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Abstract

AU : Pleaseconfirmthatallheadinglevelsarerepresentedcorrectly:Throughout life, hematopoietic stem cells (HSCs), residing in bone marrow (BM), continu-

ously regenerate erythroid/megakaryocytic, myeloid, and lymphoid cell lineages. This

steady-state hematopoiesis from HSC and multipotent progenitors (MPPs) in BM can be

perturbed by stress. The molecular controls of how stress can impact hematopoietic output

remain poorly understood. MicroRNAs (miRNAs) as posttranscriptional regulators of gene

expression have been found to control various functions in hematopoiesis. We find that the

miR-221/222 cluster, which is expressed in HSC and in MPPs differentiating from them, per-

turbs steady-state hematopoiesis in ways comparable to stress. We compare pool sizes

and single-cell transcriptomes of HSC and MPPs in unperturbed or stress-perturbed, miR-

221/222-proficient or miR-221/222-deficient states. MiR-221/222 deficiency in hematopoi-

etic cells was induced in C57BL/6J mice by conditional vav-cre-mediated deletion of the

floxed miR-221/222 gene cluster. Social stress as well as miR-221/222 deficiency, alone or

in combination, reduced HSC pools 3-fold andAU : Pleasecheckandconfirmthattheeditsto}SocialstressaswellasmiR � 221=222deficiency; alone:::}didnotaltertheintendedmeaningofthesentence:increased MPPs 1.5-fold. It also enhanced

granulopoisis in the spleen. Furthermore, combined stress and miR-221/222 deficiency

increased the erythroid/myeloid/granulocytic precursor pools in BM. Differential expression

analyses of single-cell RNAseq transcriptomes of unperturbed and stressed, proficient HSC

and MPPs detected more than 80 genes, selectively up-regulated in stressed cells, among

them immediate early genes (IEGs). The same differential single-cell transcriptome analy-

ses of unperturbed, miR-221/222-proficient with deficient HSC and MPPs identified Fos,

Jun, JunB, Klf6, Nr4a1, Ier2, Zfp36—all IEGs—as well as CD74 and Ly6a as potential

miRNA targets. Three of them, Klf6, Nr4a1, and Zfp36, have previously been found to influ-

ence myelogranulopoiesis. Together with increased levels of Jun, Fos forms increased

amounts of the heterodimeric activator protein-1 (AP-1), which is known to control the

expression of the selectively up-regulated expression of the IEGs. The comparisons of sin-

gle-cell mRNA-deep sequencing analyses of socially stressed with miR-221/222-deficient
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HSC identify 5 of the 7 Fos/AP-1-controlled IEGs, Ier2, Jun, Junb, Klf6, and Zfp36, as com-

mon activators of HSC from quiescence. Combined with stress, miR-221/222 deficiency

enhanced the Fos/AP-1/IEG pathway, extended it to MPPs, and increased the number of

granulocyte precursors in BM, inducing selective up-regulation of genes encoding heat

shock proteins Hspa5 and Hspa8, tubulin-cytoskeleton-organizing proteins Tuba1b, Tubb

4b and 5, and chromatin remodeling proteins H3f3b, H2afx, H2afz, and Hmgb2. Up-regu-

lated in HSC, MPP1, and/or MPP2, they appear as potential regulators of stress-induced,

miR-221/222-dependent increased granulocyte differentiation. Finally, stress by serial

transplantations of miR-221/222-deficient HSC selectively exhausted their lymphoid differ-

entiation capacities, while retaining their ability to home to BM and to differentiate to granulo-

cytes. Thus, miR-221/222 maintains HSC quiescence and multipotency by suppressing

Fos/AP-1/IEG-mediated activation and by suppressing enhanced stress-like differentiation

to granulocytes. Since miR-221/222 is also expressed in human HSC, controlled induction

of miR-221/222 in HSC should improve BM transplantations.

Introduction

Throughout life, hematopoietic stem cells (HSCs) reside in bone marrow (BM), from where

they continue to generate, at steady, unperturbed state, all hematopoietic cell lineages [1–7].

When transplanted, HSCs reconstitute hematopoietic stem and progenitor cell compartments

and all hematopoietic cell lineages in normal numbers in the host. At steady-state activation,

HSCs enter cell cycle, and, when differentiating, give rise to multipotent progenitors

(MPP1-MPP4), which generate common lymphoid (CLP) and to common myeloid progeni-

tors (CMPs). HSCs are heterogeneous, with multilineage-potential, myeloid-erythroid-biased,

myeloid-erythroid-restricted, and differentiation-inactive HSC [3,8,9]. How this heterogeneity

is regulated is poorly understood.

Hematopoiesis can be perturbed by different forms of stress [1,4,10–24]. Before “ex vivo/in

vitro” preparation of BM cells for FACS analyses, a 20-hour-long transportation of the mice

from the breeding facility to the laboratory induces social stress [12]. This social stress is

reversible by a 14- to 21-day rest period as it is recommended after housing mice in a new

environment. “Ex vivo/in vitro” stress is probably only one of several forms of stress, which

impact HSC, when they are transplanted repeatedly in serial transplantations to study their

homing and reconstitution potential [1,4]. We compare pool sizes of HSC and of progenitor

compartments (MPP1 and 2), as well as single-cell transcriptomic describing their gene

expression programs, unperturbed at steady state with those perturbed by either social stress,

“in vitro” stress, or transplantation.

MicroRNAs (miRNAs) as posttranscriptional regulators of gene expression have been

shown to play a crucial role in hematopoiesis, modulating single or multiple genes in multiple

cellular functions [25–30]. Specific ablation of Dicer in HSCs, thus complete deletion of

mature miRNAs, leads to increased apoptosis in HSCs and affects their self-renewal capacity

[30–32]. Several miRNAs have been identified, which influence the regulations of these differ-

ent states of HSC [31,33] by the mTOR pathway [34,35].

The cluster of miR-221 and miR-222 was found to be expressed in early hematopoietic pro-

genitors [35–37]. Except for a previous report that indicated a potential involvement of the

miR-221/222 cluster in early erythropoiesis by regulating kit protein expression, the role of

this microRNA cluster in early hematopoiesis remained unknown [38]. Furthermore, we have
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are uploaded to public repositories. The single cell

RNA-seq datasets are available through NCBI

under the following GEO accession numbers

GSE227322, GSE227505, GSE227520,

respectively. Source data are provided with this

paper. Normalized scRNA-seq data are available in

S1 Data and S2 Data. Flow cytometry data are

available through FlowRepository.org (ID: FR-FCM-

Z6PS). The software used in this study is open

source. Cellranger from 10xgenomics: (https://

support.10xgenomics.com/single-cell-gene-

expression/software/downloads/latest); Seurat

packages 4.1.1: (https://cloud.r-project.org/web/

packages/Seurat/index.html). Used scripts are

available upon request. (https://CRAN.R-project.

org/CRANlogo.png; https://cloud.r-project.org/

web/packages/Seurat/index.html) CRAN-Package

Seurat: (https://cloud.r-project.org/web/packages/

Seurat/index.html), (cloud.r-project.org). R-scripts

used to analyze the raw data are provided in S3

Data.
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previously described the influences of miR-221 on preBI-cell homing to BM [39]. MiR-221

overexpression confers the ability to these cells to home to, and become resident in special,

subosteal areas in the BM after transplantation. This is accomplished by activation of the PI3K

signaling network in response to BM niche factors like the chemokine CXCL12. This activa-

tion induces integrin VLA-4 to change to its high affinity binding conformation, which allows

increased adhesion and residence in environments of BM expressing the cell adhesion mole-

cule VCAM1 [39]. Since HSCs have the natural ability to home to and engraft in BM, we rea-

soned that miR-221/222 might influence HSC pools in BM by regulating their engraftment as

in preB cells. As we show here, this hypothesis is not tenable for HSC.

Here, we show that all HSC and MPP express the miRNA cluster. We then generate mice,

in which HSC and their subsequent lineages become targetable for deletion of the floxed miR-

221/222 cluster, using Vav-promotor-induced expression of iCre [9,40]. Single-cell expression

analyses show that all HSC and MPPs have their miR-221/222 cluster deleted.

Deletion of the miR-221/222 cluster results in reduced numbers of HSC during steady-state

hematopoiesis, accompanied by increased numbers of MPPs (MPP1-MPP4) similar to the

effect of social stress perturbation in miR-221/222-proficien mice. Importantly, the number of

granulocytes in spleen is increased by the miR-221/222 deficiency.

MiR-221/222 deficiency combined with social stress further enhances granulopoiesis by

increasing numbers of granulocyte progenitors in BM.

In order to understand the molecular mechanisms of stress perturbation and/or miR-221/222

deficiency, we generate a single-cell transcriptional landscape of hematopoietic progenitors in BM.

Single-cell transcriptomes of combined socially stressed, miR-221/222-deficient HSC and

MPPs identified selectively up-regulated expression of genes encoding heat shock proteins,

tubulin-cytoskeleton-organizing proteins, and chromatin remodeling proteins. Finally, com-

bined stress induced by serial transplantations and miR-221/222 deficiency exhausts lymphoid

differentiation, but not BM-homing and granulocyte differentiation capacities of HSC.

