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Abstract

Single-cell sequencing technologies have rapidly progressed in recent years, and been applied 

to characterize stem cells in a number of organs. Somatic (postnatal) stem cells are generally 

identified using combinations of cell surface markers and transcription factors. However, it has 

been challenging to define micro-heterogeneity within “stem cell” populations, each of which 

stands at a different level of differentiation. As stem cells become defined at a single-cell level, 

their differentiation path becomes clearly defined. Here, this viewpoint discusses the potential 

synergy of single-cell sequencing analyses with in vivo lineage-tracing approaches, with an 

emphasis on practical considerations in stem cell biology.
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Introduction

Somatic stem cells play essential roles in tissue development and regeneration of postnatal 

animals. There are a variety of somatic stem cells in the body, such as in the blood, intestine, 

central nervous system, skin, hair follicle and bone (Gehart and Clevers, 2019; Gonzales 

and Fuchs, 2017; Matsushita et al., 2020b; Mendelson and Frenette, 2014; Metcalf, 2007; 

Mizuhashi et al., 2018; Méndez-Ferrer et al., 2010; Notta et al., 2016; Santos et al., 2018; 

Wei and Frenette, 2018). These cells are defined as cells capable of self-renewal, which 

is the ability to continue reproducing themselves, and multipotency, which is the ability to 

generate multiple types of differentiated cells (Blanpain et al., 2004). In vivo lineage-tracing 

approaches using a tamoxifen-inducible creER-loxP system, which is a reproducible method 

to track the whole life of a cell in vivo, have substantially contributed to the somatic stem 

cell research with the unparalleled capability to reveal stem cells’ dynamics within their 

native environment (Kretzschmar and Watt, 2012).
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Here, we present our view on the utility of incorporating in vivo lineage-tracing approaches 

into single-cell sequencing omics studies. Single-cell sequencing analyses have rapidly 

progressed in the last five years, with incredible potential not only to unveil cellular diversity 

and distinct molecular signature of individual cells, but also to help place years of the 

previous research in an overall context within the tissue. Various approaches have been 

developed and become available to researchers, including single-cell RNA-seq, assay for 

transposase-accessible chromatin (ATAC)-seq, and their combined multiome seq (Liu et al., 
2020; Stuart and Satija, 2019). These sequencing techniques have been applied to a diversity 

of research fields, including stem cell biology, developmental biology and cancer biology. 

One area that has lagged behind is the integration of a temporal factor, which typically relies 

on computational methods to infer dynamic lineage relationships within static samples. 

While some studies have attempted to resolve this issue by collecting samples at various 

time points, the differentiation pathway is largely inferred from computational predictions.

Here, we discuss the potential synergistic effect of in vivo lineage-tracing approaches and 

single-cell sequencing analyses in stem cell biology.

Viewpoint

It is hypothesized that stem cells stand at the top of the hierarchy of a given cell lineage 

within a given tissue. A small number of stem cells are considered to provide the origin 

of many differentiated cell types downstream. In the field of skeletal stem cells, single-cell 

sequencing analyses have revealed the fundamental heterogeneity of bone marrow stromal 

cells; these analyses have computationally inferred the existence of stem cells within the 

lineage (Baryawno et al., 2019; Tikhonova et al., 2019; Wolock et al., 2019; Zhong et 
al., 2020). Practically, the key to success to interrogate stem cells by single-cell analyses 

is how efficiently the target stem cell populations can be enriched prior to loading on to 

the single-cell sequencing platforms. The bone marrow is predominantly composed of non-

skeletal/mesenchymal cells including blood cells and vascular cells; therefore, bone marrow 

stromal cells and their subset skeletal stem cells represent only an extremely small fraction 

−0.001~0.01% – of all bone marrow cells (Pittenger et al., 1999). In order to selectively 

harvest this small amount of “stem cell populations”, target cells need to be isolated by a 

panel of cell surface markers or fluorescent proteins such as GFP for fluorescence-activated 

cell sorting (FACS) (Chan et al., 2015; Chan et al., 2018; Matsushita et al., 2021c; Morikawa 

et al., 2009). This step can be used to remove the “contaminants” – hematopoietic and 

vascular cells – so that we can sufficiently enrich stem cells for downstream analyses 

(Matsushita et al., 2021a).

