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Abstract  29 

Hematopoietic stem cell (HSC) aging involves epigenetic remodeling, but how these changes arise, 30 

their relationship to stress-induced alterations, and their reversibility remain unclear. Here, we show 31 

that 16-day induction of the Yamanaka factors in young mice delays HSC aging, while in old mice it 32 

reverses HSC aging features, improving hematopoietic reconstitution, reducing myeloid bias and DNA 33 

damage. Multi-omics revealed that reprogramming induces an early reduction in chromatin 34 

accessibility at AP-1-bound regions, preceding aging phenotypes, and attenuates age-associated AP-1 35 

and mesenchymal-drift programs and transposable element (TE) expression. Reverse transcriptase 36 

inhibition in aged mice reduced DNA damage and improved HSC function. Reprogramming protected 37 

HSCs from chronic LPS-induced premature aging. AP-1 inhibition prevented LPS-induced TE activation, 38 

DNA damage and loss of HSC clonogenicity, implicating AP-1-dependent TE activation in HSC decline. 39 

Together, these findings show that aged HSCs can be rejuvenated and identify AP-1-associated 40 

chromatin remodeling linking inflammatory stress, TE activation, and HSC aging. 41 

 42 

  43 
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Introduction 44 

Hematopoietic stem cells (HSCs) sustain lifelong blood cell production. However, their functional 45 

properties are profoundly altered during aging. In particular, aged HSCs exhibit a marked decline in 46 

repopulation capacity and a differentiation bias toward the myeloid lineage, resulting in increased 47 

myeloid cell production and a progressive deterioration of adaptive immune responses 1, 2. These age-48 

associated changes are accompanied by an expansion of the phenotypic HSC compartment and a 49 

remodeling of the HSC pool, characterized by a substantial increase in myeloid- and platelet-biased 50 

HSCs, which predominantly generate myeloid cells, and a comparatively smaller expansion of 51 

lymphoid-biased HSCs, which preferentially give rise to lymphoid lineages. Aged HSCs also accumulate 52 

DNA damage and acquire somatic mutations as a consequence of environmental stress and 53 

replication-associated errors. Although most of these mutations are functionally neutral, some of them 54 

confer a selective clonal advantage, leading to the expansion of mutant clones over non-mutated cells 55 

with age. This phenomenon, known as clonal hematopoiesis of indeterminate potential, occurs in 56 

otherwise healthy individuals and is associated with an increased risk of developing myeloid 57 

malignancies3. 58 

HSC aging results from both cell-intrinsic alterations and extrinsic environmental changes, including 59 

chronic inflammation and dysfunction of the bone marrow niche that supports HSC maintenance1, 2. 60 

However, transplantation experiments and prolonged exposure of aged HSCs to a young bone marrow 61 

environment are insufficient to fully restore their functional defects4, underscoring the predominant 62 

role of intrinsic mechanisms in HSC aging. These observations suggest that strategies directly targeting 63 

the molecular and cellular features of aged HSCs may be necessary to delay or reverse HSC aging and 64 

preserve long-term hematopoietic function.  65 

Numerous cell-intrinsic regulators of HSC aging have been identified, including impaired DNA repair 66 

leading to the accumulation of genomic damage, epigenetic, and transcriptional dysregulation, altered 67 

cell polarity, and defective mitochondrial activation and metabolism 1, 2, 5-10. Recent studies have 68 
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particularly highlighted the central role of epigenetic alterations in aging8, 10-12. One hallmark of aging 69 

across multiple tissues is the widespread destabilization of heterochromatin, which results in the 70 

derepression and overexpression of transposable elements (TEs) 13, 14. TEs, which account for nearly 71 

half of the human and mouse genomes, include long terminal repeat (LTR) elements such as 72 

endogenous retroviruses (ERVs), as well as non-LTR elements including long and short interspersed 73 

nuclear elements (LINE-1/L1 and SINEs). Long considered “junk DNA,” TEs have recently emerged as 74 

important contributors to aging and cancer, particularly in contexts associated with chromatin 75 

disorganization. We and others have demonstrated that TE expression is increased in aged HSCs and 76 

in several models of premature aging induced by irradiation, chemotherapy, or chronic inflammation13, 77 

15-20. We further showed that the reduction of the heterochromatin mark H3K9me3 observed in HSCs 78 

following irradiation or chronic inflammatory stress occurs predominantly at evolutionarily recent and 79 

active LINE-1 and LTR elements (L1Md and IAP in mice, respectively) 19, 20. This epigenetic erosion 80 

contributes to persistent DNA damage and long-term HSC dysfunction, both of which can be partially 81 

reversed by reverse transcriptase inhibitors (RTIs) 15, 19, 20. Together, these findings suggest that stress- 82 

or age-induced heterochromatin alterations and TE derepression may constitute a common molecular 83 

mechanism driving HSC dysfunction. However, the causal contribution of heterochromatin 84 

disorganization and TE activation to physiological HSC aging remains to be formally established. 85 

Moreover, although repeated inflammatory or replicative stress induce HSC defects resembling those 86 

observed during aging, the molecular links between stress responses and aging, and whether 87 

modulation of these pathways could rejuvenate HSC function remains unknown. 88 

Recent studies have shown that senescent fibroblasts from centenarians, as well as aged HSCs, 89 

reprogrammed into induced pluripotent stem cells (iPSCs) using the Yamanaka factors OCT4, SOX2, 90 

KLF4, and MYC (OSKM), reacquire youthful characteristics upon redifferentiation into their somatic 91 

lineages21, 22. More recently, transient cellular rejuvenation without loss of somatic identity has been 92 

achieved in vitro through short-term expression of OSKM factors. In vivo, partial reprogramming 93 
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induced by repeated cycles of transient OSKM expression have been shown to extend lifespan in 94 

premature aging mouse models and ameliorate aging phenotypes across multiple tissues23-27. These 95 

effects include restoration of tissue architecture, rejuvenation of DNA methylation and H3K9me3 96 

patterns, resetting of epigenetic clocks, and improved regenerative capacity in both premature and 97 

physiological aging models. Collectively, these studies highlight the close relationship between 98 

rejuvenation and pluripotency programs and underscore the major role of epigenetic remodeling in 99 

aging. However, the molecular mechanisms underlying rejuvenation induced by transient 100 

reprogramming, particularly the contribution of TEs to this process, remain largely unknown. In 101 

addition, the impact of transient reprogramming on tissue stem cell maintenance during physiological 102 

aging, as well as its potential effects on HSC stress resilience has not yet been investigated.  103 

Here, we show that a single short induction of OSKM factors early in life is sufficient to improve bone 104 

marrow and peripheral blood parameters, enhance HSC reconstitution capacity, restore the lymphoid-105 

to-myeloid differentiation balance, and reverse many of the molecular alterations characteristic of 106 

aged HSCs. Early transient reprogramming prevents age-associated heterochromatin loss and 107 

chromatin opening at TEs and at binding sites for the stress-response transcription factor activator 108 

protein-1 (AP-1), thereby limiting TE expression, TE-induced DNA damage, and HSC functional decline. 109 

Transient OSKM induction also enhances the resilience of young HSCs to chronic inflammatory stress. 110 

These findings suggest that aging is associated with a persistent memory of stress-induced epigenetic 111 

alterations in HSCs and raise the possibility that limiting chronic AP-1 activation and TE derepression 112 

and may represent a strategy to rejuvenate HSCs. 113 

 114 

 115 

 116 

 117 
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Results 118 

Partial transient reprogramming early in life delays age-induced myeloid bias and HSC defects  119 

To gain insight into the key intrinsic mechanisms underlying HSC aging, we hypothesized that these 120 

mechanisms would be among the cellular processes reversed during functional rejuvenation. To test 121 

this hypothesis, we first assessed whether physiological HSC aging could be slowed using an in vivo 122 

model of partial transient reprogramming. We used double heterozygous Rosa26rtTA/+; Col1a14F2A/+ 123 

transgenic mice to induce controlled expression of the four Yamanaka transcription factors (4TF mice) 124 

through an rtTA transactivator upon doxycycline (Dox) administration in the drinking water23, 26 125 

(Extended Data Fig. 1A). To assess the long-term persistence of the expected rejuvenating effects 126 

associated with partial reprogramming, we adopted a simplified protocol that we had previously 127 

described. 23 Rather than applying repeated treatments throughout life, reprogramming factors were 128 

induced only once using a low dose of Dox for 16 days at 2-3 months of age (Fig. 1A). Mice were then 129 

left untreated and analyzed at 20–24 months of age. Aged reprogrammed mice treated with Dox (O-130 

Dox) were compared with age-matched untreated mice (O-NT) and with young (3-4 months) untreated 131 

mice (Y-NT). 132 

We first assessed whether OSKM factors were expressed in HSCs following Dox treatment and whether 133 

this expression was maintained over time. RT-qPCR analysis showed that all transcription factors (TFs) 134 

are expressed or displayed increased expression in HSCs (defined as Lin−Sca1+Kit+ CD34−Flk2− or LSK 135 

CD34-Flk2-) at the end of the treatment period (day 16) (Extended Data Fig. 1B). This expression was 136 

transient, as Oct4 and Sox2 were no longer detectable one month after treatment, while Klf4 and Myc 137 

expression returned to levels comparable to those observed in untreated mice. 138 

Analysis of blood parameters across the three groups of mice showed that Dox treatment early in life 139 

was sufficient to restore red blood cell and platelet counts to youthful levels (Extended Data Fig. 1C, 140 

D) and to reduce both the myeloid bias and the increase in pro-inflammatory monocytes associated 141 

with aging (Fig. 1B, C). In the bone marrow (BM), consistent with previous reports1, 2, the number of 142 



8 
 

 

phenotypic long-term (LT)-HSCs (LSK Flk2−CD34-CD150+CD48−) markedly increased with age (Fig. 1D, 143 

Extended Data Fig. 1E), whereas the ratio of short-term (ST)-HSCs (LSK Flk2−CD34+CD150+CD48−) to LT-144 

HSCs decreased (Fig. 1E), indicating the early loss of differentiation capacity that characterizes HSC 145 

aging. Early-life Dox treatment partially corrected these defects. Similarly, the age-associated increase 146 

in myeloid-biased HSCs (CD150hi LT-HSCs) 28, 29, which account for most of the expansion of the HSC 147 

compartment in aged BM (Fig. 1F, G), as well as the increase in megakaryocyte-biased HSCs (CD41+ LT-148 

HSCs, Fig. 1H), was delayed following Dox treatment. Finally, Dox treatment partially restored near to 149 

youthful levels the altered proportions of HSCs relative to myeloid- and lymphoid-primed multipotent 150 

progenitors observed during aging (Fig. 1I). Importantly, Dox administration to 2-month-old WT 151 

C57BL/6 mice had no effect on any of these parameters (Extended Data Fig.2 A-C), demonstrating that 152 

the observed effects were specific to OSKM induction and required transgene expression. Moreover, 153 

separate analyses of blood and BM in male and female 4TF transgenic mice revealed comparable 154 

rejuvenating effects following transient partial reprogramming (Extended Data Fig. 2D, E). Both sexes 155 

were therefore included in all subsequent experiments. 156 

Single-cell in vitro liquid cultures of HSCs showed that the age-associated increase in HSC survival and 157 

loss of quiescence, as measured by the number of wells containing 0, 1 or more than 1 cell, 158 

respectively, after 48 h of culture—was completely abolished following early-life Dox treatment (Fig. 159 

2A-C). Partial reprogramming also restored HSC self-renewal capacity, as assessed by sequential 160 

clonogenic replating assays (Fig. 2D, E). Untreated aged HSCs showed increased γH2AX foci as 161 

compared to both young and age-matched Old Dox-treated HSCs (Fig. 2F and Extended Data Fig. 3A), 162 

suggesting that Dox prevented the age-associated increase in DNA damage which is linked to loss of 163 

HSC function.  164 

To further evaluate HSC function, we first performed non-competitive serial transplantation 165 

experiments using BM from young, 20-month-old O-NT, and O-Dox mice (Extended Data Fig. 3B). In 166 

primary and secondary transplantations, all recipient mice were successfully reconstituted; however, 167 
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donor chimerism in peripheral blood was lower in recipients of O-NT BM compared with those 168 

receiving young or O-Dox BM, indicating an age-related decline in reconstitution capacity that was 169 

prevented by early OSKM induction (Extended Data Fig. 3C, D). In tertiary transplantation, none of the 170 

recipients of O-NT BM survived, in contrast to mice transplanted with young or O-Dox cells (Extended 171 

Data Fig. 3E), suggesting that Dox treatment prevented age-associated HSC exhaustion.  172 

To further confirm the rejuvenating effect of Dox on HSC function, we next performed competitive BM 173 

transplantation assays using O-NT and O-Dox donor cells (Fig. 2G). At all time points analyzed, donor 174 

chimerism in the peripheral blood was higher in recipients of O-Dox cells than in those receiving O-NT 175 

cells (Fig. 2H). This effect was particularly pronounced within the lymphoid compartment (Extended 176 

Data Fig. 3F–I). Notably, Dox also rescued the myeloid differentiation bias observed in O-NT donor-177 

derived cells (Extended Data Fig. 3J). Consistent with these findings, BM analysis performed 4 months 178 

after transplantation revealed increased reconstitution of LSK cells, HSCs, and lymphoid-biased HSCs 179 

in recipients of O-Dox cells compared with those receiving O-NT cells (Fig. 2I–K). 180 

Altogether, these results show that transient induction of OSKM factors early in life is sufficient to 181 

prevent, partially or fully, most age-associated alterations in hematopoiesis, including defects in HSC 182 

differentiation, myeloid bias, quiescence, and reconstitution capacity. It also reduces the accumulation 183 

of DNA damage in aged HSCs. Remarkably, these effects persisted for almost the entire lifespan of the 184 

animals despite complete disappearance of exogenous OSKM expression shortly after treatment, 185 

indicating that the protective effects of transient reprogramming are not mediated by sustained 186 

transcriptional activity but rather through the establishment of a durable epigenetic state. 187 

