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Human stem cells bear a great potential for multiple therapeutic

applications but at the same time constitute a major threat to hu-

man health in the form of cancer stem cells. The molecular pro-

cesses that govern stem cell maintenance or differentiation have

been extensively studied in model organisms or cell culture, but

it has been difficult to extrapolate these insights to therapeutic ap-

plications. Recent advances in the field suggest that local and

global changes in histone modifications that affect chromatin

structure could influence the capability of cells to either maintain

their stem cell identity or differentiate into specialized cell types.

The enzymes that regulate these modifications are therefore

among the prime targets for potential drugs that can influence

and potentially improve the therapeutic application of stem cells.

In this review, we discuss recent findings on the role of histone

modifications in stem cell regulation and their potential implica-

tions for clinical applications.

Introduction

In pluripotent stem cells of most multicellular eukaryotes,

the epigenome undergoes global remodeling during

commitment to a specific lineage (Atlasi and Stunnenberg

2017). Growing evidence suggests that maintenance of

the pluripotent state as well as lineage commitment is

controlled by global epigenetic mechanisms such as DNA

methylation, histone modifications, and regulation of

ATP-dependent remodeling of chromatin structure (Zhou

et al., 2011). As the roles of DNAmethylation, histone var-

iants, and ATP-dependent remodelers on stem cell biology

have been extensively reviewed (Turinetto and Giachino

2015; Wu and Sun 2006), we will focus on the role of his-

tone modifications and histone-modifying enzymes.

The chromatin landscape of pluripotent cells has been

intensely investigated in mouse embryonic stem cells

(mESCs), which have higher acetylation and lower methyl-

ation levels than differentiated cells (Bhanu et al., 2016).

These signatures of a more ‘‘active’’ chromatin conforma-

tion are consistent with the findings of an increased tran-

scriptional activity (Efroni et al., 2008) and a hyperdynamic

behavior of chromatin-associated factors in ESCs (Meshorer

et al., 2006). In addition to the surprisingly high dynamics

of stem cell chromatin, detailed chromatin immunoprecip-

itation (ChIP)-ChIP and ChIP-PCR studies revealed a co-

localization of active and repressive chromatinmarks at pro-
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moters and enhancers of developmentally regulated genes

in mESCs (Azuara et al., 2006; Bernstein et al., 2006). Such

a ‘‘bivalent’’’’ chromatin signature of H3K4me3 and

H3K27me3 is thought to mark genes that are repressed in

ESCs but poised to allow for alternative fates. H3K4me3

and H3K27me3 also overlap at thousands of genes in hu-

man ESCs (hESCs), but few genes exhibit H3K27me3 alone.

This indicates that bivalency is the default chromatin state

at key developmental control genes marked by H3K27me3

in hESCs (Harikumar and Meshorer 2015).

Deposition of H3K27me3 is mediated by Polycomb

repressive complex 2 (PRC2) via its catalytic subunit

EZH1/2. Trimethylation of K4 within the H3 tail is medi-

ated by the SETD1 (COMPASS) and MLL-containing com-

plexes.Mutations in eitherH3K27 orH3K4methyltransfer-

ase result in severe defects in ESC growth. The genetic

ablation of various enzymes belonging to PRC2 causes

the removal of repressive H3K27me3 marks, reduced self-

renewal, and upregulation of mesendoderm genes in

hESCs (Collinson et al., 2016; Shan et al., 2017), whereas

the removal of the H3K4 methyltransferase SET1A results

in a lack of proliferation and an increase in apoptosis (Ble-

dau et al., 2014; Fang et al., 2016; Sze et al., 2017).
Recruitment of Modifiers

Recruitment of the H3K4 methyltransferase-containing

complexes to active promoters is thought to be mediated

by different complex subunits that interact with the C-ter-

minal domain of Pol II, unmethylated CpG islands, or site-

specific DNA-binding transcription factors and long non-

coding RNAs (Voigt et al., 2013). The mechanisms govern-

ing the recruitment of PRC2 to specific genomic targets are

not yet fully understood (Holoch and Margueron 2017). It

appears that recruitment of PRC2 is, similar to Set1A and

MLL-containing complexes, likely not (only) based on

the recognition of specific sequences but rather on compo-

sition-modulated physical properties of DNA, such as the

shape of the DNA, nucleosome density, or overall chro-

matin conformation (Laugesen et al., 2019).

