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ABSTRACT

Given the complexity of intracellular RNA ensembles
and vast phenotypic remodeling intrinsic to cellular
differentiation, it is instructive to consider the role
of RNA regulatory machinery in controlling differ-
entiation. Dynamic post-transcriptional regulation of
protein-coding and non-coding transcripts is vital for
establishing and maintaining proteomes that enable
or oppose differentiation. By contrast to extensively
studied transcriptional mechanisms governing dif-
ferentiation, many questions remain unanswered
regarding the involvement of post-transcriptional
mechanisms. Through its catalytic activity to selec-
tively process or degrade RNAs, the RNA exosome
complex dictates the levels of RNAs comprising
multiple RNA classes, thereby regulating chromatin
structure, gene expression and differentiation. Al-
though the RNA exosome would be expected to con-
trol diverse biological processes, studies to elucidate
its biological functions and how it integrates into, or
functions in parallel with, cell type-specific transcrip-
tional mechanisms are in their infancy. Mechanistic
analyses have demonstrated that the RNA exosome
confers expression of a differentiation regulatory
receptor tyrosine kinase, downregulates the telom-
erase RNA component TERC, confers genomic sta-
bility and promotes DNA repair, which have consider-
able physiological and pathological implications. In
this review, we address how a broadly operational
RNA regulatory complex interfaces with cell type-
specific machinery to control cellular differentiation.

INTRODUCTION

Post-transcriptional control of cellular differentiation pro-
grams

Discovering paths taken by stem and progenitor cells to
generate differentiated cell progeny continues to represent
a productive line of investigation, and answering funda-
mental mechanistic questions on this problem will almost
certainly spawn innovative biomedical applications. As a
general principle, intrinsic and microenvironment mecha-
nisms dynamically control cell fate decisions. With a precur-
sor cell competent for multi- or unilineage differentiation,
extracellular signaling and intracellular signaling establish
regulatory networks that trigger massive phenotypic (e.g.
transcriptome and proteome) remodeling as a vital com-
ponent of the differentiation process. While transcriptional
networks associated with stem and progenitor cell differ-
entiation have been studied extensively (1-5), and post-
transcriptional mechanisms are implicated in differentia-
tion (6-10), how RNA regulatory complexes control dif-
ferentiation by decreasing select protein-coding and non-
coding RNAs (ncRNAs), while allowing others to accumu-
late is not thoroughly defined.

Multi-omic strategies that merge proteomic and tran-
scriptomic datasets to discover differentiation mechanisms
often lead to a focus on concordant regulation of RNA
and protein. However, technical and biological parame-
ters create considerable discordance. From a technical per-
spective, modern proteomic methodologies sample a pro-
teome to yield rigorous data on ~10 000 proteins (11—
13). When considering estimates of the constitution of the
mammalian cell proteome, especially considering protein
isoforms termed proteoforms (14,15), current technologies
do not comprehensively identify proteome components. By
contrast, next-generation sequencing-based RNA quantita-
tion in cell populations is much more comprehensive, yield-
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ing many thousands of transcripts (16). Biologically, it is
reasonable to assume that discordance reflects a profound
contribution of post-transcriptional RNA regulatory mech-
anisms to proteome composition and cellular regulation.
Rigorous evidence has emerged that the RNA-regulatory
exosome complex (RNA exosome), a major component of
post-transcriptional machinery, controls differentiation by
exerting critical functions to shape transcriptomes and pro-
teomes.

RNA exosome structure/function

The RNA exosome, named after its ‘exo’nucleolytic activ-
ity (17), and secretory vesicles termed exosomes are entirely
different entities. Studies in Saccharomyces cerevisiae iden-
tified a critical RNA exosome function to process 5.8S ribo-
somal RNA (rRNA) from the precursor 7S rRNA (17,18),
which is conserved from mice to humans (19-22). However,
the scope of RNA exosome functions is considerably greater
than rRNA processing, as the 3’-5" RNA exonucleolytic ac-
tivity mediates quality control, processing and degradation
of select protein-coding and non-coding transcripts. The
RNA exosome processes and/or degrades transcripts gen-
erated from pervasive transcription that occurs throughout
eukaryotic genomes, and such transcripts can exert biolog-
ically important activities (23-25).

RNA exosome catalytic activity is conferred by multi-
ple catalytic subunits residing in a complex containing nine
structural subunits: EXOSCI (Csl4), EXOSC2 (Rrp4), EX-
OSC3 (Rrp40), EXOSC4 (Rrp41), EXOSCS (Rrp46), EX-
0SC6 (Mtr3), EXOSC7 (Rrp42), EXOSC8 (Rrp43) and
EXOSC9 (Rrp45) (26,27) (Figures 1 and 2). The RNA exo-
some protein components and complex structure are highly
conserved in eukaryotes (28,29). Six subunits (EXOSC4-
EXOSC9) generate a barrel-like hexameric structure that
creates a scaffold for the RNA substrate. EXOSC1, EX-
OSC2 and EXOSC3 form a trimeric central pore that caps
the barrel and has RNA-binding activity via S1 and KH do-
mains within these proteins. This central pore recruits RNA
and protein cofactors to the complex (30,31).

Human cells express three orthologs (DIS3, DIS3L and
DIS3L2) of the yeast catalytic subunit Rrp44 that bind the
inactive core (30,32-35). An additional catalytic subunit,
Rrp6/EXOSCI10, binds the core (19,33-36). In HEK293
and HelLa cells, differences in the subcellular localization of
the catalytic subunits have been described. Subcellular frac-
tionation and immunofluorescence analyses revealed that
DIS3 is predominantly nuclear, DIS3L is cytoplasmic and
EXOSCI0 is enriched in the nucleolus (37-39). DIS3L2
lacks the PIN domain that mediates RNA exosome bind-
ing and is not considered to be an RNA exosome compo-
nent (40). DIS3L2 mediates processing of cytoplasmic 5.8S
rRNA intermediates and aberrant ncRNA species (22,41).
Whereas DIS3, DIS3L and EXOSCI10 all have 3'-5" exonu-
cleolytic activity, DIS3 is the only catalytic subunit with
endonucleolytic activity (38). EXOSC10 processes the 5.8S
rRNA precursor within the nucleolus, and DIS3 degrades
and processes protein-coding and non-coding nuclear tran-
scripts (21,23,25).

