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SUMMARY

Hematopoietic stem cells (HSCs) rely on complex regulatory networks to preserve stemness. 

Due to the scarcity of HSCs, technical challenges have limited our insights into the interplay 

between metabolites, transcription, and the epigenome. In this study, we generated low-input 
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metabolomics, transcriptomics, chromatin accessibility, and chromatin immunoprecipitation data, 

revealing distinct metabolic hubs that are enriched in HSCs and their downstream multipotent 

progenitors. Mechanistically, we uncover a non-classical retinoic acid (RA) signaling axis that 

regulates HSC function. We show that HSCs rely on Cyp26b1, an enzyme conventionally 

considered to limit RA effects in the cell. In contrast to the traditional view, we demonstrate that 

Cyp26b1 is indispensable for production of the active metabolite 4-oxo-RA. Further, RA receptor 

beta (Rarb) is required for complete transmission of 4-oxo-RA-mediated signaling to maintain 

stem cells. Our findings emphasize that a single metabolite controls stem cell fate by instructing 

epigenetic and transcriptional attributes.

Graphical abstract

In brief

Schönberger et al. generate and integrate low-input multi-omics data on purified hematopoietic 

stem cells (HSCs) to identify metabolic and epigenetic signaling hubs relevant to stem cell 

identity. Mechanistically, the authors uncover a non-classical retinoid signaling axis, Cyp26b1-4-

oxo-RA-Rarb, important for maintenance of HSC features.

INTRODUCTION

Hematopoietic stem cells (HSCs) sit at the top of a hierarchically organized system and have 

the unique capability of long-term reconstitution of the entire blood system (Orkin and Zon, 
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2008; Till and McCulloch, 1961). HSCs can give rise to multipotent progenitors (MPPs), 

which differentiate stepwise into lineage-committed progenitors and eventually into effector 

cells (Ikuta and Weissman, 1992; Okada et al., 1992). Under homeostatic conditions, HSCs 

are highly quiescent and exhibit low biosynthetic activity (Cabezas-Wallscheid et al., 2017; 

Wilson et al., 2008). Although currently debated, HSCs are commonly described tas relying 

on glycolytic ATP production while inhibiting mitochondrial oxidative phosphorylation 

(OXPHOS) (Chandel et al., 2016; Ito and Suda, 2014; Liang et al., 2020; Vannini et al., 

2016). Nevertheless, HSCs must be able to reversibly switch their metabolic program upon 

stress-induced activation to meet higher energy demands and drive differentiation (Ito and 

Suda, 2014; Ito et al., 2019; Simsek et al., 2010; Takubo et al., 2013).

Over the last years, it has become evident that metabolites can play an active role in 

regulating cell fate (Bräutigam et al., 2018; Hinge et al., 2020; Kalaitzidis et al., 2012; 

Suda et al., 2011; Takubo, 2014). Metabolites can be detected by transcription factors 

(TFs), modifying gene expression. Furthermore, the metabolic balance of short-chain carbon 

metabolites is closely linked to the degree of DNA or histone modification and, thus, to 

transcriptional regulation (Serefidou et al., 2019; Ulrey et al., 2005). Vitamins in particular 

have been suggested to mediate epigenetic modifications and to play important roles in stem 

cell function. For instance, vitamin B3 reduces bone marrow (BM) transplantation toxicity 

(Vannini et al., 2019), and vitamin C suppresses leukemogenesis by changing the DNA 

methylation status in HSCs (Agathocleous et al., 2017; Cimmino et al., 2017). Previous 

work has shown that vitamin A/retinoic acid (RA) signaling plays a role in regulating 

HSCs (Cabezas-Wallscheid et al., 2017; Purton et al., 1999, 2000). In a prior study, we 

performed proof-of-principle experiments that showed systemic deprivation of vitamin A in 

mice leads to loss of HSC quiescence (Cabezas-Wallscheid et al., 2017). Treatment with 

the active vitamin A metabolite all-trans-RA (at-RA) preserves stemness features during 

stress conditions in vitro and in vivo. Nonetheless, how retinoids regulate hallmarks of HSCs 

remains largely unknown.

The low frequency of HSCs within the BM leads to technical limitations so far preventing 

extensive investigation of the interplay between stem cell metabolism and transcriptome/

epigenome signaling networks. Significant advances in low-input sampling have been made 

recently; Agathocleous et al. (2017) detected around 60 metabolites from only 10,000 cells 

of different stem and progenitor populations. DeVilbiss et al. (2021) were able to identify 

as many as 160 metabolites in HSCs/MPPs, comparing them with whole BM(WBM) 

cells. However, the methods applied in these studies did not detect differences between 

highly purified stem cell populations and immediate downstream progenitor cells. Here we 

established low-input metabolic and epigenetic methods and showed that HSCs rely on a 

non-classical RA signaling axis.

RESULTS

Metabolic landscape of HSCs and downstream progenitors

To explore the networks linking metabolism, epigenetics, and transcription in HSCs 

(Lin−Sca-1+c-Kit+ [LSK] CD150+CD48−CD34−) and their downstream MPPs (LSK 

CD150−CD48+), we established and employed protocols for low-input metabolomics, RNA 
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sequencing (RNA-seq), chromatin accessibility (assay for transposase-accessible chromatin 

sequencing; ATAC-seq), and histone chromatin immunoprecipitation sequencing (ChIP-seq) 

(Figure 1A; Figure S1A).

First, we aimed to shed light on how the composition of metabolites differs in HSCs and 

MPPs. We developed two low-input liquid chromatography-tandem mass spectrometry (LC-

MS/MS) approaches. One approach detects (semi)polar metabolites such as tricarboxylic 

acid (TCA) cycle metabolites and amino acids, using as few as 10,000 cells as starting 

material, and the second approach detects polar lipids, bile acids, and retinoids using 

40,000 cells as starting material (STAR Methods). Titration experiments confirmed that 

metabolites were detected above background levels and showed a signal correlation with 

the input number (Figure S1B). Because of the scarcity of HSCs, we performed the 

metabolomics experiments using LSK CD150+CD48− (HSCs and MPP1, hereafter referred 

to as HSCs+MPP1) and LSK CD150−CD48+ (MPP3+MPP4, hereafter referred to as 

MPPs) (Cabezas-Wallscheid et al., 2014). We identified 51 metabolites in HSCs+MPP1 

and downstream MPPs, of which 23 were found to be significantly different (Figure 1B; 

Table S2). Compared with previous studies, this represents an advance in the purity of cell 

populations used and the number of differentially abundant metabolites identified (Figure 

S1C; Agathocleous et al., 2017; DeVilbiss et al., 2021; Karigane et al., 2016; Takubo et al., 

2013).

We found several lipids that were significantly enriched in HSCs+MPP1, such as lyso-

phosphocholines (LPCs) and phosphocholines (PCs) (Figure 1B; Table S2). Two of the 

most highly abundant metabolites in HSCs+MPP1 were RA and its downstream product 

4-oxo-RA. This result supports our previous findings and hints at the importance of 

retinoids in regulation of stem cell function (Figure 1B; Table S2; (Cabezas-Wallscheid 

et al., 2014, 2017). Further, we detected up to 2-fold higher levels of various amino acids, 

acyl-carnitines, and TCA cycle-related metabolites in MPPs, reflecting their active metabolic 

state (Figure 1B; Table S2).

We next performed RNA-seq of HSCs and MPPs, focusing primarily on metabolic genes 

(Figure S1D). Gene Ontology (GO; Figure S1E; Table S1) and gene set enrichment analysis 

(GSEA; Figure 1C) revealed that “fatty acid metabolism” and “signaling by RA” were 

enriched in HSCs, whereas “TCA cycle” and “metabolism of amino acids” were enriched 

in MPPs, in line with our metabolomics data and previous research (Chandel et al., 2016; 

Ito and Suda, 2014). Correlation between individual metabolites and their corresponding 

enzymes was observed (Figure 1B; schematic pathways are highlighted in Figure S1F; Table 

S1). For example, HSCs showed high expression of glycolytic enzymes and low expression 

of OXPHOS-related enzymes. By grouping differentially expressed genes (DEGs; adjusted 

p [padj.] < 0.1) between HSCs and MPPs according to metabolic GO terms (Figure S1G; 

Table S1), we identified potential upstream regulators (Herrmann et al., 2012; Imrichová 

et al., 2015). For instance, we found C/EBP homology protein / activating transcription 

factor 4 (CHOP/ATF4) was the main motif for genes involved in “amino acid metabolism” 

enriched in MPPs, whereas interferon regulatory factor (IRF) was the main motif for “retinol 

metabolism” genes highly enriched in HSCs (Figure S1G).
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Our results show that, upon transition of HSCs to MPPs, rewiring of the cell metabolic status 

happens at the transcriptional and metabolic levels.

Epigenetic modulation of metabolic pathways in HSCs

We next explored the chromatin accessibility status in HSCs and MPPs by applying ATAC-

seq (Figure S1H). Differences in chromatin accessibility and gene expression correlated 

significantly, as shown by GSEA (Figures S1I and S1Q). Furthermore, GO analysis of genes 

annotated to gained or lost open chromatin regions (OCRs) yielded terms such as “cell 

adhesion” and “positive regulation of transcription” for HSC-specific sites and “intracellular 

signal transduction” and “activation of GTPase activity” for MPP-specific sites (Figure S1J; 

Table S1), in line with our previous work and the RNA-seq data (Figures S1D and S1E; 

Cabezas-Wallscheid et al., 2014). GSEA of genes annotated to ATAC-seq peaks retrieved 

only a small number of pathways that were significantly enriched in HSCs; these included 

“retinoic acid metabolism,” indicating epigenetic regulation of this pathway (Figure 1D; 

Table S1). Differences in binding of TFs enriched for the aforementioned metabolic 

pathways (Figure S1G) were assessed by digital footprinting analysis of the corresponding 

motifs. As a control, we used CCCTC-binding factor (CTCF) as a TF generally acting 

in all cells and Runt-related TFs / ETS-domain TFs (RUNX/ETS) as factors particularly 

relevant to MPPs (Imperato et al., 2015; Nottingham et al., 2007; Willcockson et al., 2019; 

Figures S1G and S1K). The analysis revealed higher TF occupancy in MPPs for the motifs 

ATF4 and CHOP, corresponding to the GO term “amino acid metabolism,” in line with our 

metabolomics data.

We next compared the promoter chromatin state of HSCs and MPPs by performing low-

input ChIP-seq for two histone modifications: histone 3 lysine 4 trimethylation (H3K4me3), 

associated with active genes, and histone 3 lysine 27 trimethylation (H3K27me3), a 

repressive mark set by Polycomb repressive complex 2 (PRC2) (Margueron and Reinberg, 

2011). To ensure high quality, we performed titration experiments and a comparison with 

recent publicly available data (Figures S1L and S1M; Zheng et al., 2015). As expected, 

H3K4me3 and H3K27me3 displayed a global anti-correlation with only a few bivalent 

promoters (Figure S1N; Wei et al., 2009; Weishaupt et al., 2010).

Consistent with RNA-seq and ATAC-seq analysis, GSEA of the H3K4me3 modification 

revealed terms like “cell cycle” and “TCA cycle” as enriched in MPPs, whereas “retinoic 

acid metabolism” and “nuclear receptor transcription” were significantly enriched in HSCs 

(Figure S1O; Table S1). GSEA of H3K27me3-modified genes highlighted “DNA repair” 

and “phospholipid metabolism” as enriched in MPPs, suggesting epigenetic repression of 

these pathways specifically in MPPs (Figure S1P; Table S1). Of note, transcription was 

positively correlated with OCRs and H3K4me3 promoter marks (Figure S1Q), whereas 

H3K27me3 showed a weak but significant global anti-correlation, as exemplified by gene 

loci from different metabolic and cycling-related genes (Figure 1E; Figure S1R).

To globally illustrate metabolic networks governing stemness, we integrated the 

metabolomics data with the RNA-, ATAC-, and ChIP-seq datasets, focusing on KEGG 

pathway-annotated enzymes that correspond to the metabolites we detected. For this 

purpose, we created “metabolome-transcriptome-epigenome” (MTE) plots summarizing 
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all of the assessed layers of regulation (Figure 1F; Figure S1S). For instance, TCA 

cycle-related enzymes were regulated by H3K4me3, showing a significant average gain 

of promoter modification in MPPs and, thus, higher gene expression. Further, we identified 

“sphingo/glycerophospholipid metabolism” and “sterol biosynthesis” as metabolic hubs that 

previously have not been linked to HSC biology. The most striking outcome of our multi-

omics analysis was the strong emphasis on “retinol metabolism” in HSCs. Retinoids were 

the most highly enriched metabolites in HSCs+MPP1 that strongly correlated with greater 

chromatin accessibility, higher H3K4me3 but lower H3K27me3 levels, and, consequently, 

higher levels of expression of enzymes involved in RA metabolism in HSCs (Figures 1B-1F; 

Figure S1O).

Our integrative multilayer omics approach permits further exploration in future studies to 

address the role of specific metabolites and enzymes for maintenance of stemness.

Lack of dietary vitamin A leads to loss of the metabolic HSC identity

We next aimed to assess the role of RA metabolism, the most highly enriched metabolic hub 

detected, in regulating HSC function by specifically disrupting this pathway. Dietary vitamin 

A (i.e., retinol) serves as the only precursor metabolite for retinoids. Thus, 3-week-old 

mice were fed control food or a vitamin A-free diet (VAF) for 6 months (Figure 2A). 

Systemic depletion of vitamin A was confirmed by strongly decreased liver retinol levels 

after 6 months of VAF diet feeding (Figure S2A). In line with our previous study, flow 

cytometry analysis of the BM showed a decrease in relative and absolute frequencies of 

HSCs and a corresponding loss of quiescence (Figures 2B and 2C; Figures S2B and S2C; 

Cabezas-Wallscheid et al., 2017). Apart from a significant but mild decrease within the 

erythroid lineage, VAF BM cells did not display any lineage bias (Figure S2D). Moreover, 

after 48 h of in vitro single-cell cultivation of HSCs, a higher division rate was detected in 

VAF cells, indicating a cycling-primed state (Figure 2D). Serial colony-forming unit (CFU) 

assays showed decreased in vitro self-renewal capacity (Figure 2E). In agreement with this 

finding, serial WBM competitive transplantation assays revealed a significant decrease in 

peripheral blood (PB) chimerism, displaying a lymphoid bias (Figure 2F; Figures S2E and 

S2F). Thus, vitamin A deficiency leads to loss of quiescent repopulating HSCs.

