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Single embryonic and adult neural stem cells (NSCs) are characterized by their self-renewal and dif-
ferentiation potential. Lineage tracing via clonal analysis allows for specific labeling of a single NSC and
tracking of its progeny throughout development. Over the past five decades, a plethora of clonal analysis
methods have been developed in tandem with integration of chemical, genetic, imaging and sequencing
techniques. Applications of these approaches have gained diverse insights into the heterogeneous
behavior of NSCs, lineage relationships between cells, molecular regulation of fate specification and
ontogeny of complex neural tissues. In this review, we summarize the history and methods of clonal
analysis as well as highlight key findings revealed by single-cell lineage tracking of stem cells in
developing and adult brains across different animal models.
© 2018 Guangzhou Institutes of Biomedicine and Health, Chinese Academy of Sciences. Production and
hosting by Elsevier B.V. on behalf of KeAi. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The structural organization and function of the nervous system
rely on the sequential generation of distinct neural cell types, such
as neurons, astrocytes and oligodendrocytes.1,2 Upon formation and
closure of the neural tube, billions of neurons are generated from
neural stem cells (NSCs) prenatally and trillions of neural connec-
tions are produced postnatally. In the developing brain, neuro-
epithelial cells (NEs), the earliest NSC type, first undergo symmetric
proliferative cell division to expand the stem cell pool and then give
rise to radial glial cells (RGCs) which undergo asymmetric neuro-
genic cell division.3,4 The massive generation of neurons by asym-
metrically dividing RGCs is followed by the production of glia at the
postnatal stage. Thereafter, most of the RGCs lose their self-renewal
and differentiation capacity, ending up with terminal differentia-
tion into either glial cells or ependymal cells. At the same time, a
subpopulation of RGCs in the subventricular zone of lateral
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ventricle and subgranular zone of dentate gyrus retain their stem
cell potential until adulthood.4

The heterogeneity and dynamic state of NSCs have long hindered
efforts towards comprehensive characterization of these cells using
population analysis methods.5,6 To this end, quantitative single-cell
approaches are required for detailed interpretations of NSC behavior
and fate specification. Clonal analysis allows for the quantitative
analysis of clones originated from a single stem cell, and provides
unprecedented spatial and/or temporal resolution to investigate the
lineage progression and fate specification of stem cells. Retrospec-
tively, clonal analysis of stem cells can reveal the ontogenetic orga-
nization of diverse tissues during organogenesis and uncover cellular
mechanisms underlying tissue homeostasis, thereby gaining key in-
sights into cardinal properties of neural cells throughout the devel-
opmental continuum. Therefore, single-cell analysis is particularly
critical for developmental and stem cell biological research.

Genetic-based single-cell lineage tracing, time-lapse live imag-
ing and single-cell genomic/transcriptomic profiling represent the
most cutting-edge methods of clonal analysis.7 Although whole-
organism lineage tracing has elucidated the lineage correlation
and fate of all cells in the nematode Caenorhabditis elegans three
decades ago,8 the landscape view of heterogeneous NSCs in the
insect, vertebrate and mammalian brain remains unclear. Here, we
review the approaches and applications of clonal analysis in
uncovering NSC behavior within biologically relevant contexts.
f Sciences. Production and hosting by Elsevier B.V. on behalf of KeAi. This is an open
c-nd/4.0/).
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2. History and development of clonal analysis

There are multiple waves of technological innovation driving
the development of clonal analysis in history (Fig. 1). The earliest
instances of clonal analysis using light microscopy to illuminate cell
cleavages in the invertebrate embryo date back to 19059 and pro-
vided a powerful tool to study stem cell behavior during embryo-
genesis. Time-lapse imaging at the single-cell resolution then
allowed for four-dimensional (4D) reconstitution of an invertebrate
embryo with an extremely simple cellular architecture, and a
milestone was reached when a complete atlas and lineage tree of
Caenorhabditis elegans was determined.8 However, achieving 4D
reconstitution of a vertebrate embryo by time-lapse imaging still
proved to be challenging. Later on, various dyes were applied to
label individual founder stem cells and perform clonal analysis in
different stages of chick, zebrafish and mouse embryogenesis,10 but
the disadvantage of being diluted with successive rounds of cell
division limits the application of these tracers.