To assess the consequences of rapidly depleting DIS3
and EXOSCI10, an auxin-inducible degron was deployed in

HCTI116 colon cancer cells (21). While both catalytic sub-
units are essential for colony-forming activity, which in-
volves a 10-day assay, acute DIS3 depletion (1 h) has the
greatest impact on the transcriptome. DIS3 depletion up-
regulated average reads from 4701 promoter upstream tran-
scripts (PROMPTs), 960 enhancer RNAs (eRNAs), and
4356 premature cleavage and polyadenylation products. By
contrast, EXOSC10 depletion for 1 h did not alter these
transcripts. A 24- and 48-h EXOSCI10 depletion modestly
increased PROMPTSs. Nuclear transcript regulation is of-
ten attributed to DIS3, yet its depletion triggers EXOSC10
nuclear localization, and loss of both catalytic subunits
in HCT116 colon cancer cells synergistically upregulates
PROMPTs (21). In certain contexts, DIS3 and EXOSC10
share functions (21), yet whether this principle can be ex-
trapolated to multiple systems is unclear.

How can a protein complex negotiate vast RNA ensem-
bles to exert prescriptive actions on select RNAs? RNA
exosome-binding protein cofactors are important speci-
ficity determinants, and RNA exosome complex partici-
pation in diverse complexes contributes to its broad sub-
strate targeting capacity. The RNA helicase hMTR4 al-
lows the RNA exosome to access substrates. In yeast and
human cells, MTR4 promotes RNA exosome function
(42-44) and recruits additional protein cofactors that se-
lect target RNAs based on molecular attributes, including
cap, poly(A) tail and transcript length (45). In HeLa and
HEK?293 cells, RNA exosome interactions with hMTR4,
ZCCHC7 and PAPDS form the nucleolar TRAMP com-
plex that functions in pre-rRNA and small nucleolar RNA
processing. The RNA exosome also interacts with hMTR4,
RBM7 and ZCCHCS to form the nuclear exosome target-
ing (NEXT) complex that regulates nuclear PROMPTs, eR-
NAs, unprocessed 3’ extended small nuclear RNAs (snR-
NAs), histone RNAs, and transcripts derived from long in-
tergenic nuclear elements and long terminal repeats (31,46
48). In HeLa cells, the nuclear RNA exosome associates
with hMTR4, ZFC3H1 and the poly(A) binding pro-
tein PABPNI1 to form the PAXT [poly(A) exosome tar-
geting] connection that degrades long poly(A)-containing
PROMPTs, long non-coding RNAs (IncRNAs), eRNAs
and prematurely terminated transcripts (45,49). Dynamic
control of subnuclear localization is likely a crucial param-
eter that will be accessible with high-resolution imaging
strategies.

While the qualitative and quantitative attributes of RNA
ensemble remodeling infer an important RNA exosome
function to control cellular differentiation, the remodel-
ing might merely be a consequence of primary regula-
tory mechanisms. Unlike the sophisticated knowledge of
RNA exosome biochemical and molecular mechanisms that
have been elegantly elucidated at the atomic level (28—
30,42,44,50-59), many questions remain unanswered re-
garding RNA exosome biological functions and how cel-
lular and physiological contexts impact RNA exosome
structure/function. Do cell type-specific regulatory milieus
create and/or require unique mechanistic permutations, or
can the canonical RNA exosome paradigm be applied to
any system? Is the RNA exosome essential for survival
and/or function in all cell types, in which case its disruption
would be universally catastrophic, or does the RNA exo-
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Figure 1. RNA exosome structure at a resolution of 3.45 A determined by Lima and colleagues (28) using cryo-electron microscopy. Modified from PDB

ID: 6D6Q.

some exert more specialized roles in certain cell types? Are
RNA exosome functions, e.g. rRNA processing, uniquely
important in highly proliferative cells versus terminally dif-
ferentiated or quiescent cells, or do non-proliferating cells
critically rely on the RNA exosome? Since differentiation
requires seamless integration of cell-extrinsic and -intrinsic
mechanisms, is the RNA exosome a downstream effector
of developmental signaling pathways? Our goal is to present
current knowledge of RNA exosome mechanisms in diverse
cellular contexts, evidence supporting its role in control-
ling differentiation, knowledge gaps vis-a-vis the questions
posed above and insights from human genetics.

RNA EXOSOME-DEPENDENT MECHANISMS TO
CONTROL CELLULAR DIFFERENTIATION

Ensuring normal RNA exosome expression and activ-
ity prevents aberrant RNA processing and accumulation
of non-physiological levels of transcripts and therefore is
vital for establishing and maintaining cellular functions.
RNA exosome loss-of-function studies revealed upregu-
lation of eRNAs, IncRNAs and PROMPTs, which have
short half-lives due to co-transcriptional degradation. The
RNA exosome eliminates these products of pervasive tran-
scription, which is common in mammalian genomes, and
RNA exosome disruption facilitates their detection. Ec-
topically elevated RNAs can promote genomic instabil-
ity (60,61), activate antiviral defense mechanisms (62) and
compete for binding of factors regulating diverse nuclear
processes, including transcription (25,60,62,63). Given the

cell type specificity of gene expression mechanisms, devel-
oping principles that explain the physiological and patho-
logical mechanisms requires analyses in diverse biological
contexts.

Skin epidermal differentiation

The scope and diversity of the RNA exosome’s RNA client
portfolio portend that loss-of-function perturbations of the
RNA exosome would be lethal in all cell types. However,
this is not the case with human skin epidermal progenitor
cells. Studies on mechanisms governing skin epidermal de-
velopment revealed that the RNA exosome maintains the
undifferentiated state of epidermal progenitors (64,65). The
RNA exosome subunits EXOSC2, EXOSC3, EXOSC7 and
EXOSC9 are highly expressed in human epidermal progen-
itors, and their expression declines during differentiation.
Depleting structural subunits EXOSC7 or EXOSC9, or the
catalytic subunit EXOSC10, with shRNAs causes cell cy-
cle arrest, impaired proliferation and premature differen-
tiation. These phenotypes reflect a cell-autonomous RNA
exosome requirement in progenitors.

