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So far, the investigation of stem cell aging has been primarily carried out at the genomic level to follow transcriptome changes, clonal dominance, epigenetic changes, and, more recently, population heterogeneity by
single cell sequencing. Here, we review recent ﬁndings in the ﬁeld of stem cell aging that include failure of
proteostasis, the impact of age-related metabolic changes on stem cell diﬀerentiation and heterogeneity of stem
cell niches. These emerging concepts highlight the need of a paradigm shift to move forward our understanding
of stem cell aging to the next level, in particular, the need of investigating cell intrinsic changes in stem cells and
their niche by looking in a quantitative manner to proteins and metabolites.

1. Alteration of proteostasis during stem cell aging
The maintenance of proteome homeostasis during aging represents
a challenge for aging cells and tissues (Labbadia and Morimoto, 2015).
This is particularly true for adult (somatic) stem cells given the necessity to maintain their regenerative capacity for the entire lifetime of
an organism and to give rise to functional progeny cells capable of
supporting organ function (Chua et al., 2020; Noormohammadi et al.,
2018). The majority of adult stem cells rely on the maintenance of
quiescence and become activated in response to injury (e.g., hematopoietic stem cells (HSCs), muscle stem cells (MuSCs), hair follicle stem
cells, neuronal stem cells (NSCs)). Quiescent stem cells are typically
small in size (e.g., MuSCs < 1.5 μm3 (Verma et al., 2018)) with minimal
cytoplasm and endoplasmic reticulum, and actively maintain a low
metabolic activity including low levels of protein synthesis compared to
progenitor cells (Blanco et al., 2016; Leeman et al., 2018; LlorensBobadilla et al., 2015; Signer et al., 2014; Zismanov et al., 2016). Low
levels of protein synthesis reduce the risk of accumulation of misfolded
proteins that cannot be cleared by simple dilution via cell division in
rarely dividing cells. In principle, low levels of protein synthesis impose
less challenges on the other components of the protein quality control
systems that comprise chaperones required for folding, and the autophagy and ubiquitin-proteasome systems for protein clearance (Sontag
et al., 2017). For instance, HSCs and NSCs show reduced proteasome
activity compared to progenitor cells (Hidalgo San Jose et al., 2020;
Leeman et al., 2018), and low levels of autophagy have been described
in MuSCs (García-Prat et al., 2016) (Fig. 1). The reduced basal activity
of both, protein synthesis and degradation machineries in stem cells

does not imply that those protein networks are dispensable to ensure
maintenance of function. This is exempliﬁed by the fact that proteotoxic insults leading, e.g., to activation of the unfolded protein response
(Hetz, 2012), results in loss of stemness and reduced survival in multiple stem cell compartments (Heijmans et al., 2013; Roidl et al., 2016;
Van Galen et al., 2014; Wang et al., 2015) (Table 1), underlining the
importance of post-transcriptional mechanisms in maintaining a
healthy proteome, especially in the context of aging (Cellerino and Ori,
2017; Chua et al., 2020; Kelmer Sacramento et al., 2020),
Control of protein synthesis is required to maintain stem cell function and is regulated by the activity of known longevity pathways including the mammalian target of rapamycin (mTOR) (reviewed in
(Tahmasebi et al., 2019)) and the integrated stress response pathway
(reviewed in (Pakos‐Zebrucka et al., 2016)). For example, the eukaryotic translation initiation factor 4E-binding proteins 1 and 2 (4EBP1/2), two direct targets of mTOR, limit protein synthesis in HSCs,
and their genetic deletion is suﬃcient to increase protein synthesis and
impair engraftment in serial transplantation experiments (Signer et al.,
2016). Similarly, knock-down of 4E-BP2 induces proliferation and differentiation of NSCs (Hartman et al., 2013). Additional mechanisms of
translation control are emerging as regulators of stem cell function. For
instance, deletion of the ribosome quality control gene Pelo, a mammalian homologue of Dom34 that in yeast has been shown to recognize
stalled ribosomes (Guydosh and Green, 2014), induces skin defects in
mice by increasing protein synthesis and leading to hyper-proliferation
and diﬀerentiation defects of hair follicle stem cells. This phenotype can
be abrogated by systemic administration of rapamycin, an inhibitor of
mTOR (Liakath-Ali et al., 2018).
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Fig. 1. Emerging technologies to study stem cell intrinsic changes during aging. Proteostasis and metabolism are key mechanisms that contribute to stem cell
dysfunction during aging. Single cell omics, low input proteomics and metabolomics as well as organelle immunoprecipitation (IP) followed by proteomics and
metabolomics are emerging technologies that could be used in the future to understand the mechanisms underlying functional changes in stem cells during aging.