With the advent of recombinant DNA technology in the 1980s,
retrovirus encoding reporter genes such as b-galactosidase (lacZ)
and a set of DNA barcode tags were used for stem cell labeling and
lineage reconstruction.11e13 The reconstitution of clonal relation-
ships among lacZ-labeled cells depended on PCR amplification and
sequencing of barcode tags, and artificial errors in lineage recon-
struction were greatly minimized as the size of retroviral library
expanded from hundreds to millions of barcode tags.13e16

Molecular engineering of green fluorescent protein (GFP) ach-
ieved a major breakthrough in 1995, markedly improving the
spectral characteristics, fluorescent intensity and photostability of
GFP.17 Subsequently, GFP and its derivatives (YFP, RFP, CFP, etc.)
were widely applied in retrovirus-based and genetic-based popu-
lation lineage tracing.18e21 The implementation of two recombi-
nase systems (Cre-loxP and FLP-FRT) further enhanced the
effectiveness of using fluorescent reporter genes in lineage tracing
to achieve cell-type-specific or tissue-specific labeling.22e24 The
combination of multicolor reporter genes with recombinase sys-
tems in genetic animal models, such as Brainbow and Confetti mice,
then permitted for clonal tracing of fluorescent cells in vivo and
ex vivo,25,26 whereas continuous observation of color-coded clones
by time-lapse imaging served to inform on dynamic changes of
clones arising from a single stem cell.27e31 A caveat was that since
such intrachromosomal recombination of multicolor reporter
Fig. 1. History of c
genes yielded a widespread level of labeling, extensive video mi-
croscopy was needed to explicitly distinguish clones. Compara-
tively, genetic animals with interchromosomal recombination
systems, like twin-spot generator (TSG) for Drosophila and mosaic
analysis with double markers (MADM) for mice, can allow us to
achieve extremely sparse labeling of stem cells for long-term clonal
tracing.32e34 In the hematologic system, transplantation of single
cell bearing fluorescent proteins was recently performed for clonal
analysis of hematopoietic stem cells.35

With the rise of the clustered regularly interspaced palindromic
repeats (CRISPR)-Cas9 system for genomic editing of mammalian
cells in 2012, an innovative technique termed genome editing of
synthetic target arrays for lineage tracing (GESTALT) was subse-
quently used to track the fate of individual stemcells and reconstruct
the lineage relationships in complex, multicellular systems.36,37

Simultaneously, the development of single-cell genomic/tran-
scriptomic profiling technologies now allows for the generation of a
lineage tree that covers all identified cell types rooted to a single
stem cell group in whole planarians, although only a minority of
lineages are reconstituted from a large amount of cells in human
beings.38e40 In summation, these methodological advances in both
prospective and retrospective clonal analysis complementarily offer
valuable insights into nervous system development and neural lin-
eages, particularly in understanding the intricate mechanisms gov-
erning mammalian brain patterning.

3. Advanced methods of clonal analysis

The classic clonal analysismethod is to label a single founder cell
and track its progeny over time by either snapshot-type endpoint
analysis or real-time recording. Here we provide a broad overview
of the genetic toolbox for clonal analysis applied to dissect the
cellular architecture of the developing brain and discuss the ad-
vantages and potential caveats of each technique.

3.1. Sparse retroviral library labeling for clonal analysis

A barcoded retroviral library containing short DNA oligonucle-
otides with high complexity and fluorescent reporter gene can be
injected into the brain at different embryonic stages for lineage
tracing.16 To achieve cell-type or tissue specificity, genetically-
modified animals with fluorescent labeling of specific cell
lonal analysis.
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population have been used as the host organisms for retroviral li-
brary infection.16 The availability of different fluorescent colors in
retroviruses and host animals allows us to precisely observe and
dissect specific neural cell types by fluorescence-activated cell
sorting (FACS) or laser capture microdissection (LCM). PCR ampli-
fication of integrated barcode tags can then reveal the clonal re-
lationships among dissected cells, as sister neural cells originating
from the same NSCs share the identical barcode tag (Fig. 2A).
Notably, while LCM preserves the spatial information of dissected
cells and gives us clues regarding the spatial distribution of
clonally-related cells, single-cell RNAseq of FACS-sorted cells pro-
vides a large database pertaining to the heterogeneity of molecular
profiles among sister cells.

