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Abstract 

Despite their biological importance, the role of stem cells in human aging remains to be 

elucidated. In this work, we applied a machine learning methodology to GTEx 

transcriptome data and assigned stemness scores to 17,382 healthy samples from 30 

human tissues aged between 20 and 79 years. We found that ~60% of the studied tissues 

present a significant negative correlation between the subject's age and stemness score. 

The only significant exception to this pattern was the uterus, where we observed an 

increased stemness with age. Moreover, we observed a global trend of positive 

correlations between cell proliferation and stemness. When analyzing the tissues 

individually, we found that ~50% of human tissues present a positive correlation 

between stemness and proliferation and 20% a negative correlation. Furthermore, all our 

analyses show negative correlations between stemness and cellular senescence, with 

significant results in ~80% of the tissues analyzed. Finally, we also observed a trend 

that hematopoietic stem cells derived from old patients might have more stemness. In 

short, we assigned stemness scores to human samples and show evidence of a pan-tissue 

loss of stemness during human aging, which adds weight to the idea that stem cell 

deterioration contributes to human ageing. 
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Main text: 

Although the aging process is the leading cause of human mortality and morbidity 

associated with several diseases, scientists still debate its causes and mechanisms (1, 2). 

Among the biological pathways associated with aging, we can highlight stem cell 

exhaustion, which basically describes that during normal aging, the decrease in the 

number or activity of these cells contributes to physiological dysfunctions in aged 

tissues (3). This concept is reinforced by the fact that aging is associated with reduced 

tissue renewal and repair at advanced ages (4). Moreover, longevity manipulations in 

mice often affect growth and cell division, which has been hypothesized to relate to 

stem cells (5). 

Despite its importance, in vivo detection and quantification of stem cells is still 

challenging, which makes it difficult to study its association with aging, especially in 

humans (6). In this context, detecting stemness-associated expression signatures is a 

promising strategy for studying stem cell biology. Stemness is defined as the molecular 

processes that characterize the fundamental properties of stem cells for the generation of 

daughter cells and self-renewal, and although it is a concept widely used in oncology, it 

has been little studied in gerontology. (7, 8, 9). 

In this study, we applied a machine learning method to detect stemness signatures from 

transcriptome data of healthy human tissues. To do this, we first downloaded expression 

data of 17,382 samples, divided into 30 tissues aged between 20 and 79 years, from 

GTEx in transcripts per million (TPM) (10). After that, we followed step by step the 

methodology created by Malta et al. and assigned a stemness score to all GTEx samples 

(8). Briefly, the stemness score varies from 0 (lowest stemness of the samples) to 1 

(highest stemness of the samples), and this methodology went through rigorous 

validation steps by Malta et al., including tests in several datasets from tumor and non-

tumor samples. All the data generated are in supplementary table 1 and include the 

stemness score and clinical data from GTEx.    

First, in Figure 1A, we show the distribution of stemness in the 27 human tissues with at 

least 50 samples. We notice that the highest stemness scores are in testicles and blood, 

which are known to have a higher number of stem cells (11, 12). We also see that the 

highest stemness scores are below 0.7, and this is because values above that are in EBV-

transformed lymphocytes samples and not present in the graph. 
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Then, we analyzed the relationship between the stemness and aging. In Figure 1B, we 

have a heatmap of the correlation coefficient (Pearson correlation test followed by 

Benjamini-Hochberg correction) between stemness score and age, and in Figure 1C, we 

show the linear trend of the same variables. We observe a pan-tissue loss of stemness in 

most tissues studied, with the only significant exception being the uterus. Interestingly, 

our group previously showed that the uterus also tends to behave differently concerning 

cellular senescence and gene expression patterns during aging (13, 14). 

To explore potential mechanisms, we associated stemness with cell proliferation and 

senescence, two processes associated with aging. We investigated the association 

between stemness and cell proliferation by downloading the gene expression (in TPM) 

of the proliferation marker MKI67 and correlated it with the stemness score of the 

samples. Figure 2A shows the correlation between stemness and proliferation in all  

GTEx samples (Pearson’s correlation test). Figure 2B shows a heatmap of the 

correlation coefficient in all tissues from GTEx (Pearson’s correlation test followed by 

Benjamini-Hochberg correction).  