requirements of adult stem cells in terms of proteome maintenance.
Transcriptomic analysis of primary quiescent and activated NSCs revealed substantial diﬀerences in their proteostasis networks (Leeman
et al., 2018). Quiescent NSCs show higher expression of lysosomal
transcripts and reduced levels of proteasome components as compared
to activated ones. Young quiescent NSCs store aggregates in large lysosomes, and aggregate clearance is required for eﬃcient activation,
e.g., in response to growth factors. With aging, quiescent NSCs show
reduced expression of lysosomal transcripts, together with the emergence of a subpopulation of NSCs displaying reduced autophagy activity and accumulation of larger aggregates. This coincides with an
impaired ability of quiescent NSCs to activate that can be restored by
the induction of lysosomal genes by a pulsed over-expression of the
transcription factor Tfeb or systemic administration of rapamycin
(Leeman et al., 2018). More recently, a role for the intermediate ﬁlament protein Vimentin in recruiting proteasomes to aggresomes has
been demonstrated, and it has been shown to be necessary for aggregate
clearance and eﬃcient exit of quiescence in NSCs (Morrow et al., 2020).
Both in HSCs and MuSCs, autophagy is required to ensure turnover
of mitochondria and maintenance of their metabolic state. The autophagy related gene 7 (Atg7), encoding a protein required for autophagosome formation, is essential to maintain HSC function (Mortensen
et al., 2011) and knock-out of the related Atg12 induces aging phenotypes in HSCs including reduced engraftment in transplantation experiments. Atg12 depletion leads to accumulation of active mitochondria that induce a shift towards a more oxidative metabolism, typical of
activated HSCs (Ho et al., 2017). With aging, HSCs display heterogeneity in their autophagy activity. While the majority of HSCs show no
change or a decline of autophagy, a sub-population of old HSCs displays
activation of autophagy, youthful cell size and organelle composition,
and maintains regenerative capacity (Ho et al., 2017). This data suggests that increased autophagy activation, likely as a consequence of

Not only the absolute levels of protein synthesis, but also its qualitative regulation via translational control (i.e., which transcripts are
translated) is required to maintain stem cell function. This is highlighted by a decoupling between transcript and protein levels that is
apparent particularly in quiescent, non-dividing stem cells. For instance, adult stem cells have detectable levels of transcripts for diﬀerentiated genes (likely to be able to quickly activate in response to injury) (Kim et al., 2016; van Velthoven et al., 2017), but their translation
is repressed by active mechanisms involving, for example, phosphorylation of the eukaryotic initiation factor 2 alpha (eIF2 alpha)
(Zismanov et al., 2016). De-regulation of this translational control by
homozygous substitution of eIF2 alpha serine 51 with a non-phosphorylatable alanine residue leads to spurious stem cell activation and
reduced regenerative capacity in MuSCs (Zismanov et al., 2016).
Protein degradation by the ubiquitin-proteasome system is also required to maintain stemness in adult stem cells. Reduction of proteasome activity by genetic ablation of the essential 19S proteasome
component Rpt3/Psmc4 drastically limits proliferative ability and induces apoptosis of MuSCs following injury via induction of p53
(Kitajima et al., 2018). An age-dependent reduction of 20S proteasome
levels and activity has been described in mouse neuronal progenitor
cells starting already at three months of age (P90), and it has been
shown to decrease proliferation and induce senescent-like phenotypes
in vitro (Zhao et al., 2016). As for protein synthesis, also selective degradation of speciﬁc proteins has been shown to be required to control
stem cell activity. For example in HSCs, the E3 ubiquitin ligase Huwe1
limits spurious activation by maintaining low protein levels of the oncoprotein n-Myc (King et al., 2016), and proteasome activity is required
to prevent the accumulation of c-Myc and, thereby, maintain regenerative capacity (Hidalgo San Jose et al., 2020).
The remodeling of the proteostasis machinery during the process of
stem cell activation and aging further highlights the unique
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Table 1
Mediators of proteostasis inﬂuencing stem cell function.
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(Zhang et al., 2016)
(Zhang et al., 2016)
(Igarashi et al., 2019)
(Hori et al., 2019)
(Flores et al., 2017)
(Cheng et al., 2019; Gebert et al., 2020)

