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Unravelling cellular relationships
during development and regeneration
using genetic lineage tracing

Understanding cell-division dynamics, cell-fate deci-
sions and spatial organization of cells is crucial for
understanding development, homeostasis and disease.
In particular, characterizing the descendants of indi-
vidual cells (that is, cell lineages such as those formed
during haematopoietic or neuronal differentiation)
remains a long-standing aim of biomedical research. In a
pioneer lineage tracing experiment, the fate of every cell
of a Caenorhabditis elegans embryo was determined by
time-lapse microscopy'. Such lineage tree reconstruction,
based on direct observation, remains limited to small
and transparent organisms with invariant lineages
between individuals. To overcome these limitations and
study lineage decisions in more complex organisms
and tissues, scientists have developed methods tolabel and
track cells of interest using dye injections, transplanta-
tions, viral transduction or genetic recombination of fluo-
rescent proteins”. Although powerful, these approaches
suffer from the small number of generations that remain
labelled after dye injection, the non-physiological set-
ting of cell transplantation, the low frequency of viral-
barcode insertion or the limited number of fluorescent
proteins available to label complex tissues”.

The next-generation sequencing revolution has
allowed the development of genetic lineage tracing

Chloé S. Baron'>3% and Alexander van Oudenaarden

1,2,3,4 %

Abstract | Tracking the progeny of single cells is necessary for building lineage trees that
recapitulate processes such as embryonic development and stem cell differentiation. In classical
lineage tracing experiments, cells are fluorescently labelled to allow identification by microscopy
of alimited number of cell clones. To track a larger number of clones in complex tissues, fluorescent
proteins are now replaced by heritable DNA barcodes that are read using next-generation
sequencing. In prospective lineage tracing, unique DNA barcodes are introduced into single cells
through genetic manipulation (using, for example, Cre-mediated recombination or CRISPR-
Cas9-mediated editing) and tracked over time. Alternatively, in retrospective lineage tracing,
naturally occurring somatic mutations can be used as endogenous DNA barcodes. Finally, single-
cellmRNA-sequencing datasets that capture different cell states within a developmental or
differentiation trajectory can be used to recapitulate lineages. In this Review, we discuss methods
for prospective or retrospective lineage tracing and demonstrate how trajectory reconstruction
algorithms can be applied to single-cell MRNA-sequencing datasets to infer developmental or
differentiation tracks. We discuss how these approaches are used to understand cell fate during
embryogenesis, cell differentiation and tissue regeneration.

methods, where dyes and fluorescent proteins are replaced
by nucleotide sequences that serve as lineage barcodes’.
Genetic lineage tracing methods rely on the introduction
of unique and heritable DNA barcodes in single cells
(FIG. 1). Barcodes are identified by sequencing, and
cells sharing the same DNA barcode are identified as part
of the same lineage, originating from the same founder
cell. Examples of DNA barcodes include insertions and/or
deletions generated by the CRISPR-Cas9 system or nat-
urally occurring single-nucleotide variants (SNVs)**.
Opverall, the power of this approach lies in the high diver-
sity of usable unique barcodes and in the high-throughput
sequencing readout of these barcodes.

In this Review, we discuss recent advances in genetic
lineage tracing, focusing on the biological findings and
insights provided by these novel technologies. First, we
discuss prospective genetic lineage tracing approaches
such as methods using the hyperactive Sleeping Beauty
transposon, Polylox and CRISPR-Cas9 systems (FICS 2,3;
TABLE 1). We explore how these approaches can be used to
deepen our knowledge of the clonal dynamics of mouse
haematopoiesis and of zebrafish embryonic develop-
ment and organogenesis (FIGS 2-4). Next, we examine the
retrospective genetic lineage tracing approaches, which
rely on analysis of copy number variations (CNVs),
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SNVs, retroelements and microsatellites (FIG. 5). We
illustrate how these methods can be used to study
human tissues in health or disease. Finally, we discuss
how single-cell (m)RNA-sequencing (scRNA-seq)
datasets can be used to reconstitute lineage trajec-
tories using the Monocle and RNA velocity algorithms.

Long-term haematopoietic
stem cells

(LT-HSCs). Blood stem cells
able to self-renew and
differentiate into all types

of mature blood cells.
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Fig. 1| Genetic lineage tracing approaches. a | Set-up of prospective genetic lineage
tracing. A genetic tracer is introduced, is activated and remains active for a given period.
During tracer activity, genetic barcodes are dynamically generated. Tissue or cells of
interest are collected at the end of the experiment and the genetic barcodes can be
sequenced for clonal analysis. b | Set-up of retrospective genetic lineage tracing.
Mutations naturally occur in cells of interest over time. The mutations are identified at
the end of the experiment to reconstruct lineage relationships in the tissue of interest.

c| Overview of single-cell (m)RNA sequencing (scRNA-seq)-based trajectory reconstruction
using the algorithms Monocle and RNA velocity. Monocle is built upon the assumption that
single cells with a similar transcriptional profile are likely to be close within a developmental
or differentiation trajectory. Monocle projects single cells along a minimum spanning tree
and creates a pseudotime (black line) representing the inferred lineage trajectory. RNA
velocity uses the abundance of spliced and unspliced mRNAs in single cells to predict their
future state (arrow).

Altogether, we demonstrate how advances in molecular
and computational biology allow genetic lineage tracing
to refine our fundamental knowledge of developmental
and stem cell biology.

Prospective genetic lineage tracing

Prospective genetic lineage tracing requires the intro-
duction of a genetic tracer that will uniquely and perma-
nently label cells on its activation (FIC. 1a). The Sleeping
Beauty transposase, Cre-loxP and CRISP-Cas9 systems
fulfil the criteria required for prospective genetic line-
age tracing methods. Once activated, these systems will
remain active for a given period and allow the accumu-
lation of genetic barcodes. At the end of the experiment,
the progeny cells are collected and their genetic barcode
is sequenced for clone identification, followed by lineage
tree reconstruction.

