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Post-transcriptional control of a stemness
signature by RNA-binding protein MEX3A
regulates murine adult neurogenesis

Ana Domingo-Muelas 1,2,3, Pere Duart-Abadia1,2,3,
Jose Manuel Morante-Redolat1,2,3, Antonio Jordán-Pla2, Germán Belenguer1,2,3,
Jaime Fabra-Beser 1,2, Lucía Paniagua-Herranz4,5,6, Ana Pérez-Villalba1,2,3,
Adrián Álvarez-Varela7,8, Francisco M. Barriga 7,8, Cristina Gil-Sanz 1,2,3,
Felipe Ortega4,5,6, Eduard Batlle 7,8,9 & Isabel Fariñas 1,2,3

Neural stem cells (NSCs) in the adult murine subependymal zone balance their
self-renewal capacity and glial identity with the potential to generate neurons
during the lifetime. Adult NSCs exhibit lineage priming via pro-neurogenic fate
determinants. However, the protein levels of the neural fate determinants are
not sufficient to drive direct differentiation of adult NSCs, which raises the
question of how cells along the neurogenic lineage avoid different conflicting
fate choices, such as self-renewal and differentiation. Here, we identify RNA-
binding proteinMEX3A as a post-transcriptional regulator of a set of stemness
associated transcripts at critical transitions in the subependymal neurogenic
lineage. MEX3A regulates a quiescence-related RNA signature in activated
NSCs that is needed for their return to quiescence, playing a role in the long-
term maintenance of the NSC pool. Furthermore, it is required for the
repression of the same program at the onset of neuronal differentiation. Our
data indicate that MEX3A is a pivotal regulator of adult murine neurogenesis
acting as a translational remodeller.

The adult mammalian brain is a highly pro-gliogenic environment.
While oligodendrocyte generation by NG2+ progenitor cells occurs
widespread, postnatal neurogenesis is remarkably restricted to two
specific locations1. Neural stem cells (NSCs) present in the neuro-
genic niches of the subependymal zone (SEZ) and subgranular zone
(SGZ) are also of glial nature but generate neurons, for the olfactory
bulb (OB) and the dentate gyrus respectively. Astrocyte-like sub-
ependymal NSCs include deeply quiescent (qNSCs) and shallow
quiescent/primed NSCs (pNSCs) which eventually become acti-
vated NSCs (aNSCs) that generate transit-amplifying neural

progenitor cells (NPCs). These progenitors divide a few times
before they turn into proliferating early neuroblasts (ENBs) that
migrate anteriorly, via the rostral migratory stream (RMS), and
eventually exit the cell cycle as late NBs (LNBs) to terminally dif-
ferentiate into neurons in the OB2 (Fig. 1a). At the origin of this
orderly program of cell commitment, adult NSCs exhibit lineage
priming, with levels of pro-neurogenic fate determinants that are
higher than in other brain glial cells3. These levels, however, are not
enough to drive the direct differentiation of adult NSCs into neu-
rons and their descendants need to gradually acquire a complete
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and effective set of neural fate determinants for terminal
differentiation4,5. This raises the intriguing question of how cells
along the neurogenic lineage avoid the critical challenge posed by
genes that encode proteins with conflicting function, i.e., self-renew
or differentiate6. A few repressive transcriptional mechanisms have
been proposed to counteract lineage priming as a way to preserve
stemness7–11. However, little attention has been devoted to post-
transcriptional mechanisms.

Gene regulation analysis in cell fate studies has traditionally been
centered on transcription. In the SEZ, next generation sequencing has
accurately revealed the transcriptomes associated to different cellular
states and/or identities3,12–15 and yet, they are not fully coherent with
recently characterized global proteomes16. More specifically, a recent
report experimentally analyzed global concordance between tran-
scription and translation in the neurogenic lineage17. The authors
crossed R26R-Tomato mice carrying either a Tlx-Cre (NSCs) or a Dou-
blecortin (Dcx)-Cre (NBs) recombinase transgenewith RiboTagmice, in
which the endogenous coding sequence for the ribosomal large sub-
unit protein RPL22 is replaced by a Cre-recombinase dependent HA-
tagged variant18. Deep sequencing of the total RNA (transcriptome)
and of the HA-immunoprecipitated ribosome-bound RNA (transla-
tome) in TLX+ NSCs and in DCX+ NBs revealed an uncoupling between
transcription and translation in the latter17. The data suggested an
adaptive translatome remodeling at the NB stage. However, regulators
of this process remain elusive.

