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Abstract 

Background:  Platelets and erythrocytes constitute over 95% of all hematopoietic 
stem cell output. However, the clonal dynamics of HSC contribution to these lineages 
remains largely unexplored.

Results:  We use lentiviral genetic labeling of mouse hematopoietic stem cells to 
quantify output from all lineages, nucleate, and anucleate, simultaneously linking 
these with stem and progenitor cell transcriptomic phenotypes using single-cell RNA-
sequencing. We observe dynamic shifts of clonal behaviors through time in same-ani-
mal peripheral blood and demonstrate that acute platelet depletion shifts the output 
of multipotent hematopoietic stem cells to the exclusive production of platelets. 
Additionally, we observe the emergence of new myeloid-biased clones, which support 
short- and long-term production of blood cells.

Conclusions:  Our approach enables kinetic studies of multi-lineage output in the 
peripheral blood and transcriptional heterogeneity of individual hematopoietic stem 
cells. Our results give a unique insight into hematopoietic stem cell reactivation upon 
platelet depletion and of clonal dynamics in both steady state and under stress.
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Background
Long-term hematopoietic stem cells (LT-HSCs) are rare bone marrow (BM)-resident 
multipotent cells with the potential to self-renew and to replenish all nucleated [1] and 
anucleated peripheral blood (PB) cells [2], sustaining long-term multilineage reconstitu-
tion after physiological and clinical challenges including chemotherapy and bone mar-
row transplantation [3, 4]. Allogeneic LT-HSC transplantation remains the only curative 
treatment modality for numerous hematological malignancies; however, inefficient 
blood lineage replenishment, especially neutropenia and thrombocytopenia, remains a 
major cause of morbidity and mortality [5, 6]. Single-cell transplantation experiments 
have uncovered significant heterogeneity among reconstituting LT-HSCs, which may 
reflect different propensities for lineage commitment by distinct myeloid-, lymphoid-, 
and platelet-biased LT-HSCs [2, 7–10]. Given such a high level of heterogeneity, it is 
unclear how different LT-HSCs coexist in a polyclonal BM microenvironment and how 
many stem cell clones are simultaneously actively supporting the production of nucle-
ated and anucleated cells. Furthermore, although recent reports have shown that plate-
let-biased LT-HSCs may represent a fast-track route to platelet production [11, 12], the 
response of individual LT-HSCs and their clonal progeny to acute depletion of the plate-
let lineage and the transcriptional landscape underlying these clonal changes remains 
unexplored.

The quantitative clonal analysis depends on the labeling and detection methods used. 
Cellular barcoding methods using genomic DNA were recently implemented for the 
clonal analysis of LT-HSCs [13–15]. This approach provided detailed information about 
LT-HSC subsets and clonal kinetics in myeloid and lymphoid lineages during hemat-
opoiesis after transplantation [14, 16] or aging [17]. Recently, RNA-based barcoding 
has been applied in studies of the nucleated hematopoietic cells in the BM; however, 
the labeling protocol and cell isolation method applied did not effectively label or enrich 
platelets and erythrocytes [18]. Fan et al. performed a clonal analysis of the erythroid lin-
eage in macaque, including anucleate erythrocytes in the PB upon transplantation [19]. 
However, platelets, in spite of their clinical significance, abundance (up to 60% of HSC 
output [2], and the clear indications that their progenitors, megakaryocytes (MKs), are 
closely linked to HSCs [20], have so far been omitted from the clonal analysis. Platelet 
biogenesis is completely distinct from erythrocytes and all other blood lineages: mature 
platelets are cell fragments generated through cytoplasmic fragmentation of MKs [21]. 
On average, each MK is thought to be able to produce 3000–5000 platelets [22], and it is 
thought that MKs themselves exhibit heterogeneous phenotypes in terms of platelet out-
put and function [23]. The clonal composition and kinetics within this lineage therefore 
represent a unique yet unexplored aspect of hematopoietic biology.

Here, we present the barcoding of all nucleated and anucleated PB lineages (includ-
ing platelets) for kinetic clonal studies of PB reconstitution. We applied an RNA cellu-
lar barcoding method to FACS-purified LT-HSCs in combination with single-cell RNA 
sequencing (scRNA-seq) to perform kinetic clonal tracking of nucleated and anucleated 
blood cell populations in the hematopoietic system. These data sets were then compared 
with molecular signatures of LT-HSC, platelet (MkP), and erythroid (CFU-E) progen-
itors. We have taken advantage of a lentiviral barcoding library, where the barcode is 
located in the 3′ end of an eGFP transcript and is therefore present in both the genome 
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of the cells and expressed as mRNA [24]. This approach is versatile, sensitive, and appli-
cable to other model systems including human cord blood, bone marrow cells, or pri-
mary leukemic cells [24].

Through cellular barcoding and transplantation, we have characterized the clone size 
and repopulation potential in 596 LT-HSCs. Our data provide detailed insight into the 
functional differences and the dynamics of LT-HSC response to stress. We demon-
strate that most transplanted clones consistently contribute to hematopoiesis and have 
multipotent potential to produce myeloid, lymphoid, erythroid, and platelet progeny, 
supporting the clonal stability model of hematopoiesis. Importantly, upon acute plate-
let depletion, we observe the most striking changes in the myeloid lineage: (1) a repro-
gramming of multipotent clones, which start to exclusively produce platelets, and 
(2)  the emergence of new clones producing only myeloid progeny to compensate for 
the reduced myeloid output of reprogrammed, multipotent clones. In the long term, 
the clones activated to produce myeloid cells show functional diversity. The majority of 
clones remain multipotent and contribute to myeloid, erythroid, and B cells, while plate-
let output is supported by newly recruited platelet clones. Others have a peak output at 
10 days after the platelet depletion and then support myeloid lineage in the long term. 
Our single-cell RNA-seq analysis revealed that genes differentially expressed between 
reprogrammed and multipotent clones are involved in DNA replication and repair, cell 
cycle, and methylation. These results have potential clinical implications for thrombocy-
topenia in patients suffering from immune thrombocytopenia purpura [25], undergoing 
chemotherapy or BM transplantation through quantifying the frequency of repopulating 
LT-HSCs and unraveling how the system returns to the steady state upon acute platelet 
depletion.

Results
RNA barcoding combined with high‑throughput sequencing enables quantitative clonal 

analysis

Before in vivo analysis of clonal composition in anucleate and nucleated cells, we vali-
dated the sensitivity and accuracy of RNA and DNA barcoding assay in vitro using the 
K562 cell line as a model. DNA served as a positive control, being a widely accepted 
approach for in vivo lineage tracing [15, 16, 26]. A previously published lentiviral bar-
coding library [24] was used to transduce K562 cells. Individual barcoded cells were 
single-cell FACS purified before being propagated (Fig. 1A). Samples to test the perfor-
mance of RNA barcoding were created by diluting between 1 and 5000 or 1 and 1120 
cells with the same barcode with cells containing different barcodes. Using G&T-seq, we 
simultaneously isolated RNA and DNA from the same sample [27]. Individual samples 
were amplified with primers containing a unique multiplex tag and pooled multiplexed 
PCR products were sequenced (Fig.  1A). The sequencing results were analyzed using 
a previously published protocol [28] (the “Methods” section). Read counts for the bar-
codes in cDNA and gDNA samples were highly correlated between barcode abundance 
at different dilutions (R2 = 0.993) using a generalized linear model fit (Fig. 1B). Compari-
son of cDNA and gDNA abundance using individual barcodes revealed consistently high 
correlation between both molecules (Pearson correlation r = 0.85, Additional file 1: Fig. 
S1A-B) that was higher compared to the previous study (r = 0.72) [18]. The analysis of 
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highly unequally mixed samples allowed a reliable detection of clones that represent only 
0.089% of the starting population, while they were missed at the DNA level (Fig. 1C). 
cDNA performed better at detecting smaller clones and showed similar sensitivity to 
gDNA when detecting the top 75% of all barcodes (Fig. 1C, Additional file 1: Fig. S1C, 
Additional file 2: Table S1A). These mixtures of cells are a better approximation of the 
clonal composition observed in vivo, where some clones are major contributors while 
others have low output. Thus, cDNA provides superior sensitivity compared to DNA; 
however, the barcode detection error is slightly higher (DNA: 13%, cDNA: 16%), pos-
sibly related to the increased frequency of errors being introduced by the reverse tran-
scriptase during the cDNA synthesis [29].