Tracing using transposon integration

In 2014, a prospective genetic lineage tracing method
was developed in which a known DNA transposon is
mobilized to random positions in the genome after
activation of a transposase’. The toolkit for this method
involves a doxycycline-dependent transcription activa-
tor under the control of the mouse Rosa26 locus, and
a hyperactive Sleeping Beauty (HSB) transposase and a
known HSB-responsive transposon element, both
encoded in the Collal locus (FIG. 2a; TABLE 1). A mouse
line carrying all three alleles was generated, and on
doxycycline administration, HSB is expressed, lead-
ing to transposon mobilization to a random genomic
location. Transposon mobilization induces excision of
a translation stop codon and the expression of a red
fluorescent protein monitoring the mobilization. With
use of a nested PCR strategy relying on a known ligated
linker and the known transposon sequence, the genomic
location of the mobilized transposon is sequenced and
serves as a lineage barcode.

Biological application. Haematopoietic stem cells
(HSCs) have been studied for decades using in vivo
transplantation — an assay recognized as the gold stan-
dard for identifying HSCs and their lineage output®”.
With use of this approach, long-term haematopoietic stem
cells (LT-HSCs) have been identified and placed at
the top of the haematopoietic differentiation hierar-
chy, described as the exclusive multipotent and self-
renewing cell population of the human blood system.
Within the haematopoietic hierarchy, strict branching
occurs between the myeloid and lymphoid lineages, and
further differentiation occurs towards mature cell types
through defined progenitor states'™'" (FIG. 2¢). With use
of the Sleeping Beauty transposase system, the clonal
dynamics of native and post-transplantation haemato-
poiesis was studied. First, analysis of the clonal output
of native granulopoiesis revealed that the barcodes pres-
ent in granulocytes are transient, indicating that in the
steady state (unperturbed state of a tissue) granulopoie-
sis is polyclonal (~900 clones are made of a few single
cells). A very minor barcode overlap was observed
between granulocytes and lymphocytes, revealing that
granulocyte-producing clones are restricted to the myeloid
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Primed cells
Differentiating cells with a
determined cell fate.

lineage (FIC. 2d). However, a considerable barcode over-
lap was found between granulocytes and monocytes,
indicating that clones that produce myeloid cells are at
least bipotent. In contrast to the native state, different
granulocyte clonal dynamics were observed after trans-
plantation, as larger granulocyte clones were found to
be stable over time. Finally, in a pioneer experiment, the
clonal output of LT-HSCs at steady state and after trans-
plantation were compared. To do so, the steady-state
granulocyte barcodes in one animal were compared with
the granulocyte barcodes present after transplantation of
bone marrow cells of that same animal into an irradiated
recipient. Considering that repopulation on transplanta-
tion is driven by LT-HSCs, the same barcodes should be
found in both settings. Surprisingly, granulocyte clones
were found to be different in the two experimental set-
tings. This revealed that steady-state granulopoiesis is
driven not by LT-HSCs but instead by progenitors that
are not able to reconstitute the haematopoietic system of
an irradiated recipient on transplantation. This impor-
tant result showed for the first time that LT-HSCs have
limited lineage output in the steady state compared with
a transplantation setting.

In a follow-up study from the same laboratory, the
Sleeping Beauty transposase system was combined with
scRNA-seq to deepen our understanding of steady-state
haematopoiesis, focusing on multipotent progenitors
(MPPs) and megakaryocyte progenitors (MkPs)'*. First,
no MKP barcodes were found to be shared with eryth-
roblasts, suggesting no shared clonality and arguing
against the existence of a megakaryocyte-erythrocyte
progenitor (FIC. 2d). Instead, a subset of MPPs was found
that was responsible for the production of MkP clones.
Furthermore, analysis of LT-HSC clonality showed an
overall low but strongly MkP-biased output, account-
ing for half of MkP production. The combination of
these two findings revealed that LT-HSCs and MPPs
are two different, independent sources of MkP produc-
tion at steady state. Second, transcriptome profiling of
LT-HSCs and four phenotypically defined MPP popu-
lations (MPP1 to MPP4) was performed. The analysis
revealed that MPPs are heterogeneous and contain both
lineage primed cells and non-primed cells, in different
ratios. For example, ~20% of MPP3 cells are granulocyte
and monocyte primed cells and ~19% of MPP2 cells are
erythroid primed cells. In line with the clonal analysis
described above, a subset of LT-HSCs was found to be
primed towards the megakaryocyte lineage. Finally, the
output of LT-HSC clones at steady state was compared
with the output in a transplantation setting. Strikingly,
LT-HSC clones producing MKP at steady state were
found to be capable of multipotency after transplantation,
revealing once more the importance of studying native
haematopoiesis separately from transplantation-induced
haematopoiesis. Overall, these two studies emphasize
the power of genetic lineage tracing compared with
transplantation-based methods to study the haemato-
poietic system in physiological conditions. However,
some limitations to this approach remain. First, the bar-
coding efficiency in vivo is reported to be around 30%,
leaving a majority of HSCs unlabelled and therefore not
taken into account for clonal analysis. Next, small clones
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potentially of high importance for in vivo dynamics of
slowly dividing LT-HSCs can be missed owing to techni-
cal capture limitations. Finally, merging clonal informa-
tion and cell type identification relies on the expression
of a limited number of cell surface markers. Owing to
the potential heterogeneity of phenotypically defined
haematopoietic populations, identifying the lineage deci-
sion of single cells within a clone remains imperfect'’.
The Sleeping Beauty transposase method will hope-
fully continue to benefit from technological advances,
mainly the simultaneous profiling of the transcriptome
and of location of the mobilized transposon in the same
single cell.

Lineage tracing using Cre-loxP

The Cre-loxP system allows the tracking of genetic
recombination by triggering the expression of a fluo-
rescent protein in a cell type of choice*™'®. The recom-
bined fluorescent protein is permanently expressed
and heritable, and its expression can be read out by
microscopy. The Cre-loxP system requires two tools: an
inducible Cre recombinase expressed under the control
of a tissue-specific or cell-specific promotor, and a fluo-
rescent reporter preceded by a loxP-stop codon-loxP
sequence. On Cre induction at a desired time point, the
two loxP sequences are recombined and the translation
stop codon is excised, leading to the expression of the
fluorescent protein in the cell population of choice.
To increase the number of cell populations tracked, multi-
ple fluorescent protein coding sequences flanked by loxP
sites can be introduced'’~"’. In this case, on Cre induc-
tion, the loxP sites are randomly recombined, leading to
multicolour, mosaic expression of different fluorescent
proteins in the targeted cell populations. However, the
limited number of clones (colours) that can be visual-
ized by microscopy remains largely insufficient for the
study of highly complex and heterogeneous tissues. To
overcome this limitation, the fluorescent proteins were
exchanged for DNA sequences to create the Polylox cas-
sette, which is composed of 10 loxP sites interspaced with
unique DNA sequences™ (FIC. 2b; TABLE 1). On Cre induc-
tion, random excisions and inversions occur, generating
a uniquely recombined Polylox cassette that is used as a
barcode. If all 10 loxP sites are recombined, approxi-
mately one million unique barcodes are created, which
can be used to study the clonal output of as many single
cells. Additionally, the Polylox mouse line can be crossed
with any cell type-specific, Cre-inducible mouse line to
study a wide variety of cell populations and tissues dur-
ing embryonic development, cell differentiation and/or
tissue regeneration.

