
Theory and Practice of Lineage Tracing

YA-CHIEH HSU
a,b

Key Words. Cell surface markers • Stem cell-microenvironment interactions • Cell cycle • Cell
biology • Adult stem cells

ABSTRACT

Lineage tracing is a method that delineates all progeny produced by a single cell or a group of

cells. The possibility of performing lineage tracing initiated the field of Developmental Biology

and continues to revolutionize Stem Cell Biology. Here, I introduce the principles behind a suc-

cessful lineage-tracing experiment. In addition, I summarize and compare different methods for

conducting lineage tracing and provide examples of how these strategies can be implemented

to answer fundamental questions in development and regeneration. The advantages and limita-

tions of each method are also discussed. STEM CELLS 2015;33:3197–3204

SIGNIFICANCE STATEMENT

Lineage relationships allow one to understand the cellular hierarchy of a tissue or organ, which
is central to both Developmental Biology and Stem Cell Biology. Different approaches have
been developed to conduct lineage tracing. Understanding the underlying basis of these
approaches, as well as their advantages and limitations, will allow one to choose the most
appropriate method for a given question.

INTRODUCTION

In a lineage-tracing experiment, the cells of
interest are marked at one time point, and the
progeny derived from these marked cells are
revealed at a later time point. In the 1870s,
Charles Otis Whitman observed the early divi-
sion of leech embryos and followed the fate
of individual cells from the one-cell stage to
the germ-layer stage [1, 2]. This seminal work
suggested that a definite developmental fate
could be assigned to each cell in the early
cleavage eggs and its clonal progeny. As such,
cell fate determination is not a stochastic pro-
cess as previously speculated. Since the early
20th century, developmental biologists have
developed numerous ways for tracking
descendants produced by specific cells, with
the desire to unravel how a complex organism
develops from a single cell. The same principle
has now been widely adapted by stem cell
biologists, as the central theme of adult stem
cell biology is to understand how a diverse
array of cell types is formed and maintained.
In fact, lineage tracing remains the most rigor-
ous method to define adult stem cells for a
given tissue.

Although the actual strategies evolve with
time, a successful lineage-tracing experiment
always needs to fulfill the following three
requirements. (a) A careful assessment of the

cells that are marked at the initial time point,
so that the starting populations are clearly
defined. (b) The markers used to mark the
cells remain exclusively in the original cells
and their progeny and will not diffuse to the
neighboring cells. (c) These markers are suffi-
ciently stable and are not toxic to the cells
during the entire tracing period. Violation of
any of these requirements can result in label-
ing of unrelated cells or alteration in cell
behavior, thus leading to misinterpretation of
the tracing results.

Below, some of the most commonly used
lineage-tracing strategies are summarized,
beginning with historical perspectives, followed
by recent notable examples. Understanding the
pros and cons and the underlying principles of
each tracing method can greatly facilitate
experimental design and data interpretation.

NONSELECTIVE MARKERS

Many membrane, cytoplasmic, and nuclear
dyes have been developed for a wide variety
of applications. Although these dyes are often
nonselective in terms of which cells get
labeled, when combined with carefully
designed strategies, it is sometimes possible to
label only a specific subset of cells. This nonse-
lective nature can therefore become
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advantageous as it can be used when genetic labeling meth-
ods (see below) are not feasible. Since each marker has dis-
tinct properties, it is particularly important to keep in mind
the three abovementioned requirements and evaluate
whether the cells of interest are indeed specifically labeled.

Vital Dye

Using a colored substrate to label cells seems like an intuitive
idea—a dyed cell can be distinguished easily from the rest of
the tissues. However, how a dye can be specifically applied to
a small number of cells and whether the dye is harmful to
the cells are among the biggest challenges. In 1929, embryol-
ogist Walter Vogt pioneered the use of “vital dye” (a dye that
stains but does not kill cells) to study cell fate in Xenopus

embryos. He implanted a tiny agar chip containing Nile Blue
on top of the cells of interests. The dye is absorbed by the
cells underneath the chip, and the fate of the labeled cells
can be followed over time (Fig. 1A). By altering the position
of the chip, Vogt was able to label different areas of the
cleavage embryo. The information gathered from this
approach allowed Vogt to construct a “fate map” of the 32-
cell blastula Xenopus embryos [3].