We clearly observe a general positive correlation trend between stemness and 

proliferation, but this correlation is not observed in all tissues as exceptions include 

blood vessel, brain, muscle, nerve, pancreas, and pituitary results (Figure 2 A-B). This 

suggests that, although cell proliferation is important for stemness, their relationship is 

more complex and may not be as straightforward. 

Then, we used Wang et al. senescence score data to verify the association between 

stemness and cellular senescence (15). In total, we have 7123 samples with stemness 

and senescence values simultaneously, and the correlations were performed as before. 

We can observe an opposite correlation between stemness and senescence when 

considering all available GTEx samples (Figure 2C) and when we separate by tissue 

(Figure 2D) without any significant exception. That is interesting because it indicates 

that although senescent cells and stem cells are not technically opposite states, they 

behave in opposite ways in vivo at the transcriptomic level. 

Finally, since we are working with tissue samples (and therefore analyzing a pool 

containing somatic and stem cells), we asked ourselves if the stemness of stem cells 

varies with age. For this, we used data from Adelman et al (16) to compare the stemness 
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levels directly in hematopoietic stem cells (HSC) isolated from humans of two age 

groups: young (age 18-30) and old (age 65-75).  

We observed a quite unexpected result; despite not having a statistically significant 

difference, we see that both the comparison between the groups (Figure 3A, p=0.07) 

and the direct correlation (Figure 3B, r=0.42 and p=0.068), have an indicative trend of 

HSC from older donors to have more stemness. This result is interesting when we 

consider that literature shows evidence of increasing HSC numbers with age, which 

may suggest that age-related stem cell problems are functional rather than quantitative 

(16). Nevertheless, more robust studies must be performed before we can draw more 

assertive conclusions. 

In this report, we studied the relationship between stemness and aging in humans. We 

found a loss of stemness in most tissues, which corroborates that stem cell exhaustion is 

important for aging. Although stem cell depletion in aging has already been confirmed 

in some tissues, such as satellite cells in the muscle (17), and hematopoietic stem cells 

in blood and bone marrow (18), as far as we know, we were the first to provide 

evidence of this in a pan-tissue manner. 

We also showed the existence of a positive trend between stemness and cell 

proliferation, but it is not global, with exceptions in 20% of the analyzed tissues. When 

we consider cellular senescence, we observe that the two phenomena are opposite in all 

the significant results. 

It is important to note that many questions remain open. Our analyses are all correlation 

tests; therefore, we cannot determine cause and effect. This is important as we cannot 

assure whether the loss of stemness contributes to aging or is a cause or response of it. 

Furthermore, we do not know whether the decrease in stemness is a direct reduction of 

the stem cell pool or refers to intrinsic characteristics of different cells in the tissue. In 

this sense, our HSC analyses corroborate a functional problem in aged stem cells, at 

least in blood stem cells. Ultimately, it is crucial to determine what drives these changes 

and which genes are associated with this process. Here is essential to highlight some 

papers that suggest that epigenetic modifications regulate stemness and could be a 

promising area for future studies (19, 20). 

In conclusion, we provide the first evidence of a pan-tissue decrease of stemness during 

human aging, besides the association between stemness and cell proliferation and 
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senescence. This study also assigned a stemness score to more than 17,000 human 

samples, and these data can be beneficial for the scientific community for further 

studies. 

 

Methods 

Transcriptome data from healthy tissues 

RNA-Seq-based gene expression data from human tissues were downloaded from the 

GTEx portal (https://gtexportal.org)  in transcripts per million (version 8) (10). The raw 

RNA-Seq data were previously aligned to the human reference genome GRCH38/hg38 

by the GTEx consortium. 

We reduced the number of genes from the GTEx data to the same pairs found in the 

training matrix. The resulting matrix contained 12,471 mRNA expression values and 

was used to calculate the stemness score. Here it is important to note that GTEx does 

not provide the actual age of each sample but rather age ranges (20-29, 30-39, 40-49, 

50-59, 60-69, and 70-79). We then approximate the age of each sample to 25, 35, 45, 

55, 65 and 75 years, respectively, as previously (13).   