decreased mTOR activity, is responsible for preventing activation in a
subset of old HSCs, thus preserving their quiescence and regenerative
potential.
Aged MuSCs show impaired proteolytic activity of lysosomes, a
lower clearance of autophagosomes that ﬁnally results in MuSC senescence in old mice (García-Prat et al., 2016). Consistently, genetic
deletion of Atg7 reduces the number of MuSCs and is suﬃcient to induce senescence in young mice (García-Prat et al., 2016). Diﬀerently
from HSCs, aging or depletion of Atg7 in young MuSCs leads to the
accumulation of damaged mitochondria, increased reactive-oxygen
species and induction of a senescence-like phenotype. This phenotype
can be reverted by pre-treatment of geriatric MuSCs with the autophagy
inducers rapamycin/spermidine, or the reactive oxygen species inhibitor Trolox, prior to transplantation experiments (García-Prat et al.,
2016).
The mechanisms ensuring proteostasis maintenance in adult stem
cells from tissue with high turnover (e.g., the intestinal epithelium) has
been so far explored in less detail. Intestinal stem cells (ISCs) divide
continuously, are bigger in size (8−10 μm diameter) as compared to
HSCs and MuSCs, and therefore have diﬀerent requirements in terms of
proteostasis maintenance. For example, ER-stress mediated induction of
eIF2alpha phosphorylation, which maintains translational control in
MuSCs thus preserving quiescence (Zismanov et al., 2016), causes block
of ISC self-renewal in the mouse intestine (Heijmans et al., 2013), while
increased phosphorylation of 4E-BP1/2, following hyper-activation of
mTORC1, leads to p38 signaling activation and reduced proliferation in
old intestinal crypts (He et al., 2020). The activation of the mitochondrial unfolded protein response (Haynes and Ron, 2010) via genetic
deletion of Hsp60 causes loss of stemness in ISCs (Berger et al., 2016),
similarly to what has been observed in HSCs following deletion of Sirt7,
another repressor of the mitochondrial unfolded protein response
(Mohrin et al., 2015). On the other hand, activation of the of the mitochondrial unfolded protein response via dietary supplementation of
nicotinamide riboside improves the regenerative capacity of MuSCs,
and the proliferation of NSCs and melanocyte stem cells in aged mice
(Zhang et al., 2016). In ﬂies it has been shown that the formation of
protein aggregates or inhibition of proteasome activity induce cell cycle
arrest in ISCs to enable aggregate clearance. This is mediated by a
proteostasis checkpoint that is activated in response to proteostatic
insult. This checkpoint ensures cell cycle arrest via induction of the cell
cycle inhibitors of the p21/p27 family. The activation of this checkpoint, as well as proteasome activity, have been shown to be disrupted
in old ISCs leading to loss of organ maintenance. The Nrf-2-like transcription factor is required for the activation of the proteostasis
checkpoint, and broad Nrf2 activators such as Oltipraz can re-activate
the checkpoint in old ﬂies, revert gut aging phenotypes and extend
lifespan (Rodriguez-Fernandez et al., 2019). How the proteostasis machinery is altered in mammalian ISCs during aging and what are the
consequences for the regenerative capacity of the intestinal epithelium
remains largely unexplored.
The above-mentioned examples highlight the interconnectivity between proteostasis, energy metabolism and nutrient sensing pathways.
Recent evidences showed the interdependence between mitochondrial
and cytosolic proteostasis, metabolism and stem cell function further
highlight the need of studying proteomic and metabolic changes in the
context of stem cell aging (Berger et al., 2016; Molenaars et al., 2020;
Zhang et al., 2016). In the future, the systematic characterization of
proteostasis network and function in quiescent and activated adult stem
cells (e.g., upon injury) has the potential to reveal mechanisms leading
to loss of stem cell function across diﬀerent stem cell compartments.
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Metabolic enzymes and metabolites inﬂuencing stem cell function.
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Stem cell metabolism is strongly coupled to their functionality
(Fig. 1). In most tissues, stem cells are quiescent, that means proliferation is absent and therefore, metabolic requirements are low
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protein kinase (AMPK) and sirtuins, ultimately resulting in changes in
metabolism (Ren et al., 2017). Dietary interventions, like high fat diet
or dietary restriction (DR) inﬂuence cellular metabolism by inducing
glycolysis, ketogenesis and fatty acid oxidation, as a response to
changes in nutrient availability. DR has been shown to positively inﬂuence stem cell function across diﬀerent tissues. In the brain, DR enhances proliferation of neuronal progenitors (Apple et al., 2019), in the
hematopoietic system, HSCs have a higher repopulation potential after
DR (Tang et al., 2016), and, in the intestine, DR leads to preservation of
the stem cell pool and higher induction of the DNA repair machinery
after irradiation (Tinkum et al., 2015), as well as to an expansion of
irradiation resistant ISCs (Youseﬁ et al., 2018). Lung stem cells are
inﬂuenced by DR and show a reversal of aging-related phenotypes
(Hegab et al., 2019), and both MuSC and mammary stem cell function is
increased upon DR (Cerletti et al., 2012).
In contrast to the beneﬁcial eﬀects of DR on stem cells in young
animals and its partial aging-reverting inﬂuences described above, application of DR at an old age might not necessarily have beneﬁcial effects. In a recent study, DR of animals at old age led to a rapid increase
in mortality and thus seemed to be detrimental (Hahn et al., 2019). The
same study suggests a nutritional memory, implicating that DR or similar interventions could possibly have positive eﬀects on old stem cells
only when conducted at young age and our study showed partial reversal of aging phenotypes in the intestinal epithelium of old animals
only when a transient period of DR was followed by refeeding (Gebert
et al., 2020). In this context, studies that are investigating alternative
dietary treatments are of interest in stem cell aging research. One example is the treatment with nicotinamide adenine dinucleotide (NAD
+), a metabolite that becomes limiting when mitochondria function is
reduced in old cells, which was shown to not only restore mitochondrial
function and stem cell functionality in many tissues but to also extend
lifespan in mice (Igarashi et al., 2019; Zhang et al., 2016).
Changes of stem cell metabolism during aging is an emerging focus
of interest in the ﬁeld of aging research. Stem cell-intrinsic as well as
niche-derived metabolic intermediates and signals seem to play a key
role in regulating stem cell behavior and functionality and consequently
organ maintenance during aging. At a systemic level, there is rising
evidence that particularly alterations of lipid metabolism play a keyrole when studying signaling and regulatory pathways important for
stem cell behavior (reviewed in (Arner et al., 2019; Papsdorf and
Brunet, 2019)). This raises the question of how changes in metabolism
aﬀects stem cell function: indirectly, via metabolites derived from
peripheral tissues and the stem cell niche, or directly, via the intracellular production of metabolites by the stem cells themselves? In
addition, it will be of interest to study the impact of dietary interventions that potentially inﬂuence stem cell functionality at the individual
cell level to evaluate their role in the maintenance of organism health
during aging.