Partial transient reprogramming late in life rescues HSC aging 188 

We next asked whether transient reprogramming initiated late in life could reverse age-associated 189 

alterations that had already been established. Remarkably, Old 4TF mice treated with Dox at 20 190 

months of age and analyzed 4 months later (late Dox group, Fig. 2L) displayed peripheral blood 191 
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lymphocyte and myeloid cell counts that were restored to levels comparable to those observed in 192 

young mice (Fig. 2M). In the BM, late-life reprogramming reduced the age-associated expansion of LT-193 

HSCs, as well as of myeloid- and MK-biased HSC populations (Fig. 2N). It also reduced the accumulation 194 

of γH2AX foci in HSCs (Fig. 2O) and improved HSC replating capacity in methylcellulose cultures 195 

compared with O-NT HSCs (Extended Data Fig. 3K). Importantly, transient induction of OSKM late in 196 

life was sufficient to enhance the hematopoietic reconstitution potential of aged BM in competitive 197 

transplantation assays, with the most pronounced effect observed in the lymphoid compartment (Fig. 198 

2P, Q and Extended Data Fig. 3L–O), while also reducing the age-associated myeloid differentiation 199 

bias (Extended Data Fig. 3P). BM analysis of recipients showed increased reconstitution of LSK cells, 200 

HSCs, and lymphoid-biased HSCs following transplantation with O-Dox late donor cells compared with 201 

O-NT cells, similar to the effects observed with O-Dox donor cells (Fig. 2R-T). 202 

Taken together, these findings demonstrate that transient reprogramming can both delay 203 

hematopoietic aging and partially restore and the functional capacity of aged HSCs and their DNA 204 

integrity. 205 

Partial transient reprogramming early in life reduced age-associated transcriptomic changes 206 

To determine whether the functional changes observed in aged HSCs following early-life 207 

reprogramming were associated with transcriptomic rejuvenation, we performed bulk transcriptomic 208 

analysis on sorted HSCs from young and old mice that had or had not been treated with Dox early in 209 

life. To assess whether Dox induction exerted an early effect on the transcriptome, an additional group 210 

was included in which HSCs were isolated one month after Dox treatment (Y-Dox mice, Fig. 3A). 211 

Unsupervised clustering of all differentially expressed genes (DEGs, FDR <0.1, [Log2FC] >0.4) showed 212 

that Y-NT and Y-Dox samples clustered together and that O-Dox samples are closer to these young 213 

samples than to the O-NT samples (Fig. 3B and Supplementary Table 1).  214 

Aging induced 1036 DEGs as compared to Y-NT HSCs and 749 DEGs as compared to O-Dox HSCs, off 215 

which 60% and 53% where upregulated, respectively. By contrast, only few or no DEGs could be found 216 
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between the Y-Dox control group and the O-Dox or Y-NT mice (Extended Data Fig. 4A), suggesting that 217 

Dox has no early effect on the transcriptome but rather largely prevented age-associated 218 

transcriptomic changes.  219 

Heatmap clustering analysis of the DEGs in O-NT vs Y-NT HSCs in the 4 conditions further showed that 220 

the majority of these DEGs were fully or partially restored toward youthful expression levels in O-Dox 221 

HSCs (Fig. 3C). In agreement with previous reports2, 10, 30-32, age-upregulated DEGs (clusters 3–5) were 222 

enriched in pathways related to inflammation, cytokine signaling, hypoxia, and epithelial–223 

mesenchymal transition (EMT), whereas age-downregulated DEGs (clusters 1–2) were enriched for cell 224 

cycle–associated genes (Fig. 3D).  225 

 226 

To further evaluate the extent to which early partial reprogramming modulated age-associated 227 

transcriptomic programs and biological processes, we performed gene set enrichment analysis (GSEA). 228 

Specifically, we identified pathways enriched or downregulated in O-NT vs Y-NT that also remained 229 

similarly enriched or downregulated in O-NT vs O-Dox comparisons, thereby indicating rescue by OSKM 230 

induction. Among processes downregulated in O-NT in both comparisons, this analysis identified 6 231 

HALLMARK and 118 REACTOME overlapping pathways (FDR < 0.05; Supplementary Table 2) primarily 232 

related to cell cycle regulation, DNA repair, and epigenetic processes (Fig. 3E and Extended Data Fig. 233 

4B). Likewise, 12 HALLMARK and 4 REACTOME gene sets enriched in both O-NT vs Y-NT and O-Dox vs 234 

O-NT comparisons were associated with inflammatory responses, cytokine signaling, EMT, and TGFβ 235 

signaling (Fig. 3F, Extended Data Fig. 4C and Supplementary Table 2). The comparable normalized 236 

enrichment scores observed across these overlapping gene sets in the O-NT vs Y-NT and O-NT vs O-237 

Dox comparisons indicate that the transcriptomic profile of O-Dox HSCs more closely resembles that 238 

of young HSCs.  239 

To validate these findings, we examined an HSC aging signature reported by Svendsen et al. 31 following 240 

reanalysis of multiple public datasets. Of the 220 genes included in this signature, 52% overlapped with 241 

DEGs identified in the O-NT vs Y-NT comparison. Importantly, this aging signature was strongly 242 
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enriched in both O-NT vs Y-NT and O-NT vs O-Dox comparisons (Fig. 3G). Finally, consistent with 243 

previous studies, gene set variation analysis (GSVA) revealed that HSC vs MPP4 lymphoid progenitor-244 

33 and megakaryocyte (MK)-biased HSC signatures34 were markedly enriched in O-NT HSCs, whereas 245 

the high-output HSC signature was reduced (Extended Data Fig. 4D). Importantly, the magnitude of 246 

these age-associated changes was attenuated in O-Dox HSCs, linking transcriptomic remodeling to the 247 

functional phenotypes observed. 248 

 249 

Single-cell RNA sequencing (scRNA-seq) analysis of the LSK Flk2⁻ cell population, which is enriched for 250 

HSCs, was performed across the four experimental groups. UMAP-based clustering confirmed the age-251 

associated increase in the proportion of HSCs and CD150hi cells, together with the reduced ST-HSC/LT-252 

HSC ratio observed Old-NT mice, all of which were partially restored by early reprogramming (Fig. 3H–253 

J). Notably, clustering analysis did not identify any HSC population specifically enriched in either the Y-254 

Dox or Old-Dox groups, indicating that OSKM expression did not drive the emergence or expansion of 255 

a distinct HSC subset with a youthful transcriptional identity. Consistent with the bulk-RNA-Seq results, 256 

gene expression analysis at LT-HSC level showed that early reprogramming attenuated increased 257 

expression of the aging signature genes in LT-HSCs and of inflammatory and stress pathways that are 258 

commonly upregulated in O-NT LT-HSC compared to both Y-NT and O-Dox LT-HSCs (Fig. 3K-L, Extended 259 

Data Fig. 4E and Supplementary Table 3) 31  260 

 261 

Collectively, these findings demonstrate that transient early-life induction of OSKM factors does not 262 

induce immediate significant transcriptomic changes in young mice but prevents the majority of age-263 

associated transcriptomic alterations in HSCs. 264 

Partial transient reprogramming early in life reduced age-associated H3K9me3 loss at TEs in HSCs 265 

The delay of age-associated transcriptomic alterations upon transient early-life reprogramming raised 266 

the possibility of a persistent epigenetic effect of OSKM induction. This prompted us to investigate the 267 
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impact of Dox treatment on the epigenome. H3K9me3, a histone modification associated with 268 

constitutive heterochromatin, has been reported to decline globally with aging across multiple 269 

organisms and tissues35. Previous studies, including our own, have also demonstrated a marked 270 

reduction of this epigenetic mark in aged mouse and human HSCs17, 36, 37. We therefore examined 271 

whether transient early-life reprogramming could counteract the age-related decrease in H3K9me3 272 

levels in HSCs. Immunofluorescence (IF) analyses confirmed a significant global reduction of H3K9me3 273 

in HSCs from O-NT mice compared to Y-NT (Fig. 4A). Remarkably, early-life Dox treatment fully restored 274 

H3K9me3 levels to those observed in young HSCs. In contrast, Dox administration in WT mice failed to 275 

prevent the age-associated loss of H3K9me3 (Extended Data Fig. 5A), indicating that this effect 276 

specifically depends on OSKM induction. 277 

To further characterize these findings at the genome-wide level, we performed CUT&Tag analyses. 278 

Given that H3K9me3 is predominantly enriched at TEs in HSCs, sequencing data were analyzed using 279 

both uniquely and multiply mapped reads which were randomly assigned to one of their best genomic 280 

positions, as previously described19. Similar to the transcriptomic analyses, PCA revealed that O-Dox 281 

samples clustered between Young and O-NT groups (Fig. 4B). Differential peak analysis (p < 0.05) 282 

identified 2401, 2070, and 1050 peaks in the comparisons O-NT vs Young, O-Dox vs Young, and O-NT 283 

vs O-Dox, respectively (Fig. 4C; Supplementary Table 4). In all comparisons, differential peaks were 284 

predominantly located within intergenic and intronic regions (Extended Data Fig. 5B). Consistent with 285 

the IF data, most differential peaks in O-NT HSCs (68.5%) exhibited a loss of H3K9me3 relative to young 286 

cells. Notably, this proportion was reduced in HSCs from early reprogrammed O-Dox mice (Fig. 4C). 287 

Moreover, the comparable proportion of lost peaks observed in the O-NT vs Young and O-NT vs O-Dox 288 

comparisons suggests that Dox treatment effectively rescued the age-associated decline in H3K9me3 289 

levels.  290 

 291 
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TE annotation of O-NT versus Young differential peaks revealed that a large proportion of TEs (4,406; 292 

77%) were associated with differential peaks showing a loss of H3K9me3 during aging, compared with 293 

only 1,283 TEs (23%) associated with regions showing an age-related gain of this mark. Heatmap 294 

clustering analysis of H3K9me3 enrichment at these TEs showed that transient reprogramming 295 

partially prevented the age-related decline in H3K9me3 levels (Fig. 4D). TE class distribution further 296 

showed that LTRs and LINEs were significantly enriched among age-associated H3K9me3 differential 297 

peaks compared with their overall genomic representation (Fig. 4E). H3K9me3 enrichment at peaks 298 

bearing TEs was significantly reduced in O-NT HSCs relative to both Young and O-Dox groups (Fig. 4F). 299 

This preservation effect of Dox extended across all TE classes, as well as the evolutionarily recent 300 

mouse LINE-1 subfamily L1Md (Fig. 4G).  301 

Collectively, these findings demonstrate that transient early-life reprogramming prevents the age-302 

associated loss of H3K9me3 at TEs in HSCs. 303 

TE overexpression in aged HSCs promotes DNA damage and functional decline, an effect prevented 304 

by early reprogramming 305 

To determine whether the age-associated loss of H3K9me3 at TEs, and its rescue by Dox treatment, 306 

were associated with TE expression, we first evaluated dsRNA accumulation using the J2 antibody, 307 

which specifically recognizes dsRNA species. IF analyses revealed a strong cytoplasmic dsRNA signal in 308 

HSCs from untreated Old mice, whereas this signal was reduced to levels comparable to young HSCs 309 

in O-Dox mice (Fig. 5A). Similar results were observed after late reprogramming in Old mice (Extended 310 

Data Fig. 6A). These findings suggest that TE expression increases with age and is prevented by 311 

transient reprogramming. Consistent with this observation, RNA-seq analysis demonstrated increased 312 

expression of all major TE classes in O-NT HSCs, which was markedly reduced following early Dox 313 

treatment (Fig. 5B, Extended Data Fig. 6B, Supplementary Table 5). Interestingly, early Dox treatment 314 

also reduced the age-associated upregulation of long (> 4 kb) L1Md elements (Fig. 5B), which are more 315 

likely to retain intact coding sequences for LINE-1 endonuclease and reverse transcriptase activities 316 
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and which contribute to irradiation- and chronic inflammation-induced DNA damage and dysfunction 317 

in HSCs15, 19, 20. We therefore investigated whether increased L1Md expression during aging contributes 318 

to the elevated DNA damage and reduced regenerative capacity observed in aged HSCs. To this end, 319 

we used lamivudine (3TC), a reverse transcriptase inhibitor previously shown to inhibit LINE-1 reverse 320 

transcriptase activity15, 20. In vitro treatment of O-NT HSCs with lamivudine restored their clonogenic 321 

potential during serial replating assays at passages 2 and 3 (Fig. 5C, D). In contrast, lamivudine 322 

treatment had no significant effect on the replating activity of HSCs isolated from O-Dox mice 323 

reprogrammed with transient OSKM induction, either early or late in life (Fig. 5D and Extended Data 324 

Fig. 6C). These results suggest that age-associated L1Md activation and the resulting DNA damage 325 

contribute substantially to the loss of HSC self-renewal capacity, and that transient reprogramming 326 

limits these deleterious effects to preserve HSC function. 327 

To further assess the contribution of TEs to HSC aging in vivo, WT 20-month-old mice were 328 

continuously treated with lamivudine for four months, after which blood and BM parameters, HSC 329 

function and DNA damage were evaluated (Fig. 5E). After lamivudine treatment the age-associated 330 

myeloid bias observed in peripheral blood was slightly decreased whereas no effect was observed has 331 

on HSC numbers in the BM or HSC myeloid bias (Extended Data Fig. 6D, E). Consistent with our in vitro 332 

findings, HSCs isolated from lamivudine-treated mice displayed enhanced replating capacity (Fig. 5F) 333 

together with reduced DNA damage (Fig. 5G). Competitive bone marrow transplantation assays further 334 

demonstrated that lamivudine improved hematopoietic reconstitution capacity, enhanced HSC self-335 

renewal, and reduced myeloid skewing in aged HSCs (Fig. 5H–K). 336 

Altogether, these findings demonstrate that age-associated TE derepression contributes to increased 337 

