
Guerrero et al.  	

	 1 

 

3-deazaadenosine (3DA) alleviates senescence to promote cellular fitness and cell 
therapy efficiency in mice 

 

Ana Guerrero1, 2, Andrew J. Innes1, 2, 3, Pierre-François Roux4, 5, 6, Sonja C. Buisman7, 

Johannes Jung7, 8, Laura Ortet9, Victoria Moiseeva9, Verena Wagner1, 2, Lucas Robinson4, 

5, 10, Albertina Ausema7, Anna Potapova11, Eusebio Perdiguero9, Ellen Weersing7, Marieke 

Aarts1, 2, Nadine Martin1, 2, Torsten Wuestefeld11, 12, 13, Pura Muñoz-Cánoves9, 14, 15, Gerald 

de Haan7, 16, Oliver Bischof4, 5, 17 and Jesús Gil1, 2, * 

 
1MRC London Institute of Medical Sciences (LMS), Du Cane Road, London, W12 0NN, UK. 
2Institute of Clinical Sciences (ICS), Faculty of Medicine, Imperial College London, Du Cane 
Road, London W12 0NN, UK.  
3Centre for Haematology, Department of Immunology and Inflammation, Faculty of 
Medicine, Imperial College London, Du Cane Road, London W12 0NN, UK.  
4Institut Pasteur, Department of Cell Biology and Infection, 75015 Paris, France. 
5INSERM, U993, 75015 Paris, France. 
6IRCM, Institut de Recherche en Cancérologie de Montpellier, INSERM U1194, Université 
de Montpellier, Institut régional du Cancer de Montpellier, Montpellier, France. 
7European Research Institute for the Biology of Ageing, University Medical Center 
Groningen, University of Groningen, 9700 Groningen, The Netherlands. 
8Department of Medicine, Hematology and Oncology, Faculty of Medicine, Medical Center 
University of Freiburg, Hugstetter Str. 55, 79106 Freiburg, Germany. 
9Department of Experimental and Health Sciences, Pompeu Fabra University (UPF), CIBER 
on Neurodegenerative diseases (CIBERNED), E-08003 Barcelona, Spain. 
10Université de Paris, Sorbonne Paris Cité, Paris, France. 
11Laboratory of In Vivo Genetics & Gene Therapy, Genome Institute of Singapore, 
Singapore 
12National Cancer Centre, Singapore. 
13School of Biological Sciences, Nanyang Technological University, Singapore 
14ICREA, E-08010 Barcelona, Spain.  
15Spanish National Center on Cardiovascular Research (CNIC), E-28029 Madrid, Spain.  
16Sanquin Research, and Landsteiner Laboratory,Amsterdam University Medical Center, 
University of Amsterdam, The Netherlands. 
17INSERM U955, Université Paris-Est Créteil (UPEC), FHU SENEC, 51 Av de Lattre de 
Tassigny, 94100 Créteil, France. 
 
 
 
*Corresponding author:  jesus.gil@imperial.ac.uk 

 
Short title:  3DA alleviates senescence 

Keywords: 3DA, senescence, AHCY, cord blood cells, muscle stem cells 



Guerrero et al.  	

	 2 

ABSTRACT  
 
 
Cellular senescence is a stable type of cell cycle arrest triggered by different stresses. As 

such, senescence drives age-related diseases and curbs cellular replicative potential. Here, 

we show that 3-deazaadenosine (3DA), an S-adenosyl homocysteinase (AHCY) inhibitor, 

alleviates replicative and oncogene-induced senescence. 3DA-treated senescent cells 

showed reduced global Histone H3 Lysine 36 trimethylation (H3K36me3), an epigenetic 

modification that marks the bodies of actively transcribed genes. By integrating 

transcriptome and epigenome data, we demonstrate that 3DA treatment affects key factors 

of the senescence transcriptional program. Remarkably, 3DA treatment alleviated 

senescence and increased the proliferative and regenerative potential of muscle stem cells 

from very old mice in vitro and in vivo. Moreover, ex vivo 3DA treatment was sufficient to 

enhance the engraftment of human umbilical cord blood (UCB) cells in 

immunocompromised mice. Together, our results identify 3DA as a promising drug 

enhancing the efficiency of cellular therapies by restraining senescence. 
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INTRODUCTION 
 

Senescence is a stress response that preserves tissue homeostasis by preventing the 

replication of old, preneoplastic or damaged cells 1. Senescent cells undergo a stable cell 

cycle arrest and display profound changes in nuclear and chromatin organization, gene 

expression, cell metabolism and secretory profile 2. Depending on the physiological context, 

senescence can be either beneficial or detrimental. Induction of senescence can restrain 

tumor progression 3 and limit fibrosis 4. However, the aberrant accumulation of senescent 

cells contributes to ageing and age-related pathologies 5. Moreover, there is now strong 

evidence that the selective elimination of senescent cells delays the onset of age-related 

diseases or at least ameliorates their symptoms 6. Given the causative role of senescence 

in the ageing process and its contribution to multiple age-related diseases, senescent cells 

are prime targets for drug-induced elimination (i.e. senolysis)7, but alternative strategies are 

also pursued. One such strategy is rejuvenating senescent cells 8,9. 

 

The two defining hallmarks of senescent cells are a stable cell cycle arrest (mediated by the 

transcriptional upregulation of cyclin dependent kinase inhibitors such as p16INK4a) and the 

secretion of a complex combination of factors collectively referred to as the senescence-

associated secretory phenotype (SASP). The SASP is widely believed to mediate many of 

the detrimental effects exerted by senescent cells, and consequently strategies have been 

devised to target it 10,11. A progressive induction of senescence, especially in adult stem cell 

populations has been associated with age-dependent declines in tissue function 12,13. With 

age, stem cell populations undergo senescence and, as a result, the ability of the tissue to 

repair after damage gradually diminishes 14. Consequently, strategies aimed at alleviating 

stem cell senescence have the potential to preserve the regenerative potential in aged 

tissues. As cellular senescence is one of the main impasses for the expansion of stem cells 

ex vivo, drugs that prevent the onset of senescence could also be used to optimize the 

generation of stem cells for subsequent cellular therapies. 

 

We have previously performed high-throughput drug screens to identify cardiac glycosides 

as broad-spectrum senolytics 15. Here, we followed a similar approach to identify drugs 

alleviating senescence. We found that treatment with 3-deazaadenosine (3DA), a S-

adenosyl homocysteinase (AHCY) inhibitor 16,17, partially prevents both replicative and 

oncogene-induced senescence. We confirmed the potential benefits of 3DA treatment in ex 
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vivo cultures and engraftment experiments of geriatric muscle stem cells and human 

umbilical cord blood (UCB) cells suggesting that, by inhibiting senescence, 3DA could 

improve the efficiency of cellular therapies. 
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RESULTS 

 

Drug screens for compounds alleviating senescence 
Senescence can be triggered by multiple stresses ranging from oncogenic activation to 

replicative exhaustion or treatment with chemotherapeutic drugs 1. To identify compounds 

that prevent or alleviate senescence, we used two different models of cellular senescence. 

First, we took advantage of a widely used model of oncogene-induced senescence (OIS), 
18, in which a 4-hydroxytamoxifen (4-OHT)-inducible oncogenic RAS chimeric protein 

ER:RASV12 is expressed in IMR90 human fibroblasts (Extended Data Fig. 1a). We also used 

a second model in which the expression of a dominant-negative, doxycycline-inducible 

TRF2 protein, TRF2ΔBΔM 19,20 induces telomere dysfunction to cause senescence (Extended 

Data Fig. 1b-f). As a positive control for preventing senescence induction, we treated cells 

undergoing senescence with 4 µM of TGF-b RI kinase inhibitor II (TGFBi), which resulted in 

a higher percentage of cells incorporating BrdU when compared to untreated cells 18 (Fig. 

1a,c). We assessed the effect that 1,524 drugs (those part of the LOPAC 1,280 and the 

InhibitorSelect Protein kinase inhibitor libraries I, II and III) have on cells undergoing OIS 

and after normalization selected 32 initial hits for further testing (B-score>2 and BrdU 1.4-

fold higher than the control, Fig. 1b). 

To identify drugs that behave as general inhibitors of senescence, we screened the same 

library on cells expressing TRF2ΔBΔM and selected 17 hits that delayed senescence arrest 

(Fig. 1d). 7 of these drugs have also been identified in the screen on IMR90 ER:RAS cells. 

We took forward 42 drugs selected from both screens (Fig. 1e). Retesting in both models of 

senescence validated 20 drugs that partially prevented the senescence growth arrest in at 

least one of the models. 9 out of these 20 drugs have an effect in both senescence models 

(Fig. 1f-g). By imposing more strict criteria (p<0.0001 and BrdU > 2-fold higher than the 

control), we identified 6 compounds (Fig. 1e, right) with the ability to alleviate senescence 

(Fig. 1e). Amongst those, 3-deazaadenosine (3DA), a S-adenosyl homocysteinase (AHCY) 

inhibitor 16,17 performed consistently well in both systems and was selected as a candidate 

drug to alleviate senescence. 

 

Treatment with 3DA alleviates senescence 
To investigate the ability of 3DA to alleviate senescence, we used the IMR90 Tet-TRF2ΔBΔM 

model. 3DA partially prevented the growth arrest associated with senescence in a dose-
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dependent manner in this model (Fig. 2a). While expression of TRF2ΔBΔM causes telomere 

uncapping and results in a DNA damage response (DDR) that mimics what we observed 

during senescence 21, we decided to assess the effect that treatment with 3DA has on cells 

undergoing replicative senescence. We therefore treated IMR90 fibroblasts with 3DA. We 

observed a gradual loss of replicative potential in IMR90 cells during serial passage as 

measured by assessing the percentage of cells incorporating BrdU (Fig. 2b, middle panel). 

Concurrently, treatment with 3DA increased the subset of cells dividing at each passage, 

resulting in an extension of the replicative potential of old cells (Fig. 2b, middle and right).  

To further assess the ability of 3DA to alleviate senescence, we used IMR90 ER:RAS. 

Treatment with 3DA prevented the growth arrest associated with OIS in a dose-dependent 

manner as assessed by BrdU incorporation (Fig. 2c, middle) and colony formation (Fig. 2c, 

right). The effect that 3DA had on alleviating senescence was further confirmed as the 

induction of SA-b-Galactosidase activity was impaired in 3DA treated cells (Fig. 2d). 

Demonstrating the global effect caused by 3DA on senescence induction, treatment with 

3DA partially prevented the upregulation of p16INK4a (Fig. 2e and Extended Data Fig. 2a,b) 

and p21CIP1 (Extended Data Fig. 2c). While the above results provide evidence that 3DA 

treatment facilitates senescence bypass, 3DA does not promote senescence escape 

(Extended Data Fig. 2d). Importantly, treatment with 3DA for 2 weeks (followed by 2 weeks 

off 3DA) still results in a higher percentage of proliferating cells and lower levels of p16INK4a 

when compared with control (DMSO-treated) cells (Extended Data Fig. 2e). This experiment 

suggests that a transient treatment with 3DA alleviates senescence and produces beneficial 

effects extending beyond the treatment time. 

 
AHCY knockdown prevents induction of senescence 
3DA inhibits S-adenosylhomocysteinase (AHCY) 16. To understand whether prevention of 

senescence by 3DA is due to on-target inhibition of AHCY, we designed two shRNA vectors 

that knocked down AHCY (Extended Data Fig. 3a). AHCY depletion increased the 

proliferative potential of old IMR90 cells, as assessed by colony formation (Fig. 3a, middle) 

and BrdU incorporation (Fig. 3a, right). Moreover, knockdown of AHCY resulted in reduced 

senescence of IMR90 cells, as shown by a decrease in the percentage of cells positive for 

SA-b-galactosidase (Fig. 3b), p16INK4a expression (Fig. 3c), and DNA damage (Extended 

Data Fig. 3b). Two other AHCY inhibitors, 3-deazaneplanocin (DZNep) and D-eritadenine 

(D-Erit), also prevented the growth arrest associated with OIS induction, further suggesting 
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that the effect is on-target (Extended Data Fig. 3c). Knockdown of AHCY (Extended Data 

Fig. 3d) also prevented OIS, alleviating the senescent cell growth arrest (Fig. 3d), resulting 

in a decreased percentage of cells positive for SA-b-galactosidase (Fig. 3e) and reduced 

expression of p16INK4a (Extended Data Fig. 3e). Of note, AHCY expression was upregulated 

in cells undergoing OIS (Extended Data Fig. 3d). To better understand how AHCY 

knockdown impacts senescence onset, we performed transcriptome analysis of senescent 

cells after AHCY knockdown (Fig. 3f and Extended Data Fig. 3f-h). Principal component 

analysis (PCA) placed cells with reduced AHCY expression in an intermediate position 

between growing and senescent cells (Extended Data Fig. 3f). Gene set enrichment 

analysis (GSEA) further confirmed that depletion of AHCY with two independent shRNAs 

prevented senescence and caused downregulation of the SASP while increasing 

proliferation (Fig. 3f and Extended Data Fig. 3g-h). Overall, the above results indicate that 

inhibition or depletion of AHCY prevents senescence onset. 

 

Impaired histone H3 K36 methylation upon 3DA treatment 
3DA inhibits S-adenosylhomocysteinase (AHCY), leading to the accumulation of adenosyl-

homocysteine, and to by-product inhibition of S-adenosyl-L-methionine (SAM)-dependent 

methyltransferases 22. Interestingly, AHCY inhibition has been shown to affect the activity of 

a specific histone methylase, EZH2 (that methylases H3 K27) in cancer cells 23. However, 

treatment with either GSK126 (an inhibitor of the H3 K27 methylase EZH2), BRD4770 (an 

inhibitor of the H3 K9 methylase EHMT2) or EPZ004777 (an inhibitor of the H3 K79 

methylase DOT1L) rather than prevent, exacerbated senescence (Extended Data Fig. 4a). 

To investigate whether 3DA affects histone methylation, we analysed different histone 

marks by western blot. H3K36me3 was the only histone mark reduced in 3DA-treated 

senescent cells (Fig. 4a). Consistent with the overall decrease of H3K36me3 levels, we 

detected a higher H3K36me1 level in 3DA-treated senescent cells (Extended Data Fig. 4b). 

Taking advantage of quantitative IF, we observed that treating cells undergoing OIS with 

3DA resulted in lower levels of H3K36me3. The latter was quantified at the single-cell level 

using a stringent threshold (Fig. 4b, Extended Data Fig. 4c). This difference was not linked 

to a change in overall histone 3 levels (Extended Data Fig. 4d), was already present at the 

early stages of OIS induction (Fig. 4b, day 4) and persisted upon senescence establishment 

(Extended Data Fig. 4e, day 6).  

To dissect further the gene-regulatory mechanism of 3DA treatment, we determined global 
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gene expression profiles by RNA-seq. We comprehensively mapped genomic H3K36me3 

by ChIP-seq in proliferating (DMSO), senescent (4OHT plus DMSO), and 3DA-treated 

senescent cells (4OHT plus 3DA, Fig. 4c). Transcriptome PCA analysis, showed that 

senescent cells treated with 3DA, clustered with senescent cells in which AHCY has been 

knocked down and were found in an intermediate place between growing and senescent 

cells (Extended Data Fig. 5a,b). GSEA confirmed that 3DA treatment prevented 

senescence, resulting in downregulation of the SASP and other senescence signatures and 

upregulation of E2F-related signatures (Extended Data Fig. 5c,d). Methylation of H3K36 is 

mostly associated with transcription of active euchromatin, although it has also been 

implicated in other processes 24. Intriguingly, GSEA showed an enrichment of H3K36me3 

levels in SASP genes during OIS (Extended Data Fig. 5e). Integrative analysis revealed a 

genome-wide positive correlation (R = 0.51, p < 10, Fig. 4d) between H3K36me3 levels and 

transcriptome changes in senescent cells when compared to proliferating cells. The 

correlation was weaker when senescent cells were compared to 3DA-treated senescent 

cells (R = 0.20, p < 10-16, Fig. 4e). The data suggested that 3DA impacts H3K36me3 levels 

and transcription differentially across the genome. To stratify and visualize this differential 

impact, we performed k-means clustering and functional overrepresentation profiling (Fig. 