Having confirmed limited skewing of the barcode representation at the RNA level 
at a transduction efficiency below 50%, we pursued in  vivo validation of the labe-
ling efficiency in nucleated and anucleated cells. We applied the Vav x Cre Rosa26 

Fig. 1  In vitro and in vivo validation of RNA barcoding approach for stable, long-term clonal kinetics studies 
of hematopoiesis. A Experimental setup for in vitro validation of quantitative RNA-based clonal studies. The 
K562 cell line was used for the transduction, and single eGFP + cells were FACS-sorted and expanded to 
generate monoclonal calibration samples. Four clones were used to create samples, where cells carrying 
different barcodes were mixed in known ratios-spiked in clone contributing 0.1%, 1%, 5%, 10%, 20%, or 
50% of the total mix. B Generalized linear model (GLM) correlation between the read count for barcoded 
transcript retrieved in calibration samples from cDNA or gDNA. C Detection of unequally mixed barcodes in 
cDNA and gDNA samples, ten barcoded clones of the BaF3 cell line were mixed in 1:10:10:50:100:100:200:200
:200:250 ratios, the smallest clone contributing at 0.089%. Presented are results from 2 technical replicates. D 
Experimental setup to test the silencing of eGFP in VavCre x Rosa26tdTomato LSK cells. E–I eGFP + chimerism 
changes in tdTomato + anucleate cells and CD45.2 + (donor-derived) nucleated cells. To calculate the 
silencing in specific lineage, we subtracted eGFP + cells from CD45.2 + cells (nucleated cells-CD19 + , 
Mac1 + or CD4/8 + cells) or from tdTomato + cells (all donor-derived anucleate cells); shown are the results 
from a single experiment in 3 recipient mice
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tdTomato mouse model, where all hematopoietic cells including platelets are tdTo-
mato + [30]. In brief, FACS-purified lineage-Sca-1 + c-Kit + cells (LSK) from Vav x 
Cre Rosa26 tdTomato mice were lentivirally transduced, and after 24  h, we FACS-
purified tdTomato + eGFP + cells and transplanted them into lethally irradiated 
recipients (Fig.  1D). We analyzed blood cell contribution of transplanted cells and 
observed chimerism level reaching 85–100% at week 16, which started to slightly 
decrease at week 20 in T cells. Importantly, we did not observe a loss of labeling in 
any particular lineage with the average silencing at 7.5% in all analyzed mature blood 
lineages (Fig.  1E–I), indicating the approach is appropriate for sensitive barcode 
detection in nucleated and anucleated LT-HSC progeny in long-term transplantation 
studies.

Clonal composition of erythroid, myeloid cells, B cells, and platelets is stable over time

To study the clonal kinetics in platelets and nucleated cells in vivo, we transplanted on 
average 2500 barcoded LSK CD48 − CD150 + (LT-HSC) cells (Additional file 3: Fig. S2A) 
into 4 busulfan-treated recipients and measured the proportion of eGFP + cells in the 
population being analyzed (chimerism) (Fig. 2A). PB reconstitution was first assessed by 
measurement of eGFP + chimerism in platelets, RBCs, myeloid, and lymphoid cells at 12 
and 20/28 weeks by FACS (Additional file 3: Fig. S2B-E). Prior to harvesting BM cells, 
mice were injected with the carrier (PBS) 10 days before the terminal analysis.

Subsequently, RNA from FACS-purified myeloid cells, B cells, and bead-purified RBCs 
and platelets at weeks 12 and 20/28 post-transplantation (Additional file 2: Table S1B) 
was used as input for barcode quantification by sequencing. Replicate samples from 
each lineage of the same mouse exhibited a high correlation of detected barcodes (mean 
R2 = 0.95, Additional file 3: Fig. S2F-I), indicating robust barcode detection in the ana-
lyzed samples. This was especially important for platelet samples, since the mRNA 
content of these is 10,000 times lower than nucleated cells [31]. To perform the clonal 
analysis in PB, we ranked barcodes from most to least abundant in blood populations for 
each mouse and identified the “dominant” set of barcodes which collectively accounted 
for > 90% of total abundance. We focused our clonal kinetic analyses on these barcodes 
[28, 32] (Additional file 3: Fig. S2J-M).

We used Shannon counts to estimate the number of contributing clones in addition 
to a classic assessment of the clonal diversity within lineages estimated using the Shan-
non diversity index [28]. We have observed a wide range of clonal contributions in the 
dominant set ranging from 0.5 to 72% (Additional file 4: Table S2). We detected between 
2–29 (week 12) and 1–28 (week 28) PB-dominant clones per mouse, with the number of 
clones dependent on the lineage analyzed (Fig. 2B–E). The lowest count being in plate-
lets and the highest being in RBCs and B cells.

To measure the correlation between clonal composition in PB lineages at 12 and 
28 weeks, we applied Pearson correlation coefficients between early and late time points. 
Overall, the correlations were high; however, we have observed that the barcode com-
position at week 28 between 4 analyzed PB lineages was higher compared to week 12 
(Fig. 2F–I and Additional file 5: Table S3). This may relate to lower RNA content in mye-
loid cells and limited sample size at these time points. In mouse 4, all lineages at the 
28-week time point have a high correlation. This is opposite to week 12 and likely relates 
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to the expansion and clonal dominance of one clone, which was not as abundant at week 
12, with the exception of B cells (Fig. 2I). Thus, our approach enables sensitive and stable 
detection of clonal output in all nucleated and anucleated PB lineages. At the same time, 

Fig. 2  Clonal tracking in nucleate and anucleate blood cells. A Experimental design for in vivo multilineage 
RNA barcoding and single-cell (BM) and bulk (PB) readouts (for 4 recipient mice in 1 experiment). Prior 
BM harvest mice were injected with the carrier (PBS) 10 days before the termination. These animals 
constitute controls for the experiment in Fig. 4. B–E Stacked bar plots representing clonal composition in PB 
populations (P, platelets; M, myeloid cells; E, erythroid cells; B, B cells) at 12 and 28 weeks in 4 analyzed control 
animals, on top depicted is the Shannon count. Based on the cumulative relative abundance of ranked 
barcodes (saturation curves), we focused our analysis on the top 90% of barcodes. Colors have been reused 
between different mice depicted in different panels—the same color represents the same barcode within 
the same mouse; however, between different mice (B–E), the same color represents different barcodes. F–I 
Pearson correlation coefficient (generated using corrplot, R package) between platelet (P), myeloid cells (M), 
erythroid cells (E), and B cells (B) at 12 and 28 weeks post-transplantation. Exact r and p values are included in 
Additional file 5: Table S3
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we show that tracking clones for longer time periods was essential for understanding the 
dynamics of clonal fluctuations.

Multipotent clones are the most abundant and productive in the bone marrow 

during steady‑state hematopoiesis

Because of the strengths of our method to retrieve lineage information from anucleate 
cells, we focussed on their analysis and their nucleated progenitors (CFU-E and MkP) 
and LT-HSCs. To further investigate the relationships between the clonal composition 
in PB (Additional file 6: Fig. S3A-C) and the BM progenitor populations, we performed 
single-cell RNA-seq using Smart-seq2 [33] on eGFP + BM LT-HSCs and progenitors 
giving rise to anucleated lineages at week 28 post-transplantation (Additional file  3: 
Fig. S2A). This enabled comprehensive, full-length transcriptomic profiling of 2569 sin-
gle cells from these phenotypically defined populations with the recovery of expressed 
cell barcodes in over 90% of cells (Fig. 3A–C, Additional file 7: Table S4). Each mouse 
had between 2 and 49 uniquely barcoded LT-HSC clones. This relatively low number of 
active clones may be related to the application of the busulfan as the BM ablation regi-
men [34] compared to total body irradiation used in other studies [17, 18, 35].

We subsequently mapped PB lineage output onto single FACS-purified and sequenced 
stem and progenitor cell transcriptomes (Fig. 3B–D, Additional file 7: Table S4, Addi-
tional file  8: Fig. S4B-E). This allowed the classification of individual LT-HSCs based 
on the composition of their lineage output (stable contribution > 0.089% to the lineage 