DNA damage, HSC dysfunction, and myeloid bias during aging. They further suggest that transient 338 

early-life reprogramming preserves HSC function by preventing TE activation and its deleterious 339 

consequences. 340 
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Early induction of OSKM factors prevents AP-1–associated chromatin opening and induction of 341 

inflammatory / EMT gene signature with age 342 

Because OSKM factor expression in HSCs is transient, the above results suggest that the effects of 343 

reprogramming are stably inherited in aged HSCs, further supporting the notion that aging is largely 344 

driven by epigenetic mechanisms. To investigate further how transient expression of OSKM TFs38 could 345 

exert long-term effects on HSC function, we performed Assay for Transposase-Accessible Chromatin 346 

sequencing (ATAC-seq) on HSCs isolated from the four experimental groups: Y-NT, Y-Dox, O-NT, and 347 

O-Dox mice (Fig. 3A). 348 

A clustering heatmap based on all differentially accessible regions (DARs; FDR < 0.1) showed that, 349 

similarly to the transcriptomic analyses, O-Dox samples clustered more closely with Y-NT and Y-Dox 350 

samples than with O-NT samples (Fig. 6A and Supplementary Table 6). No significant DARs were 351 

identified between the two young groups (Extended Data Fig. 7A), indicating that Dox treatment does 352 

not induce detectable chromatin remodeling in young HSCs. In contrast, 498 DARs were detected 353 

between O-NT and Y-NT HSCs, the majority of which (79%) exhibited increased accessibility (Extended 354 

Data Fig. 7A), consistent with the widespread chromatin opening previously reported in aged HSCs8. 355 

By comparison, among the 904 DARs identified between O-Dox and Y-Dox HSCs, most (81%) displayed 356 

reduced chromatin accessibility. Furthermore, chromatin regions in O-NT HSCs remained 357 

predominantly more accessible (99% of DARs) when compared with O-Dox HSCs, suggesting that Dox 358 

treatment prevented age-associated chromatin opening and may actively contribute to chromatin 359 

closing. Genomic annotation of DARs revealed a predominant localization within intergenic and 360 

intronic regions across all comparisons (Extended Data Fig. 7B). 361 

Analysis of the median accessibility of age-associated peaks across experimental conditions 362 

demonstrated that a significant fraction of chromatin regions that became accessible in O-NT HSCs 363 

reverted toward youthful accessibility levels in O-Dox HSCs (Fig. 6B and Extended Data Fig. 7C). In 364 

contrast, the effect of Dox treatment on age-associated chromatin closing appeared more limited (Fig. 365 
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6B). TF motif analysis using HOMER detected no significantly enriched motifs (p < 10-30) among these 366 

closing DARs (Supplementary Table 7), likely because relatively few regions lost accessibility with age.  367 

TF motif analysis on peaks gaining accessibility in O-NT HSCs revealed strong enrichment AP-1 complex-368 

forming TFs, including FOS, JUN, ATF and Fra when compared to both Y-NT and O-Dox HSCs 369 

(Supplementary Table 7). This is consistent with a recent report describing pervasive AP-1-associated 370 

chromatin opening across multiple aged tissues38. Among age-associated opening DARs, 79 out of 393 371 

regions (20%) contained at least one predicted binding site for AP-1 FOS or JUN family members (Fig. 372 

6B, right column). Importantly, while AP-1 binding site enrichment at DARs was low in the O-Dox vs Y-373 

Dox comparison it remained strongly enriched in O-NT vs O-Dox (Fig. 6C). TF activity inferred from 374 

ATAC-seq footprinting using TOBIAS analysis39 further confirmed a genome-wide increase in AP-1 375 

binding score in O-NT HSCs as compared to both Y-NT and O-Dox HSCs (Extended Data Fig. 7D and 376 

Supplementary Table 8), indicating that Dox treatment partially prevented age-associated activation 377 

of AP-1 TFs. To refine this analysis, TOBIAS scores were calculated for age-associated opening DARs 378 

after filtering RNA-seq data to retain only expressed TFs (see Methods). AP-1 family activity ranked 379 

among the strongest signals detected in O-NT open DARs and was markedly reduced in the O-Dox 380 

group (Fig. 6D). Consistent with these findings, DAR read counts at AP-1 binding sites identified within 381 

O-NT vs Y-NT DARs were significantly increased in O-NT HSCs and reduced in O-Dox HSCs, returning 382 

toward youthful levels (Fig. 6E). 383 

AP-1 activity has been identified as a major barrier to reprogramming, and one of the earliest events 384 

during OSKM-mediated iPSC reprogramming is the closing of chromatin at AP-1–bound regulatory 385 

regions40-43. Interestingly, despite the absence of statistically significant DARs between Y-NT and Y-Dox 386 

HSCs, 77% of age-associated opening DARs containing at least one predicted AP-1 footprint (FOS or 387 

JUN) displayed reduced chromatin accessibility in the Y-Dox group compared to Y-NT (Fig. 6B, black 388 

boxes). Supporting these observations, Y-Dox HSCs exhibited a marked reduction in TOBIAS scores for 389 

AP-1 TFs (Fig. 6D). In addition, read counts at AP-1 binding sites identified within O-NT vs Y-NT DARs 390 
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were significantly decreased in Y-Dox HSCs compared with Y-NT controls (Fig. 6E). These findings 391 

suggest that an early consequence of transient OSKM induction in HSCs is the selective closing of 392 

chromatin at AP-1-bound regulatory regions, and that this chromatin state is stably inherited during 393 

aging.  394 

Previous studies have shown that AP-1 suppresses the mesenchymal-to-epithelial transition (MET), a 395 

process required for reprogramming, by activating an EMT transcriptional program44. Analysis of genes 396 

lying closest to the DARs identified 359 genes in the O-NT vs Y-NT comparison and 1,529 genes in the 397 

O-NT vs O-Dox comparison (Fig. 6F, Supplementary Table 6). Among these, 251 genes were common 398 

to both datasets, representing genes rescued by Dox treatment. These genes were enriched for EMT 399 

and pathways linked to EMT such as apical junction, TGFβ, and inflammatory/cytokine signaling 400 

pathways (Fig. 6F), consistent with increased AP-1 activity during aging. Similarly, genes associated 401 

with chromatin regions losing accessibility in Y-Dox vs Y-NT were enriched for the same transcriptional 402 

programs (Extended Data Fig. 8A). 403 

Integration of RNA-seq and ATAC-seq data revealed that DEGs associated with DARs gaining chromatin 404 

accessibility in O-NT relative to either Y-NT or O-Dox HSCs were modestly but significantly upregulated 405 

in O-NT HSCs across both comparisons (Extended Data Fig. 8B). These DEGs were predominantly 406 

enriched for EMT and EMT-linked pathways, as well as additional AP-1-associated transcriptional 407 

programs, including inflammatory response, MAPK signaling, and UV response (Extended Data Fig. 8C).  408 

Consistent with these observations, O-NT HSCs displayed increased expression of an aging-associated 409 

mesenchymal drift signature⁴⁵ together with a robust AP-1 transcriptional program, both of which 410 

were largely reversed following transient OSKM induction in O-Dox HSCs (Fig. 6G). In agreement with 411 

these transcriptional changes, protein levels of the AP-1 family members c-Jun and c-Fos were 412 

increased in O-NT HSCs, compared to both Y-NT and O-Dox HSCs (Fig. 6H, I), further corroborating the 413 

suppression of this pathway upon partial reprogramming.  414 
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To further assess AP-1 activity at the single-cell level, we analyzed AP-1 and mesenchymal drift 415 

pathway activity in LT-HSCs from scRNA-seq data. This showed that transient OSKM expression 416 

attenuated the activation of both AP-1 and EMT programs in LT-HSCs (Fig. 6J). These findings further 417 

support the conclusion that the rejuvenating effects of transient OSKM induction are impacting the LT-418 

HSC compartment and are associated with suppression of AP-1-dependent transcriptional activity. 419 

Collectively, these findings demonstrate that transient OSKM induction establishes a durable 420 

epigenetic memory in HSCs by selectively preventing age-associated chromatin opening at AP-1 421 

regulatory elements. This chromatin remodeling is accompanied by repression of AP-1-dependent 422 

transcriptional programs, including EMT, inflammatory, and MAPK pathways associated with 423 

hematopoietic aging, thereby preserving a more youthful chromatin landscape and transcriptional 424 

state in aged HSCs. 425 

Early induction of OSKM factors prevents age-associated chromatin opening at TEs enriched for AP-426 

1 binding sites 427 

Analysis of ATAC-seq data at TE genomic loci revealed increased chromatin accessibility at 52 and 75 428 

TEs, and decreased accessibility at 10 and 1 TEs, in O-NT HSCs compared with Y-NT or O-Dox HSCs, 429 

respectively (FDR < 0.1; Fig. 7A, Supplementary Table 9). In contrast, aging under Dox-treated 430 

conditions resulted predominantly in decreased accessibility, affecting 127 TEs, while only 34 TEs 431 

showed increased accessibility (Fig. 7A). Heatmap analysis of differentially accessible TEs in O-NT vs Y-432 

NT demonstrated that Dox treatment reversed most of the age-associated chromatin opening events, 433 

whereas it had little effect on TEs that lost accessibility with age (Fig. 7B). 434 

TF motif analysis using HOMER (Supplementary Table 10) revealed strong enrichment for AP-1 family 435 

members, as well as ETS family TFs including ERG, Fli1 and RUNX1, at TEs gaining accessibility in O-NT 436 

cells across all comparisons (Fig. 7C, D). Furthermore, strong AP-1 activity at TE-associated peaks in O-437 

NT HSCs, compared to both Y-NT and to O-Dox HSCs was confirmed by footprint analysis (Fig. 7E, F; 438 
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Supplementary Table 11). Read counts at TE-associated peaks predicted to be bound by AP-1 were 439 

significantly increased in O-NT relative to both Y-NT and O-Dox HSCs (Fig. 7G). Dox treatment also 440 

induced an early reduction in chromatin accessibility at these sites in Y-Dox HSCs. Finally, HOMER 441 

analysis of TEs losing H3K9me3 with age identified AP-1 binding motifs among the most enriched TF 442 

binding sites (Fig. 7H; supplementary Table 12). This enrichment was markedly reduced in O-Dox HSCs, 443 

supporting the conclusion that transient OSKM induction triggered epigenetic silencing at AP-1-bound 444 

TEs. 445 

Transient OSKM induction prevents stress-induced HSC loss of function  446 

AP-1 TFs are activated downstream of multiple stress-response pathways, including cytokine signaling, 447 

inflammatory stimuli, and DNA damage45-47. We therefore investigated whether transient OSKM 448 

induction could mitigate stress-induced HSC dysfunction associated with TE expression. To address this 449 

question, we used a premature aging model induced by chronic inflammation induced by LPS in which 450 

TEs have previously been shown to contribute to DNA damage accumulation and HSC functional 451 

decline20. 452 

To determine whether transient OSKM induction could preserve HSC function under inflammatory 453 

stress, 4TF mice were treated with repeated low doses of LPS for one month, either beginning one 454 

month after Dox treatment or without prior Dox exposure, and HSC reconstitution activity was 455 

subsequently assessed by competitive BM transplantation assays (Fig. 8A). Dox treatment alone did 456 

not significantly affect hematopoietic reconstitution in the absence of LPS (Extended Data Fig. 9A). In 457 

contrast, transient OSKM induction markedly improved the reconstitution potential of cells from LPS-458 

treated mice, as evidenced by increased donor chimerism in peripheral blood (Fig. 8B). This 459 

improvement was particularly pronounced in the lymphoid compartment, whereas the effect was 460 

more modest in myeloid cells (Extended Data Fig. 9B, C). Dox treatment also partially mitigated the 461 

LPS-induced reduction in HSPC and HSC reconstitution in the BM (Fig. 8C, D). 462 
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GSVA analysis of our previously published RNA-seq data of HSCs sorted after one month LPS 463 

treatment20 identified increased in both AP-1 and mesenchymal drift signatures as compared to 464 

control mice that received PBS (Fig. 8E). We therefore investigated the contribution of AP-1 signaling 465 

to reprogrammed HSC responses to LPS stimulation. Purified HSCs were seeded in methylcellulose in 466 

the presence or not of LPS, AP-1 inhibitor (T-5224), or the combination of both. After 7 days of primary 467 

culture, no significant differences in colony numbers were observed between the different conditions 468 

(Fig. 8F). However, following replating in fresh methylcellulose in the absence of LPS or AP-1 inhibitor, 469 

LPS-treated HSCs from 4TF NT mice exhibited a marked reduction in colony-forming capacity compared 470 

with PBS-treated controls, indicative of impaired self-renewal activity (Fig. 8G). Importantly, this defect 471 

was prevented by the presence of AP-1 inhibition during the primary culture period. In contrast, 472 

neither LPS nor AP-1 inhibition affected the colony-forming capacity of HSCs isolated from Dox-treated 473 

mice (Fig. 8F, G). Moreover, AP-1 inhibition alone had no effect on the colony-forming ability of either 474 

NT or Dox HSCs in the absence of LPS stimulation (Extended Data Fig. 9D). 475 

LPS treatment in vitro for 48h was sufficient to induce the accumulation of dsRNA, LINE-1 ORF1 476 

proteins (ORF1p) and H2AX foci in NT HSCs whereas HSCs isolated from Dox-treated mice remained 477 

largely protected from this response (Fig. 8H-J and Extended Data Fig. 9E-G). These findings indicate 478 

that LPS acts directly on HSCs to promote L1 expression and that transient OSKM induction confers 479 

resistance to this effect. Notably, co-treatment with the AP-1 inhibitor prevented LPS-induced both 480 

dsRNA, ORF1p and H2AX foci accumulation in NT HSCs (Fig. 8H-J and Extended Fig. 9E-G). Consistent 481 

with the clonogenic data, AP-1 inhibition had no detectable effect in Dox-treated HSCs, suggesting that 482 

prior transient OSKM induction in vivo has blocked HSC ability to trigger AP-1-dependent TE expression 483 

and TE-induced DNA damage in response to LPS.    484 

Together, these results demonstrate that transient OSKM induction does not intrinsically enhance HSC 485 

function under steady-state conditions but instead protects HSCs from inflammation-induced 486 

functional decline. Our findings support a model in which transient reprogramming enhances HSC 487 
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resilience to inflammatory stress, at least in part through the attenuation of AP-1-dependent TE 488 

activation and the consequent reduction in TE-associated stress responses and DNA damage pathways. 489 

