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Lineage tracing is the identification of all progeny of a single cell. Although its origins date back to
developmental biology of invertebrates in the 19th century, lineage tracing is now an essential tool
for studying stem cell properties in adult mammalian tissues. Lineage tracing provides a powerful
means of understanding tissue development, homeostasis, and disease, especially when it is
combined with experimental manipulation of signals regulating cell-fate decisions. Recently, the
combination of inducible recombinases, multicolor reporter constructs, and live-cell imaging has
provided unprecedented insights into stem cell biology. Here we discuss the different experimental
strategies currently available for lineage tracing, their associated caveats, and new opportunities to
integrate lineage tracing with the monitoring of intracellular signaling pathways.
In lineage tracing, a single cell is marked in such a way that the

mark is transmitted to the cell’s progeny, resulting in a set of

labeled clones. Lineage tracing provides information about the

number of progeny of the founder cell, their location, and their

differentiation status. Used in classical developmental biology,

lineage tracing is increasingly applied to stem cell research

and in modeling cellular heterogeneity in cancer. In fact, it is

an essential tool in stem cell research because it provides infor-

mation about how the cell behaves in the context of the intact

tissue or organism, as opposed to what it is capable of doing

following isolation and transplantation or in vitro culture. The

field of stem cell research has traditionally relied on flow cytom-

etry to isolate cells to ever-greater purity; the great advantage of

lineage tracing is that it can be performed without prior knowl-

edge of what genes or markers are expressed by the cell of

interest.

For any lineage tracer, the key features are that it should

not change the properties of the marked cell, its progeny,

and its neighbors. The label must be passed on to all progeny

of the founder cell, should be retained over time, and should

never be transferred to unrelated, neighboring cells. In this

Primer, we review different techniques for lineage tracing. We

highlight the advantages and limitations of each approach

and discuss new developments that allow lineage information

to be combined with measurements of intracellular signaling

pathways.

Direct Observation
Lineage tracing was pioneered in the 19th century by Charles O.

Whitman and his colleagues and successors (Conklin, 1905)

(Figure 1A). They were inspired by the realization that cells

arise from pre-existing cells, rather than through a process of

spontaneous generation. They studied early cleavages in inver-

tebrate embryos by light microscopy. Whitman studied leech

development, which involves stereotypical, invariant cell divi-

sions. He traced through direct observation the fate of indi-
vidual cells from the uncleaved egg to the formation of the

embryonic germ layers. He found that from the earliest cleav-

ages, the fates of individual cells were developmentally distinct,

each cell giving rise to cells that had specific roles in later

development.

The nematode Caenorhabditis elegans was among the inver-

tebrate embryos studied by 19th century cell biologists, and

they made considerable progress in determining lineage rela-

tionships from fixed specimens of C. elegans. Development in

C. elegans, as in the leech, is highly determinate, involving cell-

fate decisions that are autonomous (i.e., independent from the

cell’s surroundings). However, the total number of somatic cells

in C. elegans is several orders of magnitude smaller than in the

leech, which makes the analysis more straightforward. A century

after the initial studies, the fate of every cell in the C. elegans

embryo was determined through the use of time-lapse micros-

copy with Normarksi differential interference contrast optics,

which is nondestructive but still provides high resolution (Sulston

et al., 1983).

When lineage tracing is performed by direct observation, the

system can be manipulated in a number of ways to examine

intrinsic and extrinsic factors that regulate cell-fate decisions.

For instance, in C. elegans, individual cells are ablated by irradi-

ation with a laser microbeam, and cells that fail to form are

the normal descendents of the ablated cell. Lineage analysis in

C. elegans has also been combined with genetic techniques;

in particular, mutant worms, which display specific alterations

in particular cell lineages, have been studied. Drugs that block

cytokinesis (e.g., cytochalasin B), DNA replication (e.g., aphidi-

colin), or other cell functions (e.g., cell movement) can also be

used to perturb the system experimentally.

The advantages of lineage tracing by direct observation

include the speed and ease of establishing the technique and

the fact that it is noninvasive. A major limitation is that, for an

intact organism, continuous observation requires a transparent

embryo with a small number of cells. It is also harder to interpret
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Figure 1. Different Approaches to Lineage Tracing
(A) Direct observation, as pioneered by Whitman and colleagues (exemplified by a plate from Conklin, 1905).
(B) Schematic showing agar chips with vital dyes applied onto the surface of an early stage amphibian embryo (top). These dyes label regions within later stage
embryos (bottom) (based on Vogt, 1929; adapted from Gilbert, 2000).
(C) Use of soluble carbocyanine dyes to fate map chick neural crest (reproduced from Serbedzija et al., 1989 with permission from The Company of Biologists
Ltd.).
(D) Whole-mount of mouse epidermis showing DNA label-retaining stem cells in the hair follicle bulge (reproduced from Braun et al., 2003). Red: keratin 14; green:
BrdU. Scale bar: 100 mm.
(E) LacZ retroviral vector introduced into rat retinal cells (upper panel) and subsequently tracked in the reconstituted retina (reproduced fromPrice et al., 1987with
permission from C. Cepko).
(F) Schematic showing Spemann and Mangold’s organizer experiment, which was performed by grafting tissues between amphibian embryos (adapted from
Grove, 2008).
(G and H) Adult mouse chimeras from GFP-positive and -negative mice. (G) Whole-mount of lung (reproduced from Giangreco et al., 2009). (H) Histology of skin
tumor (reproduced from Arwert et al., 2010). GFP-positive region in (H) is brown.
results when cell-fate decisions are not autonomous. The tissue

to be studied must also be accessible, which precludes studies

of postimplantation mammalian embryos, unless the cells or

embryos are placed in culture, which potentially alters their

behavior. Nevertheless, the transparency of zebrafish (Danio

rerio) embryos has enabled lineage analysis by direct observa-

tion to be performed during early vertebrate development

(Kimmel et al., 1990).