There are two distinct ways to remove contaminant cells and enrich putative stem 

cell populations. A positive selection method uses a combination of markers that are 

expressed by target cell populations to capture stem cells, while a negative selection 

method uses a combination of markers that are not expressed by target cell populations 

to exclude contaminant cells. For example, mouse SSCs are negatively selected at first 

as CD45−CD31−Ter119−, and then purified using both positive and negative markers, 

as CD51+CD90−CD105−CD200+ (Chan et al., 2015). There are certain advantages and 

disadvantages of positive and negative selection. Positive selection with “stem cell markers” 
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allows to capture only a small and limited group of cells for downstream analyses. It is 

therefore possible that other important stem cell populations can be excluded from the 

analyses. In contrast, negative selection aiming to remove contaminant cells allows to 

capture a wide breadth of relevant cell types. However, it is possible that the important 

stem cell populations become underrepresented due to an exceeding number of non-stem 

cell populations. Although cell sorting with negative selection is generally associated with a 

greater level of contamination of wanted cell types, cell sorting with positive selection also 

inevitably involves with at least to some degrees of contamination. It is therefore important 

to combine these two selection methods to enrich the intended cell population.

The enriched populations of “stem cells” can be subjected to single-cell sequencing 

analyses, although such analyses will almost always discover substantial heterogeneity 

within the given populations. The putative trajectories of stem cell differentiation can be 

inferred from single-cell sequencing data; however, the inherent limitation of this approach 

is that cell surface markers or fluorescent proteins used to enrich these cells can only capture 

a snapshot of the cell population involved in the dynamic process of tissue remodeling.

How can we add a temporal factor to this analysis to account for the dynamic change of 

the cell populations over time? In vivo lineage-tracing approach using a tamoxifen-inducible 

creER-loxP system with a fluorescent reporter such as a Rosa26-loxp-stop-loxp-tdTomato 
allele (Madisen et al., 2010) can be used to track the fate of a cell through the entire life. The 

fluorescent protein is permanently expressed by the cell that has undergone recombination, 

which can be temporarily induced in the presence of tamoxifen specifically within the cells 

in which creER proteins are present. Because the recombination is irreversible and occurs 

in the genome, the targeted cells undergoing the removal of the stop cassette continue 

to express the fluorescent protein even after subsequent replication and differentiation of 

daughter cells. This enables selective marking of cells expressing the “driver” gene, as well 

as their descendant cells, which differentiated from the originally targeted cells.

To successfully define the differentiation pathway of stem cells using in vivo lineage-tracing 

approaches, it is extremely important to select the right creER line with the right “driver” 

gene. Ideally, the “driver” gene should target only stem cells, but not their downstream 

populations. This would allow to visualize the in vivo lineage progression of stem cells 

over time. For example, parathyroid hormone-related protein (PTHrP) is an ideal marker 

for skeletal stem cells in the growth plate. Pthrp-creER line specifically marks slow-cycling 

chondrocytes in the resting zone of the growth plate (Mizuhashi et al., 2018), and only 

a small subset of these cells undergo asymmetric cell divisions and differentiate into 

columnar chondrocytes, making it an ideal model to track the fate of somatic stem cells 

at single-cell levels. In contrast, the Rosa26 locus is ubiquitously active. When Rosa26 is 

used as the driver (Ventura et al., 2007), essentially all the cells, including stem cells and 

their descendants, are simultaneously labelled, making it impossible to define the precursor-

product relationship. These two extreme scenarios give us the examples how important it is 

to select the right “driver” gene for in vivo lineage-tracing experiments.

We need to keep in mind that, despite the substantial utility, in vivo lineage-tracing 

approaches have several caveats. First, due to inherent ineffectiveness, the tamoxifen-
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inducible creER-loxP system induces recombination only in a small subset of target cell 

populations. It is important to verify the recombination efficiency in a target cell population, 

and its correlation with endogenous gene expression using immunohistochemistry or more 

reliable knock-in fluorescent reporter lines on the short-chase samples. Second, it is possible 

that tamoxifen-induced recombination can artificially select a certain stem cell population. 

