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Abstract

Purpose of Review Hematopoietic stem cells (HSCs) are formed embryonically during a dynamic developmental process
and later reside in adult hematopoietic organs in a quiescent state. In response to their changing environment, HSCs have
evolved diverse mechanisms to cope with intrinsic and extrinsic challenges. This review intends to discuss how HSCs and
other stem cells co-opted DNA and RNA innate immune pathways to fine-tune developmental processes.

Recent Findings Innate immune receptors for nucleic acids like the RIG-I-like family receptors and members of DNA sensing
pathways are expressed in HSCs and other stem cells. Even though the “classic” role of these receptors is recognition of
foreign DNA or RNA from pathogens, it was recently shown that cellular transposable element (TE) RNA or R-loops activate
such receptors, serving as endogenous triggers of inflammatory signaling that can shape HSC formation during development
and regeneration.

Summary Endogenous TEs and R-loops activate RNA and DNA sensors, which trigger distinct inflammatory signals to
fine-tune stem cell decisions. This phenomenon could have broad implications for diverse somatic stem cells, for a variety
of diseases and during aging.
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Introduction

Hematopoietic stem cells (HSCs) reside on the top of
the hematopoietic hierarchy and can give rise to the majority
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development through a highly plastic process involving
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comprised of RNA:DNA hybrids and single-stranded (ss)
DNA [12-15].

DNA and RNA sensing pathways are abundantly active
in immune cells in order to recognize foreign DNA or RNA,
but are also used as the first line of defense against pathogens
in non-immune effector cells [16, 17]. Nucleic acid sensors
include the endosomal Toll-like receptors (TLRs) TLR3,
TLR7, TLRS, and TLRY [18]; the nuclear and cytosolic
DNA sensor cyclic GMP-AMP synthase (cGAS) [19, 20];
retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs)
[21]; NOD-like receptors (NLRs) [22]; AIM2-like recep-
tors (ALRs) [23]; and C-type lectins [24]. DNA-sensing
pathogen recognition receptors (PRRs) include cGAS, the
endosomal TLRY, and the cytosolic ALRs AIM?2 and IFI16.
RNA-sensing PRRs are endosomal TLR3, TLR7, TLRS, and
cytosolic RIG-I, MDAS, NLRP1 and 3, and NOD2 [17].
Interaction of these receptors with viral RNA or DNA from
pathogens transduce innate immune signaling pathways that
cause transcriptional activation by nuclear factor kappa B
(NF-kB), IFN-response factors (IRF), and other inflamma-
tory transcription factors [16, 17]. Importantly, HSCs and
other somatic stem cells express many of these receptors
and downstream pathway components resulting in specific
expression of interferon-stimulated genes (ISGs) that pro-
tects them from viral invasion.

Nucleic acid sensors recognize different types of DNA
and RNA species [16, 17]. For example, RIG-I recognizes
short 5" ppp-double-stranded (ds) RNA while MDAS
prefers long dsRNA. TLR3 recognizes dsRNA, TLR7/8
recognize single-stranded RNA, and TLRY recognizes
unmethylated CpG DNA. Evidence has been accumulat-
ing over the last decade demonstrating that endogenous
sources of RNAs and DNAs can also stimulate nucleic
acid sensors. For example, mislocalization of mitochon-
drial RNA or DNA in the cytosol stimulates MDAS and
cGAS, respectively, both resulting in induction of a type
I IFN response [25, 26]. Mistakes in A-to-I RNA edit-
ing by adenosine deaminase acting on RNA 1 (ADAR1)
or unedited Alu elements are also major sources of non-
viral MDAS stimulation [27-29]. Persisting double-strand
breaks, micronuclei formation that occur during mitosis
and accumulation of cytosolic DNA are common sources
of self-activation of cGAS that lead to non-viral activation
of inflammatory signaling [19].

Many pivotal studies have proven the importance of
inflammatory signaling on HSCs from birth through
old age and under times of stress. Only recently has the
initiating, endogenous source of inflammatory signaling in
HSCs started to be elucidated. In this review, we will focus
mainly on the role that RLR and cGAS nucleic acid sensing
pathways play in developmental decisions and stemness. We
are focusing particularly on the hematopoietic system but
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also presenting evidence for a non-pathogenic role of DNA/
RNA sensors in other stemness contexts.

DNA Sensing-cGAS Pathway

cGAS, a recently identified DNA sensor, is thought to be
one of the main responders to infectious and damaged
self-DNA [19, 20]. cGAS is activated by dsDNA in both
the cytoplasm and nucleus in a manner independent of
specific DNA sequence [19, 20]. Upon DNA binding,
cGAS produces the second messenger 2',3'-cyclic-GMP-
AMP (cGAMP), which in turn binds to and activates the
endoplasmic reticulum transmembrane receptor Stimulator
of Interferon Genes (STING). Then, STING triggers
distinct downstream mechanisms, including activation
of Tank Binding Kinase 1 (TBK1); nuclear translocation
of the transcription factors IRF3, IRF7, and NF-«xB;
stimulation of type I IFN gene expression; and production
of inflammatory cytokines (Fig. 1) [19, 20].

Although largely explored as a dsDNA sensor, recent
studies revealed that cGAS can be activated by a variety of
non-DNA stimuli [19]. For example, nuclear cGAS can be
relocalized and activated during translational stress due to
recognition of unresolved collided ribosomes as a conse-
quence of a disruption of the ribosome-associated protein
quality control [30]. Very recently, cGAS-like receptors
(cGLRs) were characterized as innate immune receptors in
Drosophila melanogaster and surprisingly were identified
as RNA binders. Crystal structure studies identified differ-
ences in the ligand binding surface between cGLR1 and
c-GAS that could explain the differences in nucleic acid
binding preferences [31, 32]. These new findings high-
light that our understanding of all the potential ligands for
cGAS as well as what guides the selectivity is likely only
the tip of the iceberg.

Depending on the cellular context, these effectors can
result in cell proliferation, autophagy, cell senescence,
or cell death [33-39]. Activation of cGAS during
mitotic arrest results in accumulating, low-level IRF3
phosphorylation without inflammatory gene upregula-
tion, but rather suppression of BCL-XL and subsequent
apoptosis [39]. Additionally, STING activation can trig-
ger autophagy via a non-canonical pathway resulting
in STING translocation to the ER-to-Golgi interface and
ultimately LC3 lipidation [34]. Lysosome-associated,
activated STING can also trigger cell death by promoting
membrane permeabilization [35]. Furthermore, expo-
sure of mice to the STING agonist carboxymethyl-
9-acridanone (CMA) results in robust pathway activa-
tion in CD4 + T cells, which promotes expression of a
distinct gene set and ultimately results in apoptosis [40].
In contrast, cGAS-STING signaling in tumor-infiltrating
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Fig.1 A RIG-I-Like receptors (RLRs), such as MDAS and RIG-I,
are activated by numerous cytosolic ligands, such as mitochondrial
RNA (mtRNA), 5'-triphosphate RNA, dsRNA, and transposable ele-
ment transcripts (TEs). cGAS is stimulated in both the cytoplasm and
nucleus by several endogenous stimuli, such as micronuclei, mito-
chondrial DNA (mtDNA), RNA:DNA hybrids, cytosolic chroma-
tin fragments (CCF), naked cytosolic DNA, stalled ribosomes, and
most recently RNA. Activation of RLRs promotes oligomerization
with the mitochondrial anti-viral signaling protein (MAVS), which
triggers activation of kinases like Tank Binding Kinase 1 (TBK1) and
IkB kinase € (IKKe). Stimuli binding to cGAS induces its synthetase
activity resulting in production of the second messenger cyclic GMP-

CDS8 + T cells enhances the formation of stem-like mem-
ory T cells [41]. Signal strength and cell type differences
are suggested to impart these distinct cellular outcomes
[40]. There is still much to learn about the repertoire and
regulation of cGAS-STING signaling and downstream
outcomes.

cGAS-ing Stemness
Although mostly studied in immune effector cells, cGAS-

STING signaling components are broadly expressed, com-
prising an ancient frontline defense of innate immunity.

senescence

N .

death

AMP (cGAMP). STING activation by cGAMP results in induction
of TBKI1. Stimulation of either RNA or DNA sensor pathways can
ultimately result in the translocation of Interferon Response Factor
3 (IRF3), IRF7, and nuclear factor kappa B (NF-xB) to the nucleus
leading to the induction of an IFN response and the secretion of
proinflammatory cytokines. Cells possess negative regulators of the
sensor pathways including LGP2 and ADARI1 for RLRs and nucleo-
some tethering and the circular RNA cia-cGAS for nuclear cGAS. B
Nucleic acid sensor activation alters stem cell homeostasis in cell-
type and context-specific manners. Pathway activation can result in
diverse cellular outcomes, such as expansion, exhaustion, senescence,
or cell death. Created with BioRender.com

Several recent findings directly demonstrate that the cGAS-
STING pathway is critical for developmental and adult
hematopoietic stem and progenitor cell (HSPC) homeostasis
even though this field is still in its infancy.