Despite the power of retroviral library labeling in reconstructing
cell lineages, there are a few limitations of this method that
Fig. 2. Multiplexed strategies for lineage tracing and clonal analysis. (A) Sparse retroviral
into the genome of host cells. The spatial position and lineage relationships among labeled ce
Schematic of genetic multicolor labeling. In Confetti reporter system adapted from Brainbow
of different fluorescent proteins. (C) Scheme of mosaic analysis with double markers (MAD
hybridizing GFP and RFP in the same locus of homologous chromosomes. Intrachromosoma
functional fluorescent reporter genes. While G2-X segregation generates a double-labeled
Scheme of genome editing of synthetic target arrays for lineage tracing (GESTALT). GESTALT
insertion) by CRISPR-Cas9 over cell division. The lineage tree is reconstructed by mapping
introduce uncertainties to the interpretations of clonal analysis
results. Firstly, the incorporation of retroviral libraries into the host
cell genome may disrupt the function of endogenous genes and
therefore interfere with the behavior of stem cells. Secondly,
spontaneous silencing of reporter genes in retroviral vectors could
result in a comparative underestimation of clonal size.37 However,
it has been shown that clones from the same founder cell seem to
have a propensity to silence genes following an “all-or-nothing”
pattern, which lowers the likelihood of skewed data interpreta-
tion.41,42 Thirdly, recovering the barcode tag remains a significant
challenge, with instances showing a recovery rate of only approx-
imately 50% of barcode tags in labeled cells.16 Lastly, some barcode
tags appear to be overrepresented in the retroviral library, leading
to cases whereby the progeny derived frommore than a single NSC
share the same barcode tag and are erroneously considered as
library labeling introduces a unique and heritable DNA barcode tag and a reporter gene
lls can be uncovered by laser capture microdissection (LCM) and PCR amplification. (B)
, random Cre-induced recombination between different loxP sites allows for expression
M). MADM system consists of two reciprocally complementary chimeric marker genes
l recombination during mitotic division induced by tamoxifen administration recovers
cells and a colorless cell, G2-Z segregation produces a pair of green and red cells. (D)
contains a designated barcode that progressively accumulates mutations (deletion and
mutations in the barcode among labeled cells.
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sibling cells.14 Even so, such “lumping” errors can be mitigated by
vastly increasing the diversity of barcode tags. The advances in
retroviral library generation, high-throughput deep sequencing
and computational approaches have been partially circumventing
these limitations.

3.2. Genetic multicolor labeling for clonal analysis and time-lapse
imaging

The emergence of multicolor reporter animal models (including
Brainbow, Confetti, MCFO, Flybow and Zebrabow) provides remark-
able tools to decode the complexity of neural tissues.25e27,30,43e45 By
harnessing Cre/loxP and FLP/FRT recombinase systems, we can
switch on the expression ofmore than three fluorescent proteins in a
stochastic manner, yielding up to 90 distinguishable colors. Neural
cells presenting a particular color are apt to share the same lineage,
providing a readout to examine the clonal origin of cells (Fig. 2B).
Nevertheless, it is still difficult to accurately identify clones from a
multitude of labeled cells in the snapshot images, despite the prog-
ress of computational methods in defining color codes during
multicolor fluorescence clonal tracing.46 Recent advances in minia-
ture two-photon microscope technology for in vivo live imaging will
be useful to shed light on the features of clonal expansion and
competition in the brain based on multicolor labeling.47

In combination with genetic labeling, time-lapse imaging pro-
vides a continuous observation of single stem cell and directly re-
veals its behavior within a niche, which can include themode of cell
division, cell cycle length and cell death. In nematode embryos, live
imaging has revealed the genetic network involved in the lineage
progression and fate specification of embryonic progenitors at the
system level.48 Due to the optical transparency of zebrafish, the
Zebrabow genetic model has also been developed for in vivo
multicolor imaging and long-term lineage tracing.30 In addition,
the deep penetration and sharp imaging quality of multi-photon
imaging make it an ideal platform for monitoring stem cell activ-
ity in the vertebrate and mammalian brains,49,50 whereas time-
lapse imaging during mammalian embryogenesis remains as yet
unfeasible.

3.3. Inducible genetic sparse labeling for clonal analysis

The development of mosaic analysis with a repressible cell
marker (MARCM) allows for sparse labeling of cells in the
Drosophila nervous system, which has many applications in
studying lineage relationships. As such, the MARCM technique
inspired the emergence of TSG and MADM reporter animal models,
in which the two halves of two fluorescent reporter genes are hy-
bridized, split by loxP or FRT sites, driven by a common promoter
and placed at the same genomic loci on homologous chromosomes
(Fig. 2C). Given that TSG andMADM reporter systems require Cre or
FLP recombinase-mediated mitotic recombination between two
homologous chromosomes, the efficiency of this genetic labeling is
low. The fusion of recombinase with estrogen receptor (ER) under
the control of a specific promoter can not only achieve cell-type or
tissue specificity, but also enables the driver system to be tempo-
rally inducible. Here, an optimized dose titration of an inducer
(such as tamoxifen) in the Cre-ER driver system can significantly
promote the clonal specificity, allowing for a much higher resolu-
tion of lineage tracing at the single-clone level.51 Hence, it would
thereby be feasible to achieve genetic labeling of a single NSC
throughout the whole brain at an early embryonic stage.33

