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Hematopoietic stem cells (HSCs) enable hematopoietic stem cell transplantation (HCT) through their ability to
replenish the entire blood system. Proliferation of HSCs is linked to decreased reconstitution potential, and a pre-
cise regulation of actively dividing HSCs is thus essential to ensure long-term functionality. This regulation
becomes important in the transplantation setting where HSCs undergo proliferation followed by a gradual transi-
tion to quiescence and homeostasis. Although mouse HSCs have been well studied under homeostatic condi-
tions, the mechanisms regulating HSC activation under stress remain unclear. Here, we analyzed the different
phases of regeneration after transplantation. We isolated bonemarrow frommice at 8 time points after transplan-
tation and examined the reconstitution dynamics and transcriptional profiles of stem and progenitor populations.
We found that regenerating HSCs initially produced rapidly expanding progenitors and displayed distinct
changes in fatty acid metabolism and glycolysis. Moreover, we observed molecular changes in cell cycle, MYC
and mTOR signaling in both HSCs, and progenitor subsets. We used a decay rate model to fit the temporal tran-
scription profiles of regenerating HSCs and identified genes with progressively decreased or increased expres-
sion after transplantation. These genes overlapped to a large extent with published gene sets associated with
key aspects of HSC function, demonstrating the potential of this data set as a resource for identification of novel
HSC regulators. Taken together, our study provides a detailed functional and molecular characterization of
HSCs at different phases of regeneration and identifies a gene set associated with the transition from prolifera-
tion to quiescence. © 2023 ISEH – Society for Hematology and Stem Cells. Published by Elsevier Inc. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
HIGHLIGHTS

� Detailed map of repopulation dynamics and gene expression
changes in HSPCs after transplantation.

� Early regenerating HSCs primarily produce megakaryocyte/ery-
throid progenitors.

� HSC reconstitution potential increases with time after transplanta-
tion.

� A decay rate model identifies genes with progressively altered
expression during regeneration.

Hematopoietic stem cells (HSCs) support lifelong production of mature
blood cells and need to be precisely regulated to ensure a balance
between mature cellular output and long-term sustainability. Although
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HSCs are the only hematopoietic cells that harbor both self-renewal and
long-term multilineage capacity, they do not constitute a homogenous
population. Subtle differences in lineage priming and reconstitution
potential create a continuum of nondiscrete HSC subtypes [1−4]. Simi-
larly, the differentiation of HSCs into more restricted progenitors is a
gradual, rather than a stepwise, process [5,6].

Advances in barcoding and single-cell sequencing have revealed
differences between steady-state (SS) and perturbed hematopoiesis.
In the former, long-lived progenitors, rather than HSCs, are the major
contributors to native hematopoiesis [7,8]. The entire hematopoietic
system is altered when exposed to severe stressors, such as transplan-
tation or chemotherapy. For technical reasons, the dynamics of regen-
erative hematopoiesis is often measured in peripheral blood, where a
burst of myeloid cells can initially be observed, followed by a gradual
increase in the lymphoid compartment [9,10]. In the bone marrow,
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HSCs undergo several molecular and phenotypical changes upon
regeneration. The normally quiescent and rarely cycling HSCs start
proliferating to replenish the mature blood cells [11−13]. These acti-
vated HSCs alter their metabolism from glycolysis to oxidative phos-
phorylation and change their surface expression of several adhesion
molecules that regulate interactions with the bone marrow niche
[11,13,14]. Although little is known about how stress hematopoiesis
influences hematopoietic progenitor populations, multipotent pro-
genitors (MPPs) upregulate proliferation signatures, stress-response
genes, and oxidative phosphorylation, suggesting that there are com-
mon molecular features between regenerating HSCs and down-
stream progenitors [15].

The regenerative process must be tightly regulated during acute
hematopoiesis to balance the need for mature blood production
while minimizing the risk of permanent stress-induced insults. Previ-
ous studies on HSC regeneration have focused on the first 1 to 3
weeks after transplantation [13,15], while the later phases of regenera-
tion and recovery remain largely unresolved. Moreover, much effort
has been centered around characterizing HSCs, while the population
dynamics and molecular regulation of progenitor populations are
poorly understood.

In the present study, we created an experimental situation to mon-
itor all phases of regeneration, from the onset of activation to the
return to quiescence, to better understand the population dynamics
and molecular regulation of HSCs and progenitors. We hypothesized
that a gradual change in stem cell functionality occurs concomitant
with gradual increases or decreases in key regulatory genes. We aimed
to molecularly define the regenerating hematopoietic stem and pro-
genitor cell (HSPC) pool and identify possible novel regulators of
HSCs using mathematical decay rate models.

