the
mouse HF. Each HF harbors stem cell popula-
tions that can regenerate the follicle during hair
cycle or injury (reviewed by Blanpain and Fuchs
2006). Using [3H]TdR-labeling experiments, a
site within the HF called bulge was shown to
harbor slow cycling cells, a feature of quiescent
stem cells (Cotsarelis et al. 1990). These cells
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were later shown to generate other cells of the
HF (Taylor et al. 2000) and also displayed dis-
tinctive gene expression patterns (Morris et al.
2004; Tumbar et al. 2004). Using adult bulge-
specific, inducible Krt1-15-Cre, these cells were
shown to generate all components of the cuta-
neous epithelium (Morris et al. 2004). A direct
visualization of this process was performed
through intravital microscopy that revealed that
evenwithin the cells in the bulge region, there are
locations from where the stem cells are more
likely to participate in the differentiation process
(Rompolas et al. 2012), showing the presence of
more active cells within the quiescent population
of stem cells. Interestingly, it was also revealed
that ablation of the bulge cells induce neighbor-
ing epithelial cells (that are not usually involved
in hair growth) to replenish the stem cell com-
partment from which follicle growth resumes
(Rompolas et al. 2012). This showed the impor-
tance of the microenvironment in inducing and
maintaining stem cells pools.

Tissue-resident stem cells have also been
well described in the adult intestinal epithelium,
brain, and blood-generating cells (reviewed by
Li and Clevers 2010; Bond et al. 2015). However,
existence of progenitor pools is not a general
mechanism. In the heart for instance, the dual
recombinase system has been used to show that
nonmyocytes do not generate myocytes in the
neonatal or the adult mouse (Li et al. 2018,
2019), providing strong support for the absence
of cardiac stem cells in the adult, an issue of
intense controversy in the last two decades (dis-
cussed in Lee 2018; Maliken and Molkentin
2018). Existence of dedicated stem cells in liver
has also been controversial. A study that labeled
adult differentiated hepatocytes found that in
steady-state these can replicate to produce addi-
tional daughter cells without dedifferentiation
(Malato et al. 2011; for reviews, see Stanger
2015; Clevers andWatt 2018).Moreover, during
regeneration, there seems to be minimal contri-
bution fromother cell types. This was in contrast
to previous findings claiming the existence of a
Sox9+ progenitor population in the liver (Furu-
yama et al. 2011; discussed in Stanger 2015).
Recently, however, a new study has proposed
that within the hepatocyte population some,

which are Sox9+, can produce both hepatocytes
and ductal cells, displaying bipotent character-
istics (Han et al. 2019). Another study using
single-cell RNA sequencing of human liver
suggested the existence of bipotent progenitors
expressing intermediate levels of TROP2 (Ai-
zarani et al. 2019), although in vivo lineage-
tracing experiments confirming these findings
are lacking.

Adult mammals possess very limited re-
generation capabilities. However, certain verte-
brates, such as fishes and amphibians, show
remarkable abilities to regenerate their organs.
A description of salamander limb and tail re-
generation came as early as 1768 (Spallanzani
1768; reviewed by Tsonis and Fox 2009),
followed by fish fin regeneration in 1786
(Broussonet 1786). In both cases, the loss of
appendage causes generation of a transient
and heterogeneous mass of proliferating cells
called blastema, which rapidly regenerates the
lost structure (for reviews, see Tanaka 2016;
Chen and Poss 2017). Lineage-tracing tools
and live imaging have been instrumental in re-
vealing the dynamics of progenitor to progeny
differentiation taking place during the forma-
tion of the blastema and the subsequent regen-
erated structures (Fig. 4). Through a series of
green fluorescent protein (GFP)-labeled trans-
plants in unlabeled salamander, it was revealed
that blastema cells are restricted progenitors
that can only yield cells of the same lineage
from which they are born (Kragl et al. 2009).
Interestingly, Cre-lox-based lineage-tracing
studies have uncovered multiple strategies used
by tissues for progenitor recruitment during
regeneration. For instance, the progenitor cells
that generate skeletal muscles in the regenerat-
ing limb of the salamander species Notophthal-
mus viridescens, originate through dedifferen-
tiation of existing muscle fibers. In contrast, in
the salamander species Ambystoma mexica-
num, the muscle-generating progenitors derive
from pax7+ satellite cells (Fig. 4; Sandoval-Guz-
mán et al. 2014). Lineage-tracing analyses in
zebrafish fin regeneration also supported a
fate-restricted nature of blastema cells (Fig. 4;
Tu and Johnson 2011). However, a subsequent
study showed that, although normally lineage-
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restricted progenitors (osteoblasts in this case)
give rise to the same cell types, on osteoblast
ablation new osteoblasts can derive from alter-
native sources within the blastema (Singh et al.
2012). These results indicated that blastema
cells may have more potency than previously
appreciated and the microenvironment may
play an important role in such contexts.