Despite similar modes of recruitment, the two modifica-

tions show a markedly different distribution within the
The Authors.
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Figure 1. General Concept of Stem Cell Differentiation and Its Influences by Epigenetics
Pluripotent stem cells can differentiate into lineage-restricted progenies. Intrinsic properties of stem cells as well as extrinsic factors such
as cell-cell signaling and metabolism influence stem cell self-renewal and differentiation. Progression from stem cell to differentiated
progeny is accompanied by remarkable epigenetic changes from euchromatin to heterochromatin. Figure was created with BioRender.com.
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genome. Whereas H3K4me3 is often found within pro-

moter regions, where it is frequently found at a few nucle-

osomes covering this domain (Stewart-Morgan et al.,

2019), H3K27me2 and me3 usually cover larger genomic

loci. In contrast to the rather localized H3K4me3 mark,

H3K27me3 is thought to spread from an initial site of

recruitment, which is mediated by an allosteric activation

of the PRC through the product of its methylation (Ragaz-

zini et al., 2019) or by an autoactivation through methyl-

ation of the JARID subunit (Sanulli et al., 2015). This differ-

ence in distribution is also reflected by the much smaller

amount of histone H3 methylated at K4 compared with

K27-methylated H3 (Alabert et al., 2015). So why is there

such a difference in the localization and amount of those

modifications in eukaryotic cells?

Modulation of Histone Modification States

There is increasing evidence that the number of specific

histone modifications, such as the bivalent marks in

ESCs, as well as their position within the genome depends

not only on the recruitment of the enzymes that catalyze

the modification but also on the level of demethylases,

the metabolic state of the cell, and the speed of the cell cy-

cle (Figure 1).
Metabolic Effects on Histone Modifications

Histone-modifying enzymes as well as enzymes that re-

move certain modifications rely on the presence of key

metabolites such as acetyl-CoA, S-adenosyl methionine

(SAM), NAD, or 2 oxoglutarate (Katada et al., 2012). The

intracellular concentrations of these metabolites highly

depend on the physiological status of the cell and

nutrient availability. Most stem cells have a very special-

ized metabolism and are more dependent on glycolysis

and less on oxidative phosphorylation for energy produc-

tion (Facucho-Oliveira and St John, 2009). Moreover,

mESCs depend on Thr and hESCs on Met to maintain

their pluripotency (Shiraki et al., 2014). The removal of

these amino acids results in a drop in SAM levels and

concomitantly of particular histone methylation sites

such as H3K4 (Shyh-Chang et al., 2013). Importantly,

not only histone methylation but also histone acetylation

is influenced by stem cell-specific metabolic pathways.

Stem cells produce cytosolic acetyl-CoA via glycolysis

and the subsequent pyruvate-derived citrate flux by action

of the ATP citrate lyase. Blockage of this pathway results

in a decrease in histone acetylation and early differentia-

tion of hESCs (Moussaieff et al., 2015). From these studies

it became clear that global changes such as differences in
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metabolism can have very specific effects during cell

differentiation.

Histone Post-translational Modification Kinetics across the Cell

Cycle

Another global effect that influences the entire chromatin

within the nucleus is the cell cycle. With each cycle, newly

formed, largely unmodified histones are incorporated into

the DNA, leading to an overall dilution of most histone

modifications (Jasencakova et al., 2010). Within newly

replicated chromatin, half of the histone H3 molecules

carry H3K14ac, H3K18/K23ac, and H3K9me1 and half of

the H4 molecules carry H4K5ac and H4K12ac at levels

closely mirroring the modification pattern of soluble his-

tones in pre-deposition complexes (Jasencakova et al.,

2010; Loyola et al., 2006), suggesting that these post-trans-

lational modifications are maintained within the first mi-

nutes of incorporation (Alabert et al., 2015). During chro-

matin maturation, K27me1, K36me1, and K27me2 are

imposed on new histones (Alabert et al., 2015). This

marking occurs soon after deposition onto newly repli-

cated DNA, arguing for a quick deposition. However,

further methylations on heterochromatic marks are

imposed on the newly incorporated histones with a

much slower kinetics that is similar to the cell cycle (Alabert

et al., 2015), making the length of the cell cycle an impor-

tant regulator of global chromatinmethylation. Consistent

with this hypothesis, resting and slowly dividing cells tend

to accumulate histone methylations, whereas cells with a

short cell cycle carry more acetylations (Alabert et al.,

2015; Bhanu et al., 2016; Leroy et al., 2013). Assuming

that methylated histones aremore refractory to reprogram-

ming due to the slower turnover of this modification, the

length of the cell cycle can therefore have a major effect

on cellular plasticity. In fact, studies investigating the effect

of DNA synthesis on cellular reprogramming efficiency re-

vealed a positive correlation between these two processes

(Tsubouchi et al., 2013).