Biological application. By this approach, the clonal out-
put of mouse HSCs was studied by inducing recombi-
nation of the Polylox cassette in HSCs expressing the
endothelial-specific receptor tyrosine kinase TIE2.
Polylox recombination was first induced in embryonic
day 9.5 (E9.5) embryos, the time at which the first HSCs
are generated from TIE2* endothelial cells in the embry-
onic aorta. Analysis of the output of embryonic clones
in adult mice revealed that single TIE2* HSC precursors
give rise to large multipotent HSC clones. A considerable
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fraction of barcodes detected in erythroid progenitors  progenitors (FIC. 2d). Next, Polylox recombination was
and granulocytes are absent from common myeloid induced in young adult mice and the clonal output
progenitors, suggesting that erythroid—-myeloid differ- ~ was analysed at a later stage of adulthood. In this set-
entiation can occur independently of common myeloid  ting, the clonal output of HSCs was smaller than during

a Sleeping Beauty transposon system (mouse) b Polylox system (mouse)
(@ Doxycycline-dependent HSB expression (@ Cell type-specific Cre expression
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Fig. 2 | Prospective genetic lineage tracing to study mouse haematopoiesis. a | The Sleeping Beauty transposon
system allows doxycycline-dependent mobilization of the hyperactive Sleeping Beauty (HSB) transposon to random
genomic locations. Sequencing of the transposon integration loci, which serve as barcodes, allows clone identification.

b | The Polylox system relies on the action of a Cre recombinase to rearrange a Polylox cassette of 10 loxP sites interspaced
with unique DNA sequences. The randomly and stably recombined Polylox cassettes serve as barcodes. ¢ | Classic tree-like
organization of the haematopoietic system cell hierarchy. Haematopoietic stem cells are positioned at the top, giving

rise to the different types of progenitor cell that will differentiate into all major blood cell types. d | Clonal relationships
within the haematopoietic hierarchy as identified by genetic lineage tracing studies using the Sleeping Beauty transposon
and Polylox systems. Alternative routes to the classic tree-like organization can be observed. CLP, common lymphoid
progenitor; CMP, common myeloid progenitor; GMP, granulocyte-monocyte progenitor; LMPP, lymphoid-primed
multipotent progenitor; LT-HSC, long-term haematopoietic stem cell; MEP, megakaryocyte—erythrocyte progenitor;

MkP, megakaryocyte progenitor; MPP, multipotent progenitor; pre-GM, pre-granulocyte-monocyte lineage cell.
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embryogenesis, suggesting that fewer TIE2* HSC clones
are active during adulthood. Further clonal analysis
revealed clear clonal segregation between erythroid—
myeloid and lymphoid cells, supporting a tree-like struc-
ture of haematopoiesis with a primary branching of the
myeloid and lymphoid lineages. Although powerful,
the clonal readout in this study lacks single-cell infor-
mation and is restricted to phenotypically defined hae-
matopoietic populations. This limitation does not allow
one to conclude that single cells within a clone can give
rise to several branches. To overcome this limitation,
both the recombined Polylox cassette and the transcrip-
tome need to be sequenced from single haematopoietic
cells. Finally, to achieve an unbiased readout of the clonal
output of all HSCs, TIE2 will need to be replaced by a
unique, pan-HSC marker, the finding of which is a holy
grail in the haematopoiesis field.

Lineage tracing using CRISPR-Cas9

Five years ago, the CRISPR-Cas9 system was described
as a tool for genome editing in vitro*>**2. Since this
breakthrough discovery, scientists have greatly expanded
the applicability, which now includes also genetic lineage
tracing. Using a guide RNA (gRNA), the Cas9 nuclease
targets a specific genomic region and generates a double-
strand break, the repair of which introduces unique
small insertions or deletions (indels) of variable length
and position. Indels become permanent genomic bar-
codes (or scars) and the descendants of each barcoded
cell will inherit the barcode, thereby allowing clonal
tracking and lineage tree reconstruction.

CRISPR-Cas9 tracing tools in zebrafish. The GESTALT
(genome editing of synthetic target arrays for lineage
tracing) and ScarTrace methods were the first proof of
principle for using Cas9-generated barcodes for lineage
tracing in zebrafish****. By injection of Cas9 and gRNAs
into zygotes, barcodes were introduced into pregas-
trulation embryos. In GESTALT, one gRNA targets
10 locations (a GESTALT cassette, which is integrated
into the DNA of zebrafish embryos) at various efficiencies
(FIG. 3a; TABLE 1). In ScarTrace, gRNA targets several cop-
ies of GFP inserted in tandem downstream of the ubiqui-
tously expressed gene encoding histone H2A. Although
both studies provided strong proof of principle, they
lacked single-cell resolution and transcriptional readout.
To overcome these limitations, scScarTrace, scGESTALT
and LINNAEUS (lineage tracing by nuclease-activated
editing of ubiquitous sequences) were developed®*".
In scGESTALT, a heat shock-inducible Cas9 provides a
second wave of barcode generation at later time points
during development. Thus, scGESTALT provides early
barcode generation beginning at the one-cell stage, and
late barcode generation following a heat shock at 30h
after fertilization. scScarTrace relies on injection of
either Cas9 RNA or Cas9 protein at the one-cell stage.
Following injection of Cas9 protein, barcode gener-
ation is observed between 0 and 3 h after fertilization,
but when Cas9 mRNA is injected, barcode generation
occurs until up to 10h after fertilization. Use of CRISPR-
Cas9 to edit identical sequences positioned in tandem
inevitably leads to larger excisions and loss of barcode
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information from one or more target sites. To overcome
this limitation, LINNAEUS targets red fluorescent pro-
tein transgenes that are scattered across the genome.
Another difference between the methods is the detec-
tion of the scars from mRNA or DNA. Whereas scGE-
STALT and LINNAEUS rely on transcription of the scars
to then capture edited mRNA, scScarTrace detects the
indel directly from DNA, to remove the risk of differ-
ential expression of the scar in different tissues. Overall,
the power of these CRISPR-Cas9-based methods lies
in the dynamic barcoding process: Cas9 remains active
for hours, which allows barcoding to occur sequentially,
thereby generating intricate scar patterns that allow the
reconstruction of multibranching lineages.