Although there are limitations to performing lineage tracing by

direct observation in whole organisms and tissues, these do not

apply to lineage analysis of single cells in culture. Cell biologists

have long used time-lapse microscopy to monitor cell division,

motility, and death, but the technique can also determine lineage
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relationships. For example, Temple (1989) isolated precursor

cells of the central nervous system from rat embryos (Temple,

1989). By imaging single cells over a number of days, Temple

could determine whether the cells divided and formed clones

and could assess differentiation status, such as formation of

neurons or glia, by cell morphology. In this way, she identified

the heterogeneity in cell-fate decisions that is a feature of brain

development in mammals but not in the invariant cell divisions

of C. elegans and leech embryos.

Labeling Cells with Dyes and Radioactive Tracers
When lineage tracing by direct observation is not possible,

techniques are required to label the cells of interest. In the early



20th century, ‘‘vital dyes,’’ which label cells without killing them,

were used to directly mark cells in amphibian embryos and

follow the fate of their progeny during gastrulation (Vogt, 1929)

(Figure 1B). The technique involved physically marking the cells

of interest with a dye impregnated into a small piece of agar.

More recently, lipid-soluble carbocyanine dyes (Axelrod, 1979)

have been incorporated into the plasma membrane and use for

lineage tracing. These include octadecyl (C18) indocarbocya-

nines and oxacarbocyanine, which are abbreviated as DiI and

DiO, respectively. This lineage tracing approach has been use

in the neural crest of chicken embryos (Serbedzija et al., 1989)

(Figure 1C) and the neural plate of the frog Xenopus laevis (Eagle-

son and Harris, 1990).

In some embryos, such as Xenopus, individual cells are large

enough to be directly injected with agents, such as fluores-

cein-conjugated dextran, which cannot diffuse between cells

and are an alternative to lipid-soluble fluorescent tracer dyes.

Horseradish peroxidase (HRP), which is too large to pass

through gap junctions, can be visualized by adding an appro-

priate substrate for its enzymatic activity. This approach has

been used to trace cells at early stages of embryogenesis,

particularly in leeches and Xenopus (Weisblat et al., 1978).

HRP can also be injected into single blastomeres of preimplan-

tation mouse embryos to follow the subsequent allocation of

their descendants to the inner cell mass (ICM) and trophecto-

derm lineages at the 32 cell stage (Ba1akier and Pedersen,

1982). Labeling individual cells or a defined group of cells has

the major advantage that lineage tracing can be performed

in situations that are not amenable to direct visualization by

light microscopy. Limitations to this approach include loss of

the marker by diffusion or dilution after multiple rounds of cell

division.

Some stem cell populations divide infrequently and, if labeled

when actively cycling, retain a DNA (e.g., 5-bromo-20-deoxy-
uridine) or histone label for many weeks. If these cells subse-

quently divide, the dilution of label can be used to track the

fate of their progeny, such as within the mouse epidermis (Braun

et al., 2003; Cotsarelis et al., 1990; Tumbar et al., 2004) (Fig-

ure 1D). Analysis of label-retaining cells can also monitor cell

turnover in adult human tissues because the level of 14C incor-

porated into genomic DNA depends on the level in the atmo-

sphere at the time when a cell divides. Nuclear weapon testing

during the Cold War led to a marked increase in atmospheric
14C, which then declined exponentially from 1963. Therefore,

by knowing when someone was born and how much 14C is

present in their cells, it is possible to determine the level of turn-

over within individual tissues (Spalding et al., 2005; Bergmann

et al., 2009).

Introduction of Genetic Markers by Transfection or Viral
Transduction
Genetic markers have largely superseded cell marking with

HRP or vital dyes. Genetic markers include fluorescent pro-

teins, exemplified by green fluorescent protein (GFP) from

the jellyfish Aequorea victoria (Chalfie et al., 1994) and Escher-

ichia coli b-galactosidase (encoded by the LacZ gene). The

activity of b-galactosidase is visualized by exposure to the

substrate X-galactose. Genetic markers can be introduced
by direct injection, transfection, or viral infection. Lipofection

has been used to transfect Xenopus retinal cells with marker

genes and map their fate during retina development (Holt

et al., 1990), and electroporation has been used to introduce

marker genes into chicken and mouse embryos (Itasaki

et al., 1999).

Retroviral infection is an efficient method for introducing

genes into cells. One of its earliest applications in lineage

tracing was to use a c-myc retroviral vector to track the fate

of hematopoietic stem cells, following transplantation into

lethally irradiated recipient mice (Lemischka et al., 1986). Exten-

sive fate mapping of the nervous system has been performed

using viral vectors in mammalian and chick embryos (Price

et al., 1987; Fekete and Cepko, 1993) (Figure 1E) and to

examine the properties of stem cells in adult mouse brain

(Doetsch et al., 1999). These studies often combine in vivo

and in vitro lineage tracing. One particularly elegant technique

uses a transgenic mouse that expresses the avian leukosis virus

receptor under the control of a cell-type-specific promoter

(Holland and Varmus, 1998). An avian leukosis virus, which

encodes alkaline phosphatase (and is replication competent),

is then introduced into mice. Only dividing cells that express

the receptor become infected and express the lineage marker

(Doetsch et al., 1999).