Carbocyanine Dyes and Dextrans

Vital dyes are water-soluble and might diffuse to neighboring
cells, which violates the second principle of lineage tracing. As
a result, a dye-positive cell can either be the progeny of the
cells labeled originally or an unrelated cell that absorbs the dif-
fused dye. The invention of carbocyanine dyes (lipid-soluble but
water-insoluble dyes) such as DiI or DiO and high-molecular-
weight dextrans (large molecules that cannot pass through cell
junctions) conjugated with fluorochromes circumvented this
issue. These molecules are often directly injected into specific
cell(s) of interests, which requires substantial technical skills. In
addition, they are diluted through each round of cell division.

Therefore, these dyes are less effective for labeling highly pro-
liferating cells. Nevertheless, these dyes were successfully
applied to studying the development of trunk neural crests and
the endothelial cell lineage [4, 5] and were used to construct
an impressive fate map of zebrafish neural plate [6].

Nucleotide Pulse-Chase

Initially designed as a method to identify slow-cycling cells
within a tissue, nucleotide pulse-chase experiments can also
be used to determine lineages. The idea is simple: when pro-
viding a Thymidine analog (3H-Thymidine, BrdU, or EdU) to an
organism at a specific time (pulse), all the proliferating cells
will incorporate the labeled Thymidine into their newly syn-
thesized DNA. However, labeled cells that continue to prolifer-
ate after the pulse period will dilute out the incorporated
Thymidine analog through each round of division. On the
other hand, cells that do not proliferate much after the initial
pulse will retain the labeled Thymidine analog even after a
long period of time (chase). The fate of these label-retaining
cells (LRCs) can therefore be followed using the incorporated
nucleotide as a marker. Inspired by this idea, Tumbar et al.
further developed a bi-transgenic strategy that uses green flu-
orescent protein (GFP)-labeled histone H2B (H2B-GFP). In this
approach, H2B-GFP is initially induced in all of the cells
intended to be monitored (pulse). During the chase period,
the synthesis of new H2B-GFP is turned off. Cells that are
slow-cycling retain their H2B-GFP, while fast-cycling cells dilute
their H2B-GFP and become GFP negative [7] (Fig. 1B).

By contrast, if only the cells of interest are proliferative
and all the other cells are quiescent at a specific time point,
it is also possible to introduce a short pulse of BrdU and fol-
low the fate of these proliferating cells before BrdU becomes
too diluted to detect. For this strategy to work effectively, a
thorough understanding of proliferation timing and division
pattern within a tissue is essential. One successful example is

Figure 1. Lineage tracing with nonselective dyes. (A): Strategies employed by Walter Vogt to mark small areas of embryos with vital
dyes. (B): Schematic representation of the bitransgenic strategy to mark slow-cycling cells. Abbreviations: CMV, cytomegalovirus pro-
moter; Doxy: doxycyclin; GFP, green fluorescent protein; H2B, histone H2B subunit; TetR: Tet repressor; TRE: tetracycline response ele-
ment; VP16, virion protein 16.
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seen in determining the fate of outer root sheath (ORS) cells
in the hair follicle [8]. By first performing a detailed prolifera-
tion analysis of the hair follicle, specific parts of ORS cells can
be labeled with either H2BGFP or BrdU by altering the timing
of pulse and chase. As different parts of ORS cells share the
same genetic markers, it would otherwise be impossible to
determine their fate using genetic strategies.

One major pitfall of using radioactive 3H-Thymidine or
BrdU/EdU to label cells is its potential cytotoxicity. While the
toxicity of short-term BrdU labeling is minimal, 10-day contin-
uous BrdU labeling was shown to force normally dormant
hematopoietic stem cells (HSCs) into cycle, possibly by damag-
ing downstream fast-cycling hematopoietic lineages that
become heavily loaded with BrdU [9]. Nonradioactive isotope,
on the other hand, has no known toxicity and may be particu-
larly suitable for long-term labeling. For example, Senyo et al.
administrated 15N Thymidine to mice for over 8 weeks to
label the rare-dividing cardiomyocytes [10]. With multi-isotope
imaging mass spectrometry to visualize 15N Thymidine posi-
tive cells, they showed that newly generated cardiomyocytes
are generated from existing cardiomyocytes, not from a puta-
tive progenitor population.