490 
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Discussion 491 

Over the last decade, epigenetic alterations have emerged as major candidates to explain the 492 

persistent dysfunction of aged HSCs transplanted in young environment4. Old HSCs exhibit widespread 493 

changes in DNA methylation, chromatin accessibility, histone modifications, transcriptional regulation, 494 

and higher-order chromatin organization, suggesting that aging results from the progressive 495 

accumulation of stable, yet potentially reversible, molecular alterations that become durably encoded 496 

over time. Here, we show that a brief transient induction of the Yamanaka factors is sufficient to 497 

durably remodel the trajectory of HSC aging. A single pulse of OSKM expression early in life attenuated 498 

many of the molecular and functional hallmarks of physiological aging, including myeloid skewing, loss 499 

of regenerative capacity, heterochromatin erosion, TE activation, DNA damage accumulation, and AP-500 

1-associated chromatin remodeling. Remarkably, these effects persisted throughout most of the 501 

lifespan despite the complete disappearance of exogenous OSKM expression shortly after treatment, 502 

indicating that the protective effects of transient reprogramming are not mediated by sustained 503 

transcriptional activity, but rather by the establishment of a durable molecular state that slows the 504 

acquisition of age-associated alterations in HSCs. 505 

Several interventions have been reported to delay some aspects of HSC aging to varying degrees48-50. 506 

Our experiments indicate that transient OSKM induction late in life remains capable of reversing 507 

several phenotypic and functional hallmarks of HSC aging, long after their establishment. These 508 

observations suggest that OSKM does not merely prevent the acquisition of age-associated alterations 509 

but can also reverse at least part of an existing aged state, supporting the notion that key aspects of 510 

HSC aging remain reversible. This is consistent with previous studies demonstrating old HSC 511 

rejuvenation by modulation of mTOR signaling, restoration of polarity through Cdc42 inhibition or 512 

lowering nuclear envelope tension through RhoA inhibition7, 37, 51. Integrated scRNA-seq analyses 513 

comparing Y-NT, Y-Dox, O-NT, and O-Dox HSCs failed to identify specific HSC populations that emerged 514 

early in life and were subsequently maintained with age in Dox-treated mice. Together, these findings 515 
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suggest that rejuvenation results from the remodeling of aging-associated chromatin states across the 516 

entire HSC compartment, rather than from the emergence, expansion, or persistence of a specific HSC 517 

subset with a younger state identity. 518 

Among the molecular alterations induced by transient reprogramming, AP-1-associated chromatin 519 

remodeling emerged as one of the earliest and most prominent features. AP-1 TFs are pioneer factors 520 

capable of remodeling the chromatin that occupy a central position in cellular stress responses 521 

downstream of inflammatory cytokines, MAPK signaling, oxidative stress, DNA damage, and diverse 522 

environmental insults45-47, 52. Although the mechanisms through which transiently expressed OSKM 523 

factors induce rejuvenation remain incompletely understood, AP-1 family members are well-524 

established barriers to somatic cell reprogramming. Studies of iPSC reprogramming have 525 

demonstrated that AP-1-bound regions are among the earliest genomic loci to undergo chromatin 526 

closure following OSKM induction and that persistent AP-1 activity antagonizes, whereas its inhibition 527 

facilitates, acquisition of cellular plasticity40-43. Recent multi-tissue analyses have further identified 528 

increased AP-1 activity as a conserved hallmark of mammalian aging, associated with widespread 529 

chromatin opening and activation of inflammatory programs38. Our findings strongly support the idea 530 

that these observations are mechanistically linked. We found that genomic regions displaying age-531 

associated increases in accessibility were highly enriched for AP-1 motifs, whereas transient OSKM 532 

induction markedly limited this process. Notably, although transient OSKM expression induced 533 

minimal transcriptional and chromatin remodeling in young HSCs, it was associated with an early 534 

reduction in accessibility at AP-1-bound regions, long before measurable aging phenotypes emerged. 535 

This observation suggests that AP-1-associated chromatin remodeling represents an initiating event 536 

rather than a secondary consequence of rejuvenation. AP-1 family members inhibit somatic cell 537 

reprogramming by promoting EMT through activation of mesenchymal transcriptional networks. 538 

Interestingly, recent studies have proposed that aging itself is accompanied by a progressive 539 

"mesenchymal drift" across multiple tissues53. Consistent with these observations, aged HSCs 540 
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displayed increased c-Jun and c-Fos protein expression together with enrichment of mesenchymal 541 

drift, inflammatory and AP-1-associated EMT signatures, all of which were attenuated by transient 542 

reprogramming. Although HSCs are not epithelial cells and do not undergo EMT in the classical sense, 543 

these findings suggest that one of the earliest consequences of transient OSKM reprogramming may 544 

be the establishment of a long-lasting epigenetic state that is refractory to stress-induced AP-1 545 

activation (Fig. 8 K). 546 

The prominence of AP-1 signatures in our datasets is particularly intriguing in light of recent studies 547 

describing long-term inflammatory memory in different types of cells. In epidermal and intestinal stem 548 

cells, transient inflammatory stimuli induce persistent chromatin accessibility changes at AP-1 549 

regulatory regions that facilitate future responses to tissue injury54, 55. A similar mechanism has been 550 

identified in memory T cells52. Epigenetic memory of inflammatory challenges has also been reported 551 

in HSCs56, 57. Most notably, recent studies identified inflammatory memory HSCs displaying persistent 552 

AP-1-associated transcriptional programs that accumulate with age in humans and are enriched in 553 

clonal hematopoiesis58, 59. Conversely, TET2-mutant HSPCs exhibit intrinsic epigenetic silencing of AP-554 

1 TFs and attenuated transcriptional responses to inflammatory stimuli, a feature thought to underlie 555 

their resilience and selective expansion under chronic inflammatory conditions60. Together, these 556 

observations raise the possibility that AP-1 functions not only as an immediate stress-responsive TF 557 

but also as a key mediator through which environmental insults become durably encoded within the 558 

HSC epigenome and involved in HSC aging. Our findings strongly support this model. Several studies 559 

from our group and others have shown that the same molecular hallmarks—including chromatin 560 

opening, heterochromatin erosion, TE derepression, and DNA damage accumulation—recurrently 561 

emerge across physiological aging and irradiation- or chronic-inflammation-induced premature aging8, 562 

10, 15-20. In the present study, transient OSKM reprogramming in young mice rescued the reconstitution 563 

potential of both aged and chronic LPS-treated HSCs. Moreover, pharmacological inhibition of AP-1 564 

prevented the LPS-mediated reduction in clonogenic potential in vitro, while exerting no additive 565 
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effect in Dox-treated HSCs, either in the presence or absence of LPS. These findings suggest that a 566 

major function of transient OSKM reprogramming is to prevent the establishment of stress-induced 567 

AP-1 programs rather than simply counteracting their downstream consequences (Fig. 8K).  568 

Finally, our data establish TE dysregulation as an important contributor to physiological HSC aging. We 569 

and others previously demonstrated that irradiation, chemotherapy, and chronic inflammatory stress 570 

induce H3K9me3 loss at evolutionarily young LINE-1 and LTR elements in HSCs, resulting in persistent 571 

TE activation and long-term HSC dysfunction13-16, 19, 20. Here, we show that physiological aging induces 572 

remarkably similar alterations and that transient reprogramming largely prevents their establishment. 573 

Importantly, pharmacological inhibition of reverse transcriptase activity using lamivudine reduced 574 

DNA damage accumulation and improved HSC function in aged mice, indicating that TE activation 575 

contributes functionally to HSC decline rather than merely reflecting epigenetic disorganization. 576 

Recent work has proposed that TE activation contributes to aging through the generation of dsRNAs 577 

and/or cDNA, activation of innate immune pathways, and chronic inflammatory signaling14, 61, 62. 578 

Consistent with these observations, we detected increased dsRNA accumulation and enhanced 579 

inflammatory signatures in aged HSCs, both of which were prevented by transient reprogramming. 580 

Our findings further suggest that an additional and potentially major consequence of TE activation in 581 

aged HSCs is the induction of persistent DNA damage. The beneficial effects of lamivudine on γH2AX 582 

accumulation strongly support a causal role for TE activity in age-associated genomic instability. 583 

Together with our previous work demonstrating the importance of young active L1Md elements in 584 

irradiation and chronic LPS-induced HSC DNA damage, and loss of HSC function15, 19, 20, these findings 585 

support a model in which TE activation may contribute to HSC aging through at least two non-exclusive 586 

mechanisms: activation of innate immune pathways through dsRNA sensing and induction of DNA 587 

damage through LINE-1 enzymatic activities. 588 
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AP-1 TFs also appear to play an important role in TE regulation. TEs that lose H3K9me3 or gain 589 

chromatin accessibility in aged HSCs were highly enriched for AP-1 motifs. Moreover, transient OSKM 590 

expression induced an early reduction in accessibility at AP-1-bound TE-associated regions in young 591 

mice, an effect that persisted with age. Importantly, pharmacological inhibition of AP-1 attenuated 592 

LPS-induced accumulation of dsRNA and γH2AX foci, as well as LINE-1 ORF1 protein expression, all of 593 

which were previously shown to result from L1Md derepression20. In contrast, AP-1 inhibition had no 594 

detectable effect in transiently reprogrammed HSCs, consistent with the notion that OSKM-mediated 595 

reprogramming had already prevented AP-1 activation and its downstream consequences on TE 596 

expression. These findings are reminiscent of recent observations showing that increased AP-1/c-Jun 597 

activity promotes chromatin opening at TE-containing genomic regions and TE mobilization in aged 598 

brain ultimately leading to impaired neurogenesis in Alzheimer's disease62, 63. Together, these results 599 

suggest that AP-1-dependent regulation of TEs may represent a conserved mechanism linking stress 600 

exposure and aging to functional decline across distinct cell types. 601 

Taken together, our findings support a model in which transient OSKM reprogramming resets the 602 

susceptibility of HSCs to age-associated stress rather than simply reversing isolated aging phenotypes. 603 

In this model, repeated inflammatory insults progressively establish AP-1-dependent chromatin states 604 

that promote TE derepression, DNA damage accumulation, and durable alterations in HSC function 605 

(Fig. 8K). More broadly, our data identify AP-1-associated chromatin remodeling as a candidate 606 

mechanism linking environmental stress exposure, TE activation, and stem cell aging. Given the 607 

emerging role of AP-1-positive inflammatory memory in HSCs in aging and clonal hematopoiesis, 608 

interventions aimed at preventing the establishment, maintenance, or reactivation of AP-1-dependent 609 

epigenetic programs may represent a promising therapeutic strategy to preserve HSC function and 610 

limit age-associated disease.  611 

 612 
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Materials and methods 613 

Mouse strain, treatments and reconstitution experiments 614 

C57BL/6J Rosa26rtTA/+; Col1a14F2A/+ transgenic mice expressing a doxycycline (Dox)-inducible 615 

polycistronic transgene encoding the four Yamanaka factors (Oct4 [Pou5f1], Sox2, Klf4, and c-Myc 616 

[Myc] ; OSKM), separated by 2A peptide sequences and inserted into the Col1a1 locus (hereafter 617 

referred to as 4TF mice) have been described previously23.  OSKM expression was induced by treating 618 

2–3-month-old mice with Dox (0.5 mg/mL) in drinking water for 16 days. Non-reprogrammed control 619 

mice (NT) carried the same genotype but did not receive Dox treatment. Owing to the ubiquitous and 620 

constitutive expression of rtTA, administration of Dox triggers widespread transcription of the OSKM 621 

polycistronic transgene. Mice were analyzed, 1 month after the end of the Dox treatment or at 20–24 622 

months. To evaluate its ability to reverse aging-associated phenotypes, a separate cohort received Dox 623 

treatment at an advanced age (18–20 months) and was analyzed 4 months later. C57BL/6 CD45.2 or 624 

CD45.1 mice (7-8 weeks old) were from Envigo or Charles River laboratories, respectively. All the mice 625 

were housed in a specific pathogen-free environment. All procedures were reviewed and approved by 626 

the Animal Care Committee N°26 (APAFIS #35147-2022020315419972). For chronic inflammatory 627 

stimulation, 1 month after Dox treatment, 4TF mice received intraperitoneal injections of 6 µg LPS-B5 628 

Ultrapure (Invivogen, tlrl-pb5lps) or an equivalent volume of PBS, 3 times a week for 4 weeks, as 629 

described20. Transplantation assays and HSC sorting were conducted 1 month later. For 630 

pharmacological inhibition of reverse transcriptase activity, aged wild-type (WT) C57BL/6 mice (18–20 631 

months) received lamivudine (BOC Sciences) diluted in drinking water at a concentration of 2 mg/mL 632 

for 4 months. For reconstitution experiments, recipient mice were irradiated with 9.5 Gy with an X-ray 633 

irradiator (RX irradiator X- RAD 320). Engraftments were performed by retro-orbital injections. 634 

Depending on the experiment, recipient mice in competitive transplantation assays received a total of 635 

1.5x106 to 2x106 BMMCs. For secondary transplantation experiment and serial BM transplantation 636 

experiment, recipient mice were transplanted with 2x106 BMMCs. Peripheral blood was collected 637 

monthly after transplantation to assess donor chimerism by flow cytometry. Donor and recipient cells 638 
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were distinguished based on the expression of CD45 congenic markers (CD45.1, CD45.2, or CD45.1/2, 639 

depending on the experiment). 640 

Cell harvest and culture 641 

BM was harvested from femur, tibia and hip bones and stained with antibodies (Supplementary Table 642 

13) allowing detection of lineage-negative (Lin-) Sca+ kit+ cells (referred to as LSK cells or HSPCs), HSCs 643 