Compared to vital dyes, genetic markers have the advan-

tages that they do not spread to neighboring cells and, if stably

expressed, are inherited by the progeny of the marked cell.

One potential problem with genetic markers is low efficiency

of introducing the gene. However, this issue can be resolved

by adding a drug-selectable marker (e.g., puromycin or

neomycin) or by using retroviral vectors instead of plasmids.

Another caveat is that injecting a vector into tissue can create

a wound that can alter cell behavior. In addition, the marker

can be toxic to cells, either directly, or indirectly through the

exposure to UV light during visualization. Two specific prob-

lems with retroviruses are (1) only dividing cells can be labeled,

and (2) retroviral vectors can spontaneously silence. Finally,

spontaneous cell fusion occurs in a number of tissues (Al-

varez-Dolado et al., 2003; Wang et al., 2003). This can result

in the transfer of a lineage marker between cells of unrelated

lineages (Terada et al., 2002; Ying et al., 2002), leading to the

spurious conclusion that transdifferentiation has occurred

(Weissman, 2005).

Transplantation of Cells and Tissues
There is a long tradition of mapping cell fate by transplanting

tissue from one embryo to a different host, although resolution

at the single-cell level is rarely obtained with this approach. In

classic experiments, Spemann and Mangold used transplanta-

tion to make interspecies chimeras with embryos from three

differentially pigmented newt species. They then distinguished

the host tissue from the donor tissue based on color (Spemann

and Mangold, 1924) (Figure 1F).

Avian interspecies grafts have also yielded important informa-

tion. Waddington performed interspecies grafting (allotransplan-

tation) with chicken and duck embryos in vitro (Waddington,

1932) to study organ-forming regions during gastrulation, and

he could distinguish between host and grafted regions by cell
Cell 148, January 20, 2012 ª2012 Elsevier Inc. 35



size. Le Douarin studied migration and differentiation of neural

crest cells of the Japanese quail transplanted into chicken

embryos. She identified the transplanted quail cells on the basis

of structural differences between the interphase nuclei of the two

bird species (Le Douarin, 1980).

A different strategy for fate mapping by transplantation is to

label cells in the graft with tritiated thymidine and then transplant

them into an unlabeled host. Labeled cells from chicken embryos

have been transplanted into unlabeled host embryos to study

processes such as epiblast formation, early cardiac differentia-

tion, and neural crest cell migration (Rosenquist, 1981).

Transplantation has been used extensively to study stem cell

fate in a number of adult mammalian tissues, including blood,

muscle, and skin. The classic approach is bone marrow trans-

plantation in sublethally irradiated mice, in which serial reconsti-

tution of blood in successive mice remains the gold standard for

assessing stem cell renewal andmultilineage differentiation. This

can also be applied to the study of single human hematopoietic

stem cells, following transplantation into immunocompromised

mice (Notta et al., 2011a).

Transplantation has also been used to evaluate stem cells

in mouse epidermis: disaggregated adult epidermal cells are

combined with neonatal dermal cells in a chamber implanted

onto the back of a host mouse and left for several weeks to

form hair-bearing skin (Jensen et al., 2010). Transplantation

is readily combined with lineage tracing by mixing a small

number of marked cells with an excess of unlabeled cells

(Jensen et al., 2009).

The advantages of cell transplantation for lineage tracing are

2-fold: there are a number of options for distinguishing between

host and donor; and, in the case of interspecies grafts, the label

is permanent. Limitations of this approach include the need for

surgery, irradiation, or the creation of a wound, which all have

the potential to change the properties of the cells under study.

There is also the possibility of artifacts due to interspecies differ-

ences in cell behavior; indeed interspecies chimeras rarely

survive after birth. Furthermore, achieving lineage tracing at

single-cell resolution can be a challenge, unless the tissue is

blood or can be disaggregated into a single-cell suspension prior

to transplantation.

Perhaps the most important disadvantage of using cell

transplantation for following cell fate is that single cells may

not behave in the context of a graft as they do during normal

tissue homeostasis (Watt and Jensen, 2009). This is particularly

an issue when performing lineage tracing of epithelial cells,

which are normally organized into sheets of cells connected

by extensive intercellular junctions but are disaggregated into

single-cell suspensions for transplantation. In a recent study,

three different populations of epidermal cells showed equal

ability to contribute to all epidermal lineages on transplantation,

but the populations exhibited more restricted lineage choices

in the context of the intact tissue (Watt and Jensen, 2009). Simi-

larly, in the mammary gland, single-cell transplantation experi-

ments have shown the existence of multipotent stem cells.

However, lineage tracing in undamaged tissue indicates that

the mammary epithelium is normally maintained by stem cell

populations whose progeny differentiate along individual line-

ages (Van Keymeulen et al., 2011).
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Genetic Mosaics
As with direct cell observation and tissue grafting, the creation of

genetic mosaics is a classic tool for embryonic fate mapping,

which continues to have broad applications today. InDrosophila,

fate mapping was originally based on the experimental genera-

tion of gynanders, or flies with tissues that form a mosaic of

male and female cells. Subsequently genetic recombination

between homologous chromosomes during mitosis in somatic

tissue was used to mark individual cells or small groups of

cells, as exemplified by cell lineage analysis in the Drosophila

compound eye.

