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Highlights: 
・Sequenctial introduction of DNA barcodes in vivo was developed to assess time dependent changes 

in cell fate.  

 

・Clonal phylogenetic tracer (CP-tracer) enabled high-resolution phylogenetic analysis of ~100,000 

subclones derived from ~500 individual hematopoietic stem cells (HSC). 

 

・Bidirectional fate transitions between myeloid-biased haematopoietic stem cells (My-HSCs) and 

lineage-balanced haematopoietic stem cells (balanced-HSCs) were observed. 

 

・Hhex was identified as a molecular driver of HSC lymphoid competence. 

 

 

Summary: Transitions between subsets of differentiating hematopoietic cells are widely regarded 

as unidirectional in vivo. Here, we introduce clonal phylogenetic tracer (CP-tracer) that sequentially 

introduces genetic barcodes, enabling high-resolution analysis of ~100,000 subclones derived from 

~500 individual hematopoietic stem cells (HSC). This revealed previously uncharacterized HSC 
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functional subsets and identified bidirectional fate transitions between myeloid-biased  and lineage-

balanced HSC. Contrary to the prevailing view that the more self-renewing My-HSCs unidirectionally 

transition to balanced-HSCs, phylogenetic tracing revealed durable lineage bidirectionality with the 

transition favoring My-HSC accumulation over time1,2. Further, balanced-HSCs mature through 

distinct intermediates—My-HSCs and lymphoid-biased-HSCs—with lymphoid competence here 

shown by CRISPR/Cas9 screening to be dependent on the homeobox gene, Hhex. Hhex enables Ly-

HSC differentiation, but its expression declines with age. These findings establish HSC plasticity and 

Hhex as a determinant of myeloid-lymphoid balance with each changing over time to favor the age-

related myeloid bias of the elderly.  

 

Introduction: Hematopoietic stem cells (HSCs) are a self-renewing, multipotent population 

comprised of subsets with differences in the balance of production between myeloid and lymphoid 

lineages3-5. We and others developed systems to clonally trace HSCs1,6-11. These defined functional 

subsets such as “balanced-HSCs” producing myeloid and lymphoid cells, “myeloid biased-HSCs 

(My-HSCs)” predominantly producing myeloid cells and “lymphoid-biased HSCs (Ly-HSCs)” 

predominantly producing lymphoid cells. These HSC clones with distinct endogenous outcomes or 

responses to exogenous stimuli12 are scripted by epigenetic features11. Among these, My-HSCs 

exhibit the highest self-renewal potential and become balanced-HSCs after serial transplantation1,5,13 

leading to the conclusion that they are at the apex of the hematopoietic differentiation cascade. 

Single cell transplant studies suggest that the cascade flows unidirectionally. Here, we developed a 

clonal phylogenic tracer, “CP-tracer,” that allows sequential genetic labelling of cells to define fate 

transitions following the initial marking of single clones over time with high resolution. This system 

revealed unanticipated bidirectional differentiation trajectories among HSC and defined a molecular 

specifier of cell fate within primitive hematopoietic stem cells. The bidirectionality of HSC favors 

accumulation of My-HSC over time as is observed in aged mice and humans.  

Results: 
Time-course tracing by random DNA barcoding identifies novel progenitor types. 
DNA barcoding inserts a unique sequence into the genome for each cell that is inherited by daughter 

cells with cell division enabling lineage tracing from a single parental cell14,15. However, non-

nucleated Plt and RBC lineage tracing has been difficult to accomplish. We modified and applied 

previously described methods16 for recovering expressed barcode information from Plt and RBC 

mRNA (Figures S1A-S1D and Methods) to achieve more complete definition of clonal myeloid 

differentiation capability. Very low expression of other lineage-specific genes indicated low mRNA 

contamination (Figures S1E-S1F). Barcode-transduced immunophenotypic HSCs (CD150+CD48-

ckit+Sca1+Lin-) (Figure S1G) were transplanted into irradiated mice and the barcodes analyzed 
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sequentially in blood and bone marrow (BM) cells (Figures 1A and S1G-S1K). The recovered 

barcodes were classified by unsupervised k-mean clustering and 6 cell types were identified based on 

the cell types they produced (Figures 1B and S1L). The functionally classified subgroups are listed on 

the vertical-axis in the heatmaps throughout the Figures and are based on the presence of the barcode 

in the immunophenotypically defined hematopoietic cell types indicated on the horizontal-axis; time 

post-transplant is also indicated on the horizontal-axis. Functional cell grouping of cells bearing the 

identifying barcodes (represented by a row in the heatmap) included: 1. My-HSCs producing myeloid 

lineage cells while maintaining immunophenotypic HSCs 20 weeks after transplantation. 2. balanced-

HSCs producing all blood cell lineages while maintaining immunophenotypic HSCs. 3. Myeloid 

Ristricted Progenitors (MyRPs) producing myeloid cells over >8 weeks after transplantation without 

maintaining immunophenotypic HSCs. 4. Ly-HSCs producing all blood cell lineages but showed no 

evidence for maintaining immunophenotypic HSCs and decreased myeloid production over time in 

the primary transplant (Figures 1B, 1C and S1L). These subsets correlate functionally with the 4 cell 

types reported by others in single cell transplantation studies1,9,10. Also observed were two functional 

groups not previously described. 5. B-biased multipotent progenitors (B-MPPs) that produced myeloid 

and B cells but not T cells. They did not maintain immunophenotypic HSCs and their myeloid 

production decreased within the primary transplant (Figures 1B, 1C and 1L). This pattern was similar 

to Ly-HSCs but differed in T cell potential. 6. Transient myeloid progenitors (TMPs) that produced 

Plt, RBC and/or GM only through 4 weeks (Figures 1B, 1C and S1L). This pattern differed from 

MyRPs in the duration of myeloid production. Only My-HSCs and balanced-HSCs could maintain 

immunophenotypic HSCs 20 weeks after transplantation consistent with a stem cell functional 

phenotype. Therefore, time-course tracing by random DNA barcoding identifies six functional subsets, 

including the four previously known subsets1,9,10 (My-HSCs, balanced-HSCs, Ly-HSCs and MyRPs) 

and two newly identified subsets (B-MPPs and TMPs). Corroberating My-HSCs, balanced-HSCs, Ly-

HSCs, and B-MPPs were also identified in human CD34-positive cells17 (Figures S2M, S2N). 

 

My-HSCs favor self-renewal and can transition to balanced-HSCs. 
My-HSCs are reported to have higher stemness than balanced-HSCs and transition into 

balanced-HSCs5,10,13,18. We assessed these characteristics using random DNA barcode analysis. 

Consistent with a previous report10, self-renewing HSC clones could be classified as Plt only (P-HSCs), 

Plt/RBC/GM (PRG-HSCs), Plt/RBC/GM/B (PRGB-HSCs) and all blood cell lineages (balanced-

HSCs) by their lineage output (Figure 1D). P-HSCs, PRG-HSCs and PRGB-HSCs bundled together 

consitute the My-HSCs group. Differentiated blood cell output per clone was highest in balanced-

HSCs (balanced-HSCs > PRGB-HSCs > PRG-HSCs > P-HSCs) (Figure 1E), while the contribution 

to immunophenotypic HSCs 20 weeks after transplantation was higher in PRGB-HSCs than P or PRG-

HSCs and balanced-HSCs (PRGB-HSCs > balanced-HSCs > PRG-HSCs > P-HSCs) (Figure 1F). The 
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ratio of differentiated cell lineage output (Figure 1E) to immunophenotypic HSCs (Figure 1F)14 was 

lower in My-HSCs than balanced-HSCs (P-HSCs < PRG-HSCs < PRGB-HSCs < balanced-HSCs) 

(Figures 1G); My-HSCs also preferentially biased toward self-renewal over differentiation (Figures 

1G). By the criterion of relative self-renewal versus differentiation for ‘stemness’19,20, My-HSCs have 

greater stemness than balanced-HSCs .  

Examining clonal behavior during secondary transplantation (Figure S1O), P-HSCs 

exhibited PRG or PRGB-HSC patterns and PRG-HSCs exhibited PRGB-HSC patterns. In addition, 

PRGB-HSCs exhibited balanced-HSC patterns upon secondary transplantation (Figures 1H, 1I and 

S1P). These data demonstrate that My-HSCs can transition to the less self-renewing balanced-HSC 

subset. Therefore, the high stemness of My-HSCs and their transition to balanced-HSCs were further 

validated using random DNA barcodes. 