To investigate how retinoids regulate HSC identity, we performed extensive transcriptomic, 

epigenetic, and metabolic analyses on VAF HSCs. GSEA of RNA-seq data (Figure 

S2G; Table S1) showed that VAF HSCs exhibit strong downregulation of published 

HSC signatures such as “dormant HSCs” but enrichment of “MPP” signatures (Cabezas-

Wallscheid et al., 2014, 2017; Wilson et al., 2015; Figure S2H; Table S3). Furthermore, 

Reactome pathways, such as “respiratory electron transport” and “TCA cycle,” were 

enriched in VAF HSCs (Figure 2G). Next we performed targeted metabolomics and found 

that vitamin A deficiency led to a significant reduction in the retinoids RA and 4-oxo-

RA in HSCs+MPP1 (Figure 2H). Conversely, two TCA cycle metabolites, glutamate and 

itaconate, were significantly more abundant, suggesting higher metabolic activity of VAF 

HSCs+MPP1. Most of the metabolites detected in VAF HSCs+MPP1 and VAF MPPs 

showed similar levels, which is in contrast to control conditions (Figure S2I; Figure 

1B; Table S2). We then integrated the metabolomics data with transcriptional changes in 
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enzymes related to the two main metabolically affected pathways, “retinol metabolism” 

and ”TCA cycle.” Although none of the TCA cycle-related enzymes were transcriptionally 

deregulated in VAF HSCs, retinol enzymes followed a trend toward downregulation of the 

pathway (Figure S2J).

To determine the effect of vitamin A deprivation on chromatin accessibility, we applied 

ATAC-seq (Figure S2K). We integrated the RNA-seq data with genes associated with OCRs 

specific to control (lost in VAF) and found a significant enrichment of VAF-downregulated 

genes (Figure S2L). This indicates that vitamin A deficiency leads to loss of OCRs, resulting 

in reduced expression of the respective genes, as exemplified by two representative gene loci 

(P2rx7 and Rarb) (Figure S2M). Retinoids can change chromatin accessibility by binding 

to RA receptors (RARs) (Findley et al., 2019). Thus, we performed digital footprinting 

analysis for the RAR motif, revealing a significant decrease in VAF HSCs compared with 

the control (Figure 2I). Additionally, the IRF motif, found previously to be enriched in 

“retinol metabolism”-annotated genes (Figure S1G), was significantly less occupied in VAF 

HSCs (Figure S2N), suggesting a potential interplay with interferon regulatory factors.

These data demonstrate that systemic depletion of dietary vitamin A changes the metabolic, 

transcriptional, and epigenetic profile of HSCs toward a dysfunctional stemness phenotype.

Cyp26b1 is critical for HSC self-renewal and quiescence

To gain deeper insight into the molecular mechanism of RA signaling in HSCs, we screened 

our omics data for known RA pathway members under homeostatic conditions and upon 

VAF (Figures 1 and 2). Interestingly, cytochrome P450 family 26 subfamily B member 

1 (Cyp26b1) was significantly downregulated under VAF conditions and specifically 

expressed in HSCs compared with downstream progenitors and differentiated blood cells 

(Figures 2J and 2K; Figure S2O). In an irreversible reaction, Cyp26 enzymes metabolize 

at-RA into 4-hydroxy-RA (4-OH-RA), which can be further oxidized to the catabolic 

metabolite 4-oxo-RA, commonly considered an inactive degradation product (Figure 3A). 

Thus, the at-RA-Cyp26-4-oxo-RA axis is seen as a system to balance RA levels in a 

cell (Bowles et al., 2006; Hernandez et al., 2007; Niederreither et al., 2002; Ono et al., 

2020; Sakai et al., 2001; Yashiro et al., 2004). Our metabolomics data show that RA and 

4-oxo-RA are enriched in HSCs+MPP1, indicating enzymatic activity of Cyp26 in HSCs 

(Figure 1B). Although Cyp26a1 and Cyp26c1 were not expressed (Figure 2J; Figure S2O), 

we sought to test whether Cyp26b1 is important for stemness. To this end, we employed 

two different Cre-driver mouse models to conditionally delete Cyp26b1 in HSCs in the adult 

hematopoietic system (Mx1Cre x Cyp26b1fl/fl and SclCre x Cyp26b1fl/fl; Figure 3B). In 

both systems, Cyp26b1 deletion was confirmed in HSCs by quantitative reverse transcription 

PCR (RT-qPCR), and a potential compensatory upregulation of Cyp26a1 or Cyp26c1 was 

excluded (Figures S3A and S3J). Four weeks after induction, Mx1Cre x Cyp26b1fl/fl 

knockout (KO) (Mx-Cyp26b1−/−) mice exhibited a mild but significant decrease in relative 

and absolute HSC frequencies compared with the Cre (Mx1Cre) or floxed controls 

(Cyp26b1fl/fl) (Figure 3C; Figures S3B and S3C). Although cell cycle phase distribution 

was unchanged (Figure S3D), Mx-Cyp26b1−/− HSCs showed a significantly higher in 
vitro division rate (Figure 3D; Figure S3E). Notably, neither MPPs nor differentiated 
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BM cell frequencies were affected (Figures S3F and S3G). Functionally, HSCs lacking 

Cyp26b1 showed an impaired in vitro self-renewal capacity (Figure 3E). Competitive BM 

transplantation experiments showed an overall decrease in CD45.2 chimerism (Figure 3F). 

Lymphoid lineages were particularly affected (Figure S3H), and a decreased number of 

donor-derived HSCs after secondary transplants was observed (Figure 3G; Figure S3I). To 

confirm these findings, we repeated the experiments using the SclCre driver mouse line 

(Scl-Cyp26b1−/−, which induces adult HSC-specific KO, and observed the same phenotype 

(Figures S3J-S3S). Additionally, we analyzed mice 7 months after deletion of Cyp26b1 
(Figure 3H). This long-term deletion led to an enhanced phenotype of HSC frequencies 

and function (Figures S3B and S3T-S3W) compared with short-term Cyp26b1 deletion and 

further resembled the VAF conditions (Figures 2E, 2F, and 3I).

We next performed RNA-seq in short-term-deleted (immediately after KO induction) and 

long-term-deleted (7 months) Mx-Cyp26b1−/− HSCs (Figure 3J; Figure S3X; Table S1). 

GSEA of both datasets revealed enrichment of “MPP” and “cell cycle” signatures in 

the absence of Cyp26b1 and downregulation of genes related to “HSC signatures” and, 

unexpectedly, “RA signaling” after short-term deletion (Figures S3Y-S3Z; Table S3). 

Furthermore, we found that the GO terms “TCA cycle” and “metabolism of amino acids” 

were enriched in Mx-Cyp26b1−/− HSCs, whereas “cholesterol metabolism” was depleted, 

suggesting metabolic priming toward a dysfunctional stemness phenotype similar to VAF 

conditions (Figure 3J; Figure S3AA).

To see whether loss of Cyp26b1 mimics the transcriptional changes seen in VAF HSCs, we 

created a gene signature from VAF up- or downregulated DEGs (padj. < 0.1; Table S3) and 

performed GSEA in Mx-Cyp26b1−/− HSCs. Transcriptional changes observed in short-term 

Cyp26b1 deletion did not significantly correlate with VAF signatures (data not shown). 

However, when comparing 7-month Mx-Cyp26b1−/− HSCs with VAF HSCs, up- and 

downregulated genes, respectively, were significantly enriched (Figure 3K; Figure S3AB; 

Table S3), suggesting that the phenotype observed in Mx-Cyp26b1−/− HSCs is at least 

partially established because of the lack of retinoids. We then performed ATAC-seq on Mx-
Cyp26b1−/− and Cyp26b1fl/fl HSCs (Figure S3AC). Digital footprinting analysis revealed 

that the occupancy of the RAR motif was significantly decreased in Mx-Cyp26b1−/− HSCs 

(Figure 3L), further indicating a role of RA metabolites downstream of Cyp26b1 for RAR 

activation. To test whether Cyp26b1 is indeed indispensable for 4-oxo-RA production in 

HSCs, we performed targeted retinoid metabolomics. Importantly, we found that 4-oxo-RA 

was depleted in Mx-Cyp26b1−/− HSCs+MPP1, whereas RA levels were not affected (Figure 

3M).

These data indicate that the enzyme Cyp26b1 plays an important role in maintaining HSC 

self-renewal and quiescence, presumably by metabolizing at-RA to 4-oxo RA.

4-oxo-RA regulates HSC function

4-oxo-RA is commonly considered a catabolic by-product of processes limiting the effect 

of at-RA in the cell (Bowles et al., 2006; Ferreira et al., 2020; Ghyselinck and Duester, 

2019; Hernandez et al., 2007; Niederreither et al., 2002; Sakai et al., 2001). However, a 

few studies have shown that 4-oxo-RA can also be an active metabolite (Baron et al., 2005; 
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Idres et al., 2002; Pijnappel et al., 1993; Shealy, 1989; van der Leede et al., 1997). Thus, 

we aimed to unravel whether and how HSCs respond to 4-oxo-RA. To our surprise, we 

found that in vitro treatment with 4-oxo-RA maintained stem cell quiescence and prevented 

HSCs from undergoing cell division to the same extent as at-RA (Figures 4A-4C). Of 

note, toxicity effects from in vitro treatment were excluded (Figure S4A). When placed 

into in vitro culture, HSCs start a differentiation process involving increased metabolic 

activity. We hypothesized that 4-oxo-RA-treatment may prevent HSC activation in vitro, 

similar to what has been shown for at-RA (Cabezas-Wallscheid et al., 2017; Purton et 

al., 1999, 2000). Indeed, we observed a significant decrease in nascent protein translation 

rates and a lower number of reactive oxygen species (ROS)-oxidized HSCs (Figure 4D-E), 

indicating low use of OXPHOS as an energy source and, thus, maintenance of HSC features 

(Signer et al., 2014, Ludin et al., 2014; Suda et al., 2011). A mitochondrial stress test 

on LSK cells revealed significantly lower basal and maximal respiration upon at-RA and 

4-oxo-RA treatment (Figure S4B), in line with recent findings that show reduced basal and 

maximal respiration in HSCs compared with MPPs (Ito et al., 2019). Of note, mitochondrial 

content was not affected by the treatments (Figure S4C). Functionally, 4-oxo-RA in vitro 
treatment led to an increased in vitro and in vivo self-renewal capacity (Figures 4F and 

4G). To assess whether 4-oxo-RA might protect HSCs in vivo from proliferative activation 

upon poly(I:C) (pIC) injection, we pre-treated mice with at-RA or 4-oxo-RA (Figure 4H). 

4-oxo-RA treatment was associated with higher retention of HSCs in the G0 cell cycle 

phase, decreased HSC proliferation, and higher self-renewal capacity compared with control 

conditions after pIC treatment (Figures 4H-4J). The downstream metabolite 4-oxo-RA 

mimics at-RA effects on HSCs in vitro and in vivo. This indicates that 4-oxo-RA could 

be crucial for signaling through the RARs in HSCs.

Next we performed RNA-seq on 24-h in-vitro-cultured HSCs+MPP1 treated with dimethyl 

sulfoxide (DMSO), at-RA, or 4-oxo-RA (Figure S4D). GSEA of 4-oxo-RA-treated versus 

DMSO-treated HSCs+MPP1 revealed a strong correlation for the signatures “dormant 

HSCs” and “HSCs” (Figure S4E). Although the overall transcriptional response to at-RA 

and 4-oxo-RA was very similar (Figure S4D; Table S1), 4-oxo-RA treatment led to 

additional enrichment for HSC-specific signatures as well as metabolic pathways such as 

“signaling by GPCR” and “Netrin-1 signaling” (Renders et al., 2021; Figure S4F and S4G). 

In contrast, at-RA-treated HSCs+MPP1 were further enriched for “amino acid metabolism” 

and “TCA cycle,” indicating that HSC hallmarks are even better preserved by the metabolite 

4-oxo-RA.

An unbiased clustering analysis identified 4 clusters for which we performed GO analysis 

and a regulatory motif prediction (Figure 4K; Tables S1 and S4). Interestingly, cluster 1 was 

dominated by genes associated with “DNA replication,” showing strong downregulation by 

both RA metabolites and enrichment for the E2F motif, which is known to be involved 

in cell cycle regulation (Dimova and Dyson, 2005; Helin, 1998). Genes in cluster 2, 

which included Cyp26b1 and Rarb, were highly upregulated by both RAs and linked to 

“inflammatory response.” This cluster showed enrichment for RAR motifs, suggesting that 

these are likely direct target genes of 4-oxo-RA and at-RA, in contrast to genes in clusters 

3 and 4. Additionally, RT-qPCR analysis showed cluster 2 genes were already induced 

after 2 h of treatment, further indicating a direct response (Figure S4H). Similarly, genes 
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induced by 4-oxo-RA are also expressed at significantly higher levels in HSCs compared 

with downstream MPP populations, whereas 4-oxo-RA-repressed genes are strongly induced 

upon differentiation (Figure S4I). Thus, 4-oxo-RA-treatment leads to direct and indirect 

transcriptional changes, inducing HSC-specific and repressing MPP-specific genes.

We showed that 4-oxo-RA is a potent metabolite that regulates gene expression in HSCs and 

plays an essential role in the retention of HSC quiescence and self-renewal capacity.

4-oxo-RA acts downstream of Cyp26b1 and is required for HSC maintenance

To unravel whether the lack of 4-oxo-RA causes the transcriptional changes observed with 

VAF diet feeding or upon Cyp26b1 deletion, we compared DEGs of in vitro 4-oxo-RA 

treatment with gene expression fold changes found in VAF and Mx-Cyp26b1−/− HSCs 

(Figure 4L; Figures S4J and S4K; Table S4). Globally, transcriptome data of VAF HSCs, 

short-term as well as long-term deletion of Cyp26b1 in HSCs, and, interestingly, MPPs 

resembled the DMSO control condition upon HSC+MPP1 in vitro treatment (Figure S4K). 