Carbon Dating

Because of its invasive nature, performing lineage-tracing
experiments in humans may seem like wishful thinking. The
nontoxic nature of stable isotopes opens exciting potential to
perform lineage analysis in healthy individuals [11]. However,
this approach is restricted to tissues that can be harvested. In
this regard, an innovative carbon dating strategy might pro-
vide some possibilities to birthdate and trace cell fate in other
human tissues.

The level of atmospheric isotope Carbon14 (14C) was ele-
vated during mid-1950s to early 1960s because of intensive
nuclear weapon testing and declined dramatically after that
due to diffusion and equilibration with the biosphere. This
peak and decline of 14C levels resulted in different amounts
of 14C being incorporated into the DNA depending on the
time when DNA was synthesized. As 14C is extremely stable,
Fris�en and colleagues developed a method that uses this dif-
ferent amount of 14C to retrospectively birthdate cells in the
human body [12].

Lineage relationships deduced from carbon dating data
are based on the fact that a cell population with an earlier
birthdate can be the origin of cells with a later birthdate but
not vice versa. Its application in lineage tracing is limited and
correlative at best. That said, this strategy already provided
some important clues in understanding neurogenesis in
humans. Fris�en’s group found that continued neurogenesis
occurs in the adult human hippocampus, just as it does in
mice. However, a sharp difference between these two species
is seen in the subventricular zone (SVZ) [13]. In mice, contin-
ued neurogenesis in the SVZ generates neurons that migrate
to the olfactory bulb. While in humans, neurogenesis can be
detected in the SVZ, but instead of migrating into the olfac-
tory bulb, these newborn neurons are likely to move to the
striatum [12–14].

Sequencing-Based Technology

Random somatic mutations that occurred in individual cells
are transmitted into progeny. These naturally occurring

sequence variants can also be used as inherited genomic sig-
natures that allow lineage relationships to be reconstructed.
One important consideration is that somatic mutations can be
used to construct cell lineages only if the mutations do not
confer a growth advantage or disadvantage since such
changes can bias lineage contributions. Based upon this idea,
Ehud Shapiro’s group conducted DNA sequencing of the highly
mutated DNA satellite regions and used this information to
build cell lineage trees [15, 16]. They demonstrated that
mouse lymphoma likely begins from a single aberrant cell
[17]. In addition, they demonstrated that in acute myeloid
leukemia, leukemia cells at relapse were closely related to
their stem cell subpopulation, implying that relapse might
have originated from the rarely dividing stem cells [18].

In principle, this strategy allows lineage trees to be con-
structed from any organisms and tissues, thereby representing
one of the rare opportunities to analyze lineages in human
organs. At the same time, it should be noted that, by itself, it
cannot provide information regarding the exact cellular origin.
Rather, it serves as a mean to understand the lineage rela-
tionships among all the sampled cells only.

GENETIC LABELING

Rapid development of genetic tools since the 1990s com-
pletely transformed our approaches towards lineage tracing.
By introducing genetic markers like fluorescent proteins or
enzymes (such as beta-galactosidase and alkaline phospha-
tase) into cells, a wide variety of lineages have now been
delineated.

Transplantation

Using genetic markers to trace cell fate is rooted in the gener-
ation of chimera embryos (embryos containing tissues from
more than one genetic source). By transplanting trunk neural
crest from an embryo of a pigmented strain into an unpig-
mented strain of chickens, Mary Rawles demonstrated ele-
gantly that pigment-producing melanocytes that give the
feathers their distinctive colors actually originate from the
trunk neural crests [19].