 

Development of clonal phylogenic tracer: “CP-tracer” 
We then explored the capacity to transition between functional subsets by tracing the lineage fate of 

distinct offspring derived from a parental cell. Using CRISPR/Cas921-24 with specialized barcodes 

(Scratchpad) that accumulate mutations over time, we could track distinct progeny from a parental 

cell after progressive cell divisions (Figure 2A). Scratchpad allows for multiple sgRNAs to randomly 

introduce mutations in their targets by editing at random times21. However, a single scratchpad 

provides ~104 genetic diversity, insufficient to robustly trace subclones derived from hundreds to 

thousands of parental cells25. Using multiple loci increases barcode diversity, however it requires 

single-cell analysis for integrating the information, limiting the number of cells for recovering 

barcodes and detecting subclones (Figure S2N)24,26,27. To overcome these limitations, we designed 

clonal phylogenic tracer, “CP-tracer,” by combining random DNA barcodes and scratchpad in a single 

locus to identify parental cells and their progeny respectively (Figures 2A and S2A). We modified the 

original scratchpad21 using 3 sgRNAs with 2 target sequences for each of the 3 sgRNAs in different 

orientations (Figures S2A-S2G and Methods). This CP-tracer was transduced into immunophenotypic 

HSCs from Cas9-EGFP mice and transplanted into lethally irradiated recipients, analyzing blood and 

BM (more than 4×107 hematopoietic cells; Figures S2H-S2M). The DNA barcodes of CP tracer could 

identify clones such as My-HSCs, balanced-HSCs, Ly-HSCs, and B-MPPs (Figure 2B). The 

scratchpad codes indicated the fate of descendant subclones. CP tracer detected 92,399 subclones 

(Figure S2N). In 96 balanced-HSCs clones, 56,301 scratchpad variants were detected; scratchpad 

variance was 612.1 ± 68.26 subclones per barcode clone (Figure S2O) and 97.3% of scratchpad 

variants were unique (Figure S2P). Most of the scratchpads were edited in 3-5 out of 6 sites generally 

without large deletions (Figures S2Q and S2R). Editing percentage at each site 20 weeks after 

transplantation was very similar to that at 14 days of culture (Figures S2E and S2S), and was stable 

over time (Figure S2T). Furthermore, CP-tracer labeled around 600 offspring from a single HSC 
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enabling the tracing of early fate segregation from repopulating HSCs. 

 

Balanced-HSCs can transition into My-HSCs. 
Immunophenotypic HSCs transduced with CP tracer were transplanted and the subclones arising were 

analyzed (Figures 2A, 2B and S2H) at 20 weeks (Figures 2C and S3A). Only 2.08 ± 0.4 % of the 

subclones derived from balanced-HSCs were self-renewing compared with 5.40 ± 0.8 % of My-HSCs 

(2.6 fold higher; p=0.0001; Figures 2D and S3A-S3C). Interestingly, the majority of the self-renewing 

balanced-HSC subclones had an output comparable to My-HSCs in which lymphoid output was 

suppressed or delayed (Figure 2E). These data are consistent with balanced-HSCs transitioning to My-

HSCs despite the higher stemness of My-HSCs. Classification using k-means clustering may 

incorrectly classify balanced-HSCs as My-HSCs. Assessing whether incorrect classification could 

account for our findings, we manually confirmed that subclones derived from balanced HSCs generate 

My-HSCs producing myeloid without lymphoid cell production (Figure 2F) arguing against incorrect 

classification. To determine the frequency of My-HSCs derived from self-renewing balanced-HSC 

subclones, the lineage output of each subclone was compared to the average outputs of clusters (P-

HSCs, PRG-HSCs, PRGB-HSCs, and balanced-HSCs) in the reference heatmap (Figure 1D). Each 

subclone was then assigned to the cluster it was closest to. This indicated that 93.4±2.4% of the self-

renewing subclones derived from balanced-HSCs were My-HSCs (Figures 2E and 2G); not balanced-

HSCs. In addition, My-HSCs derived from balanced-HSCs maintained a My-HSC fate after secondary 

transplantation (Figure 2H), indicating a durable fate transition. 

The evidence for My-HSCs transitioning to functional balanced-HSCs (Figure 1H) and the 

CP tracer phylogenic tracing showing balanced-HSCs transitioning to My-HSCs (Figures 2E-2G), is 

consistent with bidirectional fate transitions. Since some My-HSCs derived from balanced-HSCs 

reverted back to balanced-HSCs upon secondary transplantation (Figure 2I), single clones appear to 

have bidirectional fate plasticity between balanced-HSCs and My-HSCs. 

The majority of self-renewing subclones from balanced-HSCs transitioned to My-HSCs and 

maintained a My-HSC fate after secondary transplantation (Figure 2H). On the other hand, all self-

renewing subclones of My-HSCs performed as My-HSCs in primary transplantation (Figures S3D and 

S3E) and rarely transitioned to balanced-HSCs after secondary transplantation (Figures S3F and S3G); 

therefore, the bidirectional transition between balanced-HSCs and My-HSCs was biased in the 

direction from balanced-HSCs to My-HSCs. 

In sum and consistent with previous reports5,10,13,18, My-HSCs possess greater stemness than 

balanced-HSCs and can transition to balanced-HSCs (Figures 1G-1I) but unexpectedly, CP tracer 

showed that balanced-HSCs can reverse their trajectory and transition to My-HSCs (Figures 2E-I).  

 

Balanced-HSCs contribute to mature blood cell lineages through two intermediate 
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states, My-HSCs or Ly-HSCs 
Analyzing the Scratchpad editing pattern (Figures 2J and S4A), balanced-HSCs branched to balanced-

HSCs, My-HSCs, and Ly-HSCs (Figures 2J and S4A). The descendent subclones of My-HSCs mainly 

produced My-HSCs and MyRPs. Ly-HSCs mainly produced B-MPPs, T progenitors, BT progenitors, 

and TMPs (Figures S3B-S3D and S4B-S4C). Surprisingly, My-HSCs were able to produce B 

progenitors without evidence of producing Ly-HSCs (Figures S3B and S3C) perhaps indicating a 

parallel path to B cells. Overall, balanced-HSCs contribute to the spectrum of progenitor cells (Figure 

S4D) and mature blood cell lineages through two distinct intermediate states, My-HSCs and Ly-HSCs. 

 

Combinaing fate tracing and scRNA-seq identified transcriptional differences 
between My-HSCs and balanced-HSCs. 
Combined DNA barcoding and single-cell RNA-seq analysis was conducted to define the gene 

expression signatures of immunophenotypic HSC according to their functional states in vivo. 

Barcoded immunophenotypic HSCs were transplanted and their lineage output in PB and BM analyzed 

at 4-20 weeks; scRNA-seq of immunophenotypic HSC from BM was then analyzed 20 weeks after 

transplantation. The expressed DNA barcodes were aligned by scRNA-seq (Figure S1A) and clonal 

lineage output paired with the transcriptome of the HSC source representing that clone (Figure 3A). 

Single HSC functional states were annotated according to the differentiation classification shown in 

Figure 1D. Cell cycle score was calculated by cell cycle gene expression in each cell28. A stem cell 

gene expression score, MolO, was high and cell cycle score was low in cells derived from P-HSCs 

and PRG-HSCs, indicating higher stemness and dormancy of these cell types (Figures S5A and S5B). 

Uniform manifold approximation and projection (UMAP)29 (Figures 3C and S5C-S5F) analysis 

indicated transcriptional differences between My-HSCs and balanced-HSCs (Figure 3C). Molecules 

specific for My-HSCs included transcription factors30 (Mecom and Tcf15) and others (Mllt3, Tgfbr3 

and a marker of the My-HSCs, Vwf13) (Figures 3D and S5G). Mecom31 and Mllt332 are known self-

renewal regulators, and Tcf15 is reported to induce a bias toward self-renewal over differentiation14, 

in keeping with the higher stemness observed among My-HSCs. Tgfbr3 ligand TGF is a known critical 

niche factor for maintaining HSCs33 and is reported to induce the cell cycle specifically in My-HSCs, 

but not in Ly-HSCs12. Molecules specific for balanced-HSCs included transcription factors (Runx2, 

Runx3, and critical lymphoid differentiation regulators, Ikzf1 and Ikzf2 (Figures 3D and S5G). Ectopic 

expression of Runx3 is known to induce epigenetic lymphoid priming in HSCs34. Pathway analysis 

showed evidence of high activity of Mecom and low activity of Stat1 in My-HSCs (Figure 3E) 

reflecting the higher expression of Mecom itself and the Stat inhibitor, Socs2 (Figure 3D) reported to 

prevent exhaustion of HSCs after serial transplantation35. Pathway analysis also showed evidence of 

high activity of Runx and Ikzf in balanced-HSCs (Figure 3F) as apparent in gene expression (Figure 

3D). Expression of the downstream targets of IRAK4 were lower in My-HSCs and higher in balanced-
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HSCs (Figure 3G) suggesting less inflammatory signaling in My-HSCs. The combination of fate 

tracing and scRNA-seq identified transcriptional differences between these different HSC subsets. 