4f), which identified five correlated H3K36me3-gene expression modules (Sup. Table 1), 

revealing three key features. First, H3K36me3 levels drop globally upon 3DA treatment in 

senescent cells (664 among a total of 1926 regions, see modules 2-3, Fig. 4f), thus, 

corroborating the immunoblot results of Figure 4a and this drop is mirrored, by-and-large, in 

a decrease in gene expression (3DA-responsive genes). Second, some loci surprisingly 

accumulate (268 amongst a total of 1926 regions, see cluster 4) or display no change in 

H3K36me3 levels (994 amongst a total of 1926 regions, see modules 1 and 5) (3DA-

unresponsive genes) and this is mirrored in an increase or no change in gene expression. 

Third, functional overrepresentation profiles disclosed that amongst the 3DA-responsive 

genes (modules 2-3), i.e., genes that showed a concomitant decrease in H3K36me3 levels 

and gene expression, there was a subset of SASP genes such as IL1B (Fig. 4g-h) and 

IL12RB2 (Extended Data Fig. 5f). Interestingly, among the genes showing an increase in 

H3K36me3 levels and gene expression (module 4), were many E2F targets involved in cell 

cycle progression, such as CDK1 (Fig. 4i) or CENPF (Extended Data Fig. 5g). Together, our 

data suggest that 3DA treatment differentially impacts H3K36me3 to affect senescence. 

 

Disrupting H3K36 methylation affects senescence induction 
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The changes in H3K36 methylation might explain how 3DA prevents senescence or could 

just be a consequence of senescence prevention. To distinguish between these two 

possibilities, we decided to target H3K36 methylation directly. Given that at least 8 

methyltransferases regulate H3K36 methylation (Fig. 5a), we decided to test how three of 

these enzymes (NSD2, NSD3 and SMYD2) affect H3K36me3 and growth arrest during OIS. 

To this end, we generated shRNAs targeting NSD2, NSD3 and SMYD2 (Extended Data Fig. 

6a-c). Knockdown of these methyltransferases resulted in reduced overall H3K36me3 levels 

during OIS (Fig. 5b, d and Extended Data Fig. 6d). Knockdown of these enzymes partially 

prevented the growth arrest induced during OIS, as assessed measuring BrdU incorporation 

(Fig. 5c) or assessing colony formation (Fig. 5e). The extent of prevention achieved upon 

knockdown of NSD2, NSD3 or SMYD2 was lower than that caused by knockdown of AHCY 

or treatment with 3DA, suggesting redundancy and open the possibility to other additional 

mechanisms. Overall, our results indicate that 3DA prevents senescence at least in part 

through indirect inhibition of H3K36 methyltransferases. 

 
3DA enhances engraftment of geriatric muscle stem cells 
The accumulation of senescent cells contributes to ageing and disease and limits the 

proliferative potential of old cells, including stem cells 5. Intriguingly, the AHCY inhibitor 

DZNep has been shown to facilitate the generation of induced pluripotent stem cells (iPSCs) 

by stimulating Oct4 expression 25. We previously showed that senescence limits the 

generation of iPSCs, a process termed reprogramming-induced senescence (RIS) 26. 

Therefore, we asked the question as to whether 3DA could also inhibit RIS. IMR90 

fibroblasts were transduced with a retroviral vector expressing reprogramming factors 

(OCT4, SOX2, KLF4, and cMYC, collectively referred to as OSKM, Extended Data Fig. 7a). 

Indeed, treatment with 1 µM 3DA prevented the senescence-associated growth arrest 

induced during reprogramming (Extended Data Fig. 7b).  

To investigate whether 3DA can mitigate the detrimental effects of physiological age-

induced senescence, we used skeletal muscle stem cells (also known as satellite cells) from 

very old (geriatric) mice. Satellite cells sustain skeletal muscle regeneration and their 

regenerative decline at geriatric age has been attributed to senescence entry and loss of 

proliferative potential 14. Of note, induction of autophagy by rapamycin treatment can prevent 

senescence and induce proliferation in cultured geriatric satellite cells 27. Accordingly, we 

next tested the functional consequences of 3DA treatment on satellite cells isolated from 
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geriatric mice, using rapamycin as an experimental control (Fig. 6a). We observed that 

treatment with 3DA reduced the percentage of senescent geriatric satellite cells, as 

assessed by SA-b-galactosidase staining (Fig. 6a) or by quantifying the expression of Ink4a 

(that encodes for p16Ink4a, Fig. 6a), Cdkn1a (that encodes for p21Cip1, Extended Data Fig. 

8a), and the intensity of g-H2A.X (as indicator of DNA damage, Extended Data Fig. 8b, c). 

Satellite cells derived from young mice were analysed in parallel as a negative control for 

senescence entry (Fig. 6a). While treatment of myoblasts with 3DA was described to induce 

differentiation into myofibers 28, a higher proportion of geriatric satellite cells treated with 

3DA or rapamycin retained replicative potential, as measured by quantification of BrdU 

incorporation (Extended Data Fig. 8d), consistent with reduced expression of myogenic 

differentiation-specific genes (Myogenin, Myog; and Myosin heavy chain 3, Myh3) 

(Extended Data Fig. 8e-f).  

To investigate whether 3DA (or rapamycin) treatment could rescue the cell-intrinsic 

regenerative block of geriatric cells, we engrafted young and geriatric satellite cells (pre-

treated with 3DA or rapamycin, or the control vehicle, and stained with Dil) into pre-injured 

muscles of immunodeficient recipient mice (Fig. 6b). We found that 3DA treatment 

significantly restored expansion of geriatric cells after a four-day engraftment (Fig. 6b). To 

assess the functional impact, we treated freshly isolated satellite cells from young and 

geriatric animals with 3DA or vehicle, labelled with green fluorescent protein (GFP), and 

injected them into pre-injured immunodeficient mice. Six days post-transplantation, we 

assessed the number and size of the GFP+ fibers derived from the engrafted satellite cells 

(Fig 6c). As expected 29, we observed a marked decrease in the engrafting potential of 

geriatric satellite cells compared to young cells. Strikingly, pre-treatment with 3DA restored 

the engrafting and regenerative capacity of geriatric satellite cells, as observed by the 

increased number of the newly generated GFP+ fibers and their larger cross-sectional area 

(CSA), similar to that obtained by engraftment of young SCs (Fig 6c).  

In addition, treatment of mice with 3DA reduced the number of SA-β-gal+ cells in injured 

muscle (Extended Data Fig. 8g-h). Overall, the above results suggest that the ability of 3DA 

to prevent senescence is not restricted to fibroblasts but extends to somatic stem cells. 

Treatment with 3DA alleviates the detrimental effects of senescence, ameliorates the age-

associated loss of stem cell function in vivo under tissue regeneration conditions and has 

functional implications, such as the qualitative and quantitative enhanced formation of 

myofibers in response to muscle injury.  
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Preliminary results from a model of liver regeneration in aged mice showed that pre-

treatment with 3DA reduces the number of cells showing DNA damage enhances their 

regenerative potential after partial liver resection (Extended Data Fig. 9a-c). In addition, 

histological assessment of the livers from aged mice treated with 3DA showed an 

improvement in several pathological parameters (Extended Data Fig. 9d-g). An increase in 

glycogen aggregates had been observed in senescent cells and aged tissues 30. Treatment 

with 3DA resulted in reduced diffuse glycogen swelling (Extended Data Fig. 9d). Liver 

regeneration is normally driven by hepatocyte proliferation. Oval cell hyperplasia is used as 

an alternative regeneration mechanism when hepatocyte proliferation is impaired (e.g. when 

hepatocytes are driven into senescence) 31,32. Oval cell hyperplasia was present in control 

mice but largely absent in mice treated with 3DA (Extended Data Fig. 9f). These experiments 

further suggest that 3DA can positivly impact regeneration by targeting cellular senescence 

 
3DA ex vivo improves umbilical cord blood cells engraftment 
Allogeneic transplantation of hematopoietic stem cells (HSC) is a standard therapy for many 

blood disorders. Umbilical cord blood (UCB) is a source of HSC for transplant that allows for 

less stringent cross-matching and results in lower incidence of graft versus host disease 33. 

A factor limiting a more widespread adoption of UCB for transplants is the low number of 

HSCs found per UCB unit that can compromise grafting efficiency in adults 34. Ex vivo 

expansion of HSCs is invariably associated with loss of stem cell potential. We assessed 

whether treatment with 3DA could increase the frequency of human primitive hematopoietic 

stem and progenitor cells (HSPCs). To this end, we performed in vitro long-term culture-

initiating cells assays (LTC-IC) to detect and quantitate primitive human hematopoietic cells. 

We cultured sorted CD34+ cells in the presence of 10 µM 3DA for five weeks and replaced 

after five weeks the medium through methylcellulose for two further weeks. Treatment with 

3DA caused a significant increase in the long-term culture-initiating cell frequency (LTC-IC), 

suggesting that 3DA prevents loss of stem cell potential in human cord-blood derived 

HSPCs in vitro (Fig. 7a). In line with these results, in vitro suspension culture of cord-blood 

derived CD34+ HSPCs in the presence of 10 µM 3DA for nine days (Fig. 7b) resulted in an 

increase in the percentage of UCB cells with stem cell potential (CD34+ CD38-, Fig. 7f, and 

Extended Data Fig. 10g)), but not in the total number of cells (Extended Data Fig. 10e). 

To elucidate if the enhanced stem cell potential of 3DA-treated cells was related to the 3DA 

effect on senescence, we carried out RNA-Seq of CD34+ CD38- cells after nine days of 
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treatment with 3DA or vehicle (DMSO) (Fig. 7b). This analysis showed a reversion of 

senescence signatures (Fig. 7c, and Extended Data Fig.10d). Interestingly, and related to 

the effect that AHCY inhibitors have on stemness 25, we also observed that treatment with 

3DA results in the upregulation of stemness (Fig. 7d) and downregulation of differentiation 

signatures (Extended Data Fig. 10a-b). The above results suggest that the increase in cell 

fitness caused by 3DA treatment could relate to both its ability to alleviate senescence and 

affect stemness. 

Because human hematopoietic stem cell potential is best evaluated with 

xenotransplantation studies, we transplanted immunocompromised NSG mice with cells that 

had been exposed to 3DA for nine days and compared the engraftment of these cells with 

cells incubated in DMSO at 18-31 weeks after transplant (Fig. 7e). Even though 3DA 

treatment did not cause an increase of human CD34+ CD38- cells, nor an increase of total 

CD45+ population in bone marrow (Extended Data Fig. 10f), we did observe a significant 

increase of human donor-derived CD45+ cells present in peripheral blood of 3DA-treated 

CD34+ cells (Fig. 7g, and Extended Data Fig. 10h). Significantly, none of the mice 

xenotransplanted with 3DA-treated cells developed leukemia and we did not observe 

evidence of leukemogenic transformation (Extended Data Fig.10c), suggesting no acute 

safety concerns, at least in a transient ex vivo setting. Thus, the above experiments indicate 

that ex vivo treatment with 3DA during the process of UCB expansion prior to transplant is 

sufficient to increase the clonogenic potential of UCB-derived HSPCs and to preserve their 

stem cell potential.  
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DISCUSSION 
 
Research in the last decade has shown how senescent cells accumulate during ageing and 

contribute to pathologies as diverse as cancer, fibrosis, ophthalmological and 

neurodegenerative disease 5. Consequently, substantial work has been carried out to target 

senescence for therapeutic benefit. However, based on genetic evidence for their 

detrimental role 6,35, most of those efforts have concentrated on finding drugs that selectively 

kill senescent cells (senolytics) 7 or target the SASP 10,11. In the present study, we have 

taken an alternative strategy and screened for drugs that alleviate senescence. Amongst 

the compounds identified, 3-deazaadenosine (3DA), an S-adenosyl homocysteinase 

(AHCY) inhibitor, prevented senescence induced by different stressors. In particular, by 

using other drugs and shRNAs, we could confirm that the ability of 3DA to alleviate 

senescence was due to on-target AHCY inhibition. 

 

Inhibition of AHCY leads to adenosyl-homocysteine accumulation and by-product inhibition 

of S-adenosyl-L-methionine (SAM)-dependent methyltransferases 22. Interestingly, the 

inhibition of AHCY in cancer cells impacted on EZH2-mediated methylation of histone 

H3K27 23. However, in the context of senescence induction, 3DA does not affect H3K27me3 

but rather H3K36me3. H3K36me3 is a mark associated with gene bodies of transcribed 

genes. Thus, while we observed a global downregulation of H3K36me3 in senescent cells 

treated with 3DA, H3K36me3 changes were rather gene-specific. Amongst the genes part 

of module 2 (showing reduced H3K36me3 and reduced expression on 3DA treated cells) 

were SASP components, such as IL1B (Fig 4f-h). As we have previously demonstrated that 

interfering with IL1 signalling allows OIS escape 18, this could contribute to explain why 

treatment with 3DA alleviates senescence. The relation between 3DA, inhibition of 

H3K36me3 and senescence was confirmed by knockdown of several H3K36 

methyltransferases blunted senescence induction. The partial effects observed might reflect 

multiple factors, such as the fact that there are at least 8 H3K36me3 methyltransferases, 

and the possibility that 3DA and AHCY affect other undefined pathways impacting on 

senescence regulation (e.g. by inhibiting other methyltransferases or through effects 

mediated by changes in levels of adenosine or homocysteine). Of note, acute NSD2 

knockdown can induce senescence 36. Differences with our study might be caused by the 

partial NSD2 knockdown that we observe and point to context-dependent effects associated 

with histone methyltranferase inhibition. 
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Senescence of adult stem cells causes declines in tissue function 12,13, and this is particularly 

prominent in old age 14,27. We have been able to expand the protective role of 3DA to stem 

cells, including aged stem cells. While injured-induced senescence can facilitate 

reprogramming in vivo 37, including reprogramming of muscle stem cells (satellite cells) 38, 

it is well established that adult satellite cells lose their proliferative and regenerative potential 

during ageing due to increased entrance into senescence 14, and our results demonstrate 

that ex vivo treatment of satellite cells derived from geriatric mice with 3DA rescued these 

functional defects in vivo by alleviating senescence, resulting in a quantitative and qualitative 

improved formation of new myofibers derived from geriatric satellite cels in response to 

muscle injury. 

 

Allogeneic transplantation of umbilical cord blood (UCB) is commonly used to treat many 

blood disorders. However, the efficiency of UCB-based therapies is affected by the low 

number of available stem cells. Therefore, different strategies have been devised to 

increase cord blood engraftment. Unbiased screens have identified compounds able to 

stimulate the expansion ex vivo of human cord blood cells 39,40. More recently, it has been 

shown that incubation with the matricellular regulator Nov increases the frequency of serially 

transplantable hematopoietic stem cells derived from UCB 41. We reasoned that alleviation 

of senescence could have similar effects. Therefore, treatment with 3DA could help increase 

the replicative potential and engrafting ability of UCB cells. Indeed, we observed that 

treatment with 3DA during the ex vivo expansion phase, increased the clonogenic potential 

of UCB cells and the number of stem cells present. Consequently, transplantation of these 

3DA-treated cells resulted in increased engraftment in peripheral blood. As these effects are 

achieved after a short ex vivo treatment, this therapy does not present the risks associated 

with inhibiting senescence in vivo, ranging from negating positive acute senescence 

responses, to increased cancer risk due to inhibition of OIS. Our analysis did not unveil any 

evidence of increased oncogenic risk, but this needs to be evaluated more carefully. Since 

3DA has the potential to cause epigenetic modifications, a long-term safety assessment 

would be needed before this study can be translated to the clinic. While our results suggest 

the translational potential of using 3DA to alleviate senescence and promote the efficiency 

of cell therapies, we have to highlight that this study took advantage of mouse models and 

further work is needed to establish the potential clinical relevance and feasibility. 

In summary, we have identified 3DA as a compound alleviating senescence. 3DA inhibits 
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AHCY and indirectly results in reduced H3K36me3, preventing the expression of 

components of the senescence program. Thus, our results suggest that 3DA is a candidate 

drug that could improve the efficiency of cellular therapies, in part, by inhibiting senescence. 
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METHODS 
 
Ethics. This research complied with all relevant ethical regulations, overseen by five ethics 

review boards: the ethics committee of the Barcelona Biomedical Research Park (PRBB) 

and the Catalan government (Spain) for the experiments involving mouse stem cells; the 

A*STAR BRC (Biological Resource Centre) IACUC Committee, IACUC protocol # 191452 

(title of project: Identification of liver disease intervention points and enhancing liver 

regeneration) for the mouse liver regeneration experiment; the Medisch Ethisch Toetsings 

Commissie (METC) of Isala Hospital Zwolle (The Netherlands) for the acquisition of human 

cord blood samples, and the Institutional Animal Care and Use Committee of the University 

of Groningen (IACUC-RUG), with protocol number AVD1050020209624, for the 

xenotransplantation studies.  

