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Abstract

Lineage tracing is a valuable technique that has greatly facilitated the exploration of cell origins and behavior.

With the continuous development of single-cell sequencing technology, lineage tracing technology based on the
single-cell level has become an important method to study biological development. Single-cell Lineage tracing
technology plays an important role in the hematological system. It can help to answer many important questions,
such as the heterogeneity of hematopoietic stem cell function and structure, and the heterogeneity of malignant
tumor cells in the hematological system. Many studies have been conducted to explore the field of hematology
by applying this technology. This review focuses on the superiority of the emerging single-cell lineage tracing
technologies of Integration barcodes, CRISPR barcoding, and base editors, and summarizes their applications in the
hematology system. These studies have suggested the vast potential in unraveling complex cellular behaviors and

lineage dynamics in both normal and pathological contexts.
Keywords Lineage tracing, Single-cell lineage tracing, Barcodes, CRISPR/Cas9, Hematology

Background

Lineage tracing is a technique that can track all descen-
dants of a single progenitor cell and reveal their fate
trajectories. Lineage tracing can provide biological char-
acteristics of progenitor cell progeny, such as cell expres-
sion profile characteristics, differentiation status, etc. It
provides a powerful tool for cell fate mapping and is rec-
ognized as the primary method for revealing the complex
connections between progenitor cells and their progeny.
Originally prominent in classical developmental biology,
lineage tracing is now expanding to stem cell research

*Correspondence:

Xiang-Yu Zhao

zhao_xy@bjmu.edu.cn

'Peking University People’s Hospital, Peking University Institute of
Hematology, Beijing Key Laboratory of Hematopoietic Stem Cell
Transplantation, National Clinical Research Center for Hematologic
Disease, No. 11 Xizhimen South Street, Beijing 100044, China

M BMC

and modeling of cellular diversity in cancer [1, 2]. It pro-
vides a unique perspective for studying cellular behavior
within intact tissues or organisms. Single-cell sequenc-
ing technology allows us to resolve cellular states at the
single-cell resolution level. Lineage tracing, the gold
standard for cellular trajectory inference, combined with
single-cell sequencing, enables single-cell lineage tracing
(SCLT) to map cell lineage connectivity at single-cell res-
olution and is the best tool for exploring the heterogene-
ity of cellular differentiation [3]. Hematopoietic stem cells
(HSCs) are a continuous source of hematopoietic and
immune cells, and their clonal behavior and subclonal
diversity are closely related to blood disorders, cancer
treatments, and the aging process, and thus are impor-
tant for advancing regenerative medicine and precision
therapies. The development of SCLT technology provides
a great opportunity to gain insights into how these stem
cells can contribute to the hematopoietic process in both
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healthy and diseased states. This review briefly summa-
rizes the evolution and development of SCLT technology,
focuses on its application in hematology, and discusses
its implications for the field of hematology.

The single-cell lineage tracing techniques

History and application of traditional lineage tracing

In the 19th century, lineage tracing was revolutionized
by Charles O. Whitman and colleagues, who pioneered
direct observation using light microscopy to track cell
fates in invertebrate embryos [4]. Direct observation
offers advantages such as speed, ease of use, and non-
invasiveness. This method has also been successfully
applied to zebrafish embryos due to their transparency
[5]. However, continuous observation of intact organisms
requires transparent embryos with a limited number of
cells, which complicates the study of complex tissues or