(See figure on next page.)
Fig. 3  Clonal tracking in blood and bone marrow cells exerts high overlap between detected clones. A 
UMAP plot showing single-cell transcriptomes of sorted BM populations in which barcodes (BC) were 
detected (all cells which had over 50,000 reads, mitochondrial gene count < 10%, and barcode read count > 3 
were included), analyzed cell numbers and cell QC (Additional file 5: Table S3, Additional file 8: Fig. S4B-E. B 
UMAP plot showing cell clusters based on single-cell transcriptomes of BM populations in mouse 2 (28 weeks 
post-transplantation). C UMAP plot representing clone A cells carrying barcode rank 9 in mouse 2 in the BM, 
bar plot representing PB lineage output (multilineage—PEMB, contribution to all 4 lineages > 0.089% at 2 
consecutive time points) and the distribution of this barcode within the BM cell types profiled—depicted as 
a bar plot scaled from 0 to 100%, with labels at 25, 50, 75, and 100%. The adjacent bar shows the contribution 
of this clone to blood lineages, where total blood output is expressed as 100% and major ticks are 25, 50, 
and 75%. D As for C, but clone B is shown. This clone was classified as having platelet-erythroid-myeloid-
restricted output (PEM, contribution to P, E, M > 0.089% and B lineages < 0.089% at 2 time points) and the 
distribution of this barcode within the BM cell types profiled—depicted as a bar scaled from 0 to 100%, with 
labels at 25, 50, and 75%. The adjacent bar shows the contribution of this clone to blood lineages, where 
total blood output is expressed as 100%, and major ticks are 25, 50, and 75%. E–H Clonal contribution of 
LT-HSC at 12 and 28 weeks post-transplantation in control animals injected with PBS. Heat maps representing 
the log fractional contributions of the top 90% most abundant contributing clones retrieved from each 
different bone marrow (BM) and peripheral blood (PB) cell lineage population, which were normalized per 
1000. Each individual row represents the fractional contributions from an individual barcode (clone), and 
each individual column represents a sample. The rows are ordered by unsupervised hierarchical clustering 
using Euclidean distances to group barcoded clones together that manifest similar patterns of clonal 
contributions. The color scale on the right depicts the log10 fractional contribution size. Samples include 
Lin-Sca1 + cKit + CD150 + 48 − hematopoietic stem cells (LT-HSC), megakaryocytic progenitors (MkP), 
erythroid progenitors (CFU-E), platelets, erythroid cells (E), B cells (B), and CD11b + monocytes (Mac). I Bubble 
plot depicting the cumulative PB contribution of different types of clones in 4 control, vehicle-treated animals 
(mice 1–4). For the analysis, only dominant barcodes were included. To consider the clone as contributing to 
the lineage, it had to contribute > 0.089% at 2 time points. Abbreviations: PEMB, platelet-erythroid-myeloid-B 
cell; PEM, platelet-erythroid-myeloid; PE, platelet-erythroid; PB, platelet-B cell; EB, erythroid-B cell; PEB, 
platelet-erythroid-B cell; ME, myeloid-erythroid; MB, myeloid-B cell; PM, platelet-myeloid; B, B cell; MEB, 
myeloid-erythroid-B cell; M, myeloid; E, erythroid. J Volcano plot representing differentially expressed genes 
in LT-HSC clones producing only progenitors compared to LT-HSCs contributing to platelet and erythroid 
cells in PB, full list of differentially expressed genes Additional file 11: Table S6
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at two time points), as shown here (Fig. 3B, C) for two clones from mouse 2—clone A 
which demonstrated multilineage platelet/erythroid/myeloid/B cell (PEMB) output and 
clone B which showed more restricted platelet/erythroid/myeloid (PEM) output. The 
overlap between PB and BM revealed up to 70% of shared clones; however, each clone 
had different contributions to blood production and abundance in the BM (Fig. 3E–H). 
Out of all clones present in PB, multipotent clones contributed the most to mature blood 
lineages during steady-state hematopoiesis. These PEMB clones supported almost 80% 
of all PB output (Fig. 3I), in agreement with previous findings in nucleated cells [13, 35]. 
Conversely, platelet-biased clones were significantly less abundant in PB, and their con-
tribution varied from 0.1 to 10% at a steady state following transplantation (Additional 
file 4: Table S2). The majority of clones that consist of only erythroid cells and B cells 

Fig. 3  (See legend on previous page.)
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(EB) lack BM progenitors among sequenced cells. This is likely due to erythrocytes and B 
cells having a long half-life in PB. If during transplantation, only multipotent progenitors 
and not a true LT-HSC were transplanted the progenitor may have differentiated before 
the clonal analysis of the BM was performed (Additional file 9: Table S5A, B) and BM 
progenitors would therefore not be identified for these clones.

Due to the anucleate nature of erythroid cells and platelets precluding their direct 
clonal analysis using genomic DNA, the clonal composition of CFU-E and MkP progeni-
tors has been widely used as a reliable proxy of the actual clonal composition in mature, 
circulating erythrocytes, and platelets [18, 36]. To evaluate the barcode overlap between 
CFU-E and blood erythroid cells or MkP and circulating platelets, we calculated the Jac-
card distance between clones detected in mature cell type (erythrocytes or platelets) and 
progenitors (CFU-E or MkP). This analysis has revealed that 45.2% ± 12.1% of eryth-
roid and 40.55% ± 15.7% of platelet clones would have been missed if the analysis would 
include only clones present in nucleated progenitor cell populations in BM (Fig. 3E–H, 
Additional file 10: Fig. S5A-D). There are multiple explanations for this. It may relate to 
the limited sampling of the in vivo progenitor cell populations in this study. It is also pos-
sible that some platelets may be generated from megakaryocytes that bypass the MkP 
stage [11, 12], or similarly, MkP/CFU-E progenitors may become exhausted, but leave 
progeny that is still detectable in PB. Alternatively, not all progenitors are supporting 
the generation of anucleate cells, in particular platelets, but have alternative functions, 
as already reported for megakaryocytes [23]. Therefore, we show that the most reliable 
clonal kinetics study of PB is a direct analysis of nucleated and anucleated cells present 
in the circulation.

Efficient barcode recovery from BM and PB lineages enabled parallel analysis of 
clonal composition in nucleated and anucleated cell types and their progenitor cells in 
individual mice (Fig.  3E–H). We observed functional LT-HSC heterogeneity in their 
reconstitution patterns. In mice 1–3, 40% of PB clones overlap with barcodes detected 
in progenitors, and the overlap is slightly lower with LT-HSCs (30%, Fig. 3E–H, Addi-
tional file 10: Fig. S5A–C). We also detected an extreme case of oligoclonality in mouse 
4, where 70% of the PB and over 80% of the BM cells shared the same barcode (Figs. 2E 
and 3H).

Our approach allowed recovery of over 90% of clonal information from single BM 
cells, with an average of 1 M reads/cell. Analysis of barcode composition in PB and BM 
populations revealed up to 80% of shared clones between both tissues, which is signifi-
cantly higher compared to previous barcoding studies using DNA [37]. The clonal com-
position among mice transplanted during the same experiment highlighted the high 
heterogeneity and repopulating potential of LT-HSCs. Importantly, our analysis has 
stressed the disparity between the BM and PB clonal composition in anucleated cells 
and their BM progenitors, highlighting the need for direct clonal assessment in these 
blood lineages, rather than using BM progenitors as a good approximation of clonal 
diversity in the blood.

We compared the transcriptomic phenotype of LT-HSC clones producing only pro-
genitors (8.7% of all clones in Fig.  3E–H) to those actively contributing to circulating 
platelets and erythrocytes (18.7%, Fig. 3E–H), and detected 69 upregulated and 29 down-
regulated genes (Fig. 3J, Additional file 11: Table S6). Among these genes, we identified 
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the transcription factors Klf1 and Nupr1, and chemokine receptor Ccr1 as downregu-
lated. Klf1 knock-out in fetal liver LT-HSCs has been shown to negatively regulate LT-
HSCs and progenitor differentiation, in part through repression of the expression of 
IL-3, IL-5, and GM-CSF. It led to the accumulation of myeloid and erythroid progenitors 
but without the corresponding increased number of mature cells in circulation [38]. This 
suggests that the decreased expression of Klf1 in LT-HSCs in our study could lead to the 
production of CFU-Es and MkPs that do not give rise to mature platelets or erythro-
cytes. We have observed this behavior in a group of LT-HSC clones producing MkP and 
CFU-E, while not contributing to platelets or erythroid cells in PB (Fig. 3E–H).

Growing evidence suggests Nupr1 is a stress response transcription factor, which inter-
acts with p53 to regulate the cell cycle and apoptosis and promote LT-HSC exit from 
quiescence [39]. Downregulation of this gene has been observed in LT-HSCs, actively 
supporting hematopoiesis in serial transplantation [18]. This suggests that decreased 
expression of Nupr1 is a marker for LT-HSC clones actively supporting hematopoiesis 
upon transplantation; however, its downregulation may lead to decreased differentia-
tion potential into mature PB lineages. Importantly, Nupr1 is also upregulated in aged 
LT-HSCs and has been associated with their increased production of platelets and mye-
loid cells via regulating the expression of Selp [40]. Ccr1 has been shown to enhance 
myelopoiesis and thus promote LT-HSC differentiation into mature myeloid cells upon 
infection [41]. It would suggest that decreased expression of Ccr1 in LT-HSC and pro-
genitor clones could inhibit their differentiation into mature, myeloid blood cell types 
(Fig. 3J, Additional file 11: Table S6).

Platelet depletion forces repurposing of the lineage output in multipotent clones

Next, we evaluated how the hematopoietic system would respond to acute, transient 
depletion of platelets. To assess cellular and multilineage clonal changes in response to 
acute platelet depletion, we induced acute thrombocytopenia by injecting anti-CD42b 
antibody into mice (Fig.  4A) transplanted with barcoded LT-HSCs 28  weeks post-
transplantation (Additional file 12: Fig. S6 A-D) [42]. We confirmed the efficient plate-
let depletion 24 h post-treatment (Additional file 12: Fig. S6E). The kinetics of platelet 
replenishment has been extensively studied and requires 6–10 days for platelets to reach 
normal counts [10].

We collected BM and PB samples 10 days after treatment (28 weeks), at which point 
thrombocytopenia had ceased (Additional file  12: Fig. S6E) and determined PB and 
BM progenitor clonality at bulk and single-cell resolution, respectively (Fig. 4B–H). We 
compared the correlation among PB lineages before and after platelet depletion using 
the Pearson correlation coefficient, with two time points before (weeks 12 and 20) and 
one after the platelet depletion (week 28). We observed striking changes in the clonal 
composition of the myeloid lineages, rather than the platelet lineages, as we would have 
expected (Fig. 4B–E).