(Chen et al., 2008; Parmar et al., 2007; Renault et al., 2009; Simsek
et al., 2010; Takubo et al., 2013). For this reason, quiescence is generally accompanied by a metabolic state predominantly supported by
glycolysis and fatty acid oxidation, to keep reactive oxygen species levels and damage risk low. A switch in the metabolic status usually
occurs when stem cells become activated and change their cell cycle
state. Upon activation, e.g., after tissue damage, stem cells start proliferating and diﬀerentiating, and change their metabolic status from
glycolytic to oxidative (Candelario et al., 2013; Yu et al., 2013; Zheng
et al., 2016). Diﬀerent from other tissues, stem cells in the intestine are
highly proliferative and therefore permanently dependent on an oxidative metabolism that is enabled by the niche cells, which provide
lactate as a product of their glycolytic metabolism (Rodríguez-Colman
et al., 2017).
Reduced mitochondrial function in stem cells is known to decrease
stem cell functionality due to a reduction of their metabolic capacity to
oxidize fatty acids for energy production. In the mouse intestine,
Mihaylova and colleagues showed that aging leads to a reduction of
fatty acid oxidation and proliferative capacity (Mihaylova et al., 2018)
(Table 2). In the hematopoietic system, decreases in mitochondrial respiration regulated by Sirt7 were shown to reduce proliferative capacity
(Mohrin et al., 2015), supporting the important role that was described
also for other sirtuins, e.g., Sirt1 in maintenance of HSC functionality
(Rimmelé et al., 2014; Singh et al., 2013) and has been reviewed by
others (Yu and Dang, 2017). In skeletal muscle, aging leads to a reduction in mitochondrial respiratory capacity and increased cellular
senescence of MuSCs (García-Prat et al., 2016; Zhang et al., 2016).
The metabolic status inﬂuences not only the proliferation of stem
cells, but also determines diﬀerentiation. For instance, peroxisome
proliferator-activated receptor (PPAR) delta-mediated induction of
fatty acid oxidation leads to asymmetric division of HSCs, thus ensuring
maintenance of the stem cell pool as well as production of diﬀerentiated
cells (Ito et al., 2012). A reduction in fatty acid oxidation of MuSCs
alters their activation capacity and drives premature diﬀerentiation
(Gatta et al., 2017; Pala et al., 2018; Ryall et al., 2015). Mesenchymal
stem cells (MSCs) and NSCs are also dependent on a balanced fatty acid
oxidation to keep control of proliferation and diﬀerentiation (Knobloch
et al., 2017; Simic et al., 2013), two processes that get disrupted during
aging (H. Chen et al., 2014; Leeman et al., 2018). Together, these observations suggest that an altered metabolic state in aged stem cell
populations reduces proliferative capacity as well as biases diﬀerentiation output.
The metabolic status of cells, including stem cells, is controlled by
abundance and activity of key metabolic enzymes and their downstream metabolites. Recently, pyruvate dehydrogenase (Pdh), the key
enzyme for glycolysis was identiﬁed as a regulator of MuSC quiescence,
activation and diﬀerentiation (Hori et al., 2019). Glycolytic activity
also regulates activation of hair follicle stem cells via the level of lactate, controlled by the activity of lactate dehydrogenase (Ldh) (Flores
et al., 2017). Additionally, lineage decisions of ISCs are directly inﬂuenced by the activity of hydroxymethylglutaryl-CoA synthase 2
(Hmgcs2), the rate-limiting enzyme for synthesis of ketone bodies, e.g.,
beta-hydroxy butyrate (Cheng et al., 2019). Reduction of Hmgcs2 levels
either by genetic deletion or in response to dietary changes promotes
the diﬀerentiation of ISCs towards the secretory lineage leading to
changes in intestinal crypt composition (Gebert et al., 2020). In all of
the above-mentioned cases, the activity of the enzymes was linked to
stem cell functionality via their downstream metabolites. These recent
observations suggest that cell intrinsic changes in metabolism and,
consequently, levels of metabolites are important modulators of stem
cell functionality. In the future, it will be of interest to study in detail
the extent of metabolic heterogeneity within stem cell populations and
link it to regenerative potential, particularly in the context of aging.
Metabolic pathways that regulate aging and lifespan depend on
mitochondrial function and changes in conserved nutrient sensing
pathways, i.e., insulin, mTOR, adenosine monophosphate-activated