EXOSCY9 depletion alters expression of ~600 genes,
including upregulation of differentiation-associated genes
and downregulation of proliferation-linked genes (65). The
loss of proliferation-linked genes correlates with a pro-
liferation defect. EXOSC9 depletion increases expression
of GRHL3, encoding a transcription factor necessary for
epidermal differentiation and epidermal barrier formation
during mouse embryogenesis (66,67). GRHL3 is a mem-
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Figure 2. RNA exosome subunit domain organization. Protein domains were identified from InterPro (https://www.ebi.ac.uk/interpro/search/text/). The
relative sizes of subunits are shown, and human disease mutations are depicted as red dots (123,126-128,135,137,140,147,148). The trimeric cap proteins
EXOSCI1, EXOSC2 and EXOSC3 contain S1 and/or the K homology (KH) domains that mediate RNA binding. The inactive barrel proteins EXOSC4—
EXOSC9 contain PH1 and/or PH2 domains that mediate protein—protein binding. EXOSC10 and DIS3 catalytic subunits contain exoribonucleolytic
domains, DNA Pol A 3'-5 exonuclease and ribonuclease B, respectively. EXOSCI10 also contains a polycystin 2 N-terminal (PMC2NT) domain that
interacts with C1D yeast homolog (33) and a helicase and RNase D C-terminal (HRDC) domain proposed to have RNA-binding activity (34). In DIS3,
the CR3 motif composed of three cysteine residues is functionally important (35), PiLT N-terminal domain (PIN) imparts its endonuclease activity (37)

and cold shock domains are not functionally characterized in this context.

ber of a family of mammalian transcription factors (68) re-
lated to the Drosophila grainyhead transcription factor,
which is critical for pattern formation and multiple as-
pects of Drosophila development (69). EXOSC9 binds and
degrades GRHL3 mRNA. As epidermal progenitors ma-
ture, RNA exosome components decrease, GRHL3 tran-
scripts accumulate and GRHL3 promotes differentiation
(64). EXOSC9-dependent skin development has also been
described in Xenopus (70).

The RNA exosome-dependent mechanism to control epi-
dermal progenitor differentiation is attributed to regula-
tion of the levels of a single transcription factor. Con-
sidering that several hundred transcripts are sensitive to
RNA exosome disruption, this mechanism may have mul-
tiple functionally important layers involving direct and in-
direct consequences of RNA exosome actions. These lay-
ers may have a hierarchical importance, with their inte-
gration ensuring normal differentiation. GRHL3 regula-
tion may be a primary step reinforced by other RNA alter-

ations that facilitate epidermal differentiation and/or sup-
press cell state transitions incompatible with efficient epi-
dermal differentiation. Alternatively, the aggregate alter-
ations in RNA exosome-regulated RNA ensembles may col-
lectively instigate or promote a pro-differentiation cell state
transition.

Erythrocyte differentiation

A paradigm for RNA exosome-regulated progenitor cell
differentiation has also emerged from studies of erythro-
poiesis in which hematopoietic stem cell (HSC)-derived,
lincage-committed progenitors generate immature ery-
throblasts that progressively differentiate into enucleated
erythrocytes (1). Studying this process not only reveals
mechanisms of differentiation, but also provides insights
into pathologies involving ‘ineffective erythropoiesis’, e.g.
myelodysplastic syndrome, a pre-leukemia disease that can
be refractory to therapeutic agents that promote erythro-
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poiesis (71). Given the vital function of erythrocytes to pro-
tect cells and tissues from hypoxic damage, insufficient ery-
throcyte generation and function deleteriously impact di-
verse cell types and organ function (72).

One of six mammalian GATA transcription factors,
GATAL, controls the differentiation of hematopoietic pro-
genitor cells into erythrocytes (73,74). In a genetic res-
cue assay with GATA1-null murine erythroid precursor
cells, which mimic a normal immature adult erythroid cell
(proerythroblast) and express a conditional GATAI allele
(75,76), GATAI1 collaborates with the forkhead transcrip-
tion factor FOXO3 to repress expression of multiple RNA
exosome subunit genes (77,78). Consistent with this finding,
during primary mouse and human erythroid cell differen-
tiation, RNA exosome subunit genes are transcriptionally
repressed. Depleting the RNA exosome structural subunits
EXOSCS8 or EXOSC9 with shRNAs from primary mouse
fetal liver hematopoietic progenitors reduces RNA exosome
stability and disrupts the balance between erythroid precur-
sor proliferation and differentiation to favor differentiation
(78).

As in the epidermal system, RNA exosome maintains
the undifferentiated state, and this activity involves sus-
tained expression of the stem cell factor (SCF)-activated
transmembrane receptor tyrosine kinase c-Kit (78). SCF-
dependent c-Kit signaling regulates erythroid progeni-
tor proliferation and survival. Depleting individual RNA
exosome subunits reduces c-Kit expression and SCF-
dependent c-Kit signaling, and erythroid precursors preco-
ciously acquire responsiveness to a distinct cytokine, ery-
thropoietin (Epo), which acts through the erythropoietin
transmembrane receptor (EpoR) to promote erythroblast
survival and differentiation (78). GATAI1 has a dual impact
on c-Kit, involving direct GATAI1 repression of Kit tran-
scription (79) and GATAT repression of RNA exosome sub-
unit genes, which results in reduced c-Kit levels (78) (Fig-
ure 3). GATAL is implicated in increasing EpoR gene ex-
pression (80,81). RNA exosome subunit depletion in fetal
liver-derived primary erythroid precursors induces cell cy-
cle arrest and erythroid differentiation (77). Beyond restrict-
ing differentiation, the RNA exosome supports highly pro-
liferative erythroid progenitor cells, termed burst-forming
unit-erythroid (BFU-E), based on their capacity to form di-
agnostic colonies in a methylcellulose-based colony assay.
RNA exosome depletion quantitatively eliminates BFU-
E. Thus, by controlling expression of a critical signaling
molecule, c-Kit, and perhaps through additional functions,
the RNA exosome sustains progenitor proliferation and op-
poses differentiation (Figure 3). As Exosc3~/~ murine em-
bryonic stem cells (mESCs) express Kit 5.9-fold lower than
wild-type cells (25), this mechanism might operate in other
contexts.

How does RNA exosome disruption abrogate Kit expres-
sion? In a canonical RNA degradation mechanism, RNA
exosome disruption would lead to elevated levels of RNAs
targeted by the RNA exosome. However, RNA exosome
disruption decreases Kit primary transcripts and mRNA.
As EXOSC9 occupies the Kit promoter, coding region and
3’ UTR, the RNA exosome might function directly at the
Kit locus through an unresolved mechanism, although an
indirect mechanism cannot be ruled out (78).
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In erythroid cells, the RNA exosome regulates mRNAs
and primary transcripts of genes that establish erythrocyte
functions, such as Alas2, encoding the rate-limiting step
in heme biosynthesis, Hbb-bl, encoding the hemoglobin
B chain, and Slc4al, encoding an anion transporter (77).
Primary transcript regulation and EXOSC9 occupancy at
the respective promoters suggest that the RNA exosome ei-
ther regulates transcription of these genes or exerts non-
transcriptional functions directly at these loci.