Table 1 Comparison of various tracing methods

Methods  Mechanism Application and Shortcoming
advantages
Multicolor Generate a Neuronal connectiv-  Low resolution;
label diverse palette ity patterns, stem the complexity
of colors that cell proliferation of determining
allow for the dynamics, organ the optimal
discrimination homeostasis, genetic  time and dos-
of different cells  regulation at the age to start
upon activa- single-cell level with- the labeling
tion of the Cre in living organisms ~ process
recombinase
Integration Retroviral plas-  More tracing infor-  Not suitable
barcodes  mid library mation quantity and  for quiescent
accuracy. Analyze or non-pro-
the clonal relation- liferating cell
ships between population;
subpopulations of lack of reliable
primitive hemato- maintenance of
poietic hierarchy lineage mark-
ers over time
Polylox An artificial DNA  Higher specificity Not suitable for
barcodes  recombination  Label single progeni- human primary
locus enables tor cells in vivo cells
endogenous
barcoding based
on the Cre-loxP
recombination
system
CRISPR Induce InDels Revealed the trajec-  Not suitable for
barcodes  and mutations  tory of cell births human primary
torecord more  and provided insight cells
mitotic divisions  into the balance
of symmetric and
asymmetric cell
division
Natural Somatic cells Used in human Sequencing
barcodes  spontaneously  primary cells methods are
acquire muta- not mature
tions during de- enough

velopment and
aging processes
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post-implantation mammalian embryos. When direct
tracing isn't possible, alternative labeling techniques
are necessary, such as using dyes and enzymes [6-8],
cross-species transplantation [9], inducible activation of
reporter gene expression through recombinase-mediated
mechanisms [10, 11], and insertion of exogenous DNA
sequences [12, 13]. Advances in molecular genetics have
enabled more precise cell labeling through direct trans-
fection or viral infection. Fluorescent proteins, often used
as “molecular dyes,” are common for tracking cell behav-
ior. However, traditional lineage tracing methods have
limited resolution. For example, the control of fluores-
cent proteins by site-specific recombinases [14], such as
Cre, is typically regulated by cell-type-specific promoters,
which restricts the fluorescent signal to a group of cells,
reducing the precision of tracking individual cells.

Development and advantages of Single-cell lineage
tracing

In the traditional approach to lineage tracing, all target
cells are marked with the same label, leading to a lack
of detailed information about the individual biologi-
cal behaviors of each cell. Breakthroughs in single-cell
sequencing have provided a way to break through the
bottleneck, but to comprehensively track cell lines in
complex multicellular systems, individual cells, and their
progeny must be meticulously and sequentially labeled
throughout numerous cell divisions. This labeling process
must be performed without disturbing normal develop-
mental processes. In addition, the selected cellular mark-
ers should accumulate irreversibly over time, a critical
aspect that facilitates the subsequent reconstruction of
the lineage tree and an essential component of a compre-
hensive lineage-tracing effort [2]. To achieve appropriate
labeling and achieve higher-resolution genealogical trac-
ing, the non-invasive study of gene fate mapping [1] has
gained widespread use (Table 1; Fig. 1).

Multicolor labeling systems

Researchers have implemented strategies involving mul-
tiple flox sites and fluorescent proteins in specific com-
binations. Exemplified by systems like Brainbow and
Confetti, these techniques create a diverse palette of col-
ors that enable the discrimination of different cells upon
activation of the Cre recombinase. Brainbow, in par-
ticular, has been a valuable source of biological insights,
contributing to the understanding of various domains
such as neuronal connectivity patterns [15-19], stem cell
proliferation dynamics, organ homeostasis, and genetic
regulation at the single-cell level within living organisms
[20-22]. However, achieving single-cell resolution with
these multicolor labeling systems has proven challenging,
primarily due to complexities in determining the optimal
timing and dosage for initiating the labeling process [1].
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Fig. 1 The classification of single-cell lineage tracing

Additionally, the limited number of different fluores-
cently labeled proteins also constrains its resolution. Sub-
stantially greater quantities of cellular markers have been
generated through techniques involving viral integration
sites [23], viral barcodes [24], and strategies based on
transposons [25] and CRISPR/Cas9 genome editing [2].

Integration barcodes

To further improve the resolution of lineage tracing,
DNA barcoding techniques have been introduced, utiliz-
ing DNA fragments with extensive sequence variations to
label individual cells. The discovery of retroviral vectors
has provided a means to introduce new genetic material
into HSCs [26-28], offering an approach for analyzing
hematopoietic cell clones. Retroviral libraries containing
DNA barcodes enable the simultaneous labeling of thou-
sands of cells, thereby enhancing the quantity and preci-
sion of lineage tracing information [29-31].