 
Drugs. The LOPAC 1,280 library was acquired from Sigma-Aldrich (LO1280). 

InhibitorSelect™ 96-well Protein Kinase Inhibitor Library I (539744), Library II (539745) and 

Library III (539746) were purchased from Merck. The following compounds were used in 

this study: Doxycycline hydrate (Sigma-Aldrich, D9891), 4-Hydroxytamoxifen (Sigma-

Aldrich, H7904), 3-Deazaadenosine (Sigma-Aldrich, D8296), InSolution™ EZH2 inhibitor, 

DZNep (Merck, 506069), EZSolution™ GSK126 (BioVision, 2366-1), BRD4770 (Cayman 

Chemical, 11787), EPZ004777 (Selleckchem S7353), TGF-b RI kinase inhibitor II (Millipore, 

616452), Rapamycin (LC Laboratories). 

 

Antibodies.  
The following primary antibodies were used in this study: rat monoclonal anti-BrdU 

(BU1/75(ICR1); Abcam, ab6326) 1:2000, mouse monoclonal anti-p16INK4a (JC-8; from 

CRUK) 1:1000, rabbit polyclonal anti-p21 (M-19; Santa Cruz, sc-471) 1:200, mouse 

monoclonal anti-SAHH (A-11; Santa Cruz, sc-271389) 1:100, rabbit anti-phospho-histone 

H2A.X (Ser139) (Cell Signaling Technology, 2577) 1:50, mouse monoclonal anti- phospho-

histone H2A.X (Ser139) (3F2; Thermo Fischer Scientific, MA1-2022) 1:250, rabbit polyclonal 

anti-Ki67 (Abcam, ab15580) 1:200, rabbit polyclonal anti-53BP1 (Novus Biologicals, NB100-

304) 1:1000, rabbit monoclonal anti-Mono-Methyl-Histone H3 (Lys36) (D9J1D, Cell 

Signaling Technology, 14111) 1:1000, rabbit monoclonal anti-Tri-Methyl-Histone H3 (Lys36) 

(D5A7, Cell Signaling Technology, 4909) 1:1000, rabbit monoclonal anti-Tri-Methyl-Histone 
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H3 (Lys4) (C42D8; Cell Signaling Technology, 9751) 1:1000, rabbit monoclonal anti-Tri-

Methyl-Histone H3 (Lys9) (D4W1U; Cell Signaling Technology, 13969) 1:1000, rabbit 

monoclonal anti-Tri-Methyl-Histone H3 (Lys27) (C36B11; Cell Signaling Technology, 9733) 

1:1000, rabbit polyclonal anti-Tri-Methyl-Histone H3 (Lys79) (Cell Signaling Technology, 

4260) 1:1000, rabbit polyclonal anti-H3 (Abcam, ab1791) 1:5000, and rabbit polyclonal anti-

GFP (Invitrogen, A6455) 1:400. We used the following secondary antibodies: goat anti-

mouse IgG (H+L) AlexaFluor�594 conjugated (Thermo Fischer Scientific, A11032) 1:500, 

goat anti-rat IgG (H+L) AlexaFluor�488 conjugated (Thermo Fischer Scientific, A11006) 

1:500, goat anti-rabbit IgG-HRP (Santa Cruz, sc-2004) 1:5000, and biotinylated goat anti-

rat antibody (712-066-150 Jackson Immunoresearch) 1:250. 

Cell lines. IMR-90 (ATCC® CCL-186™) cells were obtained from ATCC. IMR90 ER:RAS 

cells were generated by retroviral infection of IMR90 cells and have been described 

elsewhere 15. IMR90 tet-TRF2DBDM cells were generated by infecting IMR90 cells with equal 

amounts of lentivirus containing rtTA3 and the iCMV-tight vector expressing TRF2DBDM as 

previously described 20. IMR90 were cultured in DMEM (Gibco) supplemented with 10% 

fetal bovine serum (Sigma; tetracycline free in the case of tet-inducible vectors) and 1% 

antibiotic-antimycotic solution (Gibco). To induce replicative senescence, IMR90 tet-

TRF2DBDM were treated with 50 ng/ml doxycycline reconstituted in distilled water for 3 days. 

To induce OIS, IMR90 ER:RAS were treated with 100 nM 4-Hydroxytamoxifen (4OHT) 

reconstituted in DMSO for 4 days. 

Vector construction. pGIPZ-based shRNA targeting AHCY (V3LHS_406061, 

V3LHS_343433), NSD2 (V3LHS_409073, V3LHS_390121), NSD3 (V3LHS_354139, 

V3LHS_343583), and SMYD2 (V3LHS_381114, V3LHS_381113) were obtained from MRC 

LMS Genomics core facility. To generate IMR90 ER:RAS expressing shRNAs, lentiviral 

infections were carried out as described before 15. Briefly, HEK293T cells were transfected 

with the lentiviral and packaging vectors using PEI (PEI 2500, Polysciences). Two days after 

transfection, HEK293T viral supernatants were collected, filtered (0.45 µM), diluted 1/4, 

supplemented with 4 µg/ml polybrene and added to IMR90 ER:RAS cells plated the day 

before at a density of 1 million cells per 10 cm dish. Four hours later, lentivirus-containing 

media was replaced with fresh media. Three days after infection, cells were passaged and 

cultured for three days in the presence of 1µg/ml puromycin (InvivoGen) to select for infected 

cells. To generate IMR90 cells expressing reprogramming factors (OSKM), HEK293T cells 
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were transfected with retroviral MSCV-neo vectors expressing a polycistronic cassette 

encoding Oct4, Sox2, Klf4, and c-Myc 42 as previously described 43. 

Growth assays. For BrdU incorporation assays, cells were incubated with 10 µM BrdU for 

16-18 hours and then fixed with 4% PFA (w/v). BrdU incorporation was assessed by IF and 

High Content Analysis microscopy. For crystal violet staining, the cells were seeded at low 

density on 6-well dishes and fixed at the end of the treatment with 0.5% glutaraldehyde (w/v). 

The plates were then stained with 0.2% crystal violet (w/v). 
 
IF staining of cells. Cells were grown in 96-well plates, fixed with 4% PFA (w/v), 

permeabilised in 0.2% Triton® X-100 (v/v) diluted in PBS for 10 min, and blocked with 1% 

BSA (w/v) and 0.4% fish gelatin (v/v) (Sigma) for 30 min. Cells were then incubated with a 

primary antibody for 45 min, followed by the corresponding fluorescence-labelled secondary 

antibody (Alexa Fluor®) for 30 min and 1 µg/ml DAPI for 15 min. Antibodies were diluted in 

blocking solution. After every step, cells were washed with PBS three times. 
 
Cytochemical SA-b-Galactosidase assay. Cells were grown in 6-well plates, fixed with 

0.5% glutaraldehyde (w/v) (Sigma) in PBS for 10-15 min, washed with 1mM MgCl2/PBS (pH 

6.0) and then incubated with X-Gal staining solution (1 mg/ml X-Gal, Thermo Scientific, 5 

mM K3[Fe(CN)6] and 5 mM K4[Fe(CN)6] for 8 hr at 37°C. Brightfield images of cells were 

taken using the DP20 digital camera attached to the Olympus CKX41 inverted light 

microscope. The percentage of SA-b-Gal positive cells was estimated by counting at least 

100 cells per replicate sample facilitated by the “point picker” tool of ImageJ software (NIH) 
44. 

 
High Content Analysis (HCA). IF imaging was carried out using the automated high-

throughput fluorescent microscope IN Cell Analyzer 2000 (GE Healthcare) with a 20x 

objective except for DNA damage foci analysis which required a 40x objective. Fluorescent 

images were acquired for each of the fluorophores using built-in wavelength settings (‘DAPI’ 

for DAPI, ‘FITC’ for AlexaFluorÒ 488 FITC, ‘Texas Red’ for AlexaFluorÒ 594). Multiple fields 

within a well were acquired to include a minimum of 1,000 cells per sample-well. HCA of the 

images were processed using the INCell Investigator 2.7.3 software. Briefly, DAPI served 
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as a nuclear mask hence allowed for segmentation of cells with a Top-Hat method. To detect 

cytoplasmic staining in cultured cells, a collar of 7-9 µm around DAPI was applied.  
 
Gene expression analysis. Total RNA was extracted using Trizol reagent (Invitrogen) and 

the RNeasy isolation kit (Qiagen). cDNA was generated using random hexamers and 

SuperScript II reverse transcriptase (Invitrogen). Quantitative real-time PCR was performed 

using SYBR Green PCR master mix (Applied Biosystems) in a CFX96 real-time PCR 

detection system (Bio-Rad). RPS14 expression was used for normalization. 

Human primer pairs are: 

AHCY: ATTCCGGTGTATGCCTGGAAG, GAGATGCCTCGGATGCCTG. 

p16INK4a: CGGTCGGAGGCCGATCCAG, GCGCCGTGGAGCAGCAGCAGCT. 

p15INKB: GAATGCGCGAGGAGAACAAG, CCATCATCATGACCTGGATCG. 

IL8: GAGTGGACCACACTGCGCCA, TCCACAACCCTCTGCACCCAGT 

IL1a: AGTGCTGCTGAAGGAGATGCCTGA, CCCCTGCCAAGCACACCCAGTA.   

NSD2: ACCGCGAGTGTTCTGTGTTC, GTCGTGGCCGTTAAACTTCTG. 

NSD3: AACTCATTGACTCCGCCAACA, CTGAAAGCCTTGCTGCAAAGT. 

SMYD2: TACTGCAATGTGGAGTGTCAGA, ACAGTCTCCGAGGGATTCCAG. 

RPS14: CTGCGAGTGCTGTCAGAGG, TCACCGCCCTACACATCAAACT. 

 

Immunoblot. Histones were isolated using EpiQuikÔ Total Histone Extraction Kit 

(Epigentek, OP-0006) according to manufacturer’s instructions. Immunobloting was carried 

out using standard techniques as described before 15. Uncropped blots are shown as source 

data for their corresponding figures. 

 

Ex vivo culture of mouse satellite cells. C57Bl/6 (WT) mice were bred and aged at the 

animal facility of the Barcelona Biomedical Research Park (PRBB), housed in standard 

cages under 12-hour light-dark cycles and fed ad libitum with a standard chow diet. Isolation 

of mouse stem cells for ex vivo culture was approved by the ethics committee of the PRBB 

and by the Catalan Government following applicable legislation. Both male and female mice 

were used in each experiment unless stated otherwise. Live colonies were maintained and 

genotyped as per Jackson Laboratories' guidelines and protocols. Mice were housed 

together, health was monitored daily for sickness symptoms (not age-related weight loss, 

etc), and euthanized immediately at the clinical endpoint when recommended by veterinary 
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and biological services staff members. The mice determined by the animal facility veterinary 

team as healthy were used in the experiments. Mice determined as not healthy were 

excluded. No statistical methods were used to predetermine the sample size, but our sample 

sizes are like those reported in previous publications 14,27. The experiments were not 

randomized. Satellite from skeletal muscle from young (2-3 months-old) or geriatric (28-31 

months-old) mice were isolated by FACS (based on alpha7-integrin and CD34, and negative 

selection) and cultured in growth medium (Ham’s F10 supplemented with 20% FBS and 

bFGF (0.025 μg ml−1) for seven days. Proliferation assays (BrdU incorporation and staining), 

and senescent cell analysis (SA-β-gal assay, determination of RNA expression of p16INK4a, 

Cdkn1a, Myog, and Myh3; and gH2AX immunostaining), were performed after treatments of 

satellite cells with either vehicle (DMSO), rapamycin (100 ng ml−1) for 48 hours or 3DA (10 

μM) during 6 days. All ex vivo experiments derived from animal tissue were approved by the 

Catalan government (Spain). 
 

For BrdU incorporation assays, cultured satellite cells were labelled with BrdU (1.5 μg ml−1; 

Sigma) for 1 h and fixed with formaldehyde 3,7%. BrdU-labelled cells were detected by 

immunostaining using rat anti-BrdU antibody (1:500) and a specific secondary biotinylated 

goat anti-rat antibody (712-066-150 Jackson Immunoresearch; 1:250). Antibody binding 

was visualized using Vectastain Elite ABC reagent (Vector Laboratories) and DAB. BrdU-

positive cells were quantified as percentage of the total number of cells analyzed. 

 

SA-β-galactosidase activity was detected in satellite cells using the Senescence β-

Galactosidase Staining kit (Cell signaling), according to the manufacturer’s instructions. SA-

β-gal+ cells were quantified as percentage of the total number of cells analyzed. 

 

For gene expression analysis, total RNA was isolated from cultured satellite cells of mouse 

muscle tissue, using RNeasy Micro kit (Qiagen), and analyzed by RT– qPCR. Real-time 

PCR reactions were performed on a Light Cycler 480 System using Light Cycler 480 SYBR 

Green I Master reaction mix (Roche Diagnostic Corporation) and specific primers. 

Thermocycling conditions were as follows: initial step of 10 min at 95 °C, then 50 cycles of 

15 s denaturation at 94 °C, 10 s annealing at 60 °C and 15 s extension at 72 °C. Reactions 

were run in triplicate, and automatically detected threshold cycle values were compared 
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between samples. Transcript of the ribosomal protein L7 housekeeping gene was used as 

endogenous control, with each unknown sample normalized to L7 content.  

Mouse primer pairs are: 

L7 (housekeeping): GAAGCTCATCTATGAGAAGGC, AAGACGAAGGAGCTGCAGAAC. 

p16INK4a: CATCTGGAGCAGCATGGAGTC, GGGTACGACCGAAAGAGTTCG 

Cdkn1a: CCAGGCCAAGATGGTGTCTT, TGAGAAAGGATCAGCCATTGC. 

Myog: GGTGTGTAAGAGGAAGTCTGTG, TAGGCGCTCAATGTACTGGAT. 

Myh3: AACAGAAACGCAATGCTGAGG, CAGCTCTCTGATCCGTGTCTC. 

 

To assess DNA damage, cultured satellite cells were immunostained using a phospho-

histone H2A.X (Ser139) antibody (1:50; Cell Signaling, #2577S). Digital images were 

acquired using Leica SP5 confocal laser-scanning microscope with HCX PL Fluotar 

×40/0.75. 

 

Muscle regeneration. Mice were anaesthetized with ketamine-xylazine (80 and 10 mg/kg 

respectively; i.p.). Regeneration of skeletal muscle was induced by intramuscular injection 

of cardiotoxin (CTX, Latoxan, #L8102; 10 µM) as described in 45. At the indicated days post-

injury, mice were euthanized and muscles were dissected, frozen in liquid-nitrogen-cooled 

isopentane, and stored at -80 °C until analysis 27. 

 
Satellite cells transplantation. Transplantation of satellite cells was performed as in 14 

following an adapted protocol 46. Satellite cells from young or geriatric mice (treated with the 

indicated compounds or vehicle ex vivo) were re-suspended in 20% FBS HAMF10 medium, 

labelled with Vybrant Dil Cell Labelling solution (Dil) (Invitrogen, #V22889) according to 

manufacturer instructions and injected into tibialis anterior muscles of recipient 

immunodeficient mice previously injured with freeze crush 47 one day before. For better 

comparison of untreated versus 3DA-treated geriatric satellite cells, engraftment of both 

conditions was performed within the same host mice, using one tibialis anterior muscle for 

untreated cells and the contralateral one for 3DA-treated satellite cells. Each muscle was 

engrafted with 10.000 cells. Investigators were not blinded to allocation and outcome 

assessment for the satellite cell transplantation experiment, as engraftment of both 

conditions were performed within the same host mice. Muscles were collected and 

processed for muscle histology 5 days after cells’ transplantation. For GFP labelling 

experiments, freshly isolated satellite cells from young or geriatric mice were treated with 
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vehicle or 3DA for 4 days, transduced with a GFP lentivirus (pCCLsin.PPT.hPGK.GFPpre, 

5.6x108 T.U./m), and engrafted into tibialis anterior muscles of recipient immunodeficient 

mice previously injured with freeze crush 47 one day before. Muscles were collected 6 days 

post engraftment and GFP+ fibers were analyzed.  

