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Abstract. Adult neural stem cells are generated at embryonic stages by entering a quiescent state that allows their retention
into adulthood and thereby maintenance of life-long brain homeostasis. Thus, a tight balance between the quiescence and
activation state is instrumental to meet the brain demands for a specific cell type at the correct numbers, at a given time
and position. Protein synthesis is the most energy-consuming process within the cell and, not surprisingly, it occurs at low
rates in quiescent stem cells. This way quiescent cells adjust to energy constraints and avoid their premature depletion. Stem
cell activation is characterized by upregulation of protein synthesis followed by cell division and differentiation. The role of
such upregulation as causative or rather a consequence of the activation remains elusive. Here we summarize recent findings
connecting stem cell activation to the regulation of protein synthesis, particularly focusing on embryonic and adult neural

stem cells of the ventricular zone.
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INTRODUCTION

Adult neural stem cells (NSCs) are best charac-
terized in two brain regions, the ventricular zone
(VZ) of the lateral ventricles and the subgranular
zone (SGZ) of the hippocampal dentate gyrus (DG).
In the VZ, ventricle-contacting monociliated radial
glia-like cells (RGLs) constantly produce olfactory
bulb interneurons and their absence leads to olfac-
tory bulb atrophy. In the SGZ, new granule neurons
are generated by NSCs over the lifetime of an ani-
mal, but contrary to the VZ-NSCs, these cells have
no replenishment function [1].

The fact that adult VZ-NSCs position, morphol-
ogy and multipotent potential closely resemble their
embryonic counterpart suggested their embryonic
origin. Two recent studies show that in the embry-
onic brain a subset of neural progenitors become
quiescent early during development to get reacti-
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vated postnatally [2, 3]. Of note, loss of quiescent
NSCs at embryonic stages impairs the maintenance
of NSCs into adulthood [3]. In adult life, quiescent
(non-cycling) and activated (cycling) NSCs coexist
both in the VZ [4, 5] and SGZ [6, 7].

NSCs of the VZ and SGZ can be characterized by
their activation status, but so far only NSCs of the VZ
were shown to display lineage heterogeneity relating
to their restricted competence to generate certain neu-
ronal subtypes in the olfactory bulb [8, 9]. Recently,
this cellular heterogeneity could also be demonstrated
on the molecular level using single cell transcrip-
tomics [10]. Within the quiescent states, a dormant
state is characterized by dependence on glycolysis
and pentose phosphate pathway as energy source.
These long-lived cells, which are in charge of pro-
viding differentiated progeny, require highest level
of protection to their genomic DNA. The demand
for minimal reactive oxygen species (ROS) produc-
tion as well as general hypoxic environment of the
neurogenic niche [11, 12] could be the prime rea-
sons for quiescent NSCs to mainly rely on glycolysis
and pentose phosphate in order to generate energy

ISSN 2213-6304/17/$35.00 © 2017 — IOS Press and the authors. All rights reserved

This article is published online with Open Access and distributed under the terms of the Creative Commons Attribution Non-Commercial License (CC BY-NC 4.0).


mailto:a.martin-villalba@dkfz-heidelberg.de

28 A. Baser et al. / Neural Stem Cell Activation and the Role of Protein Synthesis

gqNSCs aNSCs nPs NBs Neurons
oB C’/},
- ’
Marker expression Frows o mow  ooc oo

Proliferation & @ @ &) &
Global Protein Synthesis \/ A A? ? ?

mTOR activity \/ A? A \/ ?
Specific Protein Synthesis ? ? ? ? A

Relevant RBPS KAI\QIEP, I\Fn);?;,NSL\\ASg;Z, STAU2, DDX1, PUM2, 7 Ekﬁ‘\s, CPEBs,

Fig. 1. Overview of translational regulation taking place in the NSC lineage. Data was pooled from studies investigating cortical development,
adult neurogenesis in the ventricular zone and hippocampus. Arrows represent relative estimation compared to other stages within the lineage.
Question marks indicate unknown situation. Question marks next to arrows indicate likely scenario based on proliferation rate, however this
is not experimentally proven. Green color marks proneurogenic factors, red color marks anti-neurogenic factors. gNSC = quiescent NSC,
aNSC =active NSC, nP =neurogenic progenitor, NB = neuroblast. Major sources: Proliferation rates from Codega et al. (2014), neurons are
known to be postmitotic. Marker expression and protein synthesis levels from Llorens-Bobadilla et al. (2015). mTOR activity from Paliouras

et al. (2012). For more details, see the main text.

and intermediates for anabolic reactions and avoid
excessive ROS [13, 14].

Single cell transcriptomes of NSCs also revealed
that NSCs are not clearly separated into dis-
tinct populations of quiescent and activated NSCs,
but rather transit through multiple intermediate
stages before amplification and differentiation. One
major hallmark of NSC activation is transcrip-
tional upregulation of factors critical for the protein
synthesis machinery (including multiple ribosomal
proteins). Consequently, dormant NSCs (the most
quiescent NSCs) show a particularly low level
of protein translation, whereas progressive activa-
tion leads to increased global translation levels
(Fig. 1). In hematopoietic stem cells, deletion of
phosphatase and tensin homolog (PTEN), a nega-
tive regulator of phosphoinositide 3-kinase/protein
kinase B (PI3K/PKB, rather known as PI3K/AKT)
signaling, led to exhaustion of the stem cell pool
and loss of stem cell-mediated reconstitution of
the hematopoietic system [15]. Similarly, PTEN

deletion in NSCs induced their terminal astrocytic
differentiation and NSC depletion in the SGZ [6].
Altogether these data indicate that maintaining low
protein synthesis is of key importance for stem
cell function. As well, precise regulation of pro-
tein synthesis is instrumental for NSC activation and
differentiation.