Third, tamoxifen may have its own adverse effects on a variety of tissues, such as brains 

(Lee et al., 2020).

In contrast, constitutively active cre lines that do not require tamoxifen injection to label 

stem cells and their descendants. Constitutively active cre lines with “driver” genes active in 

putative stem cell populations, such as Prrx1-cre (Logan et al., 2002), Lepr-cre (Zhou et al., 
2014) and Ctsk-cre (Debnath et al., 2018) in the skeletal stem cell field, have been utilized 

to define the stem cell function in a variety of contexts. However, the inherent limitation 

of this system is that there is no “temporal” control in recombination, making it impossible 

to determine when differentiation from stem cells to differentiated cells have occurred. 

Therefore, it requires extreme caution to make conclusions on the lineage relationship 

among diverse groups of cells.

By applying single-cell sequencing analyses to lineage-marked cells, particularly those 

marked by the tamoxifen-inducible creER-loxP system, we can add a temporal factor and 

capture the snapshots of cells at various stages of differentiation at a single cell level (Kester 

and van Oudenaarden, 2018; Wagner and Klein, 2020). These combinatory methods are 

useful in unraveling dynamic cellular events, such as stem cell differentiation in normal 

tissue growth and regeneration.

Generally speaking, cell surface markers or fluorescent reporter proteins are expressed 

by a given specific cell type at the time of analysis. In contrast, in vivo lineage-tracing 

approaches can mark the entire lineage including stem cells and all of their descendant 

cells, at least theoretically (Fig. 1). By taking advantage of a combinatory lineage-tracing 

and single-cell RNA-seq approaches, we recently demonstrated a new concept in bone 

regeneration (Matsushita et al., 2020a) using a Cxcl12-creER transgenic line that is 

specifically active in quiescent pre-adipocyte-like marrow stromal cells. This combinatory 

approach allowed us to identify a previously uncharacterized “intermediate” cell populations 

(Fig. 2). Although a small number of skeletal stem cells had been thought to be solely 

responsible for bone regeneration, our new findings shed light on the possibility that their 

downstream terminally differentiated cells are also involved in bone regeneration through 

the mechanism involving cellular plasticity (Matsushita et al., 2021b).

Pseudo-time analyses predict the differentiation trajectory of the single cells based on the 

single-cell sequencing data, in which a longer trajectory is indicative of a more difficult 

differentiation pathway. However, pseudo-time analyses sometimes may conflict with the 

actual known lineage dynamics. It might be possible in the future through innovative 

computational methods to determine how the actual rate of cell differentiation observed by 

lineage-tracing differs from pseudo-time-based computational predictions, and facilitate the 

development of more accurate computational modalities. Moreover, single-cell seq analyses 

can be performed in multiple time points before and after the event, and then multiple 
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single-cell seq data can be computationally combined. The trajectory of cell differentiation 

can be estimated by Pseudo-time analysis in a “static” single-cell sequencing dataset; 

however, the relevance of the results can be greatly improved by combining these with 

“real-time” data from biological samples from several time points. In the referenced case, 

“real-time” single-cell seq analyses in multiple sequential time points lead to the assumption 

that the intermediate state cells that “de-differentiated” from Cxcl12+ reticular cells can 

“re-differentiate” into Col1a1+ osteoblasts (Fig. 2). The combination of lineage-tracing and 

single-cell sequencing analyses has been used in various fields, including in neuron, bone 

marrow, heart and brain (Figueres-Oñate et al., 2021; Magnusson et al., 2020; Su et al., 
2018; Tikhonova et al., 2019). Although the existing computational trajectory analysis tools 

could resolve lineage differentiation at least to some extent in these studies, there still 

remains substantial room for improvement in order to accurately predict in vivo lineage 

progression of individual cells over multiple time points.