 

Stemness score 

To assign the stemness score on the GTEx samples we used a machine learning 

methodology built by Malta et al. (8).  

In brief, the authors built a predictive model using a one-class logistic regression on the 

pluripotent stem cell samples (ESC and iPSC) from the PCBC dataset (21, 22, 23). The 

data were mean-centered, and the logistic regression was applied to the stem cell labeled 

samples to obtain the training signature. We then applied this signature to the GTEx 

transcriptome data, using Spearman correlations between the model's weight vector and 

the sample's expression profile. As a result, we have a stemness score for all GTEx 

samples ranging from low (zero) to high (one) stemness. Further details and validation 

of the methodology can be found in the original study (8). 

All this process was done using R and the code available on GitHub associated with the 

original paper (8). We followed the author's guidelines step by step. 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 15, 2023. ; https://doi.org/10.1101/2023.04.13.536766doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.13.536766
http://creativecommons.org/licenses/by/4.0/


8 

 

 

Analysis of hematopoietic stem cells 

We first downloaded normalized counts of bulk RNA-seq from the work of Adelman et 

al (16). In this study, the authors isolated human hematopoietic stem cells from two 

groups with ten samples each: young (age 18-30) and old (age 65-75). We applied the 

same approach as above to generate stemness scores in these samples. We then 

compared stemness with age by direct comparison between the two groups (Student's t-

test) and by Pearson correlation. The graphs for this analysis were constructed using 

GraphPad Prism 8. 

 

Statistical analysis and graphs 

We applied Pearson correlations to all analyses performed in this work using basic R 

functions. In tissue-specific analyses, the p-value was corrected using Benjamini-

Hochberg's FDR methodology. 

Linear trends and the respective graphs were built using the ggplot2 (version 3.3.6) with 

standards parameters (24).  Heatmaps and violin plot were built using Microsoft Excel 

and GraphPad Prism 8, respectively. 

 

  

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 15, 2023. ; https://doi.org/10.1101/2023.04.13.536766doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.13.536766
http://creativecommons.org/licenses/by/4.0/


Figure 1: Stemness levels during human aging. A Distribution of stemness in human 
tissues. B Heatmap of Pearson’s correlation coefficient between stemness scores and 
age in human tissues. C Linear trend between stemness scores and age in human tissues. 
*FDR <0.05 
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Figure 2: Relationship between stemness, cellular proliferation and senescence. A 
Correlation between stemness score and MKI67 expression. B Heatmap of Pearson’s 
correlation coefficient between stemness scores and MKI67 expression. C Correlation 
between stemness score and senescence scores. D Heatmap of Pearson’s correlation 
coefficient between stemness score and senescence score. *FDR <0.05 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 15, 2023. ; https://doi.org/10.1101/2023.04.13.536766doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.13.536766
http://creativecommons.org/licenses/by/4.0/


Figure 3: Stemness levels in hematopoietic stem cells. A Direct comparison between 
young and old groups. B Correlation between stemness score and age of the HSC 
donors. 

  

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 15, 2023. ; https://doi.org/10.1101/2023.04.13.536766doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.13.536766
http://creativecommons.org/licenses/by/4.0/


12 

 

References 
 

1. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. Hallmarks of aging: An 

expanding universe. Cell. 2022. 

2. Gems D, de Magalhães JP. The hoverfly and the wasp: A critique of the hallmarks of 

aging as a paradigm. Ageing Res Rev. 2021;70:101407. 

3. Rudolph KL. Stem cell aging. Mech Ageing Dev. 2021;193:111394. 

4. Clevers H, Watt FM. Defining Adult Stem Cells by Function, not by Phenotype. Annu 

Rev Biochem. 2018;87:1015-27. 

5. de Magalhães JP, Faragher RG. Cell divisions and mammalian aging: integrative biology 

insights from genes that regulate longevity. Bioessays. 2008;30(6):567-78. 

6. Srivastava AK, Bulte JW. Seeing stem cells at work in vivo. Stem Cell Rev Rep. 

2014;10(1):127-44. 