Many years ago, it was demonstrated that polymicrobial
intraperitoneal infection in mice promotes HSPC expansion
in a TLR-independent manner [42]. Pathogen-associated
molecular patterns or PAMPs released in this model include
the TLR agonist lipopolysaccharide and the STING ago-
nist 3',3' cyclic-di-GMP (c-di-GMP). This bacterial sec-
ond messenger is structurally similar to the endogenous
cGAS-generated cGAMP [43]. Similar to cGAMP, bacterial
c-di-GMP binds to and activates STING. Kobayashi et al.

@ Springer



222

Current Stem Cell Reports (2021) 7:219-228

demonstrated that in vivo c-di-GMP treatment promotes
multipotent progenitor expansion in a manner dependent
on STING, IRF3/7, and IFNAR [44e]. In contrast, long-
term HSC levels were diminished upon c-di-GMP treat-
ment, which was dependent on STING and NF-kB sign-
aling but independent of IFNAR. These findings suggest
that STING activation elicits distinct responses based on
the cellular context. Although this work supports a role
for infection-based STING activation in regulating HSPC
behavior, a role for endogenous cGAS-STING signaling
was unexplored.

In addition to dsDNA, cGAS can be activated by
RNA:DNA hybrids [45]. RNA:DNA hybrids along with
ssDNA are components of R-loops, which are nucleic acid
structural variants that are essential for many cellular pro-
cesses, such as transcriptional regulation, genomic stability,
and immunoglobulin class switching [46]. R-loop imbal-
ance is associated with numerous human diseases, including
cancer and immune disorders. Our group recently demon-
strated that R-loop imbalance can expand HSPCs [47ee].
Using zebrafish, we showed that DEAD-box helicase 41
(DDX41), a factor mutated in inherited adult-onset myelo-
dysplastic syndrome (MDS), suppresses R-loop accumula-
tion. When DDX41 levels fall, R-loop levels rise, and trig-
ger activation of the cGAS-STING pathway, which boosts
HSPC production. R-loops induced TBK1 phosphorylation,
ISG expression, and NF-«B activation, consistent with the
findings of c-di-GMP stimulation. Our findings, showing
cGAS-mediated HSPC expansion in DDX41 mutant ani-
mals, indicate a link between cGAS activation and clonal
hematopoiesis disorders such as MDS.

Although a role for cGAS-STING in the aging HSC
compartment has not been investigated, several recent dis-
coveries indicate that it is worth exploring. Aging is associ-
ated with low-dose chronic inflammation — inflammaging
— that contributes to age-related decline in HSC function
and is also linked to aberrant HSPC expansion observed
in clonal hematopoiesis [48—54]. It is posited that lifelong
accumulation of damaged cellular components that stimulate
c¢GAS and STING such as micronuclei, cytosolic chroma-
tin fragments, damaged nuclear DNA, cytosolic mtDNA,
and nuclear envelope disruptions are major contributors
of inflammaging [55-58]. Mitochondrial aberrations and
mtDNA transfer are linked to HSC dysfunction with age,
but the full underlying molecular and cellular mechanism
remains unclear [59]. Future exploration into cGAS-STING
as mediators of HSPC defects downstream of mitochondrial
disruption is warranted.

Cellular senescence is another major cellular hallmark
of aging [60]. Recent evidence demonstrated that cGAS
is activated by senescence-associated damaged cellular
components [33, 61]. Senescence-activated cGAS starts
a feed-forward loop that stimulates STING-mediated
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senescence-associated secretory phenotype (SASP), which
promotes paracrine senescence. Loss of cGAS can abro-
gate senescence in cell culture models [33, 61], and recent
in vivo studies indicate that age-associated phenotypes, such
as decline in immune cell function and cancer development,
also appear to be STING-mediated [62]. As cGAS-STING
pathway signal strength elicits different responses, it will be
interesting to decipher the different outcomes from acute
versus low-dose chronic pathway activation on HSCs and
other stem cell populations that decline with age.

New data also link the cGAS-STING pathway in skin
stem cells and homeostasis. Endogenous retroviruses (ERV)
produced upon microbiota stimulation in the skin and in
purified keratinocytes elicit activation of the cGAS-STING
pathway and establish the communication between the
microbiota and the keratinocytes required for the induction
of homeostatic T cell responses to a skin microbe. Mild ERV
expression has a positive effect on skin tissue repair and
promotes immune fitness. However, hyper-elevated levels
of ERVs due to high-fat diet resulted in skin inflammation
[63]. Another recent study showed that hair follicle stem
cells from patients with hidradenitis suppurativa, a chronic,
relapsing, inflammatory skin disease, are disturbed [64]. The
patient samples had an expansion of proliferating hair fol-
licle progenitors and decreased numbers of quiescent hair
follicle stem cells due to elevated replication stress that trig-
gered excessive STING-mediated type I IFN production.
These data are highly reminiscent of the effect of cGAS-
STING activation in HSPC, suggesting a potential similar-
ity in the response of somatic stem cells to DNA-sensing
pathway induction.

Mechanism of cGAS Control

cGAS is activated by dsDNA that is present in all cells, so
how does it remain inactive? It was long thought that cGAS
was mostly localized to the cytoplasm, such that it was only
activated upon the entry of foreign DNA into the cell. In
recent years that model was challenged when it was discov-
ered that cGAS is largely confined to the nucleus [65, 66].
How does an enzyme that is activated by DNA stay silent
in the sea of genomic DNA in the nucleus? Several semi-
nal papers published in 2020 uncovered the answer to this
conundrum. Within the genome, cGAS is broadly localized
but enriched in heterochromatic, nucleosome-rich regions
[67]. It was found that tight binding of cGAS to the histone
H2A/H2B dimer in a nucleosome suppresses its activity [66,
68-71]. That said, purified chromatin can stimulate cGAS
activity, potentially due to cGAS interaction with dsDNA
found in nucleosome-free regions of chromatin [39, 72].
Beyond nucleosome protection of dsDNA, several non-
nucleosome chromatin factors regulate cGAS accessibility
to nucleosome-poor genomic regions [73]. For example, Bar-
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rier-to-autoantigen 1 (BAF), another sequence-independent
dsDNA binding protein, displaces cGAS from dsDNA
in a competitive fashion [65]. Chromatin architecture is also
suggested to modulate cGAS activity as there has been a new
link between linker histones and cGAS-driven type I IFN
gene expression [74]. The biophysical properties of STING
can also control cGAS activation. A recent study showed
that STING can condensate into puzzle-like structures in the
ER via liquid-liquid phase separation of soluble proteins.
These biomolecular condensates limit the immune response
to pathogen invasion by sequestering STING and TBK1 [75].
Formation of biomolecular condensates was dependent on
cGAMP levels suggesting a level of feedback regulation to
prevent pathway overactivation.

Another level of cGAS regulation was identified in
murine LT-HSCs that express high levels of cia-cGAS, a
circular RNA that interacts with cGAS in the nucleus [76ee].
Binding of cia-cGAS to cGAS inhibits its synthase activ-
ity and prevents cGAS recognition of self DNA. Similar to
c-di-GMP-treated mice, cia-cGAS-deficient animals showed
elevated expression of type I IFNs, increased HSPC prolif-
eration, higher numbers of LSK HSPCs, and lower num-
bers of LT-HSCs. In these mice, HSCs eventually exhaust
due to chronic cGAS activation, and subsequent type I IFN
overstimulation, thus leading to a bone marrow failure phe-
notype. All current data support the need for tight regula-
tion of STING-mediated pathways for cellular and tissue
homeostasis.