METHODS

Mice

All experiments were approved by the Lund University Animal Ethi-
cal Committee (permit 8042/2020). Ly5.1 (B6SJL) mice were
obtained from in-house breeding. Ly5.2 (C57BL/6N) mice were
obtained from Janvier or Taconic. The animals were housed in venti-
lated racks, given autoclaved food and water, and maintained at the
Biomedical Center, Lund University.

Peripheral Blood and Bone Marrow Preparation

Peripheral blood was retrieved from the tail vein and collected in
Microvette tubes (Sarstedt). Before staining, erythrocytes were lysed
with NH4Cl (Stem Cell Technologies). Bone marrow cells were
retrieved by crushing the femur, tibia, iliac, spine, and sternum with a
mortar and pestle, filtering the suspension through a 40-mm cell
strainer, followed by cKIT enrichment with anti-cKIT magnetic beads
(Miltenyi Biotec) in combination with a magnetic separation system
(MACS LS columns).

Flow Cytometry Analysis and Cell Sorting

For peripheral blood analysis, the following antibodies were used:
CD45.1-PECy7, CD45.2-APC, GR1-FITC, CD11B-FITC, B220-
FITC, B220-PECy5, and CD3e-PECy5. Cells were analyzed using
Fortessa (BD). cKIT-enriched bone marrow cells were stained using
the following antibodies: GR1-PECy5, CD11B-PECy5, TER119-
PECy5, B220-PECy5, CD3e-PECy5, cKIT-APCe780, SCA1-BV421,
CD48-FITC, CD150-PECy7, CD45.1-PE, and CD45.2-APC. Dead
cells were excluded using 7-amino-actinomycin-D (7AAD). Within
the Lin�, cKIT+, SCA1+ population, donor (CD45.1+) HPC-1 were
defined as CD48+/CD150�, HPC-2 were defined as CD48+/
CD150+, HSCs were defined as CD48�/CD150+, and MPPs were
defined as CD48�/CD150�. Cells were sorted using FACS Aria II
and Aria III (BD).
Transplantation

Recipient C57BL/6N mice were lethally irradiated with 900 cGy
using a cesium source 10 hours prior to transplantation. Two hundred
sorted Ly5.1 HSCs or 200−1,700 Ly5.1 HPC-2 cells were injected
intravenously together with 2 £ 105 whole bone marrow from Ly5.2
as support. Recipient mice were given ciprofloxacin in drinking water
for 7 days after transplantation.
RNA Sequencing and Analysis

HPC-1, HPC-2, and HSCs were sorted into 10-ml phosphate-buff-
ered saline (PBS) + RNAse inhibitor and frozen immediately at �80°
C. One thousand cells were sorted for most of the samples, except
for late and SS HPC-2 and early HSC samples, where cell numbers
were limited (see Supplementary Table E1 for details). Complemen-
tary DNA (cDNA) synthesis and amplification were performed using
SMART-Seq v4 (Takara) and AMPure XP (Beckman Coulter) accord-
ing to manufacturers’ instructions. For concentration measurements
and size quality controls, Qubit dsDNA HS (Thermo Fisher) and Bio-
analyzer High Sensitivity DNA analysis (Agilent) were used. Library
preparation was performed using Nextera XT DNA library prep kit
(Illumina) according to the manufacturer’s instructions. Sequencing
was performed using NextSeq 500 High output v2 (Illumina). Vari-
ably expressed genes were identified by calculating the variance from
a fitted means using DESeq2 normalized data (http://pklab.med.har
vard.edu/scw2014/subpop_tutorial.html). Hierarchical clustering was
performed using the hclust function in R (https://cran.r-project.org/)
using the correlation distance 1-r to define the similarity between
samples. Differentially expressed genes were identified using the R
package DESeq2 [16] with adjusted p < 0.1 and log2 fold change
(FC) > 1 as thresholds after removing potential batch effects deter-
mined by using the RemoveBatchEffect function from the limma
package [17]. Heat maps display relative expression levels for each
gene and were created using Morpheus, https://software.broadinsti
tute.org/morpheus. Gene set enrichment analysis (GSEA) was per-
formed using the GSEA software tool from Broad Institute [18].
Gene ontology (GO) analysis was performed by computing the over-
lap with other gene sets using the MSigDB tool from Broad Institute.
Venn diagrams were created using Venny 2.1 (https://bioinfogp.cnb.
csic.es/tools/venny/index.html). Overlap in gene expression between
2 gene sets was calculated as described below in combination with
normal approximation probability:

RF ¼ x= n�D½ �=Nð Þ;
where x = number of genes in common between groups n = number
of genes in group 1

D = number of genes in group 2
N = number of total genes, in this case 25,000 (estimate of pro-

tein-coding genes)

http://pklab.med.harvard.edu/scw2014/subpop_tutorial.html
http://pklab.med.harvard.edu/scw2014/subpop_tutorial.html
https://cran.r-project.org/
https://software.broadinstitute.org/morpheus
https://software.broadinstitute.org/morpheus
https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://bioinfogp.cnb.csic.es/tools/venny/index.html


ARTICLE IN PRESS
4 A. Rydstr€om et al Experimental Hematology

&& 2023
To model the temporal transcriptomic profiles of regenerating
HSCs, we fitted the gene expression over time to the following equa-
tion.

Xt ¼ X0 þ K e�λt ð1Þ
where, t is the time between 3 weeks and 16 weeks, Xt is the gene
expression at time t, X0 is the baseline gene expression, K is the scale
factor, and λ is the decay rate. The transcriptomic measurements
(read counts normalized by using variance stabilizing transformation)
at 8 time points (3, 4, 5, 6, 8, 10, 12, and 16 weeks after transplanta-
tion) were fitted into the model. In the above equation, baseline gene
expression, scale factor, and decay rate are unknown. To find the opti-
mal scale factor and decay rate for each gene, we performed a grid
search by testing all combinations of scale factor and decay rate rang-
ing arbitrarily between �50 and 50. We performed the grid search
for up to 10 iterations to find better combinations by avoiding local
minima. If the minima were found at the upper or lower limits of the
grid search, the limits were extended. For each combination of scale
factor and decay rate, we computed the baseline expression using
equation 2, and the optimal model fit was defined by the lowest
value in equation 3.

X0 ¼ Xt � K e�λt ð2Þ

Xt � X0 � K e�λt� �2 ¼ 0 ð3Þ
After identifying the optimal model, we calculated the area under

the curve (AUC) of the fitted line using equation 4.

AUC ¼
Z16

3

Xt dt

AUC ¼ K
λ

e�λ � 3 � e�λ � 16� � ð4Þ

To compute p values, the model was fit 1,000 times by randomly
shuffling all gene expression measurements for the gene across all
time points. The p values were computed by comparing the AUC
with the distribution of the shuffled AUC using a two-tailed hypothe-
sis test. Because random shuffling was only repeated 1,000 times for
more than 10,000 genes, the p values were used to rank the genes fit-
ting the model.

The RNA sequencing data were deposited in the Gene Expression
Omnibus (GEO) database (Accession: GSE241088).
Quantitative Polymerase Chain Reaction

Five hundred HSCs were sorted into 8 ml of lysis buffer (0.4% NP-
40, 65-mM deoxynucleotide tri-phosphate (dNTP), 2.3-mM dithio-
threitol (DTT), and 1.2-mM RNAseOUT (ThermoFisher)). cDNA
synthesis followed by 10 cycles of targeted preamplification was per-
formed using CellsDirect kit (Invitrogen, #11753100) and pooled
gene-specific TaqMan probes (Itm2a: Mm00515208_m1, Nrxn1:
Mm00660298_m1, Plscr4: Mm00618662_m1, Rap1b:
Mm05911819_s1, Srm: Mm00726089_s1, Gp9: Mm00497671_g1,
Tmem40: Mm00460636_m1, Phb2: Mm00476104_m1, Imp4:
Mm00618061, Actb: Mm01205647_g1, and Hprt:
Mm03024075_m1) (Fisher Scientific). The following polymerase
chain reaction (PCR) program was used: 50°C for 60 min, 95°C for
2 min, 10 £ (95°C for 15 sec, 60°C for 4 min). One microliter of pre-
amplified DNAwas used for downstream real-time quantitative PCR
(qPCR) using TaqMan gene expression master mix (Fisher Scientific,
#4369016) together with the individual probes listed above on
7900HT Fast Real-Time PCR system (Applied Biosystems). Gene
expression levels were normalized to the housekeeping gene Hprt
and adjusted to 1 for the 16-week samples.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9. Results are
represented as mean § SD or median with 95% CI, as indicated in
figure legends. When comparing more than 2 groups with non-
Gaussian distribution, the Kruskal-Wallis test was used with Dunn’s
correction for multiple comparisons. When comparing more than 2
groups with Gaussian distribution, ordinary 1-way analysis of variance
(ANOVA) in combination with Tukey’s or Dunnett’s multiple com-
parisons test or Brown-Forsythe and Welch ANOVA test in combina-
tion with Dunnett T3 correction for multiple comparisons was used.
Statistical significance is indicated as *Padj ≤ 0.05, **Padj ≤ 0.01,
***Padj ≤ 0.001, and ****Padj ≤ 0.0001, and N denotes the number of
biological replicates.