Results

Controlled perturbation of steady-state hematopoiesis by “in vivo” social

stress reduces HSC pools and increases MPPs in BM

Social stress imposed for less than 1 day permitted us to measure and to compare the actions of

social stress on pool sizes of miR-221/222-proficient BM cells. We found that within 24 hours,

social stress reduced the HSC pool in BM 2-fold and increased MPP2 two-and-a-half-fold and

MPP4 2.2-fold (Fig 1A; for nomenclature, see Wilson and colleaguesAU : Pleasenotethatallinstancesof }etal:}inthemaintexthavebeenchangedto}andcolleagues; }asperPLOSstyle:and Cabezas-Wallscheid

and colleagues [5,7]). We also analyzed if the effect of transportation-induced social stress on

stem cell populations of BM is reverted to steady state by time. For this, we analyzed the num-

bers of cells 3 days, 7 days, and 21 days after transportation. We found that, with significant fluc-

tuations, the number of HSC, MPP1, MPP2, MPP3, and MPP4 becomes indistinguishable from

the unperturbed pool of cells 3 weeks after social stress induction (Fig 1A). We did not detect

significant differences at any time points after social stress perturbation in numbers of common

lymphoid (CLP), megakaryocyte-erythroid (MEP), common myeloid (CMP), and granulocyte-

myelocyte (GMP) progenitors in BM of miR-221/222-proficient mice (S1A Fig).

Perturbation by “in vivo” social stress induces increased transcription of

selected genes, among them IEG in HSC, MPP1, and MPP2 cells

Next, we focused our transcriptome analyses on the earliest progenitors HSC, MPP1, and

MPP2 to monitor early changes in gene expression, imposed by the change from the steady
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state to the social stress–perturbed state of HSC, MPP1, and MPP2 cells. All sequencing data

were analyzed at a similar depth, displaying comparable number of genes and mRNAs per cell,

allowing quantitative differential gene expression analyses.

We defined differentially expressed genes as expressed by (i) more than 30% of all unper-

turbed cells, (ii) with a significantly higher log2 fold-change between unperturbed and “in

Fig 1. The effect of in vivo social stress perturbation on hematopoietic cells in BM. (A) The analysis of flow cytometry measurements on BM HSCs

MPP1, 2, 3, and 4 cells without (unperturbed) and 1 day, 3 days, 7 days, or 21 days after short-term in vivo social stress perturbation. Single-cell

suspensions from 2 tibia and 2 femurs/mice of unperturbed (Unpert./open circle) or in vivo social stress–perturbed (open squares at different time

points) C57B6/J mice were stained for flow cytometry, measured, and the total numbers of cells/mice were plotted. Red lines indicate the mean values.

One-way ANOVA with Tukey post normalization test was used to evaluate statistical significance (*, **, and *** indicate p< 0.05, p< 0.01, and

p< 0.001, respectively. Data are available in S1 Data and on FlowRepository.org through FR-FCM-Z6PS accession number). (B) Genes with higher

expression after short-term in vivo social stress perturbation (red dots and gene symbols are selected genes) in HSC are presented by comparative

differential expression analysis of unperturbed versus perturbed cells. Differentially expressed genes are above the significance limit. The log2 fold-

change expression values were plotted against the numbers of unperturbed cells express the gene. (C) The transcriptomes of single HSC, MPP1, and

MPP2 cells of unperturbed or social stress–perturbed mice were analyzed by droplet-based scRNA sequencing. The samples were collected maximum 1

day after social stress induction. The clustering of early (E) hematopoietic compartment are referred as E-Clusters 0–6. (D) The frequency distribution

(red to blue) of unperturbed and social stress–perturbed HSC, MPP1, and MPP2 cells were projected to UMAPs in order to show transcriptional

program changes induced by social stress. (E) Expression of gene-set modules (“Non-proliferating,” “Cell cycle,” and “IEG”) and coupled frequencies of

cells expressing the gene-set in the different clusters are presented as Bubble-plots. (F) The distribution of sorted unperturbed (unpert.) and short-time

in vivo social stress–perturbed (pert.) HSC, MPP1, and MPP2 cells is shown in the aggregated E-clusters. The frequency of a given cell type in E-clusters

is colored from highest to lowest respective red to blue. The numerical data for Fig 1B–1F can be found in S2 Data. BM, bone marrow; HSC,

hematopoietic stem cell; IEG, immediate early gene; MPP, multipotent progenitor; UMAP, Uniform Manifold Approximation and Projection for

Dimension ReductionAU : AbbreviationlistshavebeencompiledforthoseusedinFigs1 � 6and8:Pleaseverifythatallentriesarecorrectlyabbreviated:.

https://doi.org/10.1371/journal.pbio.3002015.g001
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vivo” social stress–perturbed cells, when adjusted to the 99% prediction band of a linear regres-

sion model. Genes above the noise level (red-dashed lines in Figs 1B and S2) are considered as

significantly higher expressed in social stress–perturbed cells.

Comparison of gene expression levels in unperturbed and in socially stressed, perturbed

HSC (Fig 1B), MPP1, or MPP2 (S2 Fig) 1 day after stress induction detected a perturbation-

dependent general increase and an even more pronounced increase in the levels of transcrip-

tion of IEGs beside a small set of approximatelyAU : PleasenotethatasperPLOSstyle; donotusethesymbol � inprosetomeanaboutorapproximately:}Hence; allinstancesofthissymbolhavebeenreplacedwith}approximately}throughoutthetext:90 genes in these cells (Figs 1B and S2). This

suggests that perturbation of hematopoiesis by “in vivo” stress might use IEG-controlled

activation.

Comparison of whole transcriptomes of unperturbed with socially

perturbed HSC, MPP1, and MPP2 detects differences in clusters of gene

expressions

In primary cluster analysis of the transcriptomes of unperturbed and socially perturbed HSC,

MPP1, and MPP2, 7 E-clusters (E for early hematopoiesis) were identified (Fig 1C), and the

cell frequency distributions were projected in UMAPs (Fig 1D). E-0 cluster represents non-

proliferating cells (mainly from HSC), E-1 activated toward cell cycle, and E-2 activated

toward IEG expression (Fig 1E). By location on the UMAP, E-2 is not directed toward prolif-

erating clusters, but its position may indicate an alternative activation. E-3-6 contain MPP1

and MPP2 expressing G1/S and G2/M cell cycle genes (Figs 1E and S3A and S2 Data).

Compared with unperturbed cells, social stress–perturbed cells in E-clusters were 14% less

in nonproliferating E-0, 4% more in proliferation-activated E-1, 9% more in E-3, and 13%

more in E-2 (Fig 1F).

The E-2 cluster contained IEG signatures (Fig 1E). Since its position within the UMAP

landscape of clusters of transcriptionally relates cells is outside the G1/S/G2 cell cycle–active

clusters E1 to E6, they may be differently activated. (Fig 1D and 1E). These results show that

early progenitors are activated from quiescence by the stimulatory activity of short-term

perturbation.

The miR-221/222 gene cluster is expressed and can be deleted in all HSC

and MPPs

The miR-221/222 gene cluster isAU : Pleasecheckandconfirmthattheeditsto}ThemiR � 221=222geneclusterislocatedonthe:::}didnotaltertheintendedmeaningofthesentence:located on the X chromosome and is expressed in HSC, in

activated multipotent progenitors MPP1 and in proliferating MPP2, in myeloid-lymphoid-

directed MPP3 and MPP4, and in CLP, granulocytes, and myeloid cells. We found that miR-

221/222 cluster is turned off in BM preB cells, in thymocytes, and inAU : Pleasecheckandconfirmthattheeditsto}WefoundthatmiR � 221=222clusteristurnedoff :::}didnotaltertheintendedmeaningofthesentence:peripheral blood derived,

mostly nonactivated natural killer (NK) cells T and B lymphocytes (S4A Fig). These results

support previous findings that resting cells do not express the miRNA family, but Th17 periph-

eral T cell subpopulations increase miR-221/222 expression upon activation [41]. It has been

also described that miR-221/222 increased expression plays an important role in activated B

cell Ig class switch in germinal center reactions [42].

We determined how many single HSC, MPP1, and MPP2 express how many miR-221 and

miR-222 molecules per cell, by a standard curve-based, multiplexed stem-loop RT-TaqMan

qPCR assay. We found that every tested HSC, MPP1, and MPP2 cell expressed between 7,000

and 8,000 copies of miR-221. Expression of miR-222, again tested in every cell, was lower and

more variable between 1,000 and 5,000 copies per cell (Fig 2A). The level of miR-221 expres-

sion strongly correlated with miR-222 expression (Fig 2B).

To study functions of miR-221/222 during hematopoiesis, we generated mice, in which the

one miR-221/222 cluster on the X chromosome in male mice could be deleted in all
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hematopoietic cells. Vavi-cre, active in all hematopoietic cells including HSCs, is commonly

used to drive Cre recombinase expression in hematopoietic cells [4,40]. Thus, Vav-Cre mice

were crossed with miR-221/222fl/fl mice to generate male F1 progeny, where the miR-221/222

cluster was expected to be deleted on the one X chromosome. All mouse strains had been back-

crossed on C57BL/6J for at least 8 generations to ascertain genetic homogeneity, except for the

miR-221/222 cluster in all offsprings. Bulk-sorted BM-lineage (lin)−c-kit+Sca1+ (LSK), and

MPP cells (LSK CD150−CD48+) (S4B Fig), and single LSK CD150+CD48− (pool of HSC and

MPP1) cells of miR-221/222fl/y-Tg(Vav1-icre) mice were tested for quantitative miR-221/222

expression at the single-cell level. Indeed, our analyses show high efficiency of deletion of the

miR-221/222 cluster in all tested cell populations. (Figs 2A and S4B).