In this review we first discuss the necessity for
tight control of protein synthesis in stem cells and
introduce the multiple steps of translational control
exemplified by studies in NSCs or related adult tissue
stem cells. We further describe RNA binding pro-
teins (RBPs) and posttranscriptional modifications
of mRNAs, which are involved in NSC biology.
Finally, we critically review current methods applied
to investigate protein synthesis, discuss advantages
and disadvantages over more widespread RNA-based
techniques and suggest how to apply these methods to
further extent our understanding of the complex reg-
ulation of NSCs dynamics via tight control of protein
synthesis.
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PROTEIN SYNTHESIS IN STEM CELLS -
RELATION TO ENERGY METABOLISM

NSCs as well as other stem cells need to provide
maximal protection to their genomic DNA over the
life span of the host organism in order to give rise
to non-mutated healthy progeny even at older stages.
Reactive oxygen species (ROS) produced in a num-
ber of redox reactions appear to be the prime culprit
responsible for accumulation of potentially malig-
nant mutations [16, 17]. The main source of ROS
production in the cell is oxidative phosphorylation
in mitochondria, which could hint why NSCs and
other stem cells predominantly rely on glycolysis
and pentose phosphate pathway to generate energy
and metabolic intermediates involved in maintenance
of normal cell physiology [13, 18, 19]. Furthermore,
NSCs need to adapt to the conditions of their hypoxic
niche, which favors glycolysis over other mecha-
nisms of energy production [11, 12]. Quiescent stem
cells do not proliferate and differentiate, exhibiting
minimal requirements for their metabolic rate. There-
fore, it is not surprising that these cells feature a low
efficiency of protein synthesis [10, 15, 20]. Since pro-
tein synthesis is the most highly energy consuming
process in cells [21, 22], by keeping it at a minimal
rate, NSCs can avoid intensive energy consumption.

Upon different stimulatory signals, including cen-
tral nervous system (CNS) traumas and pathologies,
NSCs become activated and begin to proliferate and
differentiate in order to produce new neurons and glia
cells, as well as to maintain their own pool [23]. Such
activation immediately evokes intensive energy con-
sumption and the acceleration of anabolic reactions to
provide all necessary metabolites for cell growth and
division. NSCs restructure their metabolism, inten-
sifying oxidative phosphorylation in mitochondria
as the most efficient metabolic pathway to generate
energy, which results in the elevation of the intra-
cellular ROS concentration [24-26]. Interestingly, a
recent study demonstrated a direct effect of ROS on
the activation of transcription factors involved in the
regulation of lineage-related genes [14].

Together, low protein synthesis rate in stem cells
correlates with their low cellular metabolism, which
serves the purpose of longevity in a hierarchical sys-
tem. Activation for proliferation and commitment to
differentiate requires massive restructuring of cellular
metabolism leading finally to considerable changes in
energy production and consumption. This is in part
reflected by the intensity of protein synthesis. Further
studies are necessary to get into the details of mutual

relation between stemness, energy metabolism and
protein synthesis rates.

RIBOSOME BIOGENESIS AND GLOBAL
TRANSLATIONAL CONTROL IN STEM
CELLS

Ribosomes and other major components of the
translation machinery are essential for even the most
simple form of life [27]. Due to the high abun-
dance and conservation over all species these factors
are generally assumed to have mostly housekeeping
function and not to be involved in making cellu-
lar decisions. However, recent evidence rather points
into a direction where the control of ribosome bio-
genesis and their effect on global translation levels
can actually trigger a certain behavior of cells. Par-
ticularly in the complex case of stem cells, which
need to maintain a sensitive balance between qui-
escence, self-renewal and differentiation, this level
of regulation is of utmost importance. Riboso-
mal DNA (rDNA) transcription produces ribosomal
RNAs (rRNAs), which are the major component
of ribosomes. A high level of rDNA transcription
is a feature of stem cells and is downregulated in
the progeny. Recently, a causal link between rDNA
transcription and cellular behavior was shown in
female drosophila germ line stem cells (GSCs). Here,
manipulation of rDNA transcription by upregulation
of POLI1 delays differentiation, while reduction of
rRNA production triggers cyst formation, a sign of
differentiation [28].

Interestingly, translation rates in mammalian HSCs
are lower than in any other more differentiated stage,
independently of the rate of rDNA transcription [15].
This indicates that rRNA production might not be
the only rate-limiting component of protein synthe-
sis but rather the ratio of free rRNA molecules and
ribosomal proteins predicts ribosome production and
translational activity. Indeed, the study of adult neu-
ral stem cells at single-cell resolution showed that
these cells, formerly treated as one population, can
be actually grouped into four stages, which show
varying levels of expression of ribosomal proteins
[10, 29]. These four activation stages reveal pro-
gressive increase in the transcription of ribosomal
genes and global protein synthesis levels. Since acti-
vation ultimately leads to cell division, the question
arises whether higher protein synthesis levels actu-
ally trigger division or are rather the consequence
of cellular decisions at a different level. In this line,
Blanco et al. recently showed that skin stem cells,
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similar to NSCs and HSCs, synthesize less protein
than their immediate progenitors [20]. The authors
acknowledge that active cell cycle correlates with
increasing translation rates. However, they conclude
that proliferation does not drive translation in this
system, since protein synthesis is highest in differ-
entiating but non-cycling cells. It will be important
to address the mechanisms which regulate protein
synthesis since recent evidence points in a direction
where translation is highly related to the differentia-
tion status of stem cells. Consequently, stage-specific
manipulation of related mechanisms could help mak-
ing greater use of the regenerative potential of stem
cells. Further, a direct link between the regulatory lev-
els of transcription and translation was discovered in
HSCs where loss of the runt-related transcription fac-
tor 1 (RUNX1) leads to decreased protein synthesis
and higher stress response, outcompeting wild-type
HSCs [30].