RESULTS

Hematopoietic Repopulation Dynamics After Transplantation

To generate a model in which HSPCs could be isolated and analyzed
at different phases of regeneration, we transplanted 8,000 Lin�,
cKIT+, and SCA1+ cells (LSK) from Ly5.1 B6SJL mice into lethally
irradiated Ly5.2 C57Bl/6 recipients. The recipient mice were then
euthanized for blood and bone marrow analyses at 8 different time
points after transplantation (3, 4, 5, 6, 8, 10, 13, and 16 weeks) to
monitor the repopulation dynamics over time. Blood and bone mar-
row from nontransplanted SS control mice were analyzed in the
same way to serve as reference cells (Figure 1A).

Peripheral blood analysis of the recipient mice showed a high over-
all donor reconstitution that increased over time (Figure 1B). In line
with other reports [9,10], donor lineage distribution analysis revealed
a predominant myeloid production during early regeneration. At 6
weeks, the donor lineage distribution resembled that of SS mice with
a larger lymphoid component (Figure 1C). In the bone marrow, the
donor cells constituted more than 90% of cells at all time points ana-
lyzed (Figure 1D). We further analyzed the stem and progenitor cell
SLAM subsets within the bone marrow LSK population, including
HSCs (LSK, CD48�, CD150+), HPC-1 (LSK, CD48+, CD150�),
HPC-2 (LSK, CD48+, CD150+), and MPPs (LSK, CD48�,
CD150�) (Figure 1E, F and Supplementary Figure E1). The early
regenerative phase, defined as 3−4 weeks after transplantation, was
characterized by a substantial increase in the proportion of HPC-2,
concomitant with reduced proportions of the MPPs and HSCs
(Figure 1E, F and Supplementary Figure E1C−E). These findings sug-
gest that the initial output from transplanted LSK cells is aimed at rap-
idly producing megakaryocyte (MK) and erythroid progenitors [13],
rather than reconstituting the HSC pool. During the intermediate
phase of regeneration, defined as 8−10 weeks after transplantation,
the proportion of HPC-2 gradually decreased, whereas the propor-
tion of MPPs and HSCs increased. During the late regeneration
phase, 13−16 weeks after transplantation, the LSK subset popula-
tions displayed a similar distribution as in SS mice. The HPC-1



Figure 1 Reconstitution kinetics in blood and bone marrow (BM) after transplantation. (A) Eight thousand LSK cells from Ly5.1 donor
mice were transplanted with 200,000 whole BM support from Ly5.2 mice into lethally irradiated Ly5.2 recipients. The recipients were
euthanized for phenotypic blood and BM analyses and RNA sequencing (RNAseq) of sorted HPC-1, HPC-2, and HSCs, 3, 4, 5, 6, 8,
10, 13, and 16 weeks after transplantation.

(B) Ly5.1 donor chimerism in the blood of primary transplanted recipients. (C) Lineage distribution of Ly5.1 donor B, T, and mye-
loid (M) cells in the blood of primary transplanted recipients. (D) Ly5.1 donor chimerism in the BM of primary transplanted recipients.

(E) Distribution of HPC-1, HPC-2, HSC, and MPP within donor LSK in the BM of primary transplanted recipients. (F) Representa-
tive flow cytometry plots of HPC-1, HPC-2, HSC, and MPP from steady-state BM and BM isolated from primary recipients 4, 8, and
16 weeks after transplantation. All data represent mean § SD. N = 3 to 17 mice per condition from 2 separate experiments.
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population, which contains both myeloid and lymphoid progenitors,
did not exhibit any major relative or absolute changes during the 16
weeks observed (Figure 1E, F and Supplementary Figure E1B).