The origins of the newly formed vasculature
in the regenerating fin have also been investigat-
ed through live imaging of adult fish (Xu et al.
2015). Interestingly, the study revealed that the
arteries of the regenerating fin are generated
from venous-derived ECs. Further lineage-trac-
ing work on development of these vessels would
be required to fully understand whether such a
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Blastema formation
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regeneration

Newt

AxolotlPax7+ satellite cells

Before amputation Blastema Regenerated cell types

Muscle fibers

Differentiated
cell types

Differentiated
cell types
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Osteoblast
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Differentiated
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Blastema formation

Zebrafish fin regeneration
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Figure 4.Progenitors in appendage regeneration. Axolotl limb and zebrafish fin regenerate through the formation
of undifferentiated blastema (depicted in green for axolotl and yellow for zebrafish), which generates the differ-
entiated cell types of the regenerating structure. Blastema cells are fate-restricted, which yields differentiated
progenies of the same lineage from which they are born. The exact progenitors might differ between species, as
progenitors for regenerating muscles are derived from differentiated muscles in newts, but from the satellite cells
in case of axolotl. Although lineage-restricted blastemal progenitors are also described in zebrafish fin regener-
ation, osteoblasts (red cells) ablated before the amputation can still yield regenerating osteoblasts. This indicates
that other cell types in the blastema can also differentiate to osteoblasts when required.
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mode of fin vasculature formation is seen only
during regeneration or also during normal de-
velopment.

Overall, the status of progenitor cells in dif-
ferent organs of the adult organism differs sub-
stantially, and many remain understudied.
Future lineage-tracing and functional studies
would be essential to shed light on the contri-
bution of these progenitors to organ regenera-
tion and repair.

Lineage Tracing in Cancer Research

Although the last decades have witnessed enor-
mous advances in our understanding of the ge-
netic basis of cancer and the molecular events
that lead to cancerous growth and malignancy,
much less is known regarding specific cell sub-
populations in which accumulation of muta-
tions allows cancer development and progres-
sion (discussed in Blanpain 2013). Several
studies have shown that certain cells within a
tissue have higher tumorigenic potential, even
when other cells accumulate equivalent muta-
tions (Fig. 5A; reviewed by Visvader 2011; Blan-
pain 2013). Uncovering the identity of these
“cell(s)-of-origin,” holds great promise for ther-
apies aimed at preventing cancer progression at
the initial phases of the disease (Visvader 2011).
In the last decade, lineage-tracing tools have
been increasingly used to identify the “cell-of-
origin” for different cancer types. A common
approach for such experiments has been the
use of a Cre-lox system engineered to activate
specific oncogenes or to knock out specific tu-
mor-suppressor genes in restricted cell subsets
(Fig. 5A0). Using this strategy, it was shown that
knockout of the Apc tumor-suppressor gene in
the Lgr5+ intestinal stem cells causes rapid
transformation of these cells and results in for-
mation of long-lived macroscopic adenomas
within 3–5 weeks (Barker et al. 2009). In con-
trast, Apc loss in a subset of transit-amplifying
cells, resulted in microadenomas, whose growth
was rapidly arrested. A more detailed work has
been performed onmousemodels of skin cancer
(for reviews, see Blanpain 2013; Sánchez-Danés
and Blanpain 2018). In squamous cell carcino-