In the mid-20th century, Tarkowski and Mintz pioneered the

analysis of cell fate by generating chimeric mice. They aggre-

gated two eight-cell embryos to form a single embryo that was

subsequently implanted into a foster mother and allowed to

develop to term (Mintz, 1965). Their studies elucidated the clonal

origin of melanocytes and the basis of coat color in adult mice.

Different markers can distinguish the contributions of different

mouse strains within a chimera. For example, monoclonal anti-

bodies to H-2 cell-surface antigens or lectins can bind cell-

surface carbohydrates in one mouse strain but not the other.

Studies of chimerism produced some of the earliest cell lineage

tracing data in the mouse epidermis and small intestine. These

data challenged the prevailing views, which were based on

microscopy and label-retaining cells, about how the stem cell

compartment of these adult tissues is organized (Schmidt

et al., 1987, 1988).

Chimeric mice continue to be used to examine tissue organi-

zation. Typically, chimeras are formed between a mouse that

expresses GFP in all tissues and one that does not. When

combined with whole-mount labeling, the stem cell organiza-

tion of complex epithelia, such as the lung, can be readily

visualized (Giangreco et al., 2009) (Figure 1G). Analysis of

chimeric mice has also been used to demonstrate that

epidermal tumors are not obligatorily clonal (i.e., derived from

a single cell) (Arwert et al., 2010; Winton et al., 1989) (Figure 1H)

and to examine how cells bearing oncogenic mutations impact

on neighboring cells that are genetically normal (Arwert et al.,

2010).

Just as chimeras and genetic mosaics have their origins in the

mid 19th century, early cell biologists were intrigued by how

cells from different tissues segregate when aggregated with

one another in culture (Steinberg, 2007). In a sense, these

studies represent chimerism in vitro. Placing different cultured

cell populations in contact with one another has been used

extensively to examine the molecular basis of intercellular

communication. It has also been used for lineage analysis in

reconstituted human epidermis. For instance, Lowell et al.

(2000) labeled single human epidermal cells with GFP and

then examined their clonal growth in combination with an excess

of unlabeled cells. This experiment demonstrated that the Notch

ligand, Delta-like 1, which is highly expressed on stem cells,

stimulates neighboring cells to differentiate and encourages

stem cells to adhere to one another (Lowell et al., 2000; Watt

et al., 2008).

Naturally occurring genetic mosaics are one of the few tools

available for lineage tracing in humans. Early studies relied on

extremely rare individuals, such as an XO/XY male with familial



polyposis coli (FAP), a mutation in the adenomatous polyposis

coli gene. Using in situ hybridization of biopsy material with Y

chromosome probes, Wright and coworkers established that

the crypts in the human colon are clonal, that the colon

contains multipotential clones, and that early tumors in the

intestine are polyclonal (Novelli et al., 1996). A newer strategy

exploits the fact that, with increasing age, individual cells within

human tissues become deficient in the mitochondrial DNA

(mtDNA) encoded enzyme cytochrome c oxidase. Enzyme

histochemistry to detect cytochrome c oxidase can be used

as a lineage tracer, and the dynamics of stem cell behavior

and clonal succession can be measured (Greaves et al.,

2006; McDonald et al., 2008).

Another intriguing approach for lineage tracing in humans is to

study revertant phenotypes. Somatic loss of disease-causing

mutations, which leads to normalization at the single-cell level,

is a rare event, but it can be observed in a number of human

skin diseases. One striking example is a skin condition known

as ichthyosis with confetti (Choate et al., 2010). Children with

the condition are covered in red, flaky skin, but over time, clones

of normal epidermis appear, giving adult skin the appearance of

being showered with confetti. The disease-causing mutations

are frameshift mutations in keratin 10 (KRT10). The high fre-

quency of somatic reversion in the disease may be due to rever-

tant stem cell clones having a selective growth or survival

advantage over mutant cells.

Recently, the clonal architecture of certain human leukemias

has been determined. The approach makes use of the fact

that a dominant genetic lesion drives initial tumor formation,

and a small number of secondary genomic lesions are ac-

quired subsequently (Anderson et al., 2011; Notta et al.,

2011b). Therefore, individual clones of leukemic cells can be

identified using methods, such as multiplexed fluorescence

in situ hybridization, to detect the combination of genetic

lesions they contain. These studies have revealed that

leukemic cells have a dynamic clonal architecture, with clones

and subclones exhibiting competitive regenerative capacity

(Anderson et al., 2011; Notta et al., 2011b). Predictions

regarding lineage relationships between clones of leukemic

cells with different mutations can then be tested experimen-

tally by transplantation in immunocompromised mice (Notta

et al., 2011a, 2011b).

Lineage tracing by chimerism has a number of obvious

advantages, particularly in its application to human tissues

and diseases. In chimeric mice, the sizes of marked regions

depend on the number of cells in the blastocysts, which were

fused, and thus, the level of resolution is generally confined to

groups of cells, rather than individual cells. Nevertheless,

single-cell resolution is obtained in some situations, such as

somatic reversion and the analysis of leukemic clones. Chimeric

mouse tissues with fluorescent reporters are ideal for whole-

mount analysis; however, in human tissue, the approach relies

on conventional histology or in situ hybridization and is therefore

more laborious.