Importantly, VAF signatures for up- and downregulated genes showed a significant and 

strong anti-correlation compared with 4-oxo-RA-induced and 4-oxo-RA-repressed genes, 

respectively (Figure S4J). Cluster 2 genes in particular, approximately 80% of which contain 

a RAR motif, were not only strongly downregulated in VAF HSCs but also reduced in 

7-month Mx-Cyp26b1−/− HSCs (Figure 4L). Thus, 4-oxo-RA is likely the metabolic signal 

modulating core signature genes that were found to be deregulated in VAF and Cyp26b1 KO 

HSCs; however, an at-RA-mediated effect cannot be excluded.

To address whether the positive effects of at-RA on HSC function are conferred by 

binding of at-RA to RARs or by the Cyp26b1-downstream metabolite 4-oxo-RA, we 

performed RNA-seq on Mx-Cyp26b1−/− HSCs+MPP1 that were treated in vitro with 

DMSO, at-RA, or 4-oxo-RA (Figure 5A; Table S1). GSEA of the DMSO condition revealed 

a strong correlation with the MPP signature when comparing Mx-Cyp26b1−/− HSCs+MPP1 

against Cyp26b1fl/fl HSCs+MPP1, consistent with our previous findings (Figures S3E, 

S3P, and S5A; Table S3). Although at-RA treatment exerted a transcriptional response in 

Mx-Cyp26b1−/− HSCs+MPP1, we found significant enrichment of the MPP signature that, 

in contrast, was lost upon 4-oxo-RA treatment (Figure S5A). This suggests that 4-oxo-RA, 

but not at-RA, can rescue the loss of Cyp26b1 in Mx-Cyp26b1−/− HSCs. To evaluate a 

functional rescue, we treated Cyp26b1fl/fl and Mx-Cyp26b1−/− or Scl-Cyp26b1−/− HSCs 

with at-RA, 4-oxo-RA, and their upstream metabolite retinol (Figures 5B and 5C; Figure 

S5B). Upon treatment with retinol, at-RA, and 4-oxo-RA, Cyp26b1fl/fl HSCs retained their 

quiescence and showed enhanced self-renewal capability. In contrast, in Scl-Cyp26b1−/− 

HSCs, only 4-oxo-RA led to enhanced stem cell quiescence and function, whereas retinol 

and at-RA treatments had no effect (Figures 5B and 5C). To validate these findings in 
vivo, we pre-treated Cyp26b1fl/fl and Scl-Cy-p26b1−/− mice with at-RA or 4-oxo-RA before 

challenging them with pIC. Strikingly, 4-oxo-RA, but not at-RA, retained quiescence in 

Scl-Cyp26b1−/− HSCs and led to increased in vitro self-renewal capacity compared with 

DMSO pIC conditions (Figures 5D and 5E).
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These data indicate that 4-oxo-RA, produced in a cell-autonomous manner by Cyp26b1 in 

HSCs, is the main active RA metabolite required to convey the complete transcriptional 

response to maintain HSC properties.

Rarb is required to mediate 4-oxo-RA-dependent maintenance of HSC function

Next we aimed to investigate which TF may be responsible for transmitting 4-oxo-RA-

dependent effects on HSC function. RA metabolites enter the nucleus to bind to RARs; to 

modulate gene expression, RARs dimerize with retinoid X receptors (RXRs) and bind to RA 

response elements (RAREs) on genomic DNA (McKenna, 2012). RARs as well as RXRs 

consist of three different subtypes (α, β, and γ) that show cell-type-specific expression 

patterns, creating platforms for distinct RA effects in various tissues (Bushue and Wan, 

2010; Conserva et al., 2019; Tang and Gudas, 2011). Our gene expression data revealed 

that Rarb (in contrast to Rarg and Rara) was specifically expressed in HSCs but not in 

downstream progenitors or differentiated cells and showed significant downregulation upon 

VAF conditions (Figures 6A and 6B; Figures S6A and S6B). Moreover, some studies report 

that 4-oxo-RA is a potent ligand and activator of Rarb specifically (Faria et al., 1999; Idres 

et al., 2002; Pijnappel et al., 1993; Sonneveld et al., 1999), raising the possibility that 

4-oxo-RA’s effects in HSCs could be mediated through Rarb.

To test Rarb function in HSCs, we first established an in vitro retroviral knockdown (KD) 

system (Figure 6C; Figure S6C). Rarb KD was validated by RT-qPCR (Figure S6D) and 

led to decreased HSC frequencies and reduced in vitro self-renewal capacity (Figures 6D 

and 6E). In vivo competitive transplantation of Rarb KD and control LSK cells showed 

that silencing of Rarb leads to a severe decrease in PB CD45.2 chimerism (Figure 6F; 

Figure S6E). Additionally, we performed in vivo transplantation assays using a constitutive 

Rarb KO mouse model. Rarb KO was confirmed by RT-qPCR, whereas compensatory 

upregulation of other RARs was excluded (Figure S6F). 16 weeks after transplantation of 

Rarb KO HSCs, CD45.2+ BM cells revealed a lower frequency of HSCs compared with 

the control condition (Figure S6G). These data show that Rarb plays an important role in 

maintenance of stem cell features.

To unravel whether Rarb is required for mediation of 4-oxo-RA’s effects on stemness, 

we treated Rarb KO HSCs with retinol, at-RA, or 4-oxo-RA in vitro and analyzed their 

functional response. Interestingly, none of the metabolites had an effect on proliferation or 

on in vitro or in vivo self-renewal capacity in Rarb KO HSCs (Figures 6G-6I). A previous 

study has described the role of Rarg in mediating RA signaling in HSCs (Purton et al., 

2006). To investigate a potential involvement of Rarg in (4-oxo-) RA-mediated signaling, 

we used a constitutive Rarg KO mouse model and treated Rarg KO and control HSCs with 

DMSO, at-RA, or 4-oxo-RA in vitro (Figures S6H and S6I). Interestingly, Rarg KO HSCs 

responded to at-RA and 4-oxo-RA treatment with enhanced quiescence and increased in 
vitro self-renewal capacity, similar to control HSCs (Figures S6H and S6I). Of note, Rarg 
KO HSCs did not show expression of any RAR except Rarb (Figure S6F). These data 

suggest that Rarb, but not Rarg, is essential for transmitting RA signaling in HSCs.

To evaluate whether Rarb is involved in transcriptional regulation of 4-oxo-RA response 

genes (Figure 4K; Table S4), we performed RNA-seq in Rarb KO HSCs+MPP1 (Figure 6J; 
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Table S1). Although Rarb KO HSCs+MPP1 remained responsive to at-RA and 4-oxo-RA 

treatment, the overall effect was significantly inferior compared with wild-type cells.

These results indicate that Rarb is required to establish a critical gene dosage for proper 

and complete transmission of RA signaling in HSCs and, ultimately, for maintenance of 

stem cell identity. We showed that a single metabolite controls stem cell fate by instructing 

epigenetic and transcriptional attributes. Mechanistically, we dissected an unexpected and 

non-classical retinoid signaling axis, showing that Cyp26b1 catalyzes production of 4-oxo-

RA, which subsequently mediates signaling via Rarb.

DISCUSSION

In this study, we established and applied low-input targeted metabolomics approaches 

to uncover differences between purified HSCs+MPP1 and their downstream MPPs. 

Joint analysis of global data on gene expression, chromatin accessibility, and histone 

modifications emphasized metabolic players that have so far not been linked to HSC 

biology. For instance, we observed a high abundance of various lipids in HSCs+MPP1. 

Several studies have previously highlighted changing lipid compositions in relation to stem 

cell aging or dietary intake (Hermetet et al., 2019; Lu et al., 2019). There is evidence 

that specific lipid species may have a direct effect on transcription; e.g., by modulating 

DNA polymerase activity or binding to nuclear receptors (Ardah et al., 2018; Clémot et 

al., 2020; Kamath-Loeb et al., 2014; Novello et al., 1975). However, further lipidomics 

will be required to illuminate differential use of signaling or membrane lipids in HSCs 

and downstream progenitors. The distinct metabolic properties of both populations are 

further characterized by enrichment of various amino acids in MPPs. The involvement of 

glutaminolysis in stress-mediated activation of different stem cell systems as well as in a 

leukemic context has been emphasized previously (Gallipoli et al., 2018; Kim et al., 2020; 

Sommerkamp et al., 2020). Our metabolomics data revealed higher levels of glutamine 

and higher expression of its synthesizing enzyme, glutamine synthetase, in HSCs(+MPP1) 

compared with downstream MPPs but lower levels of glutamate, suggesting that MPPs may 

rely on energy production supported by glutaminolysis.

The most highly enriched metabolic hub in HSCs was retinol metabolism, as indicated 

by metabolic, transcriptional, and epigenetic analyses. It is currently widely accepted that 

vitamin A is metabolized to bioactive at-RA via a classical RA pathway (Cañete et al., 

2017). Here we show that HSCs rely on a non-classical RA signaling axis, Cyp26b1-4-oxo-

RA-Rarb. Cyp26 enzymes are mostly described as preventing excess levels of intracellular 

at-RA via its degradation to inactive metabolites such as 4-oxo-RA (Bowles et al., 2006; 

Ghyselinck and Duester, 2019; Hernandez et al., 2007; Niederreither et al., 2002; Sakai 

et al., 2001). KO studies of Cyp26 enzymes have shown their relevance in various tissues 

during development and in adulthood (Ono et al., 2020; Snyder et al., 2020; Yashiro et al., 

2004). A previous publication suggested that CYP26B1 expression is exclusively found and 

required in human BM niche cells to inactivate at-RA in stem and progenitor cells (Ghiaur et 

al., 2013). In mice, we showed that Cyp26b1 was expressed in HSCs and that its deletion led 

to a deficit in 4-oxo-RA levels and loss of HSC function. To our knowledge, Cyp26b1 has 

not yet been considered essential for production of a bioactive retinoid. Strikingly, 4-oxo-RA 
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treatment resulted in rapid and strong upregulation of genes and enhanced stemness features. 

Although few studies have previously demonstrated that 4-oxo-RA can act as a bioactive 

metabolite (Baron et al., 2005; Gaemers et al., 1996; Pijnappel et al., 1993; Satre et al., 

1989; Shealy, 1989), so far its role has not been studied in the hematopoietic context. 

Mechanistically, we hypothesize that 4-oxo-RA induces expression of a small group of 

genes in HSCs that are deregulated in VAF and Cyp26b1−/− HSCs and many of which 

code for membrane-associated proteins (e.g., Clec1a/b and P2rx7). This, in turn, may lead 

to the ability to respond to BM niche signals and, thus, to maintain HSC self-renewal and 

quiescence. Even though we observed a discrepancy between the lineage biases in VAF and 

Cyp26b1−/− transplantations, we nevertheless identified a common core retinoid signaling 

signature, supporting our pathway hypothesis. We suspect that systemic depletion of vitamin 

A might have additional effects on the hematopoietic system.

Our results highlighted RARs as potential regulators for the majority of 4-oxo-RA target 

genes. Depending on RAR and RXR expression patterns, different cell types may react 

differently to various RA metabolites (Bushue and Wan, 2010; Michaille et al., 1994, 1995; 

Rowe et al., 1992). For example, Idres et al. (2002) demonstrated that at-RA has a higher 

binding affinity to Rarg, whereas 4-oxo-RA binds more strongly to Rarb. Indeed, HSCs 

exhibited high and specific expression of Rarb (Cabezas-Wallscheid et al., 2014, 2017; 

Dahlin et al., 2018; Qian et al., 2018). When we treated Rarb KO HSCs with at-RA and 4-

oxo-RA, functional responses on cell division and self-renewal were completely abolished. 

Although we measured an effect on gene expression, it was significantly dampened. 

Although a previous study has shown that Rarg plays an essential role in mediating at-RA 

signaling in LSK cells (Purton et al., 2006), we found that Rarg KO HSCs still functionally 

responded to 4-oxo-RA and at-RA, although to a slightly lower extent. This discrepancy 

may be explained by use of different populations (LSK in Purton et al., 2006 versus HSCs 

used here) and the fact that Rarb is HSC specific, whereas Rarg is also expressed in 

progenitor populations. However, because we did not perform transplantation experiments, 

the role of Rarg in mediating 4-oxo-RA signaling in HSCs requires further examination.

Our results suggest that binding of 4-oxo-RA to Rarb is required in HSCs to establish a 

critical gene dosage for proper and complete transmission of RA signaling to maintain stem 

cell features. A possible explanation for the remaining transcriptional effects in Rarb KO 

HSCs may be that these are conferred by other TFs. Previous publications have shown 

that retinoids can also cause a transcriptional response via unconventional RAR or RXR 

heterodimers; e.g., via RXR-peroxisome proliferator-activated receptors (Ppars) (Dawson 

and Xia, 2012; Xu et al., 2001). Additionally, at-RA has been shown to mediate gene 

expression independent of RARs via other TFs, such as Irf1 (Coyle et al., 2017). Indeed, 

our data revealed potential crosstalk between RA and IRF signaling in HSCs, as observed 

previously in other cell types (Bernardo et al., 2017; Luo and Ross, 2006).

This alternative non-classical RA pathway may also have implications for leukemia 

therapies. At present, at-RA therapy is exquisitely effective, in combination with arsenic 

trioxide, as a differentiation therapy in acute promyelocytic leukemia with the PML-RARA 

fusion protein but is generally not potent for treatment of other leukemia subtypes (Chen 

et al., 1991; Grimwade et al., 2010). It is possible that at-RA therapy not only promotes 
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differentiation of leukemic cells but also supports leukemic stem cell quiescence via its 

downstream metabolite 4-oxo-RA and, thus, increases the risk of relapse. Hence, recent 

advances in the design of Cyp26-enzyme inhibitors and Cyp26-resistant synthetic at-RA-

derivatives (Hernandez et al., 2020; Nelson et al., 2013; Teodorescu et al., 2020) may help to 

improve prognosis.