3. Heterogeneity of stem cell niches
As described above, stem cells of diﬀerent compartments, like
MuSCs, HSCs, NSCs and ISCs have been shown to lose their function
during aging, leading to impaired tissue homeostasis and regenerative
capacity (Apple and Kokovay, 2017; de Haan and Lazare, 2018;
Nalapareddy et al., 2017; Pentinmikko et al., 2019; Sousa-Victor et al.,
2014; Sousa-Victor and Muñoz-Cánoves, 2016). Beside intrinsic
changes in stem cells themselves, like changes in proteostasis and metabolism, also extracellular changes can aﬀect stem cell fate and function (Fig. 2). Stem cell niches as speciﬁc microenvironments are composed of diﬀerent cell types contributing to the maintenance and
remodeling of the extracellular matrix (ECM). For MuSCs, NSCs, HSCs
and MSCs the cellular composition and the contribution of diﬀerent cell
types to the molecular composition of the niche has been characterized
and reviewed elsewhere (Ilaria Decimo et al., 2012; Rasi Ghaemi et al.,
2013; Schmidt et al., 2019; Wei and Frenette, 2018). In contrast, the ISC
5
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Fig. 2. Emerging technologies to study stem cell extrinsic
changes during aging / How to study niche heterogeneity
during aging. Niches of stem cells are heterogeneous already
at young age and undergo changes during aging, leading to a
generally altered environment of stem cells as well as nicheintrinsic heterogeneity. Diﬀerences in cell type distribution
leads to spatial niche heterogeneity due to altered secretomes,
ultimately leading to signaling changes in the stem cells. ECM
proteomics as well as phosphoproteomics, single cell sequencing as well as iterative immunoﬂuorescence and mass cytometry are emerging technologies that could be used to study
the eﬀect of niche alterations during aging on stem cell fate
and function.

puncta) upon aging (Ho et al., 2017; Leeman et al., 2018). It has been
further described that perisinusoidal niches maintain their shape and
morphology during aging and that HSCs located in these niches are
protected from aging (Saçma et al., 2019). In the small intestine, we
have described regional diﬀerences in both the cellular composition of
intestinal crypts as well as the aging phenotypes (Gebert et al., 2020).
Distinct lineage decisions of ISCs and their perturbation by aging might
dependent on speciﬁc niche signals that diﬀer across regions of the
small intestine. The source and extent of niche heterogeneity in the
small intestine remains to be investigated in further detail. Finally,
skeletal muscles, which are known to be distinct from each other already at young age (Bloemberg and Quadrilatero, 2012), also show
distinct severities of the morphological aging phenotypes, with the
soleus showing the slowest aging rate (Messa et al., 2019). However,
the molecular and functional consequence of aging for MuSCs from
diﬀerent muscle niches has not been explored so far. Taken together,
diﬀerences in stem cell niches within the same organ could be a potential explanation for the heterogeneity of aging phenotypes observed
in stem cell populations, however spatial analyses linking the distinct
niche compositions to subsets of stem cell populations are still largely
missing.
Additional to the global remodeling of the niche, stem cells as well
as distinct niche cells have been shown to re-distribute in the aging
tissues, leading to changes in the microenvironment within a niche. It