Once established, CRISPR-Cas9-based genetic lineage
tracing was used to study the clonal dynamics of various
biological systems. scGESTALT was applied to zebrafish
brains and used to unravel lineage relationships between
as many as 100 cell types. Clonal analysis revealed that
most of the descendants of single progenitors are spa-
tially restricted in the different brain regions (forebrain,
midbrain or hindbrain)*#*. Only a small proportion of
barcodes were found spread over several brain regions,
suggesting that either very early barcoding events or only
few progenitor cells give rise to descendants capable of
migrating across brain regions, a finding confirmed using
scScarTrace (FIC. 4a). Furthermore, barcodes were found
to be not cell type specific, suggesting that the labelled
progenitors were multipotent. By careful analysis of a
small number of clones, and aiming to unravel divergent
lineage trajectories, cell type-specific lineage trajectories
were uncovered in the preoptic area of the hypothalamus.
Precisely, Sst3* neurons and Penkb* neurons are found
to be related to each other but not to Fezfl* or Hmx3a*
neurons (FIG. 4a). However, these four cell populations
possess a common ancestor from a population of
GABAergic and glutamatergic neurons from the ventral
forebrain, originating from the early edit. This reveals the
existence of a common ancestor cell type, which splits
after gastrulation to give rise to these specific lineages in
the preoptic area. These findings were described in two
zebrafish, where six and eight clones were found, respec-
tively, each from ~100 single cells*, thereby demonstrating
the power of scGESTALT to trace rare lineage trajecto-
ries in an organ as complex as the brain, which is made
of more than 100 cell types. Furthermore, lineage trees
were hypothesized not only to reconstitute lineage tra-
jectories of cells but also to reconstruct gene expression
trajectories during development. The trajectory recon-
struction algorithm Monocle2 was used to dissect the
gene expression dynamics occurring during progenitor
maturation towards an oligodendrocyte fate™. Finally,
scScarTrace showed that brain-resident macrophages or
microglia share clones with HSCs of the whole kidney
marrow (WKM; a major site of haematopoiesis in
adult zebrafish), thereby reflecting a common origin®'.

A clonal analysis of the WKM was performed using
scScarTrace, which revealed that all blood cells derive
from a small number of early embryonic progenitor
cells, which is in line with findings reported from use
of fluorescence-based lineage tracing methods* (FIG. 4b).
LINNAEUS was used to study the clonal make-up
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Fig. 3 | Prospective genetic lineage tracing using the CRISPR-Cas9 system. CRISPR-Cas9 genome editing can be
used to generate insertion and deletion mutations (indels), which serve as lineage barcodes. a | In zebrafish, single-cell
genome editing of synthetic target arrays for lineage tracing (scGESTALT), scScarTrace and lineage tracing by nuclease-
activated editing of ubiquitous sequences (LINNAEUS) allow the generation of DNA barcodes during early embryogenesis.
In the three methods, Cas9 and guide RNAs (gRNAs) targeting a sequence of choice are injected into the zygote to induce
dynamic barcoding during early embryogenesis. Later barcoding can be induced in scGESTALT by heat shock-mediated
induction of Cas9. b | In the MARC1 (mouse for actively recording cells 1) line, 60 sequences encoding homing gRNAs
(hgRNAs) are integrated across the genome. By crossing MARC1 animals with Cas9-expressing animals, barcoding in all
hgRNA-expressing sites is initiated at the onset of transcription in the zygote. ¢ | With use of the piggyBac transposase,

a library of DNA sequences containing Cas9 target sites and encoding the gRNAs targeting them are integrated into the
genome of a mouse zygote created from the fusion of an oocyte into which the library and piggyBac mRNA have been
injected with Cas9-expressing sperm. Barcoded blastocysts are then transferred into pseudopregnant mothers for further

embryonic development. RFP, red fluorescent protein.

of zebrafish larvae at 5 days after fertilization and
identified ~70 cell types. With focus on the lateral plate
mesoderm, all blood cells were found to share the same
barcodes with the exception of erythrocytes (FIG. 4b).
This observation reflects the distinct origin of embryo-
nic erythrocytes, which are produced during the primitive
wave of haematopoiesis, whereas all adult blood cell types
(including HSCs) are generated from endothelial cells
during the definitive wave of haematopoiesis**. In accor-
dance with this endothelial origin of adult HSCs, endo-
thelial cells and blood cells of independent origin from
erythrocytes were found to share clones.

scScarTrace was used to study right-left body axis
specification by separately analysing the clonal output
in right and left eyes and brain regions. Although the

right and left midbrain shared clones, right and left eyes
mostly shared none, suggesting an early (less than 10h
after fertilization) specification of the right-left identity
of the eyes. To refine this time window, Cas9 was speci-
fically injected into one of the cells of the two-cell-stage
embryo to induce scars in only half of the embryo until
the dome stage. From analysis of clones 3 weeks later,
scars were found in the right and left eyes, indicating
that both eyes receive cells by the time of the dome stage.
By comparing lineage trees reconstructed after scaring
with Cas9 protein and Cas9 mRNA, the study concluded
that progenitor cells commit to the right eye or left eye
shortly after the dome stage (FIG. 40).

LINNAEUS was used to study the clonal relationship
between the telencephalon, heart, liver and pancreatic
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Definitive wave of
haematopoiesis

A process by which definitive
adult haematopoietic stem
cells are generated during
embryogenesis.

Dome stage

A developmental stage
of zebrafish embryos that
is reached at 4.3 h of
development.

islets of a single fish. All organs showed early clone sep-
aration, thereby revealing the existence of early differen-
tiation into segregated lineages; in the pancreas, a-cells,
B-cells and §-cells mainly shared their origin, with the
exception of an interesting clone, in which §-cells were
depleted, suggesting the existence of an a-cell and -cell
restricted progenitor” (FIC. 4d).