In recent publications, computational modeling ap-

proaches have been used to investigate and model the

role of the modification kinetics in setting up specific chro-

mosomal domains and conferring epigenetic plasticity

(Alabert et al., 2020; Schuh et al., 2020). Two aspects com-

mon to the modeling approaches are: (1) the existence of

potentially competing modifications, such as H3K4me

(active) and H3K9me (inactive) or H3K27me (inactive)

and H3K36me (active), and (2) a low contribution of cell-

cycle-mediatedmodification dilution to the total modifica-

tion profile. Although there are clear exceptions, like the

above-mentioned bivalent mark, a widely accepted model

of chromatin shaping is the fixation of histones in specific

states by antagonisticmodifications. This provides a barrier

to changes in cell identity that can be overridden globally

by cell proliferationwhenmodification patterns are diluted
1198 Stem Cell Reports j Vol. 15 j 1196–1205 j December 8, 2020
genome wide through the incorporation of new naive his-

tones during replication. Recently, profiling of histone

modifications in tumor samples has revealed pervasive

K27me3 loss andK36me2 gain across different cancers (No-

berini et al., 2019). In addition to mutations in histones

and chromatin regulators that directly affect the K27/K36

methylation balance, a more general reduction in

K27me3 might thus be driven by changes in proliferation

rates during cellular transformation. These strong effects

of global and rather unspecific processes, such as the cell

cycle or the metabolic state, on chromatin maturation

therefore need to be considered in the context of targeted

therapeutic intervention aimed at resetting the epigenetic

landscape.
CURRENT IMPLICATIONS AND TREATMENTS

ACCORDING TO EPIGENETICS AND HISTONE

MODIFICATIONS IN STEM CELLS

Stem cells represent a promising tool for new clinical con-

cepts in support of cellular therapy for a variety of human

diseases and injuries. At the same time many human can-

cers are fed by a small population of cancer stem cells

(CSCs), which represents amajor challenge for tumor treat-

ment (Figure 2). A better understanding of themechanisms

that are associated with stemness and self-renewal but also

cell differentiation is therefore urgently needed to translate

our knowledge into clinical applications.
Cancer Stem Cells

CSCs represent a small subpopulation of cells often found

in dedicated niches of various tumor types. Unlike normal

stem cells, whose cell-cycle transitions are strictly regu-

lated, CSCs carry various pro-oncogenic mutations that

enable uncontrolled proliferation, which facilitates the ca-

pacity for (1) asymmetric division, (2) reconstituting a

differentiated tumor upon transplantation, (3) partici-

pating in the epithelial-mesenchymal transition, and (4)

resistance to conventional therapies (Batlle and Clevers

2017). By virtue of these properties, CSCs can promote,

enhance, and sustain malignant phenotypes and have

been causally linked to tumor aggressiveness, heterogene-

ity, disease stage, the onset of relapse and metastasis, and

ultimately poor clinical outcome (Batlle and Clevers

2017). The importance of improved strategies for targeting,

suppressing, and eradicating CSCs can therefore not be

overstated.

Histone-Linked Chromatin Dysregulation as a Player in CSC

Formation and Maintenance

In recent years it has become clear that epigenetic dysregu-

lation of chromatin plays a major role in the formation of

CSCs and is often vital for CSC self-renewal during tumor



Figure 2. Histone Modifications in Development and Therapeutic Intervention
(A) Schematic illustration of stem cell differentiation into tissue with decreasing proliferative capacity and increasing histone modifi-
cation decoration.
(B) Schematic illustration of colorectal tumor heterogeneity with changes in histone modifications fostering high proliferation rates in
distinct cancer stem cells.
(C) Concept of stem cell reprogramming for therapeutic intervention by isolation of differentiated cells and inducing them into a
pluripotent state to bring them back into a diseased body. iPSCs, induced pluripotent stem cells.
(D) Schematic representation of the correlation of the stem cells’’ developmental hierarchy with their epigenetic status according to
Schneider et al. (2011). Figure was created with BioRender.com.
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growth. Studies in pediatric glioblastoma (GBM) have pro-