Together, increased biogenesis of ribosomes by
increased transcription of rRNA and/or ribosomal
proteins often correlates with a proliferative status
of stem cells (Fig. 1). However, non-cycling cells
can also have high protein synthesis rates. Whether
there is a causal link placing regulation of the trans-
lation machinery on top of the hierarchy of cell
division decisions remains controversial and might
vary between different stem cell systems.

GLOBAL CONTROL OF PROTEIN
SYNTHESIS BY THE TRANSLATION
MACHINERY AND UPSTREAM
REGULATORS

NSCs underlie the same central dogma of biology
as any other eukaryotic cell: gene regulation, both
abundance and activity, is accomplished by precise
control at the level of DNA, RNA and protein. Pro-
teins are the major players of biological systems but
their analysis on the global level is still challeng-
ing. Accordingly, the vast majority of recent studies
focus on the analysis of total RNA by next generation
sequencing. However, to which extent the abundance
of individual mRNAs correctly mirrors the generation
of corresponding functional proteins is still highly
debated and is most likely dependent on the cellular
context [31, 32].

When talking about “translational regulation”, we
have to first distinguish two major mechanisms: the
regulation of global translation by controlling key
molecules involved in the process within the cells,

including major factors of the translation machinery
and the availability of ribosomes, which is believed
to affect the vast majority of mRNAs equally, as
well as specific regulation of certain transcripts. The
latter is often based on sequence features recognized
by a number of additional regulators including miR-
NAs, RBPs and more recently discovered circular
RNAs (circRNAs), which are believed to compete
with miRNAs for mRNA binding [33]. There is
emerging evidence that mRNA methylation, par-
ticularly N6-methyladenosine (m6A) modification
contributes significantly to post-transcriptional reg-
ulation (see later paragraph) [34]. Another exciting
and currently evolving field explores to which level
distinct composition of ribosomal proteins yields
specialized ribosomes with tissue-specific regulatory
functions [35].

The following section focuses on mechanisms of
global translation and introduces mammalian target
of rapamycin (mTOR) signaling as a key regulatory
component. The process of translation, responsible
for the synthesis of all cellular proteins on corre-
sponding mRNAs, recapitulates in NSCs the same
canonical steps that have previously been described
in detail for other eukaryotic cells (Fig. 2A) [36,
37]. The translation of each mRNA molecule starts
with the formation of the 43S complex, comprising
a 40S ribosomal subunit, associated eukaryotic initi-
ation factors (elFs) elF1, eIF1A, elF3, elF5, and the
so-called ternary complex eIF2-GTP-tRNAMe!; The
40S subunit could either directly be recycled from
the stop codon of the same mRNA upon completion
of the previous round of translation or generated de
novo from the pool of free subunits. Initiation factors
elF1, 1A and 3, upon association with 40S subunits,
stimulate the attachment of the ternary complex,
thereby completing the 43S formation. Meanwhile,
the mRNA destined to enter a new cycle of trans-
lation must prepare its 5’ end for the attachment of
a pre-formed 43S complex. For that, the cap struc-
ture, present at 5’ ends of all cellular mRNAs, is
recognized by the initiation factor eIF4F via its cap-
binding subunit eIF4E. Two other constituents of
elF4F are the scaffold protein eI[F4G and the RNA
helicase elF4A. elF4G recruits available 43S com-
plexes via direct association with its integral part,
elF3, and elF4A can stimulate the 43S landing via
unwinding any RNA structures in the vicinity of
the cap that could negatively impact the 43S bind-
ing. Since start codons in eukaryotic mRNAs are
generally located at some tens or even hundreds
nucleotides away from the 5’ ends, the 43S complex
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Fig.2. Schematic representation of the process of protein biosynthesis in eukaryotes with main regulatory nodes. (A) Basic steps of translation
beginning from the formation of the ternary complex transiting to the 43S complex, which, after loading onto an mRNA, scans the non-
translatable region till the recognition of the initiation AUG resulting in the 48S complex assembly. After 60S subunit joining, newly formed
80S ribosomes proceed to elongation moving along the coding sequence until the stop codon appears in the acceptor A site of the ribosomes.
This starts up the process of termination and recycling, releasing 40S and 60S ribosomal subunits for a new round of translation on the
same or another mRNA molecule. (B) Regulation of the initiation of translation via the phosphorylation of factor eIF2 by stress-activated
kinases HRI, PKR, GCN2, and PERK: phosphorylated eIF2 forms a very stable complex with the guanine exchange factor eIF2B exhausting
the available pool of free eIF2B, thereby blocking the reaction of GDP-GTP exchange on elF2. (C) mTORC1-mediated control including
phosphorylation of 4E-BPs, S6K1/K2 and eEF2K. For more details, see the main text.

has to scan such distance (called the 5 untrans-
lated region, 5° UTR) till it encounters the start
codon that is usually the first AUG in a proper con-
text (so-called Kozak context: GCC(A/G)CCAUGG,
start AUG underlined). The helicase elF4A, stimu-
lated by another initiation factor eIF4B, also provides
the 5’-to-3’ direction to the scanning by preventing
any backward movements of diffusion-based slid-
ing 40S via a not yet fully deciphered mechanism.
Upon the recognition of the correct AUG by the
initiator tRNAMet anticodon, some structural rear-
rangements take place in 43S complexes resulting in
the hydrolysis of elF2-associated GTP and its follow-
ing dissociation, accomplishing the formation of the
48S complex. Another GTPase elF5B, also activated
by the start codon recognition, is responsible for the