In the 1970s, to study the developmental fate of cells in
the avian embryos, Le Douarin pioneered the use of chick-
quail chimeras. Chick and quail are similar in their develop-
ment. Transplanted quail cells can be integrated into the chick
embryos and participate in the development of the host tis-
sues. With Feulgen DNA stain, condensed nucleolar-associated
heterochromatin found only in quail cells can be used to dis-
tinguish quail cells from chick cells. A fine map of the central
nervous system and skeletal system were constructed using
this approach [20]. Le Douarin and Teillet also demonstrated
the extraordinary migration ability of the neural crest cells
[21].

One of the most notable applications of transplantation
studies is the isolation of hematopoietic stem cells (HSCs).
Weissman and colleagues used antibodies to enrich a popula-
tion of bone marrow cells. By transplanting these cells into
lethally irradiated mice, they demonstrated that these cells
are able to reconstitute all blood cell types in the recipients.
As such, the cells they isolated should comprise HSCs. This
pioneer study demonstrated the fundamental characteristics

Hsu 3199

www.StemCells.com VC AlphaMed Press 2015



of adult stem cells: self-renewal and multipotency. Their work
also ignited a large number of investigations aimed at identi-
fying, characterizing, and purifying adult stem cells from a
wide variety of tissues and organs [22].

It is also worth noting that many new studies demon-
strated that cell behavior under transplantation and under
steady state can be different. For example, when thymus epi-
thelial cells are transplanted into the skin, they form epider-
mis and hair follicles instead of thymus [23]. In the mammary
epithelium, transplantation studies suggest the presence of
multipotent stem cells that can give rise to both luminal and
myoepithelial lineages, while genetic lineage-tracing studies
suggest that these two populations are maintained by distinct
populations of unipotent stem cells [24]. In the corneal epi-
thelium, grafting results indicate that grafted limbus cells do
not migrate towards the corneal center [25], while in recent
lineage-tracing advances, limbal cells were observed to
migrate and participate in corneal homeostasis under steady
state [26, 27]. A recent study also suggests that endogenous
HSCs and transplanted HSCs may behave differently [28]. That
said, although transplantation is no longer viewed as a “gold
standard” way to define stem cells, it certainly has its indis-
pensable historical values and remains clinically important.

Cre-Lox-Based Strategy

Site-specific genetic recombination, particularly through Cre-
lox-based strategy, has become the most widely used method.
Expression of Cre recombinase is under the control of a cell-
type or tissue-specific promoter. This line is then crossed to a
reporter line carrying enzymes or fluorescent proteins
inserted in a ubiquitously expressed locus such as Rosa26.
Reporter expression is prevented by a stop cassette flanked
by two loxP sites. Upon Cre activation, the stop cassette is
excised, allowing reporter genes to express in a cell-type spe-
cific manner (Fig. 2). Since the removal of the stop cassette is
permanent, the reporter genes are expressed in all the prog-
eny produced by the initial cells where the Cre is once acti-
vated [29–32]. The simplicity and unambiguous nature of this
method and the wide variety of Cre lines available nowadays
have made this approach even more accessible.

Initial experiments were often performed using Cre lines
that are constitutively expressed. However, gene expression
can be dynamically regulated. Many of the Cre lines can
express in cells of interests at one point and in some other
cells at a later time point, complicating the end results. This
hurdle was overcome with the development of inducible Cre
such as CreER, in which Cre recombinase is fused with a
mutated form of estrogen receptor that binds Tamoxifen but
not its endogenous ligands. Cre recombinase is kept in the
cytoplasmic compartment until the application of Tamoxifen,
which then allows Cre to enter the nucleus transiently.

Using an inducible Cre has two additional advantages: First,
constitutive Cre activity produces a constant supply of reporter-
expressing cells, while transient Cre activity allows production
of reporter positive cells only at a defined time point when
Tamoxifen is applied. This difference becomes essential when
trying to determine whether the promoter marks bona fide
stem cells. Both stem cells and their transit-amplifying progeny
(cells that proliferate rapidly to generate differentiated cells but
can do so for a finite number of times) can give rise to down-
stream lineages. Nevertheless, only stem cells can self-renew

over an extended period of time. Transient Cre induction allows
the distinction between transit-amplifying cells and stem cells,
as reporter-expressing cells can be found in the tissue even
long after Cre induction if stem cells are marked but will dimin-
ish overtime if transit-amplifying cells are marked.