Although inducible genetic sparse labeling achieves unprece-
dented spatiotemporal resolution, there remain several drawbacks.
Similar to other snapshot-type endpoint analysis, this technique
does not permit continuous observation of stem cells, and it is
difficult to reconstruct multiple cell lineages at one time by
applying this approach if a single stem cell generates a number of
progeny with widespread migration. Apart from being labor-
intensive and time-consuming to perform this type of clonal
analysis, the results generated may also biasedly label stem cells
with specific properties.52 The effects of these limitations can be
reduced along with the development of research equipment with
automatic serial sectioning and high-speed imaging.53,54

3.4. Genomic editing of synthetic target arrays for clonal analysis

Recently, GESTALT has been developed to reconstruct whole-
organism lineages in zebrafish.36 This approach relies on an
inducible system that enables the progressive accumulation of
unique, random mutations in custom-designed barcodes over
multiple rounds of cell division (Fig. 2D). To achieve11 barcode
editing, a transgenic zebrafish line expressing fluorescent reporter
gene with ten single guide RNA (sgRNA) targeting sites at its 30

untranslated region is generated, followed by the injection of Cas9
ribonucleoprotein containing sgRNAs that match each of the ten
targets in the synthetic barcode.36 Alternatively, induction of Cas9
by heat shock in zebrafish or Cre-ER driver system makes GESTALT
temporally controllable.37 The random insertions and deletions
(indels) in the barcode can mark NSCs and their progeny with
unique tags, while the clonal relationships among sampled cells
will be reconstructed based on the pattern of shared indels. How-
ever, the potential deletion of multiple target sites in the barcode
will hinder complete reconstruction of cell lineages in the brain.
Other barcode recording methods used to reconstruct cell lineages
include the Polylox barcoding system and MEMOIR system,55,56

which provide insights into the cellular diversity of clonally-
related cells via a combination of the barcode recording approach
with high-throughput single-cell RNAseq.

While GESTALT is widely applicable in zebrafish and its strategy
has been used to investigate cell lineages during mammalian
embryogenesis,37,57 several optimizations may help to further
improve the accuracy of lineage reconstruction. Firstly, the large
fragment deletion of tandem barcodes significantly impairs the
barcode tag recovery and confounds the reconstruction of cellular
pedigrees. Consequently, efforts to design barcodes that can avoid
large fragment deletion may largely eliminate this potential limi-
tation of GESTALT. Secondly, low expression level and inefficient
capture of barcode transcripts would lead to low recovery rate of
barcode tags. Finally, the results generated lack precise spatial in-
formation of analyzed cells; however, progress in the development
of single-cell transcriptome atlases will be able to assign the
analyzed cells to specific anatomical positions.58

Taken together, the integrated engineering of barcode tags, re-
porter genes, genetic recombination system, transposon system
and Cas9 nuclease in the virus and host animals facilitates the
development and innovation of diverse clonal analysis methods.
Concomitantly, advances in imaging and sequencing technologies
have also conferred greatly enhanced spatiotemporal resolution
and molecular information as readouts of clonal lineage tracing.

4. Application of clonal analysis in the developing brain

4.1. Drosophila

As a powerful genetic animalmodel, Drosophila has been used to
develop multiple elegant approaches of genetic labeling and clonal
analysis. MARCM was originally used to label lineage-related cells
in the fly brain for visualizing the cytoarchitecture and neural
connections in neuroblast-derived clones.34,59 WithMARCM, it was
disclosed that different neuronal subtypes within mushroom
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bodies or antennal lobes are sequentially generated from corre-
sponding distinct populations of neuroblasts.60,61 Furthermore, the
approach was used to uncover that type II neuroblasts exhibit a
unique pattern of expansion and serve as the major source of glia at
larval stage as compared with type I neuroblasts,62e68 and also to
show the production of two daughter cells with different fates from
a single ganglion mother cell, which is mediated by Notch
signaling.69,70