MiR-221/222 deficiency decreases HSC and increases MPP in unperturbed

hematopoiesis

In BM of miR-221/222-deficient mice at steady state of unperturbed hematopoiesis, we found

numbers of HSC reduced approximately 3-fold, whereas MPP2 and MPP3 were significantly

increased. (Fig 2C). The extent of these changes in the numbers of HSC, MPP1, and MPP2 are

similar to those seen in socially perturbed HSC, MPP1, and MPP2. This could suggest that

Fig 2. Expression analysis of miR-221/222 in single cells and the effect of miRNA deficiency on hematopoietic

stem cell populations in BM. (A) Copy numbers of miR-221 (closed square) and miR-222 (open square) measured in

single HSC, MPP1, and MPP2 of miRNA-proficient and in pools of HSC+MPP1 single cells of miRNA-deficient mice

(ncell = 36 cells from 3 mice, nNTC = 12 wells). The highest value of NTC is marked as straight line, indicating the

detection limit. (B) Correlation analysis of miR-221 and miR-222 copy numbers in proficient HSC, MPP1, and MPP2

cells (C, D) The analysis of flow cytometry measurements on BM and spleen derived cells. (C) Single-cell suspensions

from 2 tibia and 2 femurs/mice or (D) from spleens of miR-221/222-proficient (open square) or miR-221/

222-deficient (closed square) mice were stained for flow cytometry, measured, and the total numbers of cells/mice

were plotted. Red lines indicate the mean values. Student t test was used to evaluate statistical significance (* or **
indicate p< 0.05 or p< 0.01, respectively. The numerical data for the graphs can be found in S1 Data and on

FlowRepository.org through FR-FCM-Z6PS accession number). BM, bone marrow; HSC, hematopoietic stem cell;

miRNA, microRNA; MPP, multipotent progenitor; NTC, no-template control.

https://doi.org/10.1371/journal.pbio.3002015.g002
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miR-221/222 deficiency and social stress might use, at least in parts, the same mechanisms to

regulate pool sizes of early progenitors.

Numbers of MPP1, MPP4 (Fig 2C), CLP, CMP (S1B Fig) and MEPs and GMPs (Fig 5B)

and peripheral CD4+, CD8+ T cells, and CD19+ B cells in spleen were not changed (S1C Fig).

Interestingly, in spleen, the numbers of granulocytes were 6-fold elevated in miR-221/

222-deficient mice (Fig 2D; data also on S1C Fig). These results suggest that expression of

miR-221/222 maintains pool sizes of HSC and MPPs and prevents an increased

granulopoiesis.

MiR-221/222 targets Fos to protect the size of the unperturbed HSC pool

Next, we compared transcriptomes of deficient with proficient cells to detect microRNA-sensi-

tive genes. We defined these genes as expressed by (i) more than 30% of all miR-221/222-profi-

cien cells, (ii) with a significantly higher log2 fold-change between proficient and miR-221/

222-deficient cells, when adjusted to the 99% prediction band of a linear regression model.

Genes above the noise level (red-dashed lines in Fig 3A, 3E and 3F) are considered as signifi-

cantly expressed in miR-221/222-deficient cells.

At steady state of unperturbed hematopoiesis, we detected 9 such differentially expressed

genes (Fig 3A and 3B). Among them, Fos was the only miR-221/222-seed-sequence-contain-

ing target gene (DIANA-TarBase v8 [43], TargetScan Release 8.0 [44], miRDB [45]), which has

been experimentally validated by Errico and colleagues [46]. We validated this increased Fos
expression with qPCR analyses (Fig 3C), in which Fos was found to be expressed 8.5-fold

higher in deficient HSC. Six of the other 8 genes (Jun, JunB, Nr4a1, Ier2, Zfp36, and Klf6) are

like Fos IEG [47,48] (Fig 3A and 3D).

Next, we performed the same analyses with MPP1 and MPP2. In unperturbed MPP1, Fos,
JunB, Nr4a1, Cd74, Ly6a, Zfp36, and Klf6 were no longer detectable, and Rgs1 appeared

(Fig 3D and 3E). In MPP2, no differentially expressed genes remained detectable (Fig 3F).

This suggests that, in unperturbed hematopoiesis, up-regulated mRNA expression of Fos, Jun,

and 5 other IEG transcription factors act primarily in HSC, causing a decrease of HSC and an

increase of MPPs and of granulocytes.

We have also analyzed with gene set enrichment analysis (GSEA; [49,50]) if the expression

of predicted miR-221/222 target genes (Fig 4A) have differential distribution in miR-221/

222-deficient HSC, MPP1, and MPP2 cells according to E-clusters. These analyses show that

the target gene expression is almost equally distributed without significant accumulation in

any E-cluster between HSC, MPP1, and MPP2 cells (Fig 4B and S2 Data). We also could not

detect significant difference in the cumulative expression between miR 221/222-proficient and

miR 221/222-deficient cells as shown in Fig 4C and S2 Data. Additionally, we plotted the dif-

ferential expression of each of the predicted target genes against the frequency of cells express-

ing the gene. We found 2-to-3 genes having marginal (approximately 5%) higher expression in

at least 10% of deficient cells (Fig 4D–4F). Worth noting that 2-to-3 genes were also found to

be higher expressed at the marginal level (approximately 5%) in miR-221/222-proficient cells,

indicating a stochastic differential expression value around the 5% boundary. We found only

Fos as experimentally validated direct target expressed approximately 20% higher in more

than 60% of miR 221/222-deficient HSC and MPP1 cells.

Shared IEG expression up-regulated by social stress perturbation and miR-

221/222 deficiency

Next, we compared the differentially up-regulated genes in transcriptomes of social stress–per-

turbed and of experimentally unperturbed, miR-221/222 deficiency–influenced HSC, MPP1,
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Fig 3. miR-221/222-sensitive genes in unperturbed HSC, MPP1, and MPP2 cells. (A) Comparative differential

expression analysis between miR-221/222-deficient and proficient HSC, (E) MPP1, and (F) MPP2 cells. The log2 fold-

change expression values are plotted against the numbers of proficient cells expressing the gene. After calculating the

linear regression curve, the 99% CI band (dashed red lines) determined the nondifferentially (gray dots) and

differentially (red dots and gene symbols) expressed genes. Significantly higher expressed genes in miR-221/

222-deficient cells are above the 99% CI limit and are expressed by more than 30% of all cells (green line). These genes

are called “differentially expressed genes.” (B) Single-cell expression of Fos in HSC, MPP1, and MPP2 cells. The

difference in the mean expression level of the indicated populations between proficient (open half violin) and deficient

(filled half violin) cells are presented. (C) The RQ of Fos mRNA in bulk sorted miR-221/222-proficient (open bars) and

miR-221/222-deficient (filled bar) HSC and MPP1 cells measured by RT-qPCR. RQ was calculated on the basis of Hprt
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expression in miR-221/222-proficient HSC. (D) The differential expression of AP-1 components Fos and Jun
presented on UMAP of unperturbed miR-221/222-proficient and miR-221/222-deficient HSC, MPP1, and MPP2 cells.

The numerical data for Fig 3A, 3B, and 3D–3F can be found in S2 Data, and the numerical data for Fig 3C can be

found in S1 Data. AP-1, activator protein-1; CI, confidence interval; HSC, hematopoietic stem cell; MPP, multipotent

progenitor; RQ, relative quantity; RT-qPCR, quantitative reverse transcription PCR; UMAP, Uniform Manifold

Approximation and Projection for Dimension Reduction.

https://doi.org/10.1371/journal.pbio.3002015.g003

Fig 4. GSEA and differential gene expression analysis of predicted miR 221/222 target genes in scRNA-seq data of miR-221/

222-proficient and miR-221/222-deficient HSC, MPP1, and MPP2 cells. (A) Selection of 310 predicted miR-221/222 target

genes identified by at least 2 of 3 bioinformatical miRNA target prediction tools (TarBase v8, TargetScan Release 8.0 and miRDB).

(B) GSEA was performed for each cell based on the difference to the mean of log normalized expression values of all cells in the

analyzed set as preranked list and 1,000 randomizations. Significant up- or down-regulation was defined by an FDR� 0.50 and

normalized p-value< 0.05. For visualization, NES for significant cells were plotted. The GSEA was performed for indicated cells

using the 310 predicted miR-221/222 target genes. (C) Violin plots show the mean (red bars) and median (black bars) differences

of the NES of the GSEA in miR-221/222-proficeient and miR-221/222-deficient HSC, MPP1, and MPP2 cells. Significant

differences between the NES values were calculated by Mann–Whitney U test. (D-F) Differential expression analyses of predicted

miR-221/222 target gene expressions in miR-221/222-proficient and miR-221/222-deficient HSC (D), MPP1 (E), and MPP2 (F).

The red dashed line indicates the 5% differential expression band. The numerical data for Fig 4A–4F can be found in S2 Data.

FDR, false discover rate; GSEA, gene set enrichment analysis; HSC, hematopoietic stem cell; MPP, multipotent progenitor; NES,

normalized expression score.

https://doi.org/10.1371/journal.pbio.3002015.g004
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and MPP2 cells. Six IEGs—Fos, Jun, JunB, Ier2, Klf6, and Zfp36–were found up-regulated by

both stressors (Fig 5A). This suggests that HSC and MPPs use IEG responses to control pool

sizes of HSC and their granulocyte biased differentiation. The results of our experiments indi-

cate that this pathway is controlled by the miR-221/222 gene cluster.