The advantage of the in vivo lineage-tracing approach based on the tamoxifen-inducible 

creER-loxP system is its versatility. The differentiation stage of lineage-marked cells can 

be further stratified by standard immunofluorescent staining or other cell type-specific 

transgenic marker genes. In other instances, the Rosa26 reporter gene for creER-loxP 
recombination can be altered to a multicolor format such as to the Rosa26-Confetti (Livet 

et al., 2007) allele that permits in vivo clonal analysis. These additional modalities could be 

further combined with single-cell sequencing approaches to facilitate the understanding of 

stem cell behaviors in vivo.

“Drop-out”, in which a gene is observed at a moderate or high expression level in one 

cell but is not detected in another cell, is the inherent weakness of single-cell sequencing 

analyses, especially those utilizing drop-seq based approaches (Kharchenko et al., 2014). It 

occurs due to the low abundance of mRNAs in individual cells and the inefficient capture of 

the transcriptome, as well as the stochasticity of mRNA expression (Qiu, 2020). Importantly, 

the drop-out rate is potentially higher on “stem cells” because of low mRNA levels and 

small numbers of expressed genes, compared to differentiated cells (Islam et al., 2011). It 

remains to be determined whether in vivo lineage-tracing approaches can help to resolve 

this issue by knowing which progenitor cell subpopulation preferentially differentiates down 

different lineages.

Vision of the Future

A variety of methods for single-cell sequencing analyses have been developed in recent 

years, making it possible to infer cellular dynamics in a more detailed manner. Multiome 

analyses, including those measuring both RNA and chromatin accessibility simultaneously, 

facilitate more detailed characterization of individual cells. A number of innovative 

algorithms facilitating single-cell computational analyses have been developed (Liu et al., 
2020; Stuart and Satija, 2019). With a myriad of single-cell computational approaches 

available, what is needed in the future is a strategy for high-dimensional integrative analyses. 

Because single-cell sequencing analysis alone can only provide an estimated landscape 

of diverse cell populations, validation is the key step to sustain the authenticity of the 

computational findings. Using identified cell type-specific markers, we can analyze specific 
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cell populations. Subsequently in combination with in vivo lineage-tracing approaches, we 

can dissect cellular dynamics of a given cell population in time and space. This combinatory 

approach can be applied to multiple scenarios, to understand fundamental biological 

phenomena or evaluate therapeutic responses. Furthermore, the combination of single-cell 

sequencing and in vivo cell lineage approaches can facilitate deeper understanding of native 

stem cells, not only in the context of tissue growth and homeostasis, but also in the context 

of more dynamic situations involving stem cell mobilization, such as tissue regeneration, 

tumor growth and drug response; these interventions are likely to induce drastic changes to 

somatic stem cells. Single-cell sequencing analyses can also potentially unravel multicellular 

dynamics. By applying in vivo lineage-tracing approaches to disease models, the impact of 

genetic diseases on cell lineages can be investigated. We expect that the in-depth biological 

information obtained from in vivo cell-lineage analyses will synergize well with single-cell 

sequencing analyses and improve their accuracy.

Currently, more refined techniques for in vivo lineage-tracing approaches have been 

developed, including those using the barcode technology in which the clonal information 

is encoded by DNA sequence barcodes. This barcode-based cell marking can theoretically 

allow unlimited numbers of clonal labeling, unlike fluorescence-based cell marking with 

a limited number. It is anticipated that barcode-based lineage-tracing approaches using the 

CRISPR/Cas9 system will become an important modality in the field in stem cell biology 

(Wagner and Klein, 2020).

Taken together, we conclude that the combination of single-cell analyses and in vivo 
lineage-tracing approaches produce a substantial synergistic effect in advancing stem cell 

biology.

Funding Statement:

This research was supported by National Institute of Health grants R01DE026666 and R01DE030630 (to N.O.) and 
R01DE029181 (to W.O.)