 
Muscle histology. Muscles were embedded in OCT solution (TissueTek, #4583), frozen in 

isopentane cooled with liquid nitrogen and stored at -80 °C until analysis. 10 μm muscle 

cryosections were collected and stained for SA-β-gal (AppliChem, #A1007,0001). The 

number of SA-βGal+ cells was quantified using Image J software. For GFP immunostaining, 

the muscle was prefixed 2 h in PFA 2% at 4ºC, embedded in sucrose 30% O/N at 4ºC, and 

then frozen in liquid nitrogen cooled-isopentane. 8-10 μm sections were collected from 

muscles and double immunostaining was performed as followed. Sections were air-dried, 

washed on PBS, and incubated with primary antibody according to the manufacturer’s 

instructions after blocking for 1 h at room temperature in a high protein-containing solution 

(goat serum) on PBS. Subsequently, the slides were washed on PBS and incubated with a 

secondary antibody and labeling dye and nuclei were stained with DAPI (Invitrogen). After 

washing, tissue sections were mounted with Fluoromount G (SouthernBiotech, 0100-01). 

Digital images were acquired using a Zeiss Cell Observer HS with 20x Air objective and a 

Zeiss AxioCam MrX camera. The acquisition was performed using Zeiss LSM software Zen. 

 

Two-third hepatectomy. 6-month-old female C57BL/6JInv mice were purchased from 

InVivos and further kept until 2-year-old. Mice were housed in BRC in SPF conditions under 

a 12 hour light / dark cycle with lights turn off at 7 pm and resume at 7 am. The animals were 

housed in individually ventilated cages with their temperature and humidity maintained at 

~21ºC and 60-65%rH. Two-thirds (partial) hepatectomy (2/3 PH) was performed on 2-year-

old C57Bl6/J wild type mice as described before 48. No statistical methods were used to 

predetermine sample sizes, but our sample sizes are similar to those reported in a previous 

publication 49. All animals were randomly allocated into carrier (n = 4) or treatment (n = 4) 

group but, for each experimental condition, one mouse did not survive the operation. 

Therefore the ‘day 2’ Ki67 analysis was carried out with three mice per group (n = 3). The 

histopathology analysis was performed at day 0 on paraffin sections and includes (n=4) per 

group. The gH2AX IF was performed at day 0 on frozen sections. There were issues with 

the integrity of the frozen sections of one of the 3DA-treated mice, so for the gH2AX IF, 
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carrier was (n = 4) and treatment (n = 3). The median, right, and caudate liver lobes were 

surgically removed (day 0 time point) while mice were under general isoflurane anesthesia. 

At 48 hours later, the remaining liver was collected and further analyzed. Microscopic 

analyses were performed using Observer Z1 microscope (Zeiss). Five high power fields 

were counted on two liver sections (from OCT embedded cryo-frozen tissue) from each 

mouse liver (20X, >200 counted cells per field). Histopathological evaluation of murine livers 

was performed on hematoxylin and eosin (H&E) stained paraffin sections by board-certified 

pathologists (Advanced Molecular Pathology Laboratory (AMPL) IMCB, & Biological 

Resource Centre (BRC) A*STAR, Singapore). The severity of changes, where applicable, 

was graded as follow: NAD – no abnormalities detected; Grade 1 – minimal; Grade 2 – mild; 

Grade 3 – moderate; Grade 4 – marked; Grade 5 – severe. Staining and counting were done 

in a blinded fashion, the investigator was not aware to which group the animal belonged. 

 

Isolation of cord blood-derived hematopoietic stem- and progenitor cells (HSPCs). To 

obtain CD34+ HSPCs, human male and female cord blood samples were acquired from 

healthy full-term pregnancies (Obstetrics Department at the Isala Hospital in Zwolle, the 

Netherlands) after informed consent, in accordance with the Declaration of Helsinki. CD34+ 

HSPCs were isolated as previously described 50. Briefly, CD34+ HSPCs cord blood was 

diluted 1:1 with PBS + 2mM EDTA + 0.5% v/v BSA (PBS/EDTA/BSA) and layered on 

Lymphoprep™ (Stem Cell Technologies, Cambridge, UK). After centrifugation for 20 

minutes at 800g, without brakes, the middle layer containing mononuclear cells was 

harvested. These cells were resuspended in PBS/EDTA/BSA and then centrifuged for 5 

minutes at 800g. Cell pellets were collected, washed with PBS/EDTA/BSA and centrifuged 

for 10 minutes at 200g. Immunomagnetic labeling and separation were performed according 

to the manufacturer's manual of the CD34 MicroBead Kit, human (Miltenyi Biotec, Bergisch 

Gladbach, Germany). 

 
Long-term culture initiating cell assay. CD34+ cells were sorted at limiting dilution directly 

into 96-well plates on a feeder layer of MS5 cells (DSMZ, ACC441) in Myelocult™ H5100 

(Stem Cell Technologies) supplemented with 10-6 M hydrocortisone (Stem Cell 

Technologies) and 1% v/v penicillin-streptomycin-glutamine (100X) (Gibco). Cells were 

cultured for 5 weeks with 10 µM 3DA or vehicle (DMSO), half-medium changes were 

performed weekly. After 5 weeks medium was replaced by Methocult H4335 (Stem Cell 

Technologies) and incubated for two further weeks at 37°C/5% CO2. Colony formation was 
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assessed by phase-contrast microscopy after seven weeks. The LTC-IC frequency of each 

experiment was calculated with ELDA software 51. 

 
Culture of cord blood-derived HSPCs. Cord blood-derived HSPCs were cultured in 

Stemspan (Stem Cell Technologies) supplemented with 1% v/v penicillin-streptomycin-

glutamine (100X) (Gibco) and the cytokines FLT3L, TPO and SCF (R&D Systems), all at a 

concentration of 100ng/mL. The cells were seeded at a starting density of 250.000 cells/mL 

and treated with 10 µM 3DA or vehicle (DMSO) at days 1, 4, and 7. Cells were cultured in a 

humidified atmosphere of 5% CO2 at 37°C. Cells were harvested and counted manually with 

a hemocytometer and trypan blue at day 9. These cells were analyzed by FACS and used 

for RNA-seq and xenotransplantation. The percentage of CD34+CD38+ cells was 

determined after blocking with Fc block (BD) for 10 minutes at room temperature and 

incubation with CD34+PE-Cy7 (BD, 348811) and CD38+FITC (BD, 555459) for 20-25 

minutes at 4°C in the dark. Afterward, cells were washed and resuspended with PBS+BSA 

0.2% containing a viability dye (PI).  Samples were analyzed on a FACSCanto II (BD). 

 

RNA-seq of human umbilical cord-blood cells. CD34+38- cells were obtained from cord 

blood cells (from 4 different donors: 338, 522, 535, 545) that have been treated for 9 days 

with DMSO (DMSO) or 10 µM 3DA, sorted using FACS, and subjected to RNAseq. The 

sequencing was conducted on an Ilumina NextSeq 500 system with 41 base pair paired-

end reads. Base calling was performed during the sequencing run by Real Time Analysis 

(RTA) v2.11.3 running under NextSeq 500 Control Software v4.0.2. CASAVA-2.17 was used 

for secondary analysis. 

 
Xenotransplantation. Mouse experiments were performed in line with international and 

national guidelines. All experiments were approved by the Institutional Animal Care and Use 

Committee of the University of Groningen (IACUC-RUG). Mice were kept in sterile 

conditions in individually ventilated filter-top cages at 20o C under 12 hours dark/light cycles. 

For all xenotransplantation studies we performed single cord transplantations of freshly 

isolated CD34+ cord blood cells into 2-3 mice per condition. Recipient mice were randomly 

assigned to an experimental group. Cord blood samples were selected that contained 

sufficient numbers of CD34+ cells to carry out the experiments. No statistical methods were 

used to pre-determine sample sizes but our sample sizes are similar to those reported 

previously 50. Female 10-25 weeks old NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice were 
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radiated three hours before transplantation with 1.8 Gy. In each experiment age of mice was 

balanced between the experimental and control group with a maximum difference of nine 

days. In total equivalents of 1.5x106 cells pre-treated for nine days with 3DA or the vehicle 

(DMSO) were transplanted per mouse via retro-orbital injection under general anesthesia. 

No animals were excluded from the analysis. Data collection and analysis were not 

performed blind to the conditions of the experiments.  

 
Bleeding and bone marrow analysis of xenotransplanted NSG mice. Beginning 6-

weeks after transplantation chimerism in peripheral blood was determined in 4-week 

intervals. Blood samples were taken under general anesthesia via retro-orbital bleeding. 

Mice were sacrificed between week 18 and 31 and dissected under general anesthesia after 

the end of the experiment or reaching the human endpoint of the experiment. Bones (femur, 

tibia, fibula, and pelvis) were collected and cleaned. Bones were crushed in the presence of 

PBS+0.2% PBS with a mortar and pestle. The obtained cell suspension was filtered through 

a 40 µm filter. Remaining erythrocytes were lysed with ammonium chloride. Cells were then 

washed two times with PBS+BSA 0.2%, pelleted by centrifugation, and resuspended in BV 

stain buffer (BD). Samples were incubated with Human Fc block (BD) and CD16/ CD32 

Mouse Fc block (BD) to prevent unspecific binding. After incubation for 10 minutes at room 

temperature antibody master mix was added and samples were incubated for 20-25 minutes 

at 4°C in the dark. The antibody mix contained CD3-APC-Cy7 (Biolegend, 344818), CD19-

PE (BD, 561741), CD33-BV421 (BD, 562854), CD45-APC (BD, 555485) for the bleedings, 

and for bone marrow analysis also CD38-FITC (BD, 555459), CD34-PE-Cy7 (BD, 348811) 

and CD90-BV605 (BD, 562685) (or CD38-BV605 (BD, 562665) and no CD90 for exp A and 

D). Afterwards, cells were washed and resuspended with PBS+BSA 0.2% containing a 

viability dye (PI). Samples were analyzed on an LSR II (BD) or FACSCanto II (BD).  

 
Flow cytometry analysis. All flow cytometry measurements were analyzed using FlowJo 

(version 7). Dead cells were excluded from the analysis by gating out lower forward scatter 

and high DAPI or propidium iodide-retaining cells. All statistical analyses were performed 

using Graphpad Prism Version 6 (GraphPad Software, La Jolla California USA,) or R (R 

Foundation for Statistical Computing, Vienna, Austria). Gating strategies are shown in 

Extended Data Fig 10 g-h. 
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RNA-seq analysis. RNA-Seq libraries were prepared from 30 ng of total RNA using the 

Nextera XT DNA sample preparation and dual indexing kits (Illumina) according to the 

manufacturer's protocol with a few modifications as previously described 43,52. Library quality 

was checked on a Bioanalyser HS DNA chip and concentrations were estimated by Qubit 

measurement. Libraries were pooled in equimolar quantities and sequenced on a 

Hiseq2500 using single end 50 bp reads. At least 20 million reads passing filter were 

achieved per sample. Sequencing reads from the RNA-Seq experiments were aligned to 

hg19 genome using Tophat v2.0.11 53 using parameters "--library-type fr-firststrand --b2-

very-sensitive --b2-L 25” and using known transcripts annotation from ensembl gene v72. 

Number of reads counts on exons were summarised using HTSeq v0.5.3p9 with "--

stranded=reverse” option and differentially expressed genes were identified using DESeq2 
54. Genes were ranked by fold change and Gene Set Enrichment Analysis was performed 

using GSEA v2.07 (Broad Institute) pre-ranked module. 

 

H3K36me3 histone modification ChIP-seq. A total of 1 × 107 cells were fixed in 1% 

formaldehyde for 15 min, quenched in 2 M glycine for an additional 5 min and pelleted by 

centrifugation at 425 x g, 4 °C for 4 min 55. For H3K36me3 histone modification ChIP-seq, 

nuclei were extracted in extraction buffer 2 (0.25 M sucrose, 10 mM Tris-HCl pH 8.0, 10 mM 

MgCl2, 1% Triton X-100 and proteinase inhibitor cocktail) on ice for 10 min followed by 

centrifugation at 3,000 × g at 4 °C for 10 min. The supernatant was removed and nuclei 

were resuspended in nuclei lysis buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 1% SDS 

and proteinase inhibitor cocktail). Sonication was performed using a Diagenode Picoruptor 

until the desired average fragment size (100–500 bp) was obtained. Soluble chromatin was 

obtained by centrifugation at 14,046 x g for 10 min at 4 °C, and chromatin was diluted 

tenfold. Immunoprecipitation was performed overnight at 4 °C with rotation using 1–2 × 106 

cell equivalents per immunoprecipitation using 5 μg antibody against H3K36me3 (D5A7, 

Cell Signaling Technology, 4909). Subsequently, 30 μl of Ultralink Resin (Thermo Fisher 

Scientific) was added and allowed to tumble for 4 h at 4 °C. The resin was pelleted by 

centrifugation and washed three times in low-salt buffer (150 mM NaCl, 0.1% SDS, 1% 

Triton X-100, 20 mM EDTA, 20 mM Tris-HCl pH 8.0), one time in high-salt buffer (500 mM 

NaCl, 0.1% SDS, 1% Triton X-100, 20 mM EDTA, 20 mM Tris-HCl pH 8.0), two times in 

lithium chloride buffer (250 mM LiCl, 1% IGEPAL CA-630, 15 sodium deoxycholate, 1 mM 

EDTA, 10 mM Tris-HCl pH 8.0) and two times in TE buffer (10 mM Tris-HCl, 1 mM EDTA). 
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DNA was recovered by mixing the decrosslinked supernatant with 2.2×SPRI beads followed 

by 4 min of incubation at room temperature. SPRI beads were washed twice in 80% ethanol, 

allowed to dry, and DNA was eluted in 35 μl of 10 mM Tris-Cl pH 8.0. Libraries were 

constructed using the Accel-NGS 2S Plus DNA Library Kit (#21024) according to the 

manufacturer!s instructions. Libraries were amplified for 12 cycles. Libraries were then 

resuspended in 20 μl of low EDTA–TE buffer and quality controlled in an Agilent 

Technologies 4200 Tapestation (G2991-90001) and quantified using an Invitrogen Qubit DS 

DNA HS Assay kit (Q32854). Libraries were sequenced using an Illumina High-Seq 2500. 

Typically, 30–50 million reads were required for downstream analyses.  

 

ChIP-seq analysis. Reads were cleaned and trimmed using fastq-mcf from the ea-utils suite 

v1.1.2 to remove adapters, low quality bases and reads, and discard reads shorter than 25 

bp after filtering. Reads were then aligned to the human reference genome (hg19) with 

bowtie v1.1.1 using best matches parameters (bowtie -v 2 -m 1 --best --strata). Alignment 

files were further processed with samtools v1.2 and PicardTools v1.130 to flag PCR and 

optical duplicates and remove alignments located in Encode blacklisted regions. Fragment 

size was estimated in silico for each library using spp v1.10.1. Genome-wide consistency 

between replicates was checked using custom R scripts. Enriched regions were identified 

for each replicate independently with MACS v2.1.0 with non-IPed genomic DNA as a control 

(macs2 callpeak --nomodel --shiftsize --shift-control --gsize hs -p 1e-1). These relaxed peak 

lists were then processed through the irreproducible discovery rate (IDR) pipeline to 

generate an optimal and reproducible set of peaks for each histone modification and each 

time point. After assessing library saturation using preseqR, alignment and peak data were 

imported and pre-processed in R using the DiffBind package. We counted the number of 

reads mapping inside the global set of IDR reproducible peaks for each condition and for 

each replicate. The raw count matrix was then normalized for sequencing depth using a 

non-linear full quantile normalization as implemented in the EDASeq package. To remove 

sources of unwanted variation and consider batch effects, data were finally corrected with 

the RUVSeq package. Differential analyses for count data were performed using edgeR 

considering condition and batch in the design matrix, by fitting a negative binomial 

generalized log-linear model to the read counts for each peak. Peaks were finally annotated 

using ChIPpeakAnno considering annotations provided by Ensembl v86. For combined 
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ChIP-seq/RNA-seq analysis, RNA-seq reads were assigned to genes using featureCounts 

from Rsubread package. The count matrix was processed as previously described for the 

ChiP-seq data. Statistical analyses was also performed as described for ChIP-seq data. 
 