Controlled perturbation by social stress of miR-221/222-deficient BM leads

to increases in numbers of MEP and GMP granulocyte progenitors

In unperturbed, miR-221/222-deficient mice increased numbers of granulocytes had been

observed as a possible involvement of this miRNA cluster in enhanced granulopoiesis (Fig 2D).

In support of this notion, short social stress (20 hours) was sufficient to induce increases in the

numbers of MEP and GMP (in average 4-fold each) in miR-221/222-deficient, but not in miR-

221/222-proficient BM (Fig 5B). The number of CLP and CMP was not different (S1A and S1B

Fig). These rapid changes in granulocyte progenitor compartment sizes suggest that miR-221/

222-deficient, stressed HSC and MPPs need only a short period of perturbation, in which prolif-

eration and differentiation increase granulocyte-biased, but not lymphoid-directed hematopoie-

sis, detectable in increased numbers of MEP and GMP. By contrast, stress-induced changes in

HSC and MPP numbers are not further altered by miRNA deficiency. Due probably to the

short period of activation, the numbers of mature granulocytes in the periphery are not (yet)

further increased (S1B Fig). We conclude from these results that miR-221/222 safeguards mye-

loid-lymphoid multipotency of HSC and MPP also in stressed hematopoiesis.

Transcriptional landscapes of hematopoietic progenitor cells detect miR-

221/222 deficiency–induced granulopoiesis

In order to construct comprehensive transcriptional landscapes of hematopoietic progenitors

in BM at unperturbed, steady-state hematopoiesis, with trajectories of gene expressions during

Fig 5. Shared gene expression program in social stress–perturbed and miR-221/222 deficiency–induced HSC and MPP1 cells. (A) The in

vivo social stress–perturbed and miR-221/222 deficiency–induced genes were determined by differential gene expression analyses of scRNA-

seq data and the plotted. The area-proportional Venn diagram shows the commonality between short-term social stress perturbation induced

and miR-221/222 deficiency–sensitive genes. The full gene list is available from S2 Data. (B) Analysis of flow cytometry measurements on

unperturbed and social stress–perturbed MEPs and GMPs. Single-cell suspensions of tibia and femurs of unperturbed miR-221/222-proficient

(open squares) and miR-221/222-deficient (closed squares) mice or perturbed miR-221/222-proficient (open triangles) or miR-221/

222-deficient (closed triangle) mice were prepared, analyzed with flow cytometry, and the numbers of cells were plotted. Red lines indicate the

mean values. One-way ANOVA with Tukey posttest was used to evaluate statistical significance (*, **, and *** indicate p< 0.05, p< 0.01, and

p< 0.001, respectively. Data are available in S1 Data, in S2 Data, and on FlowRepository.org through FR-FCM-Z6PS accession number).

GMP, granulocyte-myelocyte progenitor; HSC, hematopoietic stem cell; MEP, megakaryocyte-erythroid progenitor; MPP, multipotent

progenitor.

https://doi.org/10.1371/journal.pbio.3002015.g005
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development to different lymphoid, myeloid, and erythroid cell lineages and to detect possible

changes in granulocyte-directed trajectories, we conducted separate transcriptome analyses

for HSC, MPP1, and MPP2, including also more mature BM progenitors, i.e., MPP3, MPP4,

CLP, and lin−c-kit+Sca1− or lin−c-kit-Sca1− cells from miR-221/222-proficient and miR-221/

222-deficient BM. Cells were clustered (T-clusters for “total”) according to their transcrip-

tomes by Uniform Manifold Approximation and Projection for Dimension Reduction

(UMAP) [51] (Fig 6A).

We selected sets of genes to characterize expression programs for HSC, cell -cycle, ery-

throid, megakaryocytic, lymphoid, myeloid, and granulocyte differentiation and assigned

these T-clusters (Figs 6B–6E and S3B and S2 Data). These analyses are in agreement with ear-

lier publications of other laboratories [1–8,52].

Only 2 T-clusters were different in proficient and deficient cells. T-7 (basophil/mast cell)

contained −1.9-fold less, T-11 (granulocytes) 2.9-fold more cells in miR-221/222-deficient

mice (Fig 6E and 6F). In fact, the granulocyte-related genes were only present in T-11 of miR-

221/222-deficient, but not of proficient granulocytes (Fig 6B and 6D, lower left- and right-

hand corners).

These results support our findings (Fig 5B) of increased numbers of granulocyte precursors

in BM and granulocytes in the spleen miR-221/222-deficient mice. They suggest that steady-

state hematopoiesis of miR-221/222-deficient BM progenitor cells increase granulopoiesis

even in an experimentally unperturbed state.

In perturbed HSC, MPP1, and MPP2 cells, miR-221/222 deficiency

selectively increases transcription of genes encoding heat shock proteins, G

protein–mediated tubulin, and chromatin remodeling activities

Finally, we compared transcriptomes of miR-221/222-deficient with proficient cells to detect

microRNA-sensitive genes after “in vivo” social stress perturbation. We defined differentially

expressed genes as expressed by (i) more than 30% of all in vivo social stress–perturbed miR-

221/222-proficient cells, (ii) with a significantly higher log2 fold-change between in vivo social

stress–perturbed miR-221/222-proficient and miR-221/222-deficient cells, when adjusted to

the 99% prediction band of a linear regression model. Genes above the noise level (red-dashed

lines in Fig 7A–7C) are considered as significantly expressed in in vivo social stress–perturbed

miR-221/222-deficient cells.

Beside up-regulated IEG expression, social stress induction combined with miR-221/222

deficiency selectively up-regulated 3 groups of functionally connected genes in HSC, MPP1,

and/or MPP2 (Fig 7A–7C):

1. Heat shock protein (HSP70) genes Hspa5 and Hspa8, with possibilities to activate the

unfolded protein response (UPR) [53].

2. G protein signaling (Rgs1) and its tubulin components (Tubb1b, 4b, and 5) in cytoskeleton

and microtubule assembly, spindle formation, and mitotic cell cycle control [54]. Beyond

the known activities of Rgs1 in hypoxia [55] and in SDF-1/CXCR4-induced migration of

HSC [56], these genes are expected to contribute to increased erythroid-myeloid

differentiation.

3. Replication-independent, histone-associated chromatin remodelers (H3f3b, Hmgb2, H2afx,

H2afz). Since H3f3b is known to induce erythroid differentiation [57], miR-221/222-depen-

dent up-regulation of H3f3b would favor erythroid-myeloid progenitor activation, as seen

in our analyses.
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We expect that the combined actions of all of these up-regulated genes could contribute to

the activation of HSC from quiescence and to induce selectively increased granulopoiesis

[52,58–61].

Fig 6. Single-cell transcriptome analysis of unperturbed miR-221/222-proficient and miR-221/222-deficient lineage-negative BM compartment. (A)

Cluster analysis on the aggregated UMAP plots of miR-221/222-proficient and miR-221/222-deficient HSC, MPP1, MPP2, MPP3-4 pool, CLP,

lin−ckit+Sca1−, and lin−ckit−Sca1− populations (total, T-clusters) after single-cell transcriptome sequencing. Proficient and deficient cells are separately

plotted. (B) The bubble-plots shows the expression of gene-set modules (z-score) and coupled frequencies of cells (bubble size) expressing the gene-set in

the different T-clusters. miR-221/222-proficient and miR-221/222-deficient samples were separately plotted. (C, D) Major hematopoietic differentiation

pathways are presented on the UMAP as characteristic gene-set modules (S2 Data) by the Log2 summary expression of the module genes. (C) Cells with

characteristic expression pattern for Mye (to Myeloid), T (to T cells), B (to B cells), Ery (to erythrocytes), Thr (to thrombocytes) are shown on a composite

picture for proficient and deficient cells and (D) for Ba/Ma (to basophil/mast cells) and Neu/Gran. (to neutrophils/granulocytes). (E) Frequencies of sorted

miR-221/222-proficient and miR-221/222-deficient HSC, MPP1, MPP2, MPP3-4 pool, CLP, lin−ckit+Sca1−, and lin−ckit−Sca1− cells in different T-clusters.

The frequency of a given cell type in T-clusters is colored from highest to lowest respective red to blue. (F) Relative frequencies of cells in different T-

clusters are presented on Log10 scale (frequency of deficient cells relative to the frequency of proficient cells). The numerical data can be found in S2 Data.

BM, bone marrow; CLP, common lymphoid progenitor; HSC, hematopoietic stem cell; MPP, multipotent progenitor; UMAP, Uniform Manifold

Approximation and Projection for Dimension Reduction.

https://doi.org/10.1371/journal.pbio.3002015.g006
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miR-221/222-deficient HSC fail to reconstitute recipients in serial

transplantations

In transplantations with the aim to reconstitute the hematopoietic cells of a lethally irradiated

host, CD34− HSCs have been found to contain long-term, fully repopulating HSC, while

CD34+ MPP1 repopulate all lineages but have reduced capacities to reconstitute long-term

repopulating HSC and early progenitors [1,4,5]. Serial transplantations of HSC can be

expected to impose “in vitro” stress on HSC during their preparation for transplantations.