In conclusion, hematopoietic regeneration after transplantation is
initially dominated by the production of myeloid cells, in both blood
and bone marrow. In particular, the HPC-2 population initially
expanded, whereas the primitive MPP and HSC populations dis-
played a delayed recovery. Additionally, the peripheral blood compo-
sition reaches SS equilibrium with faster kinetics compared to the
stem and progenitor populations in the bone marrow.
HSC Reconstitution Potential Increases with Time After Primary
Transplantation

To functionally assess the serial reconstitution potential of primary
transplanted cells from different stages of regeneration, we sorted
200 regenerating HSCs from primary recipients at 4, 8, and 16
weeks for transplantation into secondary recipients (Figure 2A).
Compared to freshly isolated SS HSCs, the regenerating HSCs had
significantly reduced engraftment capacity (Figure 2B, C). Although
not statistically significant, there was a clear trend of increasing
engraftment potential from reisolated regenerating HSCs over time
after the primary transplantation, which was observed in both
peripheral blood and bone marrow at 16 weeks after the serial trans-
plantation (Figure 2B, C). This finding indicates that regenerating
HSCs partially regain their reconstitution capacity over time after
transplantation. Similar observations were previously reported by
Pietras et al [13], although with faster kinetics and higher cell doses.
The peripheral blood lineage distribution from the serially trans-
planted HSC groups displayed similar kinetics, with delayed B-cell
recovery compared to primary transplanted SS HSCs (Figure 2D).
However, at the end point, both donor peripheral blood lineage dis-
tribution and bone marrow LSK distribution were similar between
all groups (Figure 2D, E).

Given the transient relative expansion of HPC-2 during the early
phase, we wanted to investigate if this population contained any
functional stem cells. Although the phenotypic HPC-2 population in
SS mice has been shown not to contain stem cell activity [13,19], it is
currently unknown whether the same holds true for the regenerating
HPC-2 population. For this purpose, we isolated and transplanted
200−1,700 HPC-2 cells from mice at 4 weeks after primary trans-
plantation, a time point when the relative HPC-2 population was at
its highest. In line with the observations of the SS HPC-2 population,
peripheral blood donor contribution did not reach above 1%
(Figure 2B), demonstrating that the regenerating HPC-2 population
does not contain stem cell activity.
Global Gene Expression Analysis Reveals Distinct Features of
Regenerating HSPCs

To investigate the transcriptional changes taking place in HSPCs in
response to transplantation, we performed bulk RNA sequencing on
HPC-1, HPC-2, and HSC populations at 3, 4, 5, 6, 8, 10, 13, and 16
weeks after primary transplantation and on the same populations
from SS mice. Owing to limiting cell numbers, the MPP population
was not included. Hierarchical clustering based on the 1,000 most
variable genes between all samples revealed 3 main clusters princi-
pally containing one of the HSPC subsets each, with no clear pattern
associated with the time after transplantation (Supplementary Figure
E2), suggesting that population identity is a stronger determinant of
the global transcriptome than the effect of transplantation.

We identified several population-defining genes, including lym-
phoid genes (Flt3, Notch1, and Rag2) in HPC-1, myeloerythroid genes
(Gata1, Gata2, and Klf1) in HPC-2, and stem cell genes (Mpl, Hoxb5,
and Socs2) in HSC, to be differentially expressed between these pop-
ulations (Figure 3A). Moreover, messenger RNAs (mRNA) of
markers used for sorting (CD48 and Slamf1) were expressed accord-
ing to phenotype. Interestingly, HPC-2−defining genes were also
expressed in early HSC samples, and conversely, some stem cell
genes were lowly expressed in early and intermediate HPC-2, under-
lining the close connection between these populations [13,20−22].
In conclusion, HSPC populations maintain their molecular identity
through all phases of reconstitution while at the same time undergo-
ing gradual changes as a consequence of transplantation.

To analyze which cellular processes are induced by transplantation,
we conducted GSEA between different regenerative phases within
the defined HSPC populations. To this end, week 3−4 samples,
week 8−10 samples, and week 13−16 samples from each population
were pooled into early, intermediate, and late categories, respectively.
In addition to allowing for increased sample size, this grouping is rep-
resentative of the functional assessment by transplantation, as shown
in Figure 2. All significantly enriched Hallmark gene sets from pairwise
comparisons of early versus intermediate and early versus late sam-
ples (false discovery rate [FDR] q value < 0.05), are depicted in
Figure 3B, C, respectively.