(LSK-CD34-Flk2-), LT-HSCs (LSK-CD34-Flk2-CD150+CD48-), ST-HSC (LSK-CD34+Flk2-CD150+CD48-), LT-HSC 644 

MK (LSK-CD34-Flk2-CD150+CD48-CD41+); MPPs (LSK-CD34+Flk2-), and LMPPs (LSK-CD34+Flk2+). Samples 645 

were acquired using FACSCanto™ and Symphony™ A1 flow cytometers (BD Biosciences). Data were 646 

analyzed using FlowJo software (Tree Star Inc.), as described15, 19, 20 . For HSC isolation, total BM was 647 

depleted of differentiated hematopoietic cells (lineage-positive; Lin+ cells) using Mouse Hematopoietic 648 

Progenitor Stem Cell Enrichment Set (BD Biosciences) and HSCs were sorted using FACSAria™ III, 649 

FACSAria Fusion (BD Biosciences), or Bigfoot (Thermo Fisher Scientific) cell sorters. For single cell liquid 650 

cultures, individual HSCs were sorted into round-bottom 96-well plates containing 50 µL of StemSpan™ 651 

SFEM medium (STEMCELL Technologies) supplemented with 1% penicillin/streptomycin (P/S), 652 

containing the following cytokines (all from Miltenyi Biotech): FTL3-Ligand (FTL3-L, 25ng/ml), stem cell 653 

factor (SCF, 50ng/mL) and thrombopoietin (THPO, 25ng/mL). Cells were cultured at 37°C with 5% CO2, 654 

and the number of cells per well was recorded after 2, 3, and 6 days. For each well, a transition from 655 

one cell to zero cells was scored as cell death, maintenance of a single cell was classified as quiescence, 656 

and the presence of more than one cell was considered indicative of proliferation. For dsRNA, LINE-1 657 

ORF1p and γH2AX quantification in the presence of LPS, LSK cells were sorted into 200µL StemSpan 658 

supplemented with 1% P/S and FTL3-L (25ng/ml), SCF (50ng/mL) and interleukin-3 (IL3, 10ng/mL). 659 

After 24 hours of culture, LPS (10µg/mL) and / or AP-1 inhibitor T-5224 (10µM, HY-12270 660 

MedChemExpress) were added and cells were incubated for an additional 48 hours at 37°C. HSCs (LSK, 661 

CD34- Flk2-) were then sorted fixed and processed for IF. 662 

 663 
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Clonogenic assays 664 

250 HSCs were seeded in 500 µl methylcellulose medium (MethoCult™ GF M3434, STEMCELL 665 

Technologies) supplemented with 1% P/S in 24-well plates. Colonies were counted after 7 days at 37°C. 666 

Cells were then harvested, counted and replated in fresh methylcellulose medium at a density of 5,000 667 

cells per well. In some experiments, LPS (10 µg/mL) and AP-1 inhibitor T-5254 (10 µg/mL) were added 668 

directly to the methylcellulose medium at the start of the culture. For lamivudine treatment, the cells 669 

were first cultured for 48 hours in liquid culture medium with cytokines, as above, in the presence or 670 

absence of 10 µM lamivudine (Sigma-Aldrich, 3TC-L1295) before being plated in methylcellulose. 671 

Immunofluorescence 672 

IF analysis was performed as described15. Briefly, 2500-5000 HSCs were fixed with 4% 673 

paraformaldehyde (PFA) for 10 min at RT. After washing with PBS, the cells were resuspended into 674 

200µL of PBS and cytocentrifuged at 500g for 5 minutes (Cellspin I Cytocentrifuge, Tharmac) on Poly-675 

L-lysine coated slides. For yH2AX, H3K9me3, c-Jun, c-Fos and ORF1p staining, the cells were 676 

permeabilized for 5 min at RT with PBS containing 0.1% Triton, 0.1% Sodium citrate followed by 1 hour 677 

with a blocking buffer (PBS, 2% BSA, 2% FBS, 0.1% Triton). The slides were then incubated overnight at 678 

4°C with anti-HAX (1/2000, clone JBW301, EMD Millipore), anti-H3K9me3 (1/1000, Diagenode 679 

C1541005), anti-c-Jun (1/300, Cell Signaling 9165T), anti-c-Fos (1/500, Cell Signaling 2250T) and anti-680 

ORF1p (1/750, Abcam ab216324) antibodies. For dsRNA staining, HSCs were permeabilized for 15 681 

minutes with Triton X100 (0.5% in PBS) and blocking was done during 1 hour with 0.25% BSA at RT 682 

before staining with the anti-dsRNA antibody (1/150, clone J2, MABE1134, Sigma). Detection was 683 

performed using Alexa Fluor 555 or 488-coupled anti-mouse secondary antibody (1/600) (Invitrogen, 684 

A-21425). Slides were mount in a DAPI- containing mounting medium (DAPI Fluoromount-G Southern 685 

Biotech) and visualized using an SPE or Thunder confocal microscopes (Leica). Pictures were analyzed 686 

using ImageJ or CellProfiler softwares. 687 

 688 
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CUT&Tag  689 

H3K9me3 CUT&Tag was performed on 3,000 freshly sorted HSCs using the CUT&Tag-IT kit (Active 690 

Motif, #53160) according to the manufacturer’s instructions. Cells were incubated O/N with 0.5µg of 691 

H3K9me3 (C15410193-Diagenode). Transposed DNA fragments were amplified 18-fold by PCR using 692 

adapters supplied with the kit. PCR purification was carried out using the same Kit to remove remaining 693 

primers and large fragments. The quantity and quality of the libraries were assessed on Agilent 2100 694 

Bioanalyzer (Agilent Technologies 50567-4626). Sequencing of the libraries was performed on the 695 

NovaSeq-6000 at Gustave Roussy (Illumina; 2 x50 bp).  696 

CUT&Tag analysis 697 

Data integrity was first verified using md5sum (v8.22). Read quality was assessed with FastQC (v0.12.1) 698 

and MultiQC (v1.13), followed by adapter and quality trimming using Cutadapt (v0.6.10). Paired-end 699 

reads were aligned to the mm10 mouse reference genome using Bowtie2 (v2.4.1) with the parameters: 700 

--end-to-end --very-sensitive --no-mixed --no-discordant --phred33 -I 10 -X 700. Duplicate reads were 701 

removed using Picard (v2.26.9) with the parameters REMOVE_DUPLICATES=true and 702 

VALIDATION_STRINGENCY=LENIENT. Reads mapping to regular chromosomes were retained, and 703 

alignment quality scores were reset to 0 using SAMtools (v1.13). Aligned reads were processed using 704 

two complementary approaches. First, BAM files were sorted and indexed with SAMtools (v1.13), and 705 

peaks were called using SEACR (v1.3) in relaxed mode with a threshold of 0.01. Second, BAM files were 706 

downsampled to the minimum read count across samples, then sorted and indexed using SAMtools. 707 

These downsampled BAM files were used to quantify read counts within reproducible peaks across 708 

biological replicates. Downstream analyses were performed using custom R scripts (v4.1.2). A count 709 

matrix for union peaks was generated using the chromVAR package (v1.16.0). Differentially enriched 710 

peaks were identified using DESeq2 (v1.34.0), with significance thresholds of p-value < 0.05 and 711 

|log2FC| > 0. TE annotation was performed using the Bailly-Bechet database, as described19. Principal 712 

component analysis (PCA) was performed using normalized CUT&Tag counts from the 500 most 713 



32 
 

 

variable regions. Hypergeometric tests were used to assess enrichment of H3K9me3within TE classes 714 

(LINE, LTR, SINE, and DNA transposons) relative to their genomic frequencies. 715 

Bulk RNA-seq 716 

HSCs from individual mice were sorted directly into RLT buffer and stored at −80°C. Total RNA was 717 

extracted using the RNeasy Plus Micro Kit (Qiagen, #74034) according to the manufacturer’s 718 

instructions. To minimize genomic DNA contamination and improve TE quantification, an additional 719 

DNase treatment was performed using the gDNA Removal Kit (Enzo, ENZ-KIT136). RNA-seq libraries 720 

were generated using the SMARTer Stranded Total RNA-Seq Kit v3 – Pico Input Mammalian (Takara 721 

Bio). Library quality was assessed using an Agilent Bioanalyzer. Libraries from two independent 722 

experiments, comprising Y-NT, O-NT, and O-Dox samples, were pooled and sequenced together in a 723 

single run on a NovaSeq 6000 sequencer at the Gustave Roussy Genomics Core Facility using paired-724 

end 100-bp sequencing. Libraries from a third independent experiment, comprising Y-NT and Y-Dox 725 

samples, were sequenced in a separate paired-end 100-bp run by BGI Genomics on a DNBSEQ-G400 726 

instrument. 727 

Bulk RNA-seq analysis 728 

Raw FASTQ files were assessed with FastQC (v0.12.1). Unique molecular identifiers (UMIs) were 729 

extracted using UMI-tools (v1.1.5), and adapter sequences were removed using Trim Galore (v0.6.10). 730 

Ribosomal RNA reads were filtered using SortMeRNA (v4.3.7). Reads were aligned to the GRCm38 731 

mouse reference genome using STAR (v2.7.11b), and transcript-level quantification was performed 732 

with Salmon (v1.10.3). Transcript abundances were summarized to gene-level counts using tximport 733 

(v1.36.1). Differential gene expression analysis was performed using DESeq2 (v1.48.0), with 734 

differentially expressed genes (DEGs) defined as those with FDR < 0.1 and |log2FC| > 0.4. Gene Set 735 

Enrichment Analysis (GSEA) was conducted using clusterProfiler (v4.16.0) 64 on genes ranked according 736 

to −log10(p-value) × sign(log2FC), using the Hallmark and Reactome gene set collections. DEGs 737 

identified in the Old NT versus Young NT comparison were visualized using a heatmap generated with 738 
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ComplexHeatmap (v2.24.0), applying k-means clustering (k = 5) to normalized, batch-corrected counts 739 

obtained from DESeq2. Over-representation analysis was subsequently performed for each cluster 740 

using clusterProfiler. Gene Set Variation Analysis (GSVA) 65 was performed using normalized, batch-741 

corrected counts and the GSVA package (v2.2.0), together with published gene sets33, 34, 53, to estimate 742 

pathway activity across the different conditions. 743 

TE expression was quantified using the SQuIRE pipeline66. RNA-seq reads were aligned to the mm10 744 

reference genome using SQuIRE::Map, and expression levels at individual TE loci were quantified with 745 

SQuIRE::Count. TE copies with TPM ≥ 1, as well as L1Md elements longer than 4 kb displaying TPM ≥ 1 746 

(average across biological replicates within each condition), were considered robustly expressed. 747 

Statistical differences between conditions were assessed using two-sided t-tests performed on 748 

replicate-level TPM values for individual TE copies. 749 

Single-cell RNAseq 750 

scRNA-seq libraries were generated using the 10x Genomics GEM-X Universal 3’ Gene Expression v4 4-751 

plex On-chip Multiplexing (OCM) platform (10x Genomics, Pleasanton, CA, USA) according to the 752 

manufacturer's instructions. LSK Flk2- HSPCs were sorted from 6 Y-NT, 6 Y-Dox, 4 O-NT and 4 O-Dox 753 

mice and pooled. Samples from Y-NT + Y-Dox and O-NT + O-Dox were multiplexed on 2 different GEM-754 

X OCM chips using the on-chip multiplexing workflow. Using reverse transcription master mix, 755 

microfluidic partitioning was performed on a Chromium X instrument to generate Gel Beads-in-756 

Emulsion (GEMs), enabling encapsulation of individual cells with uniquely barcoded gel beads. Within 757 

each GEM, polyadenylated mRNA molecules were captured by barcoded oligonucleotides containing 758 

a cell-specific barcode, a unique molecular identifier (UMI), and an oligo(dT) sequence for transcript 759 

capture. Following GEM generation, reverse transcription was carried out to synthesize barcoded first-760 

strand cDNA. GEMs were subsequently broken, cDNA was purified and gene expression libraries were 761 

prepared from amplified cDNA through enzymatic fragmentation, end repair, A-tailing, adaptor 762 

ligation, sample indexing with dual-index primers, and final library amplification. After purification, 763 
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final library quality and fragment size distribution were evaluated using an Agilent Fragment Analyzer 764 

and final library was sequenced on an Illumina NextSeq 2000 using paired-end sequencing with the 765 

read configuration recommended by 10x Genomics (28 bp for Read 1, 10 bp i7 index, 10 bp i5 index, 766 

and 90 bp for Read 2). 4070, 4186, 9372, 5740 cells, for Y-NT, Y-Dox, O-NT and O-Dox passed the quality 767 

control and were sequenced. 768 

 769 

Sc-RNA-seq analysis 770 

Raw sequencing data were processed using the Cell Ranger pipeline (10x Genomics Cell Ranger, v9) 771 

and aligned to the mm10 reference genome. The cellranger count function identified 15,281 cells from 772 

old mice and 10,876 cells from young mice. All downstream single-cell data analyses were performed 773 

in R (v.4.3.1) using the Seurat package (v5.3.1) 67. Cells were filtered based on quality control metrics: > 774 

1000 unique molecular identifiers (nCount_RNA > 1000), > 1000 detected genes (nFeature_RNA > 775 

1000) and < 5% mitochondrial gene content (percent.mt < 5%). Following quality filtering, 11516 cells 776 

from old mice and 4021 cells from young mice were retained for further analysis. Standard 777 

normalization and scaling were applied while regressing out mitochondrial read proportions 778 

(percent.mt) and the difference between S phase and G2/M phase scores (CC.Difference = S.Score – 779 

G2M.Score). Experimental conditions were integrated using RunHarmony function of harmony package 780 

(v.1.2.3) 68. Unsupervised clustering was conducted on the top 20 principal components using the Smart 781 

Local Moving (SLM) algorithm at a resolution of 0.5, identifying 8 distinct cell clusters. 782 