One notable extension of MARCM is to use genetic manipulation
to switch cell fates at single-cell resolution.71e73 As a second-
generation system for clonal analysis in the fly brain, TSG was
developed and used in neural regeneration studies.74 For instance,
it was reported that in the injured imaginal discs of larval brain,
regenerative cells stop dividing as soon as the damaged tissue is
restituted, but reactivate to proliferate when their cell fate is
changed.75 Another study using TS-MARCM revealed that projec-
tion neurons and local interneurons are generated in pairs via
Notch-mediated binary fate specification of neural precursors in
the lateral antennal lobe.76,77 In particular, the clonal lineage
tracing using Flybow showed that adult glia surrounding thoracic
neuropil originate from ~40 astrocytes distributing around imma-
ture leg neuropil in third instar larval stage,45,78 whereas all 12
embryonic peripheral glia persist to the end of larval stage with
some being maintained until adulthood, and differentially
contribute to three distinct glial layers surrounding peripheral
nerves.79,80 These studies are but several of many which highlight
the importance of genetic tools developed for Drosophila, and have
enabled cell lineage fate analyses at the fundamental level as well
as facilitated studies of the mechanisms underlying fly brain
development.

4.2. Zebrafish

The optical transparency of zebrafish enables in vivo real-time
imaging to easily observe cell expansion, migration and connec-
tion. Early studies using zebrafish as a model used dye lineage
tracers to track clones in zebrafish central nervous system, and
revealed that the division of clonally-related cells are synchronized
and consistently oriented during cell movement to form clonal
strings along the anterioreposterior axis.81,82 Strikingly, the second
wave of cell division in zebrafish was found to occur at the midline
of nervous system by tracking the dye, converting the single clonal
string into a bilateral pair of strings on each side of the neural
tube.81,82

Together with studies in the central nervous system, the retina
is also widely used to investigate the principles of neural devel-
opment in zebrafish. In this regard, studies using a combination of
in vivo mosaic labeling, live imaging and Zebrabow-based clonal
analysis have revealed that retinal stem cells originate from bipo-
tent progenitors in the medial epithelial layer of optic vesicles, and
that these cells behave in a stochastic manner.30,83e85 In recent
years, the multi-pronged convergence of single-cell sequencing,
CRISPR-Cas9 and recombinase systems has generated a variety of
tools for lineage tracing such as GESTALT, ScarTrace and 2C-Cas9
technology to perform clonal analysis and interrogate gene func-
tion in zebrafish.36,37,86,87 Future applications of these new
methods are expected to uncover and characterize other funda-
mentally important rules involved in governing the formation of
the vertebrate brain.

4.3. Mouse

In the mammalian brain, clonal analysis has been applied to a
wide spectrum of studies to reveal the behavior of neural pro-
genitors, organization of sister neurons, origin of adult NSCs,
cytoarchitecture of neocortex, ontogeny of thalamic nuclei and
molecular regulatory logic of NSC behavior.12,13,16,33,41,51,88e92 The
pioneering applications of barcoded retroviral libraries in the em-
bryonic mouse brain suggested that clonally-related neurons in the
cerebral cortex widely disperse across functional regions.12,13,93 In
contrast, later studies provided compelling evidences to support
the radial unit hypothesis, which proposed that cerebral cortex is
assembled by an array of radial columns and implied the generation
of individual structural columns from single RGCs.92,94,95 In
corroboration with these findings, a recent study using MADM-
based clonal analysis showed that lineage-related neurons are
organized in the shape of columns or cones and span multiple
layers.32 Moreover, it was indicated that the production of excit-
atory projection neurons by single RGCs is unitary and intrinsically
determined at the rate of ~8e9 neurons per asymmetric division,32

and it has also been shown that excitatory sister neurons within the
same clones preferentially develop electrical and chemical
synapses.92,96

While a consensus that clonally-related excitatory projection
neurons are organized into radial column has been reached, the
spatial organization of sister inhibitory interneurons remains the
subject of debate. In one study, sparse labeling of the neocortex was
achieved by retrovirus injection into a knockin host mouse line
expressing avian tumor virus receptor A (TVA), and the clonally-
related interneurons exhibited vertically or horizontally aligned
clusters.89 Conversely, two studies using a combination of genetic
animal and barcoded retroviral libraries revealed that sister in-
terneurons display widespread distribution across functional re-
gions and structural boundaries.42,88 Therefore, further work
regarding the dispersion patterns of clonally-related interneurons
could be informative given that lineage alone may not clearly
elucidate the distribution of sister interneurons.88,90