HPC-1, HPC-2, and HSCs were all enriched for cell cycle signatures
(E2F targets, G2M checkpoint) in the early compared to intermediate
samples, demonstrating the strong demand for the production of
mature blood cells after transplantation. Moreover, early HSC and
HPC-1 subsets were enriched for genes associated with Myc and
mTOR signaling, which are key regulatory pathways for controlling
proliferation and metabolic switches [23−26]. Genes belonging to
fatty acid metabolism and glycolysis gene sets were, however, uniquely
enriched in early HSCs, highlighting an important difference between
HSCs and more committed progenitors [23,24,27,28], as reviewed by
Oburoglu et al [29]. Similarly, genes in the peroxisome gene set were
expressed more specifically in early than in intermediate HSCs, sup-
porting previous findings by Broxmeyer et al [30] and Ito et al [27]
connecting peroxisome and mitochondrial function with HSC expan-
sion through metabolic regulation. Genes associated with heme metab-
olism, coagulation, and complement system were enriched in early
compared to late HSCs, possibly reflecting a subpopulation of HSCs
primed to differentiate toward HPC-2. Genes regulating tumor necro-
sis factor (TNF) signaling via nuclear factor kappa B (NFkB) were
enriched in intermediate compared to early samples in all populations.
Yamashita and Passegu�e [31] recently reported that TNF acts as a pro-
survival signal specifically in HSCs, suggesting that this pathway might
be important during the intermediate phase of reconstitution after
transplantation. Genes associated with both interferon (IFN) a and g

responses were enriched in early compared to late HPC-1 and HPC-2
but not in HSCs. IFN signaling has been shown to induce proliferation
in HSCs as well [32−34], and it is possible that at 3−4 weeks after
transplantation, HSCs have already downregulated their response to
IFN.

Finally, we investigated whether the differences in functional out-
put observed among early, late, and SS HSCs were reflected in their
transcriptome profile. Indeed, a comparison of early versus late HSCs
with published gene sets of long-term HSC function [35,36] revealed



Figure 2 Reconstitution potential of regenerating HSCs and HPC-2. (A) Eight thousand LSK cells from Ly5.1 donor mice were trans-
planted with 200,000 whole bone marrow support from Ly5.2 mice into lethally irradiated Ly5.2 recipients. At 4, 8, and 16 weeks after
primary transplantation 200 HSCs were sorted and retransplanted into secondary recipients. In addition, at 4 weeks after primary
transplantation 200−1,700 HPC-2 cells were transplanted into secondary recipients. As a reference, 200 HSCs from SS donors were
transplanted into primary recipients. (B) Donor chimerism in the blood of 1° recipients transplanted with 200 SS HSCs (green line), 2°
recipients transplanted with 200 HSCs isolated at 4 (light gray line), 8 (magenta line), and 16 weeks (black line), and 2° recipients
transplanted with 200−1,700 HPC-2 isolated at 4 weeks (red line). Data are represented as mean § SD. N = 6−9 mice per condition
from 2 separate experiments. Statistical significance was calculated using Brown-Forsythe and Welch ANOVA tests in combination
with Dunnett T3 correction for multiple comparisons. Significance is indicated as *Padj ≤ 0.05; **Padj ≤ 0.01; ***Padj ≤ 0.001. (C)
Donor chimerism in the bone marrow of transplanted recipients described in (A). Data represented as median with 95% CI. Statistical
significance was calculated using Kruskal-Wallis test in combination with Dunn’s correction for multiple comparisons. Significance is
indicated as *Padj ≤ 0.05; **Padj ≤ 0.01. (D) Lineage distribution of donor cells in the blood of transplanted recipients described in
(A). Data represented as mean § SD. (E) Distribution of HPC-1, HPC-2, HSC, and MPP within donor LSK in the bone marrow of
transplanted recipients described in (A). Data represented as mean § SD.
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Figure 3 Global transcriptomic analysis by RNA sequencing of regenerating HPC-1, HPC-2, and HSCs. (A) Heat map displaying dif-
ferential expression of population-defining genes in regenerating HPC-1, HPC-2, and HSC. (B) GSEA of early versus intermediate
HPC-1, HPC-2, and HSCs against Hallmark gene sets. (C) GSEA of early versus late HPC-1, HPC-2, and HSC against Hallmark
gene sets. (D) GSEA of early versus late HSCs against curated gene sets. (E) GSEA of Late versus SS HSCs against curated gene
sets. N = 3−8. NES = normalised enrichment score. FDR = false discovery rate.
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that late HSCs were enriched for genes belonging to both RAdim and
LTHSC gene sets, both associated with increased stem cell fitness
(Figure 3D). The difference in transcriptional states between late and
SS HSCs was less pronounced. Genes belonging to the long term
HSC (LTHSC) signature were not significantly enriched in either
group, while the retinoic acid dim (RAdim) signature genes were
enriched in SS HSCs, albeit with a lower normalized enrichment
score (Figure 3E).
Integrative Analysis of Regenerating HSC Transcriptome