RNA Sensing-RLR Pathway

RLRs are a family of cytoplasmic receptors that include
RIG-I, melanoma differentiation-associated protein 5
(MDAYS), and laboratory of genetics and physiology 2
(LGP2) [21, 77]. All RLRs have a helicase domain and
carboxy-terminal domain (CTD) while RIG-I and MDAS
also include two caspase activation and recruitment domains
(CARDs) that are mainly responsible for signal mediation.
RNAs activate RIG-I and MDAS which then oligomer-
ize through the CARD domains with the mitochondrial
antiviral-signaling protein (MAVS) and create a signaling
platform leading to activation of kinases like TBK1 and
IxB kinase € (IKKe) (Fig. 1). Ultimately translocation of
IRF3, IRF7, and NF-xB to the nucleus lead to the induction
of an IFN response and the secretion of proinflammatory
cytokines [21].

RIG-ing Stemness

In recent years more and more evidence suggest that RLRs
play critical roles in physiological or pathological processes
that are not directly related to immune responses. Recent evi-
dence from our lab suggested a role for RIG-I-like receptors

in HSC formation during development [78ee]. During devel-
opment, we found that RIG-I and MDAS display low-level
activity during EHT and activate NF-kB signaling that
enhances HSC formation. LGP2 on the other hand restricts
NF-xB activation and the function of RIG-I and MDAS,
thus acting as a negative regulator of inflammatory signal-
ing during HSC development. A potential source of activa-
tion of RIG-I and MDAS5 comes from TE transcripts that are
expressed during EHT. In adulthood, it was shown previ-
ously that RIG-I is differentially expressed between multi-
potent and myeloid committed progenitors [79]. Moreover,
a potential antileukemic effect of RIG-I was shown in acute
myeloid leukemia (AML) cells via competitive inhibition
of the Src/AKT interaction. Indeed, decreased RIG-I leads
to hyperactivity of Src family kinases and subsequent AKT
activation [80]. This function of RIG-I is not primed by for-
eign RNA. We recently illustrated the function of MDAS in
hematopoietic regeneration after chemotherapy [81ee]. We
found that the transcription of TEs progressively increases
in HSCs after chemotherapy. TE transcripts activate MDAS
to induce an inflammatory response that is necessary for
HSC:s to exit quiescence and proliferate in order to replenish
differentiated blood cells that have been eliminated by chem-
otherapy. Indeed, overexpression of TE copies or knock-
down of LINE1 increased or decreased cycling of HSCs
in vitro, respectively. TE transcriptional upregulation is also
observed in HSCs after irradiation while inflammatory sign-
aling plays instrumental roles in regulating their expression
[82e]. Interestingly, TE upregulation has been instrumen-
tal in cancer therapy upon treatment with demethylating
agents. In these cases, demethylating agents increased tran-
scription of TEs that were sensed by MDAS thus leading to
induction of inflammatory responses and subsequently to
cell death [83-85]. Similarly, upregulation of LINE1 upon
loss of MPHOSPHS8 or MPP8 (M-Phase Phosphoprotein),
a member of the HUSH complex, resulted in DNA dam-
age and tumor regression or arrest [86]. The implication
from these studies is that triggering RNA-sensing pathways
could be instrumental for some cancer immunotherapeutic
approaches.

An important role of MDAS was also identified during the
mesenchymal-to-epithelial transition (MET) during induced
pluripotent stem cell (iPSC) reprogramming [87]. Loss of
ADARI-mediated RNA editing led to increased activation
of MDAS that disrupted MET. Mechanistically, they showed
that ADARI1 editing of transmembrane-encoding dsRNAs is
crucial to prevent MDAS activation and to promote PERK-
dependent unfolded protein response that drives MET. RLRs
also play a role in mesenchymal stem cell survival [88].

LGP2, the third member of the RLR family whose func-
tion in inflammatory pathways remains controversial, has
been shown to promote cell survival and fitness of CD8 +T
cells after infection — thus, underscoring a possible role
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under physiological conditions [89]. In contrast, our results
showed that LGP2 acts as a negative regulator of HSPC for-
mation during development [90]. Additionally, MAVS, the
downstream adaptor of the RLR pathway, is important for
mitochondrial homeostasis since it acts as a potential recep-
tor for mitochondria-associated autophagic signaling [91].

Mechanism of RLR Stimulation Control

The high-affinity ligands for RLR receptors are viral RNAs
with specific characteristics that cannot be found in host
RNAs, thus providing the first layer of control of RLR
and especially RIG-I activation. Additionally, the CARD
domains of RIG-I interact with a domain located between
the helicase domains keeping RIG-I in a closed confor-
mation, thus preventing activation by ligands [21]. RNA
binding also plays a role in controlling RIG-I signal and
especially its attenuation. For example, exosome transfer of
the non-coding 5'-PPP-containing RN7SLI RNA produced
in stromal cells triggers RIG-I activation in adjacent breast
cancer cells, which induces the production of a cyclic long
non-coding RNA that binds to RIG-I and attenuates the sig-
nal [92]. Competition of a host-derived, IFN-inducible long
noncoding RNA, Inc-Lsm3b with viral RNA for RIG-I bind-
ing is another example [93].

Another important regulator of RLR activity is RNA edit-
ing by ADARI1. Multiple publications have shown, espe-
cially for MDAS, that editing of RNAs by ADARI reduces
the immunogenicity of these RNAs [27, 29]. Editing of RNA
Polymerase II-transcribed Alu elements by human ADARI1
blocked translational shutdown by inhibiting hyperactiva-
tion of RLRs such as MDAS or protein kinase R (PKR) in
neuronal cells [27]. Additionally, Ahmad et al. showed that
the amount of RNA is critical to control pathway activation
as increasing the amount of RNA disrupted MDAS signal-
ing, presumably due to interference with filament formation
[94]. RNA modifications also play a role. It was recently
shown that m°A RNA modification of TEs reduced their
half-life, and thus diminished the chances of activating the
RNA-sensing pathway [95].

Other Sensors and Stimuli

As mentioned earlier, besides cGAS and RLRs many other
sensors exist. Since current findings support a role for
nucleic acid sensors in developmental processes, it is natu-
ral to posit that other sensors, possibly activated by diverse
stimuli, could have similar roles. Indeed, it was recently
shown that loss of H3K9 methylation in G9a-deficient ani-
mals results in ERV induction leading to an AIM2-mediated
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inflammatory response that is devastating for mammary
gland development [96]. Since these experiments were per-
formed in the G9a knockout background, it is interesting to
speculate that basal expression of ERVs may play a func-
tional role in mammary gland development, but massive
TE transcriptional upregulation impairs mammary gland
development.

Metabolic regulation of NLRP3 activity and subsequent
activation of interleukin-1-beta (IL-1p) was also shown to
regulate HSPC formation during development, thus pin-
pointing an interesting interplay between metabolism and
inflammation in the regulation of cell fate decisions [97].
NLRP3 is activated by a variety of stimuli like ATP and uric
acid but also mitochondrial DNA, pointing to diverse stimuli
that can fine-tune the function of this receptor in physiologi-
cal processes. It was also recently shown that human NLRP1
is a viral sensor of dsRNA, suggesting that NLRP1 may
well sense endogenous dsRNA from TEs or other types of
RNAs [98]. Of course, many other sensors could play poten-
tial roles in stem cells. For example, TLRs are known to be
critical for HSC functions but their potential roles in sensing
endogenous ligands remain to be fully explored [99].