 

Single cell CRISPR screening identifies genes that control HSC heterogeneity. 
To determine the importance of these transcriptional differences, we combined random DNA barcodes 

with CRISPR/Cas9 based sgRNA library screening (Figure 4A) focusing on 30 genes ,including 

differentially expressed genes in particular functional HSC subsets (Figure 4B). The screening vector 

contained both a random DNA barcode library with approximately 106 variations and a sgRNA library 

with 100 sgRNAs containing 3 sgRNAs targeting each candidate gene and 10 NT-sgRNAs (Figure 

4A). Lineage tracing of immunophenotypic HSCs was performed and the effect of gene perturbation 

on My-HSCs/MyRPs, Ly-HSCs/B-MPPs and TMPs was evaluated (Figures S6A and S6E-S6G). The 

results showed that KO of Junb increased My-HSCs/MyRPs, KO of Bex4 and Junb decreased Ly-

HSCs/B-MPPs, and KO of Mllt3 and Hhex increased TMPs (Figure 4B). Junb, Mllt3 and Hhex were 

reported respectively as a regulator of proliferation36, self-renewal32 and lymphoid development37-39. 

However, the effects of these genes at the clonal level had not been reported and doing so here 

validated the method’s utility for functionally defining molecular regulators of individual HSC fate.  

 

Hhex is necessary for Ly-HSCs fate and suppression of My-HSC fate. 
Hhex is a homeodomain transcription factor that is thought to be important for embryonic development 

of definitive HSC40 and for lymphoid development after adult HSPC commitment37-39. It has not been 

thought to be relevant for the early adult HSPC lymphoid fate decisions because the Hhex KO has 

reduced B and T cell progenitors without reduction of the lymphoid primed MPP4 

(Flt3+ckit+Sca1+Lin-) 41,42 or common lymphoid progenitors (CLP: Lin-cKitlowSca1lowFlt3+Il7R+) 
37-39. However, our data indicate that there are multiple paths to MPP4 and CLP that may confound 

direct linear correlations. That is, both Ly-HSCs and MyRPs produce immunophenotypic MPP4 

(Figure S7A) and Ly-HSCs, B-MPPs, MyRPs and platelet progenitors were all able to produce 

immunophenotypic CLP (Figure S7A). Therefore, immunophenotypic MPP4 and CLP may descend 

from multiple progenitor populations making them sufficiently heterogeneous to preclude using their 

population size as indicative of where in differentiation a gene is active. This was validated by Hhex 

KO in immunophenotypic HSCs and evaluating competitive repopulation capacity (Figure 4C).	Hhex 

KO was not limited to mature cells, rather it significantly increased My-HSCs and MyRPs; 

furthermore, it decreased Ly-HSCs and B-MPPs (Figures 4D, 4E and S7B-S7E). While no significant 

Hhex expression changes were detected. chromatin regions34 containing the Hhex motif were more 

inaccessible by ATAC-Seq in My-HSCs than balanced-HSCs (Figures S7F and S7G) consistent with 

lower activity of Hhex in My-HSCs. These data indicate that Hhex plays a role early in adult HSC 

differentiation, enabling lymphoid fate competence.  
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Reciprocally, Hhex cDNA was added back to KO cells at the immunophenotypic HSC 

(CD150+CD48-ckit+Sca1+Lin-) or MPP (CD48+ckit+Sca1+Lin-) level respectively (Figures 4F and 

S8A-S8C). Hhex overexpression rescued the B cell phenotype in HSC (Figures 4G and S8D). 

Overexpression in immunophenotypic MPPs was directionally similar but of smaller magnitude 

(Figures 4H and S8E). Therefore, Hhex appears to be key for commitment to B lineage development 

early in differentiation likely between immunophenotypic HSCs and MPPs. Apoptosis of prepro-B 

cells by Hhex KO was reported by others to be rescued by overexpression of anti-apoptotic factor 

Bcl237. However, when we overexpressed Bcl2 the Hhex KO frequency of My-HSCs/MyRPs was still 

increased and Ly-HSCs/B-MPPs still decreased (Figure 4I and S8F-S8J) arguing against apoptosis 

causing Ly-HSC reduction. 

These data indicate that Hhex is critical for Ly-HSC/B-MPP fate and lymphoid myeloid 

balance (Figure 4J) although overexpressing it in wild-type HSC is not sufficient to significantly 

increase lymphoid competence (Figures S8K-S8L). Notably, Hhex declines in human bone marrow 

HSC with age43 (Figure 4K).    

 

 

Discussion: The CP tracer has the ability to identify a clonal cell of origin and to track early fate 

decisions of an individual clone labeling approximately 600 progeny per HSC clone within 14 days 

(Figures S2E, S2N, S2R and S2S). It does so with high barcode variation (at least 1010=2×105 random 

DNA barcode×5×104 scratchpad) in a single locus (Figures 2A and 2O) enabling high-resolution 

phylogenetic analysis to trace the cell fate of ~100,000 descendant subclones originating from ~500 

single parent cells in vivo.  

Using CP tracer has provided both new and confirmatory information about hematopoiesis. 

Single cell transplantation studies previously identified heterogeneity within the immunophenotypic 

HSC fraction1,9,10, including My-HSCs transitioning to balanced-HSCs with secondary 

transplantation1. The vWF-GFP+ fraction that enriches My-HSCs, produced the vWF-GFP+ fraction 

and the vWF-GFP- fraction, while the vWF-GFP- fraction enriched balanced-HSCs10,13. In addition, 

it has been shown that My-HSCs can transition to balanced-HSCs supporting My-HSCs as the 

upstream population1. This is consistent with HSCs biased to myeloid cells having the highest 

stemness and lose stemness as they gain lymphoid competence5,18. However, unexpectedly CP tracer 

analyses indicate that balanced-HSCs can also reverse their trajectory and transition to My-HSCs that 

then show a higher stemness. Therefore, unidirectional differentiation that is ascribed to hematopoiesis 

in vivo is not rigidly maintained, at least in stress conditions like the transplant setting evaluated here.  

Further, CP tracer may add mechanistic insight to pathobiology. Myeloid biased 

hematopoiesis is a well-defined characteristic of aged individuals and My-HSCs accumulate in aged 

adults, 1,34,44,45 potentially contributing to age-related phenotypes2. Yet, the basis for this shift in 
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hematopoiesis is incompletely understood. CP tracer revealed that balanced-HSCs largely transited 

toward My-HSCs and that while bidirectional transitions can occur, My-HSCs infrequently transited 

to balanced-HSCs. These dynamics favor the accumulation of My-HSCs over time and may participate 

in the altered hematopoiesis observed with aging1,34,44,45. Since Hhex, defined here by targeted 

CRISPR screening, serves as a modulator of My-HSC fate choice; its role in the aging phenotype is 

also hypothesized, supported by Hhex expression declines observed in aged human HSC. Further 

testing of whether altering Hhex regulation can affect hematopoietic aging is a topic for future study.  
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Isolation of Hematopoietic Stem Cells 
Bone marrow cells were harvested from C57BL/6J (JAX, 000664) or B6J.129(Cg)-

Gt(ROSA)26Sortm1.1(CAG-cas9*,-EGFP)Fezh/J (JAX, 026179) mice by extracting femurs, tibias, 

pelvic bones, sternums, humeri, and vertebrae, followed by crushing. The bone marrow cells were 

passed through a 100 μm cell strainer (Corning, 431752), and ACK lysis (Quality Biological, 118-

156-721) was performed using 5 mL at room temperature for 5 minutes. After adding 45 mL of PBS, 

the cells were passed through a 100 μm cell strainer and centrifuged for 5 minutes. The supernatant 

was discarded. Bone marrow cells were incubated with Lineage antibodies (1:1000) (Anti-mouse 

CD5-biotin Antibody (clone 53-7.3) (BioLegend, 100604), Anti-mouse/human CD45R/B220-biotin 

Antibody (clone RA3-6B2) (BioLegend, 103204), Anti-mouse TER-119-biotin Antibody (clone TER-

119) (BioLegend, 116204), Anti-mouse Gr-1-biotin Antibody (clone RB6-8C5) (BioLegend, 108404), 

Anti-mouse/human CD11b-biotin Antibody (clone M1/70) (BioLegend, 101204)) in 1 mL for 10 

minutes at 4 ℃. After adding 45 mL of PBS and centrifuging for 5 minutes, the supernatant was 

discarded. This process was repeated twice. The cells were then incubated with 10 mL of PBS and 90 

μL of SA microbeads (Miltenyi Biotec, 130-090-858) for 15 minutes at 4 ℃. After adding 45 mL of 

PBS and centrifuging for 5 minutes, the supernatant was discarded. This process was repeated twice. 