ma (SCC), for instance, it was found that acti-
vating oncogenic KRas expression, in combina-
tionwith p53 deletion in K19+ or K15+HF bulge
cells and their immediate progenies or in the
Inv-CreER-labeled interfolicular epidermis
(IFE), led to SCC (Lapouge et al. 2011; White
et al. 2011). However, Shh+ HF transit-amplify-
ing cells with the same genetic alterations were
not competent to initiate SCC. Although both
HF bulge cells and IFEwere competent to initate
SCC, the bulge cells produced less differentiated
and more invasive tumors, whereas IFE yielded
well-differentiated tumors (Latil et al. 2017).
This is because different cell types feature dis-
tinct transcriptional and chromatin landscapes
and, thus, similar genetic alterations can result
in different tumorigenic potential. In this case,
the HF bulge cells showed epithelial-to-mesen-
chymal transition (EMT), whereas IFE did not
(Latil et al. 2017). Thus, cell-of-origin for a tu-
mor also determines the final phenotype and the
cancerogenic potential.

Another intensively debated subject in can-
cer research is the existence of “cancer stem
cells” (CSCs) (Fig. 5B; reviewed by Kreso and
Dick 2014; Batlle and Clevers 2017; Scott et al.
2019). Akin to the stem cells that constitute a
fraction of different adult organs, tumors have
also been suggested to possess CSCs that can
self-renew and generate cells for tumor growth
and malignancy (Beck and Blanpain 2013). The
presence of these CSCs is proposed to be one of
the main reasons for relapse after chemothera-
py, which while destroying most of the tumor
cells, may miss a small fraction of CSCs that fuel
new neoplastic growth. Thus, the identification
of CSCs, along with the understanding of their
unique properties and cellular behaviors, may
hold a key to cancer therapy. In 2012, three
studies (Chen et al. 2012; Driessens et al. 2012;
Schepers et al. 2012) applying lineage-tracing
tools provided strong evidence supporting the
CSC hypothesis (discussed in Gilbertson and
Graham 2012). Using a mouse model of papil-
loma, it was shown that only a small number of
proliferating cells within a tumor generate the
majority of the tumor cells (Driessens et al.
2012). In this study, the Cre-lox system was
used to sparsely label basal cells (i.e., the prolif-
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Figure 5. Lineage tracing in cancer. (A) Specific cells (depicted in violet) in a tissue have higher tumorigenic
potential. (A0) These cell(s)-of-origin of tumors are identified using Cre-lox lineage-tracing strategies. Through
Cre-lox-mediated excision, oncogenes can be expressed by cell-specific transcriptional drivers (gain-of-function
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erating cells) of a papilloma. Although within 7
days 80% of the labeled cells were lost, the re-
maining 20% produced enormous numbers of
daughter cells whose progenies were capable of
differentiating into all other cell types of the
tumor. A similar conclusion was reached using
the multicolor confetti system to trace the be-
havior of Lgr5+ stem cells in intestinal adenomas
(Schepers et al. 2012). In this study, single Lgr5+

cells were found to give rise to a large number of
different cell types in the growing tumor. Chen
et al. (2012) further showed that eliminating a
bulk of the tumor cells in a mouse glioblastoma
model, triggers repopulation of the tumor
through a few escaping quiescent CSCs. How-
ever, tumor growth could be completely arrested
by additional elimination of the CSC popula-
tion. In a similar fashion, a combination of con-
fetti lineage tracing with intravital imaging of
mammary gland adenoma showed how a few
stem cells clonally expand, fuel tumor growth,
and generate multiple cell types (Zomer et al.
2013).

The identification of CSCs had inspired
newer strategies of cancer therapies aiming at
their elimination. Nevertheless, growing evi-
dences indicate that both CSC and non-CSC
populations within a tumor might be plastic,
and their tumorigenic potential may be altered
by the tumor microenvironment (for reviews,
see Batlle and Clevers 2017; Scott et al. 2019).
In support of this idea, it has been shown
that in intestinal tumors, epithelial non–stem
cells can dedifferentiate into tumor-initiating
cells (Schwitalla et al. 2013). Furthermore, line-
age-tracing experiments in human colorectal
cancer organoids showed that selective ablation
of CSCs leads to the formation of new CSCs
from differentiated non-CSCs (Shimokawa et
al. 2017). Thus, differentiated tumor cells can act
as progenitors for CSCs, leading to a fluidity in
progeny–progenitor cell relationship in tumors.