Limitations of the study

For technical reasons, the HSC+MPP1 metabolic profiles are based on targeted approaches 

and were generated using a less stringent sorting scheme compared with the highly 

pure HSC populations used for RNA-, ATAC-, and ChIP-seq. Thus, further development 

of metabolomics tools might increase the number of detected metabolites. Further, the 

discrepancy in HSC purity may lead to underestimation of metabolic differences between 

HSCs and MPPs compared with the other genome-wide approaches.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents can be 

directed to and are available from the lead contact, Nina Cabezas-Wallscheid (cabezas@ie-

freiburg.mpg.de).

Materials availability—Plasmids generated in this study are available upon request from 

the lead contact, but a completed Materials Transfer Agreement is required.

Data and code availability—The raw data were deposited in ArrayExpress 

(https://www.ebi.ac.uk/arrayexpress) and are available under the accession numbers 

[E-MTAB-9729, E-MTAB-9745, E-MTAB-10659, E-MTAB-9752, E-MTAB-9749, E-

MTAB-9779, E-MTAB-9780, E-MTAB-9778, E-MTAB-10661]. Further information can be 

found in the STAR Methods section.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models—All mice were bred in-house in the animal facility at the MPIE 

in individually ventilated cages (IVCs), except for the Rarg KO mouse model, which 

was imported from our collaborator in France (animal facility licensed by agreement 

#C6721837; N.B.G and B.F. qualified in compliance with the European Community 

guidelines for laboratory animal care and use - 2010/63/UE). Mice were euthanized by 

cervical dislocation according to German guidelines. Animal procedures were performed 

according to protocols approved by the German authorities and the Regierungspräsidium 

Freiburg (the sacrificing of animals for scientific purposes according to §4 (3) of the German 

Animal Protection Act; animal protocol numbers G-17/97, G-17/147, G-20/58).

Vitamin A-free diet—3- to 4-week old C57BL/6J female mice were kept in a vitamin 

A-free diet (0 IU/g vitamin A) or control food (25 IU/g vitamin A) (ssniff Spezialdiäaten 

GmbH) for 16 to 24 weeks and analyzed the same day.
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Cyp26b1 knockout—Conditional deletion of Cyp26b1 was performed using two 

independent Cre-driver mice, the Mx1Cre line (full name B6. Cg-Tg(Mx1-cre)1Cgn/J) 

(Kühn et al., 1995) or SclCre line (full name B6. Tg(Tal1-cre)42-056Jrg) (Göthert et al., 

2005). These were then crossed with the Cyp26b1 fl/fl (full name B6-Cyp26b1tm2Hmd) 

(MacLean et al., 2007) mouse line and induced at 7 to 8 weeks of age. KO of Cyp26b1 using 

the Mx1Cre driver was performed by intraperitoneal injection of 100μg poly I:C /mouse 

every other day over 10 days (for a total of 5 injections), followed by a recovery phase of 

4 weeks before analysis. Knockout using the SclCre driver was achieved by administering 

tamoxifen food (400mg/kg tamoxifen-citrate food, ssniff Spezialdiäten GmbH) over a period 

of 3 to 4 weeks before analysis. Male and female mice were used for analysis. Induction 

treatments were also administered to Cyp26b1 fl/fl, MxCre and SclCre littermate controls.

Rarb knockout—Rarb straight KO mice were purchased from Jax (Stock Rarbtm1Vg1/
HsvJ, stock No 022999) and analyzed at 7 to 8 weeks of age together with either wild-type 

(WT) littermate controls or C57BL/6J mice of the same age. Male and female mice were 

used for analysis.

Rarg knockout—Rarg straight KO mice (Chapellier et al., 2002) were imported from 

N.B.G., kept for 2 weeks under quarantine conditions, and analyzed at 8 weeks of age 

together with either WT littermate controls or C57BL/6J mice of the same age. Male and 

female mice were used for analysis.

MitoOrp mouse model—The MitoOrp mouse model (full name B6-
Gt(ROSA)26Sor(mito-Orp-roGFP2)Tg(CMV-cre)1Cgn) (Fujikawa et al., 2016) was used 

to measure ROS levels after in vitro treatments of HSPCs (specified elsewhere). Male and 

female mice were used for experiments at the age of 8 to 20 weeks.

Transplantation models—B6Ly5.1 (CD45.1) or C57BL/6J x B6Ly5.1(CD45.1/2) female 

mice were used as transplantation recipients and/or supportive/competitive donors.

METHOD DETAILS

HSC/MPP isolation and fluorescence-activated cell sorting (FACS)—Murine BM 

cells were isolated from pooled femurs, tibias, ilia, and vertebrae by gentle crushing 

in PBS using a mortar and pestle. Erythrocyte lysis was performed using ACK Lysing 

Buffer (Thermo Fisher Scientific). To enrich for lineage negative (Lin−) cells, we used the 

Dynabeads Untouched Mouse CD4 Cells Kit (Invitrogen). Briefly, the erylysed BM was 

stained for 30 to 45 minutes with a 1:4 dilution of the Lineage Cocktail provided in the 

Dynabeads Untouched Mouse CD4 Cells Kit (Invitrogen). Labeled cells were then incubated 

for 20 minutes with washed polyclonal sheep anti-rat IgG coated Dynabeads (as provided in 

the kit) at 400 uL/mouse. Depletion of Lin+ cells was performed using a magnet. To achieve 

further purification of HSCs and progenitor cells we used fluorescence- activated cell sorting 

(FACS). Cell populations were defined as follows: HSCs (LSK CD150+ CD48− CD34−), 

MPP1 (LSK CD150+ CD48− CD34+), MPP2 (LSK CD150+ CD48+ CD34+), MPP3 (LSK 

CD150− CD48+ CD34+ CD135−), MPP4 (LSK CD150− CD48+ CD34+ CD135+), B 

cells (B220+), myeloid cells (CD11b+, GR1+) and T cells (CD4+CD8+). Therefore, the 
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depleted cell fraction was stained for 30 to 60 minutes using the following monoclonal 

antibodies: anti-lineage (anti-CD4 [clone GK1.5], anti-CD8a [53-6.7], anti-CD11b [M1/70], 

anti- B220 [RA3-6B2], anti-GR1 [RB6-8C5] and anti-TER119 [Ter-119]) all PE-Cy7 or 

BV650 or FITC; anti-CD117/c-Kit (2B8)-PE or BV711; anti-Ly6a/Sca-1 (D7)-APCCy7; 

anti-CD34 (RAM34)-FITC or AF700; anti-CD150 (TC15-12F12.2)-BV605 or PECy5; anti-

CD48 (HM48-1)-BV421 or PECy7. Monoclonal antibody conjugates were purchased from 

eBioscience or BioLegend. Sorting was then performed using a FACS Aria II, III or 

FACSymphony (Becton Dickinson). Subsequently, cells were collected into ice-cold PBS 

for reconstitution assays and ChIP-seq, Stem Pro®-34 SFM (Life Technologies) without 

cytokines for targeted metabolomics, Complete Stem Cell Medium (specified elsewhere) for 

in vitro treatments, single cell division assays and in vitro treatment transplants, PBS with 

1% BSA for ATAC-seq, RNA lysis buffer (ARCTURUS PicoPure RNA Isolation Kit (Life 

Technologies, Invitrogen)) for population RNA-seq, RT-qPCR and stored at −80°C.

Bulk RNA-seq

Generation: Population RNA-seq data were generated as previously described (Cabezas-

Wallscheid et al., 2014). RNA of freshly sorted cells was first extracted using the PicoPURE 

Arcturus kit (Applied Biosystems). For in vitro treatment experiments, cells were harvested 

after 24 hours and directly transferred into SMARTseq v4 reaction buffer. Subsequently, 

cDNA libraries were prepared using SMARTseq v4 (Takara Bio) chemicals with 12 cycles 

of amplification. Further, the NEBNext Ultra II FS DNA library kit (NEB) was employed 

to generate uniquely- and dually-barcoded sequencing libraries from cDNA libraries. To this 

end, 3 to 10ng of cDNA library was fragmented for 22.5 minutes, adaptors were ligated and 

libraries were amplified using cycle numbers according to input material. RNA-seq libraries 

were sequenced at 55 million reads depth, 100bp paired end on the Illumina NovaSeq 

platform.

Low-level processing: Raw FASTQ files were mapped against the mm10 reference genome 

using the mRNA-seq tool from the bioinformatics pipeline snakePipes (Bhardwaj et al., 

2019). In this tool, Alignment mode was used for the mapping of sequenced reads with 

STAR (STAR_2.7.4a) (Dobin et al., 2013), followed by expression counts quantification by 

featureCounts (Liao et al., 2014). The quality of the data was checked by running Deeptools 

QC (3.3.2) (Ramírez et al., 2016). Read coverages for track visualization were obtained 

via deepTools bamCoverage using RPKM normalization. Genes with an average expression 

higher than 100 counts in any condition were selected for further analysis. DESeq2 was used 

to test for differential expression (Love et al., 2014); results were considered significant at a 

false discovery rate (FDR) equal to 0.1.

Downstream analysis: Principal component analysis (PCA) visualization was performed 

based on variance stabilized read counts using the DESeq2 package. The expression 

values of DEGs were used for the visualization of the effect on metabolic pathways 

and the generation of custom summary metabolic diagrams. For evaluation of expression 

of the previously published gene signatures of HSC/MPP (Cabezas-Wallscheid et al., 

2014), Activation/Dormancy HSCs (Cabezas-Wallscheid et al., 2017), MolO/NoMo HSCs 

(Wilson et al., 2015) and Retinoic acid (Cabezas-Wallscheid et al., 2017) in the pairwise 
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comparisons, GSEA was performed with the fgseaMultilevel(minSize = 15, maxSize = 500, 

eps = 0) function from the fgsea package (Sergushichev, 2016), considering significant 

pathways at a FDR equal to 0.1. We also performed enrichment of the mouse Reactome 

pathways (Jassal et al., 2020) as well as our herein-described VAF RNA-seq upregulated or 

downregulated genes and gene sets (obtained from the GO terms of the metabolic pathways 

of "fatty acid metabolic process" [GO:0006631], "glycolytic process" [GO:0006096], 

"nucleotide metabolic process" [GO:0009117], "reactive oxygen species metabolic process" 

[GO:0072593], "tricarboxylic acid cycle" [GO:0006099], "cellular amino acid metabolic 

process" [GO:0006520], "cholesterol metabolic process" [GO:0008203] and "retinoic 

acid metabolism" [including "retinoic acid metabolic process" (GO:0042573), "cellular 

response to retinoic acid" (GO:0071300), "retinoic acid receptor binding" (GO:0042974) 

and "retinoic acid receptor signaling pathway" (GO:0048384)]). The GSEA enrichment 

profile of specific signatures were plotted using gseaplot2 function (Yu, 2020). Lists of 

expression levels of the genes involved in the already mentioned GO terms in our datasets 

were manually generated and represented as barplots using Prism. For in vitro treatments 

RNA-seq datasets, the expression values of the resulting 2077 DEGs from the pairwise 

comparisons of wildtype 24-hour, 4-oxo-RA and at-RA treatments were VST-transformed 

and relativized across samples, showing the amount by which each gene deviated in a 

specific sample from the gene’s average (Love et al., 2015). The Euclidean distances 

between these genes were calculated with the dist function, and then sorted into 4 clusters 

that covary across samples of the same condition using the hclust function with the ward.D2 

clustering criteria and cutree(k = 4) (Murtagh and Legendre, 2014). The resulting tree was 

represented using the pheatmap package (Kolde, 2019). We tested for over-representation of 

the clustered genes on GO enrichment analysis using Biological Processes of DAVID 6.8 

(Huang et al., 2009). Finally, the log2FC values for the clustered genes in different pairwise 

comparisons were visualized in boxplots.

The raw data were deposited in ArrayExpress (https://www.ebi.ac.uk/arrayexpress) and are 

available under the accession numbers [E-MTAB-9729, E-MTAB-9745, E-MTAB-10659, 

E-MTAB-9752, E-MTAB-9749].

ATAC-seq

Generation: ATAC-seq was generated according to Corces and colleagues (Corces et al., 

2017) with some variations. In brief, 1,000 to 3,000 cells were sorted according to surface 

markers and DAPI into PBS 1% BSA in order to ensure viability. Cells were spun down at 

500 x g for 10 minutes at 4°C, supernatant was removed and 20μl of complete transposition 

buffer (1ml Tn5, 10μl 2x TD buffer (Illumina), 0.01% digitonin, 0.3 x PBS) was carefully 

added to the invisible cell pellet. The transposition reaction was subsequently carried out 

at 37°C for 30 minutes on a Thermomixer at 700 rpm. DNA was purified using QIAGEN 

MinElute Reaction Cleanup and eluted in 20μl EB buffer. Libraries were amplified initially 

for 5 cycles and further amplification was adjusted to input material as assessed by qPCR. 

Libraries were cleaned up using AMPure XP beads (Beckman Coulter), double-sided size 

selection was performed by removing large fragments that precipitate with 0.5 x volume and 

purifying fragments that precipitate with 1.8 x volume ratio. Clean-up was done twice in 
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order to efficiently remove primers and adaptor dimers. ATAC-seq libraries were sequenced 

at 75 million reads depth per sample, 100bp paired end on an Illumina NovaSeq platform.

Low-level processing: Reads were aligned in paired-end mode to the mm10 genome using 

Bowtie2 (Langmead and Salzberg, 2012). Normalization of resulting bam files was obtained 

using deepTools multiBamSummary (Ramírez et al., 2014). Read coverages for visualization 

were obtained via deeptools bamCoverage using RPKM normalization and scaling factors 

obtained above. Peak detection was performed via MACS2 callpeak (Zhang et al., 2008) 

with a q-value of 0.001.