Conclusions

The utility of RLRs and cGAS-STING signaling is best
characterized in response to accumulation of danger signals
from infectious or endogenous sources. Although RLRs and
cGAS-STING are non-essential genes, animals and humans
with mutations in RLRs, cGAS-STING, or downstream
signaling components are prone to immune dysregulation,
such as autoimmunity and infectious susceptibility [100].
Additionally, antiviral immunity plays a central role in
stem cell gene engineering [101]. The recent work from our
groups and others indicate that these sensing pathways could
also titrate stemness properties. An innate quality of all stem
cells is their ability to sense and adapt to the changing local
and systemic environments while faithfully sustaining them-
selves and their differentiated progeny. RLRs and cGAS-
STING are ancient pathways for evading foreign invaders
that then evolved to cope with intrinsic damage. Similarly,
we posit that the pathways adapted to modulate stem cell
decisions are related to the stimulant, signal strength, and
cellular context. For example, it is tantalizing to speculate
that the massive nucleosomal shifting associated with cell
fate transitions could stimulate low levels of cGAS activa-
tion that enforces cell fate states, similar to what was sug-
gested for RNA sensors such as RIG-I and MDAS [78ee].
Additionally, the results discussed in this review hint to the
fact that high cellular plasticity triggers nucleic acid sensors.
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Hence, such mechanisms may be critical during aging or
disease. It will be interesting to further investigate which
endogenous ligands activate these receptors in stem cells in
physiological and stress-induced contexts. TEs are gaining
much attention in development, disease, and aging, but what
families of TEs and which of their properties are involved
still remains heavily understudied. Not to mention that a
plethora of other RNAs could still stimulate nucleic acid
sensors. Phenomena like hypertranscription and perva-
sive transcription are prevalent in cell fate changes during
development and stress responses, but their importance or
purpose during these times still remains to be elucidated
[102, 103]. It is possible these events result in nucleic acid
sensor activation. Taking into account that more and more
stimuli activate DNA/RNA sensors, an emerging idea is that
these receptors act as “buffers” of cellular activity during
fate transitions, the response of which depends on intrinsic
or extrinsic factors. Detailed studies on the direct impact of
different stimuli for different sensors are still needed to fully
understand this phenomenon. Is it possible that sensors sense
everything? Probably not, but there is much more to discover
in nucleic acid sensor biology, especially in the realm of
stem cell regulation.

Funding Open Access funding enabled and organized by Projekt
DEAL. This work was funded by American Cancer Society RSG-
129527-DDC, DOD BM180109, and NIH 1R01DK121738-02 (to
TVB) and the Max Planck Society, the Deutsche Forschungsgemein-
schaft, Research Training Group GRK2344 “MelnBio-BiolnMe” and
the German Research Foundation (DFG-GZ: TR 1478/2-1) under Ger-
many’s Excellence Strategy (CIBSS-EXC-2189-Project ID 390939984)
(to ET).

Declarations

Conflict of Interest Teresa V. Bowman and Eirini Trompouki declare
that they have no conflict of interest.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any
of the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Papers of particular interest, published recently,
have been highlighted as:

e Of importance

ee Of major importance

1. Mendelson A, Frenette PS. Hematopoietic stem cell niche
maintenance during homeostasis and regeneration. Nat Med.
2014;20(8):833-46. https://doi.org/10.1038/nm.3647.

2. Pinho S, Frenette PS. Haematopoietic stem cell activity and inter-
actions with the niche. Nat Rev Mol Cell Bio. 2019;20(5):303—
20. https://doi.org/10.1038/s41580-019-0103-9.

3. He S, Nakada D, Morrison SJ. Mechanisms of stem cell self-
renewal. Annu Rev Cell Dev Biol. 2009;25:377—406. https://doi.
org/10.1146/annurev.cellbio.042308.113248.

4. Trumpp A, Essers M, Wilson A. Awakening dormant haemat-
opoietic stem cells. Nat Rev Immunol. 2010;10(3):201-9. https://
doi.org/10.1038/nri2726.

5. Olson OC, Kang YA, Passegue E. Normal hematopoiesis is a bal-
ancing act of self-renewal and regeneration. Csh Perspect Med.
2020;10(12):a035519. https://doi.org/10.1101/cshperspect.a035519.

6. Dzierzak E, Bigas A. Blood development: hematopoietic
stem cell dependence and independence. Cell Stem Cell.
2018;22(5):639-51. https://doi.org/10.1016/j.stem.2018.04.015.

7. Orkin SH, Zon LI. Hematopoiesis: an evolving paradigm for stem
cell biology. Cell. 2008;132(4):631-44. https://doi.org/10.1016/].
cell.2008.01.025.

8. Choudhuri A, Fast EM, Zon LI. Using zebrafish to study path-
ways that regulate hematopoietic stem cell self-renewal and
migration. Stem Cell Reports. 2017;8(6):1465-71. https://doi.
org/10.1016/j.stemcr.2017.05.018.

9. Palis J. Hematopoietic stem cell-independent hematopoiesis:
emergence of erythroid, megakaryocyte, and myeloid potential
in the mammalian embryo. FEBS Lett. 2016;590(22):3965-74.
https://doi.org/10.1002/1873-3468.12459.

10. Hu D, Shilatifard A. Epigenetics of hematopoiesis and hemato-
logical malignancies. Genes Dev. 2016;30(18):2021-41. https://
doi.org/10.1101/gad.284109.116.

11. Seita J, Weissman IL. Hematopoietic stem cell: self-renewal
versus differentiation. Wiley Interdiscip Rev Syst Biol Med.
2010;2(6):640-53. https://doi.org/10.1002/wsbm.86.

12. Chuong EB, Elde NC, Feschotte C. Regulatory activities of
transposable elements: from conflicts to benefits. Nat Rev Genet.
2017;18(2):71-86. https://doi.org/10.1038/nrg.2016.139.

13. Bourque G, Burns KH, Gehring M, Gorbunova V, Seluanov A,
Hammell M, et al. Ten things you should know about transpos-
able elements. Genome Biol. 2018;19(1):199. https://doi.org/10.
1186/513059-018-1577-z.

14. Marnef A, Legube G. R-loops as Janus-faced modulators of
DNA repair. Nat Cell Biol. 2021;23(4):305-13. https://doi.org/
10.1038/541556-021-00663-4.

15. Guo YR, Zhao S, Wang GG. Polycomb gene silencing mecha-
nisms: PRC2 chromatin targeting, H3K27me3 readout, and phase
separation-based compaction. Trends Genet. 2021;37(6):547-65.
https://doi.org/10.1016/j.tig.2020.12.006.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nm.3647
https://doi.org/10.1038/s41580-019-0103-9
https://doi.org/10.1146/annurev.cellbio.042308.113248
https://doi.org/10.1146/annurev.cellbio.042308.113248
https://doi.org/10.1038/nri2726
https://doi.org/10.1038/nri2726
https://doi.org/10.1101/cshperspect.a035519
https://doi.org/10.1016/j.stem.2018.04.015
https://doi.org/10.1016/j.cell.2008.01.025
https://doi.org/10.1016/j.cell.2008.01.025
https://doi.org/10.1016/j.stemcr.2017.05.018
https://doi.org/10.1016/j.stemcr.2017.05.018
https://doi.org/10.1002/1873-3468.12459
https://doi.org/10.1101/gad.284109.116
https://doi.org/10.1101/gad.284109.116
https://doi.org/10.1002/wsbm.86
https://doi.org/10.1038/nrg.2016.139
https://doi.org/10.1186/s13059-018-1577-z
https://doi.org/10.1186/s13059-018-1577-z
https://doi.org/10.1038/s41556-021-00663-4
https://doi.org/10.1038/s41556-021-00663-4
https://doi.org/10.1016/j.tig.2020.12.006

226

Current Stem Cell Reports (2021) 7:219-228

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Liu G, Gack MU. Distinct and orchestrated functions of RNA
sensors in innate immunity. Immunity. 2020;53(1):26-42. https://
doi.org/10.1016/j.immuni.2020.03.017.

Zahid A, Ismail H, Li B, Jin T. Molecular and structural basis
of DNA sensors in antiviral innate immunity. Front Immunol.
2020;11: 613039. https://doi.org/10.3389/fimmu.2020.613039.

Lind NA, Rael VE, Pestal K, Liu B, Barton GM. Regulation of
the nucleic acid-sensing toll-like receptors. Nat Rev Immunol.
2021. https://doi.org/10.1038/s41577-021-00577-0.

Motwani M, Pesiridis S, Fitzgerald KA. DNA sensing
by the cGAS-STING pathway in health and disease. Nat
Rev Genet. 2019;20(11):657-74. https://doi.org/10.1038/
s41576-019-0151-1.

Hertzog J, Rehwinkel J. Regulation and inhibition of the DNA
sensor cGAS. EMBO Rep. 2020;21(12): e51345. https://doi.org/
10.15252/embr.202051345.