niche composition and its function has so far been described to be
mainly dependent on Paneth cells and T helper cells (Biton et al., 2018;
Sato et al., 2011). However, for all niches the age-related changes in the
interplay of cellular and molecular composition and the resulting consequences for stem cell fate and function remain poorly understood. To
ﬁll this gap, a number of studies described anatomical changes in stem
cell niches and analyses of speciﬁc niche factors during aging and how
these aﬀect stem cell fate and function have been performed (Ho et al.,
2019; Pentinmikko et al., 2019; Wosczyna and Rando, 2018) (Table 3).
Morphological changes, like the redistribution of blood vessels
leading to altered nutrient and oxygen supply, have been described for
diﬀerent stem cell niches including MuSCs, NSCs and HSCs (Apple and
Kokovay, 2017; Ho et al., 2019; Kusumbe et al., 2016; Messa et al.,
2019; Mooreﬁeld et al., 2017). In addition to these common changes
during aging, more niche speciﬁc alterations have been found to aﬀect
stem cell fate and function. The MuSC niche for instance shows accumulation of ﬁbrotic tissue and fat, and changes in the composition of
muscle ﬁber types (Delmonico et al., 2007; Messa et al., 2019; Nilwik
et al., 2013; Schiaﬃno and Reggiani, 2011).
Interestingly, age-related changes in the niches of MuSCs, HSCs and
NSCs are not consistent across the whole body, suggesting that also the
stem cell populations themselves develop into distinct subpopulations
during aging. HSCs and NSCs have been described to exist in distinct
subpopulations having either high or low autophagy activity (GFP-LC3
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(Paliwal et al., 2012)

(Guidi et al., 2017)

(Pentinmikko et al., 2019)

Up

Down

Emerging technologies that enable the unbiased quantiﬁcation of
proteins and metabolites in stem cells and their niche will pave the way
to address open questions in the ﬁeld of stem cell aging (Table 4).
Quantitative proteome analysis by mass spectrometry of stem cells
obtained by Fluorescence Activated Cell Sorting is becoming feasible, as
exempliﬁed by recent analysis of HSCs and ISCs proteomes (Chen et al.,
2019; Gebert et al., 2020; Hennrich et al., 2018; Zaro et al., 2019), and
it will potentially achieve single cell resolution in the near future

Up
ISCs

MSCs
NSCs

Osteopontin

4. Conclusion and future perspectives

Notum

HSCs
MSCs
MuSCs
NSCs
HSCs

was found that HSCs lose their proximity to most niche cells (Saçma
et al., 2019), e.g., the megakaryocytes, which are in close proximity to
HSCs in young animals sustaining their quiescence (Bruns et al., 2014;
Ho et al., 2019). Additionally, an increase in number of HSCs as well as
their redistribution within the niche as a result of adrenergic nerve
degeneration in the bone marrow (Maryanovich et al., 2018) has been
shown. In the ventricular-subventricular zone, the niche of NSCs, the
microglia change their localization, contributing to the impaired NSC
function during aging (Solano Fonseca et al., 2016).
More recent publications already identiﬁed speciﬁc molecules in
diﬀerent niches that change during aging, aﬀecting the stem cell
function either via direct signaling or altering the mechanical properties
of the surrounding tissue. For instance, Fibronectin has been described
to play a conserved role in cell attachment, migration survival and/or
proliferation for all stem cell types investigated in this review
(Bentzinger et al., 2013; Gjorevski et al., 2016; Roubelakis et al., 2020;
Tate et al., 2009, 2002; Williams et al., 1991). Age-related loss of Fibronectin in the MuSC and NSC niche was found to impair stem cell
function (Lukjanenko et al., 2016; Wang et al., 2011). In the MuSC
niche, the Wnt1 inducible signaling pathway protein 1 (Wisp1) is also
decreased in the aged, thus leading to impaired myogenic commitment
(Lukjanenko et al., 2019). Additionally, Wisp1 was found to play a role
in survival and proliferation of MSCs, independent of aging (Cernea
et al., 2016; Schlegelmilch et al., 2014). Collagens can alter the mechanical properties of the stem cell niches, e.g. it was shown that knock
down of Collagen 6 leads to decreased stiﬀness of the ECM and thereby
impaired MuSC self-renewal in vivo (Urciuolo et al., 2013). Interestingly
Collagen 6 was found not to be consistently regulated across muscle
types. Thus, it was found to be increased in gastrocnemius and soleus,
but decreased in tibialis anterior and extensor digitorum longus muscles
(Schüler et al., unpublished). Mesenchymal stromal cells in the HSC
niches express less HSC niche factors during aging. For instance the
amount of Osteopontin, a factor that is reducing HSC proliferation, is
reduced during aging, leading to increased proliferation, a phenotype
observed in aged HSCs (Guidi et al., 2017; Ho and Méndez-Ferrer,
2020). In contrast to that, Osteopontin enhances proliferation of MuSCs
and NSCs and the age-related loss of Osteopontin in the MuSC niche
leads to impaired regenerative capacity (Paliwal et al., 2012;
Rabenstein et al., 2015). For MSCs, Osteopontin has been described to
aﬀect fate decisions towards osteogenic diﬀerentiation (Q. Chen et al.,
2014; Wang et al., 2017). Only few studies describe the eﬀect of the
niche on the the age-related impaired regenerative capacity of ISCs. It
has recently been shown to be dependent on decreased Wnt signaling
due to the increased production of the Wnt inhibitor Notum by the
Paneth cells (Pentinmikko et al., 2019). Notum has not been described
so far to aﬀect the function of other stem cells. However, it was shown
that Notum levels in the NSC niche, the ventricular-subventricular
zone, are region speciﬁc (Mizrak et al., 2019), suggesting a potential
role for Notum as modulator of NSC function, which needs to be further
investigated.
In the future, a systematic comparison of the molecular diﬀerences
between the stem cell speciﬁc niches that are diﬀerentially aﬀected by
aging would be of great interest to understand how mechanisms of
intercellular communication are altered during aging, and how extrinsic and intrinsic changes in stem cells are linked to each other.