In recipients of HSC transplantation mediated by
retroviral transduction, the differentiation of distinct
hematopoietic stem cell-derived clones can be achieved
by considering retroviral integration sites as unique
clonal markers [32, 33]. A retroviral plasmid library was
developed, comprising vectors incorporating a variable,
random sequence tag, or “barcode” Upon stable chro-
mosomal integration, this barcode imparts a unique,
discernible, and inheritable identifier into the genome,
enabling the long-term tracking of clonal descendants
originating from the host cell [24].

Natural Barcodes )—

Nuclear/Mitochondrial
Genomic Mutations

Through this technique, distinct subpopulations within
the primitive hematopoietic hierarchy could be selec-
tively isolated through fluorescence-activated cell sorting
from recipients subjected to transplants involving bar-
coded HSCs. Subsequent analysis facilitated the exami-
nation of clonal relationships between these cellular
compartments. Compared to previous studies involving
single-cell transplants, the volume of information obtain-
able from a single transplant recipient was substantially
enhanced. Moreover, such data served as a valuable
resource for validating or augmenting established theo-
retical frameworks and quantitative models elucidating
the clonal dynamics inherent to HSCs [34, 35].

Despite the advantages offered by viral barcoding
methodologies, the use of retroviruses faces two signifi-
cant challenges. Firstly, retroviruses are limited to label-
ing actively dividing cells, restricting their applicability to
quiescent or non-proliferating cell populations. Secondly,
retroviral vectors are prone to spontaneous silencing,
potentially hindering the consistent maintenance of lin-
eage markers over time. Additionally, it’s crucial to rec-
ognize that spontaneous cell fusion phenomena occur in
various tissue contexts [36, 37]. These fusion events can
enable the transfer of lineage markers between cells of
different lineages [38, 39], inadvertently leading to inac-
curate conclusions about transdifferentiating processes
[40].
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Polylox barcodes and CRISPR barcodes

To address these challenges, novel genetic labels such as
polylox barcodes and CRISPR barcodes have been devel-
oped. Polylox represents an artificial DNA recombina-
tion locus that enables endogenous barcoding using the
Cre-loxP recombination system [41, 42], providing versa-
tile applications and the ability to label single progenitor
cells in vivo. The low probabilities of generating identical
barcodes among multiple cells enhance the specificity of
the labeling [2, 43, 44]. Additionally, cumulative CRISPR/
Cas9 insertions and deletions (InDels) serve as genetic
landmarks for reconstructing lineage hierarchies [45-47].

Given the extremely low rate of naturally occur-
ring somatic mutations [48, 49], a common strategy in
model organisms involves engineering a genetic cassette
designed to mutate at a high rate [2, 43, 44, 50-58]. This
cassette acts as a barcode, recording the mitotic division
history of cells. Despite significant progress in cell bar-
coding [47, 59], the recording capacity of each barcode
averages about three mutations, tracking at most three
mitotic divisions. Since there are often tens of mitotic
divisions for each cell in a fully developed complex organ-
ism during development, the reconstructed cell phylog-
enies from existing barcoding methods contain limited
information [2, 53, 55, 60].

A recent breakthrough in lineage tracing involves the
development of base editors, introducing informative
sites to document cell division events. Indels and muta-
tions induced by CRISPR-based genome editing offer
faster mutation rates, allowing for the recording of more
mitotic divisions and the construction of more detailed
cell lineage trees [61]. Researchers applied this tech-
nique to Drosophila melanogaster, obtaining an aver-
age of more than 20 mutations on a three-kilobase-pair
barcoding sequence in early-adult cells. Leveraging these
barcoding mutations, high-quality cell phylogenetic trees
were generated, each comprising several thousand inter-
nal nodes with 84-93% median bootstrap support. The
resulting cell phylogenies facilitated a population genetic
analysis, estimating the longitudinal dynamics of the
number of actively dividing parental cells in each organ
throughout development. The Np dynamics revealed the
trajectory of cell births and provided insights into the
balance of symmetric and asymmetric cell division [61].