In order to test repopulation capacities of miR-221/222-proficient and of miR-221/

222-deficient HSC, we transplanted 100 donor CD45.2+ either proficient or deficient HSC

into lethally irradiated CD45.1+ mice, together with 106 non-irradiated CD45.1+ BM carrier

cells known to contain 100 proficient HSCs—conditionsAU : Pleasecheckandconfirmthattheeditsto}InordertotestrepopulationcapacitiesofmiR � 221=222:::}didnotaltertheintendedmeaningofthesentence:that are expected to lead to 50%

CD45.1–50% CD45.2 chimerism. In serial transplantations, we then sorted CD45.2+ HSC

from the transplanted mice and re-transplanted 100 HSCs under the same conditions.

In blood, the chimerism in total CD45+ hematopoietic cells was found to be close to these

expected values after the first (approximately 40%) and second (approximately 55%) trans-

plantations of miR-221/222-proficient HSC (Fig 8A). With miR-221/222-deficient HSC, this

chimerism was significantly lower 4 months after the first (approximately 24%) and much

lower 4 months after the second (2.5AU : Pleaseconfirmthatthecommain}2; 5%}inthesentence}WithmiR � 221=222 � deficientHSC; thischimerismwassignificantly:::}shouldbechangedtoperiodorberemoved:%) transplantations, suggesting that miR-221/222 defi-

ciency exhausts the capacity of HSC for hematopoietic reconstitution.

Despite this reduced peripheral chimerism in deficient versus proficient T (15% versus

35%) and B cells (10% versus 30%), no differences in reconstitution were observed between

proficient and deficient HSCs in BM 4 months after the second transplantation. Furthermore,

secondary recipients of proficient HSC had 30% donor-derived myeloid cells and granulo-

cytes, while recipients of deficient HSC contained 65%. This suggests that twice-transplanted

miR-221/222-deficient HSC continued to develop granulocytes but had become deficient in

their capacities to develop lymphoid cells (Fig 8B).

In BM, serial transplantations of proficient and deficient HSC generated different sizes of

repopulated HSC and MPP2 pools (Fig 8C). We found an equal chimerism of proficient as

well as deficient CD45.2+ HSC after the first transplantation, indicating comparable, adequate

homing to the BM of both types of HSC. Four months after secondary transplantation, profi-

cient HSC established normal HSC levels. Surprisingly, levels of twice transplanted deficient

Fig 7. Analysis of in vivo social stress perturbation–sensitive genes in miR-221/222-deficient HSC, MPP1, and MPP2 cells. Genes with higher

expression after short-term perturbation (red dots and gene symbols are selected genes) in miR-221/222-deficient (A) HSC, (B) MPP1, and (C) MPP2 are

presented by comparative differential expression analysis of unperturbed versus perturbed cells. Differentially expressed genes are above the significance

limit. The log2 fold-change expression values were plotted against the numbers of unperturbed cells express the gene. The numerical data can be found in

S2 Data.

https://doi.org/10.1371/journal.pbio.3002015.g007
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HSC levels were even 2- to 3-fold higher (Fig 8C). Numbers of MPP1 were not different, while

MPP2 were reduced already after the first, and even more after the second transplantation of

deficient HSC (Fig 8C). These data indicate that twice transplanted miR-221/222-deficient

HSC retain their capacity to home to and repopulate their niches in BM but lose parts of their

capacities of hematopoietic differentiation. Thus, the repeated “in vitro” stress during trans-

plantation might favor the preservation, or even enhancement of granulocyte differentiation

capacities of miR-221/222-deficient HSC, but it also extinguishes their lymphoid differentia-

tion capabilities.

Serial transplantations of miR-221/222-deficient HSC accumulate cell

cycle–inactive HSC and deplete proliferating MPPs

Finally, we also compared twice serially transplanted miR-221/222-deficient HSC and MPPs,

which had lost their multipotency but had retained their BM homing capacity (Fig 8A–8C)

Fig 8. miR-221/222 cluster safeguards the multipotency of HSC. (A) Proportion of donor-derived blood cells after the first (upper) and second (lower)

transplantation of 100 miR-221/222-proficient (open squares) and miR-221/222-deficient (closed squares) HSC. (B) Frequencies of B cells, CD4+/CD8+ T

cells, CD11b+Gr1+ neutrophils/granulocytes (Neu/Gran.), and CD11b+Gr1− monocytes/macrophages/dendritic cells (Mo/MF/DC) of donor-derived

blood cells after the first (upper line) or second (lower line) transplantation. (C) Numbers of donor-derived HSC, MPP1, and MPP2 cells 16 weeks after the

first (upper line) or the second (lower line) miR-221/222-proficient (open squares) and miR-221/222-deficient (closed squares) HSC transplantation. Red

lines indicate the mean values. (A-C) Data from 5 miR-221/222-proficient and from 6 deficient mice are presented as (A, B) mean values or (C)

individually. Student t test was used to calculate significant differences (*, **, and *** indicate p< 0.05, p< 0.01, and p< 0.001, respectively. The

numerical data for Fig 8A–8C can be found in S1 Data and on FlowRepository.org through FR-FCM-Z6PS accession number. (D) Density plots of pooled

miR-221/222-proficient and miR-221/222-deficient HSC, MPP1, and MPP2 cells after serial transplantation are visualized on the aggregated UMAP and

(E) the distribution of cells in the different E-clusters (see clusters in Fig 1D). The frequency of a given cell type in E-clusters is colored from highest to

lowest respective red to blue. The numerical data for Fig 8D and 8E can be found in S2 Data. HSC, hematopoietic stem cell; MPP, multipotent progenitor;

UMAP, Uniform Manifold Approximation and Projection for Dimension Reduction.

https://doi.org/10.1371/journal.pbio.3002015.g008
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with proficient, twice-transplanted progenitors. miR-221/222-deficient cells had increased

numbers of E-0 (nonproliferating HSC) but decreased numbers of E-4-6 (cell cycle–active)

(Fig 8D and 8E). This suggests that serial transplantation of miR-221/222-deficient HSC accu-

mulates proliferation-inactive HSC and depletes cell cycle–active MPPs. These deficient HSC

are reminiscent of differentiation-inactive HSC clones described by Pei and colleagues [8].

Again, we conclude from these results that miR-221/222 safeguards the multipotency of HSC.

Discussion

From the time, when BM develops and is populated in special niches by long-lived HSC,

steady-state hematopoiesis replenishes most central and peripheral hematopoietic cell com-

partments throughout life, with half-lives between a few days and a few weeks. Most HSC are

generated once during embryonic development of the bone and its marrow to remain long-

lived, quiescent cells throughout life [1–9]. A smaller part of these HSCs and more differenti-

ated progenitors serve as life-long sources for this continuous regeneration. In mouse BM, a

few thousand LSK CD150+ CD48− CD34− HSC have the capacity to survive as quiescent cells

without dividing much for years, even for life. When transplanted into recipient mice, a single

HSC can repopulate the HSC compartment, all progenitor compartments, and all the mature

hematopoietic lineages in normal numbers. Hence, HSC can find their niches in BM, can fill

these niches by symmetric cell divisions, and can initiate multilineage differentiation to mature

erythroid, megakaryocytic, myeloid, and lymphoid cells [1–9]. Our findings that serial trans-

plantations of stressed, miR-221/222-deficient HSC do not alter this repopulation capacity, but

affect hematopoietic multipotency, might be a useful system to study mechanisms controlling

the homing and residence of HSC.

Perturbations of hematopoiesis by bacterial [15] or viral infections [13], by social stress

[12], or by transplantation [1,4], mediated by interferon-α [18] or interferon-γ [19], by poly-I:

C dsRNA [15], or by G-CSF [20] have all been found to impact on steady-state multilineage

hematopoiesis of HSC and favor differentiation-restricted HSC, leading, e.g., to emergency

granulopoiesis [21]. Such restrictions have been seen to become more prominent with aging

[22,24]. Repeated, long-term perturbations of HSC during life, e.g., by infections [13], by

repeated social stress [12], or during serial BM transplantations, as done in our experiments,

all can contribute to HSC aging [33]. Our findings that social stress favors an alternative activa-

tion of HSC to increased granulopoiesis, that includes IEG activation, and that miR-221/

222-deficiency activates further gene expressions might offer new ways to understand the

choice of HSC to be activated either to steady-state multilineage differentiation or to stress-

induced myelopoiesis and granulopoiesis.

Fos has been validated as direct target gene in cutaneous melanoma cells [46]. The very low

numbers of HSC in a mouse, and the lack of tissue culture conditions to create larger numbers

of cells, have not allowed us to validate Fos as miR-221/222-target in HSC. Bioinformatical

tools predict at least 300 genes expressed in HSC, MPP1, and MPP2 cells to be miR-221/222

targets, suggesting that most of the predicted and validated targets are not susceptible to miR-

221/222 action in these cells or regulated at the level of translation as it has been show with kit

[38]. Again, even with Fos, not all unperturbed HSC or perturbed HSC show these changes

(Figs 1A and 2C). These restrictions in the action of the miR-221/222 cluster remain to be

investigated in greater detail.

Three of the 6 IEGs selectively up-regulated in unperturbed hematopoiesis by miR-221/222

deficiency, namely, Klf6, Nr4a1, and Zfp36 all might cooperate to condition HSC for myeloid-

granulocyte-biased hematopoiesis. Klf6, together with Runx1, promotes the transition of neu-

trophils from BM to blood [62,63].
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Our finding that miR-221/222 selectively up-regulates the expression of Klf6 in HSC, that

miR-221/222-deficient mice have increased levels of granulocytes in spleen, and that serial

transplantation of miR-221/222-deficient HSC leads to the development of myeloid-granulo-

cytic-biased HSC all may indicate that this promotion to neutrophil development begins in

HSC in BM. Nr4a1, an orphan nuclear receptor, has been found expressed on myeloid-biased

HSC [64]. Thus, miR-221/222 deficiency, promoting the up-regulated expression of Nr4a1

(Fig 3A), might cooperate with Klf6 to condition HSC for myeloid-granulocytic development.