The RNA exosome interacts with stalled and back-
tracked POL II and occupies certain active chromatin sites
(82). Ongoing transcription can attract the RNA exosome
to genomic loci. In B cells, EXOSC3 or EXOSCI10 deple-
tion reduces levels of chromatin components (H3K9me?2
and HPI1vy) often linked to repression at RNA exosome-
regulated eRNA loci (24,25). Whether these responses re-
flect direct RNA exosome actions or indirect regulation
via post-transcriptional RNA exosome functions is unclear.
Nevertheless, the RNA exosome regulates gene expression
by processing or degrading RNAs and/or by modulating
transcription—directly or indirectly.

Embryonic stem cell differentiation

Studies in induced pluripotent stem cells (iPSCs) and ESCs
have revealed a process reminiscent of the GATAI-RNA
exosome paradigm, in which a transcriptional mechanism
is tightly coupled to a post-transcriptional mechanism to
balance progenitor proliferation with differentiation. The
zinc finger transcription factor ZSCANI10 occupies pro-
moters and upregulates Exoscl, Exosc2 and Exosc5 expres-
sion in iPSCs (83). High RNA exosome levels favor the
degradation of AU-rich element (ARE)-containing RNAs,
including Gpx2 mRNA encoding a protein that maintains
redox potential and the DNA damage response (DDR).
AREs are a common cis-element mediating RNA exosome-
dependent RNA decay in mammalian cells (84-86). In hu-
man ESCs (hESCs), elevated RNA exosome subunits corre-
late with pluripotency, while subunit depletion induces dif-
ferentiation. EXOSC3, EXOSC4 and EXOSCI0 expression
increases during reprogramming of human fibroblast cell
lines (20).

In mESCs, NEXT complex disruption (48) and disman-
tling PAXT by depleting Zfc3h1 (63) suppress differentia-
tion. Polycomb repressive complex 2 (PRC2) binds chro-
matin and catalyzes H3K27me3 to repress genes, e.g. dur-
ing ESC differentiation (87). Disruption of the PAXT con-
nection, which the RNA exosome utilizes to target pro-
cessed polyadenylated transcripts, elevates nuclear RNAs
(45). In Zfe3h1=/— mESCs, excessive nuclear RNAs dis-
rupt interaction between PRC2 subunits, reducing chro-
matin occupancy and decreasing H3K27me3 marks at tar-
get loci (63). These molecular defects compromise the re-
pression of pluripotency genes, a key step in ESC differen-
tiation.

B-lymphocyte biology

Elegant studies in B lymphocytes have elucidated how the
RNA exosome controls DNA mutagenesis that alters the B-
cell genome to yield the plethora of receptors and antibod-
ies that recognize pathogen-derived antigens (24,25,61,88).
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Figure 3. RNA exosome controls erythroid differentiation by regulating the balance between erythroid precursor proliferation and differentiation. RNA
exosome disruption downregulates Kit mRNA and protein, and therefore RNA exosome confers SCF-mediated receptor tyrosine kinase (c-Kit) signaling,
which is vital to maintain the undifferentiated state of erythroid precursor cells (77,78). The repression of genes encoding RNA exosome subunits and the
direct repression of Kit transcription constitute an important circuit within the GATA 1-dependent genetic network that promotes erythroid differentiation.
In addition to abrogating c-Kit expression and signaling, RNA exosome disruption is associated with precocious acquisition of Epo signaling. Epo binds
the EpoR to drive erythroid differentiation. Although the full ensemble of transcripts directly regulated by the RNA exosome has not been described in this
system, the RNA exosome post-transcriptional mechanism involves degradation of transcripts required for differentiation and accumulation of transcripts,
e.g. encoding c-Kit, that support highly proliferative erythroid precursors termed BFU-E. RNA exosome disruption depletes BFU-E.

In mammals, V(D)J recombination occurs in the bone mar-
row and thymus during the early maturation of B and T
cells to generate an initial repertoire of immunoglobulins
(Igs) (89). As B cells develop and migrate to other lym-
phoid organs, additional mechanisms enhance Ig diver-
sity and antigen-binding affinity. Somatic hypermutation
(SHM) and class switch recombination (CSR) require the
activity of activation-induced cytidine deaminase (AID),
which deaminates cytidines at specific sites to recruit DNA
repair machinery (90-92). AID expression in B cells is in-
duced by antigen binding to the B-cell receptor.

The RNA exosome directly interacts with AID and
functions as a co-factor to facilitate AID access to chro-
matin and deamination of template and non-template DNA
strands (88). The inactive RNA exosome core containing
structural and RNA-binding subunits, but lacking catalytic
subunits, suffices to recruit AID and stimulate deaminase
activity. In addition, the RNA exosome regulates AID mu-
tagenic activity by preventing off-target genomic lesions
(24,93). Studies with a mouse model expressing a condi-
tional allele of Exosc3 demonstrated that RNA exosome
recruitment to AID genomic target loci is essential for
SHM and CSR (24). RNA-seq analysis from Exosc3™/~
primary B cells revealed antisense transcript accumulation
at AID/RNA exosome target sites. Furthermore, genes ex-
pressing antisense transcripts correlated with loci involved
in AID-dependent translocation events. These genes in-

clude Myc, Pax5, Cd79b, CdS83 and Piml, and their muta-
tions occur in diffuse large B-cell lymphoma (94). The reg-
ulation of AID activity is therefore critical for B-cell devel-
opment and activation and ensures that mutagenic activity
is restricted to target loci. Non-coding RNA transcription
and the RNA exosome are crucial to regulate AID function
and prevent genomic aberrations that increase genomic in-
stability (24,61).

Conditional B-cell-specific Exosc3 knockout mice have
revealed context-dependent RNA exosome functions (24).
CDI19 promoter-driven targeted ablation of Exosc3 in
murine B cells arrests development at an immature stage.
By contrast, Exosc3 deletion driven by the B-cell-specific
AID promoter does not compromise cellular survival nor
proliferation, suggesting a stage-specific RNA exosome re-
quirement in precursor B cells.

Telomerase regulation

RNA exosome regulation of telomerase activity has broad
implications for physiological and pathological mecha-
nisms of cellular differentiation. In yeast and human sys-
tems, the RNA exosome processes a poly(A)+ precursor
of telomerase RNA (TERC), the non-coding RNA tem-
plate for telomerase reverse transcriptase activity (95,96).
In hESCs, a functional analysis of cells harboring a hu-
man disease Dkcl mutation established an important link



between RNA exosome and telomerase (97). Dyskerin is
a small nucleolar ribonucleoprotein that binds and stabi-
lizes TERC, thereby increasing telomerase activity (98). Hu-
man disease mutations of DKCI, which encodes dyskerin,
cause the bone marrow failure syndrome dyskeratosis con-
genita (99,100). In DKC/-mutant hESCs, TERC levels are
low, and EXOSC3 depletion partially rescues TERC (97).
Elevating TERC increases telomerase activity and telomere
length, and reduces DNA damaging signaling.