Downstream analysis: Clustering was performed as previously described (Cauchy et al., 

2016) with modifications. The union of peaks was obtained via bedtools merge (Quinlan 

and Hall, 2010) from ATAC summits. Regions showing log2 fold changes versus control 

either < −1 or > +1 were considered specific; those between −1 and +1 were considered 

shared. ATAC matrices were obtained using deepTools computeMatrix ± 3 Kbp around 

summits. Heatmaps were generated using deeptools plotHeatmap. For GSEA of ATAC-

specific sites in RNA-seq log2FC ranked genes (Subramanian et al., 2005), gene sets 

were created by annotating the top 300 specific peaks to the nearest gene using bedtools 

closest. GSEAs were run on log2 transformed expression data, using weighted as the 

enrichment statistic, difference of classes as the ranking metric and gene set as the 

permutation type. For digital genomic footprinting analyses, pyDNase wellington_footprints 

was used (Piper et al., 2013) in ATAC mode, shifting coordinates by +4bp and −5bp 

for the positive and negative strand, respectively. Average Tn5 insertion profiles and 

footprinting occupancy scores were obtained using pyDNase dnase_average_profiles and 

wellington_score_heatmap, respectively, also in ATAC mode.

To assess differential accessibility in pairwise comparisons at the gene level, mapped read 

counts on the peaks located along the gene body of all replicates filtered with bedtools 

window (Quinlan and Hall, 2010) were quantified by featureCounts (Liao et al., 2014) using 

the ‘-O’ option to allow multi-overlapping reads. DESeq2 was used to test for differential 

accessibility (Love et al., 2014); results were considered significant at an FDR = 0.1. As 

described in the RNA-seq methods above, the DESeq2 output was fed into the fgsea package 

(Sergushichev, 2016) for performing GSEA of the mouse Reactome pathways (Jassal et al., 

2020) and gene sets of the selected metabolic GO terms, considering significant pathways at 

an FDR equal to 0.1.

Gene ontology analysis for genes annotated to HSC- or MPP-specific ATAC-seq peaks was 

done using the Biological Processes database of DAVID (Huang et al., 2009).

The raw data were deposited in ArrayExpress (https://www.ebi.ac.uk/arrayexpress) and are 

available under the accession numbers [E-MTAB-9778, E-MTAB-9779, E-MTAB-9780].

ChIP-seq

Generation: For low-input ChIP-seq we followed the TAF ChIP-seq protocol as described 

by Akhtar et al. (2019) with few modifications. In brief, cells were stained for FACS 

sorting with respective antibodies and subsequently crosslinked for 10 minutes at room 
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temperature using PBS with 1% formaldehyde. The reaction was quenched by 125mM 

glycine and cells were washed twice with ice-cold PBS. 4,000 DAPI-negative cells were 

then sorted according to surface markers into 200 μl RIPA buffer. Nuclei were broken by 

mild sonication (Diagenode Bioruptor, 3 cycles, low power, 30 s on/off) and chromatin was 

incubated with antibody-coupled protein G dynabeads (Thermo Fisher Scientific) overnight 

at 4°C. Chromatin was then fragmented by incubation with 1μl Tn5 enzyme in 20μl 1x 

transposition buffer (Illumina) for 40 minutes at 37°C. Stringent washing steps with low 

salt (once) and high-salt RIPA (four times) as well as TE buffer (twice) were performed to 

remove all fragmented chromatin that was not associated with the antibody-bead-complex. 

Reverse crosslinking was performed with proteinase K at 60°C overnight before DNA 

was isolated using phenol-chloroform extraction and subsequent ethanol precipitation 

overnight at −80°C. Sequencing libraries were then amplified using unique dual barcode 

primers (Illumina) and 14 PCR cycles. Libraries were cleaned up using AMPure XP beads 

(Beckman Coulter). Double-sided size selection was performed by removing large fragments 

that precipitate with 0.2 x volume and purifying fragments that precipitate with 1.0 x volume 

ratio. Clean-up was done twice in order to efficiently remove primers and adaptor dimers. 

ChIP-seq libraries were sequenced at 50 million reads depth per sample, 100bp paired end 

on an Illumina NovaSeq platform.

Low-level processing: ChIP-Seq datasets were aligned to the mm10 genome and processed 

as described above for ATAC-Seq datasets. Additionally, to correct for amplification of 

simple repeat elements due to low starting material, coverage files were subsequently 

masked for those using bedtools intersect. H3K4me3 enriched regions intersecting with gene 

TSSs (±1 Kbp) were called via MACS2 callpeak (Zhang et al., 2008) with a q-value of 0.01, 

using–nomodel–nolambda parameters. H3K27me3 TSS enriched regions were identified 

using the same method, except adding the –broad parameter for broad peak calling, since 

H3K27me3 histone mark tends to spread along broad regions of enrichment as suggested in 

the literature (Adriaens et al., 2016; Chokeshaiusaha et al., 2018; Nakato and Sakata, 2021). 

In addition, the Pearson correlation coefficient between the H3K4me3 ChIP-seq datasets 

performed on 1,000 and 10,000 cells were estimated based on the read coverage matrix 

resulting from the multiBamsummary step.

Downstream analyses: To assess differential histone mark enrichment in pairwise 

comparisons at gene promoter level, the reads in the TSSs detected peaks were quantified 

by featureCounts (Liao et al., 2014) as described in the ATAC-seq methods. DESeq2 was 

again used to test for differential enrichment (FDR = 0.1) and fgsea package was used for 

the GSEA of the pathways of interest as described above. For the visualization of the overall 

differences in TSS enrichment of H3K4me3 and H3K27me3 histone marks, genes with an 

average quantified enrichment higher than 100 counts in any condition were selected. Row 

z-scores of the average enrichment per condition in the resulting gene promoter regions for 

relativization across samples were obtained in R via double transposition of center-scaled: 

t(scale(t(x)). The Euclidean distances between the enrichment patterns of the genes were 

calculated with the dist function, and then sorted into 5 clusters using the hclust function 

with the ward.D2 clustering criteria and cutree(k = 5) (Murtagh and Legendre, 2014). The 

resulting tree was represented using the pheatmap package (Kolde, 2019).
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The raw data were deposited in ArrayExpress (https://www.ebi.ac.uk/arrayexpress) and are 

available under the accession number [E-MTAB-10661].

Targeted metabolomics: (semi-)polar metabolites—For low-input targeted 

metabolomics on polar metabolites 10,000 HSCs+MPP1 (LSK CD150+)CD48−) and MPPs 

(LSK CD150−CD48+) were sorted using flow cytometry into ice-cold Stem Pro-34 SFM 

(Life Technologies) without cytokines. For extraction of polar metabolites cells were then 

washed with 2.8% glycerol solution and metabolites were extracted with 100μl 80% 

MeOH extraction buffer containing 13C yeast extract as internal standard. Samples were 

subsequently vacuum-concentrated (EZ2 elite, Genevac) and stored at −80°C until further 

processing. Targeted metabolite quantification by LC-MS was carried out using an Agilent 

1290 Infinity II UHPLC in line with an Agilent 6495 QQQ-MS operating in MRM mode. 

MRM settings were optimized separately for all compounds using pure standards. LC 

separation was done on a Phenomenex Luna propylamine column (50 × 2 mm, 3 mm 

particles) using a solvent gradient of 100% buffer B (5 mM ammonium carbonate in 

90% acetonitrile) to 90% buffer A (10 mM NH4 in water). Flow rate was adjusted from 

1000 to 750 μl/min. Autosampler temperature was 5°C and the injection volume was 2 

μl. Data processing was performed by Agilent MassHunter (Version B.08.00). At least two 

negative controls were measured for each experiment to evaluate metabolite background 

levels. Metabolites were only included if they were detected above background levels and 

retention time was identical to the 13C yeast standard qualifier peak. To evaluate metabolic 

differences, the area under the curve (AUC) was determined. Data were normalized to the 

mean of every metabolite in the HSC population per experiment. HSC+MPP1 replicates 

represent either a single biological replicate or a pool of 2 biological replicates, MPP 

replicates represent only 1 biological replicate of the corresponding mice.

Targeted metabolomics: retinoids and polar lipids—Low-input targeted 

metabolomics on retinoids, bile acids, and polar lipids were performed on 30,000 to 50,000 

FACS-sorted HSCs+MPP1 (LSK CD150+CD48−) and MPPs (LSK CD150−CD48+). Cells 

were directly sorted into 100μl 100% acetonitrile (ACN) reaching a final concentration 

of roughly 80% ACN due to contamination of flow-PBS. Samples were then vacuum-

concentrated (EZ2 elite, Genevac) and stored at −80°C until further processing. Targeted 

quantification of these metabolites by LC-MS was carried out using an Agilent 1290 Infinity 

II UHPLC in combination with a ProLab Zirconium Ultra microLC pump in line with 

an Agilent 6495 QQQ-MS operating in MRM mode. ESI coupling was achieved with 

a prototype microLC ESI source (ProLab). MRM settings were optimized separately for 

selected retinoids, bile acids, and polar lipids using pure standards and transferred for the 

detection of their respective isomers. LC separation was performed on a 100 × 0.3 mm 

column with 1.8μm Zorbax Eclipse plus C18 (Agilent) packed by Dr. Maisch GmbH. The 

solvent gradient was 100% buffer A (10 mM ammonium formiate in 90:10 water:methanol) 

to 100% buffer B (10 mM ammonium formiate in 90:10-propanol:acetonitrile). Flow rate 

was adjusted to 5 μl/min. Autosampler temperature was 5°C and the injection volume was 

5 μl. Data processing was performed using Agilent MassHunter Software. At least two 

negative controls were measured for each experiment to evaluate metabolite background 

levels. Metabolites were only included if they were detected above background levels and 
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retention time was similar to the standard qualifier peak. To evaluate metabolic differences, 

the area under the curve (AUC) was determined. Data were normalized to the mean of every 

metabolite in the HSC population per experiment and the mean of negative controls was 

subtracted (resulting negative values were set to 0). Whereas each HSC+MPP1 replicate 

consisted of a pool of biological replicates (4 to 8 mice), MPP replicates represented only 1 

biological replicate of the corresponding mice.

Integration of omics datasets and conditions—To study the overall integration 

between the different omics datasets in the pairwise comparisons between HSC and MPP 

cell types we generated a swarm plot with the ranked log2FC expression in the RNA-seq 

genes with a FDR threshold of 0.1. Swarm plots of the corresponding ATAC-seq gene body 

and ChIP-seq TSS peaks counts, as described above, were also generated, and pairwise 

Pearson’s correlation tests were performed with respect to the RNA expression swarm plot. 

In addition, MTE (Metabolome-Transcriptome-Epigenome)-plots were custom-generated 

using the “Metabologram” plot as previously described (Hakimi et al., 2016) in order 

to integrate the effects on the different omics datasets at a metabolic pathway level in 

an unbiased way. The metabolites involved in each targeted-metabolomics pathway and 

the individual enzymatic genes detected in RNA-seq from the respective KEGG pathway 

are plotted as slices in the periphery. The color scale represents the log2FC metabolite 

abundance, as well as, the individual enzyme log2FC value in RNA-seq expression, ATAC 

accessibility (gene body peaks), and histone marks H3K4me3 and H3K27me3 enrichment 

assessed with ChIP-seq (TSS peaks) in the comparison between MPP and HSC cell 

types. The individual significances of metabolites log2FC are calculated using an unpaired 

Student’s t test (*p < 0.05; **p < 0.01; ***p < 0.001) whereas the represented significance 

in the RNA-seq, ATAC-seq and ChIP-seq bars are determined by the DESeq2 adjusted 

p value (*p < 0.1; **p < 0.05; ***p < 0.01). Moreover, the average log2FC values 

in the different enzymes and metabolites perturbations are plotted in the center, and a 

Wilcoxon test was used to calculate the significance of the change based on the individual 

measurements (*p < 0.1; **p < 0.05; ***p < 0.01). Only the pathways involving at least 

5 detected enzymes in RNA-seq and at least 1 measured metabolite are shown. In the case 

of the pairwise comparison between VAF and control HSCs conditions, only metabolites 

abundance and the enzyme RNA-seq expression in selected pathways are assessed in the 

plots. All figures were generated with ggplot2 package (Wickham, 2016)

For the visualization of the RNA-, ATAC-, and ChIP-seq data, we used the Integrative 

Genomics Viewer (IGV) browser and represented merged coverage tracks of individual 

replicates.

For the integration of the RNA-seq expression perturbations in different conditions, we took 

the in vitro WT 24-hour 4-oxo-RA and at-RA treatments RNA-seq heatmap as reference 

and generated VST-transformed heatmaps as previously described for the same genes and 

clusters in the other pairwise comparisons. Additionally, the expression log2FC of the genes 

corresponding to cluster 2 were shown individually for different pairwise comparisons, 

and the presence/absence of a RAR motif in their regulatory cistrome, as retrieved using 

i-cis-target (Herrmann et al., 2012) was indicated.

Schönberger et al. Page 21

Cell Stem Cell. Author manuscript; available in PMC 2022 May 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In vivo experiments

In vivo treatments: 8-to 16-week old C57BL/6J, Cyp26b1 KO, or Cyp26b1fl/fl, mice were 

injected intraperitoneally 24 hours before sacrificing with either 30mg/kg at-RA (Sigma-

Aldrich) or 30mg/kg 4-oxo-RA (Sigma-Aldrich), or with the respective amount of DMSO in 

PBS. After 8 hours, 100μg poly I:C per mouse was injected. Mice were sacrificed 16 hours 

later and BM cells were subjected to further analysis such as cell cycle, single cell division 

assays or colony-forming unit assays (described below).

Characterization of in vivo mouse models

Cell cycle analysis.: HSC surface staining defined as (LSK CD150+CD48−CD34− was 

performed on erylysed BM cells. Cells were fixed for 10 minutes at 4°C with BD Cytofix/

Cytoperm Buffer (Becton Dickinson and Company). Subsequently, intracellular Ki-67 (BD 

Biosciences) staining was performed using PermWash solution for at least 45 minutes at 4°C 

(Becton Dickinson and Company). Prior to flow cytometry analysis cells were stained with 

DAPI (Sigma-Aldrich) at RT for at least 30 minutes.

Single cell division assay: Single HSCs (LSK CD150+CD48−CD34−) were sorted into 72-

well Terasaki plates (Greiner Bio-One) containing Complete Stem Cell Medium (specified 

in Enrichment of HSPCs and cultivation). After 48 hours, each well was checked manually 

for the number of cell divisions: 1 cell indicated no division, 2 cells indicated 1 division, > 2 

cells indicated more than 1 division.