Zfp36, an AU-rich RNA-binding protein [65,66], has been found to suppress hypoxia and cell

cycle signaling, activities that are known toAU : Pleasecheckandconfirmthattheeditsto}Zfp36; anAU � richRNA � bindingprotein½65; 66�; has:::}didnotaltertheintendedmeaningofthesentence:influence HSC performances. In gene expression

trajectories of neutrophil-granulocyte development from HSC, Zfp36 has been identified as a

differentiation-determining factor [15,67,68]. It remains to be investigated how miR-221/222

deficiency focuses its effect in HSC to this selective set of genes, thereby conditioning them for

myeloid-granulocytic development [67].

A deeper understanding of the molecular mechanisms, how HSCs regulate engraftment in

BM and balance self-renewal versus differentiation, has important clinical implications for

mobilizing defense against infections, for improving BM transplantations, and for fighting

cancer of hematopoietic precursor cells. Our findings suggest that expression of the miR-221/

222 cluster safeguards long-lived, quiescent HSC from Fos/AP-1-induced activation resulting

in the reduction of HSC, the proliferation of MPPs, and their differentiation and myeloid-

granulocytic hematopoiesis [9,21,24,69–71]. Protocols, which aim at activating miR-221/222

expression in HSC, may be helpful to maintain or reestablish hematopoietic potency through

longevity, BM homing capacity, quiescence, and myeloid-lymphoid multipotency over mye-

loid-biased hematopoiesis.

Materials and methods

Ethics statement

All of the experimental procedures complied with the “National Regulations for the Care and

Use of Laboratory Animals” approved by the Landesamt für Gesundheit und Soziales, Berlin

(T0334/13, G0050-17).

Mice

All mice were bred and kept in the breeding and experimental animal facilities of the

Deutsches Rheumaforschungszentrum in Berlin Marienfelde and Berlin Mitte under SPF con-

ditions. For all studies, 6 to 12 weeks old mice were used. miR-221/222flox/flox mice on C57B6J

background in which miR-221 and 222 were flanked by loxP sites were generated in the Helm-

holtz Zentrum München, Deutsches Forschungszentrum für Gesundheit und Umwelt (MAH-

2166). Heterozygous C57BL6.Cg-Commd10Tg(Vav1-icre)A2Kio/J (The Jackson Laboratory) male

mice were bred with miR-221/222flox/flox females to generate miR-221/222fl/y- Tg(Vav1-icre) miR-

221/222 knockout males (deficient, Def.) in the F1 generation. Heterozygous C57BL6.Cg-

Commd10Tg(Vav1-icre)A2Kio/J male mice were used as controls (proficient, Prof.).

The Ly5.1 (CD45.1) male mice were obtained from Charles River and used in serial trans-

plantation experiments. Mice were kept for at least 7 days in the experimental animal facility

before they were taken in experiments or analysis.

Social stress induction of mice

For short-term social stress–induced perturbation of the hematopoietic system, the mice were

used within 1 day, 3 days, 7 days, or 21 days after the transport from the breeding facility in
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Berlin-Marienfelde to the experimental animal facility Berlin-Mitte. Separation of the experi-

mental animals in the breeding facility, transportation, and new housing in the experimental

facility is a standardized protocol, and the separation, transportation, and adaptation to the

new environment are certified stress factors for experimental mice.

Bone marrow and spleen preparation

BM and spleen-derived single-cell suspensions were prepared as described earlier [72]. In

order to minimize a potential continued “ex vivo” stimulation of gene expression, e.g., of IEG

expression, which might occur during BM cell preparation, cell handling of the samples, which

might influence the transcriptome analyses reported here (qPCR and single-cell RNAseq),

femurs and tibia from killedAU : PleasenotethatasperPLOSstyle; donotusesacrificeinreferencetokillingofanimalsduringexperiments:Hence; }sacrificed}hasbeenreplacedwith}killed}inthesentence}Inordertominimizeapotentialcontinuedexvivostimulation:::}mice were collected into tissue culture medium containing 2 μg/

ml Actinomycin-D. Actinomycin-D is an efficient RNA polymerase inhibitor and is used to

minimize the uncontrolled “ex vivo” activation of gene expression changes as also found in

hematopoietic cells [73,74].

Flow cytometry and cell sorting

We adhered to the guidelines for flow cytometry and cell sorting of hematopoietic stem and

progenitor population and major lineage populations in the BM and the spleen as described

earlier [72]. We used the nomenclature and gating strategy of BM-derived stem and progenitor

populations described by [5–7]. All gating strategy, surface marker expression, and antibodies

used in the studies are listed in S5A–S5G Fig.

Preparation of total RNA

Total RNA was isolated from equal number of ex vivo sorted miR-221/222-proficient or miR-

221/222-deficient cells using TRIzol Reagent (Invitrogen) according to the manufacturer’s

user guide. Isolated RNA was then quantified and qualified by Fragment Analyzer with the HS

NGS Fragment Kit (1 to 6,000 bp) (Agilent).

Real-time PCR analysis

RT-PCR was performed using SuperScript IV Reverse Transcriptase (Invitrogen) cDNA syn-

thesis reaction and Oligo d(T)18 primer (Thermo Fisher Scientific) according to the user

guide. Quantitive PCR was performed using QuantiTect SYBR Green PCR Master Mix (Qia-

gen) according to the user guide using following primer sets:

Fos F: 50-GCCCAGTGAGGAATATCTGGA-30, R: 50-ATCGCAGATGAAGCTCTGGT-30,
and Hprt F: 50- AAGCTTGCTGGTGAAAAGGA-30, R: 50- TTGCGCTCATCTTAGGCTTT-30

as endogenous control.

miRNA expression on bulk sorted cells was measured by TaqMan real-time PCR. All

reagents were obtained from Thermo Fisher Scientific. Measurements were analyzed using the

Δ/ΔCT method relative to normalized miR-221 expression in pre-BI cells. Sno202 was used as

a housekeeping gene. All qPCR reactions were performed in triplicates and originates from

minimum 3 biological parallels.

Serial transplantation

The mice were treated with 100 mg/l Baytril 1 week before and for 2 weeks after transplanta-

tion. For the first transplantations, pools of BM cells from 3 CD45.2+ miR-221/222-proficient

mice and from separate pools of BM from 3 CD45.2+-deficient mice, in which 100 HSC each

were FACS sorted and transplanted into 11, respectively, 12 CD45.1+ lethally irradiated (9.5AU : Pleaseconfirmthatthecommain}9; 5Gy}inthesentence}Forthefirsttransplantations; poolsofBMcellsfrom3:::}shouldbechangedtoperiod:
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Gy) hosts (together with 106 CD45.1+ non-irradiated, radiation-lethality-protecting BM carrier

cells). After 4 months, BM cells of 5 mice transplanted with proficient HSC and of 6 mice

transplanted with deficient HSC were separately pooled, and the CD45.2+ HSC FACS

enriched. Again, in the second transplantation, 100 of these transplantation-derived HSC from

mice transplanted with either proficient or deficient HSC were transplanted into 6 lethally

irradiated CD45.1+ hosts each (together with 106 carrier cells). Their hematopoietic reconstitu-

tion potential was assessed after another 4 months. To follow the transplantation efficiency,

10 μl tail vain blood was collected in heparinized tubes, and the major lineage fractions were

analyzed every 4 weeks until 16 weeks after transplantation by flow cytometry.

Quantitation of miR-221/222 expression on the single-cell level

To measure the expression level of miR-221 and miR-222 in single HSC, MPP1, and MPP2

populations, we combined the protocols of [35,75,76] with slight modifications. Briefly, the

single cells were sorted in lysis buffer suitable for the RT reaction and then 3-plex (miR-221,

miR-222, and Sno202 specific) RT was carried out. Before the conventional simplex TaqMan

qPCR, a 3-plexed cDNA preamplification PCR was done. We included external calibration

standards consisting of 10-fold serial dilutions of synthetic miRNA oligonucleotides of 105 to

100 copies (S6A and S6B Fig). Analysis of these standards revealed that assay efficiency varied

considerably and that sensitivity ranged between 100 and 102 molecules per reaction based on

no template control (NTC) (S6C and S6D Fig). Pre-BI cells of Pax5−/− mice expressing high

levels of miR-221 and miR-222 were used as positive control while setting up the protocol.

Variations in assay efficiency were found independent of multiplexing level and were observed

even for serial dilutions of miRNA standards in single-plex reactions; therefore, the Sno202

level of single-cell samples not reaching the NTC were considered as sorting failure and

excluded from the analysis (<10% of all sorted cells).

Single-cell RNA-library preparation and sequencing

Single-cell BM suspensions of unperturbed miR-221/222-proficient and miR-221/222-defi-

cient mice were stained for preparative cell sorting and MPP, CLP, lin−c-kit+Sca1−, and lin−c-

kit−Sca1− (5,200 each) cells (S5 Fig) were applied to the 10x Genomics workflow for cell cap-

turing and generation of scRNA gene expression (GEX) library using the Chromium Single

Cell 30 Library & Gel Bead Kit.