Inhibiting the poly(A) polymerase PAPDS, which targets
transcripts for RNA exosome-mediated processing and/or
degradation and promotes TERC maturation, increases the
capacity of hESCs to undergo hematopoietic differentia-
tion (97,101). DKCI expression is high in erythroid, rela-
tive to myeloid, cells (102). During proerythroblast matu-
ration, DKCI expression declines, analogous to RNA exo-
some loss. Does RNA exosome disruption promote telom-
ere elongation universally or in a cell type-specific man-
ner? Do post-transcriptional mechanisms counteract RNA
exosome-mediated TERC degradation to establish a bal-
ance critical for telomere regulation? As the decline in
dyskerin levels that is associated with proerythroblast matu-
ration would be predicted to decrease TERC, and RNA ex-
osome loss would increase TERC, further mechanistic anal-
yses are required to address this problem.

Genome stability and DNA repair

Since a genetic aberration in a stem cell genome will be
transmitted to all of its progeny, including highly prolifer-
ative progenitor cells, ensuring stem cell genome integrity
is of paramount importance. Thus, the machinery that re-
pairs damaged DNA and confers genome integrity is vital
for maintaining stem and progenitor cell phenotypes. Ex-
posure of long-lived quiescent HSCs to DNA damage cre-
ates a risk to all blood cell progeny. DNA repair and anti-
apoptotic mechanisms prevent malignant transformation
of HSCs, while maintaining the quiescent HSC pool and
avoiding bone marrow failure.

Dysregulation of RNA processing machinery negatively
impacts genome stability (103). Given RNA exosome ac-
tivity to regulate differentiation, it is instructive to con-
sider DDR involvement in RNA exosome mechanisms. As
described earlier, in an RNA exosome-dependent manner,
AID exerts its mutagenic activity, and genomic alterations
require DNA damage repair mechanisms, including non-
homologous end joining, as part of CSR and SHM (89).
Regions transcribing substrates targeted by AID and RNA
exosome are sensitive to DNA double-strand breaks and
genome instability (24). In B cells, select AID target genes
can be translocated to the /GH locus due to AID-generated
DNA breaks. The impaired AID activity of Exosc3-mutant
B cells increases short ncRNAs transcribed in an antisense
direction relative to transcription start sites, rendering these
‘translocation hotspots’ vulnerable to genetic alterations.

Divergent transcription occurs commonly at mammalian
promoters and distal enhancers and generates transcripts
from sense and antisense strands (104). In mESCs, EX-
0OSC3 and EXOSCI10 depletion increases divergent tran-
scription at RNA exosome-regulated, eRNA-expressing
loci, which elevates DNA double-strand breaks, as mea-
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sured by yH2AX and RNaseH-sensitive R-loops (25). R-
loop hybrid RNA/DNA nucleotide structures, which span
100-2000 bp, involve a nascent RNA molecule and the
DNA template from which it is transcribed, with dis-
placement of the non-template DNA strand. R-loops have
regulatory implications for all chromatin-based processes
(105,106). RNA exosome exonucleolytic activity prevents
DNA damage, at least in part, by removing transcriptional
products that form detrimental hybrid structures, including
R-loops (25). R-loops modulate protein complex binding,
e.g. inhibiting PRC2 occupancy in mESCs (107). R-loop
dismantling, induced by the specific RNaseH]1 activity to
degrade RNA/DNA hybrids, disrupts mESC differentia-
tion (108).

An important link between the RNA exosome and R-
loops emerged from studies on senataxin (SETX), the hu-
man homolog of yeast RNA/DNA helicase Senl, which
functions in transcription termination and R-loop resolu-
tion (109-111). Senataxin interacts with the RNA exosome,
and human neurological disease SETX mutations disrupt
this interaction (112,113). Similar to its activity in NEXT
and PAXT complexes, the RNA exosome can partner with
a helicase to access RNA in the degradation mechanism.
In HeLa cells, excessive R-loop formation promotes in-
teraction and colocalization of sumoylated EXOSC9 and
SETX (113). Furthermore, R-loops enhance transcription
by inhibiting binding and methylation of GC-rich promot-
ers by DNA methyltransferase 1 (DNMT1) (110). A SETX
gain-of-function mutation (L389S) from amyotrophic lat-
eral sclerosis 4 (ALS4) patients decreases R-loops in the
bone morphogenetic protein and membrane-bound activin
inhibitor (BAMBI) promoter, facilitating methylation by
DNMTI. Decreased BAMBI increases TGF-B pathway ac-
tivation, resembling the ALS4 phenotype. Given the poten-
tial broad impact of R-loops on genome function and the
RNA exosome—R-loop connection, these mechanisms have
broad implications for diverse biological processes.

The DDR is functionally linked to RNA surveillance ma-
chinery, including the RNA exosome. In U20S osteosar-
coma cells, the DDR signaling component MAPKAP
kinase-2 (MK2) phosphorylates the RNA-binding proteins
hnRNPAO and PARN to post-transcriptionally regulate
Gadd45a mRNA (114). RNA-binding motif protein 7
(RBM7), an essential component of the NEXT complex,
is a substrate-recruiting protein for 3'-5 degradation by
the nuclear RNA exosome (46). UV-induced DNA damage
increases MK2-mediated RBM7 multi-site phosphoryla-
tion, resulting in RBM7 RNA-binding site sequestration
by phospho-binding 14-3-3 proteins and accumulation of
RNA exosome-regulated PROMPTs (115). 14-3-3 proteins
function in DDR and many other regulatory contexts
(116). In HCT116 colon cancer cells, other RNA surveil-
lance components, ZCCHCS and MTR4, also respond to
UV-induced damage by binding to 14-3-3 proteins (115). In
HeLa cells, RBM7 multi-site phosphorylation and seques-
tration of RNA-binding sites decreases RNA association,
resulting in accumulation of PROMPTs proGADDA45a,
proPOGZ, proSTKI11IP, proRBM39, proEXTI] and
proDNAJB4, among other unknown transcripts (115,117).
Thus, RBM7 is required to recruit PROMPTs for RNA
exosome-mediated degradation, and DNA damage and



11920 Nucleic Acids Research, 2020, Vol. 48, No. 21

stress antagonize RNA exosome-mediated PROMPT
degradation.