vided key insights. Initial studies demonstrated the pres-

ence of two recurrent gain-of-function mutations within

histone variant H3.3, each affecting the K27M and G34R/

Vamino acids (Wu et al., 2012). Subsequent studies showed

that the K27Mmutant H3.3 results in aberrant recruitment

of PRC2 to H3.3 and a subsequent inhibition of its enzy-

matic activity. This inhibition leads to a genome-wide

reduction in H3K27me3 (Bender et al., 2013; Lewis et al.,

2013) and a reestablishment of self-renewal (Funato et al.,

2014). In addition to pediatric GBMs, there are several ex-

amples in which disruptions of the histone code have

been linked to the formation of CSCs in other cancer types

(reviewed in Liu et al., 2017; Vincent and Van Seuningen,

2012). For instance, malfunction of the KMT2A/MLL

gene, which encodes a histone methyltransferase (HMT)

that plays a key role in the regulation of enhancer accessi-

bility through chromatinmodifications, has been linked to

the formation of leukemia stem cells (LSCs) in both acute

myeloid leukemia (AML) and acute lymphoblastic leuke-

mia (Shilatifard 2012). Similarly, studies have shown that

the p300/CBP coactivator family (Zhao et al., 2011), as

well as the transcriptional coactivators MOZ and MORF

(Yang and Ullah 2007), which have intrinsic histone acyl-
transferase activity, is crucial for the establishment and

maintenance of LSCs. Concerning histone deacetylases

(HDACs), HDAC1 and HDAC7 were, for example, found

to be overexpressed in CSCs originating from both breast

and ovarian tissues, contributing not only to the CSC

phenotype but also to themaintenance of stem cell proper-

ties (Witt et al., 2017). In addition to histone modifiers, in-

duction of CSCs can be affected by mutations in structural

proteins involved in higher-order chromatin conforma-

tion, chromatin-remodeling complexes, and proteins

involved in DNA methylation, including DNA methyl-

transferases (DNMTs) and methylcytosine dioxygenases

(TET1 and TET2). However, consideration of these factors

is beyond the focus of this paper. For a thorough review,

refer to Wainwright and Scaffidi (2017).

Cancer Stem Cell Epigenetics as a Therapeutic Target

From the studies discussed thus far, it is clear that (1) CSCs

often contribute greatly to the initiation and propagation

of cancer (Batlle and Clevers 2017) and (2) the formation

and maintenance of CSCs during tumor growth appear to

be highly dependent on their chromatin state (Liu et al.,

2017; Makena et al., 2020; Vincent and Van Seuningen

2012). In keeping with this, the intrinsic reversibility of

epigenetic modifications provides a window through
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Table 1. Functions of Different HDAC Inhibitors in CSC Targeting

HDAC
Inhibitor Cancer Type Effect on CSCs Mechanism Reference

SAHA pancreatic impairs self-renewal capacity inhibition of miR-34a-Notch signaling and

epithelial-mesenchymal transition

(Nalls et al., 2011)

head and neck reverses cisplatin resistance downregulation of Nanog expression (Kumar et al., 2015)

Mocetinostat pancreatic represses stemness/resensitization to

chemotherapy

interference with ZEB1 and restoration of

miR-203 expression

(Meidhof et al.,

2015)

TSA and SAHA endometrial

adenocarcinoma

induction of differentiation upregulation of glycodelin (Uchida et al., 2005)

Abexinostat breast induction of differentiation involvement of Xist and potentially BRCA1(Salvador et al.,

2013)

AR-42 leukemia Apoptosis inhibition of NF-kB and Hsp90 functions (Guzman et al.,

2014)

Romidepsin leukemia Apoptosis upregulation of genes involved in the

inflammatory response and apoptosis

pathways

(Yan et al., 2019)
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which basic knowledge can be leveraged toward therapeu-

tic targeting of CSCs, thereby reducing cancer morbidity

and mortality. Unsurprisingly, pharmacological inhibition

of many chromatin-interacting proteins, and subsequent

interference with the upstream regulators of oncoproteins,

has in recent years been shown to target CSCs and inhibit

the growth of various cancer types in cell cultures, animal

models, and preclinical human studies. As reviewed else-

where (Makena et al., 2020), there are many possible ther-

apeutic strategies against CSCs. However, for the purposes

of this paper the discussion will be limited mostly to epige-

netic therapies that target CSCs via direct modulation of

the histone code. Below, we will discuss different strategies

as they relate to various drug types.

HDAC inhibitors (HDACis) are drugs that interfere

with HDACs and lead to increased levels of histone acet-

ylation and subsequent de-repression of gene expression.