References

Baryawno N, Przybylski D, Kowalczyk MS, Kfoury Y, Severe N et al. (2019). A cellular taxonomy 
of the bone marrow stroma in Homeostasis and Leukemia. Cell 177: 1915–1932.e16. DOI 10.1016/
j.cell.2019.04.040. [PubMed: 31130381] 

Blanpain C, Lowry WE, Geoghegan A, Polak L, Fuchs E (2004). Self-renewal, multipotency, and 
the existence of two cell populations within an epithelial stem cell niche. Cell 118: 635–648. DOI 
10.1016/j.cell.2004.08.012. [PubMed: 15339667] 

Chan CK, Seo EY, Chen JY, Lo D, McArdle A et al. (2015). Identification and specification of the 
mouse skeletal stem cell. Cell 160: 285–298. DOI 10.1016/j.cell.2014.12.002. [PubMed: 25594184] 

Chan CKF, Gulati GS, Sinha R, Tompkins JV, Lopez M et al. (2018). Identification of the human 
skeletal stem cell. Cell 175: 43–56.e21. DOI 10.1016/j.cell.2018.07.029. [PubMed: 30241615] 

Debnath S, Yallowitz AR, McCormick J, Lalani S, Zhang T et al. (2018). Discovery of a periosteal 
stem cell mediating intramembranous bone formation. Nature 562: 133–139. DOI 10.1038/
s41586-018-0554-8. [PubMed: 30250253] 

Figueres-Oñate M, Sánchez-González R, López-Mascaraque L (2021). Deciphering neural 
heterogeneity through cell lineage tracing. Cellular and Molecular Life Sciences 78: 1971–1982. 
DOI 10.1007/s00018-020-03689-3. [PubMed: 33151389] 

MATSUSHITA et al. Page 6

Biocell. Author manuscript; available in PMC 2022 April 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gehart H, Clevers H (2019). Tales from the crypt: New insights into intestinal stem cells. Nature 
Reviews Gastroenterology & Hepatology 16: 19–34. DOI 10.1038/s41575-018-0081-y. [PubMed: 
30429586] 

Gonzales KAU, Fuchs E (2017). Skin and its regenerative powers: An alliance between stem cells 
and their niche. Developmental Cell 43: 387–401. DOI 10.1016/j.devcel.2017.10.001. [PubMed: 
29161590] 

Islam S, Kjällquist U, Moliner A, Zajac P, Fan JB et al. (2011). Characterization of the single-cell 
transcriptional landscape by highly multiplex RNA-seq. Genome Research 21: 1160–1167. DOI 
10.1101/gr.110882.110. [PubMed: 21543516] 

Kester L, van Oudenaarden A (2018). Single-cell transcriptomics meets lineage tracing. Cell Stem Cell 
23: 166–179. DOI 10.1016/j.stem.2018.04.014. [PubMed: 29754780] 

Kharchenko PV, Silberstein L, Scadden DT (2014). Bayesian approach to single-cell differential 
expression analysis. Nature Methods 11: 740–742. DOI 10.1038/nmeth.2967. [PubMed: 
24836921] 

Kretzschmar K, Watt FM (2012). Lineage tracing. Cell 148: 33–45. DOI 10.1016/j.cell.2012.01.002. 
[PubMed: 22265400] 

Lee CM, Zhou L, Liu J, Shi J, Geng Y et al. (2020). Single-cell RNA-seq analysis revealed long-
lasting adverse effects of tamoxifen on neurogenesis in prenatal and adult brains. Proceedings 
of the National Academy of Sciences of the United States of America 117: 19578–19589. DOI 
10.1073/pnas.1918883117. [PubMed: 32727894] 

Liu J, Gao C, Sodicoff J, Kozareva V, Macosko EZ et al. (2020). Jointly defining cell types 
from multiple single-cell datasets using LIGER. Nature Protocols 15: 3632–3662. DOI 10.1038/
s41596-020-0391-8. [PubMed: 33046898] 

Livet J, Weissman TA, Kang H, Draft RW, Lu J et al. (2007). Transgenic strategies for combinatorial 
expression of fluorescent proteins in the nervous system. Nature 450: 56–62. DOI 10.1038/
nature06293. [PubMed: 17972876] 

Logan M, Martin JF, Nagy A, Lobe C, Olson EN et al. (2002). Expression of Cre Recombinase 
in the developing mouse limb bud driven by a Prxl enhancer. Genesis 33: 77–80. DOI 10.1002/
(ISSN)1526-968X. [PubMed: 12112875] 