Serial colony-forming-unit assays (CFU)s of HSCs: 200-300 HSCs (LSK 

CD150+CD48−CD34−) from the various mouse models and their corresponding controls 

were sorted into and cultured in MethoCult M3434 (StemCell Technologies). 7 Days after 

plating of CFUs, colonies were quantified (a colony was defined as > 300 cells). In each 

plating, 10,000 cells of each replicate were used for second and third platings and cultured in 

MethoCult M3434 (StemCell Technologies). Colonies were quantified 3 and 5 days after the 

second and third re-platings respectively.

Competitive transplantation experiments: 1.5 × 106 WBM cells from CD45.2+ KO or 

VAF diet models, as well as their corresponding control condition were transplanted into 

fully irradiated (4.5 Gray +5 Gray) CD45.1 (Ly5.1) mice in competition to 1.5 × 106 

WBM cells from 3- to 6-month-old CD45.1/2 mice (i.e., the same age as competitor) 

by tail vein injection within 24 hours after irradiation. As quality control, a 50:50 ratio 

of CD45.2 versus CD45.1/2 was confirmed prior to transplantation by flow cytometry. 

Contribution of CD45.2-donor cells was monitored in PB at 4, 8, 12 and 16 weeks post-

transplantation. CD45.2 chimerism was determined by flow cytometry using the following 

monoclonal antibodies: anti-CD45.1 (A20)–PECy7 or FITC, anti-CD45.2 (104)–PB, anti-

CD11b (M1/70)-APCCy7, anti-GR1 (RB6.8C5)-APC, anti-CD8a (53.6.7)- PECy5, anti-

CD4 (GK1.5)-PECy5, anti-B220 (RA3.6B2)-AF700. Radioresistant cells (CD45.1) were 

included to evaluate overall potency of WBM cells.

HSC transplantation experiments: 500 HSCs (LSK CD150+CD48−CD34−) from CD45.2+ 

KO or VAF diet models and control conditions were transplanted into fully irradiated (4.5 
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Gray +5 Gray) CD45.1 (Ly5.1) mice together with 105 supportive WBM cells from 3- to 

6-month-old CD45.1/2 mice (the same age as donor) by tail vein injection within 24 hours 

after irradiation. Contribution of CD45.2-donor cells was monitored in PB at 4, 8, 12, and 16 

weeks post-transplantation. CD45.2 chimerism was determined by flow cytometry using the 

following monoclonal antibodies: anti-CD45.1 (A20)–PECy7 or FITC, anti-CD45.2 (104)–

PB, anti-CD11b (M1/70)-APCCy7, anti-GR1 (RB6.8C5)-APC, anti-CD8a (53.6.7)- PECy5, 

anti-CD4 (GK1.5)-PECy5, anti-B220 (RA3.6B2)-AF700. Radioresistant cells (CD45.1) 

were included to evaluate overall potency of HSCs.

Gene expression by RT-qPCR analysis: 1,000-2,000 HSCs, MPPs or differentiated cells 

were sorted using FACS into RNA extraction buffer. Total RNA was isolated using 

the ARCTURUS Pico Pure Isolation Kit, and reverse transcription was conducted using 

SuperScript VILO cDNA Synthesis Kit (Invitrogen) according to manufacturer’s guidelines. 

For RT-qPCR analysis, a Fast SYBR Green Master Mix (Thermo Fisher Scientific) was 

used with a StepONE Real-Time PCR System (Applied Biosystems). RNA expression was 

normalized to the geometric mean of Oaz1, B2m and Tbp housekeeping gene expression 

and represented as relative quantification (ratio: 2 DDCT). For the full list of primers see 

Table S5. The analysis of amplification curves was carried out using the StepONE software 

(Applied Biosystems).

In vitro experiments

Enrichment of HSPCs and cultivation: To enrich hematopoietic stem and progenitor 

cells (HSPCs) for in vitro assays, lineage marker (CD4, CD8a, B220, Gr-1, CD11b, Ter119)-

positive and CD48-positive cells were depleted from BM using biotin-labeled antibodies 

and biotin binder streptavidin Dynabeads (Invitrogen). For BM preparation and depletion 

process, see above. HSPCs were subsequently cultured in Complete Stem Cell Medium 

(StemPro-34 SFM, LifeTechnologies containing 50ng/ml SCF, 25ng/ml TPO, 30ng/ml 

Flt3-Ligand [all Preprotech], 100ml/ml Penicillin/Streptomycin, and 2mM L-Glutamine 

[both Gibco]). Cells were cultured in 24-, 96- or 384-well ultra-low attachment plates and 

were treated with either at-RA (5μM final) (Sigma-Aldrich), retinol (10μM final) (Sigma-

Aldrich), or 4-oxo-RA (5μM final) (Santa Cruz Biotechnology) or the respective amount of 

DMSO.

Caspase-3/DAPI staining: For active Caspase 3/DAPI staining, in vitro-treated cells (5μM 

at-RA, 10μM retinol, 5μM 4-oxo-RA or DMSO) were harvested after 72 hours and 

subsequently stained with HSC/MPP surface markers and DAPI (1μg/ml) in PBS for 30 

minutes. Cells were then fixed for 10 minutes at 4°C and permeabilized using Cytofix/

Cytoperm (Becton Dickinson and Company). Intracellular staining with the antiactive 

Caspase 3-PE antibody (BD) was performed for at least 4 hours at 4°C in PermWash 

solution (Becton Dickinson and Company).

ROS measurement: The Mito-roGFP2-Orp1 probe allows qualitative measurements of 

H2O2 levels in the mitochondrial matrix of intact living cells (Fujikawa et al., 2016). 

Fluorescence ratios (405/488 nm) of enriched HSPCs expressing mito-roGFP2-Orp1 

were measured by flow cytometry after 72 hours of in vitro cultivation (described in 
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Enrichment of HSPCs and cultivation). As control, samples were treated with either 2mM 

diamide (Sigma-Aldrich) (fully oxidized) or 10mM DTT (Santa Cruz Biotechnology) (fully 

reduced).

Measurement of protein de novo synthesis by O-propargyl-puromycin (OP-Puro). Analysis 

of OP-Puro incorporation was performed using the Click-iT® PlusOPP Protein Synthesis 

Assay Kit (Thermo Fisher Scientific). To measure de novo protein synthesis, in vitro-treated 

HSPCs (5μM at-RA, 5μM 4-oxo-RA or DMSO) were incubated for 30 minutes in medium 

supplemented with OP-Puro (Thermo Fisher Scientific, 20 μM final concentration) at 37°C. 

After harvesting, cells were surface-stained for HSC markers LSK CD150+ CD48− CD34− 

cells at 4°C. The cells were then fixed and permeabilized for 10 minutes using the Cytofix/

Cytoperm Buffer (Becton Dickinson and Company). The copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) was performed according to the manufacturer’s instructions.

Mito Tracker Green staining on in vitro-treated cells: MitoTracker Green (MTG) localizes 

to the mitochondria of living cells independent of mitochondrial membrane potential. 

Surface staining was performed after harvesting of in vitro-treated, lineage-depleted cells 

(described in Enrichment of HSPCs and Treatment) and incubated for 30 minutes at 

4°C. Cells were then incubated with MTG (60nM, Invitrogen) and verapamil (50μM, 

Sigma-Aldrich) at 37°C for 20 to 30 minutes according to de Almeida et al. (2017). Cells 

were subsequently resuspended in PBS supplemented with verapamil and subjected to flow 

cytometry-based analysis.

Seahorse assays of in vitro-treated cells: To measure oxygen consumption rates after 

in vitro treatments we performed mitochondrial stress tests using the Agilent Seahorse 

XF Analyzer (Agilent) according to the manufacturer’s instructions. Briefly, 50,000 LSK 

cells were sorted into 96-well ultra-low attachment plates and immediately treatedwith 

at-RA(5μM), 4-oxo-RA(5μM), or the respective amount of DMSO for 24 hours. Cells 

were then transferred to a poly-D-lysine (Sigma-Aldrich) coated 96-well seahorse plate and 

cultivated for 1 hour in a CO2-free incubator in XF Seahorse medium(XF DMEM Medium, 

10mMglucose, 1mMpyruvate, 2mMglutamine) (all Agilent). The measurement protocol 

included injections of 10μM Oligomycin (Sigma-Aldrich), 15 μM FCCP (Sigma-Aldrich) 

and Rotenone 1μM (Sigma-Aldrich) + Antimycin A 10μM (Sigma-Aldrich) conducted in 

sequence.

Single cell division assays of in vitro-treated cells: Single HSCs (LSK 

CD150+CD48−CD34−) were sorted into 72-well Terasaki plates (Greiner Bio-One) 

containing Complete Stem Cell Medium (described in Enrichment of HSPCs and 

cultivation) and immediately treated with retinol (5μM final), at-RA (5μM final), 4-oxo-RA 

(5μM final), or the respective amount of DMSO. After 48 hours, each well was checked 

manually for the number of cell divisions; 1 cell indicated no division, 2 cells indicated 1 

division, and more than 2 cells indicated more than 1 division.

Colony-forming-unit assays (CFUs) of in vitro-treated cells: 1,000 FACS-sorted LSK 

cells from 8-to 12-week-old mice or 200 FACS-sorted HSCs (LSK CD150+CD48−CD34−) 

were cultured in 100μl Complete Stem Cell Medium (described in Enrichment of HSPCs 
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and cultivation) in 96-well ultra-low attachment plates, and were immediately treated with 

retinol (10μM), at-RA (5μM), 4-oxo-RA (5μM), or the respective amount of DMSO. 72 

hours after treatment, all cells of a single well were harvested and cultured in MethoCult 

M3434 (StemCell Technologies). 3 to 5 days after plating colony numbers were quantified. 

10,000 cells of each replicate were used for second and third replating and cultured in 

MethoCult M3434 (StemCell Technologies). Three days after second and third re-platings 

respectively, colonies were quantified and replated.

Serial transplantation experiments of in vitro-treated cells: 100HSCs 

(LSKCD150+CD48−CD34−) from 8-16-week-old mice were FACS sorted and cultured in 

100μl Complete Stem Cell Medium (described in Enrichment of HSPCs and cultivation) 

in 384-well plates and immediately treated with at-RA(5μM), 4-oxo-RA(5μM), or the 

respective amount of DMSO. 72 hours after treatment, all cells from a single well were 

harvested and transplanted into fully irradiated (4.5 +5 Gray) B6 Ly5.1 mice (CD45.1), 

together with 105 supportive spleen cells (CD45.1/2). Contribution of CD45.2-donor cells 

was monitored in PB at 4, 8, 12, and 16 weeks post-transplantation in primary recipients. 

CD45.2 chimerism was analyzed by flow cytometry using the following monoclonal 

antibodies: anti-CD45.1 (A20)–PECy7 or FITC; anti-CD45.2 (104)–PB.

RNA-seq/RT-qPCR on in vitro-treated cells: 1,000 HSCs (LSK CD150+CD48−) were 

sorted and cultured in 100μl Complete Stem Cell Medium (described in Enrichment of 

HSPCs and cultivation) in 96-well low attachment plates. These cells were subsequently 

harvested after 0 hours, 2 hours or 24 hours to check for gene expression as described above.

Rarb in vitro-knockdown—Knock-down (KD) of Rarb was achieved by retroviral 

transduction of BM cells enriched for HSPCs, with a shRNA targeting Rarb or renilla-

luciferin-2-monooxygenase as a control. The retroviral miR-E system was used (Sauvergeau 

laboratory, Montreal, Canada). Briefly, shRNAs were designed using a genome-wide sensor-

based shRNA ranked prediction list (Fellmann et al., 2013) and subsequently cloned into a 

plasmid. This plasmid contained a MSCV promoter including a GFP-IRES and an ampicillin 

resistance gene. Transformation of the plasmid was performed in competent DH5α E.coli 

where the ampicilin resistance gene enabled selection of successfully transformed plasmids. 

Single colonies were selected and expanded in lysogeny broth (LB) medium with ampicillin. 

In order to confirm the correct plasmid sequence, plasmid DNA was extracted with 

the Monarch Plasmid Miniprep Kit (NEB) according to the manufacturer’s instructions. 

Validation of the MSCV-shRNA-Rarb-GFP-IRES construct was then carried out by gel 

electrophoresis and Sanger sequencing. For virus production, we transfected PlatinumE 

cells with the MSCV-shRNA-Rarb plasmids using jetPRIME (Polyplus transfection). 

Virus-containing supernatant was collected and filtered after 48 hours and 72 hours post-

transfection and stored at 4°C. HSPC enriched BM cells (see HSC/MPP isolation and flow 

cytometry-based sorting) were then transduced by spinoculation. We then transferred the 

cells to a 6-well plate with Complete StemPro Media (specified in Enrichment of HSPCs 

and cultivation) adding Polybrene (Sigma-Aldrich) and filtered virus particles (multiplicity 

of infection approximately 50). Transduced LSK GFP+ cells were collected 48 hours after 

transduction via flow cytometry-based sorting and subjected to further analysis.
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For competitive transplantation assays we transduced CD45.1 HSPCs with the control 

shRNA (shRenilla) and CD45.2 with shRarb. After 48 hours 5,000 LSK GFP+ cells 

were sorted from each condition, pooled and transplanted into fully irradiated (4.5+5 

Gray) CD45.1/2 mice together with 105 supportive WBM cells (CD45.1/2). Contribution 

of CD45.1 versus CD45.2-donor cells was monitored in PB at 4, 8, 12, and 16 weeks 

post-transplantation in primary recipients. Chimerism was analyzed by flow cytometry using 

the following monoclonal antibodies: anti-CD45.1 (A20)–PECy7 or FITC; anti-CD45.2 

(104)–PB.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using unpaired Student’s t test or two-way ANOVA with 

correction for multiple comparison (by either Tukey test or Sidak’s correction). All data are 

presented as mean ± SD. Significance levels were set at p* < 0.05, p** < 0.01, and p*** < 

0.001. GraphPad Prism was used for statistical analyses.
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Highlights

• Metabolic and epigenetic hubs that regulate stemness programs

• Lack of dietary vitamin A leads to loss of the metabolic HSC identity

• Non-classical retinoid signaling axis maintains HSC function: Cyp26b1–4-

oxo-RA-Rarb

• Rarb is required to establish the critical dosage of stemness genes
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Figure 1. Metabolic and epigenetic landscape of HSCs and downstream progenitors
(A) Summary of the experimental setup.