joining of a 60S subunit to the 48S and the ultimate
formation of the 80S complex that begins synthesis
of the encoded protein in the process of elongation.
Aminoacyl-tRNAs with anticodons complementary
to corresponding codons in the A site of elongat-
ing ribosomes, are delivered by elongation factor
eEF1A, and another elongation factor eEF2 stimu-
lates ribosome translocation upon completion of the
peptidyl-transferase reaction. The whole process of
translation is concluded when ribosomes reach the
stop codon, and two releasing factors eRF1 and eRF3
stimulate translation termination culminating in the
complete dissociation of ribosomes from mRNAs.
Recycled 40S subunits could again enter a new trans-
lation cycle at the 5’ end of the same or another
mRNA.
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Not surprisingly, such complicated process is
tightly regulated at several steps. As described in the
introduction, protein biosynthesis is the most energy
consuming cellular process and its regulation has a
considerable impact on the total cellular metabolism.
During their lifespan, particularly in multicellular
organisms, cells are exposed to numerous stresses,
which demand a tight translational control at the
beginning of the process not only to save energy and
adjust the set of actively translatable mRNAs, but also
to prevent the synthesis of those unnecessary and even
potentially deleterious proteins. Initiation factors
elF2 and elF4E are two best described nexus reg-
ulators. Four kinases responsive to different stresses
and specific to elF2 have been described so far [38]:
the heme-regulated inhibitor HRI, activated by heme-
deficiency in erythroid cells as well as by oxidative
stress and heat shock; the RNA-dependent protein
kinase PKR, activated upon viral infections by double
stranded RNAs and interferons; the general con-
trol non-derepressible-2 (GCN2), whose activity is
induced by amino acid starvation and UV treatment;
and the PKR-like endoplasmic reticulum (ER) resi-
dent protein kinase PERK, which is stimulated by UV
and ER-stress upon accumulation of misfolded pro-
teins. These four kinases specifically phosphorylate
the o subunit of eIF2 at Ser51, and such modification
highly elevates the affinity of p-eIF2 to the guanine
exchange factor elF2B, responsible for the conver-
sion of post-initiation inactive GDP-eIF2 complexes
into active GTP-eIF2 (Fig. 2B). Since the cellular
concentration of elF2 is much higher than that of
elF2B, even a partial phosphorylation of elF2 is able
to sequester all available eIF2B and, as a result, to
block the GDP-GTP exchange. The phosphorylation
of elF2 negatively impacts the translation of most
cellular mRNA, yet, in turn some mRNAs carry-
ing short upstream open reading frames (uORFs) in
their 5’UTRs get translated through a complex and
not yet completely resolved mechanism. The pro-
teins encoded by these mRNAs assist the affected
cell for survival and recovery after the stress relieves.
Accordingly, p-elF2 is required for maintenance of
global low translation levels in skeletal muscle cells,
leading to accumulation of a considerable part of
cellular mRNAs in stress-like cytoplasmic granules
[39]. The p-elF-mediated translation reduction is an
integral component of a general program ensuring
skeletal muscle cell quiescence. Alongside with the
global translation repression, some mRNAs, whose
protein products are important for sustaining the
quiescent state, become activated upon elF phospho-

rylation. Expression of a phosphorylation resistant
form of elF2 stimulates satellite cells’ metabolism
and myogenic differentiation. Such p-elF2-mediated
control of quiescence has only been shown for
skeletal muscle stem cells and needs to be addressed
in other stem cell systems including NSCs.

Another well-established example of translational
control is based on the regulation of the cap-binding
protein eIF4E. This control involves the phos-
phorylation of a family of eIF4E-binding proteins
4E-BP1, 4E-BP2, and 4E-BP3 [40]. In a non-
stimulated hypophosphorylated state, 4E-BP proteins
bind eIF4E and prevent its interaction with the
scaffold factor elF4G, which, in turn, blocks the
attachment of 43S complexes to the 5” end of mRNAs.
Upon activation of protein synthesis by extracellu-
lar stimuli including growth factors and nutrients,
4E-BPs become phosphorylated by the mechanistic/
mammalian target of rapamycin kinase (mTOR).
This kinase is present in two intracellular complexes
mTORCI1 and mTORC?2 differing in their protein
compositions, input control signals, and regulated
processes [41]. mTORCI is responsible for 4E-BP
phosphorylation (Fig. 2C). Phosphorylated 4E-BPs
lose their affinity for eIF4E and the latter can asso-
ciate with el[F4G driving a normal translation process.
As in the case of elF2-mediated control (Fig. 2B),
mRNAs have different sensitivity to the availabil-
ity of elF4E, and some of them are more sensitive
to the 4E-BPs mediated repression than others [42,
43]. Apart of 4E-BPs, mTORCI1 also phosphorylates
and activates S6 kinase 1 (S6K1) and S6 kinase 2
(S6K2). S6K1/2 phosphorylate the ribosomal pro-
tein S6 (RPS6) and elF4B, which stimulates general
translation [44]. In addition, S6K1/2 phosphorylate
and inactivate the eukaryotic elongation factor 2
kinase (eEF2K) that negatively affects protein syn-
thesis via eEF2 phosphorylation [45]. Besides the
phosphorylation of the proteins directly involved in
translation, mMTORCI1 can stimulate the transcription
of ribosomal RNAs and tRNAs via modification of
transcription modulators initiation factors IA (TIF-
IA) and IIIC (TF-IIC), correspondingly [46, 47].
Even such a short description clearly highlights the
exclusive role that mTORCI plays in the regulation
of translation.