Cell Marking by Genetic Recombination
Genetic recombination has been used for lineage tracing since

the early 1990s and is now the preferred approach in most
situations. A recombinase enzyme is expressed in a cell- or

tissue-specificmanner to activate the expression of a conditional

reporter gene, and thus permanent genetic labeling of all

progeny of the marked cells is achieved. Two site-specific

recombination systems adapted from bacteriophage P1 (Cre-

loxP) and Saccharomyces cerevisiae (FLP-FRT) have been

widely employed, in combination with different conditional re-

porter genes in a range of organisms (Figure 2).

FLP-FRT recombination has been used mainly to lineage

trace cells inDrosophila (Figure 2A). The Flippase (FLP) recombi-

nase is expressed under the control of a heat shock-inducible

tissue- or cell-specific promoter. Through recombination, the

ubiquitously expressed a-tubulin promoter on one chromosome

is fused with a reporter gene (e.g., LacZ or GFP) on the homolog

at the flippase recognition target (FRT). Activation of the reporter

occurs in only those cells in which the promoter is active.

FLP-FRT technology was used first to label clones in the

Drosophila ovary (Harrison and Perrimon, 1993) and then later

in a number of other tissues, such as the identification of stem

cells in the posterior midgut of adult Drosophila (Ohlstein and

Spradling, 2006).

Genetic lineage tracing in mice is usually performed using the

Cre-loxP system (Figure 2B). Cre recombinase is expressed

under the control of a tissue- or cell-specific promoter in one

mouse line. That line is crossed with a second mouse line in

which a reporter is flanked by a loxP-STOP-loxP (‘‘floxed’’

STOP) sequence. In animals expressing both constructs, Cre

specifically activates the reporter in cells that express the

promoter, by excising the STOP sequence (Figure 2B). This

strategy has now been applied to many tissues, including the

epidermis. For example, Fuchs and colleagues placedCre under

the control ofSox9, amarker specifically expressed in hair follicle

bulge stem cells. They then used this construct to trace the origin

of bulge stem cells and their progeny during epidermal morpho-

genesis, showing that Sox9-positive cells can give rise to all

epidermal lineages (Nowak et al., 2008).

Ubiquitously expressed reporter constructs are usually ex-

pressed from the Rosa26 locus (Figures 2B and 3A). The first

reporter was b-galactosidase (Soriano, 1999), which can be

visualized when tissue histology is well preserved (Figure 3C).

However, b-galactosidase has the limitation that it cannot

readily be detected by flow cytometry of live cells. The first

fluorescent reporter mouse expressed enhanced GFP (EGFP)

(Mao et al., 2001), but many other fluorophores are now

available, such as enhanced yellow fluorescent protein (EYFP)

and enhanced cyan fluorescent protein (ECFP) (Srinivas et al.,

2001).

tdTomato is one of the brightest fluorescent proteins

currently available. In the Rosa26-CAG-tdTomato reporter

mouse (Figure 2B), tdTomato is also targeted to the Rosa26

locus; however, this locus permits the insertion of an exoge-

nous strong promoter (Muzumdar et al., 2007; Zong et al.,

2005), and thus, the ubiquitously expressed CAG promoter

was added to drive higher expression (Madisen et al., 2010).

As a further improvement, the Rosa26-CAG-tdTomato re-

porter construct contains a woodchuck hepatitis virus post-

transcriptional regulatory element (WPRE) to enhance the

stability of mRNA. Rosa26-CAG-tdTomato mice can be bred
Cell 148, January 20, 2012 ª2012 Elsevier Inc. 37



Figure 2. Lineage Tracing through Genetic Recombination
(A) Schematic representation of the genetic elements in the FLP-FRT system.
Flippase (FLP) recombinase is expressed upon heat shock activation of the
gene promoter and fuses the LacZ reporter construct with the a-tubulin
promoter by interchromosomal recombination at FRT sites. As a result,
b-galactosidase is expressed and can be visualized by adding X-galactose to
the tissue.
(B) Schematic representation of the genetic elements in the Cre-loxP system.
Cre recombinase is constitutively expressed under the control of a tissue- or
(stem) cell-specific promoter. In those cells, Cre can recombine loxP sites in
the ubiquitously expressed reporter construct to remove the STOP cassette.
Upon removal of the STOP, the reporter (e.g., tdTomato) is expressed in these
cells and all their progeny.
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to homozygosity. Also, the tdTomato fluorophore has strong

epifluorescence, which—as another advantage—can be easily

visualized. This is useful for either tracking a small number of

labeled cells within a tissue or robust labeling for analysis. For

sorting labeled populations using flow cytometry, the strong ep-

ifluorescence can be disadvantageous because the brightness

of tdTomato can bleed into other detection channels, making it

difficult or even impossible to sort when cells are colabeled with

other markers. Therefore, one has to choose an appropriate

reporter mouse line depending on the type of analysis per-

formed.

Temporal and spatial control of Cre activity can also be

controlled with inducible recombination, for example, to

selectively activate Cre in adult mice via a promoter that is

also expressed during embryonic development (Figure 3A).

Cre recombinase is typically fused to the human estrogen

receptor (ER). In the absence of ligands, such as estrogen

17b-oestradiol, the anti-estrogen tamoxifen, or its active

metabolite 4-hydroxy-tamoxifen (4-OHT), the Cre recombi-

nase-ER fusion protein (CreER) is kept in the cytoplasm by

heat shock proteins (hsp) (Figures 3A and 3B). Upon applica-

tion, the ligand diffuses into the cell cytoplasm and binds to

the ER. The receptor then changes confirmation, leading to

a release from its hsp chaperones. Activated CreER translo-

cates to the nucleus, where Cre can recombine the loxP sites

(Metzger et al., 1995).