Negative selection was then performed using LS columns (Miltenyi Biotec, 130-042-401). The cells 

from the negative fraction were centrifuged for 5 minutes, and the supernatant was removed. The cells 

were incubated with a cocktail of antibodies, including Anti-mouse CD150-PE Antibody (clone TC15-

12F12.2) (BioLegend, 115904) (1:200), Anti-mouse cKit-PEcy7 Antibody (clone 2B8) (BioLegend, 

105814) (1:400), Anti-mouse Sca1-APC Antibody (clone B7) (BioLegend, 108112) (1:400), Anti-

mouse CD48-APCcy7 Antibody (clone HAM48-1) (BioLegend, 103432) (1:400), and SA-BV605 

(BioLegend, 405229) (1:400), or Anti-mouse cKit-PEcy7 Antibody (1:400), Anti-mouse CD150-APC 

Antibody (clone TC15-12F12.2) (BioLegend, 115910) (1:400), Anti-mouse CD48-APCcy7 Antibody 

(1:400), Anti-mouse Sca1-BV421 Antibody (clone B7) (BioLegend, 108127) (1:400), and SA-BV605 

(1:400) for 15 minutes at 4 ℃. Following the addition of 1 mL of PBS and centrifugation for 5 minutes, 

the supernatant was discarded. The cells were resuspended in 6 mL of PBS and sorted for the 

CD150+CD48-Lin-cKit+Sca1+ fraction using FACS Aria. 

 

Plasmid Preparation and DNA Assembly 
The plasmid pMJ114 (Addgene Plasmid #85995) was digested using the restriction enzymes HpaI 

(NEB, R0105L) and NotI (NEB, R3186L) to linearize the vector. A synthetic DNA fragment 
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containing the hU6 promoter and sgRNA scaffold was obtained from Azenta and used as an insert for 

HiFi DNA assembly. The linearized vector (50 ng) and synthetic DNA fragment (5 ng) were assembled 

using HiFi DNA Assembly Master Mix (5 µl) (NEB, E2621L) in a total reaction volume of 10 µl. The 

reaction mixture was incubated at 50°C for 1 hour. The plasmid containing scratchpad which was 

obtained from Azenta was digested using the restriction enzymes Kfl1 (Thermo Scientific, FD2164) 

to linearize the vector. A synthetic DNA fragment containing the sgRNA cassetes was obtained from 

Azenta and used as an insert for HiFi DNA assembly. The linearized vector (50 ng) and synthetic DNA 

fragment (5 ng) were assembled using HiFi DNA Assembly Master Mix (5 µl) (NEB, E2621L) in a 

total reaction volume of 10 µl. The reaction mixture was incubated at 50°C for 1 hour. Following the 

assembly, the reaction product was transformed into DH5α competent cells (NEB, C2987H) via heat 

shock. Colonies obtained from the transformation were screened to identify those containing the 

backbone plasmid with the desired insert. A second HiFi DNA assembly was performed using the 

previously generated backbone plasmid and an oligo pool containing randomized sequences. The 

reaction mixture consisted of 500 ng of the backbone vector, 45 nM of the oligo pool, and 50 µl of 

HiFi DNA Assembly Master Mix, with a total reaction volume of 100 µl. The reaction was incubated 

at 50°C for 1 hour. Following the assembly, the reaction mixture was purified using a DNA purification 

kit, with elution performed in 15 µl of molecular-grade water (MQ). Electroporation was performed 

by adding 5 µl of the purified assembly reaction to 100 µl of MegaX DH10B competent cells 

(Invitrogen, C640003). The mixture was subjected to electroporation at 2.0 kV, 200 Ω, and 25 µF. 

Immediately after electroporation, 4 ml of pre-warmed recovery medium was added to the cells, and 

the mixture was incubated at 37°C for 1 hour. Following recovery, 4 µl of the transformed cells was 

diluted to 1 ml with LB medium. A 100 µl aliquot of this dilution was spread on an LB plate containing 

the appropriate antibiotic. The number of resulting colonies was used to estimate the library diversity, 

which was calculated to be approximately 106 variants. The remaining transformation mixture was 

spread across four large (15 cm) LB plates containing antibiotics. After overnight incubation, 10 ml 

of LB liquid medium was added to the surface of each plate, and the bacterial colonies were collected 

by gently scraping. This process was repeated two to three times, and the collected bacterial suspension 

was pooled into a single tube. The plasmid library was purified using a Maxi Prep kit, following the 

manufacturer’s protocol. 

 

Virus Production 
HEK293T cells were seeded at a density of 4 × 10⁶ cells in a 15 cm dish. After 18 hours, the medium 

was changed. Opti-MEM (Gibco, 31985-062) (900 μL), VSVG (3.5 μg), PAX2 (7 μg), vector (12 μg), 

and Fugene6 (67.5 μL) (Promega, E2692) were mixed and incubated at room temperature for 15 

minutes, then added to the HEK293T cells. After 24 hours, the medium was changed again. An 

additional 24 hours later, the supernatant was collected and subjected to ultracentrifugation using an 
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SW32 rotor at 20,000 rpm at 4°C for 2 hours. The supernatant was discarded, and the pellet was 

resuspended in PVA medium46  (200–400 μL).  

 

Virus Infection 
RetroNectin (Takara, T100A) was applied to 96-well or 48-well plates at a volume of 100–250 μL per 

well and incubated at room temperature for 1 hour. The RetroNectin was then removed, and the plate 

was washed with PBS. Hematopoietic stem cells were seeded at a density of 1–3 × 10⁴ cells per well 

for 96-well plate and 2-6 × 10⁴ cells per well for 48-well plate. Virus solution (200–400 μL) was added 

to each well. After 18 hours, the hematopoietic stem cells were collected. 

 

Bone Marrow Hematopoietic Stem Cell Transplantation 
Bone marrow was harvested from the femurs and tibias of C57BL/6J mice aged 8–12 weeks. A cell 

suspension containing 1 × 10⁷ cells in 90 μL was prepared, and 10 μL of anti-Sca1-FITC Antibody 

(Miltenyi Biotec, 130123-124) was added, followed by a 10-minute incubation at 4°C. After adding 2 

mL of PBS and centrifuging for 5 minutes, the supernatant was discarded. The cells were resuspended 

in 80 μL of PBS, and 20 μL of anti-FITC microbeads (Miltenyi Biotec, 130123-124) was added, 

followed by a 15-minute incubation at 4°C. After adding 2 mL of PBS and centrifuging for 5 minutes, 

the supernatant was discarded. Negative selection was then performed using LD columns (Miltenyi 

Biotec, 130-042-901). C57BL/6J mice aged 8–12 weeks were irradiated with 475 cGy at 4-hour 

intervals for two sessions. Hematopoietic stem cells (0.5–3 × 10⁴) and the Sca1-negative fraction (2 × 

10⁵) were dissolved in 200 μL of PBS and injected into the tail veins of mice. For secondary 

transplantation, C57BL/6J mice aged 8–12 weeks were irradiated with 475 cGy at 4-hour intervals for 

two sessions. Subsequently, 1% or 10% of the primary bone marrow was injected into the tail veins of 

the mice. 

 

Peripheral Blood Sampling 
At 4, 8, 12, and 16 weeks post-transplantation, approximately 120 μL of peripheral blood was collected 

from the tail vein of the mice into 20 μL of citrate-dextrose solution (Sigma Aldrich, C3821-50ML). 