mTORCI is a node converging numerous signal-
ing pathways stimulated by growth factors, nutrients,
and metabolites. Thus, mMTORCI is an optimal mas-
ter regulator of NSC activation by transducing signals
from the niche. Most studies addressing potential
roles of mMTORC1 in NSCs use conditional knock-
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out mouse models allowing for mTORC1 activation
or repression specifically in NSCs and their progenies
[48, 49]. In the embryonic brain, mTORCI1 activ-
ity is critical for maintenance of proliferation and
differentiation of early progenitor cells, and its
inactivation results in microcephaly, impaired gli-
ogenesis and neurogenesis [50-52]. Consistently,
hyperactivation of mTORCI stimulates neurogenic
differentiation of NSCs at the expense of self-
renewal, leading to premature exhaustion of the
NSC pool [51]. The expression of an mTOR-
resistant hypophosphorylated variant of 4E-BP
reverses mMTORCI1-mediated massive NSC differ-
entiation. In the adult neurogenic niche, mMTORC1
becomes activated upon transition from NSCs into
neurogenic intermediate progenitors, its activity is
reduced in SVZ neuroblasts and gets activated in OB
neuroblasts (Fig. 1) [53, 54]. Modulation of mMTORC1
activity is often accomplished by manipulation of the
PTEN phosphatase, an upstream negative regulator of
the PI3K/AKT signaling pathway including mTORC.
PTEN activity contributes to maintenance of a qui-
escent state in NSCs [6]. Conditional depletion of
PTEN in quiescent NSCs forces their transition
into the active states and subsequent differentia-
tion into astrocytes and neurons. The involvement
of mTORCI1 activity in the transition from quies-
cent to active was recently demonstrated in muscle
satellite cells [55]. However, the upstream regulators
of mTORCI1 during the transition from quiescence
to NSCs activation, as well as the protein and RNA
targets controlled by such stimulation remain to be
addressed.

By the age of nine months the mouse brain shows
considerable decline in the number of NSCs, which
progressively continues with increasing age [56].
Notably, such decrease mostly occurs at the expense
of active NSCs, hence accompanied by a similar
drop of mTORCI1 activity. Indeed, prolonged stim-
ulation of mTORC1 with ketamin or premature
inhibition by its specific inhibitor, rapamycin, either
postpones or accelerates the age-related NSC decline,
respectively. Summarizing, all these studies unam-
biguously underpin the pivotal role of mMTORC1 in the
timing of NSCs’ activation by switching-on anabolic
processes, including protein biosynthesis. In support
of the necessity to stimulate the process of translation
for proper activation of quiescent NSCs, a recently
published study from Miller’s and Kaplan’s labs
found that many mRNAs encoding proneurogenic
proteins such as neurod1, neurod4, neurogeninl, neu-
rogenin2 could already be detected even in quiescent

NSCs [57]. However, these mRNAs do not produce
any protein since they are recruited into special cyto-
plasmic particles possessing characteristics of the
processing bodies (P bodies). eIF4E bound to these
mRNAs is associated with the negative regulator of
translation 4E-transporter (4E-T) and such associa-
tion stimulates the accumulation of the mRNAs in
the P bodies (see next paragraph). Consequently,
NSCs could be transcriptionally “personalized” to
generate a great variety of NSCs upon activation.
The authors speculate that differentiation-promoting
extrinsic cues could stimulate the mRNA release from
these particles and allow subsequent translation. The
nature of such cues as well as the exact mechanism of
translational stimulation remains a subject of future
studies.

SPECIFIC TRANSLATION OF CELL FATE
REGULATORS BY RBPS

Whereas the regulation of global translation lev-
els for cell fate decisions is an emerging topic of
interest, the translational control of specific cell fate
modulators is a well-established concept for various
molecules in multiple stem cell systems. Cells use a
large repertoire of tools to post-transcriptionally con-
trol gene expression including RBPs and miRNAs.

RBPs are involved in a plethora of processes
including alternative splicing, RNA processing,
nuclear export, mRNA stability and translation [58].
Particularly in highly polarized cells like neurons,
RBPs help to locally and spatially regulate translation
efficiency and successfully integrate environmental
signals [59]. Here we focus on a number of RBPs with
reported significant contribution to cell fate decisions
in the embryonic and adult brain.

FMRP

Fragile X mental retardation protein (FMRP) is
a RBP with clear disease relevance. Fragile X
syndrome is the most common inherited mental dis-
order, which results from the loss of FMRP. FMRP
is known to bind specific mRNAs in order to inhibit
their translation. Among its targets there are well-
established regulators of the cell cycle including
cyclin-dependent kinase 4 (CDK4) and cyclin DI,
as well as members of the Wnt signaling pathway
[60]. Accordingly, full knockout of FMRP leads to
higher proliferation levels and altered fate decisions
in the adult SGZ of the hippocampus. The closely
related Fragile X relative protein 2 (FXR2) reduces
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the stability of Noggin mRNA [61]. Deficiency of
FXR2 leads to increased Noggin expression and
reduced BMP signaling, again resulting in increased
proliferation of NSCs.

Musashi

The probably best-studied RBPs in the NSC field
belong to the family of musashi proteins (MSI).
Musashil (MSI1) and its homolog Musashi2 (MSI2)
play an important role in neural development across
vertebrates and invertebrates [62]. Both MSI pro-
teins are highly expressed in the fetal and adult brain,
highly enriched in the proliferative zones of the ven-
tricular and subventricular zone. MSII is considered
to be more restricted to multipotent stem cells and is
often used as a NSC marker. Nonetheless, expression
of the homologue proteins is actually largely overlap-
ping indicating that they often act together. Accord-
ingly, single knockout of MSI1 only has a minor NSC
phenotype while double knockout of MSI1/MSI2
significantly decreases neurosphere-forming capac-
ity of NSCs [63]. There are multiple ways of action
described for Musashi proteins. However, the most
canonical function is mediated over two RNA recog-
nition motifs (RRMs). One of the most important
targets is the Notch pathway component NUMB.
Musashi binds at certain motifs in the 3° UTR (usually
enriched for GUAG or UAG), leading to downregula-
tion of NUMB expression and subsequent activation
of Notch signaling. Notably, Notch signaling is a
well-known inhibitor of NSC differentiation [64]
and pharmacological inhibition of Notch signaling
in freshly isolated quiescent NSCs leads to activation
and thereby increased protein synthesis [10].