To prevent CreER from being activated by endogenous

17b-oestradiol, two different mutants of CreER have been gener-

ated. Parker, Evan and colleagues mutated the mouse ER

(CreERTAM) (Littlewood et al., 1995), whereas Chambon and

colleagues mutated the human ER (CreERT) (Feil et al., 1996).

Both systems showed insufficient CreER induction at low tamox-

ifen levels and, thus, required high levels that were sometimes

toxic to the cell. This problem was reduced by developing

a second generation CreERT2 construct (Feil et al., 1997). This

fusion protein is sensitive to low levels of tamoxifen and displays

reduced leakiness because it is not activated by endogenous

mouse 17b-oestradiol.

A different system to induce Cre is to fuse it with the

progesterone receptor (CrePR), which is activated by applying

the anti-progestins Org 31376 or Org 31806 (Tsujita et al.,

1999). This construct was improved by developing a mutated

version of PR, which is activated by RU486 (mifepristone) (Kyr-

kanides et al., 2003). Due to reported leakiness of this mutated

PR (i.e., CrePR1), Lin and coworkers recently generated

a mouse line with a differentially mutated PR fused to Cre re-

combinase (GCrePR1e), and these mice do not exhibit any

significant sensitivity to activation by endogenous proges-

terone (Chen et al., 2010). Still, leakiness is a common problem

of inducible Cre systems, whether CreER or CrePR. Therefore,
(C) An example of FLP recombination is the lineage tracing of intestinal stem
cells in Drosophila by Ohlstein and Spradling (2006) (left image; image repro-
duced from Nature, ª 2006, Macmillan Publishers Ltd.). Examples of Cre
recombination are given: tdTomato-labeled Purkinje cells (middle image;
Madisen et al., 2010; image reproduced from Nat. Neurosci., ª 2010,
Macmillan Publishers Ltd.) and EYFP-labeled sebocytes (right image; Horsley
et al., 2006).



Figure 3. CreER, an Inducible Genetic

Recombination System
(A) Schematic representation of the genetic
elements. Cre recombinase is fused to a tamoxifen-
inducible mutated estrogen receptor (CreERT2).
Barker et al. (2007) developed a construct in which
CreERT2 is expressed in conjunction with a fluo-
rescent reporter (GFP) to visualize the areas of Cre
expression. An internal ribosome entry site (IRES)
was introduced to allow expression of CreERT2

independent of GFP given the length of the overall
mRNA transcribed.
(B) Stem cells express GFP and CreERT2, the latter
being kept inactive in the cytoplasm by heat shock
proteins (Hsp90; upper left panel). Upon binding
of tamoxifen or its active metabolite 4-hydroxy-
tamoxifen (4-OHT; asterisk), CreERT2 is released
from the chaperone and translocates to the
nucleus (upper right panel). Cre recombines at
loxP sites to remove the STOP cassette enabling
LacZ expression (lower left panel). All progeny of
those GFP+/LacZ+ stem cells express LacZ as
a genetic mark (lower right panel).
(C) Using this construct, Clevers and colleagues
identified stem cells expressing Lgr5 in the small
intestine (upper image; Barker et al., 2007, image
reproduced with permission from Nature, ª 2007,
Macmillan Publishers Ltd.) and other organs,
as well as Lgr6-expressing stem cells in the
epidermis (lower image; Snippert et al., 2010a,
image reproduced with permission from AAAS.).
it is essential to analyze tissue that has not been exposed to

the inducing agent in order to determine the extent of nonspe-

cific activation.

The use of inducible Cre for lineage tracing has provided

unprecedented levels of information about the organization of

the stem cell compartment in postnatal tissues. Using CrePR1

driven by the keratin 15 promoter (K15-CrePR1), Cotsarelis

and colleagues showed that the hair follicle has a population

of stem cells that have the capacity to generate all epidermal

layers during normal hair follicle cycling (Morris et al., 2004).

Recent studies by the Clevers Lab and collaborators led to the

identification of Lgr5, which is expressed in epithelial stem cells

in different tissues, including the intestine (Barker et al., 2007)

(Figure 3C), stomach (Barker et al., 2010), and hair follicle

(Jaks et al., 2008). Their construct, which is knocked into the

Lgr5 locus, expresses not only CreERT2 but also EGFP. This

enables the tracking and isolation of stem cells and their

progeny by flow cytometry at any time point (Barker et al.,

2007; Snippert et al., 2010a). It is important to optimize the
Cell 14
dose of the Cre activator (e.g., tamoxifen)

for each mouse line expressing inducible

Cre. Extremely low doses can be given to

label cells at clonal density in order to

study origins of particular cell popula-

tions. In contrast, high doses are applied

to maximize labeling of an entire stem cell

population.