 

Red Blood Cell Recovery 
Of the total 140 μL of peripheral blood, 40 μL was transferred to a separate Eppendorf tube for red 

blood cell analysis. One microliter each of anti-mouse CD41-biotin Antibody (clone MWReg30) 

(BioLegend, 133930) and anti-mouse CD45-biotin Antibody (clone 30-F11) (BioLegend, 103104) 

was added, followed by a 10-minute incubation at room temperature. After adding 1 mL of PBS and 

centrifuging for 5 minutes, the supernatant was discarded. This process was repeated twice. The pellet 

was then resuspended in 600 μL of PBS, and 12 μL of SA microbeads (Miltenyi Biotec, 130-090-858) 
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was added, followed by a 15-minute incubation at room temperature. After adding 1 mL of PBS and 

centrifuging for 5 minutes, the supernatant was discarded. This process was repeated twice. The 

sample was resuspended in 1 mL of PBS, loaded onto an LD column (Miltenyi Biotec, 130-042-901) 

pre-treated with 2 mL of PBS, and immediately loaded with an additional 2 mL of PBS. After the 

complete passage of liquid through the column, 2 mL of PBS was added to the column. Following the 

complete passage of the liquid through the column, the negative fraction was centrifuged, and the 

supernatant was removed. 

 

Platelet, Granulocyte/Monocyte, and lymphoid cells Recovery 
One mL of ACK lysis buffer (Quality Biological, 118-156-721) was added to 100 μL of peripheral 

blood and incubated at room temperature for 15 minutes. After the addition of 1 mL of PBS and 

centrifugation for 5 minutes, the supernatant was discarded. Another 1 mL of ACK lysis buffer was 

added and incubated at room temperature for an additional 15 minutes. After adding 1 mL of PBS and 

centrifuging for 5 minutes, the supernatant was discarded. The cells were incubated at room 

temperature for 15 minutes with antibodies in a total volume of 100 μL: Anti-mouse CD19-APCcy7 

Antibody (clone 6D5) (BioLegend, 115530) (1:400),  Anti-mouse CD3ε-BV785 Antibody 

(BioLegend, 100355) (1:400), Anti-mouse CD41-APC (clone MWReg30) (BioLegend, 133914) 

(1:400), Anti-mouse TER-119-biotin Antibody (clone TER-119) (BioLegend, 116204) (1:400), Anti-

mouse/human CD11b-PE Antibody (clone M1/70) (BioLegend, 101208) (1:1000) or Anti-

mouse/human CD11b-BV421 Antibody (clone M1/70) (BioLegend, 101212) (1:400). After the 

addition of 1 mL of PBS and centrifugation for 5 minutes, the supernatant was discarded. The cells 

were resuspended in 6 mL of PBS. FACS Aria was used to sort the FSClowSSClowCD41+Ter119-

CD11b-CD19- fraction as platelets and collect 1,250,000 cells. Immediately after collection, the cells 

were centrifuged at 1,200g for 5 minutes and the supernatant was removed. In the BFP+ or RFP+ 

fractions, cells were sorted based on the following markers: CD11b+CD19- as 

granulocytes/monocytes, CD11b-CD19b+ as B cells, CD11b-CD19b-CD3e+ as T cells. 

 

Barcode cDNA Synthesis from RNA 
To platelet and RBC samples, 350 μL of RLT buffer (RNeasy, Qiagen, 74104) was added. After 

pipetting, 350 μL of 80% ethanol was added and mixed well. The mixture was loaded onto an RNeasy 

mini column. Following centrifugation at 12,000g for 1 minute, the liquid was discarded. Subsequently, 

500 μL of RW1 buffer was added, and after centrifugation at 12,000g for 1 minute, the flow-through 

was discarded. Similarly, 500 μL of RPE buffer was added, and after centrifugation at 12,000g for 1 

minute, the flow-through was discarded. The column was then placed into a recovery Eppendorf tube. 

Next, 25 μL of RNase-free water was added. The RNA was eluted by centrifugation at 12,000g for 1 

minute. To the RNA, 2 μL each of Oligo(dT) and dNTP were added and incubated at 65°C for 5 
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minutes. After this, the mixture was placed on ice for 1 minute. Then, 2 μL each of DTT, RNase 

inhibitor, and SuperScript IV (Invitrogen/Thermo, 18091200) were added, along with 8 μL of buffer. 

The mixture was incubated in a thermal cycler with the following protocol: 23°C for 10 minutes, 55°C 

for 10 minutes, and 80°C for 10 minutes. 

 

Cell Recovery from Bone Marrow 
Bone marrow cells were harvested from the femurs, tibias, pelvic bones, sternums, humeri, and spines 

of mice at 20 weeks post-transplantation, followed by crushing. The bone marrow cells were passed 

through a 100 μm cell strainer (Corning, 431752), and ACK lysis (Quality Biological, 118-156-721) 

was performed using 5 mL at room temperature for 5 minutes. After adding 45 mL of PBS, the mixture 

was passed through a 100 μm cell strainer and centrifuged for 5 minutes. The supernatant was 

discarded. One-fourth of the bone marrow cells were incubated for 15 minutes at 4°C with 1 mL of 

the following antibodies: Anti-mouse CD19-APCcy7 Antibody (BioLegend, 115530) (1:400), Anti-

mouse CD3ε-BV785 Antibody (BioLegend, 100355) (1:400), Anti-mouse CD41-APC (BioLegend, 

133914) (1:400), Anti-mouse TER-119-biotin Antibody (BioLegend, 116204) (1:400), Anti-

mouse/human CD11b-PE Antibody (BioLegend, 101208) (1:1000) or Anti-mouse/human CD11b-

BV421 Antibody (BioLegend, 101212) (1:400). After washing with 1 mL of PBS and centrifuging, 

the cell suspension was resuspended in 3 mL of PBS and sorted using Aria. In the BFP+ or RFP+ 

fractions, cells were sorted based on the following markers: CD11b+CD19- as Granulocyte/Monocyte, 

CD11b-CD19+ as B cells, CD11b-CD19-CD3e+ as T cells, CD11b-CD19-CD41+ as Megakaryocytes, 

CD11b-CD19-Ter119+ as Erythrocytes. The remaining three-fourths of the bone marrow cells were 

incubated for 10 minutes at 4°C with Lineage antibodies (1:1000): Anti-mouse CD41-biotin Antibody, 

Anti-mouse CD5-biotin Antibody, Anti-mouse/human CD45R/B220-biotin Antibody, Anti-mouse 

TER-119-biotin Antibody, Anti-mouse Gr-1-biotin Antibody, Anti-mouse/human CD11b-biotin 

Antibody. After washing with 1 mL of PBS and centrifugation, the cell suspension was further 

incubated for 15 minutes at 4°C with a mixture of antibodies: Anti-mouse cKit-PEcy7 Antibody 

(1:400), Anti-mouse Sca1-BV785 Antibody (clone B7) (BioLegend, 108139) (1:400), Anti-mouse 

CD48-APCcy7 Antibody (1:400), SA-BV605 (1:400), Anti-mouse CD150-PE Antibody (1:200), Anti-

mouse Flt3-APC Antibody (clone A2F10) (BioLegend, 135310) (1:50) or Anti-mouse CD150-APC 

Antibody (1:400), Anti-mouse Flt3-BV421 Antibody (BioLegend, 135313) (1:50). After washing with 

1 mL of PBS and centrifugation, the cell suspension was resuspended in 6 mL of PBS and sorted using 

Aria. In the BFP+ or RFP+ fractions, cells were sorted based on the following markers: CD150+CD48-

Flt3-Lin-cKit+Sca1+ as HSC, CD150+CD48+Flt3-Lin-cKit+Sca1+ as MPP2, CD150-CD48+Flt3-

Lin-cKit+Sca1+ as MPP3, Flt3+Lin-cKit+Sca1+ as MPP4. 

 
Genomic DNA Recovery from Nucleated Cells 
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Genomic DNA was extracted from nucleated cells using the DNAeasy Blood Kit (Qiagen, 69504). 

Cells were suspended in 200 μl of PBS, and 20 μl of Protein K along with 200 μl of AL buffer were 

added. The suspension was incubated at 56°C for at least 15 minutes. Subsequently, 200 μl of 100% 

EtOH (Fisher, BP28184) was added, and the mixture was loaded onto a DNAeasy Blood column. After 

centrifugation at 12,000 rpm for 1 minute, the flow-through was discarded. Then, 500 μl of AW1 buffer 

was loaded onto the column. After centrifugation at 12,000 rpm for 1 minute, the flow-through was 

discarded. Next, 500 μl of AW2 buffer was loaded onto the column. After centrifugation at 12,000 rpm 

for 1 minute, the flow-through was discarded. The column was then centrifuged at 12,000 rpm for 1 

minute to remove any residual wash buffer. Afterward, the column was placed into a recovery 

Eppendorf tube. Next, 25 μl of AE buffer was added, and the genomic DNA was eluted by 

centrifugation at 12,000g for 1 minute. 