Natural barcodes

While external markers mentioned above can distin-
guish and trace each cell and its descendants [55, 62, 63],
enabling researchers to track the developmental path-
ways and differentiation processes of individual cells,
these exogenous markers cannot be employed in the
routine human body. However, somatic cells spontane-
ously acquire mutations during the development and
aging process [45, 64—66]. These spontaneous mutations
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can be utilized for retrospective lineage tracing in human
samples. Natural barcodes include nuclear genomic
mutations and mitochondrial mutations [45]. In addition,
epigenetic mutations can also serve as clues for lineage
tracing [67, 68].

The tracing approach using natural barcodes is also
called retrospective tracing because the inference of
clonal relationships is obtained by backtracking based on
mutation results. An important advantage of this endog-
enous marker method is that it is safe does not interfere
with the natural differentiation process, and can be used
to analyze the genealogy of human cells. However, the
low mutation rate of the nuclear genome leads to the
need for costly deep sequencing of the whole genome or
exome of single cells [45]. Mitochondrial mutations have
a relatively high mutation rate and higher copy number
than nuclear mutations. However, the horizontal trans-
fer of mitochondria between cells affects the accuracy
of genealogical relationship analysis, and enrichment
of mitochondrial DNA (mtDNA) is a major challenge
[45]. Although previous research has demonstrated the
potential of mitochondrial DNA (mtDNA) mutations as
natural cell barcodes, existing methods can only detect a
limited subset of mtDNA mutations, hindering the abil-
ity to resolve fine-grained subclonal relationships and
hierarchical structures (69-73). However, the technol-
ogy of using mtDNA as a barcode for lineage tracing has
continued to progress. Previously, a research team used
the modified 10x platform-based scATAC-seq technol-
ogy for deep sequencing of mtDNA to construct lineage
relationship [74]. Recently, the team has improved the
technique by incorporating probe hybridization experi-
ments and so on to further increase mtDNA enrichment
and enhance the accuracy of lineage tracing. Gener-
ally, both nuclear and mitochondrial genomic mutations
exhibit low mutation rates, making lineage tracing over
short periods challenging [75]. Therefore, these meth-
ods are more suitable for long-term lineage tracing or
when we have a longer observation window for mutation
accumulation.

DNA methylation epimutations, however, present a
potential solution to the challenge of low mutation rates
in somatic mutations, due to their higher mutation fre-
quency, easier access to DNA methylation data, and
genetic stability. The mutation rate of DNA methylation
(107* per CpG site per division) is significantly higher
than that of nuclear (10~ per nucleotide per division)
and mitochondrial mutations (10~7 per nucleotide per
division) [68]. Several studies have attempted to use epi-
mutations for lineage tracing, and their feasibility has
been preliminarily validated [67, 76]. Recently, Chen et
al. developed MethylTree [68], a tool that reconstructs
cell lineage from single-cell DNA methylation data with
near-perfect accuracy, offering a promising approach



Deng et al. Journal of Translational Medicine (2025) 23:270

for non-invasive, high-resolution lineage tracing in the
human body.

Overall, the ongoing advancements in natural bar-
codes-based lineage tracing technology will open new
possibilities for investigating the lineage relationships of
human progenitor cells.

Advancements in single-cell sequencing are crucial to
support SCLT

Labeling cells is only one aspect; sequencing is equally
crucial. Detecting the numerous barcodes that mark
thousands of progenies poses a challenging task. To
address this, transcribing barcode information into the
mRNA pool and retrieving these barcodes through high-
throughput sequencing methods, such as single-cell RNA
sequencing (scRNA-seq), proves more practical. scRNA-
seq allows for the measurement of gene expression in
individual cells, offering insights into cell states and
molecular dynamics. Its advantages over conventional
single-cell sequencing include precise gene expression
analysis in each cell, accurate discrimination of cell pop-
ulations, inter-cellular classification comparisons, and
the ability to detect the expression patterns of rare cells.
Researchers leverage scRNA-seq to create molecular cell
atlases, identify new cell types, and characterize cell lin-
eage segregation [77-80].