Madisen L, Zwingman TA, Sunkin SM, Oh SW, Zariwala HA et al. (2010). A robust and 
high-throughput Cre reporting and characterization system for the whole mouse brain. Nature 
Neuroscience 13: 133–140. DOI 10.1038/nn.2467. [PubMed: 20023653] 

Magnusson JP, Zamboni M, Santopolo G, Mold JE, Barrientos-Somarribas M et al. (2020). Activation 
of a neural stem cell transcriptional program in parenchymal astrocytes. Elife 9: e59733. DOI 
10.7554/eLife.59733.sa2. [PubMed: 32744501] 

Matsushita Y, Chu AKY, Ono W, Welch JD, Ono N (2021a). Intercellular interactions of an adipogenic 
CXCL12-expressing stromal cell subset in murine bone marrow. Journal of Bone and Mineral 
Research 36: 1145–1158. DOI 10.1002/jbmr.4282. [PubMed: 33651379] 

Matsushita Y, Nagata M, Kozloff KM, Welch JD, Mizuhashi K et al. (2020a). A Wnt-mediated 
transformation of the bone marrow stromal cell identity orchestrates skeletal regeneration. Nature 
Communications 11: 239. DOI 10.1038/s41467-019-14029-w.

Matsushita Y, Ono W, Ono N (2020b). Skeletal stem cells for bone development and repair: Diversity 
matters. Current Osteoporosis Reports 18: 189–198. DOI 10.1007/s11914-020-00572-9. [PubMed: 
32172443] 

Matsushita Y, Ono W, Ono N (2021b). Bone regeneration via skeletal cell lineage plasticity: All hands 
mobilized for emergencies: Quiescent mature skeletal cells can be activated in response to injury 
and robustly participate in bone regeneration through cellular plasticity. Bioessays 43: 2000202. 
DOI 10.1002/bies.202000202.

Matsushita Y, Ono W, Ono N (2021c). Flow cytometry-based analysis of the mouse bone marrow 
stromal and perivascular compartment. Methods in Molecular Biology 2308: 83–94. DOI 
10.1007/978-1-0716-1425-9. [PubMed: 34057716] 

Mendelson A, Frenette PS (2014). Hematopoietic stem cell niche maintenance during homeostasis and 
regeneration. Nature Medicine 20: 833–846. DOI 10.1038/nm.3647.

MATSUSHITA et al. Page 7

Biocell. Author manuscript; available in PMC 2022 April 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Metcalf D (2007). On hematopoietic stem cell fate. Immunity 26: 669–673. DOI 10.1016/
j.immuni.2007.05.012. [PubMed: 17582339] 

Mizuhashi K, Ono W, Matsushita Y, Sakagami N, Takahashi A et al. (2018). Resting zone of the 
growth plate houses a unique class of skeletal stem cells. Nature 563: 254–258. DOI 10.1038/
s41586-018-0662-5. [PubMed: 30401834] 

Morikawa S, Mabuchi Y, Kubota Y, Nagai Y, Niibe K et al. (2009). Prospective identification, 
isolation, and systemic transplantation of multipotent mesenchymal stem cells in murine bone 
marrow. Journal of Experimental Medicine 206: 2483–2496. DOI 10.1084/jem.20091046.

Méndez-Ferrer S, Michurina TV, Ferraro F, Mazloom AR, Macarthur BD et al. (2010). Mesenchymal 
and haematopoietic stem cells form a unique bone marrow niche. Nature 466: 829–834. DOI 
10.1038/nature09262. [PubMed: 20703299] 

Notta F, Zandi S, Takayama N, Dobson S, Gan OI et al. (2016). Distinct routes of lineage 
development reshape the human blood hierarchy across ontogeny. Science 351: 431. DOI 10.1126/
science.aab2116. [PubMed: 26823405] 

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R et al. (1999). Multilineage potential of 
adult human mesenchymal stem cells. Science 284: 143–147. DOI 10.1126/science.284.5411.143. 
[PubMed: 10102814] 

Qiu P (2020). Embracing the dropouts in single-cell RNA-seq analysis. Nature Communications 11: 
363. DOI 10.1038/s41467-020-14976-9.