In summary, lineage analyses of adult tissues
are becoming increasingly possible and contin-
ue providing surprising, and inmany cases, con-
tradictory answers. This is partly because of the
difficulty of accessing and analyzing adult tis-
sues and partly because of the caveats of the
techniques.

FUTUREOF PROGENITOR CELL DISCOVERY

As discussed so far, lineage-tracing approaches
are majorly dependent on visual/microscopic
methodologies. With the advent of next-gener-
ation sequencing technologies, new avenues be-
come available, which bear the potential of re-
vealing new progeny–progenitor relationships.

Apart from introducing visual labels, studies
have used viral-mediated introduction of DNA
barcodes as means for labeling specific cells,
whose progenies can be later identified by
DNA sequencing (Lu et al. 2011; Bhang et al.
2015; Eirew et al. 2015). Additional strategies
combining the Cre-lox system with DNA bar-
codes have also been successfully used for line-
age tracing. One such example is the polylox
system (Pei et al. 2017), which makes use of an
array of DNA barcodes interspersed by multiple
loxP sites. In this system, Cre activation induces
a number of different DNA barcode combina-
tions in the specific cells of interest. With the
advance of CRISPR/Cas9 genome editing, new
ways of tagging cells have emerged (Fig. 6). In
absence of a specific template for homologous
repair, the Cas9 enzyme generates random “re-
paired” sequences (refered as “genetic scars”),
making cells harbor a unique DNA barcode
that is inherited by progenies (reviewed by Mc-
Kenna and Gagnon 2019). This technique can
be designed to induce the genetic scars in spe-
cific loci or within a transgene. Single-cell DNA
sequencing of the targetted loci enables cluster-
ing of all cell types that have inherited the same
genetic scars and construction of a lineage map.
This method was recently applied in zebrafish
through a technique called GESTALT (genome
editing of synthetic target arrays for lineage trac-
ing) (McKenna et al. 2016), where the genetic
scarring was restricted to early embryogenesis
by transient use of CRISPR reagents. Thus,
through CRISPR activity, the early embryonic
cells acquired unique barcodes and passed them
onto their progenies. By harvesting different or-
gans in the adult fish and revealing the mutated
barcodes through single-cell sequencing, it was
revealed that most organs in the fish use only a
few progenitor cells to develop. In case of blood
cells, only five different barcodes were found in

R.N. Das and K. Yaniv

16 Cite this article as Cold Spring Harb Perspect Biol 2020;12:a035618



Lineage tracing with CRISPR/Cas9
“genetic scarring”

CRISPR/Cas9 DNA
barcode editing

(genetic scarring)

Edited barcodes

Multiple rounds of division
and “genetic scarring”

Different combinations of CRISPR/Cas9-mediated
mutations accumulated in different cells

Single-cell
barcode sequence analysis and

generation of lineage tree

Cell-type identification
and an understanding of

cell state

Combining with single-cell RNA-seq

– Expression +

DNA barcodes—Target sites
for CRISPR/Cas9 editing

Cell #1

Gene 1

Gene 2

Gene 3

Gene 4

Gene 5

Gene N

C
el

l 1

C
el

l 2

C
el

l 3

C
el

l 4

C
el

l 5

C
el

l N

Cell #18

Cell #71

Cell #5
Cell #1051

Cell #1123
Cell #851

Cell #21

Cell #841
Cell #986

Cell #86

Cell #104
Cell #654

Cell #56

Cell #7

Figure 6. Use of CRISPR/Cas9-mediated DNA barcode editing for lineage tracing. CRISPR/Cas9 system is used
for editing specific DNA sequences (barcode; shown as violet bars) that are inherited by their progenies. With
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>98% of the sequenced cells, whereas for most
organs >50% of the cells harbored seven differ-
ent barcodes (McKenna et al. 2016). A similar
work, also on zebrafish, using the same “genetic
scarring” strategy, extended the lineage tracing
to fin regeneration and concluded that most
clones that participated in the development of
the finwere also used in the regeneration process
(Junker et al. 2017). Lineage-analysis of blas-
tema in axolotl limb regeneration, also accom-
plished through this method, largely supported
the prevailing model (Fig. 5) that embryonic
lineages are mostly maintained in the regener-
ating limbs (Flowers et al. 2017). The technique
was later adapted to mice using a “homing
CRISPR” technique (Kalhor et al. 2017), which
uses an engineered guide RNA (gRNA) (hom-
ing gRNA [hgRNA]) to induce “genetic scars” in
its own sequence, so that the hgRNA sequence
itself acts as the barcode. Thus, barcode editing
can be initiated by crossing a Cas9 expressing
mousewith a transgenicmouse carrying hgRNA
sequences (Kalhor et al. 2018).