Finally, the clonal dynamics of zebrafish caudal fin
regeneration was studied using scScarTrace. Consistent
with the findings of previous work, most of the cell types
in the caudal fin were found to be clonally restricted, in
physiological conditions and following regeneration®.
However, an increase of clones shared between osteo-
blasts and mesenchyme cells following one or two cycles
of regeneration revealed a degree of plasticity between
the two lineages (FIC. 4¢). Most of the immune cells
in the fin were found to share clonality with WKM HSCs.
Strikingly, a subset of resident immune cells share clo-
nality with epidermal and mesenchymal cells. Since this
particular immune population was found in both healthy
and regenerated fin, it suggests the existence of a novel
developmental trajectory for tissue-resident immune
cells. This observation was confirmed and refined by
the identification of a new ectoderm-derived myeloid-
like cell population in the zebrafish epidermis, termed
‘metaphocytes™. In summary, three distinct experimen-
tal strategies relying on CRISPR-Cas9 to introduce DNA
barcodes in single cells during zebrafish embryogenesis
were used to study the clonal history of a wide variety of
larval and adult organs.

Implementation of CRISPR-Cas-based tracing in mice.
Following the successful development of CRISPR-Cas9
genetic lineage tracing methods in zebrafish, the tech-
nology was implemented in mice. As described earlier,
zebrafish CRISPR-Cas9 barcoding relies mainly on
injecting the gRNA and Cas9 nuclease into the one-cell
embryo. Use of such an approach in the mouse embryo is
not attractive because mouse embryonic development
is slower, and thus after injection, Cas9 would be active
only during the first cell division. By contrast, the bar-
codes need to be generated over a longer period and the
induction of the system needs to be compatible with
the in utero development of the zygote. To this end, a bar-
coding strategy was created that relies on homing gRNAs
(hgRNAs), which allow targeting of Cas9 to a larger
number of genomic sites than canonical gRNAs*.
Mice of the MARC1 (mouse for actively recording
cells 1) line expressing 60 hgRNAs, of which the genomic
locations of the integration of 54 are known, were gen-
erated and crossed with a constitutively expressing
Cas9 transgenic line (FIG. 3b; TABLE 1). On fertilization
and as soon as zygotic genome activation begins, the
hgRNAs are transcribed and barcodes are made by the
activity of Cas9 at the different loci. Characterization of
the barcoding dynamics revealed that certain hgRNAs
were mutated with variable dynamics, between shortly
after Cas9 activation and as late as birth. As a proof of
principle, the lineage tree reflecting the branching of
trophectoderm, primitive endoderm and epiblast by
E4.5 was reconstructed by analysis of barcodes in E12.5
embryos®”. Furthermore, axis establishment during
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neural tube development was studied by comparison of
the embryonically generated barcodes found in various
right-left and anterior-posterior regions of the adult
brain. The analysis revealed that, following initial speci-
fication around the time of gastrulation, the nervous
system axes are established around E8.5 in an order
that remains unclear. Tree reconstruction resulted in
the conclusion that during embryogenesis the anterior—
posterior axis of the neural tube is established earlier
than the right-left axis. The power of this study lies in
the hgRNA-expressing mouse line, which requires for
lineage tracing only crossing with any inducible or cell-
specific Cas9-expressing line. In addition, and similarly
to the approach of LINNAEUS, the 60 sequences encod-
ing hgRNAs in the MARCI line are scattered across the
genome, which dramatically reduces the occurrence
of the large deletions found when Cas9 target loci are
located in tandem. Although only 41 of the 60 hgRNAs
are active, the theoretical number of possible barcodes
is still astonishing — 107*. However, the readout of the
barcodes generated in MARC1 offspring still does not
allow transcriptome analysis of single cells.

In another study, a molecular recorder of mammalian
embryogenesis was developed, using the CRISPR-Cas9
system on the basis of the capacity of a transposase to
integrate the target sequences in various genomic loca-
tions*. With use of the piggyBac transposase, several
synthetic DNA molecules, each containing three differ-
ent Cas9 target sites together with the sequences encod-
ing their corresponding gRNAs, are integrated into the
genome; each gRNA is transcribed under the control of
a distinct promoter and the target sites are transcribed
under the control of a constitutive promoter and fused to
a fluorescent protein (mCherry) (FIC. 3c; TABLE 1).
To perform in vivo lineage tracing, in vitro fertiliza-
tion was performed using mouse oocytes into which
piggyBac transposase mRNA had been injected, multi-
ple Cas9 target sites to be integrated into the genome
and sperm expressing Cas9—-eGFP. Healthy blastocysts
screened for exhibiting high mCherry fluorescence were
transferred into pseudopregnant mice for implantation,
and embryos were collected at ~E9 for lineage analysis.
As proof of principle, this approach successfully reconsti-
tuted the lineage segregation between placenta, yolk sac,
embryonic body, head and tail. Since the Cas9-edited
target sites are transcribed, they can be profiled together
with the transcriptome of thousands of single cells. Many
tissues and cell types were profiled, and despite some
heterogeneity in the number of target sites recovered
per cell, lineage relationships were determined. A shared
ancestor between presomitic mesoderm and neural tis-
sues was found, suggesting they have a common origin
from neuromesodermal progenitor cells. Strikingly,
a subpopulation of embryonic endoderm cells was found
to derive from an extraembryonic origin: despite over-
all transcriptional similarity with embryonic endoderm,
this subpopulation was found to express Trapla and
Rhox5, which are markers of extraembryonic tissues.
This finding reveals the power of genetic lineage tracing
combined with scRNA-seq to uncover subtle yet crucial
lineage and transcriptional decisions during embry-
onic development. Finally, the number of totipotent
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Table 1| Overview of the prospective genetic lineage tracing methods

Method

Tagging Sleeping Beauty
transposase

Polylox barcoding

CRISPR- scGESTALT
Cas9in
zebrafish
scScarTrace
LINNAEUS
CRISPR- MARC1 mouse
Cas9in line
mouse
Molecular
recorder