When using the Cre-loxP approach for

lineage tracing, it is important to carefully
evaluate where the Cre-driving promoter is expressed. The

same promoter can be used for lineage tracing in different

tissues, as in the case of Lgr5 (Barker et al., 2007, 2010; Jaks

et al., 2008). However, problems arise when, within an individual

tissue, the reporter is expressed by more than one cell popula-

tion. Thus, within the epidermis, Blimp1/Prdm1 is a marker of

sebocyte progenitors (Horsley et al., 2006), but it is also ex-

pressed in terminally differentiated cells of all epidermal

compartments, including the sebaceous gland (Lo Celso

et al., 2008; Magnúsdóttir et al., 2007). Plus, there is currently

no evidence that the sebocyte progenitors give rise to the cells

of the interfollicular epidermis. To overcome this type of

problem, Kirchhoff and colleagues have developed the ‘‘split-

Cre’’ system (Hirrlinger et al., 2009), in which inactive Cre

fragments are expressed by two different promoters and the

fragments are recombined only in the case of overlapping

expression.

An alternative to driving Cre expression in a specific sub-

population of cells is to label single cells at random and follow
8, January 20, 2012 ª2012 Elsevier Inc. 39



their fate. Early reporters that used an upstream sequence

from the gene of interest, rather than knocking Cre into the

endogenous locus, tended to suffer from a lack of expression

fidelity (i.e., leakiness), with cells activating CreER in the

absence of tamoxifen treatment (Vasioukhin et al., 1999). In

the case of K14-CreERTAM mice (Vasioukhin et al., 1999)

crossed with EGFP reporter mice, it was possible to follow

the fate of marked clones of cells in untreated epidermis and

thereby compare the contribution of different stem cell popula-

tions in an unbiased way (Jensen et al., 2009). Conversely, the

inefficiency of tamoxifen induction of K14-CreERTAM has been

used successfully for lineage tracing (Silva-Vargas et al., 2005).

Cre reporter mice can readily be used to determine the effect

on cell lineages of modifying intrinsic or extrinsic signals and

to test the effects of disease or damage. For example, tamox-

ifen can simultaneously induce Cre-mediated recombination

and activate Wnt signaling by a truncated b-catenin fused to

an ERTAM (DNb-cateninERTAM) transgene (Silva-Vargas et al.,

2005).

A more sophisticated approach for unbiased clonal lineage

tracing has employed a transgenic mouse line, AhCreER, in

which CreER is expressed under the control of the drug-

activated Ah promoter. Cre is controlled at two levels to

minimize leakiness: transcriptionally by treatment with b-nap-

thoflavone, and at the level of protein activity by tamoxifen

(Clayton et al., 2007; Kemp et al., 2004). By applying statis-

tical analysis to the data obtained from these experiments,

evidence has emerged for stochastic fate decisions and clonal

drift within adult tissues such as the epidermis (Clayton et al.,

2007).

Lineage Tracing with Multicolor Reporters
Multicolor reporter constructs are being used increasingly for

lineage tracing with two or more markers. These constructs

make it possible to examine how different cell types contribute

to the maintenance and repair of a given tissue (Rinkevich et al.,

2011). Mosaic analysis has been performed with double

markers (MADM), such as EGFP and red fluorescent protein

(RFP) (Figure 4A), to characterize the contribution of certain

progenitors to the different layers of the cerebellar cortex

(Zong et al., 2005) or to identify the cellular origin of gliomas in

mice (Liu et al., 2011). Mosaic analysis with EGFP and LacZ

as double markers revealed that epithelial stem cells in

Drosophila ovarian follicles can migrate across the niche barrier

to replace neighboring stem cell pools (Nystul and Spradling,

2007). Luo and colleagues designed a membrane-targeted

tdTomato/membrane-targeted EGFP (mT/mG) double-fluores-

cent reporter mouse in which tdTomato is expressed before

a Cre-mediated recombination event whereas EGFP is ex-

pressed after the event (Muzumdar et al., 2007). Goldhamer

and colleagues combined Cre-loxP and FLP-FRT recombination

to generate a multifunctional Cre/FLP dual reporter, which con-

ditionally expresses nuclear b-galactosidase (flanked by FRT

sites) and EGFP (Yamamoto et al., 2009). Upon Cre recombina-

tion, nuclear b-galactosidase is expressed and can be con-

verted into an EGFP reporter by FLP-mediated removal of the

FRT-flanked LacZ cassette. Germline excision of the floxed

STOP cassette generates a FLP-dependent EGFP reporter
40 Cell 148, January 20, 2012 ª2012 Elsevier Inc.
that expresses b-galactosidase before recombination by FLP

at FRT sites. When Cre and FLP are simultaneously expressed

or activated, random recombination enables dual labeling with

b-galactosidase and EGFP and therefore tracing of multiple

clones (Yamamoto et al., 2009).

The power of lineage tracing with multicolor reporters is illus-

trated by the demonstration that mouse digit tip regeneration

depends on contributions from several different cell types,

rather than a single, undifferentiated population of cells (Rinke-

vich et al., 2011). A widely anticipated reporter system, the

‘‘Brainbow’’ mouse (Livet et al., 2007), enables combinatorial

expression of four fluorescent proteins in a stochastic manner.

Using incompatible lox variants, four fluorescent proteins can

be expressed by stochastic recombination using Cre-mediated

inversion (Brainbow-2). When three transgenes of a Brainbow

construct expressing three ‘‘XFPs’’ (Brainbow-1.0) are intro-

duced into a mouse, independent recombination of those trans-

gene copies can generate ten distinct color combinations

(Figure 4B).