Interestingly, we did not notice decreased count or frequency of myeloid cells 10 days 
after the platelet depletion. Myeloid cells have a short half-life time in the periph-
eral blood (12.5 h to 7 days [43]), therefore requiring a constant input from upstream 
progenitor cells and LT-HSCs. This suggests that new clones have been recruited to 
solely produce myeloid cells. Indeed, when we looked into the clonal composition of 
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Fig. 4  Acute platelet depletion causes dramatic changes in the clonal composition of the myeloid lineage 
causing the recruitment of completely new clones. A Experimental design for platelet depletion studies. 
B–E Pearson correlation coefficient between blood lineages (B, B cells; E, erythroid cells; M, myeloid cells; 
P, platelets) at 12 and 20 weeks (time points before the platelet depletion) and after platelet depletion 
(28 weeks). Exact r and p values (Additional file 5: Table S3). F Box plot representing clone contribution to 
PB before and 10 days after the platelet depletion. Statistical significance calculated using a 2-way ANOVA 
test with Bonferroni multiple comparison test (adjusted p values *** < 0.0001, ** < 0.001, * < 0.01, ns < 0.1). 
G Clonal contribution of LT-HSCs before and 10 days after platelet depletion. Heat maps representing 
the log fractional contributions of the top 90% most abundant contributing clones retrieved from each 
different bone marrow (BM) and peripheral blood (PB) cell lineage population, which were normalized per 
1000. Each individual row represents the fractional contributions from an individual barcode (clone), and 
each individual column represents a sample. The rows are ordered by unsupervised hierarchical clustering 
using Euclidean distances to group barcoded clones together that manifest similar patterns of clonal 
contributions. The color scale on the right depicts the log fractional contribution size. Samples include 
Lin-Sca1 + cKit + CD150 + 48 − hematopoietic stem cells (LT-HSC), megakaryocytic progenitors (MkP), 
erythroid progenitors (CFU-E), platelets, erythroid cells (E), B cells (B), and CD11b + monocytes (Mac)
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the myeloid cells, the missing output from multipotent clones has been matched by a 
group of newly emerged clones exclusively producing almost 20% of myeloid cells in PB 
(Fig. 4F). Next, we compared the clonal composition in PB with clones detected in the 
BM and detected new LT-HSC clones activated to produce myeloid cells or platelets 
(Fig. 4F). This new subset of a platelet only producing clones contributed up to 5.8% of 
platelets (Fig. 4F). Besides, 57–81% of multipotent clones have been repurposed to pro-
duce platelets, erythroid, and B cells (Fig. 4F, G). To classify the clone as “repurposed,” it 
had to contribute over 0.089% (based on data obtained using unequally mixed cell line 
samples in vitro, Fig. 1C) into P, E, M, and B lineages at 2 time points before the plate-
let depletion, and after the perturbation, the clone contributed < 0.089% to myeloid cells 
(Fig. 4F). Repurposed clones were also found to have produced platelets, erythroid, and 
B cells (Fig. 4F, depicted as PEB (platelet-erythroid-B cell) clones). This likely relates to 
the half-life time of these two cell types: 22 days and 13–22 weeks for erythroid and B 
cells, respectively [44, 45]. The long half-life strongly suggests they were produced before 
the platelet depletion when the clones supported erythroid and B cell lineages (Fig. 4F). 
In total, by week 28, 50–65% (Fig. 4F) of all multipotent clones contributing to myeloid 
cells have stopped producing them and redirected their output to replenish platelets, 
reflected as the increased blood output of PEB clones from 5 to 40% after the interven-
tion (Fig. 4F).

Molecular signatures of repurposed multipotent and newly emerged myeloid clones 

in LT‑HSC

To investigate the striking clonal changes we observed upon platelet depletion further, 
we took advantage of the scRNA seq-data from the BM populations to link single-cell 
transcriptional profiles with PB output. Firstly, we performed unsupervised cluster-
ing on LT-HSC, MkP, and CFU-E cells from platelet-depleted and control (injected 
with a carrier) mice 10 days after perturbation (Fig. 5A). Cells from each type clustered 
together, regardless of the experimental group, indicating that the system has returned 
to steady state. Changes in PB clonality are not reflected by a global shift in stem cell and 
progenitor gene expression (Fig. 5A, Additional file 12: Fig. S6F). This suggests that there 
is either no or limited transcriptional memory of the challenge. It is plausible that short-
term changes in the LT-HSC and MkP compartments caused by platelet depletion were 
missed in our dataset if they have occurred earlier than 10 days after the perturbation.

The overall transcriptional landscape has not changed, but there may be tran-
scriptional changes in the reprogrammed multipotent (PEMB) clones affecting their 
functional output that is hidden when looking at the global picture. To do this, we 
performed differential gene expression analysis combined with the cells’ barcode 
information to select for clones whose functional output has switched after platelet 
depletion. From this analysis, we found that P/PE clones upregulated genes involved 
in DNA damage, DNA repair, DNA replication, cell cycle regulation, positive regula-
tion of transcription, and DNA methylation (Fig. 5B, Additional file 13: Table S7). This 
suggests that LT-HSCs upon platelet depletion are exiting quiescence and become 
transcriptionally active. Similar mechanisms of metabolic rewiring are observed in 
LT-HSCs during inflammation, where high platelet consumption is also observed [46], 
and viral infection during emergency thrombopoiesis [11, 47]. During viral infection, 
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a new phenotypic  LT-HSC population has been described that had increased levels 
of ltga2b protein on the cell surface. We therefore reanalyzed our data and indeed 
observed increased protein expression of Itga2b in LT-HSCs from platelet-depleted 
animals when compared to carrier-treated controls (Fig.  5C, D). This suggests that 
LT-HSCs retain upregulated levels of Itga2b even when platelet counts are restored 
to control levels (Additional file 12: Fig. S6F). The changes here show that there are 
molecular changes occurring within specific clones.

Fig. 5  Depletion of platelets is also reflected in molecular signatures of LT-HSCs with different blood output. 
A UMAP plot representing the transcriptomic state of control and treated LT-HSC, MkP, and CFU-E (included 
cells with read count > 50,000, mitochondrial gene content < 10%); cell numbers in all 3 populations 
are included in Additional file 7: Table S4, and QC is included in Additional file 6: Fig. S3B-E. B Enriched 
processes in platelet-biased clones compared to control multipotent clones in platelet-depleted animals, 
shown are adjusted p values using the Benjamini–Hochberg multiple correction test (full list of processes 
Additional file 13: Table S7). C Itga2b expression in LSK CD150+48−eGFP+ cells measured 28 weeks + 10 days 
post-transplantation in vehicle-treated and platelet-depleted animals. D Increased mean fluorescence 
intensity (MFI) of Itga2b in LSK CD150 + 48-eGFP + in platelet depleted compared to vehicle-treated animals 
using Welch’s unequal variances t-test, p = 0.0073. E Volcano plot representing genes upregulated in newly 
emerged myeloid clones compared to PEB clones. F Gene overlap between platelet-depletion activated 
LT-HSC clones and clones activated in the serial transplantation in the study [18]. Differentially expressed 
genes were derived using the deseq2 R package. Pseudo-bulk samples were generated by adding gene 
expression matrices for cells belonging to active or low-output clones within one animal, which resulted in 4 
samples (mice 5–8). These samples were used as input for deseq2
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Next, we asked what molecular changes are occurring between repurposed multipotent 
clones (PEMB before the platelet depletion and PEB after depletion) and newly appeared 
myeloid clones (M). We filtered the scRNA-seq data set and selected only LT-HSCs carrying 
barcodes identified in the peripheral blood as PEB or M clones. Differential gene expression 
analysis identified 245 (multiple test corrected p < 0.001, Additional file 14: Table S8) genes. 
Newly emerged myeloid clones have increased expression of genes encoding proteins involved 
in chromatin remodeling (Bmi1, Gatad2a, Mboat2), cell cycle regulation (Plk2), and apopto-
sis inhibition (Bcl2) compared to PEB clones (Fig. 5E, Additional file 14: Table S8). Myeloid 
clones also had high expression of Vwf, a marker for the platelet lineage which is expressed in 
platelet-biased LT-HSCs, MkP, mature megakaryocytes, and platelets [2, 10]. These cells may 
also start contributing to the platelet lineage at a later stage. Mboat2 is an acetyltransferase 
involved in lipid metabolism, while Gatad2l is a member of the nucleosome remodeling and 
deacetylase complex (NuRD). This signature may indicate that these new myeloid clones are 
undergoing chromatin remodeling, which may change their lineage output.

We compared the gene signature of the LT-HSC clones we have identified that are acti-
vated upon platelet depletion with LT-HSC clones activated upon serial transplantation 
from a recent study [18]. The aim of this is to see if there are any common expression pat-
terns or gene markers associated with the activation of LT-HSCs. Of the combined 2831 
differentially expressed genes from the two studies, only 0.6% [16] genes were identified in 
both (Fig. 5F, Additional file 15: Table S9). This low overlap may result from the different 
biological cues leading to LT-HSC activation (platelet depletion versus total body irradia-
tion and transplantation) utilizing different signaling pathways, total body irradiation caus-
ing changes to the LT-HSCs BM microenvironment [34, 48], and different cell capture, 
library construction, and analysis methods used.