Type of Readout  Genetic barcode
readout level
Lineage Single cell Genomic location of
barcode randomly integrated
transposons
Lineage Cell Recombined Polylox cassette
barcode population (10 loxP sites interspaced
with unique DNA sequences)
Lineage Singlecell Cas9-generated indelsin a
barcode and GESTALT cassette (array of
transcriptome 10 CRISPR-Cas9 targets)
Lineage Single cell Cas9-generated indelsin
barcode and 8 tandem histone-GFP
transcriptome transgenes
Lineage Single cell Cas9-generated indelsin
barcode and red fluorescent protein
ranscriptome transgenes (16-32
independent integrations)
Lineage Cell 60 hgRNAs integrated
barcode population throughout the genome
Lineage Single cell Cas9-generated indelsin
barcode and synthetic DNA target sites

transcriptome

randomly integrated in the

Barcode induction

Induction of
hyperactive Sleeping
Beauty transposase by
doxycycline injection

Cre recombinase
induction by tamoxifen

Injection of Cas9 and
gRNAs 1-4 into zygotes.
Heat shock induction of
Cas9 and constitutive
expression of gRNAs 5-9

Injection of Cas9 (MRNA
or protein) and gRNA into
zygotes

Injection of Cas9 and
gRNA into zygotes

Constitutive Cas9
expression starts after
maternal-to-zygotic
transition

Constitutive Cas9
expression starts after
maternal-to-zygotic

Biological
system studied

Mouse
haematopoiesis

Mouse
haematopoiesis

Zebrafish brain

Zebrafish
haematopoiesis,
brain, and caudal
fin regeneration

Zebrafish larvae
(5 days after
fertilization),
adult heart, liver,
pancreas and
telencephalon

Mouse early
embryogenesis

Mouse early
embryogenesis

Ref.

26

40

genome

transition

GESTALT, genome editing of synthetic target arrays for lineage tracing; gRNA, guide RNA; hgRNA, homing guide RNA; indels, insertion and deletion mutations;
LINNAEUS, lineage tracing by nuclease-activated editing of ubiquitous sequences; MARC1, mouse for actively recording cells 1; sc, single cell.

cells (1-6) and early and late multipotent embryonic
progenitor cells (5-17 and 15-52, respectively) pres-
ent in the mouse embryo was estimated. One current
limitation of this molecular recorder lies in the scarcity
of the available barcode data, with a barcode recovery
rate (percentage of cells with at least one target site
recovered by sequencing) ranging from 15% to 73%.
This technical limitation forces the averaging of single
cells within a cluster to extract lineage identity from the
average tissue®’.

The mouse models described above are limited by
the difficulty to control the site and number of inser-
tions of the desired construct. This limitation requires a
necessary screening step to identify animals qualifying
for downstream lineage tracing experiments. Overall,
strong proofs of principle for mouse genetic lineage trac-
ing using CRISPR-Cas9 are now available, paving the
way for further technological improvements and novel
discoveries in the field of embryology.

Retrospective lineage tracing

The genetic lineage tracing methods require the intro-
duction of a DNA barcode into the cell of interest to
mark the onset of lineage tracking. This is therefore a
powerful approach to study lineage decisions in model
organisms, where genetic manipulations can be per-
formed. However, such manipulations are impossible

in the context of human development and disease®'.
Luckily, the human genome contains naturally occurring
somatic mutations, which can be used as lineage bar-
codes to track the origins of cells. Many types of muta-
tions match the requirements for a lineage barcode, as
they are permanent and transmitted to the progeny*.
These natural barcodes, when occurring in the nuclear
DNA, fall mainly into four categories: CNVs, SNVs, long
interspersed nuclear element 1 (LINE-1) retroelements
and microsatellite repeats. In addition, naturally occur-
ring mutations can also be found in mitochondrial DNA
(mtDNA)*®.

CNVs are stretches of DNA more than 1 kb long
present in different copy numbers when compared with
the reference genome (FIG. 5a). Many CNV's have been
linked to human diseases (especially to cancer), and
there is recent evidence of the presence of CNVs also in
healthy tissues (for example, in the skin and brain)*~*.
CNVs have been used to reconstruct the clonal dynamics
of breast tumour initiation, invasion and metastasis in
multiple studies*~'. CNVs were detected in single nuclei
of ductal carcinoma following whole-genome amplifi-
cation and sequencing, despite a reported low coverage
of ~6% of the genome of a single cell”. After tumour
cells had been distinguished from healthy cells (which
have a perfectly diploid genome), CNV's between sin-
gle tumour cells were used to build phylogenetic trees.
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Merging of the clonal information with spatial infor-  tumour growth occurred through clonal expansion. The

Nuc-seq

RNA-sequencing technology mation (obtained by microdissection before isolation development of nuc-seq allowed the profiling of CNVs
for nuclear RNA capture from  of nuclei) showed that cells with similar copy number after whole-genome and whole-exome sequencing of
frozen tissue samples. profiles were in close proximity, thereby revealing that  single nuclei, and revealed a large number of de novo

a Brain b Kidney marrow

* Microglia share clonal history with kidney marrow ® The adult haematopoietic system originates from 8-10
HSCs embryonic progenitor cells

* Multipotent brain progenitors are spatially e Erythrocytes have a distinct origin from HSCs and other
restricted blood cells at 5 days after fertilization

¢ A ventral forebrain ancestor gives rises to two
distinct progenitors, each giving rise to two
independent populations of neurons in the preoptic
area of the hypothalamus

¢ HSCs and endothelial cells have a common origin
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commit to the
right or left eye
shortly after
the dome stage

e Regenerating caudal fin

d Pancreas

¢ The osteoblast and mesenchyme lineages exhibit plasticity during
regeneration
¢ A subpopulation of caudal fin resident myeloid cells is of HSC-independent