To characterize the molecular identity of each cluster, differential gene expression analysis was 783 

performed using the FindAllMarkers function (Wilcoxon rank-sum test; adjusted p < 0.05, 784 

log2Foldchange > 0.25). Cluster-specific marker genes were evaluated to annotate distinct 785 

hematopoietic stem and progenitor cell (HSPC) populations. Cluster annotations were further verified 786 

and confirmed by reference-based automated annotation using the SingleR package (v2.4.1), with 787 

standard murine reference datasets 4, 8, 33, 69, 70. 788 
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Differences in phenotypic cell populations (e.g., CD150 expression distribution across conditions) were 789 

evaluated using Fisher’s exact tests / Chi-square tests of independence on contingency tables. Pairwise 790 

post-hoc comparisons were conducted using the pairwiseNominalIndependence function with 791 

Benjamini-Hochberg False Discovery Rate (FDR) adjustment for multiple testing.  792 

For each individual cell, the signature score was defined as the log-transformed mean normalized 793 

expression to of all genes in the given signature set. Score = log(mean(NormalizedCounts) +1). Single-794 

cell signature activity was calculated using Seurat’s AddModuleScore function, which compute the 795 

average expression levels of each signature set on single cell level, subtracted by the aggregated 796 

expression of randomly sampled control feature sets. For signature score metrics (Z-scores, Module 797 

Score, and Log-Mean), pairwise comparisons were performed using two-sided Wilcoxon rank-sum tests 798 

(wilcox.test) with FDR correction. Adjusted p-values are reported as: ns (p > 0.05), * (p < 0.05), **(p < 799 

0.01), ***(p < 0.001), and ****p < 0.0001).  800 

Pathway enrichment analysis was performed by clusterProfiler (v.4.10.0). The MSigDB Hallmark(H) 801 

database were utilized, pathways with an adjusted FDR < 0.05 were considered statistically significant. 802 

 803 

ATAC-seq 804 

ATAC-seq was performed on 3,000 freshly sorted HSCs using the Active Motif ATAC-Seq Kit (#53150) 805 

according to the manufacturer’s recommendations. Library quality was assessed using an Agilent 806 

Bioanalyzer, and paired-end sequencing (2 x 50 bp) was performed on an Illumina NovaSeq 6000 807 

platform.  808 

ATAC-seq analysis 809 

Paired-end reads were trimmed using Trim Galore (v0.6.10) and aligned to the mm10 genome using 810 

Bowtie2 (v2.3.5.1) with the parameters --end-to-end --very-sensitive --no-mixed --no-discordant --811 

phred33 -X 2000. Duplicate reads were marked and removed using Picard (v2.23.8). SAMtools (v1.10) 812 

was used for filtering, downsampling, and indexing aligned reads. Blacklisted regions and reads 813 
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mapping outside standard chromosomes were excluded. Peaks were called using MACS2 (v2.2.7.1) 814 

with the parameters --nomodel --shift -100 --extsize 200 --broad. Differentially accessible regions 815 

(DARs) were identified using DiffBind (v3.8.4). Regions with FDR < 0.1 were considered significantly 816 

differentially accessible. Heatmaps were generated from z-score-scaled normalized read counts using 817 

ComplexHeatmap (v2.22.0). DARs were annotated using HOMER’s annotatePeaks.pl script with the -818 

size given option to preserve original peak coordinates. Each DAR was assigned to its nearest gene, 819 

and pathway over-representation analyses were performed to identify enriched biological processes. 820 

DARs identified in the Old NT versus Young NT comparison were clustered using k-means clustering (k 821 

= 7) to identify regions displaying reduced accessibility in Young Dox relative to Young NT samples. 822 

Over-representation analyses were subsequently performed on the nearest genes associated with 823 

these clusters. 824 

Motif enrichment analyses were conducted using HOMER’s findMotifsGenome.pl script (v4.11) with 825 

the -size given parameter. Only motifs with enrichment p-values < 1 × 10⁻³⁰ were retained. BAM files 826 

were converted to bigWig format using bamCoverage from DeepTools (v3.5.5), and heatmaps were 827 

generated using plotHeatmap.  For footprinting analysis, for each condition, a peak set was generated 828 

by merging peaks and retaining only regions consistently detected across all biological replicates. 829 

Consensus peak sets were then generated by merging condition-specific peak sets. Footprinting and 830 

differential TF binding analyses were performed using TOBIAS39 (v0.14.0), using consensus peak sets 831 

and condition-merged BAM files as input. AP-1-bound DARs were identified from TOBIAS outputs by 832 

selecting regions containing footprints associated with both FOS and JUN family motifs. TOBIAS was 833 

additionally run across all conditions simultaneously using a global consensus peak set, allowing direct 834 

comparison of TF binding activity across all samples.To quantify TE accessibility, DiffBind analyses were 835 

performed using the TE annotation database rather than MACS2 peak calls, as described19, 20. TOBIAS 836 

footprinting analyses were restricted to TE-overlapping accessible regions, and AP-1-bound TE-837 

associated regions were identified based on footprints matching FOS/JUN family motifs. 838 
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Quantitative RT-PCR 839 

RNAs were reverse transcribed using the HiScript III RT SuperMix for qPCR (+gDNA wiper) kit (Vazyme 840 

R323-01). 1.25 µL of cDNA was pre-amplified for 15-18 cycles in a multiplex reaction using Preamp 841 

Master-Mix solution (ref. 100-5580, Fluidigm) and primer mix (200 µM of each primer; Supplementary 842 

Table 14), as described 15. Quantitative PCR (qPCR) was performed using LUNA Universal qPCR Master 843 

Mix (New England Biolabs) on the 7500 real-time PCR machine (Applied Biosystems). Data were 844 

normalized with the mean expression of HPRT. 845 

Statistics 846 

Statistical analyses were performed using GraphPad Prism software (version 8.0). The results are 847 

displayed as the means and SEM. The value of *, P < 0.05 was considered as significant, and **, P < 848 

0.01 or ***, P < 0.001 as highly significant.  849 

Data availability 850 

The dataset generated from the bulk RNAseq, single-cell RNA-seq, CUT&Tag and ATAC-seq 851 

experiments for Figures 3, 4, 5, 6, 7 are available in ArrayExpress accession E-MTAB-17474 and E-852 

MTAB-17476; E-MTAB-17477; E-MTAB- 17534; E-MTAB-17478, respectively.  853 

  854 
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Figures legends 1051 

Figure 1: Partial reprogramming early in life prevents phenotypic changes associated to aging in 1052 

blood and BM compartments 1053 

(A) Partial reprogramming induction protocol: young (2-3 months old) R26
rtTA/+ 

Col1a1
4TF/+ 

(4TF) mice 1054 

are treated during 16 days with Dox (0.5mg/mL) diluted into the drinking water. Blood and BM aging 1055 

hallmarks are analyzed at 20 -24 months of age in treated (O-Dox), non-treated (O-NT) and young (Y-1056 

NT) mice. (B-I) Flow cytometry analysis.  1057 

(B) Repartition of myeloid and lymphoid cells;  1058 

(C) Frequency of proinflammatory monocytes (CD11b
+
 Ly6G

- 
Ly6C

hi
), normalized to the Y-NT group;  1059 

(D) Frequency of LT-HSCs in the BM;  1060 

(E) Ratio of absolute numbers of ST-HSC/LT-HSC in the BM normalized to Y-NTgroup;  1061 

(F) Frequency of myeloid-biased (My) LT-HSCs (CD150
 high

);  1062 

(G) Numbers of myeloid- and lymphoid (Ly, CD150
low)-biased LT-HSCs per million BM cells, normalized 1063 

to the Y-NT group;  1064 

(H) Frequency of megakaryocytic (MK)-biased LT-HSCs (CD41
+
);  1065 

(I) Repartition of HSCs, multipotent progenitor (MPP) and lymphoid multipotent progenitor (LMPP) 1066 

within LSK cells.  1067 

B, G, I: 19 to 31 mice per group. Two-way ANOVA with multiple comparisons test. Means +/- SEM.  1068 

C-F, H: Each dot represents an individual mouse. One-way ANOVA with multiple comparisons test.  1069 

Adjusted p-values are reported as: * (p < 0.05), **(p < 0.01), ***(p < 0.001), and ****(p < 0.0001). 1070 

Figure 2: Early and late partial reprogramming prevents age-associated loss of HSC function 1071 

(A-C) Single HSC liquid cultures. (A) Experimental design; (B) Survival, defined as the percentage of 1072 

wells containing at least one cell at the indicated time points. Y-NT (n=11), O-NT (n=8), O-Dox (n=10) 1073 

from 3 independent experiments; (C) Repartition of wells containing 1 (quiescent), 2 (one division) or 1074 
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>2 (more than 1 division) HSCs after 48h of culture. Means +/-SEM. Y-NT (n=5), O-NT (n=4) and O-Dox 1075 

(n=5) from 2 independent experiments.   1076 

(D, E) CFU serial replating assay in methylcellulose. Experimental design (D) and numbers of colonies 1077 

generated from 5000 HSCs (E). Y-NT (n=16), O-NT (n=12), O-Dox (n=14) mice from 5 independent 1078 

experiments. Violin plots presenting median and quartiles.  1079 

(F) γH2AX foci quantification by IF in HSCs. Y-NT (n=2) O-NT (n=4), O-Dox (n=4); 2 independent 1080 

experiments. Violin plots presenting median and quartiles.  1081 

(G-K) Competitive BM transplantations. (G) Experimental design; (H) Percentage of donor 4TF mice-1082 

derived cells (CD45.2+) in peripheral blood at different times after transplantation. Means +/- SEM, O-1083 

NT (21), O-Dox (18) from 4 independent experiments, normalized to NT group at week 4 post-1084 

transplantation; (I) Frequency of donor LSKs and (J) HSCs in the BM of recipients 16 weeks following 1085 

transplantation, normalized to the NT group. Each dot represents a mouse. (K) Donor My and Ly-biased 1086 

HSCs defined as LSK CD34- Flk2- CD150low/high per one million of BM cells, normalized to the NT group. 1087 

Means +/- SEM.  1088 

(L-T) Partial reprogramming induced in aged (18-20 mo) 4TF mice (O-Dox late mice). (L) Experimental 1089 

design; (M) Blood and (N) BM analysis in Y-NT, O-NT and O-Dox Late 4TF mice. Data are normalized to 1090 

Y-NT (M) or O-NT groups (N). Means +/- SEM. One dot represents a mouse; (O) γH2AX foci 1091 

representative images and quantification in HSCs. Y-NT (n=2), O-NT (n=1), O-Dox Late (n=3). 2 1092 

independent experiments. At least 50 HSCs per condition per experiment. Violin plots presenting 1093 

median and quartiles; (P-T) Competitive transplantations with BM from O-NT and O-Dox late mice. (P) 1094 

Experimental design; (Q) Donor chimerism in the blood over time. Means +/- SEM. O-NT (n=10), O-Dox 1095 

(n=10) from 2 independent experiments. (R) Frequency of donor LSKs and (S) HSCs in the BM of 1096 

recipients at 16 weeks. Each dot represents a mouse. (T) Donor My- and Ly biased HSCs per million of 1097 

BM cells. Means +/- SEM.  1098 

B, C, E, H, K, Q, T: Two-way ANOVA with multiple comparisons test.  1099 

F, M, N, O: One-way ANOVA with multiple comparisons test.  1100 
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Adjusted p-values are reported as: * (p < 0.05), **(p < 0.01), ***(p < 0.001), and ****(p < 0.0001).  1101 

I, J, R, S: T-test. * pval<0.05. 1102 

Figure 3: Partial reprogramming early in life prevents age-associated transcriptomic alterations 1103 

(A-G) Bulk RNA-Seq on HSCs (LSK CD34- Flk2-) from Y-NT (n=5), Y-Dox (n=3), O-NT (n=3) and O-Dox 1104 

(n=3) mice. (A) Experimental groups; (B) Clustering of samples based on normalized expression of DEGs 1105 

(FDR < 0.1, log2FC > 0.4) identified from all comparisons; (C) Heatmap of median expression in the 4 1106 

groups of the DEGs identified in the O-NT vs Y-NT comparison; (D) GSEA analysis showing HALLMARK 1107 

gene sets significantly enriched (FDR <0.05) in clusters 1-5 in (C); (E, F) Venn diagram (up) and 1108 

normalized enrichment scores (NES) (down) of HALLMARK gene sets commonly downregulated (FDR< 1109 

0.05) (E) or upregulated (F) in O-NT vs Y-NT (green or orange) and O-NT vs O-Dox (grey); (G) GSEA 1110 

analysis performed with the published list of 220 aging DEGs from Svendsen et al.31 for the indicated 1111 

comparisons.  1112 

(H-L) Single cell RNA-Seq. LSK Flk2- cells from a pool of 6 Y-NT,6 Y-Dox, 3 O-NT and 3 O-Dox mice. (H) 1113 

UMAP profile of cells and (I) their proportions among each condition; (J) Proportions of LT-HSC 1114 

CD150high and CD150low among each condition. Adjusted p-values are reported as **** (p < 0.0001); 1115 

(K) Aging signature score for each individual LT-HSC defined as the log-transformed mean normalized 1116 

expression to of all genes in the signature set from Svendsen et al.31 Adjusted-pvalues are shown; (L) 1117 

HALLMARK gene sets of upregulated DEGs (FDR <0.05; log2Foldchange > 0.25) in LT-HSCs for the 1118 

indicated comparisons.  1119 

J, K: Pairwise comparisons were performed using two-sided Wilcoxon rank-sum tests. 1120 

Figure 4: Partial reprogramming early in life limits the loss of H3K9me3 at TEs with age 1121 

(A) H3K9me3 IF representative images and intensity in HSCs. Y-NT (n =4), O-NT (n =5) and O-Dox (n=5) 1122 

mice from 3 independent experiments. Each dot represents one HSC. Mean +/- SEM. One-way ANOVA 1123 

with multiple comparison test. Adjusted p-values are reported as **** p<0.0001.  Scale bars: 5µm.  1124 
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(B-G) H3K9me3 CUT&Tag. HSCs from Y-NT (n=4), O-NT (n=4) and O-Dox (n=4) mice. (B) PCA based on 1125 

the top 500 most variable H3K9me3 peaks across samples; (C) Proportion of significantly lost (blue) 1126 

and gained (orange) peaks for the indicated comparison (p-val <0.05); (D) Heatmap showing H3K9me3 1127 

concentration at TEs within O-NT vs Y-NT differential peaks, in the 3 groups; (E) Distribution of different 1128 