Statistical analysis. GraphPad Prism 8 was used for statistical analysis. Data distribution 

was assumed to be normal but this was not formally tested. Two-tailed, unpaired, Student’s 

t-tests were used to estimate statistically significant differences between two groups. Two-

way analysis of variance (ANOVA) with Tukey’s post-hoc comparison was used for multiple 

comparisons. Values are presented as mean ± s.d. unless otherwise indicated.  

For the cord blood in vivo studies, mice were stratified to treatment groups based on age 

and cage. All four experiments in the present study represent separate cord blood samples 

from which cells from each condition were transplanted into 2-3 mice, all replicates indicate 

individual mice. Mice with engraftment <1% were not included in further analysis.  

 

Reporting summary. Further information on research design is available in the Nature 

Research Reporting Summary linked to this article. 
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FIGURE LEGENDS 
 
Figure 1. Screen for drugs alleviating senescence identifies 3-deazaadenosine (3DA). 
a, Screen in a model of oncogene-induced senescence. Representative 

immunofluorescence images (top). BrdU incorporation, which indicates proliferation, is 

stained green. TGF-b RI kinase inhibitor II is included as a positive control. Scale bar, 100 

µm. Experimental design for the screen in oncogene-induced senescence using inducible 

IMR90 ER:RAS cells (bottom). b, BrdU raw values for the screen were normalized using the 

B score method. 3DA is highlighted in red. c, Screen in a model of senescence induced by 

telomere uncapping. Representative immunofluorescence images (top). BrdU incorporation, 

which indicates proliferation, is stained green. Scale bar, 100 µm. Experimental design for 

the screen in IMR90 tet-TRF2△B△M cells (bottom). d, BrdU raw values for the screen were 

normalized using the B score method. 3DA is highlighted in red. e, Summary of the screens 

for drugs alleviating senescence. Venn diagrams (not to scale) show number of drugs 

passing the filters and overlap between replicative and oncogene-induced senescence. f, 
Quantification of immunofluorescence staining for BrdU of IMR90 ER:RAS cells 4 days after 

treatment with 4OHT or vehicle (DMSO) and the 9 senescence inhibitors validated in the 

screen in both senescence models (n = 3). g, Quantification of immunofluorescence staining 

for BrdU of IMR90 tet-TRF2△B△M cells 3 days after treatment with doxycycline or vehicle 

(DMSO) and the 9 senescence inhibitors validated in the screen in both senescence models 

(n = 3). All statistical significances were calculated using one-way ANOVA. All error bars 

represent mean ± s.d; n represents independent experiments.  

 
Figure 2. Treatment with 3-deazaadenosine attenuates replicative and oncogene-
induced senescence. a, Left, quantification of immunofluorescence staining for BrdU of 

IMR90 tet-TRF2△B△M cells 3 days after treatment with doxycycline or vehicle (DMSO) and 

increasing concentrations of 3DA (n = 4). The statistical significance was calculated using 

one-way ANOVA. Right, representative immunofluorescence images. BrdU incorporation, 

which indicates proliferation, is stained in red. Scale bar, 100 µm. b, Left, quantification of 

immunofluorescence staining for BrdU in young (population doubling (PD) 24) versus old 

(PD ~38-44) IMR90 cells after treatment with 10 µM 3DA or vehicle (DMSO) (n = 3). The 

statistical significance was calculated using unpaired two-tailed t-tests. Right, crystal violet-

stained, young and old IMR90 cells treated with 3DA or vehicle (DMSO). Images are a 
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representative experiment out of 3. c, Left, quantification of immunofluorescence staining 

for BrdU of IMR90 ER:RAS cells 4 days after treatment with 4OHT or vehicle (DMSO) and 

increasing concentrations of 3DA (n = 4). The statistical significance was calculated using 

one-way ANOVA. Right, crystal violet-stained, six-well dishes of IMR90 ER:RAS cells 

treated with 3DA or vehicle (DMSO). Images are a representative experiment out of 3. d, 

Left, representative images of SA-b-Galactosidase staining of IMR90 ER:RAS cells 8 days 

after treatment with 4OHT or vehicle (DMSO) and 3DA; right, quantification (n = 3). The 

statistical significance was calculated using one-way ANOVA. Scale bar, 100 µm. e, Single-

cell nuclear intensity values for p16INK4a in control and senescent IMR90 ER:RAS cells 

treated with 10 µM 3DA or vehicle (DMSO) for 6 days in a representative experiment out of 

4 (n = 200 cells per condition). The statistical significance was calculated using unpaired 

two-tailed t-test. All error bars represent mean ± s.d; n represents independent experiments. 

 
Figure 3. AHCY knockdown attenuates replicative and oncogene-induced 
senescence. a, Left, crystal violet-stained, old (PD ~40-44) IMR90 cells infected with 

different pGIPZ shRNAs against AHCY, TP53 or the parental pGIPZ vector. Images are 

from a representative experiment out of 3. Right, quantification of immunofluorescence 

staining for BrdU incorporation in cells from the same experiment (n = 3). b, Left, 

representative images of SA-b-Galactosidase staining. Scale bar, 100 µm; right, 

quantification (n = 3). c, Quantification of cells expressing p16INK4a as measured by IF (n = 

4). d, Left, crystal violet-stained, cultures of IMR90 ER:RAS cells infected with different 

pGIPZ shRNAs against AHCY, TP53 or the parental pGIPZ vector. Images are a 

representative experiment out of 3. Right, quantification of immunofluorescence staining for 

BrdU of cells from the same experiment (n = 5). e, Left, representative images of SA-b-

Galactosidase staining. Scale bar, 100 µm; right, quantification (n = 3). f, Left, experimental 

design for transcriptional profiling of IMR90 ER:RAS cells infected with two different pGIPZ 

shRNAs against AHCY or the parental pGIPZ vector. Right, GSEA signatures for oncogene-

induced senescence and SASP. All statistical significances were calculated using one-way 

ANOVA. All error bars represent mean ± s.d; n represents independent experiments.  

 
Figure 4. 3DA treatment affects histone H3 K36 methylation during OIS. a, Immunoblots 

of histones extracted from IMR90 ER:RAS cells after 4OHT induction and treatment with 10 

µM 3DA or vehicle (DMSO). Immunoblot of Histone H3 is included as a sample processing 
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control. Immunoblots are a representative experiment out of three. b, Left, representative 

immunofluorescence images of H3K36me3 staining (red) in IMR90 ER:RAS cells 4 days 

after 4OHT induction. Cells were treated with 10 µM 3DA or vehicle (DMSO). Scale bar, 100 

µm; right, quantification (n = 5). Statistical significances were calculated using one-way 

ANOVA. Error bars represent mean ± s.d; n represents independent experiments. c, 
Experimental design for transcriptional profiling of IMR90 ER:RAS cells 6 days after after 

4OHT induction and treatment with 10 µM 3DA or vehicle (DMSO). d, Fold-fold plot 

comparing fold change in gene expression and ChIP-seq signal in 4OHT versus DMSO 

treatment. e, Fold-fold plot comparing fold change in gene expression and ChIP-seq signal 

in 3DA versus 4OHT treatment. The Pearson’s product-moment correlation R and the 

associated p-value are reported in d and e. f, Heatmap depicting the level of H3K36me3 

ChIP-seq signal (Z-score) and the expression level of the closest / overlapping genes (Z-

score) for peaks defined as differential between DMSO + OHT vs DMSO, or 3DA + OHT vs 

DMSO. ChIP-seq data were partitioned into five modules using k-mean clustering. Example 

genes are displayed on the right side for each module. g, Functional over-representation 

map depicting enriched hallmark genesets for each module. Circles are colour coded 

according to the FDR-corrected p-values based on the hypergeometric test. Size is 

proportional to the percentage of genes in the hallmark gene set belonging to the cluster. h-
i, Representative genome browser snapshots showing H3K36me3 normalized signal at 

IL1B (module 2, h) and CDK1 (module 4, i) gene loci for DMSO (orange), DMSO + 4OHT 

(green) and 3DA + 4OHT (violet) conditions. Data are expressed as normalized counts per 

million reads (CPM) in 200bp non-overlapping windows.  

 
Figure 5. Interfering with H3K36 methyltransferases affects senescence induction. a, 

Eight different methyltransferases - NSD1, NSD2, NSD3, ASH1L, SETD2, SETD3, SMYD2, 

SETMAR - are involved in the sequence leading to histone H3 tri-methylation at lysine 36. 

b, Quantification of immunofluorescence staining for H3K36me3 7 days after vehicle 

(DMSO) or 4OHT induction of IMR90 ER:RAS cells infected with different pGIPZ shRNAs 

against NSD2, NSD3, SMYD2, AHCY or the parental pGIPZ vector (n = 3). Treatment with 

3DA was included as positive control. c, Quantification of immunofluorescence staining for 

BrdU 4 days after vehicle (DMSO) or 4OHT induction from the experiment described in b (n 

= 5 except for SMYD2 n = 3). d, Representative immunofluorescence images of H3K36me3 

staining (red). Scale bar, 50 µm. Quantification is shown in b. e, Crystal violet-stained, 10 
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cm dishes of IMR90 ER:RAS from the experiment described in b. All statistical significances 

were calculated using one-way ANOVA. All error bars represent mean ± s.d; n represents 

independent experiments.  
 

 
Figure 6. 3DA enhances the proliferative and engraftment potential of geriatric 
satellite cells in conditions of muscle damage.  
a, Experimental design. Satellite cells isolated from muscles of young (2-3 months, n = 5) 

versus geriatric (28-31 months, n = 7) mice and were cultured for 7 days. Cells were treated 

with 10 µM 3DA during 6 days or with 100 ng/ml rapamycin for 2 days as indicated. Results 

from these experiments are shown in this figure and Extended Data Fig. 8a-d. Quantification 

of SA-b-Galactosidase staining and expression levels for mouse Ink4a mRNA (encoding for 

p16Ink4a) are shown. b, Experimental design. Equal numbers of satellite cells isolated from 

young and geriatric mice, previously treated with 3DA, rapamycin or vehicle, were stained 

with Dil, and transplanted into pre-injured muscle of recipient immunodeficient mice for 5 

days. Representative images of Dil+ cells in cryosections of tibialis anterior muscle after 5 

days of engraftment (arrows indicate Dil+ cells) and quantification of Dil+ cells (n = 4 for 

young; n=5 for geriatric) are shown. c, Experimental design. Equal numbers of satellite cells, 

freshly isolated from young and geriatric mice, were treated with 3DA or vehicle, transduced 

with GFP lentivirus, and transplanted into the pre-injured muscle of the recipient 

immunodeficient mice for 6 days. Representative images of GFP+ fibers in cryosections of 

tibialis anterior muscle after 6 days of engraftment and quantification of cross-sectional area 

(CSA) and the number of GFP+ fibers (n = 4 mice per group). Statistical significances were 

calculated using two-tailed paired t test for geriatric versus geriatric 3DA (Fig 6b) and two-

tailed unpaired t test for the rest of the graphs. All error bars represent mean ± s.d; n 

represents number of mice. Scale bars 20 µm. This figure was partly generated using 

Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 

3.0 unported license. 

 

Figure 7. 3-deaazadenosine improves the engraftment of umbilical cord blood cells. 
a, Frequency of long-term culture initiating cells of cord blood-derived CD34+ cells upon 

treatment with 10 µM 3DA or the vehicle (DMSO). The number of cells that needed to be 

plated for one LTC- IC to develop is indicated. Identically coloured circles indicate paired 
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experimental and control samples that originate from the same cord. Statistical significance 

was determined using two-tailed Wilcoxon matched-pairs signed rank test (n = 8 

independent experiments). b, Experimental design for the cord blood RNA-seq experiment. 

c, GSEA signature for oxidative stress-induced senescence. d, GSEA signature for Hay 

bone marrow CD34+ hematopoietic stem cells (HSC). e, Experimental design for the cord 

blood transplant experiment. f, Cord blood derived human hematopoietic stem and 

progenitor (CD34+) cells were treated at day 1, 4 and 7 with 10 µM 3DA or DMSO and 

analysed before xenotransplantation at day nine. Changes in cell surface markers CD34 

and CD38 were analyzed by flowcytometry. The percentage of CD34+CD38- cells is shown.  

Data are represented as mean ± SD. g, 1.5x106 cells from the experiment described in c. 

were transplanted into NSG mice. The engraftment of human (CD45+) cells in peripheral 

blood is significantly higher in the 3DA treated group. Data are represented as mean. For f 
and g, each shape (open cicle, closed circle, star, square or triangle) represents a different 

cord blood sample. Each shape is the average of 2-3 mice transplanted with that cord blood 

sample (n = 4 independent cord blood samples). Statistical significance was determined 

using two-tailed pared t test. 
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Urapidil, 5-Methyl-