7. Mushtaq M, Kovalevska L, Darekar S, Abramsson A, Zetterberg H, Kashuba V, et al. Cell 

stemness is maintained upon concurrent expression of RB and the mitochondrial ribosomal 

protein S18-2. Proc Natl Acad Sci U S A. 2020;117(27):15673-83. 

8. Malta TM, Sokolov A, Gentles AJ, Burzykowski T, Poisson L, Weinstein JN, et al. 

Machine Learning Identifies Stemness Features Associated with Oncogenic Dedifferentiation. 

Cell. 2018;173(2):338-54.e15. 

9. Saygin C, Matei D, Majeti R, Reizes O, Lathia JD. Targeting Cancer Stemness in the 

Clinic: From Hype to Hope. Cell Stem Cell. 2019;24(1):25-40. 

10. Consortium G. The GTEx Consortium atlas of genetic regulatory effects across human 

tissues. Science. 2020;369(6509):1318-30. 

11. Eaves CJ. Hematopoietic stem cells: concepts, definitions, and the new reality. Blood. 

2015;125(17):2605-13. 

12. Kanatsu-Shinohara M, Shinohara T. Spermatogonial stem cell self-renewal and 

development. Annu Rev Cell Dev Biol. 2013;29:163-87. 

13. Chatsirisupachai K, Palmer D, Ferreira S, de Magalhães JP. A human tissue-specific 

transcriptomic analysis reveals a complex relationship between aging, cancer, and cellular 

senescence. Aging Cell. 2019;18(6):e13041. 

14. Avelar RA, Ortega JG, Tacutu R, Tyler EJ, Bennett D, Binetti P, et al. A multidimensional 

systems biology analysis of cellular senescence in aging and disease. Genome Biol. 

2020;21(1):91. 

15. Wang X, Ma L, Pei X, Wang H, Tang X, Pei JF, et al. Comprehensive assessment of 

cellular senescence in the tumor microenvironment. Brief Bioinform. 2022;23(3). 

16. Adelman ER, Huang HT, Roisman A, Olsson A, Colaprico A, Qin T, et al. Aging Human 

Hematopoietic Stem Cells Manifest Profound Epigenetic Reprogramming of Enhancers That 

May Predispose to Leukemia. Cancer Discov. 2019;9(8):1080-101. 

17. Sousa-Victor P, García-Prat L, Muñoz-Cánoves P. Control of satellite cell function in 

muscle regeneration and its disruption in ageing. Nat Rev Mol Cell Biol. 2022;23(3):204-26. 

18. de Haan G, Lazare SS. Aging of hematopoietic stem cells. Blood. 2018;131(5):479-87. 

19. Musella M, Guarracino A, Manduca N, Galassi C, Ruggiero E, Potenza A, et al. Type I 

IFNs promote cancer cell stemness by triggering the epigenetic regulator KDM1B. Nat 

Immunol. 2022;23(9):1379-92. 

20. Kim BN, Ahn DH, Kang N, Yeo CD, Kim YK, Lee KY, et al. TGF-β induced EMT and 

stemness characteristics are associated with epigenetic regulation in lung cancer. Sci Rep. 

2020;10(1):10597. 

21. Sokolov A, Paull EO, Stuart JM. ONE-CLASS DETECTION OF CELL STATES IN TUMOR 

SUBTYPES. Pac Symp Biocomput. 2016;21:405-16. 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 15, 2023. ; https://doi.org/10.1101/2023.04.13.536766doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.13.536766
http://creativecommons.org/licenses/by/4.0/


13 

 

22. Daily K, Ho Sui SJ, Schriml LM, Dexheimer PJ, Salomonis N, Schroll R, et al. Molecular, 

phenotypic, and sample-associated data to describe pluripotent stem cell lines and derivatives. 

Sci Data. 2017;4:170030. 

23. Salomonis N, Dexheimer PJ, Omberg L, Schroll R, Bush S, Huo J, et al. Integrated 

Genomic Analysis of Diverse Induced Pluripotent Stem Cells from the Progenitor Cell Biology 

Consortium. Stem Cell Reports. 2016;7(1):110-25. 

24. Wickham H. gplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York2016. 

 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 15, 2023. ; https://doi.org/10.1101/2023.04.13.536766doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.13.536766
http://creativecommons.org/licenses/by/4.0/