Due to the low cell counts of stem and progenitor cells, the BM-derived lineage-positive

(B220+, CD3+, CD4+, CD8+, CD11b+, CD11c+,CD19+, Gr1+, NK1.1+, TER119+) cells were

first depleted on magnetic column (LS from Miltenyi), and the remaining lin− single-cell sus-

pensions from 4–4 perturbed or unperturbed miR-221/222-proficient and miR-221/222-defi-

cient mice were labeled separately for preparative FACS (S5 Fig), followed by staining with

TotalSeq-C anti-mouse Hashtag-1 or-4 (miR-221/222-proficient, perturbed: #1 or unper-

turbed: #4) or -Hashtag-2 or-5 (miR-221/222-deficient perturbed: #2 or unperturbed: #5) anti-

bodies (BioLegend, #1: 155,861, #2: 155,863, #4: 155,867, #5: 155,869). The unperturbed or

perturbed miR-221/222-proficient samples were pooled with deficient samples for scRNAseq.

ThenAU : PleasenotethatasperPLOSstyle; numeralsarenotallowedatthebeginningofasentence:Pleasecheckandconfirmthattheeditto}Then; 11; 584HSC; 12; 605MPP1; and18; 721MPP2sortedfrom:::}iscorrect; andamendifnecessary:, 11,584 HSC, 12,605 MPP1, and 18,721 MPP2 sorted from pooled unperturbed samples

or 8,900 HSC, 12,400 MPP1, and 9,100 MPP2 sorted from pooled perturbed samples were

then applied to 10x Genomics workflow for cell capturing and scRNA gene expression (GEX)

library preparation using the Chromium Single Cell 50 Library & Gel Bead Kit as well as the

Single Cell 50 Feature Barcode Library Kit (10x Genomics). After cDNA amplification, the

CiteSeq libraries were prepared separately using the Single Index Kit N Set A, while final GEX
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libraries were obtained after fragmentation, adapter ligation, and final Index PCR using the

Single Index Kit T Set A.

The BM-derived lineage-positive cells were first depleted on magnetic column, and the

remaining single-cell suspensions from four 2-time transplanted animals were stained for pre-

parative sorting of CD45.2+ cells. After sorting 7,045 HSC, 6,363 MPP1, and 3,532 MPP2 from

miR-221/222-proficent HSC transplanted mice, the cells were separately applied, while 1,780

HSC, 771 MPP1, and 422 MPP2 sorted from deficient HSC transplanted mice were pooled

after sorting and applied to the 10x Genomics workflow using the Chromium Single Cell 50

Library & Gel Bead Kit and Single Index Kit T Set A.

For all libraries prepared, the fragment sizes were determined using the Fragment Analyzer

with the HS NGS Fragment Kit (1 to 6,000 bp) (Agilent), and library concentrations were

determined with Qubit HS DNA assay kit (Life Technologies).

30 GEX libraries and 50 GEX+CITE libraries were sequenced on a NextSeq500 device (Illu-

mina) using High Output v2 Kits (150 cycles) or on a NextSeq2000 device (Illumina) using

either P2 reagents (200 cycles) or P3 reagents (200 cycles or 100 cycles) with the recommended

sequencing conditions for (read1: 26 nt; read2: 98 nt; index1: 8 nt; index2: n.a.).

Single-cell transcriptome profiling

Raw signals were demultiplexed and converted to fastq files using DRAGEN (Ilumina). Detec-

tion of intact cells and expression quantification was performed by cellranger (version 5.0.0)

using count in default parameter settings with number of expected cells set to 3,000 and

refdata-cellranger-mm10 as reference. Further analysis was done in R (version 4.1.2) using the

Seurat package (version 4.0.5).

The integration of the datasets from HSC, MPP1, MPP2, MPP [3–4], CLP, lin−c-kit+Sca1−,

and lin−c-kit−Sca1− cells of unperturbed miR-221/222-proficient and miR-221/222-deficient

mice was performed by following the integration pipeline as described in the FindIntegratio-

nAnchors (Seurat) R Documentation. Firstly, each library was log-normalized using Normali-

zeData, 2,000 variable genes were detected using vst as selection method with

FindVariableFeatures, variable genes were scaled using ScaleData, and 50 principle compo-

nents were computed using RunPCA. Next, common anchors were identified by FindIntegra-

tionAnchors using rpca as reduction, 2,000 anchor features, and 1:30 dimensions. Finally,

libraries were merged using IntegrateData.

The integrated data were further analyzed by a UMAP sequentially using ScaleData,

RunPCA for 50 principle components, and RunUMAP using 1:30 principle component. Tran-

scriptionally similar clusters (T-clusters) were identified by shared nearest neighbor (SNN)

modularity optimization with FindNeighbors using 1:30 principle components and FindClus-

ters with the resolutions of 0.2. The UMAP was evaluated by projection of scores for selected

developmental stages, defined as the sum of log-normalized expression values.

In the aggregated dataset, we detected a total of 15 distinct clusters of BM lin− populations

(called total- (T-) clusters). Excluding clusters representing less than 5% of all analyzed cells,

we further investigated T-cluster 0 to 11. T-clusters 0, 2, and 10 could be characterized by the

expression of HSC-related genes, mostly from sorted HSC. T-clusters 3 and 4 had accumulated

expression of cell cycle–active genes—cluster 3 for G1/S-phase and cluster 4 for G2/M phase,

mostly from sorted MPP1-4 cells. T-cluster 5 contained T and NK lymphoid directed, T-clus-

ter 6 contained B cell directed cells, mostly from sorted CLP. T-cluster 8 contained erythropoi-

esis-directed, T-cluster 9 megakaryocyte-platelet-directed genes, and T-cluster 1 had

accumulated genes of earlier phases of myelopoiesis, mostly from sorted lin−c-kit+Sca− or

lin−c-kit-Sca− cells. Finally, T-cluster 7 expressed genes of more mature stages of basophil and
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mast cell development, while in T-cluster 11, genes expressed in more mature stages of neutro-

phils and granulocytes were predominant. These T-clusters 7 and 11 consisted mostly sorted

lin−c-kit+Sca− or lin−c-kit−Sca− cells.

The same workflow was used to merge HSC, MPP1, and MPP2 datasets. In particular, the

HSC, MPP1, and MPP2 from unperturbed and perturbed miR-221/222-proficient and miR-

221/222-deficient mice, HSC, MPP1, and MPP2 sorted after the second transplantation of

miR-221/222-proficient HSC as well as the pool of HSC, MPP1, and MPP2 sorted after the sec-

ond transplantation of miR-221/222-deficient HSC were integrated, a UMAP was computed,

and transcriptional cluster were defined using the resolution of 0.6. Clusters (E-clusters) with

low quality were identify by visual inspection of UMI counts, number of expressed, and per-

centage of mitochondrial genes. The contaminating cluster with erythrocytes contained cells

with high Hbb expression and higher UMI counts and number of detected genes. Cells from

low-quality clusters as well as the contaminating cluster with less than 5% contribution to all

cells were removed from further analysis. Libraries with hashtag-labeled antibody stainings of

miR-221/222-proficient and miR-221/222-deficient cells were demultiplex by contrasting arc-

sinh transformed hashtag 1 or 4 and hashtag 2 or 5 in a scatterplot and manual gating.

Differential gene expression analysis and comparison of number of expressed genes and

UMIs per cell were performed based on downsampled libraries. In analogy to DESeq2 library

size normalization, proposed for bulk sequencing [77], pseudo bulk samples were created for

each library after removal of low-quality and contaminating clusters by summing up the read

counts for each gene. Next, the geometric mean was calculated for each gene expressed in at

least 75% of the considered cells in each library and at least 75% of miR-221/222-proficient

and miR-221/222-deficient cells in the pools. The library size factors were defined as the

median ratio between the UMI counts of the library and the corresponding geometric mean

normalized to the number of considered cells. Downsampling was performed by subsampling

of UMIs with sampling rates defined as the ratios of the minimal and the respective size factor.

Numbers of detected genes and UMIs were computed after resembling the gene counts. Gene

expression represents log2p-transformed UMI counts. Differential expression analysis was

performed based on subsampled but not normalized values. In particular, for each gene log2p

transformed, all 0 values removed and a Mann–Whitney test was performed. Next, genes were

ranked by the fraction of expressing proficient (for miR-221/222-sensitive genes) or unper-

turbed (for perturbation-sensitive genes) cells, and a linear regression was performed on the

log2p fold change between miR-221/222-deficient and miR-221/222-proficient or fold change

between perturbed and unperturbed samples (mean log2Expdeficient-mean log2Expproficient or

mean log2Expperturbed-mean log2Expunperturbed). The linear regression was performed using

Prism (Version 9.0). Genes were defined as differentially expressed, if found in at least 30% of

the cells and the log2 fold change exceeding the 99% prediction band (PB).

Code availability

The softwares used in this study are open source. Cellranger from 10xgenomics: (https://

support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest) Seurat

packages 4.1.1: (https://cloud.r-project.org/web/packages/Seurat/index.html). Used scripts are

available upon request. (https://CRAN.R-project.org/CRANlogo.png; https://cloud.r-project.

org/web/packages/Seurat/index.html) CRAN-Package Seurat: (https://cloud.r-project.org/

web/packages/Seurat/index.html), (cloud.r-project.org). A toolkit for quality control, analysis,

and exploration of single-cell RNA sequencing data. “Seurat” aims to enable users to identify

and interpret sources of heterogeneity from single-cell transcriptomic measurements and to

integrate diverse types of single-cell data. See [78–81] for more details.
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Supporting information

S1 Data. Collection of numerical values in metadata table.