 

Amplification of Barcodes 
For both genomic DNA and cDNA (25 μl), 0.25 μl of 100 μM primers (F: 

CACGAGGTGGCAGTGGCCAGATAC, R for cDNA: 

GGCAAACAACAGATGGCTGGCAACTAG, R for genomic DNA: 

GGGACAGCAGAGATCCAGTTTGGTTAGTAC, F for Scratchpad: tctagacgtttaaactagcctgaggattcc, 

R for Scratchpad: ttgattcgaagttgagctcgactagctagG) and 25 μl of KOD One (Toyobo KMM-101) were 

added. The mixture was incubated in a thermal cycler with the following protocol: 98°C for 2 minutes, 

22 cycles of (98°C for 10 seconds, 60°C for 30 seconds, and 68°C for 30 seconds), followed by 72°C 

for 10 minutes. To the PCR product, 90 μl of AMPureXP beads (Beckman Coulter, A63881) were 

added and incubated at room temperature for 15 minutes. The mixture was placed into a magnetic 

stand for 5 minutes, and the supernatant was removed. Subsequently, 200 μl of 80% EtOH was added 

and left for 1 minute, and the supernatant was removed. The beads were resuspended in 50 μl of 

Nuclease-Free water (Invitrogen, AM9932) and incubated at room temperature for 15 minutes. Finally, 

the mixture was placed into a magnetic stand for 5 minutes and the supernatant was collected. For 

secondary PCR, to 10 μl of the PCR products, 0.1 μl each of 100 μM primers (F: 

CTTTCCCTACACGACGCTCTTCCGATCTCACGAGGTGGCAGTGGCCAGATAC, R: 

GAGTTCAGACGTGTGCTCTTCCGATCTGGCAAACAACAGATGGCTGGCAACTAG, F for 

Scratchpad: CTTTCCCTACACGACGCTCTTCCGATCTtctagacgtttaaactagcctgaggattcc, R for 

Scratchpad: GAGTTCAGACGTGTGCTCTTCCGATCTttgattcgaagttgagctcgactagctagG) and 10 μl 

of KOD One (Toyobo KMM-101) were added. The mixture was incubated in a thermal cycler with 

the following protocol: 98°C for 2 minutes, 10 cycles of (98°C for 10 seconds, 60°C for 30 seconds, 

and 68°C for 30 seconds), followed by 72°C for 10 minutes. To the PCR product, 36 μl of AMPureXP 

beads (Beckman Coulter, A63881) were added and incubated at room temperature for 15 minutes. The 

mixture was placed into a magnetic stand for 5 minutes, and the supernatant was removed. 
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Subsequently, 200 μl of 80% EtOH was added and left for 1 minute, and the supernatant was removed. 

The beads were resuspended in 50 μl of Nuclease-Free water (Invitrogen, AM9932) and incubated at 

room temperature for 15 minutes. Finally, the mixture was placed into a magnetic stand for 5 minutes 

and the supernatant was collected. For indexing PCR, to 1 ng of secondary PCR product, 1 μl each of 

10 μM primers (F: 

AATGATACGGCGACCACCGAGATCTACACNNNNNNNNACACTCTTTCCCTACACGACGC

TCTTCCGATC*T, R: NEBNext® Multiplex Oligos for Illumina® (Index Primers Set, NEB E7335S, 

E7500S, E7710S)) and 10 μl of KOD One (Toyobo KMM-101) were added. The mixture was 

incubated in a thermal cycler with the following protocol: 98°C for 2 minutes, 5 cycles of (98°C for 

10 seconds, 60°C for 30 seconds, and 68°C for 30 seconds), followed by 72°C for 10 minutes. To the 

indexing PCR product, 36 μl of AMPureXP beads (Beckman Coulter, A63881) were added and 

incubated at room temperature for 15 minutes. The mixture was placed into a magnetic stand for 5 

minutes, and the supernatant was removed. Subsequently, 200 μl of 80% EtOH was added and left for 

1 minute, and the supernatant was removed. The beads were resuspended in 50 μl of Nuclease-Free 

water (Invitrogen, AM9932) and incubated at room temperature for 15 minutes. Finally, the mixture 

was placed into a magnetic stand for 5 minutes and the supernatant was collected. Individual libraries 

were diluted to 4nM and pooled for sequencing. Pools were sequenced with 100 cycle run kits (75bp 

Read1, 8bp Index1, 8bp Index2) on the NextSeq 1000 P1 Sequencing System (Illumina). For 

Scratchpad, pools were sequenced with 300 cycle run kits (300bp Read1, 8bp Index1, 8bp Index2) on 

the NextSeq 1000 P1 Sequencing System (Illumina). 

 

The modification of the barcode system for phylogeny analysis 
The rate at which mutations accumulate in scratchpad is a critical factor in tracing. If the accumulation 

of mutations is too rapid, labeling might be completed before a sufficient number of descendants are 

formed from HSCs. It leads to the labeling of an insufficient number of subclones from the pearent 

cell. On the other hand, if labeling is too slow, tracing might not refrect early fate segregation from 

HSCs. Editing efficiency at the target sequences is influenced by mismatches between the target 

sequence and its sgRNA. It is known that editing efficiency decreases more significantly when 

mutations occur closer to the PAM sequence23. To address this, we created three types of 

Scratchpads—"V1," "V2," and "V3"—with target sites exhibiting progressively lower editing 

efficiencies by CRISPR/Cas9 in the order of V3 < V2 < V1 (Extended Data Fig. 2b). These three types 

were transduced into immunophenotypic HSCs from Cas9-EGFP mice, followed by an analysis of the 

editing pattern of the scratchpad 14 days after transduction (Extended Data Fig. 2c). Most of the 

scratchpads produced in V1-V3 were unique to each clone (Extended Data Fig. 2d). A decrease in 

editing efficiency and large deletions were observed in V2 and V3 (Extended Data Fig. 2e-f). The 

number of subclones per clone was greatest in V3 (Extended Data Fig. 2g). These findings indicate 
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that V3 was the most suitable for phylogeny analysis. Based on these results, we used V3 in this paper. 

 

Single cell RNA-seq 
scRNA-seq libraries were constructed using the Chromium Single Cell 3′v3.1 Reagent Kit (10x 

Genomics, PN-1000269, PN-1000127, and PN-1000213/2000240) according to the manufacturer’s 

protocol. Briefly, the post-sorting sample volume was reduced. Cells were then loaded into each 

channel with a target output of approximately 5,000 cells. Single cells were encapsulated into emulsion 

droplets using the Chromium Controller (10x Genomics). Reverse transcription, fragmentation, and 

indexing PCR were performed in a thermal cycler. cDNA and final libraries were purified using 

AMPureXP beads (Beckman Coulter, A63881). A random DNA barcode sequence was amplified using 

the SI primer (10x Genomics, PN-2000095) and the Reverse primer 

(GAGTTCAGACGTGTGCTCTTCCGATCTGACCTCCCTAGCAAACTGGGGCACAAG) 

following this protocol: 98°C for 2 minutes, 10 cycles of (98°C for 10 seconds, 60°C for 30 seconds, 

and 68°C for 30 seconds), and 72°C for 10 minutes. Indexing PCR was then performed using the SI 

primer and NEBNext® Multiplex Oligos for Illumina® (Index Primers Set, NEB E7335S) following 

this protocol: 98°C for 2 minutes, 5 cycles of (98°C for 10 seconds, 60°C for 30 seconds, and 68°C 

for 30 seconds), and 72°C for 10 minutes. Amplified cDNA and final libraries were evaluated on an 

Agilent BioAnalyzer using a High Sensitivity DNA Kit (Agilent Technologies, 5067-5584 and 5067-

5585). Individual libraries were diluted to 4nM and pooled for sequencing. The pools were sequenced 

using 150-cycle run kits (26bp Read1, 8bp Index1, and 90bp Read2) on the Nova-seq SP Sequencing 

System (Illumina). 