Rehwinkel J, Gack MU. RIG-I-like receptors: their regulation and
roles in RNA sensing. Nat Rev Immunol. 2020;20(9):537-51.
https://doi.org/10.1038/s41577-020-0288-3.

Platnich JM, Muruve DA. NOD-like receptors and inflammas-
omes: a review of their canonical and non-canonical signaling
pathways. Arch Biochem Biophys. 2019;670:4—14. https://doi.
org/10.1016/j.abb.2019.02.008.

Nakaya Y, Lilue J, Stavrou S, Moran EA, Ross SR. AIM2-
like receptors positively and negatively regulate the interferon
response induced by cytosolic DNA. MBio. 2017;8(4). https://
doi.org/10.1128/mBi0.00944-17.

Brown GD, Willment JA, Whitehead L. C-type lectins in immu-
nity and homeostasis. Nat Rev Immunol. 2018;18(6):374—89.
https://doi.org/10.1038/s41577-018-0004-8.

Dhir A, Dhir S, Borowski LS, Jimenez L, Teitell M, Rotig A,
et al. Mitochondrial double-stranded RNA triggers antiviral
signalling in humans. Nature. 2018;560(7717):238-42. https://
doi.org/10.1038/s41586-018-0363-0.

Maekawa H, Inoue T, Ouchi H, Jao TM, Inoue R, Nishi H, et al.
Mitochondrial damage causes inflammation via cGAS-STING
signaling in acute kidney injury. Cell Rep. 2019;29(5):1261-73
e6. https://doi.org/10.1016/j.celrep.2019.09.050.

Chung H, Calis JJA, Wu X, Sun T, Yu Y, Sarbanes SL, et al.
Human ADARI prevents endogenous RNA from triggering
translational shutdown. Cell. 2018;172(4):811-24 e14. https://
doi.org/10.1016/j.cell.2017.12.038.

Liddicoat BJ, Piskol R, Chalk AM, Ramaswami G, Higuchi M,
Hartner JC, et al. RNA editing by ADAR1 prevents MDAS sensing
of endogenous dsRNA as nonself. Science. 2015;349(6252):1115—
20. https://doi.org/10.1126/science.aac7049.

Mehdipour P, Marhon SA, Ettayebi I, Chakravarthy A,
Hosseini A, Wang Y, et al. Epigenetic therapy induces
transcription of inverted SINEs and ADAR1 dependency.
Nature. 2020;588(7836):169-73. https://doi.org/10.1038/
$41586-020-2844-1.

Wan L, Juszkiewicz S, Blears D, Bajpe PK, Han Z, Faull P,
et al. Translation stress and collided ribosomes are co-activators
of cGAS. Mol Cell. 2021;81(13):2808-22 ¢10. https://doi.org/
10.1016/j.molcel.2021.05.018.

Holleufer A, Winther KG, Gad HH, Ai X, Chen Y, Li L,
et al. Two cGAS-like receptors induce antiviral immu-
nity in Drosophila. Nature. 2021. https://doi.org/10.1038/
$41586-021-03800-z.

Slavik KM, Morehouse BR, Ragucci AE, Zhou W, Ai X, Chen Y,
et al. cGAS-like receptors sense RNA and control 3'2'-cGAMP
signaling in Drosophila. Nature. 2021. https://doi.org/10.1038/
s41586-021-03743-5.

Yang H, Wang HZ, Ren JY, Chen Q, Chen ZJJ. cGAS is essential for
cellular senescence. P Natl Acad Sci USA. 2017;114(23):E4612—
20. https://doi.org/10.1073/pnas.1705499114.

@ Springer

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Gui X, Yang H, Li T, Tan X, Shi P, Li M, et al. Autophagy induc-
tion via STING trafficking is a primordial function of the cGAS
pathway. Nature. 2019;567(7747):262—6. https://doi.org/10.1038/
$41586-019-1006-9.

Gaidt MM, Ebert TS, Chauhan D, Ramshorn K, Pinci F, Zuber
S, et al. The DNA inflammasome in human myeloid cells is initi-
ated by a STING-cell death program upstream of NLRP3. Cell.
2017;171(5):1110-24 e18. https://doi.org/10.1016/j.cell.2017.
09.039.

Brault M, Olsen TM, Martinez J, Stetson DB, Oberst A. Intracel-
lular nucleic acid sensing triggers necroptosis through synergistic
type I IFN and TNF signaling. ] Immunol. 2018;200(8):2748-56.
https://doi.org/10.4049/jimmunol.1701492.

Ranoa DRE, Widau RC, Mallon S, Parekh AD, Nicolae CM,
Huang X, et al. STING promotes homeostasis via regula-
tion of cell proliferation and chromosomal stability. Cancer
Res. 2019;79(7):1465-79. https://doi.org/10.1158/0008-5472.
CAN-18-1972.

Basit A, Cho MG, Kim EY, Kwon D, Kang SJ, Lee JH. The
cGAS/STING/TBK1/IRF3 innate immunity pathway main-
tains chromosomal stability through regulation of p21 levels.
Exp Mol Med. 2020;52(4):643-57. https://doi.org/10.1038/
$12276-020-0416-y.

Zierhut C, Yamaguchi N, Paredes M, Luo JD, Carroll T, Funabiki
H. The cytoplasmic DNA sensor cGAS promotes mitotic cell
death. Cell. 2019;178(2):302—15 e23. https://doi.org/10.1016/j.
cell.2019.05.035.

Gulen MF, Koch U, Haag SM, Schuler F, Apetoh L, Villunger
A, et al. Signalling strength determines proapoptotic functions
of STING. Nat Commun. 2017;8(1):427. https://doi.org/10.1038/
$41467-017-00573-w.

Li W, LuL, LuJ, Wang X, Yang C, Jin J, et al. cGAS-STING-
mediated DNA sensing maintains CD8(+) T cell stemness
and promotes antitumor T cell therapy. Sci Transl Med.
2020;12(549). https://doi.org/10.1126/scitranslmed.aay9013.
Scumpia PO, Kelly-Scumpia KM, Delano MJ, Weinstein JS,
Cuenca AG, Al-Quran S, et al. Cutting edge: bacterial infection
induces hematopoietic stem and progenitor cell expansion in the
absence of TLR signaling. J Immunol. 2010;184(5):2247-51.
https://doi.org/10.4049/jimmunol.0903652.

Burdette DL, Monroe KM, Sotelo-Troha K, Iwig JS, Eckert B,
Hyodo M, et al. STING is a direct innate immune sensor of cyclic
di-GMP. Nature. 2011;478(7370):515-8. https://doi.org/10.1038/
nature10429.

44.e Kobayashi H, Kobayashi CI, Nakamura-Ishizu A, Karigane

45.

46.

47.00

48.

D, Haeno H, Yamamoto KN, et al. Bacterial c-di-GMP affects
hematopoietic stem/progenitors and their niches through STING.
Cell Rep. 2015;11(1):71-84. https://doi.org/10.1016/j.celrep.
2015.02.066.

Mankan AK, Schmidt T, Chauhan D, Goldeck M, Honing K,
Gaidt M, et al. Cytosolic RNA:DNA hybrids activate the cGAS-
STING axis. EMBO J. 2014;33(24):2937—46. https://doi.org/10.
15252/embj.201488726.

Crossley MP, Bocek M, Cimprich KA. R-loops as cellular regula-
tors and genomic threats. Mol Cell. 2019;73(3):398—411. https://
doi.org/10.1016/j.molcel.2019.01.024.

Weinreb JT, Ghazale N, Pradhan K, Gupta V, Potts KS,
Tricomi B, et al. Excessive R-loops trigger an inflammatory
cascade leading to increased HSPC production. Dev Cell.
2021;56(5):627-40 5. https://doi.org/10.1016/j.devcel.2021.02.
006. This study shows that R-loop levels during development
are critical for limiting cGAS-STING activity and regulating
HSPC numbers.