The CRISPR/Cas9-based lineage tracing has
now been further improved through simultane-
ous single-cell RNA (scRNA)-seq of these cells,
as performed by three independent zebrafish
studies (Alemany et al. 2018; Raj et al. 2018;
Spanjaard et al. 2018). These studies reported
the identification of cell types and states of the
cells that had been “lineage-traced” through the
CRISPR/Cas9 method (Fig. 6). Furthermore,
combined with data on the complete transcrip-
tome of each cell, this approach allows to gain an
unprecedented amount of information on pro-
genitor–progeny relationships, although high
cost and technical complexity in these method-
ologies might restrict their widespread usage.
The lack of spatial information is another big
drawback of these techniques.

So far, we have discussed techniques that
rely on introducing a heritable label—be it a
visual label or a genetic tag. However, scRNA-
seq analyses are now being increasingly used to
predict lineage relationships in an unbiased
manner, without prelabeling the cells. Single-
cell transcriptomics is used for revealing the ex-
tent of trancriptional activity of all genes in
thousands of individual cells. For most differen-

tiation events, a cell’s switch from a progenitor
cell to a fully differentiated progeny is not a
binary event, but rather a gradual change in
the transcriptional landscape that involves pro-
gressive aquisition of the differentiated cell ex-
pression signature, while losing many of the
transcriptional features of the progenitor cell
type. Thus, for a given tissue, in which a number
of differentiation events occur simultaneously, a
single-cell transcriptomic experiment will cap-
ture the transcriptional states of all cells, includ-
ing the progenitors, progenies, and intermediate
cell states. Subsequently, the cells are ordered in
a hypothetical trajectory (the pseudotime) based
on the quantified gene expression similarity
between the sampled cells (Tritschler et al.
2019). However, it is important to recognize
that lineage reconstruction solely through
scRNA-seq data is not enough to confirm pro-
genitor–progeny relationship (discussed in Kes-
ter and van Oudenaarden 2018); thus, conven-
tional lineage-tracing analyses are still required
to confirm the lineage relationships predicted by
this method. Nevertheless, for every identified
progeny or differentiation intermediate, this
technique allows us to have a peek at the entire
transcriptome, opening up immense possibili-
ties for understanding the biology behind such
transitions.

CONCLUDING REMARKS

The discovery of progenitor cells remains an
important pursuit in the understanding of cell
differentiation in different contexts of health
and disease. With the availibility of newer tech-
nologies, lineage-tracing experiments have im-
proved in precision and efficiency, remaining an
active and lively area of research. Imaging-based
lineage tracing is still the most used method-
ology, but next-generation sequencing-based
techniques are fast capturing interest. scRNA-
seq, in combination with DNA barcode editing
through CRISPR/Cas9, is taking lineage tracing
beyond cell identification by providing in-depth
information of gene expression associated with
changes in cell states.

Another important change in lineage trac-
ing has been the work on adult tissues. Earlier,
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because of experimental constraints, much of
the work was restricted to the developing em-
bryo. Now, technological advances facilitate the
investigation of later events of organogenesis,
maintenance, and regeneration. Many patho-
logical states, including cancer, which depend
on the behavior of progenitor cells, are also
being investigated through lineage-tracing
methods.

As we dive deeper in this pursuit, an
increased appreciation of cellular lineage rela-
tionships in shaping functional outcomes is at-
tained. The information from lineage tracing
and the progenitor–progeny biology is deeply
influencing the growing areas of tissue engineer-
ing and organoid systems. Thus, looking at the
trend, it seems that lineage-tracing techniques
will continue to thrive and even improve.
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