In a recent development, the Brainbow-2.1 construct has

been used to target the Rosa26 locus to make a reporter mouse

ubiquitously expressing the construct (i.e., the Rosa26-Confetti-

Mouse) (Snippert et al., 2010b) (Figure 4C). Clevers and

coworkers used the reporter mouse to randomly label Lgr5-posi-

tive stem cell-derived clones within the intestinal crypt with

different fluorophores. Initially multicolored clones were

observed, but over time each crypt became labeled with a single

color as it became populated by cells derived from a single

clone. The authors concluded that homeostasis of murine intes-

tinal crypts is maintained by symmetrically dividing Lgr5-positive

stem cells, through neutral drift/clonal succession (Snippert

et al., 2010b).

An important aspect of lineage tracing with fluorescent

reporter mice is preparing the tissue to ensure that the fluores-

cent protein can be visualized after tissue processing. Reliable

antibodies, such as anti-GFP and anti-RFP/tdTomato/DsRed,

that function on fixed, paraffin-embedded or unfixed, frozen

sections are available (Jensen et al., 2009; Van Keymeulen

et al., 2011). One limitation of multicolor reporter lineage tracing

is that costaining the tissuewith antibodies to specificmarkers of

differentiation is often not possible.

An alternative to antibody labeling is to visualize the endoge-

nous fluorescence of the reporter (Snippert et al., 2011). This is

necessary for tracing multiple fluorescent reporters in thick

tissue specimens. It also raises the possibility of imaging clones

of cells in living tissue. Such dynamic analysis of cell-fate

decisions is facilitated by advances in imaging, such as two- or

multiphoton fluorescence microscopes, which enable in-depth

scanning and optimal fluorophore separation of the multicolor

fluorescence.

Outlook
There are a number of applications of lineage tracing that we

anticipate will be developed in the near future. Lineage tracing

will be increasingly combined with the manipulation (Jensen

et al., 2009; Silva-Vargas et al., 2005; Vooijs et al., 2007) or

monitoring of the activation state of specific intracellular

signaling pathways. This effort will gather pace as the sensitivity



Figure 4. Dual- and Multicolor Reporter Systems
(A) Mosaic analysis with dual markers (MADM). DNA fragments encoding fluorescent proteins (EGFP and tdTomato) are separated by loxP sites. Upon Cre-
mediated mitotic recombination, the sequence fragments are reconstituted restoring the full-length GFP and tdTomato (Liu et al., 2011; Zong et al., 2005; image
reproduced from Liu et al., 2011.).
(B) Brainbowmouse in which ten different colors are generated upon random recombination. Livet et al. (2007) developed a transgene harboring three spectrally
distinct fluorescent proteins (Brainbow-1.0). Introducing this trichromatic transgene into mice enables randomCre recombination at loxP sites to express several
combinations of the three fluorescent proteins. Images show combinatorial expression in dentate gyrus (left) and oculomotor axons (right) (Livet et al., 2007,
images reproduced with permission from Nature ª 2007, Macmillan Publishers Ltd.).
(C) Confetti-Mouse, a stochastic multicolor Cre-reporter. Clevers and colleagues inserted the Brainbow-2.1 construct encoding four fluorescent proteins (Livet
et al., 2007) driven by the strongCAG promoter into the Rosa26 locus (Snippert et al., 2010b). Upon Cre recombination, the Neomycin (Neo) cassette is removed
and the multicolor construct recombines randomly to result in four possible outcomes with different fluorescent proteins being expressed (image shows clonal
expression of the four fluorescent proteins in small intestine; Snippert et al., 2010b).
and fidelity of in vivo reporters improve (DasGupta and Fuchs,

1999; Duncan et al., 2005; Li and Watt, 2005). The combination

of fluorescent and bioluminescent reporters in a single cell is

one approach by which this can be achieved (Iglesias and

Costoya, 2009). Advances in microscopy will allow direct

observation of cells that express lineage reporters in adult living

mice and provide new information about how stem cells

interact with their environment (Lo Celso et al., 2009). The

demonstration that light-mediated induction of protein interac-

tions in living cells can be exploited to induce Cre-mediated

recombination (Kennedy et al., 2010), offering unprecedented

selectivity in the induction of recombination at the single-cell

level. Finally, progress has already been made in examining
the contributions and lineage relationships of different cell pop-

ulations to tumors (Youssef et al., 2010). It is safe to assume

that these studies will gather further momentum and also that

lineage tracing will be applied to other diseases, not only in

mice but also in humans.

Concluding Remarks
In Figure 5, we summarize the different strategies that are

currently available for lineage tracing and some of the consider-

ations that influence the choice of strategy. It is important to

stress that the approaches are not mutually exclusive. For

example, Cre can be introduced into mouse tissues by viral

infection (Sutherland et al., 2011), and expression of fluorescent
Cell 148, January 20, 2012 ª2012 Elsevier Inc. 41



Figure 5. Decision Tree for Choosing an Appropriate Lineage Tracing Strategy
Flow chart summarizing lineage tracing strategies discussed in the text.
reporter genes can be combined with direct observation (Rieger

and Schroeder, 2009). Finally, different techniques do not always

yield the same results. In particular, a stem cell may exhibit

different self-renewal and differentiation properties during

normal tissue homeostasis and after transplantation or wound

healing (Watt and Jensen, 2009; Kasper et al., 2011). Although

we have come a long way since the 19th century, the questions

that preoccupy us—How does one cell generate an entire

organism? Are cell-fate decisions hard-wired or environmentally

regulated? How do cells behave during tissue homeostasis,

repair, and disease?—would have been very familiar to Whitman

and his colleagues.
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