Verovskaya EV, Dellorusso PV, Passegue E. Losing sense of self
and surroundings: hematopoietic stem cell aging and leukemic


https://doi.org/10.1016/j.immuni.2020.03.017
https://doi.org/10.1016/j.immuni.2020.03.017
https://doi.org/10.3389/fimmu.2020.613039
https://doi.org/10.1038/s41577-021-00577-0
https://doi.org/10.1038/s41576-019-0151-1
https://doi.org/10.1038/s41576-019-0151-1
https://doi.org/10.15252/embr.202051345
https://doi.org/10.15252/embr.202051345
https://doi.org/10.1038/s41577-020-0288-3
https://doi.org/10.1016/j.abb.2019.02.008
https://doi.org/10.1016/j.abb.2019.02.008
https://doi.org/10.1128/mBio.00944-17
https://doi.org/10.1128/mBio.00944-17
https://doi.org/10.1038/s41577-018-0004-8
https://doi.org/10.1038/s41586-018-0363-0
https://doi.org/10.1038/s41586-018-0363-0
https://doi.org/10.1016/j.celrep.2019.09.050
https://doi.org/10.1016/j.cell.2017.12.038
https://doi.org/10.1016/j.cell.2017.12.038
https://doi.org/10.1126/science.aac7049
https://doi.org/10.1038/s41586-020-2844-1
https://doi.org/10.1038/s41586-020-2844-1
https://doi.org/10.1016/j.molcel.2021.05.018
https://doi.org/10.1016/j.molcel.2021.05.018
https://doi.org/10.1038/s41586-021-03800-z
https://doi.org/10.1038/s41586-021-03800-z
https://doi.org/10.1038/s41586-021-03743-5
https://doi.org/10.1038/s41586-021-03743-5
https://doi.org/10.1073/pnas.1705499114
https://doi.org/10.1038/s41586-019-1006-9
https://doi.org/10.1038/s41586-019-1006-9
https://doi.org/10.1016/j.cell.2017.09.039
https://doi.org/10.1016/j.cell.2017.09.039
https://doi.org/10.4049/jimmunol.1701492
https://doi.org/10.1158/0008-5472.CAN-18-1972
https://doi.org/10.1158/0008-5472.CAN-18-1972
https://doi.org/10.1038/s12276-020-0416-y
https://doi.org/10.1038/s12276-020-0416-y
https://doi.org/10.1016/j.cell.2019.05.035
https://doi.org/10.1016/j.cell.2019.05.035
https://doi.org/10.1038/s41467-017-00573-w
https://doi.org/10.1038/s41467-017-00573-w
https://doi.org/10.1126/scitranslmed.aay9013
https://doi.org/10.4049/jimmunol.0903652
https://doi.org/10.1038/nature10429
https://doi.org/10.1038/nature10429
https://doi.org/10.1016/j.celrep.2015.02.066
https://doi.org/10.1016/j.celrep.2015.02.066
https://doi.org/10.15252/embj.201488726
https://doi.org/10.15252/embj.201488726
https://doi.org/10.1016/j.molcel.2019.01.024
https://doi.org/10.1016/j.molcel.2019.01.024
https://doi.org/10.1016/j.devcel.2021.02.006
https://doi.org/10.1016/j.devcel.2021.02.006

Current Stem Cell Reports (2021) 7:219-228

227

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

transformation. Trends Mol Med. 2019;25(6):494-515. https://
doi.org/10.1016/j.molmed.2019.04.006.

de Haan G, Lazare SS. Aging of hematopoietic stem cells.
Blood. 2018;131(5):479-87. https://doi.org/10.1182/
blood-2017-06-746412.

Signer RAJ, Morrison SJ. Mechanisms that regulate stem cell
aging and life span. Cell Stem Cell. 2013;12(2):152—-65. https://
doi.org/10.1016/j.stem.2013.01.001.

Mejia-Ramirez E, Florian MC. Understanding intrinsic hemat-
opoietic stem cell aging. Haematologica. 2020;105(1):22-37.
https://doi.org/10.3324/haematol.2018.211342.

Bousounis P, Bergo V, Trompouki E. Inflammation, aging and
hematopoiesis: a complex relationship. Cells-Basel. 2021;10(6).
https://doi.org/10.3390/cells10061386.

Hormaechea-Agulla D, Matatall KA, Le DT, Kain B, Long X,
Kus P, et al. Chronic infection drives Dnmt3a-loss-of-function
clonal hematopoiesis via IFNgamma signaling. Cell Stem Cell.
2021. https://doi.org/10.1016/j.stem.2021.03.002.

Caiado F, Pietras EM, Manz MG. Inflammation as a regulator
of hematopoietic stem cell function in disease, aging, and clonal
selection. J Exp Med. 2021;218(7). https://doi.org/10.1084/jem.
20201541.

West AP, Khoury-Hanold W, Staron M, Tal MC, Pineda CM,
Lang SM, et al. Mitochondrial DNA stress primes the antiviral
innate immune response. Nature. 2015;520(7548):553-7. https://
doi.org/10.1038/nature14156.

Kreienkamp R, Graziano S, Coll-Bonfill N, Bedia-Diaz G,
Cybulla E, Vindigni A, et al. A cell-intrinsic interferon-like
response links replication stress to cellular aging caused by prog-
erin. Cell Rep. 2018;22(8):2006-15. https://doi.org/10.1016/j.
celrep.2018.01.090.

Han X, Chen H, Gong H, Tang X, Huang N, Xu W, et al.
Autolysosomal degradation of cytosolic chromatin fragments
antagonizes oxidative stress-induced senescence. J Biol Chem.
2020;295(14):4451-63. https://doi.org/10.1074/jbc.RA119.
010734.

Lan Y, Heather JM, Eisenhaure T, Garris CS, Lieb D, Raychowdhury
R, et al. Extranuclear DNA accumulates in aged cells and contributes
to senescence and inflammation. Aging Cell. 2019;18(2): €12901.
https://doi.org/10.1111/acel.12901.

Filippi MD, Ghaffari S. Mitochondria in the maintenance of
hematopoietic stem cells: new perspectives and opportuni-
ties. Blood. 2019;133(18):1943-52. https://doi.org/10.1182/
blood-2018-10-808873.

Di Micco R, Krizhanovsky V, Baker D, di Fagagna FDA. Cellular
senescence in ageing: from mechanisms to therapeutic opportuni-
ties. Nat Rev Mol Cell Biol. 2021;22(2):75-95. https://doi.org/
10.1038/s41580-020-00314-w.

Gluck S, Guey B, Gulen MF, Wolter K, Kang TW, Schmacke
NA, et al. Innate immune sensing of cytosolic chromatin frag-
ments through cGAS promotes senescence. Nat Cell Biol.
2017;19(9):1061. https://doi.org/10.1038/ncb3586.

Yu Q, Katlinskaya YV, Carbone CJ, Zhao B, Katlinski KV, Zheng
H, et al. DNA-damage-induced type I interferon promotes senes-
cence and inhibits stem cell function. Cell Rep. 2015;11(5):785—
97. https://doi.org/10.1016/j.celrep.2015.03.069.

Lima-Junior DS, Krishnamurthy SR, Bouladoux N, Collins N, Han SJ,
Chen EY, et al. Endogenous retroviruses promote homeostatic and
inflammatory responses to the microbiota. Cell. 2021;184(14):3794—
811 el9. https://doi.org/10.1016/j.cell.2021.05.020.

Orvain C, Lin YL, Jean-Louis F, Hocini H, Hersant B, Bennasser
Y, et al. Hair follicle stem cell replication stress drives IF116/
STING-dependent inflammation in hidradenitis suppurativa. J Clin
Invest. 2020;130(7):3777-90. https://doi.org/10.1172/JCI1131180.
Guey B, Wischnewski M, Decout A, Makasheva K, Kaynak M,
Sakar MS, et al. BAF restricts cGAS on nuclear DNA to prevent

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.00

77.

78.00

79.

innate immune activation. Science. 2020;369(6505):823-8.
https://doi.org/10.1126/science.aaw6421.

Michalski S, de Oliveira Mann CC, Stafford CA, Witte G, Bartho
J, Lammens K, et al. Structural basis for sequestration and auto-
inhibition of cGAS by chromatin. Nature. 2020;587(7835):678—
82. https://doi.org/10.1038/s41586-020-2748-0.

Gentili M, Lahaye X, Nadalin F, Nader GPF, Lombardi EP, Herve
S, et al. The N-terminal domain of cGAS determines preferential
association with centromeric DNA and innate immune activation
in the nucleus. Cell Rep. 2019;26(9):2377-93 e13. https://doi.
org/10.1016/j.celrep.2019.01.105.