Evidence of the existence of a-cell
and B-cell restricted progenitor cells

3 \ | origin ‘ |
' | Restricted Progenitor cells . 1
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Fig. 4 | Zebrafish development studies using CRISPR-Cas9 genetic lineage tracing. Schematic representation of

the biological findings made using CRISPR-Cas9 genetic lineage tracing in zebrafish. a| In the brain, single-cell genome
editing of synthetic target arrays for lineage tracing (GESTALT) and single-cell ScarTrace (scScarTrace) unravelled the
clonal origin of microglia and multipotent progenitor cells. Interesting lineage trajectories were identified in the preoptic
area of the hypothalamus. b | In the kidney marrow, scScarTrace allowed the quantification of the number of embryonic
progenitor cells responsible for the production of the haematopoietic system. Lineage tracing by nuclease-activated
editing of ubiquitous sequences (LINNAEUS) revealed that erythrocytes circulating in the embryo at 5 days after
fertilization are of independent origin compared with the rest of the blood system. ¢ | With use of scScarTrace, the clonal
composition of the right and left eyes was analysed to pinpoint the developmental stage in which progenitor cells commit
to each of the eyes. d | LINNAEUS analysis of the pancreas revealed the existence of a-cell and B-cell restricted progenitor
cells. e | In the caudal fin, scScarTrace revealed the existence of a resident immune cell population sharing its origin with
the epidermis and mesenchyme cells. Additionally, clonal analysis of the regenerated fin revealed cell-type plasticity

in the osteoblast precursor compartment. HSCs, haematopoietic stem cells.
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Fig. 5 | Naturally occurring mutations are used for retrospective lineage tracing. Several types of mutations can

be used for retrospective lineage tracing. Mutation calling is always done by comparing the sequenced material with
areference genome. Several categories of naturally occurring mutations have been used for lineage tracing. a | Copy
number variations (CNVs) represent variation in the number of a tandemly repeated long DNA sequence. b | Single-
nucleotide variants (SNVs) are single-base changes. ¢ | Long interspersed nuclear element 1 (LINE-1) is a retroelement
that can undergo transposition across the genome. d | Microsatellite repeats are simple, highly repetitive sequences that
are highly susceptible to mutation. e | Mutations in mitochondrial DNA (mtDNA) are frequent and can be captured by
single-cell RNA sequencing or by single-cell assay for transposase-accessible chromatin using sequencing (scATAC-seq).

mutations occurring within clones and generating
extensive subclonal diversity. Finally, the recent devel-
opment of topographic single-cell sequencing allows
CNYV profiles to be obtained while the special context
of single cells within the tumour tissue is preserved’'. In
topographic single-cell sequencing, the tissue of choice
is cryosectioned, stained and imaged to generate a global
map of the tissue. Then, laser-capture microdissection is
performed to capture and transfer single cells into single
tubes, where whole-genome amplification and sequenc-
ing is performed. Application of this method to 10 ductal
carcinomas revealed that CN'Vs and other de novo muta-
tions occur before tumour invasion and that multiple
clones invade the adjacent tissue during tumour growth.

SNVs are frequent variations in a single nucleotide
that have been shown to cause different diseases, such
as cystic fibrosis and B-thalassaemia® (FIG. 5b). However,
SNVs also occur in non-coding regions in somatic cells,
with no phenotypic consequences. Since SNVs are
faithfully transmitted to descendant cells, they allow
clone identification and lineage tree reconstruction.
Like CNVs, SNVs can be detected by whole-genome or
whole-exome sequencing of single cells’. A limitation
of analysing SN'Vs in single cells is the sparsity of single-
cell data, which makes it difficult to capture the same
SNV in a large number of single cells. However, this
approach has been used successfully to study clonality
and lineage decisions in several healthy and diseased
tissues, such as the human brain, colorectal cancer and
kidney tumours®. In the healthy human brain, single

nuclei from neurons of three individuals were profiled,
and ~1,500 SNV were identified in each brain, which
were generated by transcription-related DNA damage
and allowed the reconstruction of the life history of post-
mitotic neurons. Five neuronal clades were identified,
which reflect the existence of five pluripotent progenitor
cells in early embryonic development. The future use of
deeper or targeted sequencing approaches is anticipated
to improve our ability to identify more SNVs in larger
numbers of cells to resolve further the lineage history of
human tissues.

Retroelement transposons, especially LINE-1, are
abundant in the genome and possess the ability to
undergo transposition into new genomic sites on cell
division”. Owing to their abundance, the unique genomic
locations of these mobilized LINE-1 elements can be
used as a lineage barcode® (FIC. 5¢). Most of the work
on LINE-1 elements for clone identification and line-
age reconstruction was done in the human brain®.
By single-cell whole-genome sequencing, a small num-
ber of LINE-1 insertions were identified. Spatial analy-
sis of these insertions in the cortex revealed that one
element insertion was spread throughout the cortex,
whereas the other insertion was restricted to a smaller
region, suggesting that the latter happened later in devel-
opment. In one of these studies, LINE-1 elements were
used in combination with SNVs to refine the lineage
map, demonstrating the capacity to combine different
naturally occurring mutations for retrospective lineage

tracing®.
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Minimum spanning tree
The shortest way to connect
all edges of a graph.

Pseudotime

A quantitative measure of
biological progression through
a process such as cell
differentiation.

Microsatellites are simple and short tandem repeats,
which are very abundant in the genome®' (FIG. 5d).
Somatic mutations occur frequently in microsatellites
as DNA polymerases are likely to slip at such repetitive
sequences during DNA replication; the microsatellite
mutations can be used for clone tracking. The genomic
locations of microsatellite repeats are known, allowing
the use of targeted sequencing instead of whole-genome
sequencing and thus increasing coverage and reducing
cost. So far, microsatellites have been used in mice to
reconstruct and analyse the lineage decisions of the
female germline and of colonic crypts®>®.

Finally, mutations in mtDNA occur 10-100 times
more frequently than in nuclear DNA and can be used
to reconstruct clonal relationships® (FIG. 5e). Importantly,
the small size of the mitochondrial genome reduces the
cost of sequencing for capturing mtDNA barcodes.
Mitochondrial sequences can also be analysed by
scRNA-seq and by single-cell chromatin accessibility
assays such as single-cell assay for transposase-accessible
chromatin using sequencing (scATAC-seq), thereby
offering the possibility of dual readout of clonality and
cell state. Such an approach was recently used to retro-
spectively analyse family relationships in healthy and
leukaemic haematopoietic cells®.