(XLSX)

S2 Data. Collection of single cell sequencing metadata normalized values.

(XLSX)

S3 Data. Collection of R scripts for single-cell RNA-seq data analysis.

(ZIP)

S1 Fig. Flow cytometry analysis of unperturbed and in vivo social stress–perturbed miR-

221/222-proficient and miR-221/222-deficient hematopoietic cells in BM and spleen. (A)

Single-cell suspensions of 2 tibia and femurs of miR-221/222-proficient unperturbed mice or

of 1 day, 3 days, 7 days, or 21 days after social stress–perturbed mice or (B) of miR-221/

222-proficient and miR-221/222-deficient unperturbed or of 1 day after social stress–per-

turbed mice or (C) from spleens of miR-221/222-proficient and miR-221/222-deficient unper-

turbed or of 1 day after social stress–perturbed mice were prepared in matched pairs, analyzed

with flow cytometry, and the numbers of cells were plotted. Numbers of different cell popula-

tions from unperturbed miR-221/222-proficient (open squares) and miR-221/222-deficient

(closed squares) mice or perturbed miR-221/222-proficient (open triangles) or miR-221/

222-deficient (closed triangle) are presented. Red lines indicate the mean values. One-way

ANOVA with Tukey posttest was used to evaluate statistical significance (* indicates p< 0.05.

The numerical data can be found in S1 Data and on FlowRepository.org through

FR-FCM-Z6PS accession number).

(TIF)

S2 Fig. Differentially expressed genes upon in vivo social stress perturbation in MPP1 and

MPP2 cells. Genes with higher expression after short-term perturbation (red dots and gene

symbols are selected genes) in (A) MPP1 and (B) MPP2 cells are presented by comparative dif-

ferential expression analysis of unperturbed versus perturbed cells. Differentially expressed

genes are above the significance limit (red dashed). The log2 fold-change expression values

were plotted against the numbers of unperturbed cells expressing the gene. The right side of

the green line indicates genes expressed in more than 30% of the cells. The numerical data can

be found in S2 Data.

(TIF)

S3 Fig. G1/S and G2/M cell cycle phases on UMAPs of early (E) and total (T) hematopoietic

compartments. (A) The integrated data of miR-221/222-proficient and miR-221/222-defi-

cient unperturbed, short-term perturbed, and serial transplanted HSC, MPP1, and MPP2 pop-

ulations after single-cell transcriptome sequencing (early) or (B) HSC, MPP1, MPP2, MPP,

CLP, lin−ckit+Sca1− and lin−ckit−Sca1− populations (total) were further analyzed by a UMAP.

Cells with characteristic gene expression pattern for G1/S (left) or G2/M (right) cell cycle–

related genes are shown on a composite picture for proficient and for deficient cells. For plot-

ting, gene-set modules of G1/S and G2/M genes were used. The numerical data can be found

in S2 Data. CLP, common lymphoid progenitor; HSC, hematopoietic stem cell; MPP, multipo-

tent progenitor; UMAP, Uniform Manifold Approximation and Projection for Dimension

ReductionAU : AbbreviationlistshavebeencompiledforthoseusedinS3 � S6Figs:Pleaseverifythatallentriesarecorrectlyabbreviated:.

(TIF)

S4 Fig. miR-221/222 expression in hematopoietic cells. (A) Relative miR-221 expression in

bulk sorted hematopoietic progenitor, B cell subsets, NK cells, granulocytes, and T cells in BM
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and thymus (n = 5 mice). Expression of miR-221 in the different bulk sorted populations are

displayed as fold change relative to miR-221 expression in pre-BI cells. (B) Relative miR-221

expression in BM of miRNA-proficient and miRNA-deficient LSK and MPP subsets (n = 5

mice). One-way ANOVA with Dunnett posttest was used to evaluate statistical significance (*,
**, and ***, indicateAU : Pleasenotethattheword}exactp}hasbeenremovedfromthesentence}One � wayANOVAwithDunnettposttestwasusedtoevaluate:::}Pleaseconfirmthatthiscorrectionisvalid:p< 0.05, p< 0.01, and p< 0.001, respectively). HSC/MPP1: pool of

hematopoietic stem cell and multipotent progenitor (MPP)1, MPP3-4: pool of MPP3 and

MPP4 populations, CLP: common lymphoid progenitor, Pre-BI: precursor BI cell, Pro-Pre-B:

progenitor of precursor B cell, NK cell: natural killer cells. LSK: BM-derived lin−Kit+Sca1+

population. The numerical data for Fig 1B–1F can be found in S1 Data. BM, bone marrow;

HSC, hematopoietic stem cell; miRNA, microRNA; MPP, multipotent progenitor; NK, natural

killer.

(TIF)

S5 Fig. Gating strategy and surface marker expression of stem and progenitor populations

in the BM and lineage cells in the spleen. After preparing single cell suspensions of (A)

unperturbed or (B) perturbed miR-221/222-proficient or of (C) unperturbed or (D) perturbed

miR-221/222-deficient BM, stem and progenitor cells were stained for flow cytometry analysis.

(E) Single-cell suspension of miR-221/222-proficient or miR-221/222-deficient spleen or

blood was prepared, and the major hematopoietic lineage cells were stained for flow cytometry

analysis. (F) Surface marker expression of the measured hematopoietic stem, progenitor, and

lineage cells. HSC were gated on lin−

(B220−CD3−CD4−CD8−CD19−CD11c−CD11b−Gr1−NK1.1−TER119−) c-kit+S-

ca1+Flk2−CD34−CD150+CD48− cells. MPP1 was gated on lin−c-kit+S-

ca1+Flk2−CD34+CD150+CD48− cells. MPP2 were gated on lin−c-

kit+Sca1+Flk2−CD34+CD150+CD48+ cells. MPP3 were gated on lin−c-kit+S-

ca1+Flk2−CD34+CD150−CD48+ cells. MPP4 were gated on lin−c-kit+S-

ca1+Flk2+CD34+CD150−CD48+ cells. CLPs were gated on lin−c-kitloSca1loFlk2+IL7R+ cells.

CMPs were gated on lin−c-kit+Sca1−CD34+CD16/32− cells. MEPs were gated on lin−c-kit+S-

ca1−CD34−CD16/32− cells. GMPs were gated on lin−c-kit+Sca1−CD34+CD16/32+ cells. CD4 T

cells were gated as CD3+CD4+; CD8 T cells were gated as CD3+CD8+ cell. B cells were gated as

CD4−CD8−B220+CD19+ cell. Myeloid cells were gated as

CD4−CD8−B220−CD19−CD11b+Gr1− cells. Granulocytes (Gran.) were gated on

CD4−CD8−B220−CD19−CD11b+Gr1+ cells. (G) Antibodies used in the analyses. The numeri-

cal data can be found in the FlowRepository.org through FR-FCM-Z6PS accession number.

BM, bone marrow; CLP, common lymphoid progenitor; CMP, common myeloid progenitor;

GMP, granulocyte-myelocyte progenitor; HSC, hematopoietic stem cell; MEP, megakaryo-

cyte-erythroid progenitor; MPP, multipotent progenitor.

(TIF)

S6 Fig. Strategy for the detection of copy numbers of miR-221/222 molecules in single

cells. (A) AU : PleasenotethatasperPLOSstyle; numeralsarenotallowedatthebeginningofasentence:Pleasecheckandconfirmthattheeditto}Around105 � 100copiesofseriallydilutedsyntheticmiR � 221:::}iscorrect; andamendifnecessary:Serial dilution of 105−100 copies of synthetic miR-221 oligonucleotide was measured

3 times (Run1-3) in 3 technical replicates. The TaqMan qPCR measurements were done after

or without (without pre-amp) 10-cycle PRC amplification of the reverse transcript. (B) AU : PleasenotethatasperPLOSstyle; numeralsarenotallowedatthebeginningofasentence:Pleasecheckandconfirmthattheeditto}About105 � 100copiesofseriallydilutedsyntheticmiR � 222:::}iscorrect; andamendifnecessary:Serial

dilution of 105−100 copies of synthetic miR-222 oligonucleotides were measured 2 times

(Run1 and 2) in 3 technical replicates. The TaqMan qPCR measurements were done after

10-cycle PRC amplification of the reverse transcript. (C) AAU : PleasenotethatasperPLOSstyle; numeralsarenotallowedatthebeginningofasentence:Pleasecheckandconfirmthattheeditto}Atotalof 45single � cellsortedmiR � 221=222:::}iscorrect; andamendifnecessary:total of 45 single-cell sorted miR-

221/222-proficient lin−c-kit+Sca1+CD150+CD48− (pool of HSC and MPP1) cells were directly

sorted in lysis buffer, suitable for miR-221- or miR-222-specific reverse transcription reaction.

After 10-cycle PRC amplification of the reverse transcript, the copy numbers of miR-221 (red)

and miR-222 (blue) were determined in individual cells using standard curves developed in
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the same reaction plate. Red and blue dots indicate technical replicates (D) The limit of detec-

tion in miR-221 and -222 copy numbers were assigned by the highest value of 10 NTCs, where

no cell was sorted in the lysis buffer. Red and blue dots indicate technical replicates. Pax5−/−

pre-BI cells were used as positive control. The mean of the technical replicates are calculated

and plotted for 10 individual cells. The numerical data can be found in S1 Data. HSC, hemato-

poietic stem cell; MPP, multipotent progenitor; NTC, no template control.

(TIF)
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