Second, one can achieve mosaic or preferential labeling
with CreER but not Cre by titrating the amount of Tamoxifen.
It can be challenging to find a Cre line that exclusively labels
one population. However, if Cre has significantly stronger
activity in the cells of interest than in other cells or if the

Figure 2. A hypothetical example illustrating the different results
obtained by using Cre and CreER driven by the same promoter.
Gene X is expressed only in B cells at time point 1, and starts to
be expressed in both A and B cells from time point 2. Now con-
sider the lineage tracing results with GeneX-Cre in comparison
with GeneX-CreER. If GeneX-Cre is used, the precise origin of C
cells cannot be identifiable since both A and B cells are marked
by time point 2. If GeneX-CreER is used, and tamoxifen is given at
time point 1, B cells are specifically marked; the results indicate
that B cells can generate C cells. If GeneX-CreER is used, and
tamoxifen is given at time point 2, both A and B cells are marked
at time point 2, while A, B, and C cells are all marked at time
point 3. If GeneX-CreER is used, but with only a low dosage of
tamoxifen given at time point 2, then, as there are many more A
cells than B cells, only A cells are marked at the start of tracing;
at time point 3, newly generated A cells are marked, but none of
the C cells are marked. All together, the results from GeneX-CreER
experiments suggest that B cells are progenitors of C cells, while
A cells are unipotent and only generate more A cells. Abbrevia-
tions: ER, estrogen receptor; YFP, yellow fluorescent protein.
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intended area comprises many more cells than other areas
that are also marked by the same Cre, lowering the amount
of Tamoxifen can bias labeling towards the intended cells. This
method has been applied to label bulge over hair germ [7] or
to label ORS cells over bulge cells to delineate the fate of
hair follicle cells [8].

A hypothetical example outlined in Figure 2 illustrates some
major differences between using a Cre and a CreER line in line-
age tracing: An organ is composed of A and B cells at timpoint1
and develops into an organ composed of A, B, and C cells at
timpoint3. GeneX is only expressed in A cell at time point 1 but
starts to express in both A and B cells from time point 2
onward. If lineage tracing is performed using GeneX-Cre, the
cell origin of C cells cannot be determined unequivocally.

On the other hand, if GeneX-CreER is used, one can selec-
tively label only B cells (if Tamoxifen is applied at time point
1) or only A cells (if low dosage Tamoxifen is applied at time
point 2 since there are much more A cells than B cells),
thereby determining the exact cell origin of C cells.

Variations of Cre Lox–Based Strategy

Split-Cre. Additional strategies have been designed to over-
come the challenges of finding a Cre line that expresses exclu-
sively in the desired cell type. If the cells of interest are the
only area where both gene promoters are active, a split-Cre
strategy can be used. In this approach, the coding sequence of
Cre recombinase is separated into two complementation-
competent fragments driven by two independent promoters.
Each Cre fragment remains inactive by itself but can assemble
into a functional enzyme when present in the same cells. There-
fore, although each promoter might express in other unrelated
areas, active Cre will only be produced in the cells of interest.
The first generation of this split-Cre approach relied on the
spontaneous association of these two fragments [33] (Fig. 3A). A
modified version added in an intein peptide [34], which excises
itself and promotes rejoining of the remaining Cre protein in a
process called protein splicing [35], thereby enhancing associa-
tion efficiency (Fig. 3B). This strategy has been used to mark
and trace adult Neural Stem Cells in the dentate gyrus [36].

Two Recombinases. Similarly, using two different recombi-
nases, Cre and Flip, can also achieve the same effect as the
split-Cre strategy. In this case, one promoter is used to drive
Flip recombinase (Flippase), while the other one controls the
expression of Cre with a frt-stop-frt cassette in front of it. In
the cells in which both promoters are active, the stop cas-
sette is excised by Flippase, allowing the expression of Cre
(Fig. 3C). Jensen et al. have successfully used this approach to
trace subpopulations of serotonin-producing neurons [37].