Boyer JA, Spangler CJ, Strauss JD, Cesmat AP, Liu P, McGinty
RK, et al. Structural basis of nucleosome-dependent cGAS inhi-
bition. Science. 2020;370(6515):450—4. https://doi.org/10.1126/
science.abd0609.

Kujirai T, Zierhut C, Takizawa Y, Kim R, Negishi L, Uruma N,
et al. Structural basis for the inhibition of cGAS by nucleosomes.
Science. 2020;370(6515):455-8. https://doi.org/10.1126/science.
abd0237.

Pathare GR, Decout A, Gluck S, Cavadini S, Makasheva K,
Hovius R, et al. Structural mechanism of ¢cGAS inhibition by
the nucleosome. Nature. 2020;587(7835):668-72. https://doi.org/
10.1038/541586-020-2750-6.

Zhao B, Xu P, Rowlett CM, Jing T, Shinde O, Lei Y, et al. The
molecular basis of tight nuclear tethering and inactivation of
cGAS. Nature. 2020;587(7835):673-7. https://doi.org/10.1038/
$41586-020-2749-z.

Mackenzie KJ, Carroll P, Martin CA, Murina O, Fluteau A, Simpson
DJ, et al. cGAS surveillance of micronuclei links genome instability
to innate immunity. Nature. 2017;548(7668):461-5. https://doi.org/
10.1038/nature23449.

Wischnewski M, Ablasser A. Interplay of cGAS with chromatin. Trends
Biochem Sci. 2021. https://doi.org/10.1016/j.tibs.2021.05.011.
Uggenti C, Lepelley A, Depp M, Badrock AP, Rodero MP,
El-Daher MT, et al. cGAS-mediated induction of type I inter-
feron due to inborn errors of histone pre-mRNA processing.
Nat Genet. 2020;52(12):1364-72. https://doi.org/10.1038/
s41588-020-00737-3.

Yu X, Zhang L, Shen J, Zhai Y, Jiang Q, Yi M, et al. The
STING phase-separator suppresses innate immune signalling.
Nat Cell Biol. 2021;23(4):330-40. https://doi.org/10.1038/
$41556-021-00659-0.

Xia P, Wang S, Ye B, Du Y, Li C, Xiong Z, et al. A circular
RNA protects dormant hematopoietic stem cells from DNA sen-
sor cGAS-mediated exhaustion. Immunity. 2018;48(4):688-701
e7. https://doi.org/10.1016/j.immuni.2018.03.016. Findings
from this paper show the mechanistic underpinnings of pre-
venting cGAS from recognising host RNA thus preserving
homeostasis.

Chow KT, Gale M Jr, Loo YM. RIG-I and other RNA sensors in
antiviral immunity. Annu Rev Immunol. 2018;36:667-94. https://
doi.org/10.1146/annurev-immunol-042617-053309.
Lefkopoulos S, Polyzou A, Derecka M, Bergo V, Clapes T,
Cauchy P, et al. Repetitive elements trigger RIG-I-like receptor
signaling that regulates the emergence of hematopoietic stem and
progenitor cells. Immunity. 2020;53(5):934-51 e9. https://doi.
org/10.1016/j.immuni.2020.10.007. This manuscript pinpoints
the role of repetitive elements in activation of inflammatory
signaling through RLRs which enhances HSPC formation
during development.

Klimmeck D, Hansson J, Raffel S, Vakhrushev SY, Trumpp A,
Krijgsveld J. Proteomic cornerstones of hematopoietic stem cell
differentiation: distinct signatures of multipotent progenitors and
myeloid committed cells. Mol Cell Proteomics. 2012;11(8):286—
302. https://doi.org/10.1074/mcp.M111.016790.

@ Springer


https://doi.org/10.1016/j.molmed.2019.04.006
https://doi.org/10.1016/j.molmed.2019.04.006
https://doi.org/10.1182/blood-2017-06-746412
https://doi.org/10.1182/blood-2017-06-746412
https://doi.org/10.1016/j.stem.2013.01.001
https://doi.org/10.1016/j.stem.2013.01.001
https://doi.org/10.3324/haematol.2018.211342
https://doi.org/10.3390/cells10061386
https://doi.org/10.1016/j.stem.2021.03.002
https://doi.org/10.1084/jem.20201541
https://doi.org/10.1084/jem.20201541
https://doi.org/10.1038/nature14156
https://doi.org/10.1038/nature14156
https://doi.org/10.1016/j.celrep.2018.01.090
https://doi.org/10.1016/j.celrep.2018.01.090
https://doi.org/10.1074/jbc.RA119.010734
https://doi.org/10.1074/jbc.RA119.010734
https://doi.org/10.1111/acel.12901
https://doi.org/10.1182/blood-2018-10-808873
https://doi.org/10.1182/blood-2018-10-808873
https://doi.org/10.1038/s41580-020-00314-w
https://doi.org/10.1038/s41580-020-00314-w
https://doi.org/10.1038/ncb3586
https://doi.org/10.1016/j.celrep.2015.03.069
https://doi.org/10.1016/j.cell.2021.05.020
https://doi.org/10.1172/JCI131180
https://doi.org/10.1126/science.aaw6421
https://doi.org/10.1038/s41586-020-2748-0
https://doi.org/10.1016/j.celrep.2019.01.105
https://doi.org/10.1016/j.celrep.2019.01.105
https://doi.org/10.1126/science.abd0609
https://doi.org/10.1126/science.abd0609
https://doi.org/10.1126/science.abd0237
https://doi.org/10.1126/science.abd0237
https://doi.org/10.1038/s41586-020-2750-6
https://doi.org/10.1038/s41586-020-2750-6
https://doi.org/10.1038/s41586-020-2749-z
https://doi.org/10.1038/s41586-020-2749-z
https://doi.org/10.1038/nature23449
https://doi.org/10.1038/nature23449
https://doi.org/10.1016/j.tibs.2021.05.011
https://doi.org/10.1038/s41588-020-00737-3
https://doi.org/10.1038/s41588-020-00737-3
https://doi.org/10.1038/s41556-021-00659-0
https://doi.org/10.1038/s41556-021-00659-0
https://doi.org/10.1016/j.immuni.2018.03.016
https://doi.org/10.1146/annurev-immunol-042617-053309
https://doi.org/10.1146/annurev-immunol-042617-053309
https://doi.org/10.1016/j.immuni.2020.10.007
https://doi.org/10.1016/j.immuni.2020.10.007
https://doi.org/10.1074/mcp.M111.016790

228

Current Stem Cell Reports (2021) 7:219-228

80. Li XY, Jiang LJ, Chen L, Ding ML, Guo HZ, Zhang W, et al.
RIG-I modulates Src-mediated AKT activation to restrain leu-
kemic stemness. Mol Cell. 2014;53(3):407-19. https://doi.org/
10.1016/j.molcel.2013.12.008.

81.ee  Clapes T, Polyzou A, Prater P, Sagar, Morales-Hernandez
A, Ferrarini MG, et al. Chemotherapy-induced transposable
elements activate MDAS to enhance haematopoietic regenera-
tion. Nat Cell Biol. 2021;23(7):704—17. https://doi.org/10.1038/
s41556-021-00707-9. This manuscript shows the participation
of transposable elements in the chemotherapeutic response.

82.eBarbieri D, Elvira-Matelot E, Pelinski Y, Geneve L, de Laval
B, Yogarajah G, et al. Thrombopoietin protects hematopoietic
stem cells from retrotransposon-mediated damage by promoting
an antiviral response. J Exp Med. 2018;215(5):1463-80. https://
doi.org/10.1084/jem.20170997.

83. Roulois D, Loo Yau H, Singhania R, Wang Y, Danesh A, Shen
SY, et al. DNA-demethylating agents target colorectal cancer
cells by inducing viral mimicry by endogenous transcripts. Cell.
2015;162(5):961-73. https://doi.org/10.1016/j.cell.2015.07.056.

84. Chiappinelli KB, Strissel PL, Desrichard A, Li H, Henke C,
Akman B, et al. Inhibiting DNA methylation causes an interferon
response in cancer via dsSRNA including endogenous retrovi-
ruses. Cell. 2015;162(5):974-86. https://doi.org/10.1016/j.cell.
2015.07.011.