Within the HSC population, we found 1,060 genes to be differen-
tially expressed between early and late samples (Figure 4A). Although
we expect the largest differences to be seen between these groups, it
does not capture the gradual change in HSC functionality observed
in the secondary transplantations. Instead, we hypothesized that
genes important in HSC regulation would successively decrease or
increase their expression with time after transplantation.

To identify genes in line with this idea, we fitted the gene expres-
sion change over time to a model with a specific decay rate (λ)
(Figure 4B). After fitting the RNA sequencing data of transplanted
HSCs to the decay model, we prioritized 1,840 genes for further
investigation (p < 0.1, log counts per million (CPM) > 2). In addition,
we wanted to select for genes that were differentially expressed
between early and SS samples (|log2FC| > 1; Padj < 0.05, where Padj
is FDR adjusted p value), resulting in a final list of 130 genes
(Figure 4C and Supplementary Table E2). Among the 130 genes
were genes with previously described roles in HSC regulation, includ-
ing Egr1, S100a6, Pclaf, Suz12, and Rbbp5 [37−41]. Several genes reg-
ulating MK and erythroid differentiation (Blvra, F2R, Gp9, and
Fermt3), displayed higher expression levels in HSCs during the early
phase of regneration [42−45]. GO analysis of the 117 genes with
decreased expression over time confirmed the strong cell cycle signa-
ture previously observed in GSEA, as well as mitochondrial-related
genes and genes involved in RNA binding (Supplementary Figure
E3).

A recent study by Rodriguez-Fraticelli et al [46] identified genes
differentially expressed in HSCs depending on their historical prog-
eny output after transplantation. They correlated a MK-biased tran-
scriptome profile with high engraftment potential in secondary
recipients, while a multilineage transcriptome profile correlated with
poor engraftment. When comparing our gene list to this data set and
to genes differentially expressed depending on their divisional history
(DH) [47], we observed a significant overlap between genes with
increasing expression with time after transplantation and genes upre-
gulated in MK-biased HSCs (representation factor, 8.5; p < 0.001) or
downregulated with DH (representation factor, 5.5; p < 0.001). Con-
versely, genes with decreasing expression after transplantation over-
lapped with genes upregulated in multilineage HSCs (representation
factor, 2.8; p < 0.001) and with DH (representation factor, 4.2; p <
0.001) (overlaps indicated as shaded sectors in Figure 4D, E). These
significant molecular overlaps alongside our secondary transplanta-
tion data give support to a correlation between our gene list and
HSC functionality.

To validate the results obtained from the RNA sequencing analysis,
we isolated 500 HSCs from SS mice and at 4, 8, and 16 weeks after
primary transplantation for qPCR analysis of 3 genes with increasing
expression (Itm2a, Nrxn1, and Plscr4) and 6 genes with decreasing
expression (Rap1b, Srm, Gp9, Tmem40, Phb2, and Imp4) after
transplantation (Figure 4F and Supplementary Figure E4A). All 9
selected genes had previously unknown roles in HSC regulation but
described biological processes associated with stem cell function. For
example, Plscr4 is a regulator of plasma membrane asymmetry [48];
Itm2a, a negative regulator of autophagy [49]; Rap1b is involved in
the formation of hemogenic endothelium [50,51]; Srm, a direct target
of Myc [52]. Six out of these 9 genes displayed similar expression
dynamics in the RNA sequencing analysis in the qPCR analysis, cor-
roborating the robustness of the RNA sequencing analysis (Figure 4G
and Supplementary Figure E4B).