 

Screening vector validation 
First, 10 μg of vector was incubated with 5 μl of NsiI (NEB R0127S), 5 μl of MscI (NEB R0534S), 

and 10 μl of rCutsmart, making up to a total volume of 100 μl with water. The reaction was incubated 

at 37°C overnight. After gel electrophoresis, the vector was purified into 50 μl of water using a column 

(Qiagen Cat#: 28706). For 50 μl of the extracted vector, 5 μl of T4 polymerase (NEB M0203), 10 μl 

of rCutsmart, and water were added to make up the total volume of 100 μl. This mixture was incubated 

at 12°C for 15 minutes. The vector was then purified into 50 μl of water using a column (Qiagen Cat#: 

28706). Next, for 50 μl of the extracted vector, 2 μl of Exonuclease V (NEB M0345S), 10 μl of 10 

mM ATP, 10 μl of NEBuffer4, and water were added to make up the total volume of 100 μl. The 

mixture was incubated at 37°C for 30 minutes. The vector was purified into 50 μl of water using a 

column (Qiagen Cat#: 28706). For the next step, for 50 μl of the extracted vector, 5 μl of T4 ligase 

(NEB M0202L), 10 μl of T4 ligase buffer, and water were added to make up the total volume of 100 

μl. The mixture was incubated at room temperature overnight. The vector was purified into 50 μl of 

water using a column (Qiagen Cat#: 28706). For 50 μl of the extracted vector, 50 μl of KOD One 
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(Toyobo KMM-101), 1 μM of F primer 

(CTTTCCCTACACGACGCTCTTCCGATCTCTTGTGGAAAGGACGAAACACCG), and 1 μM of 

R primer 

(GAGTTCAGACGTGTGCTCTTCCGATCTGGCAAACAACAGATGGCTGGCAACTAGC) were 

added. The mixture was incubated in a thermal cycler with the following protocol: 98°C for 2 minutes, 

15 cycles of (98°C for 10 seconds, 60°C for 30 seconds, and 68°C for 30 seconds), and 72°C for 10 

minutes. To the PCR product, 180 μl of AMPureXP beads (Beckman Coulter, A63881) was added and 

incubated at room temperature for 15 minutes. The mixture was placed in a magnetic stand for 5 

minutes, and the supernatant was removed. Then, 200 μl of 80% EtOH was added and left for 1 minute, 

after which the supernatant was removed. The beads were resuspended in 50 μl of Nuclease-Free water 

(Invitrogen, AM9932) and incubated at room temperature for 15 minutes. Finally, the mixture was 

placed in a magnetic stand for 5 minutes and the supernatant was collected. For 8 μl of the PCR product, 

10 μl of KOD One (Toyobo KMM-101), 1 μl of NEBNext® multiplex primer index 1 primer (NEB 

E7335S), and 1 μl of 10 μM primer 

(AATGATACGGCGACCACCGAGATCTACACTATAGCCTACACTCTTTCCCTACACGACGCT

CTTCCGATC*T) were added. The mixture was incubated in a thermal cycler with the following 

protocol: 98°C for 2 minutes, 15 cycles of (98°C for 10 seconds, 60°C for 30 seconds, and 68°C for 

30 seconds), and 72°C for 10 minutes. To the PCR product, 36 μl of AMPureXP beads (Beckman 

Coulter, A63881) was added and incubated at room temperature for 15 minutes. The mixture was 

placed into a magnetic stand for 5 minutes, and the supernatant was removed. Then, 200 μl of 80% 

EtOH was added and left for 1 minute, after which the supernatant was removed. The beads were 

resuspended in 50 μl of Nuclease-Free water (Invitrogen, AM9932) and incubated at room temperature 

for 15 minutes. Finally, the mixture was placed in a magnetic stand for 5 minutes and the supernatant 

was collected. 

 

Combined sgRNA-random DNA barcode library validation 
To create the random DNA barcode-sgRNA lookup table for the screening vector (Extended Data Fig. 

6a), two methods were considered to examine the correspondence between the random DNA barcode 

and the sgRNA. In Method A, the entire region from the sgRNA to the random DNA barcode was 

amplified by PCR, followed by ligation of the ends of the PCR product to bring the sgRNA and random 

DNA barcode information into proximity. Subsequently, the adjacent sgRNA and random DNA 

barcode information were amplified by PCR. In Method B, the extra sequence between the sgRNA 

and the random DNA barcode was excised using a restriction enzyme, followed by ligation to bring 

the sgRNA and random DNA barcode information into proximity. The adjacent sgRNA and random 

DNA barcode information were then amplified by PCR (Extended Data Fig. 6b). Template switching 

during PCR is known to cause information from multiple template molecules to be mixed into one 
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molecule of PCR product47. To test for template switching, two vectors with known structures were 

mixed in equal amounts, and the mixture was processed using both methods. Then, the final products 

were sequenced (Extended Data Fig. 6c). As a result, many template switches were observed with 

Method A. In contrast, only a few template switches were observed with Method B (Extended Data 

Fig. 6b-c). Subsequently, the vector containing the random DNA barcode and the sgRNA library was 

validated using Method B. Among 97.7% of the random DNA barcodes, over 70% of the sgRNA 

information originated from a single sgRNA (Extended Data Fig. 6d), indicating the successful 

integration of the random DNA barcode and sgRNA information. 

 

Barcode analysis 
Random DNA barcodes were extracted and clustered using Bartender48. The combination of the 

random DNA barcode and scratchpad was extracted using FASTX-toolkit, Seqkit49, Cutadapt (DOI: 

10.14806/ej.17.1.200), and Python scripts. Sequences were then clustered using Bartender. After 

filtering, the count data was normalized by log10(count frequency + 0.000001). K-means clustering 

was performed using ComplexHeatmap50 (DOI: 10.1002/imt2.43). Clusters were annotated based on 

their lineage output patterns, and annotated clusters were used for downstream analysis. Barcodes 

representing different conditions within the same mouse, distinguished by their initial letters (GTG, 

GAC, GGA, GCT), were separated after k-means clustering. Random DNA barcodes from the single-

cell RNA-seq library were extracted using FASTX-toolkit and Python scripts. Sequences were then 

clustered using Bartender. For vector validation screening, sgRNA and random DNA barcode 

sequences were extracted using Bartender. The sgRNA and random DNA barcode sequences on the 

same reads were connected using Python scripts, and sequences were clustered using Bartender. 

Scratchpad sequences were reconstructed using ClustalW51.  

 

Statistics and reproducibility 
Statistical and graphical data analyses were performed using GraphPad Prism 9 or other specified 

software. The number of samples and details of the statistical tests used are provided in the figures or 

figure legends. 
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Figure 1 My-HSCs favor self-renewal and can transition to balanced-HSCs
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A

Figure 2 Balanced-HSCs can transition into My-HSCs
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A B

Figure 3 Combinaing fate tracing and scRNA-seq identified transcriptional differences between My-HSCs and balanced-HSCs.
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Figure 4 Hhex is necessary for Ly-HSCs fate and suppression of My-HSC fate
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Figure 1 | My-HSCs favor self-renewal and can transition to balanced-HSCs. 

(A) Schematic of the experimental setup.  

(B) Heatmap displaying clones from the immunophenotypic HSC fraction, with rows representing 

unique DNA barcodes and columns representing time points (4w, 8w, 12w, 16w, 20w) and cell types 

(Plt, RBC, GM, B, T, HSPCs). Colors indicate read frequency. Clusters are annotated based on output 

patterns (My-HSCs, balanced-HSCs, MyRPs, Ly-HSCs, B-MPPs, TMPs).  

(C) Pseudo-bulk analysis of the read frequencies of all clones within each cluster (My-HSCs, 

balanced-HSCs, MyRPs, Ly-HSCs, B-MPPs, TMPs). The x-axis represents weeks after 

transplantation. Lineage colors are as follows: Orange for Plt, Red for RBC, Black for GM, Blue for 

B, Green for T (b, c, n=3964 clones).   

(D) Heatmap of clones reconstituting the 20w BM immunophenotypic HSC fraction. Clusters are 

annotated based on output patterns (P-HSCs, PRG-HSCs, PRGB-HSCs, balanced-HSCs) (n=754 

clones).  

(E) Dot plot showing the highest read frequency of clones across all differentiated cells and all time 

points for each cluster (P-HSCs, PRG-HSCs, PRGB-HSCs, balanced-HSCs).  

(F) Dot plot showing the read frequency of the 20w BM immunophenotypic HSC fraction of clones 

for each cluster (P-HSCs, PRG-HSCs, PRGB-HSCs, balanced-HSCs). 