In both preclinical models and landmark clinical trials,

various HDACis have shown efficacy in arresting the

cell cycle and inducing apoptosis in differentiated cancer

cells, resulting in inhibition of tumor growth (Toh et al.,

2017). In addition to killing normal cancer cells, a broad

spectrum of HDACis have demonstrated efficacy in the

specific suppression or elimination of CSCs. However,

the suppressive effects of HDACis on CSCs are not yet

fully understood (reviewed in Lin et al., 2019) and

have been shown to be achieved through different path-

ways and different modes of action (Table 1). First, HDA-

Cis can reprogram chemotherapy-resistant CSCs back

into differentiated cells that are sensitive to chemo-

therapy. Through the use of different types of HDACis,

differentiation of CSCs has been triggered in a wide

range of cancer cell types, including pancreatic (Meidhof
1200 Stem Cell Reports j Vol. 15 j 1196–1205 j December 8, 2020
et al., 2015), endometrial adenocarcinoma (Uchida et al.,

2005), and breast cancer (Munster et al., 2001; Salvador

et al., 2013). Second, HDACis can reverse the differenti-

ated state of cancer cells. For example, HDACis have

been used to reprogram breast cancer cells into quiescent

stem cell-like cancer cells that were subsequently charac-

terized by a shift of energy metabolism into the pentose

phosphate pathway, which could then be targeted by in-

hibition of glucose-6-phosphate dehydrogenase (Debeb

et al., 2016), suggesting a potential dual-therapy

approach. In addition to interfering with differentiation

protocols, HDACis have been shown to induce selective

death of CSCs in various cancer models, such as AML

(Guzman et al., 2014; Yan et al., 2019), pancreatic cancer

(Nalls et al., 2011), sarcoma (Di Pompo, Salerno et al.,

2015), and chronic myelogenous leukemia (Zhang

et al., 2010).

Although there are still only a few studies that have

directly evaluated the effects of the inhibition of HMTs

and histone demethylases (HDMs) in CSCs, they show

promise of revealing a potential function of these drugs

in therapeutic applications. Several studies have shown

that drugs targeting different histone lysine methyltrans-

ferases (HKMTs) demonstrate efficacy at reducing CSC

stemness in different cancer types, which is mirrored by

significant anti-tumor activity. Some examples of effec-

tively targeted HKMTs include (1) EZH2 (KMT6) (Yu et al.,

2017), (2) DOT1L (KMT4) (Daigle et al., 2013), (3) G9a/

EHMT2 (Kim et al., 2013), and (4) SUV39H1 and

SUV39H2 (Lai et al., 2015). Some examples of effectively

targeted HDMs include the histone lysine demethylases

(1) LSD1 (Schenk et al., 2012) and (2) the Jumonji

domain-containing (JmjC) enzyme UTX/KDM6A (Lee
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et al., 2007). Inhibition of UTX/KDM6A leads to the sup-

pression of CSCs in breast cancer (Yan et al., 2017) and

ovarian cancer (Sakaki et al., 2015), while enhancing radio-

sensitivity in various cell lines (Rath et al., 2018).

In addition to HDACs, HMTs, and HDMs, pharmacolog-

ical targeting of DNMTs and epigenetic readers such as bro-

modomain and extra-terminal (BET) proteins has also been

shown to ablate CSCs and represent additional therapeutic

approaches (Toh et al., 2017; Wainwright and Scaffidi

2017). For example, exposure of ovarian cancer stem-like

cells to the DNMT inhibitor SGI-110 resulted in a reduction

of stem cell properties (Wang et al., 2014). BET inhibitors,

which hinder reactions between BET proteins and acety-

lated histones and transcription factors, have been shown

to inhibit the targeting of BRD4 to and subsequent tran-

scriptional repression of several oncogenes in a wide range

of CSC types, including c-MYC, which is essential to the

survival of many CSCs (Wainwright and Scaffidi 2017).

In the above reports, epigenetic drugs were usually tested

as the sole agent. However, numerous studies have demon-

strated that the efficacy of these drugs can often be

enhanced significantly by co-treatments with similar

drug types, such as simultaneous inhibition of EZH2 and

G9a, or by combining with other drug types, such as the

DNMT inhibitors azacitidine and decitabine, or conven-

tional chemotherapies such as platinum, cytarabine, and

irinotecan therapy (Toh et al., 2017; Wainwright and Scaf-

fidi 2017).

When exploring the landscape of the diverse epige-

netic factors that are responsible for regulating and

maintaining the CSC phenotype, there are potential ca-

veats and experimental/technical challenges that need

to be considered. First, CSCs are relatively rare in solid

tumors and often occur in relatively low numbers, which

complicates the isolation procedure (Witt et al., 2017).