What is the relationship between RNA exosome degrada-
tion of mRNAs and MK2-mediated mRNA stabilization?
In response to DNA damage stress, MK2/p38 relocalizes
from the nucleus to the cytoplasm to phosphorylate RNA-
binding proteins and suppress Gadd45a mRNA degrada-
tion (114). GADDA45A promotes a positive feedback loop
and maintains MK2/p38 activity to inhibit CDC25B, thus
preventing cells from reentering M phase prematurely dur-
ing the DDR. Several ARE-containing transcripts are sta-
bilized in an MK2-dependent manner, including mRNAs
encoding for TNF-a and IL-6. In primary murine erythrob-
lasts, EXOSCS8 or EXOSC9 depletion induces cell cycle ar-
rest and expression of cell cycle regulatory genes, including
ARE-containing Gadd45a mRNA (77). MK2 and RNA ex-
osome might share a target mRNA cohort that functions in
cell cycle regulation in response to DNA damage. Gadd45a
encodes a member of the growth arrest and DNA damage-
inducible 45 protein family that confers genome stability
(118). GADD45A functions in the HSC stress response.
Gadd45a expression is elevated by stresses, including y—IR,
UV-IR and cisplatin (119), and suppresses DNA damage in
HSCs (120).

In mammalian cells, transcription occurring near DNA
double-strand breaks can generate a class of non-coding
transcripts termed damage-induced, long non-coding
RNAs (dilncRNAs) (121). dilncRNAs recruit RNA pro-
cessing machinery and function in the DDR. Although
EXOSCI10 and DIS3 are recruited to DNA damage sites
in a transcription-dependent manner, only EXOSCI10 is
required for homologous recombination in the DDR.
EXOSCI10 depletion increases dilncRNAs and impairs
recruitment of replication protein A (RPA), the single-
stranded DNA binding protein critical for homologous
recombination (122). Considering non-coding RNA di-
versity, the studies outlined in the prior sections are likely
to constitute only a subset of the full repertoire of RNA
exosome-dependent mechanisms to control differentiation.

RNA EXOSOME MUTATIONS IN HUMAN DISEASES

Mutations in genes encoding RNA exosome structural
subunits are linked to human neurodegenerative diseases.
Mutations in EXOSC2 (G30 and G198), EXOSC3 (G31,
V80, Y109, D132, G135, A139, G191 and W238), EX-
OSC8 (A2 and S272) and EXOSC9 (L14 and R161)
have been described (123-127) (Table 1). EXOSC3, EX-
OSC8 and EXOSC9 mutations are associated with different
subtypes of pontocerebellar hypoplasia (PCH) (PCHI1B,
OMIM #614678; PCH1C, OMIM #616081; and PCH1D,
OMIM #618065, respectively), characterized by defec-
tive development of brainstem and cerebellum structures
(124,125,127-135). Drosophila melanogaster has been used
to model PCHI1B, and this analysis revealed an increased
requirement for EXOSC3/Rrp40 in neurons with aging
(136). Homozygous (G30V) or compound heterozygous
(G30V/G198D) EXOSC2 mutations are associated with
the neurological disorder SHRF (short stature, hearing
loss, retinitis pigmentosa and distinctive facies syndrome,
OMIM #617763) (135,137). Autosomal recessive PCH 1is

characterized by cerebellar atrophy, defective spinal mo-
tor development with or without defective pons (138-140).
PCH patients exhibit decreased expression of the mutant,
relative to the wild-type, subunit. EXOSC3 (G31A) and EX-
OSCS8 (A2V) mutations may affect levels of other EC sub-
units, suggesting complex destabilization (127). Individu-
als with mutant EXOSC2 have reduced EXOSC2, EXOSC3
and EXOSCI10 levels. EXOSC2 mutations are implicated
in impaired autophagy in D. melanogaster (137). Analysis
of G30V/G198D patient-derived lymphoblasts revealed in-
creases in LC3-11/LC3-I ratio and autophagy receptor p62
levels, indicative of reduced autophagic flux (137).

RNA exosome mutations in PCH and PCH-like diseases
involving early or progressive onset highlight its role in neu-
ronal development and post-birth survival of spinal mo-
tor and cerebellar neurons. EXOSC3 variants are found
in 40% of PCHI1 cases worldwide (127,134). The major-
ity of other genes mutated in PCH subtypes are involved
in processing and splicing of tRNA, snRNA and pre-
mRNA (e.g. TSEN54 in PCH2, PCH4 and PCHS; RARS?
in PCH6; TOE! in PCH7; CLPI in PCH10) (141-145). De-
fective RNA metabolism caused by a homozygous RBM7
(NEXT complex subunit) mutation causes spinal motor
neuropathy (146). Mutations in senataxin (SE7X), involved
in R-loop resolution and RNA processing, are found in
ataxia oculomotor apraxia 2 and ALS4 (109,112). Al-
though neural development and function are apparently
hypersensitive to RNA exosome disruption, the mecha-
nisms underlying this hypersensitivity remain enigmatic and
whether compensatory mechanisms suppress phenotypes in
certain contexts is unclear. Whether this is applicable to
RNA exosome-linked pathology or whether subtle devia-
tions from the steady state are uniquely pathogenic in the
nervous system requires further investigation.

Despite phenotypic similarities, the human mutations in
RNA exosome structural subunits are not unique to a sin-
gle domain. EXOSC2 residues affected by mutations re-
side in the N-terminal and KH domains (135,137). EX-
OSC3 has eight residues associated with PCHI1B: five re-
side in the S1 domain, two in the N terminus and one in
the KH domain (147). EXOSC8 A2V and S272T mutations
alter the N- and C-termini, respectively. EXOSC9-mutated
residues L14 and R161 (premature stop codon; null allele)
are in the N- and C-termini, respectively (127). Functional
analysis and structural predictions suggest mutations im-
pact inter-subunit interactions and/or disrupt structure re-
quired for RNA binding or passage through the complex
(30,123,147,148). Loss-of-function studies in zebrafish con-
firm an RNA exosome requirement for brain development
(127,128).