The current trend in lineage tracing aims for finer
resolution (from distinguishing a group of cells to a spe-
cific cell) and broader scale (from tracing a few cells to
thousands of cells), encompassing both progenitor cells
and their offspring. The development of single-cell lin-
eage tracing, which combines single-cell omics (such as
scRNA-seq) with lineage tracing methods, allows for the
simultaneous detection of cell states and clonal relation-
ships. This integration provides a more comprehensive
understanding of lineage segregation and cell fate transi-
tions. sScRNA-seq provides high-resolution gene expres-
sion analysis but suffers from technical noise and high
dropout rates, particularly for lowly expressed genes. Its
limited genetic coverage prevents capturing all genomic
variations, and short-read sequencing may lead to lost
barcode information for lineage tracing, complicating
accurate lineage reconstruction. Nevertheless, advance-
ments in single-cell sequencing are expected to address
these issues over time.

There are different types of single-cell lineage tracing
techniques, and the figure briefly shows several different
types. Abbreviations: IntBC, integration barcode; poly-
loxBC, polylox barcode; CRISPR BC, CRISPR barcode;
FP, fluorescent protein; pA, polyA tail. Figure created
with BioRender.com.
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Single-Cell Lineage Tracing in Hematology

SCLT, as a new technology capable of tracing cell lineage
differentiation relationships at single-cell resolution, can
help resolve many aspects of cell differentiation, devel-
opment, migration, and homeostasis, and thus can help
answer many questions in the field of hematology.

Single-cell lineage tracing techniques in hematopoietic
development

Many studies have applied SCLT technology to explore
hematopoietic development.

Exploring lineage tracing with integration barcodes

A study reported a new technique for simultaneously
mapping cell state and cell fate by first expressing “DNA
barcodes” in cells and then tracking transcriptome
changes over time. A heterogeneous population of pro-
genitor cells was genetically labeled with DNA barcodes,
and some cells were subjected to immediate single-cell
RNA sequencing (scSeq) analysis, while others were
subjected to scSeq analysis after cell division and dif-
ferentiation. The DNA barcode structure was inserted
into the 3’'UTR region of a ubiquitously expressed EFla
promoter-driven enhancer green fluorescent protein
gene in a DNA barcode library was constructed consist-
ing of a random 28 bp fragment. The heritable DNA bar-
codes were subsequently inserted into the genome using
modified lentiviral transfection, and scSeq sequencing
detected the DNA barcodes. The authors applied this
technique to study the differentiation process of hema-
topoietic stem and progenitor cells (HSPCs) in mice
and identified two monocyte differentiation pathways:
DC-like and Neu-like mononuclear precursor cells dif-
ferentiated from each other, corresponding to MDPs
(Mo-dendritic progenitors) and GMPs (granulocyte- Mo
progenitors), respectively [31]. The application of Inte-
gration Barcodes-based single-cell lineage tracing tech-
nology provides us with a new approach to studying the
cell differentiation process and its predictive factors, par-
ticularly in the context of the diverse differentiation path-
ways of hematopoietic stem/progenitor cells.

Insights from Polylox-Based lineage tracing: PolyloxExpress

Another study used PolyloxExpress, an SCLT technology
based on Polylox barcodes. This tool builds on the Polylox
system by expressing DNA barcodes as RNA barcodes,
capturing the transcriptome of individual cells by single-
cell sequencing, and using the flow of RNA barcodes
to determine the developmental fate of each cell. The
authors used Tie2-MeriCreMer mice to drive PolyloxEx-
press barcode labeling of hematopoietic stem cells and
found that hematopoietic stem cells were classified into
three main groups according to developmental fate by
lineage-tracing experiments: multilineage hematopoietic
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stem cells, which give rise to all lineages, and myeloid-
erythroid hematopoietic stem cells, which give rise only
to myeloid cells and erythroid cells (myeloid-erythroid
restricted), and differentiation-inactive. The authors
also revealed for the first time the relationship between
hematopoietic stem cell division and differentiation in
the natural state, and found that slow-dividing dormant
hematopoietic stem cells also differentiate into mature
cells and participate in the entire hematopoietic process;
and that differentiation-inactive stem cells divide sym-
metrically to maintain self-renewal and the homeostasis
of the hematopoietic stem cell pool [81]. These advance-
ments in Polylox technology have laid the foundation for
more accurate lineage tracing models in hematopoiesis.
These findings underscore the potential of advanced bar-
coding technologies to enhance our understanding of cel-
lular development and differentiation pathways.