To analyze the long-term repopulating potential of clones activated upon platelet deple-
tion, we have repeated the platelet depletion experiment for mice 30  weeks post-trans-
plantation (labeled as baseline) and monitored the clonal kinetic changes in the blood 
up until 12 weeks post-intervention (Fig. 6A). In this experiment, we have observed less 
frequent clonal switching and activation indicated as higher Pearson correlation coeffi-
cients (Fig. 6B–E) compared to results from short-term analysis in Fig. 4F. We observed 
that between 13.5 and 18% of clones switched output or became activated upon platelet 
depletion. We noticed that data was more noisy compared to the short-term experiment 
(Fig. 4F). Still, we have observed similar trends: decreased PEMB and MEB clone contri-
bution to PB at day 10 post depletion, which increased at a 12-week time point, this was 
correlated with increased output of PEB clones at 10 days and decrease at 12 weeks post-
intervention (Fig.  6E). Again, 3 major trends (long-term emergence of new P and MEB 
clones, short-term emergence of PEB clones) could be observed, but in this instance, we did 
not observe statistical significance (Fig. 6E).

Discussion
Detailed studies of HSC clonality in the hematopoietic system require reliable, stable, 
and heritable marking of LT-HSCs to trace them and their progeny through time. In this 
study, we have applied a novel RNA barcoding method to provide the quantitative and 
dynamic tracking of individual HSCs with regard to their lineage contribution and tran-
scriptional signature during steady state and upon acute platelet depletion. In contrast 



Page 15 of 27Wojtowicz et al. Genome Biology          (2023) 24:152 	

Fig. 6  Platelet depletion leads to activation of myeloid output in P and PE clones. A Experimental model. 
Recipient mice treated with busulfan were transplanted with 2800 LT-HSCs, at a transduction efficiency of 
33.4%, blood samples were collected at 12, 28, and 30 weeks post-transplantation (Additional file 16: Fig. 
S7 time point bas-baseline was taken 14 days before the platelet depletion at week 30), 10 days, and 4, 8, 
and 12 weeks post-platelet depletion along with bone marrow populations including GFP + LT-HSC, MkP, 
and CFU-E FACS—purified in bulk for clonal analysis. B–D Pearson correlation coefficient between blood 
lineages (B, B cells; E, erythroid cells; M, myeloid cells; P, platelets) at 12 and 28 weeks, baseline (30 weeks 
post-transplantation), time points before the platelet depletion, and after platelet depletion (10 days, 4, 8, 
and 12 weeks). Exact r and p values (Additional file 5: Table S3). E Box plot summarizing the contribution of 
clones to PB lineages (clone type abbreviations: PEMB-platelet-erythroid-myeloid-Bcell, PE-platelet-erythroid, 
MEB-myeloid-erythroid-B cell, EB-erythroid-B cell, P-platelet, E-erythroid, PEB-platelet-erythroid-B cell), line at 
mean
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to previous RNA barcoding studies of hematopoiesis [18, 19], our approach labels both 
nucleated and anucleate PB lineages including platelets. We have validated cDNA to be 
a more universal approach compared to previously published DNA barcoding methods 
[17] and a refined platelet collection method enabled their kinetic clonal studies. Impor-
tantly, we did not observe any significant silencing of the barcode in labeled PB cells. 
This suggests we were able to ensure robust, stable, long-term label retention in these 
cells, in turn enabling the quantitative study of the platelet lineage (Figs. 2F, G; 4B–E; 
and 6B–D).

Alongside our RNA barcoding method, we applied FACS purification and Smart-
seq2 single-cell RNAseq [33] to obtain detailed information about rare LT-HSCs. The 
main advantage of using FACS purification followed by SmartSeq2 over droplet-based 
approaches is that it enables enrichment for rare cells and focussing on cells of interest 
before sequencing; the transcriptomes obtained using this approach are also more com-
plex both in terms of the number of genes detected, but also in terms of sequence cov-
erage, than those generated by droplet-based approaches. Finally, using index sorting, 
it is possible to combine the transcriptional information from SmartSeq2 with protein 
information obtained from FACS.

Our RNA barcoding method cannot easily be used for 3′ scRNAseq techniques com-
bined as the barcode is located 1 kb upstream of the polyA signal [24]. However, it would 
be compatible with 5′ scRNAseq techniques. New droplet approaches including Vasa-
seq could also resolve this issue [49]; however, none of these methods currently allows 
phenotypic selection of the cells of interest.

Our clonal analysis revealed that almost 80% of PB output at steady state comes from 
multipotent clones, which produce 50–80% of all platelets in the PB. Interestingly, we 
have detected less active LT-HSC clones contributing to hematopoiesis compared to 
previous studies (Fig. 2B–E) [13, 16, 17], which may be related to the different BM con-
ditioning regimen: busulfan instead of total body irradiation. Busulfan is an alkylating 
conditioning agent that is given before transplantation and has been shown to allow high 
levels of donor chimerism [50, 51]. At the same time, busulfan retains cytokine milieu 
as suggested in a recently published study [34], in contrast to several published stud-
ies showing systemically increased production of inflammatory cytokines including IL-1, 
IL-6, and tumor necrosis factor (TNF), in the bone marrow microenvironment follow-
ing irradiation. Importantly, these cytokine levels remain increased for at least 3 months 
[52–55] and further remodel the LT-HSC microenvironment thus influencing their out-
put. In light of the emergence of the “cytokine storm” upon irradiation, it is possible that 
LT-HSC clones are exiting dormancy and actively contributing to hematopoiesis, while 
upon busulfan treatment, more LT-HSC clones stay dormant in the bone marrow. This 
is a plausible explanation for the decreased number of active clones detected in the PB in 
this study compared to previous work [14, 17, 35]. Montecino et al. [34] did not quantify 
the frequency of repopulating LT-HSCs (limiting dilution) upon busulfan conditioning 
of the BM; therefore, our study expands our knowledge on the number of clones in this 
transplantation setting.

We observed a high overlap between clones found in PB and BM; however, a frac-
tion of clones in the PB were not detected in the BM. This may reflect the longevity of 
BM progenitor cell types supporting PB production at the time of our analysis or might 
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result from limited BM sampling in our study (potentially lower abundance or asym-
metrical distribution of these clones in the BM). Overall, we have observed a functional 
heterogeneity in PB output of LT-HSCs (Fig. 3E–H). In this experiment, cells were trans-
planted at high doses. LT-HSCs originating from the same pool exert a broad spectrum 
of repopulating patterns: highly polyclonal (Fig. 3E–G) or oligoclonal (Fig. 3H), where 
we observed a strong dominance of a single clone in 1 out of 4 animals transplanted in 
the same experiment.

In agreement with previous studies, multipotent clones were the major contributors 
to blood production [35] including platelets, while platelet-biased clones only produced 
0.5–14.9% of all platelets at steady state. Platelet-biased LT-HSCs producing only a frac-
tion of all platelets in our polyclonally repopulated mouse model are in contrast to single 
HSC transplantation studies [2]. Thus, it raises a possibility that platelet-specific LT-
HSCs will only produce large quantities of platelets during the extreme stress of a single 
stem cell transplantation assay, while when transplanted with other LT-HSCs their con-
tribution is limited.

Among other clones, we have observed a group of LT-HSCs which produced progeni-
tors (MkP or CFU-E) but did not give rise to the mature blood cells. These progenitors 
constitute almost 50% of all clones detected in the progenitor compartment (Fig. 3E–H, 
Additional file 10: Fig. S5A-D). This emphasizes the importance of including mature PB 
lineage analysis, rather than just their BM precursors when studying the clonal kinetics 
in long-term studies of hematopoiesis. It also confirms that cell barcoding approaches 
capable of labeling all PB lineages are essential to observe the kinetics of stress responses 
in the hematopoietic system. Our molecular analysis and resulting gene signatures of 
LT-HSC clones producing platelets/erythroid cells compared to LT-HSC producing only 
progenitors (MkP and CFU-E) suggest that LT-HSC producing only progenitors have 
entered quiescence by downregulating expression of Klf1 and Nupr1. Furthermore, the 
downregulation of Ccr1 implies inhibition of the myeloid lineage differentiation pro-
gram (Fig. 3J).

Acute platelet depletion revealed the remarkable plasticity and clonal dynamics of 
LT-HSCs in response to the clinically relevant stress of thrombocytopenia. From the 
literature, we would expect that platelet-biased LT-HSC clones would quickly and sig-
nificantly increase their PB output [2] after perturbation and become the major contrib-
utors. However, here in polyclonally repopulated mice, our results show that it is easier 
for the system to repurpose the lineage output of 57–81% (depending on the animal) 
of already-present multipotent clones towards platelets. This repurposing was accompa-
nied by the emergence of new myeloid clones at 10 days post-intervention (Fig. 4F). The 
need to replenish myeloid cells, but not B cells or erythroid cells, is most likely related to 
their similar short half-life time to platelets and the likely existence of a shared upstream 
progenitor cell, which is unable to sustain increased platelet production and replenish 
myeloid cells at the same time.