MTEP hydrochloride 

ML-9

Proglumide

Levallorphan tartrate

p-MPPF dihydrochloride

Ketanserin tartrate

Chlormethiazole hydrochloride

Sulindac

2-Chloroadenosine

(±)-Thalidomide

Sulfaphenazole

Cefazolin sodium

(±)-Methoxyverapamil hydrochloride

Betaine hydrochloride

3-Morpholinosydnonimine hydrochloride

Rhodblock 6 

CR 2249

Morin

6-Hydroxy-DL-DOPA

Tyrphostin AG 112

2,3-Butanedione

EGTA

S-Methyl-L-thiocitrulline acetate

Chlorothiazide

S-Methylisothiourea hemisulfate

CGS-15943

SP600125

Isoliquiritigenin

Disopyramide

R(-)-Apocodeine hydrochloride

Ketoprofen

YS-035 hydrochloride

Thioridazine hydrochloride

Triamterene

alpha-Lobeline hydrochloride

PD 0325901 

Trimipramine maleate

(±)-Propranolol hydrochloride

Cirazoline hydrochloride

D-Serine

PD-180970 

Naltrindole hydrochloride

Sulindac sulfone

BWB70C

3-Amino-1-propanesulfonic acid sodium

BTO-1

1-Allyl-3,7-dimethyl-8-p-sulfophenylxanthine

Metolazone

SANT-1

A-315456

Nortriptyline hydrochloride

2-Chloroadenosine triphosphate tetrasodium

Paliperidone

L-azetidine-2-carboxylic acid

N2-Ethyl-2'-deoxyguanosine  

Lidocaine hydrochloride

Doxepin hydrochloride

Perphenazine

Aminoguanidine hemisulfate

Acetylsalicylic acid

5-azacytidine

Valproic acid sodium

L-alpha-Methyl-p-tyrosine

Orphenadrine hydrochloride

Caffeic Acid

3-Nitropropionic acid

L-Cysteinesulfinic Acid

UK 14,304

1-Methylhistamine dihydrochloride

Alloxazine

Forskolin

DMH4 

Nitisinone

(-)-Physostigmine

KRM-III

4-(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride

Noscapine hydrchloride

Imiloxan hydrochloride

Cytidine 5'-diphosphocholine sodium salt hydrate

(±)-alpha-Lipoic Acid

Tirofiban hydrochloride monohydrate 

Mianserin hydrochloride

R(-)-2,10,11-Trihydroxy-N-propylnoraporphine hydrobromide

loxoprofen

Molsidomine

Cyclophosphamide monohydrate

Gemcitabine hydrochloride 

Tyrphostin AG 538

Biperiden hydrochloride

Cyclothiazide

Cilostamide

Promethazine hydrochloride

Ganciclovir

R-(-)-Desmethyldeprenyl hydrochloride

Tomoxetine

Icilin

B-HT 933 dihydrochloride

PD 169316

Carmofur

Staurosporine aglycone

S(-)-Timolol maleate

N-(2-[4-(4-Chlorophenyl)piperazin-1-yl]ethyl)-3-methoxybenzamide

PD-156707  

Glipizide

Nomifensine maleate

Trovafloxacin mesylate 

CB 1954

DL-alpha-Methyl-p-tyrosine

(+/-)-Anisodamine 

8-Bromo-cAMP sodium

4-Aminopyridine

Trihexyphenidyl hydrochloride

Idarubicin

(±)-gamma-Vinyl GABA

GYKI 52466 hydrochloride

Piperlongumine

LE 300

L2-b

Atropine methyl bromide

4-DAMP 

Pentylenetetrazole

Fluphenazine dihydrochloride

LY-310,762 hydrochloride

CGS-21680 hydrochloride

4-Hydroxy-3-methoxyphenylacetic acid

Tetraethylammonium chloride

L-2-aminoadipic acid

2-Methylthioadenosine triphosphate tetrasodium

Quinolinic acid

Brequinar sodium salt hydrate 

Naloxone hydrochloride

(±)-Sotalol hydrochloride

SR 59230A oxalate

L-798106

(±)-Butaclamol hydrochloride

CP-471474  

Adenosine

4-Amino-1,8-naphthalimide

Memantine hydrochloride

2-Cyclooctyl-2-hydroxyethylamine hydrochloride

GR 79236X

Esomeprazole magnesium dihydrate

5-Fluoroindole-2-carboxylic acid

Melatonin

ZD 7114 hydrochloride 

Tiapride hydrochloride

Aminophylline ethylenediamine

Pilocarpine nitrate

Wiskostatin

Progesterone

Bendamustine hydrochloride  

Protriptyline hydrochloride

3-n-Propylxanthine

(-)-Eseroline fumarate

p-Benzoquinone

Voriconazole

Reactive Blue 2

(+)-Catechin Hydrate

Artemether 

BW 723C86

(2S,1'S,2'S)-2-(carboxycyclopropyl)glycine

Bisoprolol hemifumarate salt

(±)-Sulpiride

1-Phenyl-3-(2-thiazolyl)-2-thiourea

Vinpocetine

Benidipine hydrochloride 

Psora-4

p-Fluoro-L-phenylalanine

Pyridostigmine bromide

Alaproclate hydrochloride

Betaxolol hydrochloride

Oxaprozin

Anisotropine methyl bromide

JW74 

(+)-MK-801 hydrogen maleate

Amisulpride

CGS-12066A maleate

Iodoacetamide

Tyrphostin 51

Epinastine hydrochloride

Quinine sulfate

Olomoucine

(-)-Scopolamine hydrobromide

 SC-236 

Tyrphostin AG 879

N,N,N',N'-Tetramethylazodicarboxamide

Tamoxifen citrate

5,5-Diphenylhydantoin

ML-7

7-Nitroindazole

Guanabenz acetate

Decamethonium dibromide

Phenylbenzene-omega-phosphono-alpha-amino acid

(+)-Bromocriptine methanesulfonate

Lercanidipine hydrochloride hemihydrate

Fenoldopam bromide

Iproniazid phosphate

erythro-9-(2-Hydroxy-3-nonyl)adenine hydrochloride

1-(2-Chlorophenyl)-1-(4-chlorophenyl)-2,2-dichloroethane

Azelaic acid

ATPO

Lidocaine N-ethyl bromide quaternary salt

Arcaine sulfate

Acetamide

S-(p-Azidophenacyl)glutathione

Benztropine mesylate

Tamoxifen

CGP 20712A methanesulfonate

DAPH

(-)-cis-(1S,2R)-U-50488 tartrate

2-Hydroxysaclofen

Imipramine hydrochloride

DPO-1

Lansoprazole

GR-89696 fumarate

Benzamil hydrochloride

(±) trans-U-50488 methanesulfonate

N-Acetylprocainamide hydrochloride

Carboplatin

Altretamine

Epibestatin hydrochloride

PF-431396 hydrate 

Oxotremorine sesquifumarate salt

Nilutamide

Eletriptan hydrobromide 

Antozoline hydrochloride

L-Buthionine-sulfoximine

Arecaidine propargyl ester hydrobromide

Succinylcholine chloride

AA-861

Org 24598 lithium salt

Dextromethorphan hydrobromide monohydrate

N-p-Tosyl-L-phenylalanine chloromethyl ketone

Ziprasidone hydrochloride monohydrate

Fluoxetine hydrochloride

Ro 90-7501

Aprindine hydrochloride

LP 12 hydrochloride hydrate

BP 897

Tolazamide

Oxolinic acid

N-Ethylmaleimide

Eliprodil

17alpha-hydroxyprogesterone

Trifluperidol hydrochloride

Ebastine

Resveratrol

Indirubin-3'-oxime

GBR-12935 dihydrochloride

CGP-13501

Aminopterin

PAPP

Amitriptyline hydrochloride

Ritanserin

Nordihydroguaiaretic acid from Larrea divaricata (creosote bush)

Azathioprine

U-73343

2,3-Butanedione monoxime

GW9662

Rutaecarpine

U-62066

GR 113808

Propofol

E-64

Promazine hydrochloride

Amoxapine

Idazoxan hydrochloride

Bepridil hydrochloride

Moclobemide

Prochlorperazine dimaleate

Quipazine, 6-nitro-, maleate

IMID-4F hydrochloride

Bay 11-7085

WIN 62,577

7-Chloro-4-hydroxy-2-phenyl-1,8-naphthyridine

Pirenperone

Ancitabine hydrochloride

Amiodarone hydrochloride

5-Bromo-2'-deoxyuridine

Sandoz 58-035

Varenicline tartrate

L-alpha-Methyl DOPA

N-Acetyl-L-Cysteine

SR 27897 hydrate 

Phenelzine sulfate

R(-)-Propylnorapomorphine hydrochloride

Daphnetin

S-(-)-Eticlopride hydrochloride

Hydroquinone

Pseudocantharidin C

Auranofin

Loperamide hydrochloride

CGP-7930

L-Glutamine

Ciproxifan hydrochloride

S-Ethylisothiourea hydrobromide

Mecamylamine hydrochloride

GR 55562 dihydrobromide

Ammonium pyrrolidinedithiocarbamate

GW7647

3,4-Dihydroxyphenylacetic acid

3'-Azido-3'-deoxythymidine

(±)-Nipecotic acid

L-687,384 hydrochloride

AC-93253 iodide

Propionylpromazine hydrochloride

KB-R7493 

(-)-MK-801 hydrogen maleate

Loratadine

(±)-Chloro-APB hydrobromide

Pentamidine isethionate

Tyrphostin AG 835

TNP

Tetraethylthiuram disulfide

Vincristine sulfate

Cephalothin sodium

DL-erythro-Dihydrosphingosine

Histamine dihydrochloride

Riluzole

Myricetin

Pifithrin-mu

L-741,626

Amantadine hydrochloride

Mevastatin

S-(4-Nitrobenzyl)-6-thioinosine

Chlorpromazine hydrochloride

PAC-1

Quercetin dihydrate

SB 242084 dihydrochloride hydrate

SKF 83959 hydrobromide

Phorbol 12-myristate 13-acetate

Thapsigargin

Isotharine mesylate

SKF 95282 dimaleate

Propafenone hydrochloride

A-68930 hydrochloride

Fluvoxamine maleate

Naltriben methanesulfonate

Protoporphyrin IX disodium

NSC 95397

Dilazep hydrochloride

rac BHFF 

PD-184161

Pimozide

(±)-SKF-38393 hydrochloride

U-101958 maleate

L-703,606 oxalate salt hydrate

Amsacrine hydrochloride

S-(-)-Carbidopa

2,6-Difluoro-4-[2-(phenylsulfonylamino)ethylthio]phenoxyacetamide

LY-367,265

Papaverine hydrochloride

Famciclovir  

Chlorprothixene hydrochloride

Norcantharidin

DL-Buthionine-[S,R]-sulfoximine

Triflupromazine hydrochloride

Danazol

ANA-12 

Chloroquine diphosphate

1,10-Phenanthroline monohydrate

CP-335963

Fiduxosin hydrochloride

(+)-Butaclamol hydrochloride

2-methoxyestradiol

Ketoconazole

Brefeldin A from Penicillium brefeldianum

Quinacrine dihydrochloride

CPNQ

Pyrocatechol

Metergoline

BIO

5-(N,N-hexamethylene)amiloride

Auraptene

Clomipramine hydrochloride

Nocodazole

Capsazepine

Ellipticine

CP-135807  

Bay 11-7082

Paroxetine hydrochloride hemihydrate (MW = 374.83)

Sertraline hydrochloride

Spiperone hydrochloride

Phentolamine mesylate

5-Fluorouracil

Indinavir sulfate salt hydrate

Cantharidin

MNS

Domperidone

Tyrphostin AG 1478

SB-525334

CGP-74514A hydrochloride

Parthenolide

2,3-Dimethoxy-1,4-naphthoquinone

Metrazoline oxalate

Lometrexol hydrate 

Raloxifene hydrochloride

MG 624

LP44

beta-Lapachone

GW5074

A-77636 hydrochloride

Hispidin

Cyclobenzaprine hydrochloride

Phenserine

AMG 9810

GR 127935 hydrochloride hydrate

Dequalinium chloride hydrate

SC-51089 hydrate  

Tegafur

Mibefradil dihydrochloride

(±)-SKF 38393, N-allyl-, hydrobromide

GW2974

L-3,4-Dihydroxyphenylalanine methyl ester hydrochloride

(S)-(+)-Camptothecin

(±)-6-Chloro-PB hydrobromide

(±)-8-Hydroxy-DPAT hydrobromide

Colchicine

IC 261

N-Methyldopamine hydrochloride

Rotenone

Fluspirilene

CIQ

SKF-89145 hydrobromide

Desipramine hydrochloride

Podophyllotoxin

Mitoxantrone

Cantharidic Acid

Benserazide hydrochloride

Terfenadine

Gossypol

Aurothioglucose

cDPCP  

Ivermectin

Rottlerin

Vinblastine sulfate salt

5-fluoro-5'-deoxyuridine

N-Oleoyldopamine

Indatraline hydrochloride

5-(N-Ethyl-N-isopropyl)amiloride

Clemastine fumarate

Calcimycin

Chelerythrine chloride

Hexahydro-sila-difenidol hydrochloride, p-fluoro analog

NU2058

JS-K

Caffeic acid phenethyl ester

NNC 55-0396

Sanguinarine chloride

Dopamine hydrochloride

Dihydroouabain

Methoctramine tetrahydrochloride

Cytosine-1-beta-D-arabinofuranoside hydrochloride

Niclosamide

Etoposide

Apomorphine hydrochloride hemihydrate

Methiothepin mesylate

Calmidazolium chloride

GBR-12909 dihydrochloride

Celecoxib 

Haloperidol

Sivelestat sodium salt hydrate  

N-Methylhistaprodifen dioxalate salt

Maprotiline hydrochloride

Ouabain

EBPC 

CP-66713  

Emetine dihydrochloride hydrate

Bisdemethoxycurcumin 

JFD00244
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LOPAC (1,280 compounds)