Although the RNA exosome controls rRNA biogenesis
and processing (17,18,20), accumulation of rRNA interme-
diates was not detected in fibroblasts from a patient with
a homozygous D132A mutation in EXOSC3 and therefore
it is unclear whether RNA exosome patient mutations in-
variably disrupt rRNA processing, or whether the disrup-
tion is context dependent (128). Hematopoiesis is particu-
larly sensitive to ribosome perturbations (ribosomopathies)
that cause bone marrow failure and anemia (149). Highly
proliferative hematopoietic progenitors require a high pro-
tein biosynthetic rate, thus creating a vulnerability to even



Table 1. RNA exosome subunit gene mutations in human disease
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RNA exosome Mutated Associated
Components Chromosome Protein size Residues Domain aa substitutions/Genotypes disease References
EXOSC2 Chrom 9 233aa (32KDa) G30 N-terminal G30V (hom), SHRF (135,137)
(Rrp4) (q34.12)
G198 KH domain G30V/G198D (compound het)
EXO0SC3 Chrom 9 271aa (29KDa) G31 N-terminal G31A (hom), PCHIB (128-130,134,124,125)
(Rrp40) (p13.2)
V80 N-terminal V80F/D132A (compound het) (132)
Y109 S1 domain Y109N/D132A (compound het) (130)
D132 S1 domain D132A (hom), D132A /deletion, (128,139,130,132-134)
D132A/delins (premature STOP
codon), D132A/V112I+insertion
(premature STOP codon)
G135 S1 domain GI135E (hom) (130)
Al139 S1 domain A139P/D132A (compound het) (128)
G191 S1 domain G191C (hom), G191D/D132A (131,140)
(compound het)
W238 KH domain G31A/W238R (compound het) (128,134)
EXOSC8 Chrom 13 276aa (30KDa) A2 N-terminal A2V (hom) PCHIC (126)
(Rrp43) (ql3.3)
S272 C-terminal S272T (hom)
EXOSC9 Chrom 4 (q27) 438aa (48 L14 N-terminal L14P (hom) PCHID (127)
(Rrp45) KDa)
R161 PHI domain L14P/R161X (compound het,
X=truncated allele)
DIS3(Rrp44) Chrom13 958aa Ml MII MM (156)
(q21.33) (109K Da)
M1_Vl6del MM (158)
D27 D27G MM (158)
C39 C39F MM (162)
L48_A56del MM (158)
A56del MM (158)
E81 PIN domain E81K (2) MM (156,157)
N87 PIN domain N87K, N&7S MM (156,158)
T93 PIN domain T93A MM (158)
R108 PIN domain R108C, R108S MM (162,158)
HI19 PIN domain HI119D MM (162)
F120 PIN domain F120L MM (158)
El126 PIN domain E126V, E126K MM (156)
T131 PIN domain T1311 MM (152)
G138 PIN domain GI38N MM (152)
1275 Cold shock 1275R MM (156)
domain 1
N284 Cold shock N284H MM (157)
domain 1
R285 Cold shock R285K MM (162)
domain 1
D290 Cold shock D290E MM (162)
domain 1
R351 R351K MM (162)
T374 Cold shock T374P (2) MM (153,155)
domain 2
P375 Cold shock P375L MM (157)
domain 2
P412 Cold shock P412L MM (152)
domain 2
R418 Cold shock R418G MM (152)
domain 2
L420 Cold shock L420V MM (156)
domain 2
L434* Cold shock nonsense MM (156)
domain 2
S445% nonsense MM (156)
R467 Ribonuclease B R467P, R467Q, R467Qfs*4 MM (156,158)
R471 Ribonuclease B R47TIW MM (158)
S477 Ribonuclease B S477R (2) MM (160,162)
C483 Ribonuclease B C483W MM (156)
D485 Ribonuclease B D485N MM (156)
D487 Ribonuclease B D487V (2), D487TH MM (156,158)
D488 Ribonuclease B D488H, D488G (2), D488N (9) MM, AML (154,162,156-159,152)
E501 Ribonuclease B E501K MM (156)
V504 Ribonuclease B V504G (2) MM (160,162)
F512 Ribonuclease B F5128 MM (157)
R514 Ribonuclease B R514K AML (159)
A524 Ribonuclease B AS524P MM (156)
G527 Ribonuclease B G527R MM (156)
Y531 Ribonuclease B Y531D, Y531C MM (153,156)
P541 Ribonuclease B P541L MM (156)
S550 Ribonuclease B S550F, S550Y MM (162,158)
N567 Ribonuclease B N567S MM (158)
HS568 Ribonuclease B H568R MM (158)
K579 Ribonuclease B K579E MM (158)
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Table 1. Continued

RNA exosome Mutated Associated

Components Chromosome Protein size Residues Domain aa substitutions/Genotypes disease References
A586 Ribonuclease B A586V_fs*7 MM (158)
D604 Ribonuclease B D604Y MM (157)
M662 Ribonuclease B M662R MM (162)
E665 Ribonuclease B E665K (2) MM (156,152)
M667 Ribonuclease B M667K, M667V MM, AML (159,156)
Vo674 Ribonuclease B V674L MM (157)
A675 Ribonuclease B A675T MM (162)
L688 Ribonuclease B L688R MM (156)
R689 Ribonuclease B R689Q (2) MM (162,158)
AT751 Ribonuclease B A751D MM (158)
H764 Ribonuclease B H764Y (2), H764D MM (156,158)
G766 Ribonuclease B G766R (2) MM (160,162)
L767 Ribonuclease B L767F MM (156)
T773 Ribonuclease B T7731 MM (156)
F775 Ribonuclease B F775L (4) MM (162,156-158)
T776 Ribonuclease B T776P MM (158)
S777 Ribonuclease B S777T, STT7* MM (157)
R780 Ribonuclease B R780G, R780T (5), R780S (2), MM (160,162,152,156-158)

R780K (6)

R781del Ribonuclease B MM (157)
Y782 Ribonuclease B Y782N MM (156)
D784 Ribonuclease B D784H MM (152)
R789 Ribonuclease B R789W (3) MM (156-158)
H808 H808Q MM (156)
C814 C814R MM (156)
R820 R820W (2) MM (156,158)

E929stop S1 domain E929stop MM (152)
K952 K952T MM (153)