(Pentinmikko et al., 2019)

Schüler et al, unpublished
Up/down dependent on skeletal
muscle
MuSCs
Collagen 6

(Q. Chen et al., 2014; Wang et al., 2017)
(Mizrak et al., 2019)

(Klein et al., 1995)
(Smeriglio et al., 2017)
(Paliwal et al., 2012)
(Rabenstein et al., 2015)
(Guidi et al., 2017)

Promotes cell adhesion
Increases proliferation
Impairs regenerative capacity (reduces colony forming capacity)
Improves survival, proliferation and migration
Deletion leads to an aging phenotype like increased expansion of HSCs and supplementation
improves engraftment
Activates MSCs and drives them towards osteogenic diﬀerentiation
Shows region speciﬁc expression in the ventricular-subventricular zone where NSCs are
located
Impairs ISC function by modulating Wnt signaling

(Lukjanenko et al., 2019)
Down
Wisp1

Deletion impairs self-renewal

(Wang et al., 2011)
Down

NSCs
HSCs
ISCs
MSCs
MuSCs
MSCs

Increases survival and migration after transplantation
Promotes attachment to the ECM
Improves survival and proliferation in vitro.
Promotes adhesion and migration of MSCs
Decrease leads to impaired myogenic commitment
Supports survival and stimulates proliferation.

(Bentzinger et al., 2013; Lukjanenko et al.,
2016)
(Tate et al., 2009, 2002)
(Williams et al., 1991)
(Gjorevski et al., 2016)
(Roubelakis et al., 2020)
(Lukjanenko et al., 2019)
(Cernea et al., 2016; Schlegelmilch et al.,
2014)
(Urciuolo et al., 2013)
Stimulates symmetric expansion and loss of Fibronectin decreases MuSC numbers
(Lukjanenko et al., 2016)
Down
MuSCs
Fibronectin

Function
Aging
Compartment
Gene

Table 3
Niche factors inﬂuencing stem cell function.
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384 cells (HSCs)

10,000 cells (HSCs, MPPs,
CD45+)
100,000 cells (ISCs, HSCs)

Brain cryo-section
Decellularized heart tissue

Microdissected FFPE tissue
(approx. 400 nL tissue volume)
10−50 μg protein starting
material
1 mg protein starting material
Cell suspension

Cells or tissues

Cells or tissue punches

Tissue sections

Tissue sections

Single cell RNA Seq

Low input metabolomics

ECM proteomics

Laser Capture Microdissection
proteomics
Phosphoproteomics

8

Stable isotope labeling of amino acids in
mammals (SILAM)

Organelle IPs

Iterative immunoﬂuorescence

Tissue mass cytometry / MIBI-TOF

(1)

36 diﬀerent proteins

Up to 40 diﬀerent proteins

Organelle speciﬁc proteome and
metabolome

Easyphos: (Humphrey et al., 2015)
(Qin et al., 2020)

10,000 phosphosites
28 phosphosites at single cell
resolution
In vivo turnover measurements for
> 2000 proteins

(Keren et al., 2019)

Mitochondria: (Bayraktar et al., 2019)
Lysosomes: (Abu-Remaileh et al., 2017; Wyant
et al., 2018) Peroxisomes: (Ray et al., 2020)
(Gut et al., 2018)

(Alevra et al., 2019)

Bravo AssayMap enrichment: (Post et al., 2017)

(Buczak et al., 2018)

ISCs: (Gebert et al., 2020) HSCs: (Chen et al.,
2019)
(Kjell et al., 2020)
(Garcia-Puig et al., 2019)

(Agathocleous et al., 2017)

(Cabezas-Wallscheid et al., 2017)

Study

6000 phosphosites

158 ECM proteins
From 15 ECM proteins in native
tissue to 25 ECM proteins in
decellularized tissue
4/6000 proteins depending on tissue

4000 proteins

59 metabolites

318 sequenced cells, 4704 genes

Output

* Requires labelled antibodies

** Unbiased approach. Limited to
most abundant proteins for low input
samples
** Unbiased approaches. Depending
on the application, amount of
starting material still high
** Requires oﬀ-the-shelf antibodies

*** Requires relatively low input
material
** Relatively high input material
* Requires labelled antibodies

** Applicable to diﬀerent tissues

** Unbiased approach, limited to
high expressed transcript
* Targeted approach, limited to high
abundant metabolites
** Unbiased approach, limited to
high abundant protein
** Applicable to diﬀerent tissues

Flexibility(1)

For each approach, we indicate an estimated scale of ﬂexibility and accessibility: * low ﬂexibility / accessibility to *** high ﬂexibility / accessibility.