Advancements in CRISPR-Based lineage tracing: CARLIN and

DARLIN

In 2020, Sarah et al. first reported the CRISPR array
repair lineage tracing (CARLIN) mouse line and corre-
sponding analysis methods that can be used to simultane-
ously analyze the lineage and transcriptomic information
of single cells in vivo. The team used CARLIN to char-
acterize intrinsic biases in the clonal activity of fetal
liver hematopoietic stem cells and to identify clonal
bottlenecks in the HSC response to injury. However, its
application is somewhat limited due to its low barcode
diversity [60]. To further enhance barcode diversity and
resolution at the single-cell level, a new generation of lin-
eage tracing mouse lines, DARLIN, and a multi-omics
analysis technology, Camellia-seq, have been developed.
DARLIN, an inducible Cas9 barcoding mouse line that
utilizes terminal deoxynucleotidyl transferase (TdT) and
30 CRISPR target sites. TdT is a broad-spectrum DNA
polymerase that efficiently inserts additional bases after
Cas9-induced DNA double-stranded breaks, thereby
increasing the diversity of mutations to adequately label
all cells in adult mice. Meanwhile, Camellia-seq can
simultaneously measure transcriptome, DNA methyla-
tion, chromatin accessibility, and cellular genealogy at
the single-cell level. Using the DARLIN with combined
transcriptomic and epigenomic single-cell measurements
to analyze multiple hematopoietic stem cells from the
same lineage, the researchers validated the heterogeneity
of HSC again. In addition, they found the existence of a
group of HSCS with only one fate choice of macrophages,
and their gene expression profile suggested that they
were closer to long-term hematopoietic stem cells. More
importantly, it was found that cellular clonal memory is
associated with genome-wide DNA methylation. After
many generations of cell division and migration, HSCs
that are more closely related with more similar DNA
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methylation profile [82]. These advances in CRISPR tech-
nology paved the way for even more precise lineage trac-
ing models in hematopoiesis.

Natural barcodes: A breakthrough in human lineage tracing
Although the diversity of DNA barcodes has continued to
increase, the technology cannot be applied in vivo, which
has limited research on human progenitor cells, as natu-
ral barcodes, offer a potential solution to overcome this
limitation. A study published in Nature utilizes somatic
mutations to construct a phylogenetic tree of fetal
development. This is achieved through whole-genome
sequencing of hematopoietic stem and progenitor cells
from human embryos, combined with single-cell-derived
cell colonies and deep targeted sequencing of tissues of
known origin. This approach genealogically traces the
development of the human hematopoietic system and
differentiates the various stages of embryonic develop-
ment [45]. The authors analyzed the constructed phylo-
genetic tree for asymmetry and found, consistent with
previous studies, that the asymmetries contributed by the
two daughter cells of the most recent common ancestor
differed considerably. And the authors matched the time
points of developmental acquisition of mutations with
the time points of developmental events and found that
the event of molecular divergence between the trophec-
toderm and the inner cell mass occurs at the 4—16 cell
stage in the 8-week fetus, similar to the mouse devel-
opmental process. And at least 20 blood lineages were
already present at the time of epiblast differentiation,
a finding consistent with a number of in vitro observa-
tions. Compared with the endoderm and mesoderm, the
ectoderm has only a relatively small contribution from
the ancestor of the originating hematopoietic system. In
contrast, the primitive blood captured in the circulatory
system of the 8-week fetus was from the hypoderm, and
its somatic mutations correlated more highly with those
in the extraembryonic and mesodermal also tissues.
Overall, this study provides a possible workflow as well
as a conceptual framework for future understanding of
human developmental processes through the use of natu-
rally occurring somatic mutations as barcodes.