In conclusion, by fitting transcriptomes from HSCs during the
entire regeneration phase to a decay rate model, we identified 130
genes with progressively decreased or increased expression after
transplantation. The significant overlap with previously published
gene sets linked to HSC function, in combination with qPCR valida-
tion, shows the potential of this data set.
DISCUSSION

This study aimed to molecularly characterize regenerating HSPCs
after transplantation and to use a decay rate model to identify genes
with altered expression in HSCs. Additionally, to understand the pop-
ulation kinetics, we performed a comprehensive analysis of the
HSPC populations in combination with peripheral blood analysis
during 16 weeks after transplantation.

Our main observation is the initial expansion of HPC-2 and a
decrease in HSC and MPP, followed by a gradual decrease in HPC-2
and an increase in HSC. The increase in HPC-2 most likely reflects a
response to meet the immediate demand for MK/platelet and eryth-
rocyte production after myeloablation. Although global transcrip-
tomic analysis showed that regenerating HPC-1, HPC-2, and HSCs
maintain their population identity, we observed coexpression of pop-
ulation-defining genes between early-phase HPC-2 and HSC as well
as higher expression of genes regulating MK and erythrocyte differen-
tiation in early-phase HSCs, suggesting that a subpopulation of these
HSCs may be primed to differentiate toward HPC-2. This aligns with
previous reports identifying HPC-2 as a transient myeloid-biased pro-
genitor population and as one of the first emerging populations from
HSCs [13,20−22]. No LT-HSC activity was detected within the early
regenerating HPC-2 population, even when transplanting high num-
bers. The HPC-2 population has been investigated previously at SS
[13,21,53]; we confirm that during regeneration, it harbors no stem
cells.

It has previously been reported that HSCs maintain their lineage
bias identity when they are transplanted [2,4]. Our results suggest
that, on a population level, regenerating HSCs have similar lineage
potential and that the regeneration process does not select for or alter
the composition of the HSC pool in that respect. The severe stress
inflicted by transplantation does, however, reduce the magnitude of
their reconstitution potential. We observed an inverse correlation
between time after primary transplantation and reconstitution poten-
tial in a secondary host, in which HSCs isolated early after primary
transplant showed lower reconstitution levels than those isolated late
after primary transplant. One plausible key determinant for this func-
tional difference is cell cycle, which was upregulated in early HSCs.
The cell cycle is a major determinant for transcriptional heterogeneity
linked to function in HSCs at SS, and our results confirm that this
holds during regeneration as well [36]. Moreover, recent findings



Figure 4 Model fit of regenerating HSC transcriptome. (A) Heat map of 1,060 DEG between early versus late HSCs. Padj < 0.1 and
log2FC > 1.

(B)Mathematical model based on the assumption that the expression (x) of a given gene increases or decreases with a decay rate
(λ) over time (t) after transplantation.

(C) Heat map of 13 genes with increased expression and 117 genes with decreased expression over time after transplantation.
(D) Overlap of genes in heat map (C) with gene list based on historical progeny output.
(E) Overlap of genes in heat map (C) with gene list based on DH.
(F) RNA sequencing expression of selected genes in heat map (C).
(G) qPCR validation of genes in (F). Data represented as mean § SD. N = 3. Gene expression levels were normalized to the house-

keeping gene Hprt and adjusted to 1 for the 16-week samples. Statistical significance was calculated using ordinary 1-way ANOVA in
combination with Tukey’s correction for multiple comparisons. Significance is indicated as *Padj ≤ 0.05; **Padj ≤ 0.01.
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suggest that the main output of this increase in proliferation early after
transplantation is the production of mature blood cells rather than a
replenishment of the stem cell pool by self-renewal [15].

We aimed to identify genes with a gradual increase or decrease in
expression as a response to transplantation that could be linked to
the change in reconstitution capacity seen over time, thereby possibly
acting as regulators of HSCs. Our approach was to integrate the HSC
transcriptomes sampled at 8 different time points after transplantation
into a decay rate model. This would cover all regenerative phases of
HSCs and allow for a comprehensive analysis that a binary compari-
son of early versus late HSCs would not include.

Interestingly, not only did it reduce the number of genes signifi-
cantly, but of the 130 genes identified with this approach, only 22
were overlapping with the 1,060 differentially expressed genes
(DEG) in the early versus late DESeq2 analysis, highlighting the dif-
ferent outcomes of the 2 approaches. Most of the 130 genes were
previously not attributed regulatory functions of HSCs. The signifi-
cant and relevant overlaps with the data sets from Camargo and
Moore [46,47], including genes with diverse biological functions,
combined with our independent validation of selected genes by
qPCR makes this data set a valuable source for further mining and
exploration.
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