The discrepancy between single LT-HSC transplantation and our model in regard to 
platelet-biased LT-HSC contribution can in part be explained by the assay. In the sin-
gle stem cell transplantation assay, the maximal repopulating potential of the LT-HSC 
is being evaluated, whereas in our polyclonally repopulated animals, there is a pool of 
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LT-HSCs which interact with each other and coordinate their response upon stress. The 
latter scenario is closer to the actual situation in patients and therefore provides more 
physiological clues into LT-HSC plasticity and response to stress.

In the long-term follow-up study, although we have observed a limited number of new/
switched clones, those still present at week 12 post-depletion were exclusively supporting plate-
lets or started supporting other lineages (MEB clones) (Fig. 6E, Additional file 16: Fig. S7A).

Conclusions
In summary, our novel barcoding approach enables true multi-lineage kinetic analysis 
of hematopoietic output in both nucleate and anucleate lineages including platelets. We 
have demonstrated its use in both steady state and following clinically relevant stress. 
Using scRNA-seq and barcode detection, effective in over 90% of single cells, the clonal 
output of individual cells can be linked with heterogeneity in gene expression and used 
to identify the molecular signatures of lineage biases. We demonstrate that acute plate-
let depletion enforces a switch in the clonal output from multipotent to exclusive plate-
let production and the activation of new, myeloid-biased clones. Using these results, we 
propose a model where multipotent clones (PEMB) support steady-state hematopoiesis; 
however, upon acute platelet depletion, they switch their output to platelets. In parallel, 
there is an activation of the myeloid differentiation program from low-output clones.

Methods
Mice

B6.SJL-PtprcaPep3b/BoyJ (CD45.1) mice were purchased from The Jackson Laboratory (Bar 
Harbor, ME). C57BL/6 J mice (CD45.2), B6.129S-Cybbtm1Din/J mice were purchased from 
Charles River Laboratories. Animals were housed in a specific pathogen-free facility. 
All animal work in this study was carried out in accordance with regulations set by the 
United Kingdom Home Office and the Animal Scientific Procedures Act of 1986. Donor 
mice were 8 to 12 weeks old, recipient animals were 6–12 weeks old, and both genders 
were used for experiments. In experiments included in Figs. 2, 3, 4, 5, and 6, we have 
applied BM ablation by busulfan due to the available infrastructure at the University of 
East Anglia. This is an established method in our group [56–59].

Cell isolation and preparation

BM isolation was prepared by isolating the tibia, femur, pelvis, spine, and sternum of 
each mouse. Bones were crushed in FACS media (phosphate buffer solution (PBS), 
Thermo Fisher, MA, USA) supplemented with 2 mM EDTA (Sigma Aldrich, Darmstadt, 
Germany) and 5% fetal bovine serum (Invitrogen, Darmstadt, Germany). Stem and pro-
genitor cells were enriched from BM using CD117 (cKit) microbeads (Miltenyi Biotech, 
Bergisch Gladbach, Germany) prior to staining and sorting.

Cell sorting

Antibody mixtures were prepared in 1 × FACS media and incubated with BM cells for 
15–30 min at 4  °C. For flow cytometric cell sorting of BM cell populations, cells were 
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resuspended in antibody mix, and cells were sorted directly into StemSpan (Stem Cell 
Technologies, Canada) with penicillin and streptomycin (GIBCO, MA, USA), hTPO, 
mSCF (Peprotech, MA, USA), or Smart-seq2 lysis buffer. Cell sorting was performed on 
a BD FACS Melody (BD Bioscience, CA, USA) or BD FACSAria Fusion (see Additional 
file 3: Fig. S2 for specific gating strategies, staining panel Additional file 17: Table S10A.

Virus production

HEK293T cells (National Gene Vector Biorepository (NGVB), IN, USA) used for bar-
coding library virus product were cultured in DMEM (Thermo Fisher Scientific, MA, 
USA) with 10% FSC (Thermo Fisher Scientific), penicillin, and streptomycin (GIBCO, 
MA, USA) and incubated in 37 °C, in 5% CO2, with 95% humidity. Virus was prepared 
when the cells were within ten passages after they were obtained from NGVB, without 
further cell line authentication.

To generate the pEGZ2 lentiviral barcoding library [24], HEK293T cells (NGVB, IN, 
USA) were transfected with the pGIPZ-based library, pCMV-Δ8.9, and Vsv-g plasmids 
using Lipofectamine 2000 (Thermo Fisher, MA, USA) in Opti-MEM (Thermo Fisher, 
MA, USA). Twenty-four hours post-transfection, the medium was changed to DMEM 
(Thermo Fisher Scientific, MA, USA) with 10% FSC (GIBCO, MA, USA), penicillin, and 
streptomycin (GIBCO, MA, USA). Harvests were collected 48 and 72 h post-transfec-
tion and concentrated by centrifugation (8 h at 6000 g, 4 °C). Cells were transduced with 
a barcoding library at an MOI of 50, defined as the titer on BaF3 [60] cells divided by the 
number of HSCs. This generated an HSC infection rate of ca. 45%.

Transduction and transplantation

LT-HSC were sorted into StemSpan medium (StemCell Technologies, Vancouver, Can-
ada) supplemented with 10  ng/ml mouse recombinant SCF, 100  ng/ml human TPO 
(both Peprotech, MA, USA), and penicillin/streptomycin (Thermo Fisher, MA, USA). 
Cells were spun down and resuspended in the viral supernatant [24] supplemented with 
the same concentrations of mSCF, hTPO, antibiotics, and polybrene (5ug/ml, Sigma 
Aldrich, Darmstadt, Germany). Cells were harvested 15–20 h later, extensively washed, 
counted, and resuspended in transplantation media (PBS + 5% FBS). Cells were imme-
diately injected intravenously into mice (8–10 weeks old) preconditioned with busulfan 
25 mg/kg/day for 3 days. The transduction efficiency was 47% (± 17%) in experiments. 
Due to the lack of infrastructure for total body irradiation at the University of East 
Anglia, we have applied an alternative method of BM ablation-busulfan, a method well 
established in our lab [56, 58, 59, 61, 62].

For evaluation of eGFP silencing LSK cells were FACS-sorted (BD FACS Aria 
Fusion, CA, USA) from VavCre x Rosa26tdTomato 8–10-week-old donors and trans-
duced with barcoded viruses. Thirty hours after transduction, eGFP + viable cells were 
FACS-sorted (BD Fusion, CA, USA) and approximately 2500 eGFP + tdTomato + cells 
were transplanted into 8–12-week-old CD45.1 lethally irradiated (960 rad given as a 
split dose) recipient mice along with 200,000 CD45.1 + whole BM support cells. This 
initial experiment was performed at Karolinska Institutet, where the radiation source 
was readily available.
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Peripheral blood cell isolation

Mice were bled every 6–8  weeks. Blood was collected to EDTA coated tubes 
(Sarstedt, Numbrecht, Germany), gently shaken, and kept at room temperature. Next, 
tubes were spun down at 200 g for 8 min at room temperature with no acceleration 
or brake. Platelet-rich plasma fraction was collected and used for platelet purifica-
tion. The lower RBC fraction and the buffy coat were transferred to a new tube and 
mixed with 2% Dextran (Sigma Aldrich, Darmstadt, Germany) in 1:1 volumetric ratio 
with FACS media. A small fraction of the lower fraction was resuspended in isolation 
media (PBS + 0.1%BSA, 2 mM EDTA) and used for the purification of erythrocytes. 
Cells with Dextran were incubated for 15  min at 37  °C. Next, the upper phase was 
washed in FACS media and spun down (5 min, 500 g, 4 °C). The supernatant was aspi-
rated and the cell pellet resuspended in ammonium chloride (Stem Cell Technologies, 
BC, Canada), incubated at room temperature, washed, and stained with antibody mix 
in Additional File 18: Table S11.

Cells were stained for 15–30 min at 4 °C, washed in FACS media, and sorted on BD FACS Mel-
ody (BD, CA, USA). Sorted myeloid cells were defined as Mac1 + (CD19-CD4/8-CD41-CD150-
Mac1 + SSChi CD45-1 +) and CD19 + (Mac1-CD4/8-CD41-CD150-CD19 + CD45.1 +).

Platelet-rich plasma was resuspended in 100  μl of isolation media—PBS supple-
mented with 0.1%BSA, 2  mM EDTA, 0.001  M prostaglandin E2 (Millipore, Darm-
stadt, Germany) and 0.02 U/ml apyrase (Merck, Darmstadt, Germany) and stained 
with biotin-anti-mouse Ter119 antibody (clone-TER-119) and biotin-anti-mouse 
CD45 antibody (clone 30-F11, both from Thermo Fisher, MA, USA) for 15 min. Cells 
were washed in isolation media, spun down (5 min, 22 °C, 450 g) and resuspended in 
100 μl of isolation media with Biotin Binder Dynabeads (Thermo Fisher, MA, USA). 
Cells were incubated for 15 min on the rotator at room temperature. Next, cells were 
placed on the magnet, and the supernatant was transferred to a new tube. An ali-
quot of the supernatant was subjected for the purity test by FACS using the following 
antibodies on BD FACS Melody, Additional file 18: Table S11.