A recent article published in Nature proposes a new
ReDeeM technique using mitochondrial DNA mutations
as natural barcode that also provides clues to hematopoi-
etic development. The ReDeeM system is based on deep
sequencing of naturally occurring mitochondrial DNA
mutations at the single-cell level, with simultaneous read-
out of transcriptional status and chromatin accessibility.
Redeem utilizes a single-molecule consensus correction
technique and is achieved by a modification of the 10X
Genomics platform implementation, which significantly
improves the sensitivity and accuracy of mutation detec-
tion. Redeem has been proven to increase the number of
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mutations detected by more than 10-fold over previous
methods and provide unprecedented opportunities for
lineage tracing in human progenitor cells. The authors
used the system to delve into the human hematopoietic
process, analyzing data from bone marrow mononuclear
cells (BMMCs) and hematopoietic stem cells (HSCs)
from two young donors. The authors constructed phy-
logenetic trees through deep mtDNA mutation analysis,
revealing clonal structure, functional heterogeneity, and
age-related changes in hematopoietic stem cells. The
study found functional differences in HSC clones that
stabilized over several months, including differences in
overall output and preferences for different mature cell
types. With aging, the diversity of HSC clones signifi-
cantly decreases, resulting in oligoclonal structures and
the appearance of multiple distinctly expanding clones.
This study provides the first atlas of the human hemato-
poietic system presented at single-cell resolution and lays
the groundwork for more studies of clonal dynamics in
human health and disease state [83].

As mentioned previously, low mutation rates in
somatic cells lead to inefficiencies and make it diffi-
cult to accurately discriminate lineages. One promising
approach to address this issue is lineage tracing through
epigenetic mutations. A recent study published in Nature
Methods introduced a significant advancement in this
area with the development of MethylTree, a novel com-
putational tool designed for single-cell lineage tracing
based on DNA methylation epimutations [68]. Single-cell
DNA methylation sequencing typically covers only about
5% of the genome, and its limited coverage can affect
the accuracy of the genealogical information it provides.
MethylTree addresses this challenge by directly calcu-
lating the Pearson correlation of overlapping CpG sites
between two cellular “fragments” to construct a similar-
ity matrix. This approach effectively resolves the sparsity
issue inherent in DNA methylation data. Furthermore,
MethylTree employs iterative algorithms to minimize
noise between cells and filtering out DNA methylation
variations that are specific to different cell types. The
authors validated MethylTree’s accuracy, demonstrating
near 100% precision through the use of public databases
and multiple experimental systems, including mouse
and human hematopoietic models and early embryonic
development. Additionally, MethylTree was success-
fully applied to investigate the model of the first cell fate
decision in the human embryo, revealing this decision
occurs early at the four-cell stage. The tool’s capacity
to count clones in vivo was demonstrated in an animal
model, where approximately 250 hematopoietic stem cell
clones were identified in the blood of wild-type mice. In
summary, the development of MethylTree represents a
breakthrough in overcoming the limitations imposed by
mutations in nuclear and mitochondrial genomes. This
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algorithm opens new avenues for high-resolution, non-
invasive, multi-omics genealogical tracing, with broad
applications in human studies and beyond.

In conclusion, although different labeling methods
have been chosen for different studies, SCLT technology
allows us to comprehensively follow the developmental
processes of multicellular systems in various states and
to analyze the transcriptional regulation behind cell fate
selection. SCLT provides more information and greater
possibilities for hematopoietic developmental studies
than traditional genealogical tracer methods and com-
mon single-cell sequencing methods.