Transcriptional == Post-transcriptional

Post-transcriptional == Transcriptional

Post-transcriptional == Chromatin

1

RNA
NN\

i
1
9-@-90-90-2

Erythroid differentiation

A
Il

@
GRHL3 *

o-»a-»g-»g

Skin epidermal differentiation

DNA damage/genome instability

Figure 4. Molecular mechanisms underlying RNA exosome control of cellular differentiation and genome integrity. Three modes of RNA exosome
function are depicted. Left: Transcription factors regulate expression of genes encoding RNA exosome subunits, thereby altering RNA exosome levels,
which remodel transcriptomes via post-transcriptional mechanisms. The transcription factors GATA1 and ZSCANI10 repress and induce RNA exosome
subunits, respectively, to regulate differentiation and maintenance of pluripotency (77,78,83). Middle: RNA exosome post-transcriptional activity regu-
lates transcript(s) encoding a differentiation regulatory transcription factor. In human epidermal cells, the RNA exosome degrades GRHL3 transcripts,
a TF required for epidermal differentiation. In hESCs, the RNA exosome degrades transcripts that induce differentiation, and its depletion upregulates
differentiation-associated factors (20,64). Right: RNA exosome exerts critical activities to maintain genome integrity. By degrading RNA molecules that
form R-loop hybrid structures, as described in B cells and mESCs, the RNA exosome counteracts R-loop formation and/or maintenance, thereby regulating

genome function (24,25).

modest alterations in protein synthetic capacity. However,
as other cell types with high proliferative rates in the liver,
gastrointestinal tract, muscle and skin are not as frequently
affected, there are many unanswered questions (150). As the
RNA exosome is required for erythroid progenitor activ-
ity, balancing proliferation with differentiation (77,78) and
rRNA processing, presumably, its disruption impacts ery-
thropoiesis. Since mechanisms of steady-state and stress
erythropoiesis vary, in principle, phenotypes might only be
manifested upon stress. Complete loss of function of any

RNA exosome subunit has not been reported in humans,
and presumably, this would be lethal during embryogenesis.

Cytogenetic alterations, including translocations within
the /GH locus, are considered to be early triggering events
in multiple myeloma (MM) pathogenesis. A strong associ-
ation between DIS3 mutations and /GH translocations in
MM patients suggests that RNA exosome-regulated AID
activity may be important in this context (24,151,152).
Mutations in DIS3, but not other RNA exosome subunit
genes, occur in MM (153-159). DIS3 somatic mutations



were detected in 4 patients in a cohort of 38 (160). Four
residues were mutated within the conserved RNB exonu-
cleolytic domain. Other studies detected DIS3 mutations
in human MM (~10%), medulloblastoma, acute myeloid
leukemia and colorectal cancer (152,161-163). Although
most of these mutations are somatic, germline mutations
were detected in familial MM (164). Functional analyses
in HEK 293 cells expressing mutant DIS3 revealed that cer-
tain disease mutations impair RNA exosome function, in-
creasing rRNA intermediates and PROMPTs. In yeast, the
mutations do not alter DIS3 expression levels nor subunit
interactions, suggesting that mutant DIS3 assembles into
the RNA exosome, but is functionally defective (161). DIS3
mutations may inform treatment response and prognosis in
MM patients (152,157).

The human genetics has great potential to unveil signifi-
cant mechanistic insights that generate new RNA exosome
paradigms. However, more studies are required to elucidate
the molecular and cellular consequences of patient muta-
tions and establish whether altered cellular differentiation
is a functionally important component of the pathogenesis
mechanisms.

CONCLUDING REMARKS

Immense research efforts on transcriptional mechanisms
and transcription-dependent networks, including collab-
orative contributions from the large ENCODE consor-
tium (165,166), have unveiled a wealth of knowledge on
genome function and biomedical applications. Consider-
ing the profound impact of RNA regulatory machinery on
the resulting transcriptomes, a total immersion into post-
transcriptional mechanisms has considerable potential to
be similarly transformative. As summarized in this review,
RNA exosome-regulated post-transcriptional mechanisms
control fundamental biological processes, including cellu-
lar differentiation in skin, blood and ESC systems, and this
is almost certainly the tip of the iceberg.

Three principles governing RNA exosome-dependent
regulation of cellular differentiation have emerged (Figure
4). Cell type-specific transcriptional mechanisms function
upstream of RNA exosome-dependent post-transcriptional
mechanisms to repress or activate genes encoding RNA ex-
osome subunits, thus controlling RNA exosome levels and
post-transcriptional activity to remodel the transcriptome
that mediates proliferation, survival and differentiation.
Second, the RNA exosome-dependent post-transcriptional
mechanism can function upstream of transcriptional mech-
anisms, e.g. to control transcripts encoding master tran-
scriptional regulators. Finally, RNA exosome-dependent
post-transcriptional mechanisms regulate chromatin, e.g.
by limiting R-loop formation and promoting genome stabil-
ity and DNA repair. Further research in diverse biological
systems will almost certainly unveil new mechanistic per-
mutations that extend these non-mutually exclusive mecha-
nisms into new realms.

Regarding how the RNA exosome controls differentia-
tion, key questions remain. (i) To what extent are RNA
exosome-dependent mechanisms cell type specific and/or
context dependent? While the core principles dictating fun-
damental RNA exosome functions may be shared in dis-
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tinct cell types, mechanistic analyses in diverse systems need
to be conducted to assess whether the principles can be ex-
trapolated to any cell type, or whether a spectrum of cell
type-specific mechanisms exists. (i) The RNA exosome ex-
erts important functions via post-transcriptional destroy-
ing and/or processing select coding RNAs and regulates
R-loop formation and genome integrity, which have pro-
found cell biological implications. Is RNA exosome regu-
lation of coding RNAs intimately interconnected with the
R-loop regulatory mechanism to control genome integrity,
or do these RNA exosome functions operate predominantly
in parallel mechanisms? (iii) In this review, we described
paradigms in which RNA exosome-dependent regulation of
coding RNAs is intrinsic to the control of cellular differen-
tiation. Is the RNA exosome-dependent genome integrity
mechanism also vital for differentiation, and is this function
particularly relevant to stem and progenitor cells in which
maintaining genome integrity is of vital importance? (iv)
While major progress has been made in elucidating speci-
ficity determinants of RNA exosome actions on RNAs, ob-
taining global perspectives on how the RNA exosome es-
tablishes and maintains select RNA cohorts requires con-
siderable additional work. (v) Given the critical roles of cell-
extrinsic mechanisms in controlling cellular differentiation,
is the RNA exosome a downstream effector of developmen-
tal regulatory cellular signaling mechanisms? Alternatively,
does the RNA exosome control RNAs encoding secreted
regulatory factors, thereby functioning as an instigator of
cell-extrinsic signaling?

There are parallels between the early stage of the tran-
scription field in which biochemical and molecular knowl-
edge of the protein components was exceedingly sophisti-
cated, despite major knowledge gaps vis-a-vis how the pro-
teins and their intricate mechanisms fit into biological and
pathological programs. Extending the elegant biochemical
and molecular studies on RNA regulatory machines to their
post-transcriptional roles in biology and pathology repre-
sents an immensely exciting phase of research with high im-
pact for many fields.
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