(B) Schematic integration of metabolomics results on HSCs+MPP1 and MPPs. 

Quantification is depicted as fold change (FC) + SD relative to HSCs+MPP1. Metabolite 

names and dots (upregulated in HSCs+MPP1)are shown in red (upregulated in MPPs) and 

blue. RNA-seq expression data of enzymes (padj. < 0.1) are shown as colored lines (red, 

upregulated in HSCs; blue, upregulated in MPPs; see also Figure S1F). n = 6–12; two to 

three independent experiments per metabolite; unpaired Student’s t test; *p < 0.05, **p < 

0.01, ***p < 0.001.
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(C) GSEA of selected Reactome pathways on RNA-seq data enriched in HSCs and MPPs (n 

= 3).

(D) GSEA of selected Reactome pathways on ranked differential OCRs between HSCs and 

MPPs in ATAC-seq.

(E) Gene tracks of the Cyp26b1 locus with corresponding RNA-seq, ATAC-seq, and 

H3K4me3 and H3K27me3 ChIP-seq coverage files.

(F) MTE plots integrating metabolomics, RNA-seq, ATAC-seq, and H3K4me3 and 

H3K27me3 ChIP-seq data on selected KEGG pathways. Depicted is log2FC between 

HSCs(+MPP1) and MPPs (red, upregulated in HSCs; blue, upregulated in MPPs). 

Significance was calculated using an unpaired Student’s t test (metabolomics dataset; *p 

< 0.05, **p < 0.01, ***p < 0.001) or by DESeq2 padj. value (sequencing datasets; *p < 0.1, 

**p < 0.05, ***p < 0.01).

Inner circles indicate the average tendencies of the entire KEGG pathway per dataset, 

and outer circles show individual genes/metabolites. n indicates the number of biological 

replicates.
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Figure 2. Lack of dietary vitamin A leads to loss of metabolic HSC identity and triggers 
differentiation
(A) Workflow summarizing analyses performed on VAF HSCs.

(B) Flow cytometry-based analysis of frequencies of control and VAF HSCs. The percentage 

of single cells is shown. n= 14–19.

(C) Flow cytometry-based analysis of HSC cell cycle control and VAF. The percentage of 

cell cycle phases (G0, G1, and G2/S/M) is shown. n = 16.

(D) Single cell (SiC) division assay after 48 h in VAF and control HSCs. The percentage of 

cells is shown. n = 9.
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(E) Colony-forming unit assay of HSCs in control and VAF conditions. 1st and 2nd plating. n 

= 7-8.

(F) Flow cytometry-based analysis of CD45.2 PB chimerism in the competitive 

transplantation assay of VAF and control WBM cells (CD45.2) versus CD45.1/2 WBM 

cells. The percentage of CD45.2 chimerism after 1° and 2° transplantation is shown; radio-

resistant cells were excluded. n = 9–16.

(G) GSEA of selected Reactome pathways on RNA-seq data of control and VAF HSCs.

(H) Targeted metabolomics results showing significantly different metabolites in VAF and 

control HSCs+MPP1. Quantification is shown as FC + SD relative to control HSCs+MPP1. 

n = 9–12.

(I) ATAC-seq digital footprinting analysis showing Tn5 insertions on the forward and 

reverse strand (red and blue, respectively) and CTCF and RAR motifs in VAF and control 

HSCs. n = 3.

(J) Cyp26 enzyme expression. Normalized expression counts are shown from VAF RNA-

seq. DESeq2 padj.- values: *p < 0.1, **p < 0.05, ***p < 0.01. ND, not detected.

(K) RT-qPCR of Cyp26b1 gene expression in stem and progenitor populations and 

differentiated cells. Normalized mean relative to Oaz1, B2m, and Tbp expression and 

relative to HSCs is shown. Significance in HSCs is compared with all other populations. 

n = 3; one experiment. GE, gene expression.

(B)–(E), (H), (J), and (K), mean + standard deviation (SD); (B), (E), (H), (I), and (K), 

unpaired Student’s t test; (C), (D), and (F), two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 

0.001; ns, not significant. Significance levels are compared with the control. n indicates the 

number of biological replicates. For (B)-(F) and (H), two or more independent experiments 

were performed.
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Figure 3. Cyp26b1 is critical for HSC self-renewal and quiescence
(A) Pathway model.

(B) Workflow summarizing analyses performed on two Cyp26b1 KO mouse models (SclCre 

and Mx1Cre).

(C) Flow cytometry-based analysis of HSC frequency in Cyp26b1fl/fl (control) and Mx-
Cyp26b1−/− (KO). Frequency of single cells is shown. Significance levels are compared with 

the control. n = 8–10.

(D) Single cell (SiC) division assay after 48h in Cyp26b1fl/fl and Mx-Cyp26b1−/− HSCs. 

Frequency of cells is shown in percent. n = 10–12.
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(E) Colony-forming unit (CFU) assay of Cyp26b1fl/fl and Mx-Cyp26b1−/− HSCs; first, 

second, and third plating. n = 7–9.

(F) Flow cytometry-based analysis of CD45.2 PB chimerism of 1° and 2° competitive WBM 

transplantation assays of Cyp26b1fl/fl (CD45.2 control) and Mx-Cyp26b1−/− (CD45.2 KO) 

cells versus CD45.1/2 cells. Shown is percent CD45.2 chimerism. n = 7–8.

(G) Flow cytometry-based analysis of CD45.2+ HSCs after 16 weeks of 1° and 2° 

transplantation of HSCs derived from Cyp26b1fl/fl and Mx-Cyp26b1−/− Shown is the 

percentage of single cells. n = 7.

(H) Workflow summarizing analyses performed on long-term Cyp26b1 KO (Mx-
Cyp26b1−/− and Cyp26b1fl/fl 7 months after deletion.

(I) CFU assay of HSCs in 7-month-old Cyp26b1fl/fl and Mx-Cyp26b1−/−; first, second, and 

third plating. n = 8–10.

(J) GSEA of selected Reactome pathways on RNA-seq of 7-month Mx-Cyp26b1−/− and 

Cyp26b1fl/fl HSCs.

(K) GSEA of “up-regulated genes in VAF HSCs” on RNA-seq of 7-month Mx-Cyp26b1−/− 

and Cyp26b1fl/fl HSCs. n = 2.

(L) ATAC-seq digital footprinting analysis on the CTCF and RAR motif in Mx-Cyp26b1−/− 

and Cyp26b1fl/fl HSCs. Tn5 insertions are shown on positive and negative strands (red and 

blue, respectively). n = 2.

(M) Targeted metabolomics on retinoids in Scl-Cyp26b1−/− and Cyp26b1fl/fl HSCs+MPP1. 

Shown is FC compared with Cyp26b1fl/fl HSCs+MPP1. n = 3–12.

(C)–(E), (G), (I), and (M), mean + SD; (C), (E), (G), (I), and (L), unpaired Student’s t test; 

(D) and (F), two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001. n indicates the number 

of biological replicates. For (C)–(G), (I), and (M), two or more independent experiments 

were performed.
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Figure 4. 4-oxo-RA regulates HSC function
(A) Workflow summarizing in vitro treatments with DMSO, at-RA, and 4-oxo-RA 

performed on Lin−CD48− BM cells.

(B) Flow cytometry-based analysis of the cell cycle after in vitro treatment, gated on HSCs. 

The percentage of the cell cycle phase (G0, G1, and G2/S/M) is shown. n = 12.

(C) Single cell division (SiC) assay after 48-h in vitro treatment of HSCs with DMSO, 

at-RA, and 4-oxo-RA. The percentages of cells are shown. n = 12.

(D) Flow cytometry-based analysis of O-propargyl (OP) puromycin median fluorescence 

intensity after 72-h in vitro treatment. Gated on HSCs, fold change (FC) normalized to 

DMSO treatment. n = 6–9.
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(E) Flow cytometry-based analysis of ROS in MitoOrp mouse model after 72-h in vitro 
treatment. Gated on HSCs, shown is the percentage of HSCs. n = 8.

(F) Colony-formung unit (CFU) assay; plating after 72-h in vitro treatment of 1,000 LSK 

cells with DMSO, at-RA, and 4-oxo-RA; first and second plating. The number of colonies 

was normalized to the control. n = 7–10.

(G) Flow cytometry-based analysis of CD45.2 PB chimerism over time. Shown is a 

transplantation assay comparing 72-h in-vitro-treated HSCs with 4-oxo-RA or control 

(DMSO). Shown is the percentage of CD45.2 chimerism. n = 6–9.

(H) Workflow showing in vivo treatments with DMSO + PBS, DMSO + pIC, at-RA 

+ pIC, and 4-oxo-RA + pIC. Flow cytometry-based analysis of the HSC (LK CD150+ 

CD48−CD34−) cell cycle. The percentage of the cell cycle phase (G0, G1, and G2/S/M) is 

shown. Significance levels are compared with DMSO pIC. n = 12.

(I) SiC division assay of 48-h in-vivo-treated HSCs (LK CD150+CD48−CD34−) after 

DMSO + PBS, DMSO + pIC, at-RA + pIC, and 4-oxo-RA + pIC injections. The percentage 

of cells is shown. Significance levels are compared with DMSO + pIC. n = 10–12.

(J) CFU assay of HSCs after DMSO + PBS, DMSO + pIC, at-RA +pIC, and 4-oxo-RA+ pIC 

in vivo injections. The number of colonies is normalized to DMSO after the first and second 

plating. Significance levels are compared with DMSO + pIC. n = 5–6.

(K) Heatmap of RNA-seq data of 24-h in-vitro-treated HSCs+MPP1. Log2FC threshold ≥ 

0.5, padj. < 0.1 in pairwise comparisons. Shown are biological process GO terms and the 

main associated TF motif for each cluster. NES, normalized enrichment score. n = 3.

(L) Log2FC of all cluster 2 genes depicted from 3 RNA-seq datasets (4-oxo-RA 24-h in 
vitro treatment of HSCs+MPP1, VAF HSCs, and 7-month Cyp26b1 KO HSCs). Genes 

shown in bold contain the RAR motif. Grey indicates not detected.

(B)–(F), (H), and (J), mean + SD; (D), (F), and (J), unpaired Student’s t test; (B), (C), (E), 

(G), and (I), two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001. n indicates the number 

of biological replicates. For (B)-(J), two or more independent experiments were performed.
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Figure 5. The Cyp26b1-downstream metabolite 4-oxo-RA is required for HSC maintenance
(A) Workflow showing rescue experiments performed on the different Cyp26b1 KO mouse 

models.

(B) Workflow showing the single cell (SiC) division assay after 48 h in vitro treatment 

of Scl-Cyp26b1−/− compared with Cyp26b1fl/fl HSCs with DMSO, retinol, at-RA, and 

4-oxo-RA. The percentage of cells is shown. n = 12.

(C) Workflow depicting the colony-forming unit (CFU) assay after 72 h in vitro treatment 

of Scl-Cyp26b1−/− compared with Cyp26b1fl/fl HSCs with DMSO, retinol, at-RA, and 

4-oxo-RA. The number of colonies was normalized to control DMSO treatment of each 

corresponding plating. n = 6–8.

(D) Workflow showing in vivo treatments with DMSO + PBS, DMSO + poly I:C (pIC), 

at-RA + pIC, and 4-oxo-RA + pIC of Scl-Cyp26b1−/− compared with Cyp26b1fl/fl mice 

and flow cytometry-based analysis of the HSC cell cycle. The percentage of HSCs in the 

G2/S/M cell cycle phase is shown. Significance levels are compared with DMSO pIC. n = 

6–7.
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(E) HSC CFU assay after 72 h in vivo treatment of Scl-Cyp26b1−/− and Cyp26b1fl/fl mice 

with DMSO + PBS, DMSO + pIC, at-RA + pIC, and 4-oxo-RA + pIC. The number of 

colonies was normalized to DMSO + PBS treatment of each corresponding plating. n = 4–8.

(B)–(E), mean + SD; (C)–(E), unpaired Student’s t test; (B), two-way ANOVA. *p < 0.05, 

**p < 0.01, ***p < 0.001. n indicates the number of biological replicates. Significance levels 

are compared with the control. For (B)–(E), two or more independent experiments were 

performed.
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Figure 6. Rarb is required to mediate 4-oxo-RA-dependent maintenance of HSC self-renewal
(A) RT-qPCR of Rarb GE in stem and progenitor populations and differentiated cells. 

Normalized mean relative to Oaz1, B2m, and Tbp expression and relative to HSCs is shown. 

Significance in HSCs is compared with all other populations. n = 3, one experiment.

(B) Normalized expression counts (DESeq2) of RAR and RXR genes from VAF RNA-seq. 

DESeq2 padj. values: *p < 0.1, **p < 0.05, ***p < 0.01.

(C) Workflow showing in vitro Rarb KD.

(D) Flow cytometry-based analysis of the frequency of HSCs+MPP1 (LSK CD150+CD48−). 

The percentage of single cells is shown. n = 3, one experiment.

(E) Colony-forming unit (CFU) assay of GFP+ LSK cells after in vitro Rarb KD; first and 

second plating. The number of colonies was normalized to the control. n = 12.
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(F) Workflow showing competitive transplantation of GFP+LSK shRarb (CD45.2) and 

GFP+LSK (CD45.1) and flow cytometry-based analysis of PB chimerism over time. Shown 

is the percentage of chimerism. n = 12–16.

(G) Workflow showing the single cell (SiC) division assay after 48-h in vitro treatment of 

control HSCs compared with Rarb KO with DMSO, retinol, at-RA, and 4-oxo-RA. The 

percentage of single cells is shown. n = 12.

(H) Workflow depicting CFUs after 72-h in vitro treatment of control HSCs compared 

with Rarb KO with DMSO, retinol, at-RA, and 4-oxo-RA. The number of colonies was 

normalized to control DMSO treatment of each corresponding plating. n = 6–8.

(I) Transplantation assay comparing 72-h in-vitro-treated control and Rarb KO HSCs with 

at-RA, 4-oxo-RA, or DMSO. Shown is the percentage of CD45.2 chimerism over time. n = 

6–9.