(G) Dot plot showing the ratio of differentiation versus self-renewal (highest read frequency of clones 

across all differentiated cells and all time points / read frequency of the 20w BM immunophenotypic 

HSC fraction) of clones for each cluster (P-HSCs, PRG-HSCs, PRGB-HSCs, balanced-HSCs)  

In (E), (F) and (G), P-HSCs n=238, PRG-HSCs: n=155, PRGB-HSCs: n=180, balanced-HSCs: n=181).  

(H), Heatmap of clones reconstituting the 20w BM immunophenotypic HSC fraction and secondary 

transplantation. (P-HSCs n=81, PRG-HSCs: n=80, PRGB-HSCs: n=103, balanced-HSCs: n=133).  

(I) Table showing clone numbers based on output patterns at primary (P-HSCs, PRG-HSCs, PRGB-

HSCs, balanced-HSCs) and secondary transplantation (P-HSCs, PRG-HSCs, PRGB-HSCs, balanced-

HSCs, Ly-HSCs, B-MPPs, other, no output).  

In (B)-(G), 4 biological replicates from 2 independent experiments. In (H)-(J), 3 biological replicates 

from 2 independent experiments). *P<0.05; **P<0.01. P values by one-way ANOVA followed by 

Tukey’s multiple comparison test in (E)-(G). 

 

 

 

Figure 2 | balanced-HSCs can transition into My-HSCs 

(A) Schematic of the strategy for phylogeny analysis.  

(B) Heatmap of clones from the immunophenotypic HSC fraction, with rows representing unique 

DNA barcodes and columns representing time points (4w, 8w, 12w, 16w, 20w) and cell types (Plt, 
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RBC, GM, B, T, HSPCs). Colors indicate read frequency. Clusters are annotated by output pattern 

(My-HSCs, balanced-HSCs, Ly-HSCs, B-MPPs) (n=405 clones).  

(C) Heatmap of subclones derived from balanced-HSCs, reconstituting more than three time points or 

cell types (Plt, RBC, GM, B, T, HSPCs). Clusters are annotated by output pattern (Self-renewing, Ly-

HSCs, MyRPs, T progs, B-MPPs/B progs, BT progs) (n=7673 subclones).  

(D) Dot plot showing the proportion of subclones reconstituting the 20w BM immunophenotypic HSC 

fraction of all subclones within each clone in balanced-HSCs (n=73 clones) and My-HSCs (n=46 

clones). Average and SEM are shown.  

(E) Heatmap of subclones derived from balanced-HSCs, reconstituting the 20w BM 

immunophenotypic HSC fraction (n=757 subclones). The lineage output of each subclone was 

compared to the average outputs of clusters (P-HSCs, PRG-HSCs, PRGB-HSCs, and balanced-HSCs) 

in the reference heatmap (Figure 1D). Each subclone was then assigned to the cluster it was closest to. 

(F) Representative heatmap of PRG-HSCs derived from balanced-HSCs (n=66 subclones).  

(G) Dot plot showing the proportion of P-HSCs, PRG-HSCs, PRGB-HSCs, and balanced-HSCs of all 

self-renewing subclones derived from balanced-HSCs (n=73 clones).  

(H) Heatmap of subclones derived from balanced-HSCs, reconstituting the 20w BM 

immunophenotypic HSC fraction and secondary transplantation (n=140 subclones).  

(I) Representative heatmap of My-HSCs subclones derived from balanced-HSCs that transitioned to 

balanced-HSCs during secondary transplantation.  

(J) Tree reconstruction of a representative balanced-HSC clone. Heatmap of the clonal output (left), 

scratchpad editing (middle), and sub-clonal output from the same clone (right), with rows representing 

unique edit patterns of scratchpad, columns representing target sites (middle), and time points/cell 

types (Plt, RBC, GM, B, T, HSPCs) (right). Edit patterns are color-coded (Blue: deletion, Yellow: 

different bp, Red: insertion) (middle); read frequency is color-coded (right).  

In (B)-(G), 4 biological replicates from 3 independent experiments. In (H)-(I), 2 biological replicates. 

*P<0.05; **P<0.01. d, P values calculated by Student t-test. 

 

 

 

Figure 3 | Combinaing fate tracing and scRNA-seq identified transcriptional differences between 

My-HSCs and balanced-HSCs. 

(A) Schematic of the strategy for integrating scRNA-seq and barcoding information.  

(B) Uniform manifold approximation and projection (UMAP) of cells from primary 20w BM 

immunophenotypic HSC fraction, with each cell color-coded according to the MolO scores.  

(C) UMAP of cells from primary 20w BM immunophenotypic HSC fraction, with each cell color-

coded according to the phenotypes of its barcode (P-HSCs, PRG-HSCs, PRGB-HSCs, balanced-HSCs 
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from Figure1D).  

(D) Dot plot of differentially expressed genes between P-HSCs vs. balanced-HSCs or P and PRG-

HSCs vs. balanced-HSCs, with dot size indicating percent expression and color code representing 

average expression. In (B)-(D), n=11,717 cells.  

(E) Enrichr pathway analysis (TF perturbations followed by expression) of upregulated pathways in 

P-HSCs compared to balanced-HSCs. The X-axis represents fold enrichment, and the color code 

represents the adjusted p-value.  

(F) Enrichr pathway analysis (TF perturbations followed by expression) of upregulated pathways in 

balanced-HSCs compared to P-HSCs. The X-axis represents fold enrichment, and the color code 

represents the adjusted p-value.  

(G) Enrichr pathway analysis (Kinase perturbation from GEO) of differentially expressed pathways 

between P-HSCs and balanced-HSCs. X-axis represents fold enrichment; color-code represents 

adjusted p-value. 

In (C)-(G), P-HSCs: n=631, PRG-HSCs: n=1282, PRBG-HSCs: n=4958, balanced-HSCs: n=3616 

cells. In (B)-(G), 4 biological replicates from 2 independent experiments. 

 

 

 

Figure 4 | Hhex is necessary for Ly-HSCs fate and suppression of My-HSC fate 

(A) Schematic strategy for combining random DNA barcodes and CRISPR/Cas9 based sgRNA library 

screening, allowing for tracing individual clones with targeted gene perturbations.  

(B) Heatmap displaying perturbation of the proportion of each cell type upon knockout of each gene. 

Rows represent genes; columns represent cell types (My-HSCs/MyRPs, Ly-HSCs/B-MPPs, TMPs) 

(n=7190 clones, 4 biological replicates from 2 independent experiments). Odds ratio color-coded.  

(C) Experimental setup schematic for clonal tracing with selected gene perturbations.  

(D) Heatmap showing clones from NT-sgRNA (left) and Hhex-sgRNA (right) groups, with rows as 

unique DNA barcodes and columns representing time points (4w, 8w, 12w, 16w, 20w) and cell types 

(Plat, RBC, GM, B, T, HSPCs). Read frequency is color-coded, and clusters are annotated by output 

pattern (My-HSCs, balanced-HSCs, MyRPs, Ly-HSCs, B-MPPs, TMPs).  

(E) Table showing the proportion of each cell type in NT-sgRNA and Hhex-sgRNA groups, with odds 

ratio color-coded. (d-e, NT-sgRNA: n=306 clones, Hhex-sgRNA: n=924 clones, 4 biological replicates 

from 2 independent experiments).  

(F) Schematic diagram of experiments adding back Hhex to Hhex-KO HSCs and MPPs derived from 

Hhex-KO HSCs.  

(G) The ratio of peripheral blood B cells/(GM + B cells) 8 weeks after the transplantation of 

immunophenotypic HSCs.  
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(H) The ratio of BM B cells/(GM+B cells) 3 weeks after the transplantation of immunophenotypic 

MPPs.  

(I) Table showing the proportion of each cell type in NT-sgRNA-Bcl2-OE and Hhex-sgRNA-Bcl2-OE 

groups (NT-sgRNA-Bcl2-OE: n=3100; Hhex-sgRNA-Bcl2-OE: n=4743, from 3 biological replicates).  

(J) Schematic diagram illustrating how Hhex regulates the lymphoid versus myeloid fate within 

primitive HSC subsets.  

(K) Violin plots showing the expression levels of HHEX in human BM HSCs 

(Lin⁻CD34⁺CD38⁻CD45RA⁻CD90⁺) in aged (68–75 years old; n = 3) and young (21–24 years old; n 

= 3) groups with adjusted p-value displayed, based on data from Aksöz et al., 2024. *P<0.05; **P<0.01. 

In (B), (E) and (I), P values calculated by the Fisher’s exact test. In (G)-(H), P values calculated by 

one-way ANOVA followed by Tukey’s multiple comparison test. 
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