TE families in the mouse mm10 genome (left) and among the O-NT vs Y-NT differential TEs (right). 1129 

Hypergeometric test; (F, G) H3K9me3 concentration at all TEs (F) and at TEs from the different families 1130 

(G) losing H3K9me3 with age retrieved in D. Statistical significance was assessed using Wilcoxon rank-1131 

sum tests, with adjusted p-values for multiple comparisons using the Holm method.  1132 

Figure 5: Partial reprogramming early in life prevents TE overexpression with age to mitigate HSC 1133 

functional decline 1134 

(A) dsRNA IF representative images and intensity. HSCs from Y-NT (n=3), O-NT (n=3) and O-Dox (n=3) 1135 

mice from 2 independent experiments. Results from at least 45 HSCs per mouse. Each dot represents 1136 

one HSC. Means +/- SEM. One-way ANOVA with multiple comparisons test, adjusted p-values are 1137 

reported as **** p<0.0001. Scale bars on the picture represent 5µm.  1138 

(B) Violin plots showing the expression of TEs copies (All TEs, LINEs and L1Md > 4 kb) quantified using 1139 

the SQUIRE pipeline into the RNA-Seq data set (Fig. 3A). Each TE copy compute mean TPM value 1140 

filtered by threshold TPM >=1 in at least one condition are shown. One-way ANOVA with multiple 1141 

comparisons test. Adjusted p-values are shown.  1142 

(C, D) Experimental design (C) and number of colonies (D) generated from 5000 HSCs from O-NT and 1143 

O-Dox mice treated of not with of lamivudine (10 µM) for 48h at each plating. Each dot represents an 1144 

individual mouse. 2 independent experiments. Results are normalized to the non-treated group. Paired 1145 

t-test, * p-val <0.05, *** p-val <0.001.  1146 

(E-K) Effect of lamivudine (Lami) treatment of aged WT mice in vivo. (E) Experimental design; (F) 1147 

Number of colonies generated at platings 1, 2, 3 by 5000 HSCs from mice either non-treated (NT) or 1148 

treated with lami for 4 months (O-Lami). Each dot represents an individual mouse. 2 independent 1149 
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experiments. Means +/- SEM. Multiple t tests, * p-val <0.05; (G) γH2AX foci representative images and 1150 

repartition.  At least 50 HSCs per mouse treated (n=2) on not (n=3) with lamivudine. Scale bars 1151 

represent 5µm in pictures; (H-K) Competitive BM transplantation between Old +/- Lami BM cells and 1152 

Young BM cells into lethally irradiated young mice. (H) experimental design; (I) Percentage of donor-1153 

derived cells in peripheral blood over time. (J) Percentages of donor-derived cells into LT-HSCs in the 1154 

BM of recipients and (K) numbers of My- and Ly-biased donor-derived LT-HSCs, 4 months post-1155 

transplantation. O-NT (n=4), O-Lami (n=5). Means +/- SEM.  1156 

G, I, K: Two-way ANOVA with multiple comparisons test. Adjusted p-values defined as: * p<0.05; ** 1157 

p<0.01; *** p<0.001; **** p<0.0001. J: t-test * p<0.05 1158 

 1159 

Figure 6: Partial reprogramming early in life prevents chromatin opening at AP-1 binding sites 1160 

(A-E) ATAC-seq of HSCs (LSK CD34- Flk2-) from Y-NT (n=3), Y-Dox (n=3), O-NT (n=3) and O-Dox (n=2) 1161 

mice. (A) Clustering of samples based on accessibility of DARs (FDR <0.1) identified from all 1162 

comparisons; (B) Heatmap showing the median read counts of O-NT vs Y-NT DARs in all groups. The 1163 

sidebar indicates DARs containing at least one JUN or FOS (AP-1) TF expected to be bound, as detected 1164 

by TOBIAS analysis; (C) Heatmap showing the enrichment of the top 30 HOMER  TF binding motifs (p 1165 

<10-30) in O-NT vs Y-NT open DARs, compared to the non-significant background, in all indicated 1166 

comparisons; (D) Heatmap showing the top 30 of most variable TF activities between O-NT vs Y-NT 1167 

inferred from ATAC-seq footprinting using TOBIAS across Y-NT, Y-Dox, O-NT and O-Dox groups; (E) 1168 

Violin plot representation of ATAC-seq signal at FOS and JUN footprint regions in O-NT vs Y-NT. 1169 

Statistical significance was assessed using Wilcoxon rank-sum tests, with p-values adjusted for 1170 

multiple comparisons using the Holm method. Adjusted p-values are shown.  1171 

(F) Venn diagram and associated HALLMARK gene sets for common genes falling nearest to the open 1172 

O-NT vs Y-NT and O-NT vs O-Dox DARs.  1173 

(G) Bulk RNA-seq GSVA analysis showing the median score for AP-1 and mesenchymal drift (MD) score 1174 

pathways.  1175 
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(H, I) IF representative images and intensity of c-Jun (H) and c-Fos (I) protein expression in HSCs from 1176 

Y-NT (n=2), O-NT (n=3), O-Dox (n=3) mice. At least 50 cells per mouse. Violin plots presenting median 1177 

and quartiles. Results are normalized on the O-Dox group. One-way ANOVA, adjusted p-values: * 1178 

p<0.05; **** p<0.0001.  1179 

(J) Expression levels of AP-1 and MD signatures in the LT-HSC population from single-cell RNA-Seq data. 1180 

Pairwise comparisons were performed using two-sided Wilcoxon rank-sum tests with FDR correction. 1181 

Adjusted p-values are shown. 1182 

Figure 7: Partial reprogramming early in life prevents chromatin opening at TEs containing AP-1 1183 

binding sites 1184 

(A-G) ATAC-seq analysis at genomic TEs. (A) Number of open (red) or closed (blue) TEs (FDR <0.1) in 1185 

the indicated comparisons; (B) Heatmap showing the mean read counts for differentially accessible 1186 

TEs identified between O-NT vs Y-NT; (C, D) Top 30 HOMER motifs found at TEs more accessible in O-1187 

NT vs Y-NT (C) and O-NT vs O-Dox (D); (E, F) Volcano plots showing differential TF binding activity at 1188 

TEs, as detected by TOBIAS, in O-NT vs Y-NT (E) and O-NT vs O-Dox (F) comparisons. Each point 1189 

corresponds to a predicted TF. TF are ranked according to their binding score; (G) Violin plot showing 1190 

the log2-transformed read counts at TE-associated peaks predicted to be bound by AP-1, obtained by 1191 

TOBIAS footprinting intersecting all O-NT vs Y-NT peaks containing TEs. Statistical significance was 1192 

assessed using Wilcoxon rank-sum tests, with p-values adjusted for multiple comparisons using the 1193 

Holm method.  1194 

(H) Heatmap showing the enrichment of the top 30 HOMER motifs (p < 1e-05) found at TEs from 1195 

CUT&Tag peaks significantly loosing H3K9me3 between O-NT vs Y-NT compared to non-significant 1196 

background, and shown for all indicated comparisons.  1197 

Figure 8: Partial reprogramming prevents chronic LPS-induced HSC loss of function  1198 

(A) Experimental design for competitive transplantations with BM cells from Young 4TF mice treated 1199 

or not with Dox and submitted or not or to chronic LPS treatment during 1 month.  1200 
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(B) Percentages of donor-derived cells in the peripheral blood of recipients. Results are shown as the 1201 

fold-change of LPS over PBS control group. Means +/- SEM, n=10 mice per group from 2 independent 1202 

experiments.  1203 

(C, D) Percentages of donor-derived cells into LSK cells (C) and HSCs (D) of recipient 5 months after 1204 

transplantation. Each dot represents a mouse. Means +/- SEM.  1205 

(E) GSVA analysis of the AP-1 and MD pathways in published RNA-seq data of HSCs from mice subjected 1206 

to chronic LPS treatment for one month 20.  1207 

(F, G) Number of colonies generated from HSCs cultured during 7 days in methylcellulose in the 1208 

presence or absence of LPS (10 µg/mL) and the AP-1 inhibitor, T-5224 (10 µM), at passages 1 (F) and 2 1209 

(G) after replating in the absence of LPS or inhibitor. Results are normalized to the data obtained in 1210 

the non-treated condition for each group. Each dot represents a mouse. Means +/- SEM.  1211 

(H-J) dsRNA (H), L1 ORF1p (I) and γH2Ax foci (J) quantified by IF in HSCs after 48 hours of treatment 1212 

with or without LPS (10 µg/mL) and T-5224 (10 µM) in vitro. Violin plots presenting median and 1213 

quartiles. Independent pools of 3 mice per group.  1214 

(K) Model suggesting that partial reprogramming early in life preserves chromatin homeostasis during 1215 

HSC aging and upon stress, by avoiding chromatin remodeling at AP-1 binding sites and TE 1216 

derepression, thereby maintaining a more youthful chromatin landscape, DNA integrity and HSC 1217 

function.  1218 

B: Two-way ANOVA with multiple comparisons test;  1219 

C, D, F, G, H, I, J: One-way ANOVA with multiple comparisons test. Adjusted p-values are defined as: * 1220 

p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 1221 
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Figure 1: Partial reprogramming early in life prevents phenotypic changes associated to aging in blood and BM 

compartments

(A) Partial reprogramming induction protocol: young (2-3 months old) R26rtTA/+ Col1a14TF/+ (4TF) mice are treated 

during 16 days with Dox (0.5mg/mL) diluted into the drinking water. Blood and BM aging hallmarks are analyzed at 

20 -24 months of age in treated (O-Dox), non-treated (O-NT) and young (Y-NT) mice. (B-I) Flow cytometry analysis. 

(B) Repartition of myeloid and lymphoid cells; 

(C) Frequency of proinflammatory monocytes (CD11b+ Ly6G- Ly6Chi), normalized to the Y-NT group; 

(D) Frequency of LT-HSCs in the BM; 

(E) Ratio of absolute numbers of ST-HSC/LT-HSC in the BM normalized to Y-NTgroup; 

(F) Frequency of myeloid-biased (My) LT-HSCs (CD150 high); 

(G) Numbers of myeloid- and lymphoid (Ly, CD150low)-biased LT-HSCs per million BM cells, normalized to the Y-NT 

group; 

(H) Frequency of megakaryocytic (MK)-biased LT-HSCs (CD41+); 

(I) Repartition of HSCs, multipotent progenitor (MPP) and lymphoid multipotent progenitor (LMPP) within LSK cells. 

B, G, I: 19 to 31 mice per group. Two-way ANOVA with multiple comparisons test. Means +/- SEM. 

C-F, H: Each dot represents an individual mouse. One-way ANOVA with multiple comparisons test.  Adjusted p-

values are reported as: * (p < 0.05), **(p < 0.01), ***(p < 0.001), and ****(p < 0.0001).
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Figure 2: Early and late partial reprogramming prevents age-associated loss of HSC function

(A-C) Single HSC liquid cultures. (A) Experimental design; (B) Survival, defined as the percentage of wells 

containing at least one cell at the indicated time points. Y-NT (n=11), O-NT (n=8), O-Dox (n=10) from 3 

independent experiments; (C) Repartition of wells containing 1 (quiescent), 2 (one division) or >2 (more than 

1 division) HSCs after 48h of culture. Means +/-SEM. Y-NT (n=5), O-NT (n=4) and O-Dox (n=5) from 2 

independent experiments.  

(D, E) CFU serial replating assay in methylcellulose. Experimental design (D) and numbers of colonies 

generated from 5000 HSCs (E). Y-NT (n=16), O-NT (n=12), O-Dox (n=14) mice from 5 independent 

experiments. Violin plots presenting median and quartiles. 

(F) γH2AX foci quantification by IF in HSCs. Y-NT (n=2) O-NT (n=4), O-Dox (n=4); 2 independent 

experiments. Violin plots presenting median and quartiles. 

(G-K) Competitive BM transplantations. (G) Experimental design; (H) Percentage of donor 4TF mice-derived 

cells (CD45.2+) in peripheral blood at different times after transplantation. Means +/- SEM, O-NT (21), O-Dox 

(18) from 4 independent experiments, normalized to NT group at week 4 post-transplantation; (I) Frequency 

of donor LSKs and (J) HSCs in the BM of recipients 16 weeks following transplantation, normalized to the NT 

group. Each dot represents a mouse. (K) Donor My and Ly-biased HSCs defined as LSK CD34- Flk2- CD150low/high 

per one million of BM cells, normalized to the NT group. Means +/- SEM. 

(L-T) Partial reprogramming induced in aged (18-20 mo) 4TF mice (O-Dox late mice). (L) Experimental design; 

(M) Blood and (N) BM analysis in Y-NT, O-NT and O-Dox Late 4TF mice. Data are normalized to Y-NT (M) or O-

NT groups (N). Means +/- SEM. One dot represents a mouse; (O) γH2AX foci representative images and 

quantification in HSCs. Y-NT (n=2), O-NT (n=1), O-Dox Late (n=3). 2 independent experiments. At least 50 HSCs 

per condition per experiment. Violin plots presenting median and quartiles; (P-T) Competitive transplantations 

with BM from O-NT and O-Dox late mice. (P) Experimental design; (Q) Donor chimerism in the blood over 

time. Means +/- SEM. O-NT (n=10), O-Dox (n=10) from 2 independent experiments. (R) Frequency of donor 

LSKs and (S) HSCs in the BM of recipients at 16 weeks. Each dot represents a mouse. (T) Donor My- and Ly 

biased HSCs per million of BM cells. Means +/- SEM. 

B, C, E, H, K, Q, T: Two-way ANOVA with multiple comparisons test. 

F, M, N, O: One-way ANOVA with multiple comparisons test. 

Adjusted p-values are reported as: * (p < 0.05), **(p < 0.01), ***(p < 0.001), and ****(p < 0.0001). 