Erythrocyte suspension was incubated with anti-mouse biotin CD41 (clone 
MWReg.30) and anti-mouse-biotin CD45 (clone 30-F11, both Thermo Fisher, MA, 
USA) for 15 min. Next, cells were washed in the FACS media, spun down, and resus-
pended in 100  μl of FACS media with Dynabeads Biotin Binder (washed in 1  ml of 
FACS buffer, resuspended in 100  µl before adding to the cell suspension, Thermo 
Fisher, MA, USA). Cells were incubated for 15 min on the rotator and placed on the 
magnet. The supernatant was transferred to the new tube, an aliquot of cells was 
used for the purity test using BD FACS Melody and stained with indicated antibodies 
(Additional file 18: Table S11).

Platelet depletion

Mice transplanted with barcoded LT-HSC were intravenously injected with anti-CD42b 
antibody (R-300, Emfret, Mainz, Germany) at a dose of 2  μg/g body weight 28  weeks 
post-transplantation or a carrier (PBS, GIBCO). Blood samples were taken 24  h post-
depletion to measure platelet count. A small blood sample was obtained by tail vein 
puncture with a 26-G needle, blood was collected in EDTA-treated tubes (Sarstedt, 
Numbrecht, Germany), stained with CD41-PC7 and run on FACS Melody with Sphero 
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Counting Beads (Spherotech, IL, USA). Animals were sacrificed 10 days later, and the 
peripheral blood and bone marrow cells were subjected to the clonal analysis.

Single‑cell RNA sequencing library construction

Single cells from the bone marrow (LT-HSC, MkP, CFU-E) were FACS sorted (BD FACS 
Melody) into 2 μl Smart-seq2 lysis buffer [33]. Plates were stored at − 80 until further 
processing according to standard Smart-seq2 protocol [33]. Reverse transcription con-
ditions: 42 °C for 90 min, 10 cycles 50 °C for 2 min, 42 °C for 2 min, hold at 4 °C; PCR 
amplification conditions: 98 °C for 3 min, 21 cycles: 98 °C for 20 s, 67 °C for 15 s, 72 °C 
for 6 min, final extension 72 °C for 5 min, hold at 4 °C. Amplified cDNA underwent bead 
clean-up in a 1:0.8 × volumetric ratio of Ampure Beads (Beckman Coulter, FL, USA) and 
eluted into 25 μl of elution buffer (EB, Qiagen, MD, USA). Selected libraries were ana-
lyzed on the Bioanalyzer using a High Sensitivity DNA chip (Perkin Elmer, MA, USA) to 
assess their quality. Next, cDNA was used for library construction using Nextera XT Kit 
(Illumina, CA, USA). The resulting libraries were pooled in batches of 384 and cleaned 
up using a 1:0.6 volumetric ratio of Ampure Beads (Beckman Coulter, FL, USA) and 
eluted into 25 μl of elution buffer (EB, Qiagen, MD, USA). Samples were barcoded dur-
ing library preparation and 150-bp paired-end reads were generated on a NovaSeq6000 
(Illumina, CA, USA).

Blood sample processing for barcode recovery

Blood cell populations were sorted into FACS media, spun down, resuspended in RLT 
Plus Buffer (Qiagen, MD, USA), and stored at − 80  °C. Lysates were slowly thawed on 
ice and incubated with streptavidin-coated magnetic beads (DynaBeads, Thermo Fisher, 
MA, USA) as previously described [27]. The original G&T seq protocol has been modi-
fied—for barcoded transcript capturing on beads we have used a biotinylated barcode-
specific primer (Rev6 5′-CGT​CTG​GAA​CAA​TCA​ACC​TCTGG-3′). Obtained cDNA 
was used for the barcode amplification using forward primer containing a 9 nucleotide 
tag for multiplexing (Fwd3 5′-NNNNNNNNNCGG​CAT​GGA​CGA​GCT​GTA​CAAG-3′) 
on the thermal cycler as follows: 95 °C for 3 min, then 30 cycles of 95 °C for 20 s, 63 °C 
for 15 s, 72 °C for 9 s, and finally 72 °C for 5 min. Amplified cDNA was cleaned up using 
a double-sided SPRI 1:1.2, collected the supernatant, transferred to a new tube, and 
added 1:2.5 × volumetric ratio of Ampure Beads (Beckman Coulter, FL, USA) and eluted 
into 25 μl of elution buffer (Buffer EB, Qiagen, MD, USA).

Libraries were used for PCR-free ligation of adapters (TruSeq, Illumina, CA, USA) fol-
lowing the manufacturer protocol with the modification for the bead clean up ratio used 
1:2 × volumetric ratio (Ampure XT beads, Beckman Coulter, FL, USA). Obtained librar-
ies were evaluated on Bioanalyzer and sequenced on NovaSeq6000 or a MiSeq (150 bp, 
paired-end, Illumina, CA, USA).
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Barcode recovery

Single cells

Obtained from the sequencer Fastq files were used for alignment to Mus musculus tran-
scriptome version M38 using STAR aligner and count reads [63]. To obtain a single-cell 
expression matrix object, we used a custom R script. Subsequent analysis was performed 
in R using Seurat version 4.0.0 [64]. Cells showing gene counts lower than 50,000 reads 
and a mitochondrial gene expression percentage higher than 10% were excluded from 
further analysis. Within Seurat, data were normalized using the NormalizeData func-
tion (using the LogNormalize method and scale.factor = 10,000). The barcode sequence 
was recovered from scRNA-seq dat using BBduk which located the eGFP primer with 
Hamming distance = 1 (+ or − 1 nucleotide), subtracted this sequence and extracted the 
barcode structure. Barcode sequence and count were summarized in Additional file 3: 
Table S2. All barcodes with the read count below 3 were ignored. The probability of cap-
turing 4 reads for the same barcode in 1 well purely by chance with the library consist-
ing of 800 barcodes is (1/800)^4 = 2.44E − 12; thus, we considered it highly unlikely and 
applied in our pipeline.

To analyze differentially expressed genes we used R package deseq2 [65], using as 
input pseudo-bulk sample (generated as a sum of cells with a specific feature, for exam-
ple, multipotent clones in mouse 1) preserving the biological variation, by keeping all 
mice as separate pseudo-bulk samples for this analysis.

Bulk PB sample barcode recovery

Barcodes for the PB samples were retrieved using custom scripts in python, as described 
previously [28]. We have detected 1 noninformative barcode (sequence: 5′-AAG​GGC​
AAC​CTG​GTA​ACC​GAT​CTA​TGA​CAC​GAT​GTG​TGA​CGG​C-3′), which was excluded 
from all further analysis.

To obtain the Shannon count, we firstly calculated the Shannon index (H):where 
s is the total number of observed barcodes in the sample, p is the proportion of reads 
belonging to the ith barcode in the sample. Next, the Shannon index is converted into 
the Shannon count:

If all barcodes are equally distributed in the sample, the Shannon count is equal to the 
number of all barcodes detected in the sample. However, when the barcode distribution 
is skewed and their contribution is unequal, Shannon count is lower than the number 
of all barcodes, which makes Shannon count less sensitive to PCR noise [66]. To reli-
ably detect barcodes, we have applied a cutoff of the top 90% of barcodes, since it has 
been shown that cellular barcoding is reliable at detecting medium-size and large clones; 
however, it struggles with the detection of small clones [66]. Thus, there have been sev-
eral approaches to overcome this limitation. Some groups apply various tools depending 
on the structure of the barcode for semi-random barcodes such as Shannon count [28, 
67, 68] or the top 90% of present barcodes identified in the sample [32], others apply the 
exact match to the constant fragment of the PCR handle downstream the barcode and 
recover a barcode sequence (by design random 17 nucleotides) allowing up to 4 muta-
tions within the barcode [14, 16, 19, 69]. In this manuscript, we have applied the criteria 

Sh = eH
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of the top 90% of barcodes present in the sample. Barcode counts were retrieved using 
published pipeline [24] . Counts were normalized per 1000 and expressed as a fraction of 
total. The top 90% of barcodes contributing to PB were included in the analysis.

Relative measurement error has been calculated as:

where δ is the percent error, υA is the actual value observed, and υB is the expected value.

Statistical analysis

Pearson correlation was applied as a measure of the distance between PB samples using 
the R package corrplot [70].

To calculate the barcode overlap between mature, anucleate cells, and their progeni-
tors, we applied Jaccard distance:

where A is the barcode list in sample A, and B is the barcode list in sample B
Next, the distance was converted to a percentage and visualized using the Venn dia-

gram. We have taken into consideration the list of barcodes (present/absent) disregard-
ing the contribution of the clone.