Staufen and Pumilio

The balance between stem cell maintenance and
differentiation can be also controlled by complexes
of multiple RBPs and their target molecules. An
RNA complex containing double-stranded RNA-
binding protein Staufen homolog 2 (STAU2), Pumilio
homolog 2 (PUM2) and ATP-dependent RNA heli-
case DDX1 was shown to be crucial for the correct
development of radial glial precursors (RGPs) in the
embryonic cortex [65]. STAU2 is apically localized
in RPGs together with PUM2, DDX1 and target
mRNAs including beta-actin, prospero and proxl.
STAU2 and proxl are asymmetrically enriched in
some dividing precursors suggesting a stage specific
role. Depletion of STAU2 was shown to increase gen-

esis of neurons at expense of RPGs indicating that the
STAU2 complex maintains the undifferentiated state.
Knockdown of other complex members phenocopies
STAU?2 depletion, demonstrating a cooperative man-
ner of regulation. Finally, it was shown that STAU2
RNA-binding domain is essential for proper RPG
maintenance.

A parallel study focuses on the asymmetric
segregation of STAU2 during cell division [66].
Interestingly, STAU2 preferentially segregates to
TBR2-positive intermediate progenitor cells (IPCs),
a more differentiated cell than RGPs. Further,
the authors identify STAU2-associated mRNAs by
immunoprecipitation. These contain known regula-
tors of asymmetric and basal cell fate including
tripartite motif-containing protein 32 (TRIM32).
These target mRNAs are also asymmetrically segre-
gated during division. This data suggests that STAU2
ensures polarized distribution of cell fate regulators,
which promote the IPC fate. Loss of STAU2 stimu-
lates the RGP to intermediate-progenitor transition,
most likely since intermediate-progenitor fate deter-
mining mRNAs are now not polarized to one but
present in both daughter cells.

4E-T

In a hallmark study from 2014, Yang and
colleagues describe a complex encompassing the
well-known initiation factor eiF4El, its binding part-
ner 4E-T and multiple proneurogenic mRNAs, which
regulates the generation of neurons in the embry-
onic brain [57]. The associated transcripts include
the proneurogenic neurogenin- and neurod family
members. This complex is dynamically assembled
and disassembled during development in order to
avoid premature production of neurons. Disruption
of the complex causes enhanced neurogenesis and
precursor depletion. It is hypothesized that 4E-T
most likely identifies target mRNAs for recruitment
to cellular storages including P body-like granules.
However, since binding of 4E-T to the target mRNAs
is not direct but instead requires an intermediate pro-
tein, the exact mechanism or recruitment remains
unclear [67].

SMAUG?2 and NANOS1

Similar to aforementioned RBPs, the pair of
SMAUG?2 and NANOSI is cooperatively control-
ling proper development of neural progenitors in the
embryonic cortex by a bimodal translation switch
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where SMAUG?2 inhibits and NANOSI promotes
neurogenesis [68]. Interestingly, SMAUG?2 is silenc-
ing nanosl mRNA by recruiting it into P body-like
granules in association with the eiF4E binding partner
4E-T (see above) in order to keep neural pre-
cursors in a multipotent stage. On the contrary,
NANOSI protein promotes differentiation of pre-
cursors by repressing the precursor state. However,
direct RNA targets of NANOSI, encoding likely
mediators of precursor activation, still need to be
identified.

These examples illustrate that RBPs are usually
negative regulators of NSC differentiation through
repression of target transcripts, which is often driven
by direct binding to regulatory motifs in the untrans-
lated regions. Particularly in the embryonic brain,
RBPs tune gene expression of factors critical for dif-
ferentiation. This way, cells ensure proper balance
between differentiated and undifferentiated cells and
therefore correct expansion of the central nervous
system. There is evidence that multiple RBPs have
similar functions, just varying in their repertoire of
target molecules. In fact, several of the aforemen-
tioned RBPs are found in P body like granules, which
supports that RBP-mediated repression is the main
and highly conserved mechanism. To which level
RBPs need to act in complexes with other RBPs is
poorly addressed. A cooperative function between
STAU2, PUM2 and DDX1 is suggested by the fact
that knockdown of PUM2 or DDX1 phenocopies the
effect of STAU2 depletion. Further studies are neces-
sary to fully uncover the regulatory networks of RBPs
both in the developing and adult brain.

miRNAs are short, non-coding RNA molecules,
which regulate the expression of target mRNAs by
affecting stability and translation [69]. In contrast to
the rather limited studies on RBPs in neurogenesis,
miRNAs have been extensively studied, particularly
in the setting of the developing brain [70, 71]. Dele-
tion of Dicer, which is central to miRNA production,
was shown to impair neurogenesis illustrating their
crucial role in proper neuronal development [72].
MiRNA are highly abundant in the brain and sub-
ject of dynamic regulation. This is exemplified by
miR-124, which is undetectable in progenitor cells
and becomes expressed with differentiation and mat-
uration [73].

Together we conclude that while the regulatory
role of microRNAs in the mouse brain is very well
established, RBPs only came recently to the fore. It
will be important to further investigate RBPs role
by carefully mapping binding sites and identifying

target sequences, experiments that are challenging
and highly dependent on the availability of excellent
antibodies and bioinformatic tools.