I, J, R, S: T-test. * pval<0.05.



Figure 3A

B

C D 

E 

NES=3.78

p <0.00

O-NT Y-NT

SVENDSEN_REANALYZED_UP

O-NT vs O-Dox

NES=2.21

p <0.00

O-NT O-Dox

SVENDSEN_REANALYZED_UP

O-NT vs Y-NT
G H

O
-N

T
O

-D
o

x

Y
-N

T
Y

-D
o

x

I

0 1 2 3 4

HALLMARK_TNFA_SIGNALING_VIA_NFKB

HALLMARK_TGF_BETA_SIGNALING

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION

HALLMARK_MYOGENESIS

HALLMARK_IL2_STAT5_SIGNALING

HALLMARK_HYPOXIA

HALLMARK_ANGIOGENESIS

HALLMARK_APICAL_JUNCTION

HALLMARK_UV_RESPONSE_DN

HALLMARK_ANDROGEN_RESPONSE

HALLMARK_INFLAMMATORY_RESPONSE

HALLMARK_NOTCH_SIGNALING

NES

O-NT vs Y-NT

O-NT vs O-Dox

0 1 2 3 4

HALLMARK_E2F_TARGETS

HALLMARK_G2M_CHECKPOINT

HALLMARK_MYC_TARGETS_V1

HALLMARK_MYC_TARGETS_V2

HALLMARK_OXIDATIVE_PHOSPHORYLATION

HALLMARK_DNA_REPAIR

NES

O-NT vs Y-NT

O-NT vs O-Dox

- - - -

All DEGs

O. NT vs Y. NT DEGs

Pathways downregulated in : 

10
O-NT 

vs 

Y-NT

O-NT 

vs 

O-Dox
6

Pathways enriched in : 

111
O-NT 

vs 

Y-NT

O-NT 

vs 

O-Dox
12

F

K

J

O-NT

O-Dox

Y-NT

Y-Dox

Percentage

LT-HSC

ST-HSC

ST-HSC/MPPs

MPP4

MPP3

Cycling MPP2

Proportion of cell type in each condition

F
ra

ct
io

n
 o

f 
LT

-H
S

C
s

O-NT O-DoxY-NT Y-Dox

CD150 status

High

Low

O-NT O-DoxY-NT Y-Dox

4.99e-4

9.78e-64
2.43e-54

7.74e-12

O-NT O-DoxY-NT Y-Dox
0 5 10 15

HALLMARK_TNFA_SIGNALING_VIA_NFKB

HALLMARK_INTERFERON_GAMMA_RESPONSE

HALLMARK_IL2_STAT5_SIGNALING

HALLMARK_HYPOXIA

HALLMARK_ALLOGRAFT_REJECTION

HALLMARK_TNFA_SIGNALING_VIA_NFKB

HALLMARK_UV_RESPONSE_DN

HALLMARK_UNFOLDED_PROTEIN_RESPONSE

HALLMARK_HYPOXIA

-log10 FDR pval

O-NT vs O-Dox LT-HSCs
O-NT vs Y-NT LT-HSCs

L

Sort HSCs

RNA-seq



Figure 3: Partial reprogramming early in life prevents age-associated transcriptomic alterations

(A-G) Bulk RNA-Seq on HSCs (LSK CD34- Flk2-) from Y-NT (n=5), Y-Dox (n=3), O-NT (n=3) and O-Dox (n=3) mice.

(A) Experimental groups; (B) Clustering of samples based on normalized expression of DEGs (FDR < 0.1, log2FC >

0.4) identified from all comparisons; (C) Heatmap of median expression in the 4 groups of the DEGs identified in

the O-NT vs Y-NT comparison; (D) GSEA analysis showing HALLMARK gene sets significantly enriched (FDR <0.05)

in clusters 1-5 in (C); (E, F) Venn diagram (up) and normalized enrichment scores (NES) (down) of HALLMARK

gene sets commonly downregulated (FDR< 0.05) (E) or upregulated (F) in O-NT vs Y-NT (green or orange) and O-

NT vs O-Dox (grey); (G) GSEA analysis performed with the published list of 220 aging DEGs from Svendsen et al.31

for the indicated comparisons.

(H-L) Single cell RNA-Seq. LSK Flk2- cells from a pool of 6 Y-NT,6 Y-Dox, 3 O-NT and 3 O-Dox mice. (H) UMAP

profile of cells and (I) their proportions among each condition; (J) Proportions of LT-HSC CD150high and CD150low

among each condition. Adjusted p-values are reported as **** (p < 0.0001); (K) Aging signature score for each

individual LT-HSC defined as the log-transformed mean normalized expression to of all genes in the signature set

from Svendsen et al.31 Adjusted-pvalues are shown; (L) HALLMARK gene sets of upregulated DEGs (FDR <0.05;

log2Foldchange > 0.25) in LT-HSCs for the indicated comparisons.

J, K: Pairwise comparisons were performed using two-sidedWilcoxon rank-sum tests.
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Figure 4: Partial reprogramming early in life limits the loss of H3K9me3 at TEs with age

(A) H3K9me3 IF representative images and intensity in HSCs. Y-NT (n =4), O-NT (n=5) and O-Dox (n=5) mice

from 3 independent experiments. Each dot represents one HSC. Mean +/- SEM. One-way ANOVA with multiple

comparison test. Adjusted p-values are reported as **** p<0.0001. Scale bars: 5µm.

(B-G) H3K9me3 CUT&Tag. HSCs from Y-NT (n=4), O-NT (n=4) and O-Dox (n=4) mice. (B) PCA based on the top

500 most variable H3K9me3 peaks across samples; (C) Proportion of significantly lost (blue) and gained (orange)

peaks for the indicated comparison (p-val <0.05); (D) Heatmap showing H3K9me3 concentration at TEs within

O-NT vs Y-NT differential peaks, in the 3 groups; (E) Distribution of different TE families in the mouse mm10

genome (left) and among the O-NT vs Y-NT differential TEs (right). Hypergeometric test; (F, G) H3K9me3

concentration at all TEs (F) and at TEs from the different families (G) losing H3K9me3 with age retrieved in D.

Statistical significance was assessed using Wilcoxon rank-sum tests, with adjusted p-values for multiple

comparisons using the Holm method.
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Figure 5: Partial reprogramming early in life prevents TE overexpression with age to mitigate

HSC functional decline
(A) dsRNA IF representative images and intensity. HSCs from Y-NT (n=3), O-NT (n=3) and O-Dox (n=3) mice 

from 2 independent experiments. Results from at least 45 HSCs per mouse. Each dot represents one HSC. 

Means +/- SEM. One-way ANOVA with multiple comparisons test, adjusted p-values are reported as **** 

p<0.0001. Scale bars on the picture represent 5µm. 

(B) Violin plots showing the expression of TEs copies (All TEs, LINEs and L1Md > 4 kb) quantified using the 

SQUIRE pipeline into the RNA-Seq data set (Fig. 3A). Each TE copy compute mean TPM value filtered by 

threshold TPM >=1 in at least one condition are shown. One-way ANOVA with multiple comparisons test.

Adjusted p-values are shown.

(C, D) Experimental design (C) and number of colonies (D) generated from 5000 HSCs from O-NT and O-

Dox mice treated of not with of lamivudine (10 µM) for 48h at each plating. Each dot represents an 

individual mouse. 2 independent experiments. Results are normalized to the non-treated group. Paired t-

test, * p-val <0.05, *** p-val <0.001.

(E-K) Effect of lamivudine (Lami) treatment of aged WT mice in vivo. (E) Experimental design; (F) Number 

of colonies generated at platings 1, 2, 3 by 5000 HSCs from mice either non-treated (NT) or treated with 

lami for 4 months (O-Lami). Each dot represents an individual mouse. 2 independent experiments. Means 

+/- SEM. Multiple t tests, * p-val <0.05; (G) γH2AX foci representative images and repartition.  At least 50 
HSCs per mouse treated (n=2) on not (n=3) with lamivudine. Scale bars represent 5µm in pictures; (H-K) 

Competitive BM transplantation between Old +/- Lami BM cells and Young BM cells into lethally irradiated 

young mice. (H) experimental design; (I) Percentage of donor-derived cells in peripheral blood over time. 

(J) Percentages of donor-derived cells into LT-HSCs in the BM of recipients and (K) numbers of My- and Ly-

biased donor-derived LT-HSCs, 4 months post-transplantation. O-NT (n=4), O-Lami (n=5). Means +/- SEM. 

G, I, K: Two-way ANOVA with multiple comparisons test. Adjusted p-values defined as: * p<0.05; ** 

p<0.01; *** p<0.001; **** p<0.0001. J: t-test * p<0.05
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Figure 6: Partial reprogramming early in life prevents chromatin opening at AP-1 binding sites

(A-E) ATAC-seq of HSCs (LSK CD34- Flk2-) from Y-NT (n=3), Y-Dox (n=3), O-NT (n=3) and O-Dox (n=2) mice. (A)

Clustering of samples based on accessibility of DARs (FDR <0.1) identified from all comparisons; (B) Heatmap

showing the median read counts of O-NT vs Y-NT DARs in all groups. The sidebar indicates DARs containing at

least one JUN or FOS (AP-1) TF expected to be bound, as detected by TOBIAS analysis; (C) Heatmap showing the

enrichment of the top 30 HOMER TF binding motifs (p <10-30) in O-NT vs Y-NT open DARs, compared to the non-

significant background, in all indicated comparisons; (D) Heatmap showing the top 30 of most variable TF

activities between O-NT vs Y-NT inferred from ATAC-seq footprinting using TOBIAS across Y-NT, Y-Dox, O-NT and

O-Dox groups; (E) Violin plot representation of ATAC-seq signal at FOS and JUN footprint regions in O-NT vs Y-NT.

Statistical significance was assessed using Wilcoxon rank-sum tests, with p-values adjusted for multiple

comparisons using the Holm method. Adjusted p-values are shown.

(F) Venn diagram and associated HALLMARK gene sets for common genes falling nearest to the open O-NT vs Y-

NT and O-NT vs O-Dox DARs.

(G) Bulk RNA-seq GSVA analysis showing the median score for AP-1 and mesenchymal drift (MD) score pathways.

(H, I) IF representative images and intensity of c-Jun (H) and c-Fos (I) protein expression in HSCs from Y-NT (n=2),

O-NT (n=3), O-Dox (n=3) mice. At least 50 cells per mouse. Violin plots presenting median and quartiles. Results

are normalized on the O-Dox group. One-way ANOVA, adjusted p-values: * p<0.05; **** p<0.0001.

(J) Expression levels of AP-1 and MD signatures in the LT-HSC population from single-cell RNA-Seq data. Pairwise

comparisons were performed using two-sided Wilcoxon rank-sum tests with FDR correction. Adjusted p-values

are shown.
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Figure 7: Partial reprogramming early in life prevents chromatin opening at TEs containing AP-1 binding

sites

(A-G) ATAC-seq analysis at genomic TEs. (A) Number of open (red) or closed (blue) TEs (FDR <0.1) in the

indicated comparisons; (B) Heatmap showing the mean read counts for differentially accessible TEs identified

between O-NT vs Y-NT; (C, D) Top 30 HOMER motifs found at TEs more accessible in O-NT vs Y-NT (C) and O-

NT vs O-Dox (D); (E, F) Volcano plots showing differential TF binding activity at TEs, as detected by TOB IAS, in

O-NT vs Y-NT (E) and O-NT vs O-Dox (F) comparisons. Each point corresponds to a predicted TF. TF are ranked

according to their binding score; (G) Violin plot showing the log2-transformed read counts at TE-associated

peaks predicted to be bound by AP-1, obtained by TOBIAS footprinting intersecting all O-NT vs Y-NT peaks

containing TEs. Statistical significance was assessed using Wilcoxon rank-sum tests, with p-values adjusted for

multiple comparisons using the Holm method.

(H) Heatmap showing the enrichment of the top 30 HOMER motifs (p < 1e-05) found at TEs from CUT&Tag

peaks significantly loosing H3K9me3 between O-NT vs Y-NT compared to non-significant background, and

shown for all indicated comparisons.
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Figure 8: Partial reprogramming prevents chronic LPS-induced HSC loss of function

(A) Experimental design for competitive transplantations with BM cells from Young 4TF mice treated or not

with Dox and submitted or not or to chronic LPS treatment during 1 month.

(B) Percentages of donor-derived cells in the peripheral blood of recipients. Results are shown as the fold-

change of LPS over PBS control group. Means +/- SEM, n=10 mice per group from 2 independent experiments.

(C, D) Percentages of donor-derived cells into LSK cells (C) and HSCs (D) of recipient 5 months after

transplantation. Each dot represents a mouse. Means +/- SEM.

(E) GSVA analysis of the AP-1 and MD pathways in published RNA-seq data of HSCs from mice subjected to

chronic LPS treatment for one month 20.

(F, G) Number of colonies generated from HSCs cultured during 7 days in methylcellulose in the presence or

absence of LPS (10 µg/mL) and the AP-1 inhibitor, T-5224 (10 µM), at passages 1 (F) and 2 (G) after replating in

the absence of LPS or inhibitor. Results are normalized to the data obtained in the non-treated condition for

each group. Each dot represents a mouse. Means +/- SEM.

(H-J) dsRNA (H), L1 ORF1p (I) and γH2Ax foci (J) quantified by IF in HSCs after 48 hours of treatment with or

without LPS (10 µg/mL) and T-5224 (10 µM) in vitro. Violin plots presenting median and quartiles. Independent

pools of 3 mice per group.

(K) Model suggesting that partial reprogramming early in life preserves chromatin homeostasis during HSC

aging and upon stress, by avoiding chromatin remodeling at AP-1 binding sites and TE derepression, thereby

maintaining a more youthful chromatin landscape, DNA integrity and HSC function.

B: Two-way ANOVA with multiple comparisons test;

C, D, F, G, H, I, J: One-wayANOVA with multiple comparisons test. Adjusted p-values are defined as: * p<0.05;

** p<0.01; *** p<0.001; **** p<0.0001
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