Furthermore, once they are successfully isolated, it is

challenging to expand CSCs in the in vitro setting, pri-

marily because they rapidly differentiate into non-stem

tumor cells under standard culture conditions (Fillmore

and Kuperwasser 2008). Second, there is a notable varia-

tion and overlap of CSC surface markers among different

tumor types, while many of the same surface markers are

also expressed on normal cells and cells that are in a

transitionary state (Makena et al., 2020). This not only

further complicates the isolation of specific CSCs for

study, but also complicates the targeting of specific

CSCs for therapeutic purposes. Taken together, these re-

sults highlight the importance of identifying more and

increasingly specific markers for CSCs. Last, as they often

target whole enzyme families, the epigenetic drugs

described in this paper have a broad spectrum of inhibi-

tion and often affect a variety of non-histone effector

molecules (Makena et al., 2020). On one hand, this
makes it exceedingly difficult to elucidate the true mech-

anisms that underlie the mode of action of a specific

drug in general and in specific cases. Second, such unspe-

cific targeting may not be the most suitable treatment

option for many solid tumors, especially in cases where

there is a big difference in the epigenetic landscape and

expression of specific epigenetic regulators between

CSCs and the rest of the tumor (Vincent and Van Seunin-

gen 2012). This highlights the importance of (1) exer-

cising caution when developing and testing such drugs,

(2) identifying and clearly mapping out the epigenetic

reprogramming that transpires during the formation of

CSCs, and (3) an improved understanding of the differ-

ences between normal stem cells and CSCs. This will

aid in the development of new drugs or approaches

with enhanced specificity, enabling the targeting of spe-

cific CSCs and limiting aberrant disruptions of tissue ho-

meostasis. As indicated earlier, this is substantiated by

the improvements in patient outcomes that are achieved

by the use of epigenetic drugs that have greater speci-

ficity (e.g., that target an individual epigenetic modifier

protein) and/or by combinatory drug approaches.

Stem Cell Epigenetics and Therapeutics in

Regenerative Medicine

Beyond the domain of oncology, epigenetic principles

can also be leveraged in stem cell-based regeneration of

damaged tissues. First, drugs affecting epigenetic modi-

fiers can be used to improve differentiation protocols in

stem cells and their derivatives. An effective stem cell re-

programming should guarantee a complete remodeling

of epigenetic memory of the initial somatic cell, followed

by the establishment of the epigenetic signature of the

new type of cell to be differentiated (Figure 2). In line

with this, the epigenome is frequently used as a

biomarker of efficiency and safety in stem cell differenti-

ation. An alternative strategy involves an active stimula-

tion of the natural niche of adult stem cells after tissue

injury, which has enormous translational potential

because it does not involve cellular transplantation.

Such epigenetic-based stimulation of stem cells has

shown some initial positive effects in the field of cardio-

vascular and neurological disorders (Ganai et al., 2016;

Gilsbach et al., 2018). For example, HDACi treatment

has been shown to induce neuronal differentiation in

adult progenitor cells (Hsieh et al., 2004). Similarly,

HDACi treatment improves cardiac progenitor cell func-

tion and has been shown to positively affect the repair of

ischemic myocardium upon cellular transplantation

(Guo et al., 2018), as well as suppressing cardiac fibrosis

(Williams et al., 2014). In the latter case, selective inhibi-

tion of class I HDACs results in the suppression of angio-

tensin II-mediated cardiac fibrosis, mainly by blocking
Stem Cell Reports j Vol. 15 j 1196–1205 j December 8, 2020 1201
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the progression of cardiac fibroblasts through the cell cy-

cle (blocking them in the G0/G1 phase), which is

achieved by inhibition of Rb phosphorylation through

de-repression of the genes encoding the p15 and p57 cy-

clin-dependent kinase inhibitors (Williams et al., 2014).

In summary, recent studies on the role of histone modi-

fications for stem cell maintenance and differentiation

have revealed a surprising role of global effects like the

cell cycle or metabolic pathways on what so far has been

thought to be constituted by specific signaling pathways.

Although these effects are very likely modulatory rather

than deterministic, they can be easily targeted and there-

fore bear potential for supplementary treatments. In the

future such global treatment could potentially be used to

improve stem cell-based regenerative therapies or to selec-

tively target CSCs, thereby facilitating the development

of improved, and perhaps more personalized, therapeutic

possibilities.
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