Santos AJM, Lo YH, Mah AT, Kuo CJ (2018). The intestinal stem cell niche: Homeostasis and 
adaptations. Trends in Cell Biology 28: 1062–1078. DOI 10.1016/j.tcb.2018.08.001. [PubMed: 
30195922] 

Stuart T, Satija R (2019). Integrative single-cell analysis. Nature Reviews Genetics 20: 257–272. DOI 
10.1038/s41576-019-0093-7.

Su T, Stanley G, Sinha R, D’Amato G, Das S et al. (2018). Single-cell analysis of early progenitor 
cells that build coronary arteries. Nature 559: 356–362. DOI 10.1038/s41586-018-0288-7. 
[PubMed: 29973725] 

Tikhonova AN, Dolgalev I, Hu H, Sivaraj KK, Hoxha E et al. (2019). The bone 
marrow microenvironment at single-cell resolution. Nature 569: 222–228. DOI 10.1038/
s41586-019-1104-8. [PubMed: 30971824] 

Ventura A, Kirsch DG, McLaughlin ME, Tuveson DA, Grimm J et al. (2007). Restoration of p53 
function leads to tumour regression in vivo. Nature 445: 661–665. DOI 10.1038/nature05541. 
[PubMed: 17251932] 

Wagner DE, Klein AM (2020). Lineage tracing meets single-cell omics: Opportunities and challenges. 
Nature Reviews Genetics 21: 410–427. DOI 10.1038/s41576-020-0223-2.

Wei Q, Frenette PS (2018). Niches for hematopoietic stem cells and their progeny. Immunity 48: 
632–648. DOI 10.1016/j.immuni.2018.03.024. [PubMed: 29669248] 

Wolock SL, Krishnan I, Tenen DE, Matkins V, Camacho V et al. (2019). Mapping distinct bone 
marrow niche populations and their differentiation paths. Cell Reports 28: 302–311.e5. DOI 
10.1016/j.celrep.2019.06.031. [PubMed: 31291568] 

Zhong L, Yao L, Tower RJ, Wei Y, Miao Z et al. (2020). Single cell transcriptomics identifies a unique 
adipose lineage cell population that regulates bone marrow environment. Elife 9: e54695. DOI 
10.7554/eLife.54695.sa2. [PubMed: 32286228] 

Zhou BO, Yue R, Murphy MM, Peyer JG, Morrison SJ (2014). Leptin-receptor-expressing 
mesenchymal stromal cells represent the main source of bone formed by adult bone marrow. 
Cell Stem Cell 15: 154–168. DOI 10.1016/j.stem.2014.06.008. [PubMed: 24953181] 

MATSUSHITA et al. Page 8

Biocell. Author manuscript; available in PMC 2022 April 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 1. 
Single-cell sequencing analysis of the target cells enriched by fluorescence-activated cell 

sorting (FACS). (a) Cell surface markers or fluorescent reporter proteins can mark a group 

of cells expressing the marker genes at a given time (“Snapshot”). (b) In vivo lineage-tracing 

system can mark a specific group of cells descended from a specific type of cell, therefore 

including a “temporal factor”. Single-cell sequencing analyses can reveal the heterogeneity 

of the lineage-marked cells with inference to precursor-product relationships.
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FIGURE 2. 
Actual strategy for the combination of lineage tracing and single-cell sequencing analysis 

using bone regeneration model. (a) Cxcll2+ reticular cells’ descendants (red) contribute to 

osteoblasts in regenerating bone (yellow). Osteoblasts marked by green are from other cell 

origins. (b) Sorting only Cxcll2+ lineage cells (red and yellow) using FACS and loading to 

single-cell sequencing platforms. (c) Left: UMAP based visualization. Cxcll2+ reticular cells 

differentiate into osteoblasts through the undefined transitional cells first revealed by single-

cell analyses. Right: Target cell populations marked by marker genes or lineage tracing. (d) 

Pseudo-time analyses show the trajectory from Cxcll2+ reticular cells to Colla1+ osteoblasts. 

Single-cell RNA-seq plots reproduced and adapted with permission from Matsushita et al. 
Nature communications, 2020 (CC BY 4.0).
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