85. Greve G, Schuler J, Gruning BA, Berberich B, Stomper J, Zimmer
D, et al. Decitabine induces gene derepression on monosomic chro-
mosomes: in vitro and in vivo effects in adverse-risk cytogenetics
AML. Cancer Res. 2021;81(4):834-46. https://doi.org/10.1158/
0008-5472.CAN-20-1430.

86. GuZ, LiuY, Zhang Y, Cao H, Lyu J, Wang X, et al. Silencing of
LINE-1 retrotransposons is a selective dependency of myeloid
leukemia. Nat Genet. 2021;53(5):672-82. https://doi.org/10.
1038/s41588-021-00829-8.

87. Guallar D, Fuentes-Iglesias A, Souto Y, Ameneiro C, Freire-
Agulleiro O, Pardavila JA, et al. ADAR1-dependent RNA edit-
ing promotes MET and iPSC reprogramming by alleviating ER
stress. Cell Stem Cell. 2020;27(2):300-14 el1. https://doi.org/
10.1016/j.stem.2020.04.016.

88. Yang K, Wang J, Xiang AP, Zhan X, Wang Y, Wu M, et al. Func-
tional RIG-I-like receptors control the survival of mesenchymal
stem cells. Cell Death Dis. 2013;4: €967. https://doi.org/10.1038/
cddis.2013.504.

89. Suthar MS, Ramos HJ, Brassil MM, Netland J, Chappell CP,
Blahnik G, et al. The RIG-I-like receptor LGP2 controls CD8(+)
T cell survival and fitness. Immunity. 2012;37(2):235-48. https://
doi.org/10.1016/j.immuni.2012.07.004.

90. Lefkopoulos S, Plolyzou A, D’erecka M, Bergo V, Clapes T,
Cauchy P, et al. Repetitive elements trigger RIG-I-like receptor
signaling that regulates the emergence of hematopoietic stem and
progenitor cells. Immunity. 2020.

91. SunX, SunL,Zhao Y, LiY, Lin W, Chen D, et al. MAVS main-
tains mitochondrial homeostasis via autophagy. Cell Discov.
2016;2:16024. https://doi.org/10.1038/celldisc.2016.24.

@ Springer

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Nabet BY, Qiu Y, Shabason JE, Wu TJ, Yoon T, Kim BC, et al.
Exosome RNA unshielding couples stromal activation to pattern
recognition receptor signaling in cancer. Cell. 2017;170(2):352—
66 e13. https://doi.org/10.1016/j.cell.2017.06.031.

Jiang M, Zhang S, Yang Z, Lin H, Zhu J, Liu L, et al. Self-recognition
of an inducible host IncRNA by RIG-I feedback restricts innate
immune response. Cell. 2018;173(4):906-19 el3. https://doi.org/
10.1016/j.cell.2018.03.064.

Ahmad S, Mu X, Yang F, Greenwald E, Park JW, Jacob E, et al.
Breaching self-tolerance to Alu duplex RNA underlies MDAS5-
mediated inflammation. Cell. 2018;172(4):797-810 e13. https:/
doi.org/10.1016/j.cell.2017.12.016.

Chelmicki T, Roger E, Teissandier A, Dura M, Bonneville L,
Rucli S, et al. m(6)A RNA methylation regulates the fate of
endogenous retroviruses. Nature. 2021;591(7849):312-6. https://
doi.org/10.1038/s41586-020-03135-1.

Avgustinova A, Laudanna C, Pascual-Garcia M, Rovira Q, Djurec
M, Castellanos A, et al. Repression of endogenous retroviruses
prevents antiviral immune response and is required for mam-
mary gland development. Cell Stem Cell. 2021. https://doi.org/
10.1016/j.stem.2021.04.030.

Frame JM, Kubaczka C, Long TL, Esain V, Soto RA, Hachimi
M, et al. Metabolic regulation of inflammasome activity controls
embryonic hematopoietic stem and progenitor cell production.
Dev Cell. 2020;55(2):133-49 e6. https://doi.org/10.1016/j.dev-
cel.2020.07.015.

Bauernfried S, Scherr MJ, Pichlmair A, Duderstadt KE, Hornung
V. Human NLRP1 is a sensor for double-stranded RNA. Science.
2021;371(6528):482. ARTN eabd0811 https://doi.org/10.1126/
science.abd0811.

Monlish DA, Bhatt ST, Schuettpelz LG. The role of toll-like
receptors in hematopoietic malignancies. Front Immunol.
2016;7:390. https://doi.org/10.3389/fimmu.2016.00390.

Santa P, Garreau A, Serpas L, Ferriere A, Blanco P, Soni C, et al.
The role of nucleases and nucleic acid editing enzymes in the
regulation of self-nucleic acid sensing. Front Immunol. 2021;12:
629922. https://doi.org/10.3389/fimmu.2021.629922.

Piras F, Kajaste-Rudnitski A. Antiviral immunity and nucleic
acid sensing in haematopoietic stem cell gene engineering.
Gene Ther. 2021;28(1-2):16-28. https://doi.org/10.1038/
s41434-020-0175-3.

Percharde M, Bulut-Karslioglu A, Ramalho-Santos M. Hyper-
transcription in development, stem cells, and regeneration. Dev
Cell. 2017;40(1):9-21. https://doi.org/10.1016/j.devcel.2016.11.
010.

Palazzo AF, Koonin EV. Functional long non-coding RNAs
evolve from junk transcripts. Cell. 2020;183(5):1151-61. https://
doi.org/10.1016/j.cell.2020.09.047.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.molcel.2013.12.008
https://doi.org/10.1016/j.molcel.2013.12.008
https://doi.org/10.1038/s41556-021-00707-9
https://doi.org/10.1038/s41556-021-00707-9
https://doi.org/10.1084/jem.20170997
https://doi.org/10.1084/jem.20170997
https://doi.org/10.1016/j.cell.2015.07.056
https://doi.org/10.1016/j.cell.2015.07.011
https://doi.org/10.1016/j.cell.2015.07.011
https://doi.org/10.1158/0008-5472.CAN-20-1430
https://doi.org/10.1158/0008-5472.CAN-20-1430
https://doi.org/10.1038/s41588-021-00829-8
https://doi.org/10.1038/s41588-021-00829-8
https://doi.org/10.1016/j.stem.2020.04.016
https://doi.org/10.1016/j.stem.2020.04.016
https://doi.org/10.1038/cddis.2013.504
https://doi.org/10.1038/cddis.2013.504
https://doi.org/10.1016/j.immuni.2012.07.004
https://doi.org/10.1016/j.immuni.2012.07.004
https://doi.org/10.1038/celldisc.2016.24
https://doi.org/10.1016/j.cell.2017.06.031
https://doi.org/10.1016/j.cell.2018.03.064
https://doi.org/10.1016/j.cell.2018.03.064
https://doi.org/10.1016/j.cell.2017.12.016
https://doi.org/10.1016/j.cell.2017.12.016
https://doi.org/10.1038/s41586-020-03135-1
https://doi.org/10.1038/s41586-020-03135-1
https://doi.org/10.1016/j.stem.2021.04.030
https://doi.org/10.1016/j.stem.2021.04.030
https://doi.org/10.1016/j.devcel.2020.07.015
https://doi.org/10.1016/j.devcel.2020.07.015
https://doi.org/10.1126/science.abd0811
https://doi.org/10.1126/science.abd0811
https://doi.org/10.3389/fimmu.2016.00390
https://doi.org/10.3389/fimmu.2021.629922
https://doi.org/10.1038/s41434-020-0175-3
https://doi.org/10.1038/s41434-020-0175-3
https://doi.org/10.1016/j.devcel.2016.11.010
https://doi.org/10.1016/j.devcel.2016.11.010
https://doi.org/10.1016/j.cell.2020.09.047
https://doi.org/10.1016/j.cell.2020.09.047

	Sensing Stemness
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	DNA Sensing-cGAS Pathway
	cGAS-ing Stemness
	Mechanism of cGAS Control
	RNA Sensing-RLR Pathway
	RIG-ing Stemness
	Mechanism of RLR Stimulation Control
	Other Sensors and Stimuli

	Conclusions
	References