It should be noted that in both the split-Cre and the two
recombinases approaches, three transgenes have to be
brought together for a single lineage tracing (two transgenes
are needed to activate the Cre, plus the Rosa26 reporter).
This laborious nature should be taken into consideration
before designing an experiment.

Multicolor Labeling. Initially designed to tackle the complex-
ity of neuronal circuitry [38], the “brainbow” or “confetti”
mice have proven to be a tool for analyzing clonal dynamics
within a cell population. This method utilizes incompatible
flox sites or multiple fluorescent proteins arranged in a spe-

cific manner (Fig. 4A, 4B). Upon Cre activation, each cell
expresses a random combination of fluorescent proteins that
gives the cell a distinct color. Using this strategy, Snippert
et al. demonstrated that although multiple Lgr51 stem cells
exist in the small intestinal crypt base, the crypts drift
towards clonality with time, suggesting that progeny from
one stem cell might outcompete the rest [39]. Tabansky et al.

Figure 3. Schematic diagrams of lineage tracing strategies
employing split-Cre or two recombinases. (A): In a split-Cre
approach, each promoter controls the expression of either the
N-terminus of Cre (Cre-N) or the C-terminus of Cre (Cre-C). A
functional Cre protein is assembled only in cells where both pro-
moters are active. (B): An intein is a fragment of a protein which
catalyzes its own excision and promotes the rejoining of remain-
ing portions. When the split-Cre protein (split into Int-N and Int-C
fragments) is combined with intein, the rejoining efficiency of
Cre-N and Cre-C is increased. (C): Two separate recombinases,
Cre and flippase, can also be combined in lineage tracing to
achieve cell-type specificities. In the cells where both promoters
are active, flippase excises a “stop” codon flanked by two FRT
sites, allowing the expression of Cre. Activated Cre further medi-
ates the excision of a “stop” codon flanked by two loxP sites
located downstream of the Rosa26 promoter, thereby turning on
the expression of reporter genes such as YFP. Abbreviations: FRT,
flippase recognition target; YFP, yellow fluorescent protein.
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showed that in cleavage-stage mouse embryos, strong devel-
opmental bias already exists in the seemingly equivalent blas-
tomeres [40]. Similar approaches have also been applied to
study lineage relationships in zebrafish [41]. Because of the
design of the constructs, more excision events are naturally
required for some fluorescent proteins to express over others.
Therefore, Cre activity should be tittered to obtain optimal
multicolor labeling in a given population.

Barcoding. Unlike solid tissues, the hematopoietic system is
unique in its physical organization. HSCs are mostly localized
to the bone marrow, while their differentiated progeny circu-
late through the entire body. A genetic barcoding strategy has
therefore been developed to investigate HSC heterogeneity.
HSCs are transduced with lentiviruses containing a DNA bar-
code library transplanted into recipients, and the differenti-
ated progeny produced by these HSCs are analyzed with high-

Figure 4. Lineage tracing strategies designed to study heterogeneity within a given population. (A): Brainbow. Consider a Brainbow
line carrying three copies of Brainbow cassettes. Ten different hues can be produced with a random combination of colors resulting
from recombination events at each of the loci. (B): Rosa26-Confetti. Four different fluorescent proteins are inserted into the Rosa26
locus. Upon Cre activation, a cell will express one of the four fluorescent colors. (C): Lentiviruses carrying a complex DNA barcode library
can be used to transduce cells and trace their fate; this is particularly useful in the hematopoietic system. (D): Sleeping Beauty
transposon-mediated random insertion generates a unique genetic tag for each cell, making it possible to conduct lineage tracing in the
hematopoietic system without the need for transplantation. Abbreviations: CAG, CMV/Beta-Actin Promoter; GFP, green fluorescent pro-
tein; HSB, hyperactive sleeping beauty transposase; mCFP, membrane cyan fluorescent protein; RFP, red fluorescent protein; TA, rtTA:
reverse tetracycline transactivator; TRE, tetracycline response element; YFP, yellow fluorescent protein.
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throughput sequencing [42] (Fig. 4C). Although this is a
powerful approach, transplantation is still required.