EMERGING ROLE OF RNA
METHYLATION

Methylation at the m6 position of adenosines
in eukaryotic mRNAs represents another critical
but not yet addressed level of regulation of the
transition between quiescent and active states in
stem cells. The presence of methylated adenosines
in RNAs was already reported half a century ago
[74, 75]. However, only after the discovery of the
enzymes responsible for such dynamic modifica-
tion, m6A methylation got in the research spotlight.
First, a multiprotein complex including the “m6A
writers” methyltransferase like 3 (METTL3), methyl-
transferase like 14 (METTL14) and the regulatory
wilms tumor 1 associated protein (WTAP) was puri-
fied and characterized [76, 77]. Later, two m6A
demethylases (“m6A erasers”) were identified, which
provide a dynamic regulation of the modification: fat
mass and obesity associated protein (FTO) and «-
ketoglutarate-dependent dioxygenase alkB homolog
5 (ALKBHY) [78, 79]. Recent data shows that both
mO6A-marks and the proteins responsible for their
establishment and recognition can participate in the
control of almost all steps of mRNA metabolism
in cells, including transcription, splicing, translation
and degradation [80, 81]. Interestingly, this type of
modification is among the earliest regulators of the
transition between the self-renewal state of pluripo-
tent embryonic stem cells to lineage-committed
differentiated cells. Some mRNAs encoding pluripo-
tency factors such as NANOG, sex determining
region Y-box 2 (SOX2), and octamer-binding tran-
scription factor 4 (OCT-4) undergo m6A methylation
in a well-coordinated manner at the time of loss
of pluripotency and onset of differentiation [82,
83]. One of the proposed mechanisms responsible
for such timely-controlled regulation could be the
degradation of corresponding mRNAs triggered by
mo6A-mediated binding of “m6A readers” such as
YTH domain family 2 (YTHDF2), human antigen R
(HuR) and others involved in mRNA stability regula-
tion [84, 85]. The controlled stability of mRNAs on its
own is among major factors affecting the final protein
production in cells and its regulation is closely linked
to the activity of mRNAs in translation [86]. So, it
is not surprising that the same modification could
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modulate both processes. Indeed, apart from the
direct regulation of mRNA degradation, two recent
studies showed that m6A methylation in the 5 UTR
could direct cap-independent initiation of translation
on substrate mRNAs adding another level of regula-
tion whereby this modification controls stem cell fate
[87, 88]. As previously discussed, stem cells undergo
strict translational regulations upon their activation
for proliferation and differentiation. Some mRNAs,
which encode critical regulatory factors, could poten-
tially avoid general control of protein biosynthesis
via the controlled assembly of the elF4F initiation
complex at the capped 5’ end. This could equip cells
with a fine-tuning level of regulation upon transition
to differentiated cells, finally affecting the develop-
ment and maintenance of the whole organism. Apart
from the direct regulation of mRNA translation and
stability via the methylation of adenines in mRNAs,
this modification was detected in miRNA precursors
(pri-miRNA) and long non-coding RNAs (IncRNA)
[89, 90]. In the case of pri-miRNAs, m6A stimulates
their processing allowing the formation of functional
miRNAs. miRNAs are well-known effectors regulat-
ing mRNA translation and stability, and numerous
data demonstrate their critical role in the defining
stem cell fate and activation [91]. Further progress is
required to get insight into the mechanism of m6A-
mediated regulation of miRNAs and IncRNAs in stem
cell metabolism and activation.

At the present moment, there are no available data
delineating possible functions for the m6A modifi-
cation in adult stem cells and in neural stem cells
in particular. The generation of conditional knockout
animals as well as scaling down those experimen-
tal biochemical approaches allowing to analyze the
dynamic distribution of methylated adenosines in
transcriptomes of few isolated cells should help
to decipher the role of this modification during
neurogenesis.

APPLICATION OF NOVEL METHODS TO
STUDY PROTEIN PRODUCTION IN VIVO

Aforementioned paragraphs illustrate that most
gained knowledge on posttranscriptional control of
NSC dynamics are based on studies focusing on sin-
gle regulatory components. There is evidence that
multiple elements act together to determine the cellu-
lar outcome. As much as this is emphasized about the
cooperative function of transcription factors, the role
of cooperativity of post-transcriptional regulators has

been so far merely neglected, mostly due to technical
limitations. Here we give a short overview of recent
technical advancements, which will help identifica-
tion of global regulation of posttranscriptional events
in neurogenesis.

Global rates of protein synthesis have been char-
acterized using sucrose gradient fractionation exper-
iments, but also by usage of the translation inhibitor
puromycin, a tRNA homologue that incorporates into
nascent proteins [92]. Recently the Salic lab devel-
oped a modified puromycin to detect nascent proteins
with key advantages over existing methods [93].
O-propargyl-puromyin (OP-puro) is a modified ver-
sion of conventional puromycin that bears a terminal
alkyne group that can be efficiently detected by
fluorescence-coupled azide molecules. OP-puro is
easy to use, robust, sensitive and both applicable for in
vitro and in vivo studies. OP-Puro massively extended
our knowledge about protein synthesis levels in mul-
tiple stem cell systems both under homeostasis and
stress conditions [10, 15, 20].

Traditionally, the translational efficiency of indi-
vidual transcripts has been assessed by its loading
onto multiple ribosomes (polysomes). Their separa-
tion by sucrose gradient centrifugation and analysis
by cDNA arrays allowed for the first time the com-
parison of global changes in transcription versus
translation [94]. This so-called translational state
array analysis (TSAA) was applied to investigate the
translational changes during differentiation of murine
embryonic stem cells [95]. This data demonstrated
that differentiation causes an anabolic switch that
involves increasing transcript abundance, ribosome
loading and global protein synthesis. Interestingly,
some genes were only regulated on the translational
level demonstrating that mRNA levels can be a mis-
leading readout in certain cellular contexts.

The recent development of next generation
sequencing techniques allows efficient production of
sequencing libraries from minute amounts of mRNA
at affordable rates [96]. Thus, TSAA studies are not
any more limited to available probe sets of microar-
rays and offer much higher resolution. However,
TSAA is still difficult to apply in vivo, since tissues
harbor heterogeneous cell populations that ham-
pers interpretation of results. The study of specific
cell populations requires cell sorting that potentially
introduces artifacts, since improper sample handling
can easily cause ribosome dissociation.