3-deazaadenosine

CP-64434 hydrate  

Nelfinavir mesylate hydrate

SU 6656

Donitriptan monohydrochloride 

BIX 01294 trihydrochloride hydrate

Reserpine

TBBz

3-deazaadenosine

Doxycycline hydrochloride

Y-27632 dihydrochloride

Hydrocortisone

6,7-ADTN hydrobromide

SB 216763

SNC80

AGK2

IPA-3

Dofetilide

Felodipine

UCL 2077

CP-380736  

(6R)-5,6,7,8-Tetrahydro-L-biopterin hydrochloride

Demeclocycline hydrochloride

PD 98,059

Emodin

TTNPB

R(+)-Butylindazone

Loxiglumide

Fenoterol hydrobromide

Brinzolamide 

Methysergide maleate

Metolazone

N-Desmethylclozapine

NS 2028

TBB

Naratriptan hydrochloride

AMN082

Clozapine

Centrophenoxine hydrochloride

Flutamide

7,8-Dihydroxyflavone hydrate

N-Methyl-beta-carboline-3-carboxamide

Actinonin

Cortexolone

SMER28

Corticosterone

Cetirizine dihydrochloride

JX401

Rizatriptan benzoate salt 

Naftopidil dihydrochloride

Triamcinolone

Chloro-IB-MECA

SB 222200

(±)-Isoproterenol hydrochloride

Trimethoprim

Bestatin hydrochloride

D-609 potassium

Ranolazine dihydrochloride

AS605240

Fenofibrate

Terbutaline hemisulfate

GW9508

beta-Estradiol

Lonidamine

N6-Cyclohexyladenosine

5-(N,N-Dimethyl)amiloride hydrochloride

SB 206553 hydrochloride

Albuterol hemisulfate

CI-976

(-)-trans-(1S,2S)-U-50488 hydrochloride

Tulobuterol hydrochloride

Etodolac

H-8 dihydrochloride

Glybenclamide

(±)-CPP

Diphenyleneiodonium chloride

SQ 22536

1-(5-Isoquinolinylsulfonyl)-2-methylpiperazine dihydrochloride

2',3'-didehydro-3'-deoxythymidine

Leflunomide

SIB 1757

3-Morpholinosydnonimine hydrochloride

(±)-2,3-Dichloro-alpha-methylbenzylamine hydrochloride

Beclomethasone

1,3,5-tris(4-hydroxyphenyl)-4-propyl-1H-pyrazole

Nialamide

SU 5416

Budesonide

Tetrahydrozoline hydrochloride

Fosmidomycin sodium salt hydrate 

NG-Monomethyl-L-arginine acetate

5alpha-Pregnan-3alpha-ol-11,20-dione

Fusaric acid

Theobromine

Pindolol

Phenamil methanesulfonate

Triprolidine hydrochloride

(±)-Normetanephrine hydrochloride

4-Hydroxyphenethylamine hydrochloride

N-Methyl-D-aspartic acid

G15

Diazoxide

(-)-Scopolamine,n-Butyl-, bromide

Stevioside

Trequinsin hydrochloride

Pargyline hydrochloride

Tetracaine hydrochloride

LY-294,002 hydrochloride

(±)-AMT hydrochloride

(±)-CGP-12177A hydrochloride

(±)-Brompheniramine maleate

Etazolate hydrochloride

NS8593 hydrochloride

Spironolactone

Droxinostat

Picotamide

6-Nitroso-1,2-benzopyrone

Apigenin

N-Phenylanthranilic acid

Hexamethonium dichloride

(±)-cis-Piperidine-2,3-dicarboxylic acid

Bromoacetyl alprenolol menthane

Roscovitine

AS-252424

Bethanechol chloride

Phenylephrine hydrochloride

Mephetyl tetrazole

L-732,138

Trandolapril

PK 11195

IMS2186

Hypotaurine

5-Aminovaleric acid hydrochloride

S-Nitroso-N-acetylpenicillamine

(±)-2-Amino-5-phosphonopentanoic acid

5'-N-Ethylcarboxamidoadenosine

Supercinnamaldehyde

Tetradecylthioacetic acid

Mifamurtide

Tyrphostin 1

NO-711 hydrochloride

(+)-Chlorpheniramine maleate

(±)-threo-1-Phenyl-2-decanoylamino-3-morpholino-1-propanol hydrochloride

cis-4-Aminocrotonic acid

NADPH tetrasodium

CNS-1102

p-Iodoclonidine hydrochloride

Chelidamic acid

Xylazine hydrochloride

Yohimbine hydrochloride

Z-L-Phe chloromethyl ketone

Pinacidil

OBAA

BLI-489 hydrate 

Phaclofen

(S)-Propranolol hydrochloride

S-(+)-PD 123177 trifluoroacetate salt hydrate

Phosphoramidon disodium

Allopurinol

N-Bromoacetamide

(±)-Metoprolol (+)-tartrate

N-omega-Methyl-5-hydroxytryptamine oxalate salt

(-)-Isoproterenol hydrochloride

SC 19220

Olvanil

Thio-NADP sodium

(±)-Baclofen

Fulvestrant

CP-100263 dihydrochloride hydrate  

O6-benzylguanine

Tetraisopropyl pyrophosphoramide

Agomelatine 

Acetyl-beta-methylcholine chloride

3-Tropanyl-indole-3-carboxylate hydrochloride

6-Methyl-2-(phenylethynyl)pyridine hydrochloride

Kenpaullone

5-Hydroxy-L-tryptophan

Fusidic acid sodium

Clodronic acid

NS-1619

Cinoxacin

2-Chloro-2-deoxy-D-glucose

L(-)-Norepinephrine bitartrate

(±)-p-Aminoglutethimide

(±)-Octoclothepin maleate

6-Methoxy-1,2,3,4-tetrahydro-9H-pyrido[3,4b] indole

Oxybutynin Chloride

SB 204741

R(-)-N6-(2-Phenylisopropyl)adenosine

S-Nitrosoglutathione

N-Methyl-1-deoxynojirimycin

Wortmannin from Penicillium funiculosum

Candesartan cilexetil 

Gabaculine hydrochloride

S15535

Benoxathian hydrochloride

Eupatorin

(±)-HA-966

L-Canavanine sulfate

Cyproterone acetate

6-Aminohexanoic acid

Clofibrate

8-(p-Sulfophenyl)theophylline

BMS-299897

1,3-Dipropyl-8-p-sulfophenylxanthine

Amiloride hydrochloride

AB-MECA

Dantrolene sodium

(±)-2-Amino-4-phosphonobutyric acid

Metaproterenol hemisulfate

Mitiglinide calcium 

U0126

Opipramol dihydrochloride

Semicarbazide hydrochloride

Doxazosin mesylate

SCH-28080

(+)-Cyclazocine

MDL 28170

L-655,708

CCT007093

Loxapine succinate

1-[2-(Trifluoromethyl)phenyl]imidazole

Genipin

Furafylline

Disopyramide phosphate

L-Aspartic acid

BNTX maleate salt hydrate 

U-69593

(+)-Brompheniramine maleate

Hydrochlorothiazide

Alfuzosin hydrochloride

P1,P4-Di(adenosine-5')tetraphosphate triammonium

NF 023

L-allylglycine

S-(+)-Fluoxetine hydrochloride

5-Nitro-2-(3-phenylpropylamino)benzoic acid

(+)-Hydrastine

CP-100356 monohydrochloride 

Diltiazem hydrochloride

Cyclosporin A

CX 546

Rolipram

Cibenzoline succinate

1-Methylimidazole

Ibudilast

Ro 04-6790 dihydrochloride

CP-101537

3-Aminopropionitrile fumarate

Ruthenium red

(S)-MAP4 hydrochloride

2-Phenylaminoadenosine

PD173952

Tryptamine hydrochloride

Ritodrine hydrochloride

R(-)-Me5

1,7-Dimethylxanthine

Bosutinib 

Ro 20-1724

Minoxidil

Formoterol

Nemadipine-A

Chlorzoxazone

Gabapentin

Naltrexone hydrochloride

Cortisone

Ribavirin

Theophylline

Zofenopril calcium

3-Bromo-7-nitroindazole

Furosemide

R(-)-Isoproterenol (+)-bitartrate

Quinelorane dihydrochloride

Atropine sulfate

Mifepristone

Phosphomycin disodium

SR 142948A 

GABA

Aminobenztropine

PPADS

SB 205384

Bumetanide

Citalopram hydrobromide

(±)-Taxifolin

1-(4-Chlorobenzyl)-5-methoxy-2-methylindole-3-acetic acid

Prazosin hydrochloride

Paromomycin sulfate

Tetramisole hydrochloride

Alprenolol hydrochloride

(-)-Naproxen sodium

Phenylbutazone

Efaroxan hydrochloride

3-Aminopropylphosphonic acid

Mizoribine

VER-3323 hemifumarate salt

Naphazoline hydrochloride

4-DAMP methiodide

(±)-Ibuprofen

N-Acetyl-5-hydroxytryptamine

13-cis-retinoic acid

Betaine aldehyde chloride

5-hydroxydecanoic acid sodium

Cephradine

SB 269970 hydrochloride

Lorglumide sodium

(±)-alpha-Methyl-4-carboxyphenylglycine

Argatroban monohydrate 

Ipratropium bromide

Meloxicam sodium

Chlorpropamide

R-(+)-8-Hydroxy-DPAT hydrobromide

(-)-Cotinine

AEG 3482 

(E)-4-amino-2-butenoic acid

(+)-Quisqualic acid

Palmitoyl-DL-Carnitine chloride

RX 821002 hydrochloride

Nefiracetam

SCH-202676 hydrobromide

5alpha-Pregnan-3alpha-ol-20-one

ONO-RS-082 

(±)-Atenolol

S(+)-Ibuprofen

1,1-Dimethyl-4-phenyl-piperazinium iodide

MK-912

N-Oleoylethanolamine

Pirenzepine dihydrochloride

McN-A-343

Carvedilol

Uridine 5'-diphosphate sodium

(-)-Scopolamine methyl bromide

S(-)-p-Bromotetramisole oxalate

R(-)-2,10,11-Trihydroxyaporphine hybrobromide

N-(3,3-Diphenylpropyl)glycinamide

Aminoguanidine hydrochloride

10058-F4

IB-MECA

Cortisone 21-acetate

L-Histidine hydrochloride

5-Carboxamidotryptamine maleate

Tolbutamide

1-(1-Naphthyl)piperazine hydrochloride

Tazarotene

Cisplatin

L-745,870 hydrochloride

L-Hyoscyamine

CP-346086 dihydrate

Moxonidine hydrochloride

Quazinone

N,N-Dihexyl-2-(4-fluorophenyl)indole-3-acetamide

Phenytoin sodium

Telenzepine dihydrochloride

Picrotoxin

Bicalutamide (CDX)

1,4-Dideoxy-1,4-imino-D-arabinitol

R(+)-SCH-23390 hydrochloride

Diphenhydramine hydrochloride

CP-31398 dihydrochloride hydrate  

(±)-Epinephrine hydrochloride

Doxylamine succinate

T0070907

8-Cyclopentyl-1,3-dipropylxanthine

O-Phospho-L-serine

Cephalosporin C zinc salt

cis(+/-)-8-OH-PBZI hydrobromide

1,5-Isoquinolinediol

Cimetidine

Carbamazepine

Carbachol

Ibandronate sodium

Clonidine hydrochloride

Edrophonium chloride

Isoguvacine hydrochloride

PMEG hydrate

Temsirolimus

Tropicamide

Dicyclomine hydrochloride

Cefsulodin sodium salt hydrate

8-Cyclopentyl-1,3-dimethylxanthine

S(+)-Raclopride L-tartrate

MHPG piperazine

3-Isobutyl-1-methylxanthine

L-162,313

Cilnidipine

Urapidil hydrochloride

Lomefloxacin hydrochloride

Ro 61-8048

Cefmetazole sodium

Acepromazine maleate

MRS 1523

L-Cycloserine

PNU-282987

Ro 41-0960

Bropirimine

RepSox

(±)-Octopamine hydrochloride

alpha-Methyl-DL-tyrosine methyl ester hydrochloride

NS5806

Hydralazine hydrochloride

NAN-190 hydrobromide

Sodium Taurocholate hydrate

Triflusal

Ropinirole hydrochloride

(±)-Verapamil hydrochloride

Piracetam

PRE-084

Betamethasone

FAUC 213

Phosphonoacetic acid

Buspirone hydrochloride

Cambinol

Stattic

Cilostazol

SDZ-205,557 hydrochloride

Nalidixic acid sodium

Muscimol hydrobromide

L-Tryptophan

R-(+)-7-Hydroxy-DPAT hydrobromide

4-Amidinophenylmethanesulfonyl fluoride hydrochloride

Dihydroergotamine methanesulfonate

U-99194A maleate

3-Tropanylindole-3-carboxylate methiodide

(±)-Bay K 8644

Trifluoperazine dihydrochloride

D-ribofuranosylbenzimidazole

Captopril

(±)-Synephrine

Gallamine triethiodide

L-Arginine

ODQ

Ara-G hydrate

Meclofenamic acid sodium

NG-Nitro-L-arginine

5,7-Dichlorokynurenic acid

1-(2-Methoxyphenyl)piperazine hydrochloride

Acyclovir

Genistein

Methoxamine hydrochloride

NBI 27914

3,5-Dinitrocatechol

6-Hydroxymelatonin

L-165,041

L-Mimosine from Koa hoale seeds

Carbetapentane citrate

Valganciclovir hydrochloride hydrate 

Tocainide hydrochloride

Pentoxifylline

ICI 63,137

Topotecan hydrochloride hydrate

Amifostine

3,4-Dichloroisocoumarin

Piroxicam

Bezafibrate

ABT-418 hydrochloride

ARL 67156 trisodium salt

L-Glutamic acid, N-phthaloyl-

TPMPA

SB 200646 hydrochloride

Piribedil maleate

Diethylenetriaminepentaacetic acid

MK-886

Cefaclor

Flumazenil

Milrinone

PD-166285 hydrate  

(±)-7-Hydroxy-DPAT hydrobromide

Harmane

BIA 2-093

BU224 hydrochloride

Cefotaxime sodium

Levetiracetam

Nitrendipine

Daidzein

Ketotifen fumarate

Nimodipine

Dihydrocapsaicin

Diacylglycerol Kinase Inhibitor II

1,10-Diaminodecane

1-(m-Chlorophenyl)-biguanide hydrochloride

Olanzapine 

Retinoic acid

Retinoic acid p-hydroxyanilide

R(+)-IAA-94

Steviol

DCEBIO

1-Phenylbiguanide

Fexofenadine hydrochloride

Pheniramine maleate

L-701,324

Clorgyline hydrochloride

Neostigmine bromide

BW 284c51

R(+)-3PPP hydrochloride

(±)-Norepinephrine (+)bitartrate

MRS 2159

TMPH hydrochloride

Histamine, R(-)-alpha-methyl-, dihydrochloride

Linezolid

5-Hydroxyindolacetic acid

Thioperamide maleate

SR-95531

L-Canavanine

Rufinamide

Minocycline hydrochloride

Imperatorin

ICI 204,448 hydrochloride

Ganaxolone

Serotonin hydrochloride

(-)-alpha-Methylnorepinephrine

N6-2-(4-Aminophenyl)ethyladenosine

PF-573228  

Fenobam

2,2'-Bipyridyl

(±)-Vesamicol hydrochloride

(-)-Quinpirole hydrochloride

8-Bromo-cGMP sodium

Procaine hydrochloride

CP-93129 dihydrochloride hydrate

Atorvastatin calcium salt trihydrate

(-)-Perillic acid

Prilocaine hydrochloride

Tyrphostin 47

TCPOBOP

SKF 86466

Pergolide methanesulfonate

AIDA

Iofetamine hydrochloride

Pirfenidone

PHA 767491 hydrochloride 

Agmatine sulfate

DBO-83

Tetrabenazine

Metoclopramide hydrochloride

(S)-3,5-Dihydroxyphenylglycine

(+)-Pilocarpine hydrochloride

Spermine tetrahydrochloride

Pentolinium di[L(+)-tartrate]