Single-Cell lineage tracing in hematopoietic disorders:
Understanding disease and stem cell dynamics

SCLT technology, in addition to being used to explore
developmental processes, can likewise be used to explore
disease evolution and the mechanisms that lead to treat-
ment resistance in a wide range of cancers. mtDNA
mutations themselves serve as natural markers of clonal
profiling and are capable of tracking multispectral popu-
lations of cancerous and non-cancerous fractions of tis-
sues from which they originate. Livius et al. used mtDNA
as a natural barcode on patients with chronic lympho-
cytic leukemia for single-cell lineage tracing, revealing
clonal and functional heterogeneity in human malig-
nancies [84]. Livius et al. applied the mtscATAC-seq
technique to nine patients with chronic lymphocytic
leukemia in the setting of different therapeutic modali-
ties and found that mtDNA showed long-term stabil-
ity in the absence of treatment [70]. However, dramatic
changes in mtDNA mutations were observed in case of
major disease progression or relapse after strong thera-
peutic pressure. In addition, they linked chronic lym-
phocytic leukemia subclones to different chromatin
states, further confirming the relevance of epigenomic
evolution to acquired drug resistance. Another study
was conducted to investigate the genealogical history of
chronic lymphocytic leukemia (CLL) cells using DNA
methylation epimutation data, employing the multi-
plexed single-cell RRBS technique (MscRRBS) [67]. The
results revealed that, compared to normal B cells, cancer
cells from CLL patients exhibited significantly higher lev-
els of DNA methylation mutations. However, the differ-
ences observed among the cancer cells themselves were
relatively small. A comparison of the Phylogenetic trees
of both normal and cancer cells showed that cancer cells
displayed earlier bifurcations and longer branches, con-
sistent with the proliferative characteristics of tumor
cells. In conclusion, these findings underscore the feasi-
bility of utilizing natural barcodes to track the subclonal
structure of disease populations. Furthermore, the con-
tinued advancements in SCLT technology hold great
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potential for enabling patient-specific studies of cancer
subclonal dynamics soon.

The fate of hematopoietic stem cells is largely regulated
by a variety of cells of non-hematopoietic origin within
the hematopoietic microenvironment, and a large num-
ber of recent studies have shown that the fate of HSCs is
also regulated by “progenitor” cells of hematopoietic ori-
gin such as macrophages, and T cells [85—-87]. Within the
hematopoietic hierarchy, Flk2- MPPs (multipotent pro-
genitors) are the first downstream progenitors generated
by the differentiation of HSCs and also reside in the bone
marrow microenvironment, and it remains unknown
whether they regulate the behavior and fate of HSCs. A
study utilized SCLT technology to label and dynamically
track each HSC after co-transplantation of FLK2- MPPs
in mice. The results revealed that co-transplantation of
Flk2- MPPs significantly increased the ability of HSCs to
produce T cells.Flk2- MPPs co-transplantation promoted
the maintenance of multi-lineage HSCs in the early stage
(2.5 months before transplantation), and lymphoid-
biased/specialized HSCs formation in the late stage (5.5-
0.6.5 months post-transplantation). HSCs formation.
In conclusion, FlIk2- MPPs influence the fate of HSCs
in terms of stemness maintenance, clonal amplification,
and lineage differentiation, which is informative for the
reconstruction of hematopoietic and immune systems
after transplantation for diseases such as aged leukemia
[87].

Conclusions

Lineage tracing is an effective technique for tracking cel-
lular progeny and providing important insights into cell
behavior and lineage dynamics. This review describes lin-
eage tracing, highlighting the disadvantages of traditional
methods and the advantages of single-cell lineage tracing
technologies, including integration barcoding, CRISPR
barcoding, and base editors. Applications of lineage
tracing in hematologic research are explored, including
applications in hematopoietic development, hematologic
oncology, and therapeutics. These studies have greatly
advanced our understanding of hematologic develop-
ment and its evolution in disease progression. With the
evolution of single-cell omics techniques like single-cell
RNA sequencing, the resolution and scale of lineage
tracking have improved, allowing for the simultaneous
detection of cell state and clonal relationships. It can be
confidently predicted that these studies will gain further
momentum, extending lineage-tracking applications to
various diseases, not only in mice but also in humans.
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