The organizational logic dictating the formation of nuclear brain
structures (such as thalamus, hypothalamus and brainstem) ismuch
less understood compared with the cytoarchitecture of laminated
cerebral cortex. Recently, the spatiotemporal organization of
thalamic nucleogenesis has been studied usingMADM-based clonal
analysis.33,91 One study reported that anterior thalamic clones
contribute to nuclei with cognitive functions while medial ventral
posterior clones are integrated into nuclei with sensory/motor
functions, and suggested that cloneswhich are fate specified tofirst-
order and higher-order sensory/motor nuclei are spatially segre-
gated.91 In comparison, another study showed that the ontogenetic
relationship of distinct thalamic nuclei appeared to be determined
by the spatial position of founder NEs/RGCs rather than the func-
tional modality criteria, and further uncovered four fundamental
features of thalamic nucleogenesis: 1) individual NEs/RGCs
contribute to multiple thalamic nuclei; 2) thalamic nuclei are
temporally generated within the lineage; 3) spatial coding of RGCs
determines the fate specification of clones to specific sets of nuclei,
and 4) the fate of intermediate progenitors (IPCs) is not specified to a
single nucleus.33 Although the aforementioned studies have pro-
vided a framework for studying cytoarchitecture and cellular con-
nectivity in the mammalian thalamus, subsequent investigations
into the mechanisms driving thalamic self-organization would
provide a more comprehensive roadmap of nucleus formation.

In the germinal zone of the adult brain, in vivo clonal analysis
studies have revealed different patterns of hippocampal NSC acti-
vation, including symmetric and asymmetric self-renewal.51 Live
imaging of adult neurogenesis in hippocampus suggests that NSCs
firstly undergo symmetrically proliferative division, then transit to
an asymmetrically neurogenic phase, and are lost after a burst of
cell division.50 Interestingly, individual adult NSCs were found to
generate neurons and astrocytes but not oligodendrocytes.51

Moreover, a study which carried out single-cell lineage tracing
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using retroviral libraries with more than 105 barcoded tags indi-
cated that adult NSCs in the subventricular zone of lateral ventricle
originate from embryonic RGCs and are regionally specified as early
as embryonic day 11.5 (E11.5).16 This study also revealed that the
prenatally-born neurons in the forebrain regions including cortex,
striatum and septum are clonally related with postnatally-born
neurons in the olfactory bulb by preserving the spatial coding in-
formation of embryonic progenitors in postnatal NSCs.16 It is likely
that integrated approaches utilizing clonal analysis and molecular
profiling in the next decadewill be essential to reveal themolecular
regulatory logic of complex NSC behavior.

4.4. Nonhuman primate

To date, there have been very few studies conducted on clonal
analysis of NSCs in the nonhuman primate brain possibly due to
intrinsic challenges of collecting data from primate. A recent study
used long-term ex vivo live imaging to provide a continuous and
clonal observation of neural progenitors in outer subventricular
zone (OSVZ) of embryonic macaque brains, followed by unbiased
sampling of cycling neural progenitors.97 In this study, four
distinct types of basal RGCs and one class of IPCs were identified
and the database of clonal observation includes critical attributes
of single progenitor behavior: cell cycle length, mode of division,
direction of somal translocation, clonal size and cell fate transition.
Specifically, it was highlighted that every type of neural pro-
genitors self-renews and directly generates neurons, with variable
rounds of cell division. It also appears that the cell cycle length is
shortened at later developmental stage to expand the neural
progenitor pool in OSVZ, while different types of neural pro-
genitors display bidirectional transitions in fate.97 Despite the
general paucity of information in this area, these results unveil the
hitherto unknown differences in the behavior of neural pro-
genitors between rodent and nonhuman primate and pave the
way for raising other important questions on species-specific
characteristics of NSCs.

5. Conclusions and future directions

Clonal analysis has been developed and applied for a century
since the first characterization of cell lineage in embryos. Today, the
availability and integration of sophisticated toolkits incorporating
genetic tools, genomic editing approaches, imaging and sequencing
technologies have driven and opened up new avenues of research
to developmental and stem cell biologists alike. These methods
have been invaluable in elucidating the heterogeneity of NSCs in
self-renewal and differentiation behavior, ontogenetic organization
of neural tissues, homeostatic regeneration of neural progenitors
after injury and molecular network controlling the behavior of
NSCs. More importantly, the conceptual advances derived from
clonal analysis in the brain are beneficial for the progress of
regenerative medicine in context of the pathophysiology of brain
development, wherein future functional studies will further
establish the relationship between cell lineages and functional
modality.
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