(J) Boxplots comparing 24-h in vitro 4-oxo-RA effects on GE in control and Rarb KO 

HSCs+MPP1 RNA-seq versus DMSO treatment. All genes of heatmap clusters 1–4 from 

RNA-seq of in vitro treatments after 24 h (Figure 4K) are shown. n = 2–3.

(A), (B), (D), (E), (G), and (I), mean + SD; (A), (D), (E), and (H), unpaired Student’s t 

test; (F), (G), and (I), two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001. n indicates 

the number of biological replicates. For (B)–(F), two or more independent experiments were 

performed.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD8a-BV650 BioLegend 100742; RRID:AB_2563056

CD11b-BV650 BioLegend 101259; RRID:AB_2566568

Gr1-BV650 BioLegend 108442; RRID:AB_2686974

TER119-BV650 BioLegend 116235; RRID:AB_11204244

B220-BV650 BioLegend 103241; RRID:AB_11204069

CD4-BV650 BioLegend 563232; RRID:AB_2738083

CD8a-PE/Cy7 BioLegend 100722; RRID:AB_312761

CD11b-PE/Cy7 BioLegend 101216; RRID:AB_312799

Gr1-PE/Cy7 BioLegend 108416; RRID:AB_313381

TER119-PE/Cy7 BioLegend 116221; RRID:AB_2137789

B220-PE/Cy7 BioLegend 103222; RRID:AB_313005

CD4-PE/Cy7 BioLegend 100422; RRID:AB_2660860

cKit-BV711 BioLegend 105835; RRID:AB_2565956

cKit-BV421 BioLegend 105828; RRID:AB_11204256

cKit-PE BioLegend 105808; RRID:AB_313217

Sca1-APC/Cy7 BioLegend 108126; RRID:AB_10645327

CD150-PE/Cy5 BioLegend 115912; RRID:AB_493598

CD48-Pacific Blue BioLegend 103418; RRID:AB_756140

Ki67-PE Invitrogen 12-5698-80; RRID:AB_11149672

Gr1-APC BioLegend 108412; RRID:AB_313377

CD11b-APC/Cy7 BioLegend 101226; RRID:AB_830642

CD150-BV605 BioLegend 115927; RRID:AB_11204248

CD48-BV421 BioLegend 103428; RRID:AB_2650894

CD34-FITC BD Biosciences 553733; RRID:AB_395017

CD34-AF700 BD Biosciences 560518; RRID:AB_1727471

CD45.1-FITC BioLegend 110706; RRID:AB_313495

CD45.2-Pacific Blue BioLegend 109820; RRID:AB_492872

CD45.1-PE/Cy7 BioLegend 110730; RRID:AB_1134168

CD127-PE BioLegend 121112; RRID:AB_493509

CD16/32-APC BioLegend 101326; RRID:AB_1953273

CD8a-FITC BioLegend 100706; RRID:AB_312745

CD11b-FITC BioLegend 101206; RRID:AB_312789

Gr1-FITC BioLegend 108406; RRID:AB_313371

Ter119-FITC BioLegend 116206; RRID:AB_313707

B220-FITC BioLegend 103206; RRID:AB_312991

CD4-FITC BioLegend 100406; RRID:AB_312691

CD48-PE/Cy7 BioLegend 103424; RRID:AB_2075049

B220-AF700 BioLegend 103232; RRID:AB_493717

Active Caspase3-PE BD Biosciences 561011; RRID:AB_2033931
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REAGENT or RESOURCE SOURCE IDENTIFIER

CD4-PE/Cy5 BioLegend 100410; RRID:AB_312695

CD8a-PE/Cy5 BioLegend 100710; RRID:AB_312749

H3K4me3 Millipore 07-473; RRID:AB_1977252

H3K27me3 Cell Signaling C36B11; RRID:AB_11220433

Chemicals, peptides, and recombinant proteins

BD Cytofix/Cytoperm Kit BD 554722

Dynabeads Untouched Mouse CD4 Kit Life Technologies 11415D

FastSYBR Green Master Mix Thermo Fisher Scientific 4385610

OneComp eBeads eBioscience 01-1111-41

AMPure/RNAClean XP beads Beckman Coulter A63881

Deoxynucleotide Solution, Mix NEB N0447S

ProtoScript II Reverse Transcriptase NEB M0368L

Murine Rnase Inhibitor NEB M0314L

Rnase H, recombinant NEB M0297L

DNA Polymerase I NEB M0209L

DAPI Sigma-Aldrich D9542

All-trans-retinoic acid (at-RA) Sigma-Aldrich R2625

13-cis-4oxo-Retinoic acid (in vivo) Sigma-Aldrich 42073

4-Oxo-(9-cis,13-cis)-Retinoic acid (in vitro) Santa Cruz Biotechnology sc-477908

Retinol Sigma-Aldrich R7632

Rotenone Sigma-Aldrich R8875

Antimycin A Sigma-Aldrich A8674

Oligomycin Sigma-Aldrich O4876

FCCP Sigma-Aldrich C2920

Recombinant Human Flt3 PeproTech 300-19

Recombinant Murine Stem Cell Factor PeproTech 250-03

Recombinant Murine Thrombopoietin PeproTech 315-14

ACK Lysing Buffer Lonza 10-548E

Poly-D-Lysine Sigma-Aldrich P6407

StemPro-34 SFM (1X) Life Technologies 10639011

Methocult Mouse M3434 Stem Cell Technologies M3434

XF DMEM medium Agilent 103575-100

XF 1.0 M Glucose Solution Agilent 103577-100

XF 100 mM Pyruvate Solution Agilent 103578-100

XF 200 mM Glutamine Solution Agilent 103579-100

MitoTracker Green Thermo Fisher Scientific M7514

Protein G Dynabeads Invitrogen 10003D

Q5® High-Fidelity 2X Master Mix NEB M0492S

NEBNext® Multiplex Oligos for Illumina® (96 Unique Dual Index Primer 
Pairs)

NEB E6440

Formaldehyde 16% Pierce 28906

IDT unique dual indexing primers Illumina 20027213
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REAGENT or RESOURCE SOURCE IDENTIFIER

Digitonin Promega G9441

BSA solution Sigma-Aldrich A8577

Critical commercial assays

SuperScript VILO cDNA Synthesis Kit Invitrogen 11754050

QIAGEN Plasmid Maxi Kit QIAGEN 12163

PicoPure® RNA Isolation Kit Thermo Fisher Scientific KIT0204

Click-iT® Plus OPP Protein Synthesis Assay Kit *Alexa Fluor® 594 picolyl 
azide

Life Technologies C10457

MEGAscript T7 Transcription Kit Thermo FFisher Scientific AM1334

QIAGEN MinElute PCR clean up kit QIAGEN 28204

Tagment DNA TDE1 Enzyme and Buffer Kits Illumina 20034197

NEBNext Ultra II FS DNA library kit NEB E7805

SMARTseq v4 Takare Bio 634889

NEBNext Secondary Strand Synthesis Reaction Buffer NEB B6117S

Nextera XT DNA Sample Preparation Kits Illumina 1502354

Deposited data

RNA Seq of control and Vitamin A-deficient HSCs and MPPs This paper ArrayExpress: E-MTAB-9729

RNA Seq of control and Cyp26b1KO HSCs This paper ArrayExpress: E-MTAB-9745

RNA Seq of 7-month-old control and Cyp26b1KO HSCs This paper ArrayExpress: E-MTAB-10659

RNA Seq of control and Cyp26b1KO HSCs+MPP1 after 24h of in vitro 
culture and treatment

This paper ArrayExpress: E-MTAB-9752

RNA Seq of wildtype and Rarb KO HSCs after 24h of in vitro culture and 
treatment

This paper ArrayExpress: E-MTAB-9749

ATAC-seq of HSCs and MPPs This paper ArrayExpress: E-MTAB-9779

ATAC-seq of HSCs in Vitamin A-free diet This paper ArrayExpress: E-MTAB-9780

ATAC-seq of control and Cyp26b1KO HSCs This paper ArrayExpress: E-MTAB-9778

ChIP-seq for H3K4me3 and H3K27me3 in HSCs and MPPs This paper ArrayExpress: E-MTAB-10661

Experimental models: Organisms/strains

C57BL/6J (CD45.2) MPI-IE RRID:IMSR_JAX:002014

B6Ly5.1 (CD45.1) MPI-IE RRID:IMSR_JAX:000664

B6Ly5.1(CD45.1/2) MPI-IE N/A

Mx1Cre (B6. Cg-Tg(Mx1-cre)1Cgn/J) Kühn et al., 1995 RRID:IMSR_JAX:003556

SclCre (B6. Tg(Tal1-cre)42-056Jrg) Göthert et al., 2005 MGI: 3579158

Cyp26b1 fl/fl (B6-Cyp26b1tm2Hmd) MacLean et al., 2007 RRID:IMSR_RBRC04333

RarbKO (Stock Rarbtm1Vg1/HsvJ) The Jackson Laboratory RRID:IMSR_JAX:022999

MitoOrp (B6-Gt(ROSA)26Sor(mito-Orp-roGFP2) Tg(CMV-cre)1Cgn) Fujikawa et al., 2016 N/A

RargKO Chapellier et al., 2002; 
Provided by N.B. 
Ghyselinck

N/A

Oligonucleotides

shRNA Rarb TGCTGTTGACAGTGAGCGCCCGCAGA 
AGATGTATTCTTCTGAATACTTCTGCG GATGCCTA CTGCCTCGGA

Sigma-Aldrich N/A

shRNA Renilla AAGGTATATTGCTGTTGACAGTGAGC 
GCAGGAATTATAATGCTTATCTATAGTGAAGCCACA 

Sigma-Aldrich N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

GATGTATAGATAAGCATTATAATTCCTATGCCTACTG 
CCTCGGACTTCAAGGGGCTA

Software and algorithms

FACSDiva BD RRID:SCR_001456

FlowJo10 FlowJo LLC RRID:SCR_008520

Prism8 Graphpad Software RRID:SCR_002798

Integrative Genomics Viewer (IGV) N/A RRID:SCR_011793

DAVID v6.8 Huang et al., 2009 https://david.ncifcrf.gov

snakePipes (2.5.1) Bhardwaj et al., 2019 https://github.com/maxplanck-ie/
snakepipes

deepTools (3.4.0) Ramírez et al., 2014 https://github.com/deeptools/
deepTools/

STAR v2.7.4a Dobin et al., 2013 https://github.com/alexdobin/
STAR

Bowtie2 (2.4.4) Langmead and Salzberg, 
2012

https://github.com/BenLangmead/
bowtie2

MACS2 (2.2.7.1) Zhang et al., 2008 https://github.com/macs3-project/
MACS

bedtools (2.30.0) Quinlan and Hall, 2010 https://github.com/arq5x/
bedtools2

pyDNase (0.3.0) Piper et al., 2013 https://github.com/jpiper/
pyDNase

Subread (2.0.3) Liao et al., 2014 https://sourceforge.net/projects/
subread/

GSEA_4.1.0 Subramanian et al., 2005 https://www.gsea-msigdb.org/
gsea/index.jsp

Cell Stem Cell. Author manuscript; available in PMC 2022 May 11.

https://david.ncifcrf.gov
https://github.com/maxplanck-ie/snakepipes
https://github.com/maxplanck-ie/snakepipes
https://github.com/deeptools/deepTools/
https://github.com/deeptools/deepTools/
https://github.com/alexdobin/STAR
https://github.com/alexdobin/STAR
https://github.com/BenLangmead/bowtie2
https://github.com/BenLangmead/bowtie2
https://github.com/macs3-project/MACS
https://github.com/macs3-project/MACS
https://github.com/arq5x/bedtools2
https://github.com/arq5x/bedtools2
https://github.com/jpiper/pyDNase
https://github.com/jpiper/pyDNase
https://sourceforge.net/projects/subread/
https://sourceforge.net/projects/subread/
https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp

	SUMMARY
	Graphical abstract
	In brief
	INTRODUCTION
	RESULTS
	Metabolic landscape of HSCs and downstream progenitors
	Epigenetic modulation of metabolic pathways in HSCs
	Lack of dietary vitamin A leads to loss of the metabolic HSC identity
	Cyp26b1 is critical for HSC self-renewal and quiescence
	4-oxo-RA regulates HSC function
	4-oxo-RA acts downstream of Cyp26b1 and is required for HSC maintenance
	Rarb is required to mediate 4-oxo-RA-dependent maintenance of HSC function

	DISCUSSION
	Limitations of the study

	STAR★METHODS
	RESOURCE AVAILABILITY
	Lead contact
	Materials availability
	Data and code availability

	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Mouse models
	Vitamin A-free diet
	Cyp26b1 knockout
	Rarb knockout
	Rarg knockout
	MitoOrp mouse model
	Transplantation models

	METHOD DETAILS
	HSC/MPP isolation and fluorescence-activated cell sorting (FACS)
	Bulk RNA-seq
	Generation
	Low-level processing
	Downstream analysis

	ATAC-seq
	Generation
	Low-level processing
	Downstream analysis

	ChIP-seq
	Generation
	Low-level processing
	Downstream analyses

	Targeted metabolomics: (semi-)polar metabolites
	Targeted metabolomics: retinoids and polar lipids
	Integration of omics datasets and conditions
	In vivo experiments
	In vivo treatments
	Characterization of in vivo mouse models
	Cell cycle analysis.

	Single cell division assay
	Serial colony-forming-unit assays (CFU)s of HSCs
	Competitive transplantation experiments
	HSC transplantation experiments
	Gene expression by RT-qPCR analysis

	In vitro experiments
	Enrichment of HSPCs and cultivation
	Caspase-3/DAPI staining
	ROS measurement
	Mito Tracker Green staining on in vitro-treated cells
	Seahorse assays of in vitro-treated cells
	Single cell division assays of in vitro-treated cells
	Colony-forming-unit assays (CFUs) of in vitro-treated cells
	Serial transplantation experiments of in vitro-treated cells
	RNA-seq/RT-qPCR on in vitro-treated cells

	Rarb in vitro-knockdown

	QUANTIFICATION AND STATISTICAL ANALYSIS

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table T1