Mass cytometry (CyTOF)

Low input proteomics

Input

Method

Table 4
Emerging technologies to study stem cell aging.

* Requires genetically
engineered cells / animal
models
* Requires dedicated data
analysis workﬂow
* Requires dedicated equipment
and data analysis workﬂow

* Requires microscope for laser
capture microdissection
* Requires dedicated liquid
handling device
*** Requires standard reagents
* Requires dedicated equipment
and data analysis workﬂow
** Requires easily accessible
metabolic labelling reagents

*** Requires standard reagents

*** Requires standard reagents

*** Requires standard reagents

*** Requires standard reagents

Accessibility(1)
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member of the Leibniz Association and is ﬁnancially supported by the
Federal Government of Germany and the State of Thuringia. The ﬁgures
presented in this review were created with BioRender.com.

(Slavov, 2020). Together with transcriptome data, proteome analyses
will enable to investigate how protein and transcript levels are regulated in quiescence and during stem cell activation in the context of
aging. This will also enable us to study how components of the proteostasis networks are remodeled to meet the needs of diﬀerent stem
cells and their progenitor cells. Combination of in vivo measurement of
protein synthesis will enable to investigate changes in protein turnover
in primary stem cells at the proteome scale (Fornasiero et al., 2018).
The improvement of existing as well as the development of new
technologies to scale down sample size is a crucial factor in the further
characterization of changes in stem cell metabolism and their causes.
Single cell genomics approaches are available (Camp et al., 2019) and
they will provide crucial information about the heterogeneity of the
aging phenotypes at the transcriptomic and epigenetic level. Similarly
to proteomics, unbiased metabolomics protocols for low cell input,
amenable for analysis of freshly isolated stem cells, are becoming
available (Agathocleous et al., 2017), and ongoing developments of
imaging mass spectrometry methods will enable the spatial analysis of
metabolites generation at single cell resolution (Rappez et al., 2019). In
order to study mechanisms leading to changes in metabolic states of
stem cells, isolation of organelles by immunoprecipitation followed by
unbiased proteomics and metabolomics analyses could help answer
questions regarding altered functionality of mitochondria, lysosomes
and peroxisomes during aging (Abu-Remaileh et al., 2017; Bayraktar
et al., 2019; Ray et al., 2020; Wyant et al., 2018) (Fig. 1).
Regarding niche alterations during aging, the current literature
provides broad analyses of anatomical changes of stem cell niches and
points out to individual molecules, which might aﬀect stem cell fate and
function, being responsible also for intrinsic changes in the stem cells
during aging. In the future, to gain a more comprehensive understanding of the interconnection between age-related changes in the
niche and the stem cell dysfunction, more detailed analyses of stem cell
niches are required. Analyses of how diﬀerent niches are aﬀected
during aging by, e.g., quantitative proteome characterization by mass
spectrometry, could possibly explain already published age-related
stem cell intrinsic changes regarding transcriptome and signaling (Kjell
et al., 2020). To connect the extrinsic and intrinsic changes, a systematic characterization of eﬀects of niche changes on downstream
pathways in the stem cells is required, which could be achieved by
employing phosphoproteomics or mass cytometry-based analysis of
stem cells (Qin et al., 2020). Spatial omics approaches based on iterative indirect immunoﬂuorescence imaging (Gut et al., 2018), tissue
mass cytometry (Keren et al., 2019; Schapiro et al., 2017) or lasercapture microdissection (LCM) coupled to quantitative mass spectrometry (Buczak et al., 2018) could enable in the future the investigation
of the organization and heterogeneity of stem cell niches by quantitatively analyzing the distribution of multiple ECM components within
deﬁned tissue regions. As the remodeling of the niche might aﬀect
multiple factors that contribute to the aging phenotype, targeting individual niche factors might not represent the most eﬃcient way to
design interventions. Rather targeting cellular components of the niche
that are major contributors to niche remodeling and / or downstream
pathways where the altered niche signals converge might prove more
successful strategies. In order to identify the cell of origin of ECM
components that are aﬀected by aging, single cell RNA sequencing or
speciﬁc labelling of proteins secreted in vivo by speciﬁc cell types (Liu
et al., 2017) could be applied (Fig. 2).
The application of these emerging technologies has the potential to
deepen our understanding on the contribution of proteome and metabolome changes to stem cell aging and, thereby, instruct the design of
new interventions aimed at restoring stem cell function in the elderly.
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