The main limitation of using naturally occurring muta-
tions to build lineage trees is the rarity of these mutations,
which therefore require costly deep sequencing of the
genome or exome of single cells to capture sufficient data
to allow tree reconstruction. Recently, combined meas-
urement of cell type or cell state and mutation profiling in
thousands of single cells was performed, representing an
important technological improvement for lineage tree
building using somatic mutations®. Further progress,
such as targeted amplification and capture of mutated
loci, will allow us to gain a better understanding of muta-
tion occurrence and dynamics during development,
differentiation and disease.

scRNA-seq trajectory reconstruction

In parallel with the emergence of prospective and retro-
spective genetic lineage tracing methods, a large num-
ber of computational strategies were developed to infer
developmental trajectories from scRNA-seq datasets
(FIG. 1¢c). scRNA-seq provides only a static snapshot
of the transcriptional profile of individual cells, but
scRNA-seq datasets are now made of thousands of cells
spanning different states of a developmental or differ-
entiation trajectory. By assuming that cells with simi-
lar transcriptomes are found in close proximity within
these differentiation trajectories, it becomes possible
to perform trajectory reconstruction. It is important
to keep in mind that these methods do not fall under
the umbrella of genetic lineage tracing since no genetic
tracer is introduced. Nevertheless, by comparison of the
output of the molecular recorder described above with
the results of the analysis of cell-to-cell transcriptome
similarity, it was concluded that cells that are closely
related genetically have more similar transcriptomes™. A
large variety of experimental validations of developmen-
tal trajectories inferred from scRNA-seq have been per-
formed and supported this approach. A detailed review
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of all the trajectory reconstruction algorithms was
recently published®; therefore, we will focus our dis-
cussion on Monocle and RNA velocity, which are two
widely used and pioneer algorithms for trajectory
reconstruction.

A pioneering method of trajectory reconstruction
was Monocle, and its successor is Monocle2 (REFS™).
Briefly, Monocle reduces highly dimensional datasets
and projects a minimum spanning tree that connects cells
that have similar transcriptional profiles. Then, a back-
bone is drawn, which connects the least and most differ-
entiated cells studied using the shortest route possible.
Finally, all single cells are projected onto this backbone,
forming a pseudotime that serves as a lineage trajec-
tory of differentiation of the system studied. Monocle2
improved this process and allows the creation of lineage
trees with several branches. Monocle has been used to
study a large variety of biological processes, including
mouse myoblast differentiation®’, HSC differentiation
in wild-type and mutant bone marrow*’, mouse kid-
ney development and differentiation®, HSC genera-
tion in the mouse embryonic aorta®, the development
of human prefrontal cortex” and the differentiation
trajectory of T cells in breast cancer”.

RNA velocity, which was recently introduced, relies
on the abundance of spliced and unspliced transcripts
to predict the future transcriptome of single cells”>. RNA
velocity allows prediction of the future of single cells in
a short time window (a few hours). Several biological
systems were studied using RNA velocity, including
the differentiation of chromaffin cells (neuroendocrine
cells from the adrenal medulla) from Schwann cell
precursors in E12.5 mouse embryos, the transcription
dynamics of neutrophil maturation in the mouse adult
bone marrow and the complex lineage branching of the
developing mouse hippocampus. RNA velocity is able to
study human cell differentiation, such as the differentia-
tion of glutamatergic neurons in the developing human
forebrain at 10 weeks after conception.

Conclusions and future perspective

Introducing a DNA barcode or reading out a naturally
occurring mutation during development or cell differ-
entiation is now possible. Since introducing a barcode
to perform prospective lineage tracing requires genetic
manipulation, its use is restricted to in vitro studies or to
model organisms. On the other hand, because mutations
naturally occur in human development and disease,
they can be used for retrospective lineage tracing in the
context of human development and/or cancer.

A mouse embryo or a human tumour is made of
millions of cells and is highly heterogeneous. So far,
obtaining cell identity and lineage information for that
many cells has not been achieved. However, only 10 years
have passed since the first single-cell transcriptome
was sequenced, and today, as many as two million cells
can be profiled from developing mouse embryos™ .
It is therefore only natural to expect technological
improvements in the coming years that will scale up the
genetic lineage tracing methods discussed herein and
potentially allow the reconstruction of the full lineage
tree of highly complex biological systems.
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A major limitation of genetic lineage tracing is the
absence of spatial resolution, both at the time of bar-
code induction and at the time of analysis. Despite the
development of MEMOIR (memory by engineered
mutagenesis with optical in situ readout), which allowed
the reconstruction of the clonal dynamics of embryonic
stem cells in situ, it is not yet possible in vivo to link the
initial position of a cell to its position when its DNA bar-
code is read out™. This limitation still restricts our ability
to fully understand developmental processes such as cell
migration differentiation. By contrast, DNA barcodes
induced with the CRISPR-Cas9 system were shown to be
detectable from their transcribed mRNA sequence”’*.
Therefore, spatial transcriptomics could be used to
read barcodes, thereby providing a spatial resolution
of genetic lineage tracing datasets’”’-*. Recent advances
revealed new scalable spatial transcriptomics approaches,
potentially capable of analysing a complete zebrafish or
mouse embryo®. Overall, spatially resolving lineage
trees inferred from genetic lineage tracing experiments
is a very exciting future development.

Naturally occurring mutations can be used to iden-
tify clones in complex human tissues, healthy or can-
cerous. This retrospective lineage tracing approach has
two drawbacks: traceable mutations are quite rare and
computational identification of mutations in single cells
is difficult. Indeed, looking for an SNV in whole-genome
sequencing data is like looking for a needle in a haystack.

To confidently call SN'Vs in single cells, it is necessary to
capture at least one of the two copies of the locus of inter-
est and be certain that the sequencing library prepara-
tion method did not introduce any sequence error. The
end goal is to obtain a robust readout from many cells
in the system of interest. Currently, experimental and
computational technologies are not robust enough to
achieve these criteria. One way to overcome these limi-
tations would be to combine measurements from several
genetic elements in the system of interest (for example,
CNVs, SNVs and LINE-1 elements) to increase the
pool of information available for reconstructing cellu-
lar families. Along those lines, characterization of the
transcriptome and the T cell receptor repertoire in single
T cells allowed clonal tracking of the immune system
in colorectal cancer®. Finally, whereas so far we have
explored only DNA sequences as lineage barcodes, there
is considerable potential for using other DNA features
as lineage barcodes. For example, cytosine 5-hydroxy-
methylation patterns were used to track back sister
cells in the mouse early embryo®. Additionally, DNA
methylation has been used to resolve clonal patterns
in human fetal haematopoietic progenitor cells and in
human adult leukocytes*~*. It is highly likely that several
other (epi)genetics marks could be used to link cells to
their ancestors.
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