To understand the clonal contribution of endogenous HSCs,
Sun et al. developed a barcoding strategy to mark each HSC
with a distinct genetic tag. This new method involves triple-
transgenic mice carrying (a) a hyperactive sleeping beauty trans-
posase under the control of Doxycyclin (Doxy)-responsive ele-
ment, (b) a DNA transposon (Tn), and (c) a Doxy-dependent
transactivator rtTA-M2. When the mice are fed a Doxy-
containing diet, rtTA-M2 is activated. This in turn drives the
expression of transposase, which mobilizes the transposon Tn.
As the insertion of Tn is random in the genome, each cell will
carry a single and distinct insertion site. Upon Doxy withdrawal,
these insertion sites serve as permanent genetic tags in stem
cells and will transmit to all of their progeny (Fig. 4D). With this
uniquely designed method, Sun et al. showed that under steady
state conditions, long-lived progenitors are responsible for
renewing the hematopoietic system, while HSCs have very lim-
ited contributions. This finding suggests that HSCs behave very
differently under homeostasis and upon transplantation [28].

Both multicolor labeling and barcoding strategies can be
used to study heterogeneity among a given cell population.
However, there are some important differences: barcoding strat-
egies allow unlimited number of tags to be generated in theory,
while multicolor labeling is ultimately limited by the amount of
hues offered by the color cassettes a transgenic mouse carries.
On the other hand, multicolor labeling provides visual informa-
tion, while barcoding strategies rely on DNA sequencing to
determine the tag each cell contains. It will not be possible to
visualize these barcodes in situ. As such, one needs to be able
to purify putative downstream cells with other markers such as
surface antigens for barcoding strategy to work.

DIRECT OBSERVATION

Theoretically, the fate of a specific cell can also be followed by
direct observation. In reality, this method is restricted by the
observer’s ability to identify the cells of interests at the start-
ing time point and all the progeny produced by these cells at
successive time points. On the other hand, since direct obser-
vation does not perturb cells or organisms, it has the unique
advantage of looking at lineage progression in the same ani-
mal. From a historical perspective, Whitman’s work on leech
embryos is an excellent demonstration of the power of direct
observation. Another impressive example is represented by the
construction of a complete lineage tree of Caenorhabditis ele-

gans, which was done by observing live embryos without any
markers under a Nomarski microscope [43].

Live Imaging

With the advance in imaging techniques and tools, direct
observation of cell fate can also be achieved through live
imaging. This works the best when combined with additional
marking strategies to unambiguously identify the cells of

interests. Because of their transparency, C. elegans and zebra-
fish embryos are the two most popular model systems for
this approach [5, 44].

Two-photon microcopy provides great depth and resolu-
tion into live animals and has greatly extended live-imaging
capacity to tissues and organisms that are traditionally less
accessible. Greco and colleagues have successfully adapted
two-photon microscopy and genetic markings to trace the
fate of bulge and hair germ cells in the same hair follicle
throughout hair cycles [45, 46]. Ritsma et al. showed that in
the small intestine, Lgr51 cells in the border of stem cell and
transit-amplifying cells can be pushed into the transit-
amplifying zone after proliferation of Lgr51 cells at the crypt
base [47]. This type of information is particularly challenging
to obtain with traditional lineage tracing approaches that take
snapshots of time points from different animals.

Depending on the tissues being imaged, live imaging can
sometimes be an invasive procedure and often cannot be per-
formed over a long period of time. However, the idea of
watching cell behavior in situ is attractive and can provide
unambiguous real-time information on how a cell contributes
to its downstream lineages.

CONCLUSIONS AND FUTURE OUTLOOK

From these examples, one can appreciate that although there
is no universal method for conducting lineage tracing, there is
likely to be an effective strategy suitable for the questions of
choice. While our knowledge of tissue biology continues to
grow, lineage tracing will continue to play an important role
in our quest for understanding development and regenera-
tion. With many exciting developments in probing single-cell
dynamics, it is interesting to see how lineage tracing strat-
egies integrate with single-cell analysis to address heterogene-
ity within a given cell population. Rapid development of
sequencing technology and analysis might also shed insights
into lineage tracing in human tissues. It will also be important
to tackle how different lineages integrate and interact with
one another and what dictates the choice of cell fate.
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