Differences between the groups were calculated using the Student t-test for normally 
distributed variables or 2-way ANOVA using Prism (version 9.5.0). , , , .

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13059-​023-​02976-z.

Additional file 1: Fig. S1. Correlation between barcode counts recovered from cDNA or gDNA. 1. Correlation 
between normalized read count recovered from cDNA and gDNA in single clones. Obtained raw reads in each sam-
ple were normalized per 1000 and plotted. 2. Assessment of cDNA and gDNA linear correlation using 3 barcoded 
clones depicted in panel A. The Pearson correlation coefficient is r=0.85. A pseudocount of 0.001 is used to plot 
non detected clones in gDNA samples. 3. Scatter plot showing the normalised barcode read count recovered from 
cDNAor gDNAfrom the same unequally mixed sample, included 2 technical replicates. 

Additional file 2: Table S1. A. 2-way ANOVA test with Tukey’s multiple comparisons test correction for barcode read 
count in unequally mixed samples retrieved from cDNA or gDNA (data shown in Fig. 1C). B. Cell numbers for nucle-
ated and anucleated cell populations used for barcode retrieval. The purity for auncleate cells (% of CD45.1+cells 
and Ter119+ for P-platelets, %CD45.1+cells and CD150+CD41+ cells for E-red blood cells) was evaluated by FACS.

Additional file 3: Fig. S2. Stem cell FACS-purification strategy, contribution to blood lineages and barcode com-
position. A. Gating strategy to purify HSCfor transduction and transplantation experiments. Cells were transplanted 
into 4 busulfan treated recipients. B. - E. Contribution of transduced, eGFP+ LT-HSC in donor derived cells (except 
for platelets and erythroid cells) into 4 mature PB populations during  the course of the experiment, plots are 
showing the chimerism level in mice 1-4 (corresponds to clonal composition in mice depicted in Fig. 2 and 3). 
F.-I. Linear regression between 2 technical replicates for cDNA retrieved barcodes from 4 mature PB populations 
(P-platelets, E-erythroid cells, M-myeloid cells, B- B-cells) to assess the reproducibility of barcode recovery (displayed 
are normalised barcode read counts in 2 technical replicates in the same animal). Shown is the correlation between 
replicate samples in mice 1-4 (corresponds to Figure 2 and 3). J.-M. Contribution of clones (top 90% of all barcodes 
detected in PB) corrected for the chimerism level in analysed PB lineages (corresponds to animals in Fig. 2 and 3). We 
were able to detect clones contributing to platelet lineage at 0.1±0.11, erythroid 0.3±0.05, myeloid 0.2±0.1, B cell 
0.2±0.12 (Fig. S1 J-M, Table S2).

Additional file 4: Table S2. Normalised barcode counts in PB and BM. Barcode counts were retrieved using pub-
lished pipeline. Counts were normalised per 1000 and expressed as a fraction of total. Top 90% barcodes contribut-
ing to PB were included in the analysis.

δ =
υA − υE

υE

· 100%

Jdist =
A\B

A ∪ B

https://doi.org/10.1186/s13059-023-02976-z
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Additional file 5: Table S3. Pearson correlation between barcode composition in peripheral blood lineages. Pear-
son correlation coefficient and p value for plots in Figure 2F-I, 4B-E, 6B-D calculated using corrplot r package.

Additional file 6: Fig. S3. Gating strategy for FACS purification of blood cell populations and purity of sorted cells. A. 
Gating strategy for PB cell population FACS-purification. Displayed are gates within the MNC/singlet/viable cell 
population. FACS definitions for purified populations: Mac1+, CD19+B. Purity of sorted Mac1+ cells evaluated by 
FACS C. Purity of CD19+ cells evaluated by FACS.

Additional file 7: Table S4. Numbers of eGFP+ LT-HSC, MkP and CFU-E cells recovered per mouse using Smart-seq2 
protocol, which had over 50,000 reads/cell and less than 10% mitochondrial gene content, barcode read count > 3.

Additional file 8: Fig. S4. Gating strategy for FACS purification of transduced progenitors and stem cells, summary 
of single cell RNA sequencing including average read count, gene count and marker genes annotating cell clusters. 
A. Gating strategy for FACS-purification of single BM populations: LT-HSC, CFU-E and MkP, which were sorted as 
GFP+. B. Violin plots showing the distribution of read count per cell, number of genes per single cell and fraction of 
mitochondrial genes in single cells within 3 analysed BM populations C. UMAP plot representing computationally 
assigned clusters of cells based on their transcriptomes (Seurat clusters). D. UMAP plot representing 3 clusters of cells 
split by their FACS phenotype. E. UMAP plots representing the expression of marker genes for LT-HSC (Procr, Slamf1, 
CD48, Mpl, Selp), MkP (Mpl, Slamf1, Selp) and CFU-E (Hba-a1, Slc25a21).

Additional file 9: Table S5. Clone type overlap between mature anucleated cells and their bone marrow progeni-
tors. A. Types of clones found in LT-HSC and PB, Progenitors and PBor in all 3 LT-HSC+Progenitors+PB, clone clas-
sification based on their output in PB, clone type name as in Fig.3I. B. Numbers of clones found in LT-HSC, Progenitor, 
LT-HSC and Progenitors, LT-HSC and PB, Progenitors and PBor in all 3 LT-HSC+Progenitors+PBto consider the clone 
as present in PB it had to contribute >0.089% to a lineage at 2 time points, otherwise clone was excluded from the 
analysis.

Additional file 10: Fig. S5. Barcode overlap between barcodes found in anucleate blood cells and their bone 
marrow progenitors. A.-D. Venn diagrams representing the overlap between dominant barcodes (top 90% barcodes 
identified in all PB samples at 12 and 28-weeks post transplantation) detected in anucleate cells (platelets or eryth-
roid cells) and their BM progenitors (MkP or CFU-E) in mouse 1-4 calculated as Jaccard distance (details in Materials 
and Methods).

Additional file 11: Table S6. Differentially expressed genes between HSC producing only progenitors or progeni-
tors and mature anucleate blood cells. List of DE genes (generated using deseq2 [56] between LT-HSC clones 
producing only progenitors or giving rise to progenitors and mature PB progeny.

Additional file 12: Fig. S6. Stem cell contribution to blood populations before and after the platelet depletion, 
heatmap representing hierarchical clustering of top 20 genes in vehicle or platelet depleted samples. A.-D. Chimer-
ism level in mature PB populations in mouse 5-8. E. Platelet count 24-hours and 10 days after platelet depletion in 
mouse 5-8, carrier injected mouse served as a control (last 2 data points). F. Heat map representing an unsupervised, 
hierarchical cluster analysis of gene expression in  BM cells (read count >50 000, mitochondrial gene content<10%) 
for the top 20 genes enriched in each cluster, gene expression on a log2 scale from yellow to purple, cell populations 
are split by experimental group (vehicle treated/platelet depleted).

Additional file 13: Table S7. Differentially expressed genes between reprogrammed platelet-erythroid and multi-
potent clones. Full list of DE genes between reprogrammed platelet-erythroidand multipotent clonesupon platelet 
depletion using deseq2 and full list of enriched processes using DAVID bioinformatics [57].

Additional file 14: Table S8. Differentially expressed genes between reprogrammed platelet-erythroid-B cell clones 
and new myeloid clones. Full list of DE genes between reprogrammed platelet-erythroid-Bcelland newly emerged 
myeloid clonesupon platelet depletion using deseq2.

Additional file 15: Table S9. Differentially expressed genes between HSC activated by a platelet depletion or serial 
transplantation. DE genes between platelet depletion-activated LT-HSC clones and those activated in the serial 
transplantation from [18].

Additional file 16: Fig. S7. Clonal contribution of LT-HSC upon platelet depletion up to 12 weeks post interven-
tion. A. Heat maps representing the log fractional contributions of the top 90% most abundant contributing clones 
retrieved from each different bone marrow (BM) and peripheral blood (PB) cell lineage population, which were 
normalised per 1000. Each individual row represents the fractional contributions from an individual barcode (clone), 
and each individual column represents a sample. The rows are ordered by unsupervised hierarchical clustering using 
Euclidean distances to group barcoded clones together that manifest similar patterns of clonal contributions. The 
color scale on the right depicts the log fractional contribution size. Samples include Lin-Sca1+cKit+CD150+48- 
hematopoietic stem cells (LT-HSC), megakaryocytic progenitors (MkP), erythroid progenitors (CFU-E), Platelets, 
Erythroid cells (E), B cells (B), CD11b+ monocytes (Mac). The “*” indicates platelet producing clones activated upon 
platelet depletion (contribution to platelet lineage <0.089% before the intervention or myeloid clones >0.089% 
activated to myeloid output upon intervention before the depletion these clones did not show a stable contribution 
to myeloid cells).

Additional file 17: Table S10. Staining panels for BM cell populations including antibody clone and conjugate.

Additional file 18: Table S11. Staining panels to FACS purify nucleate PB cells or evaluate the purity of anucleate 
cell populations.

Additional file 19. Review history.
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