In order to overcome these disadvantages, sev-
eral mouse models have been established over the
last years to investigate the ribosome-bound mRNA,
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called translatome. Translating ribosome affinity
purification (TRAP) makes use of bacterial artificial
chromosomes (BACs) introduced into a transgenic
mouse model which expresses a GFP-tagged variant
of the ribosomal protein L10a in a defined cell popula-
tion [97, 98]. Using several TRAP mouse lines, where
tagged L10 was expressed under different specific
promoters, it could be shown that morphologically
indistinguishable neuronal subtypes display massive
differences in translated genes [97]. These studies
provided a resource of 16 transgenic BAC mouse
lines targeting 24 subtypes of neurons — a valuable
dataset to study the wide molecular spectrum of neu-
rons [98]. Over the last years additional TRAP lines
were generated for various applications [99-101].
The TRAP methodology was originally generated to
overcome technical limitations of neuronal cell sort-
ing. Flow cytometry-mediated cell sorting of solid
tissues can be difficult, especially in case of adult
neurons, which are extremely connected in the brain
and are highly myelinated. In order to compare
the transcriptome to the TRAP-based translatome of
adult brain neurons it will be necessary to establish
improved protocols of high purity neuron isolation to
obtain a reliable readout for translational efficiency.
Application of TRAP to different stages of NSC
activation would provide valuable insights into the
post-transcriptional regulation during activation and
differentiation, since the transcriptomes are well stud-
ied both on population- and single cell level [4, 10].
However, so far there are no published TRAP lines
addressing the translatome of NSCs.

TRAP is majorly limited by the availability of
mouse lines. For every cell type of interest, a new
transgenic line has to be generated and characterized,
where (in best case) an exclusive marker gene of this
population is driving the expression of the ribosomal
tag. This is laborious and a hinder to its application to
study multiple cell types in vivo. A parallel approach
makes use of preexisting Cre-recombinase driver
lines. In Ribotag mice replacement of endogenous
RPL22 protein, a ribosomal large subunit protein,
with a HA-tagged variant is driven by cell-type
specific Cre-recombinase expression and allows iso-
lation of ribosome-associated mRNA [102]. Both
TRAP and Ribotag have been mostly used to study
rare types of neurons in the brain, which are challeng-
ing to isolate by conventional methods (see above). In
fact, Ribotag was recently applied to study the axonal
translatome of retinal cell axons of the develop-
ing and adult retinotectal projection, demonstrating
localized translation in axons of the mammalian cen-

tral nervous systems [103]. It will be crucial to apply
these methods with NSC specific transgenic mouse
lines in order to investigate, to which level the tran-
scriptome correlates with actual protein expression,
since local and temporal control of protein expres-
sion at posttranscriptional level might impact cell
fate decisions. A comprehensive review on the cor-
relation of transcriptome and proteome concluded
that at steady-state mRNA levels match well to
assessed protein levels. However at state transition
as well as short-term adaptation periods the ratio of
mRNA abundance to protein levels is highly mod-
ulated by posttranscriptional control mechanisms
[104]. Thus, the process of neurogenesis, which
involves transition of NSCs through multiple stages
and requires adaptation to the changing microenvi-
ronment, might also be controlled at the translational
level.

While TRAP and Ribotag offer the great advan-
tage of targeting ribosome-associated transcripts of
a defined cell population in vivo, these techniques
cannot completely recapitulate ongoing translation
since ribosomes can also “sit” on transcripts with-
out active peptide synthesis. This ribosome stalling
is considered to take place under certain conditions
and can be addressed in great detail by ribosome
profiling [105, 106]. Ribosome profiling is the deep
sequencing of ribosome-protected mRINA fragments
that are revealed by nuclease digestion. This method
revolutionized the way we can look at ongoing trans-
lation allowing the identification of novel ORFs, the
investigation of the number of ribosomes on cer-
tain transcripts and the speed at which they are
moving along the transcript under different condi-
tions [106, 107]. Due to the high demand of input
material, application of ribosome profiling on mouse
tissue has been challenging so far. Ribosome pro-
filing of the hippocampus in different contextual
paradigms demonstrated multiple repressive mech-
anisms during memory formation [108]. However,
this study used total hippocampal tissue, not dis-
tinguishing the contribution of different cell types.
Gonzalez and colleagues have further extended the
methodology by doing ribosome profiling in com-
bination with Ribotag mouse models [109]. This
allowed detailed cell-type specific analysis of trans-
lational changes during glioma initiation. There are
efforts to improve library preparation methods in
order to do ribosome profiling from low input mate-
rial, which will be crucial to understand ribosome
behavior in specific subpopulations of cells in the
brain [110].
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Together, these methods offer great potential to fur-
ther dissect both mechanisms of global and specific
control of protein synthesis in stem cells. Their appli-
cation on carefully characterized subpopulations can
help to understand the key post-transcriptional events
taking place during activation and differentiation.

CONCLUSIONS

Stemness features a population of cells that are
present throughout the life of an animal with the
ability to generate differentiated progeny. We now
know that stem cell maintenance crucially depends on
keeping a quiescent state, as generation of differenti-
ated progeny depends on stem cell activation. Hence,
a tight balance between quiescence and activation
governs stem cell’s function. The switch between
a quiescent and activated state crucially depends
on repression or activation of protein synthesis,
one of the most energy-demanding processes of the
cell. Translation of mRNAs can be regulated at a
more global level via ribosome availability. However,
even repression of translation by factors presum-
ably regulating the vast majority of mRNAs, like
phosphorylation of eIF2 by stress-related kinases,
can be evaded by a subset of transcripts -in case
of elF2, by mRNAs entailing short upstream ORFs.
A more transcript-specific control of translation
is imposed by the presence of motifs specifically
recognized by RBPs, microRNA, circRNAs and oth-
ers not yet defined factors; also posttranscriptional
modification of mRNAs such as methylation dic-
tates the life of a transcript. To date, most studies
have focused on unraveling the role of specific
translation-modulating factors by combining loss-of-
function and gain-of-function studies with readouts
of stem cell function. Fortunately, the forthcoming of
next generation sequencing coupled to immunopre-
cipitation of ribosomal-associated, RBP-associated,
dedicated ribosomal subunits, or specifically modi-
fied transcripts will expand our knowledge of global
mechanism of translation governing the biology of
stem cells in the different organs.
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