PD-166866  

Sepiapterin

SB-215505

Quinidine sulfate

GANT61

Guanidinyl-naltrindole di-trifluoroacetate

trans-(±)-ACPD

2',3'-dideoxycytidine

cis-(Z)-Flupenthixol dihydrochloride

DL-alpha-Difluoromethylornithine hydrochloride

Phloretin

(-)-Sulpiride

TG003

Acetylthiocholine chloride

Dihydrokainic acid

Bupropion hydrochloride

CP-154526 hydrochloride 

Kainic acid

BAY 61-3606 hydrochloride hydrate

Ifenprodil tartrate

Acetazolamide

Hexamethonium bromide

SC-57461A

alpha,beta-Methylene adenosine 5'-triphosphate dilithium

Na-p-Tosyl-L-lysine chloromethyl ketone hydrochloride

Methylergonovine maleate

Tizanidine hydrochloride

Oxymetazoline hydrochloride

7-Cyclopentyl-5-(4-phenoxy)phenyl-7H-pyrrolo[2,3-d]pyrimidin-4-ylamine

9-Amino-1,2,3,4-tetrahydroacridine hydrochloride

8-(3-Chlorostyryl)caffeine

4-Imidazoleacrylic acid

Ethopropazine hydrochloride

Enoximone

Dipropyldopamine hydrobromide

Tranilast

alpha-Methyl-5-hydroxytryptamine maleate

FSCPX

Suramin sodium salt

gamma-Acetylinic GABA

Sodium Oxamate

Bexarotene

YC-1

L-Beta-threo-benzyl-aspartate

THIP hydrochloride

AC-55649

Trazodone hydrochloride

Pramipexole dihydrochloride 

L-Glutamic acid hydrochloride

Hydroxylamine hydrochloride

DFB

(-)-Tetramisole hydrochloride

Debrisoquin sulfate

N^G,N^G-Dimethylarginine hydrochloride

Nicardipine hydrochloride

S(-)-3PPP hydrochloride

ZM 39923 hydrochloride

X80

TMB-8 hydrochloride

Astaxanthin

L-Dopa ethyl ester 

(-)-Scopolamine methyl nitrate

HEMADO

Sematilide monohydrochloride monohydrate

Zoledronic acid monohydrate 

Olprinone hydrochloride

Tranylcypromine hydrochloride

Vancomycin hydrochloride from Streptomyces orientalis

Cystamine dihydrochloride

Imidazole-4-acetic acid hydrochloride

Caffeine

Tyrphostin 23

NCS-382

Adenosine 3',5'-cyclic monophosphate

BRL 54443 maleate

O-Methylserotonin hydrochloride

Bromoacetylcholine bromide

Nisoxetine hydrochloride

Sorbinil 

Propantheline bromide

Nimustine hydrochloride

2,4-Diamino-6-pyrimidinone

BRL 37344 sodium

Benazoline oxalate

Sobuzoxane

DL-Thiorphan

Choline bromide

(±)-AMPA hydrobromide

ET-18-OCH3

3-(1H-Imidazol-4-yl)propyl di(p-fluorophenyl)methyl ether hydrochloride

4-Methylpyrazole hydrochloride

Pyrazinecarboxamide

Benzamidine hydrochloride

Niflumic acid

SIB 1893

D(-)-2-Amino-5-phosphonopentanoic acid

Lamotrigine

5HPP-33  

Furegrelate sodium

Rilmenidine hemifumarate

WAY-100635 maleate

Ranitidine hydrochloride

Arecoline hydrobromide

(±)-2-Amino-3-phosphonopropionic acid

5,5-Dimethyl-1-pyrroline-N-oxide

Cysteamine hydrochloride

1-Aminocyclopropanecarboxylic acid hydrochloride

NG-Nitro-L-arginine methyl ester hydrochloride

L-Methionine sulfoximine

DL-p-Chlorophenylalanine methyl ester hydrochloride

Caroverine hydrochloride

Zaprinast

Zimelidine dihydrochloride

Imetit dihydrobromide

Isoxanthopterin

Aurintricarboxylic acid

Cephalexin hydrate

3-alpha,21-Dihydroxy-5-alpha-pregnan-20-one

Ketorolac tris salt

(±)-p-Chlorophenylalanine

U-74389G maleate

L-DOPS 

Cyproheptadine hydrochloride

Kynurenic acid

BMY 7378 dihydrochloride

Indomethacin

CNQX disodium

Nimesulide

O-(Carboxymethyl)hydroxylamine hemihydrochloride

Benzamide

Hydroxyurea

DNQX

L-N6-(1-Iminoethyl)lysine hydrochloride

SB 202190

Sunitinib malate 

ML 10302

DL-threo-beta-hydroxyaspartic acid

CBIQ

(-)-Epinephrine bitartrate

Maraviroc

BF-170 hydrochloride

Nifedipine

Rauwolscine hydrochloride

Hemicholinium-3

Labetalol hydrochloride

1-Amino-1-cyclohexanecarboxylic acid hydrochloride

SU 4312

L-3,4-Dihydroxyphenylalanine

p-Aminoclonidine hydrochloride

Diclofenac sodium

Ceftriaxone sodium

PHA-543613  

Nylidrin hydrochloride

DL-Cycloserine

4-Aminobenzamidine dihydrochloride

Imazodan

Lumefantrine  

Linopirdine

Guvacine hydrochloride

PD 168,077 maleate

ATPA

Vanillic acid diethylamide

Primidone

Methotrexate hydrate

Flupirtine maleate

3,7-Dimethyl-1-propargylxanthine

Mexiletene hydrochloride

DL-Homatropine hydrobromide

A3 hydrochloride

FPL 64176

Gisadenafil besylate salt 

SCH 58261

Felbamate

Lithium Chloride

(±)-Muscarine chloride

Putrescine dihydrochloride

Taurine

Acetohexamide

Clotrimazole

Estrone

CyPPA

BRL 50481 

Carmustine

XCT790

3-Iodo-L-tyrosine

PD-161570 

NBQX disodium

Oxiracetam

(+)-Norfenfluramine hydrochloride

N6-Cyclopentyladenosine

2-Methyl-5-hydroxytryptamine maleate

Famotidine

Flunarizine dihydrochloride

(±)-PPHT hydrochloride

WB-4101 hydrochloride

PF-4708671  

8-Methoxymethyl-3-isobutyl-1-methylxanthine

Avridine

1,3-Dimethyl-8-phenylxanthine

Fenspiride hydrochloride

S(-)-Atenolol

D-Cycloserine

(±)-Vanillylmandelic acid

SC-58125  

Clemizole hydrochloride

SC-51322  

Moxisylyte hydrochloride

PD-407824

Molindone hydrochloride

Xylometazoline hydrochloride

Ciprofibrate

Ofloxacin

Granisetron hydrochloride

Oxotremorine methiodide

Ro 8-4304

Dipyridamole

Pancuronium bromide

Ethosuximide

CP-226269

Imipenem monohydrate

BMS-193885

Atropine methyl nitrate

SB 415286

Spermidine trihydrochloride

Aconitine

m-Iodobenzylguanidine hemisulfate

Azithromycin dihydrate

Procainamide hydrochloride

Droperidol

Eprosartan mesylate

(±)-3-(3,4-dihydroxyphenyl)-2-methyl-DL-alanine

Oleic Acid

Isonipecotic acid

4-Imidazolemethanol hydrochloride

Zonisamide sodium

4-Hydroxybenzhydrazide

SKF-525A hydrochloride

Venlafaxine hydrochloride

Ro 25-6981 hydrochloride

10058-F4

7,7-Dimethyl-(5Z,8Z)-eicosadienoic acid

1-Deoxynojirimycin hydrochloride

Enalaprilat dihydrate  

N-Acetyltryptamine

Dobutamine hydrochloride

BTCP hydrochloride

9-cyclopentyladenine

YM 976

Pregnenolone sulfate sodium

PF 3845 hydrate 

8-(4-Chlorophenylthio)-cAMP sodium

(±)-Chlorpheniramine maleate

DM 235

Pyrilamine maleate

K114

Aniracetam

Sildenafil citrate salt

Cinnarizine

1,3-Dipropyl-7-methylxanthine

Chlormezanone

Piceatannol

S(-)-Pindolol

6(5H)-Phenanthridinone

2-(Methylthio)adenosine 5'-diphosphate trisodium salt hydrate

R(+)-6-Bromo-APB hydrobromide

SB-366791

2-(2-Aminoethyl)isothiourea dihydrobromide

Methapyrilene hydrochloride

CP-91149

IRAK-1/4 Inhibitor I

N-(4-Amino-2-chlorophenyl)phthalimide

Praziquantel

K 185

Dolasetron mesylate hydrate 

Urapidil, 5-Methyl-

MTEP hydrochloride 

ML-9

Proglumide

Levallorphan tartrate

p-MPPF dihydrochloride

Ketanserin tartrate

Chlormethiazole hydrochloride

Sulindac

2-Chloroadenosine

(±)-Thalidomide

Sulfaphenazole

Cefazolin sodium

(±)-Methoxyverapamil hydrochloride

Betaine hydrochloride

3-Morpholinosydnonimine hydrochloride

Rhodblock 6 

CR 2249

Morin

6-Hydroxy-DL-DOPA

Tyrphostin AG 112

2,3-Butanedione

EGTA

S-Methyl-L-thiocitrulline acetate

Chlorothiazide

S-Methylisothiourea hemisulfate

CGS-15943

SP600125

Isoliquiritigenin

Disopyramide

R(-)-Apocodeine hydrochloride

Ketoprofen

YS-035 hydrochloride

Thioridazine hydrochloride

Triamterene

alpha-Lobeline hydrochloride

PD 0325901 

Trimipramine maleate

(±)-Propranolol hydrochloride

Cirazoline hydrochloride

D-Serine

PD-180970 

Naltrindole hydrochloride

Sulindac sulfone

BWB70C

3-Amino-1-propanesulfonic acid sodium

BTO-1

1-Allyl-3,7-dimethyl-8-p-sulfophenylxanthine

Metolazone

SANT-1

A-315456

Nortriptyline hydrochloride

2-Chloroadenosine triphosphate tetrasodium

Paliperidone

L-azetidine-2-carboxylic acid

N2-Ethyl-2'-deoxyguanosine  

Lidocaine hydrochloride

Doxepin hydrochloride

Perphenazine

Aminoguanidine hemisulfate

Acetylsalicylic acid

5-azacytidine

Valproic acid sodium

L-alpha-Methyl-p-tyrosine

Orphenadrine hydrochloride

Caffeic Acid

3-Nitropropionic acid

L-Cysteinesulfinic Acid

UK 14,304

1-Methylhistamine dihydrochloride

Alloxazine

Forskolin

DMH4 

Nitisinone

(-)-Physostigmine

KRM-III

4-(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride

Noscapine hydrchloride

Imiloxan hydrochloride

Cytidine 5'-diphosphocholine sodium salt hydrate

(±)-alpha-Lipoic Acid

Tirofiban hydrochloride monohydrate 

Mianserin hydrochloride

R(-)-2,10,11-Trihydroxy-N-propylnoraporphine hydrobromide

loxoprofen

Molsidomine

Cyclophosphamide monohydrate

Gemcitabine hydrochloride 

Tyrphostin AG 538

Biperiden hydrochloride

Cyclothiazide

Cilostamide

Promethazine hydrochloride

Ganciclovir

R-(-)-Desmethyldeprenyl hydrochloride

Tomoxetine

Icilin

B-HT 933 dihydrochloride

PD 169316

Carmofur

Staurosporine aglycone

S(-)-Timolol maleate

N-(2-[4-(4-Chlorophenyl)piperazin-1-yl]ethyl)-3-methoxybenzamide

PD-156707  

Glipizide

Nomifensine maleate

Trovafloxacin mesylate 

CB 1954

DL-alpha-Methyl-p-tyrosine

(+/-)-Anisodamine 

8-Bromo-cAMP sodium

4-Aminopyridine

Trihexyphenidyl hydrochloride

Idarubicin

(±)-gamma-Vinyl GABA

GYKI 52466 hydrochloride

Piperlongumine

LE 300

L2-b

Atropine methyl bromide

4-DAMP 

Pentylenetetrazole

Fluphenazine dihydrochloride

LY-310,762 hydrochloride

CGS-21680 hydrochloride

4-Hydroxy-3-methoxyphenylacetic acid

Tetraethylammonium chloride

L-2-aminoadipic acid

2-Methylthioadenosine triphosphate tetrasodium

Quinolinic acid

Brequinar sodium salt hydrate 

Naloxone hydrochloride

(±)-Sotalol hydrochloride

SR 59230A oxalate

L-798106

(±)-Butaclamol hydrochloride

CP-471474  

Adenosine

4-Amino-1,8-naphthalimide

Memantine hydrochloride

2-Cyclooctyl-2-hydroxyethylamine hydrochloride

GR 79236X

Esomeprazole magnesium dihydrate

5-Fluoroindole-2-carboxylic acid

Melatonin

ZD 7114 hydrochloride 

Tiapride hydrochloride

Aminophylline ethylenediamine

Pilocarpine nitrate

Wiskostatin

Progesterone

Bendamustine hydrochloride  

Protriptyline hydrochloride

3-n-Propylxanthine

(-)-Eseroline fumarate

p-Benzoquinone

Voriconazole

Reactive Blue 2

(+)-Catechin Hydrate

Artemether 

BW 723C86

(2S,1'S,2'S)-2-(carboxycyclopropyl)glycine

Bisoprolol hemifumarate salt

(±)-Sulpiride

1-Phenyl-3-(2-thiazolyl)-2-thiourea

Vinpocetine

Benidipine hydrochloride 

Psora-4

p-Fluoro-L-phenylalanine

Pyridostigmine bromide

Alaproclate hydrochloride

Betaxolol hydrochloride

Oxaprozin

Anisotropine methyl bromide

JW74 

(+)-MK-801 hydrogen maleate

Amisulpride

CGS-12066A maleate

Iodoacetamide

Tyrphostin 51

Epinastine hydrochloride

Quinine sulfate

Olomoucine

(-)-Scopolamine hydrobromide

 SC-236 

Tyrphostin AG 879

N,N,N',N'-Tetramethylazodicarboxamide

Tamoxifen citrate

5,5-Diphenylhydantoin

ML-7

7-Nitroindazole

Guanabenz acetate

Decamethonium dibromide

Phenylbenzene-omega-phosphono-alpha-amino acid

(+)-Bromocriptine methanesulfonate

Lercanidipine hydrochloride hemihydrate

Fenoldopam bromide

Iproniazid phosphate

erythro-9-(2-Hydroxy-3-nonyl)adenine hydrochloride

1-(2-Chlorophenyl)-1-(4-chlorophenyl)-2,2-dichloroethane

Azelaic acid

ATPO

Lidocaine N-ethyl bromide quaternary salt

Arcaine sulfate

Acetamide

S-(p-Azidophenacyl)glutathione

Benztropine mesylate

Tamoxifen

CGP 20712A methanesulfonate

DAPH

(-)-cis-(1S,2R)-U-50488 tartrate

2-Hydroxysaclofen

Imipramine hydrochloride

DPO-1

Lansoprazole

GR-89696 fumarate

Benzamil hydrochloride

(±) trans-U-50488 methanesulfonate

N-Acetylprocainamide hydrochloride

Carboplatin

Altretamine

Epibestatin hydrochloride

PF-431396 hydrate 

Oxotremorine sesquifumarate salt

Nilutamide

Eletriptan hydrobromide 

Antozoline hydrochloride

L-Buthionine-sulfoximine

Arecaidine propargyl ester hydrobromide

Succinylcholine chloride

AA-861

Org 24598 lithium salt

Dextromethorphan hydrobromide monohydrate

N-p-Tosyl-L-phenylalanine chloromethyl ketone

Ziprasidone hydrochloride monohydrate

Fluoxetine hydrochloride

Ro 90-7501

Aprindine hydrochloride

LP 12 hydrochloride hydrate

BP 897

Tolazamide

Oxolinic acid

N-Ethylmaleimide

Eliprodil

17alpha-hydroxyprogesterone

Trifluperidol hydrochloride

Ebastine

Resveratrol

Indirubin-3'-oxime

GBR-12935 dihydrochloride

CGP-13501

Aminopterin

PAPP

Amitriptyline hydrochloride

Ritanserin

Nordihydroguaiaretic acid from Larrea divaricata (creosote bush)

Azathioprine

U-73343

2,3-Butanedione monoxime

GW9662

Rutaecarpine

U-62066

GR 113808

Propofol

E-64

Promazine hydrochloride

Amoxapine

Idazoxan hydrochloride

Bepridil hydrochloride

Moclobemide

Prochlorperazine dimaleate

Quipazine, 6-nitro-, maleate

IMID-4F hydrochloride

Bay 11-7085

WIN 62,577

7-Chloro-4-hydroxy-2-phenyl-1,8-naphthyridine

Pirenperone

Ancitabine hydrochloride

Amiodarone hydrochloride

5-Bromo-2'-deoxyuridine

Sandoz 58-035

Varenicline tartrate

L-alpha-Methyl DOPA

N-Acetyl-L-Cysteine

SR 27897 hydrate 

Phenelzine sulfate

R(-)-Propylnorapomorphine hydrochloride

Daphnetin

S-(-)-Eticlopride hydrochloride

Hydroquinone

Pseudocantharidin C

Auranofin

Loperamide hydrochloride

CGP-7930

L-Glutamine

Ciproxifan hydrochloride

S-Ethylisothiourea hydrobromide

Mecamylamine hydrochloride

GR 55562 dihydrobromide

Ammonium pyrrolidinedithiocarbamate

GW7647

3,4-Dihydroxyphenylacetic acid

3'-Azido-3'-deoxythymidine

(±)-Nipecotic acid

L-687,384 hydrochloride

AC-93253 iodide

Propionylpromazine hydrochloride

KB-R7493 

(-)-MK-801 hydrogen maleate

Loratadine

(±)-Chloro-APB hydrobromide

Pentamidine isethionate

Tyrphostin AG 835

TNP

Tetraethylthiuram disulfide

Vincristine sulfate

Cephalothin sodium

DL-erythro-Dihydrosphingosine

Histamine dihydrochloride

Riluzole

Myricetin

Pifithrin-mu

L-741,626

Amantadine hydrochloride

Mevastatin

S-(4-Nitrobenzyl)-6-thioinosine

Chlorpromazine hydrochloride

PAC-1

Quercetin dihydrate

SB 242084 dihydrochloride hydrate

SKF 83959 hydrobromide

Phorbol 12-myristate 13-acetate

Thapsigargin

Isotharine mesylate

SKF 95282 dimaleate

Propafenone hydrochloride

A-68930 hydrochloride

Fluvoxamine maleate

Naltriben methanesulfonate

Protoporphyrin IX disodium

NSC 95397

Dilazep hydrochloride

rac BHFF 

PD-184161

Pimozide

(±)-SKF-38393 hydrochloride

U-101958 maleate

L-703,606 oxalate salt hydrate

Amsacrine hydrochloride

S-(-)-Carbidopa

2,6-Difluoro-4-[2-(phenylsulfonylamino)ethylthio]phenoxyacetamide

LY-367,265

Papaverine hydrochloride

Famciclovir  

Chlorprothixene hydrochloride

Norcantharidin

DL-Buthionine-[S,R]-sulfoximine

Triflupromazine hydrochloride

Danazol

ANA-12 

Chloroquine diphosphate

1,10-Phenanthroline monohydrate

CP-335963

Fiduxosin hydrochloride

(+)-Butaclamol hydrochloride

2-methoxyestradiol

Ketoconazole

Brefeldin A from Penicillium brefeldianum

Quinacrine dihydrochloride

CPNQ

Pyrocatechol

Metergoline

BIO

5-(N,N-hexamethylene)amiloride

Auraptene

Clomipramine hydrochloride

Nocodazole

Capsazepine

Ellipticine

CP-135807  

Bay 11-7082

Paroxetine hydrochloride hemihydrate (MW = 374.83)

Sertraline hydrochloride

Spiperone hydrochloride

Phentolamine mesylate

5-Fluorouracil

Indinavir sulfate salt hydrate

Cantharidin

MNS

Domperidone

Tyrphostin AG 1478

SB-525334

CGP-74514A hydrochloride

Parthenolide

2,3-Dimethoxy-1,4-naphthoquinone

Metrazoline oxalate

Lometrexol hydrate 

Raloxifene hydrochloride

MG 624

LP44

beta-Lapachone

GW5074

A-77636 hydrochloride

Hispidin

Cyclobenzaprine hydrochloride

Phenserine

AMG 9810

GR 127935 hydrochloride hydrate

Dequalinium chloride hydrate

SC-51089 hydrate  

Tegafur

Mibefradil dihydrochloride

(±)-SKF 38393, N-allyl-, hydrobromide

GW2974

L-3,4-Dihydroxyphenylalanine methyl ester hydrochloride

(S)-(+)-Camptothecin

(±)-6-Chloro-PB hydrobromide

(±)-8-Hydroxy-DPAT hydrobromide

Colchicine

IC 261

N-Methyldopamine hydrochloride

Rotenone

Fluspirilene

CIQ

SKF-89145 hydrobromide

Desipramine hydrochloride

Podophyllotoxin

Mitoxantrone

Cantharidic Acid

Benserazide hydrochloride

Terfenadine

Gossypol

Aurothioglucose

cDPCP  

Ivermectin

Rottlerin

Vinblastine sulfate salt

5-fluoro-5'-deoxyuridine

N-Oleoyldopamine

Indatraline hydrochloride

5-(N-Ethyl-N-isopropyl)amiloride

Clemastine fumarate

Calcimycin

Chelerythrine chloride

Hexahydro-sila-difenidol hydrochloride, p-fluoro analog

NU2058

JS-K

Caffeic acid phenethyl ester

NNC 55-0396

Sanguinarine chloride

Dopamine hydrochloride

Dihydroouabain

Methoctramine tetrahydrochloride

Cytosine-1-beta-D-arabinofuranoside hydrochloride

Niclosamide

Etoposide

Apomorphine hydrochloride hemihydrate
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In vitro treatment of cord blood derived CD34+ cells with 10uM 3DA for nine 
days leads a significantly higher percentage of CD34+CD38- cells
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Cord blood derived human hematopoietic stem and progenitor (CD34+) cells treated at day 1, 4 and 7 with
10uM 3DA or DMSO (the solvent) transplanted into NSG mice at a dose of 1,5 milj cells/mouse. 
(A) Engraftment of human (CD45+) cells in peripheral blood is significantly higher in the 3DA treated group, 
(B) the percentage of CD34+CD38‐ cells among the human (CD45+) does not differ. 
Each shape represents an experiment derived from the same cord blood sample, each dot represents 2‐3 
transplanted mice. Different cord blood samples were used for the independent experiments. 
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