Global adaptations in protein output are emerging as a funda-
mental step in cellular adaptation to fast evolving situations, i.e. in
response to cellular stress6,19–21. Classic regulators of mRNA stability
and translation efficiency involve non-coding RNAs and RNA-binding
proteins (RBPs), which can act as translatome remodelers19,22,23. Among
all protein-coding genes in humans 7.5% are RBPs, amounting to more

than 1500 different ones. An RBP can regulate the coordinated trans-
lation of a pool of transcripts coding for proteins that together parti-
cipate in a cellular process, but specific effects and “RNA regulons”
await characterization in most cases19,24–26. In the present work, we in
silico identify MEX3A as the RBP with more binding sequences in
transcripts that are translationally repressed at the onset of differ-
entiation in the SEZ lineage. MEX3A target transcripts identified by
RNA immunoprecipitation followed by deep sequencing (RIP-seq)
reveal that MEX3A post-transcriptionally regulates genes associated
with quiescence and glial identity in a dose-dependent manner. Low
levels of MEX3A in recently activated NSCs sustain their capacity to
return to quiescence whereas high levels at the end of the lineage
repress a stemness signature, allowing NBs to timely exit the cell cycle
for differentiation. With a role in two important cell transitions in the
neurogenic niche, MEX3A is essential for the lifelong maintenance of
neurogenesis.

Results
An unbiased in silico search for functionally relevant RBPs in
adult neurogenesis identifies MEX3A
In order to identify RBPs that might be regulating cell lineage pro-
gression during SEZ neurogenesis, we first searched our recently
published transcriptomic data sets on quiescent dormant (q) NSCs,
shallow quiescent or primed (p) NSCs, and activated (a) NSCs12 for
genes exhibiting uncoupling between their ribosome-bound and
unbound mRNAs in the Baser et al. (2019) study. The comparison
revealed that the set of transcripts translationally repressed in LNB
include 84of the genes differentially upregulated in aNSCs and a larger
set ofmRNAs (253 genes) that are characteristically expressed by both
qNSCs andpNSCs (Fig. 1b). GeneOntology (GO) analysis indicated that
the repressed mRNAs that characterized aNSCs were related to
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Fig. 1 | Post-transcriptional control of a NSC stemness/gliogenic signature
during neural lineage differentiation. a Schematic drawing representing the cell
populations in the adult SEZ neurogenic lineage (qNSC: quiescent neural stemcells;
pNSC: primed NSC; aNSC: activated NSC; NPC: neural progenitor cell; ENB: early
neuroblast; LNB: late neuroblast). Adult NSC can be cultured and expanded in vitro
as clonal aggregates, neurospheres. Cell cycle entry and exit points along the
lineage are highlighted. b Scatterplot comparing differential expression (DE) data
from isolated qNSC vs. aNSC populations12 with translation efficiency data fromOB

NBs17. cGeneOntology (GO) enrichment analysis of genes that define the qNSC and
aNSC signature and are subjected to translational repression during lineage dif-
ferentiation. d Heatmap showing the expression pattern of different families of
RNA-binding proteins (RBPs) in isolated SEZ populations12. e Ridgeplot showing
average expression of Cluster 1 RBPs in SEZ populations. f Cluster 1 RBP motive
analysis in qNSC-signature genes that are translationally repressed during neuro-
blast differentiation. Graph shows the percentage of 3’UTR sequences that include
the RBP motive compared to a set control 3’UTR.
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splicing, translation and proliferation. Moreover, translationally-
repressed mRNAs of the quiescent signature corresponded to genes
involved ingliogenesis, glial identity and lipidmetabolism (Fig. 1c). The
data indicated that a number of translationally-repressed genes at the
onset of neuronal differentiation are part of a NSC quiescent/gliogenic
signaturemaintained during lineage progression in the subependymal
neurogenic niche.

Next, we decided to search in our expression data sets for RBPs
whose expression was low in quiescent NSCs but increased along the
lineage to achieve high levels in LNB and found that, out of 116 RBPs
with differential expression in our populations, 23% of them exhibited
the proposed expression pattern (cluster 1 in Fig. 1d, e). These RBPs
were highly enriched in K Homology (KH) and RNA Recognition Motif
(RMM) domains and functionally related to processes like translation
(GO:0006417, p = 4.34e-8), splicing (GO:0048024, p = 1.14e-12) and
post-transcriptional regulation of gene expression (GO:0010608,
p = 5.05e-10). A search for consensus sequences for these 27 RBPs in
the 3´UTR of those quiescence-related mRNAs whose translation was
repressed in LNBs indicated that themost representedonewas that for
proteins of the MEX-3 family (Fig. 1f).

MEX-3 (mex: muscle excess), a KH domain RBP, was initially
reported to prevent the translation of pro-differentiation genes by
retaining their mRNAs in P granules during blastomere asymmetric
division in C. elegans27–34. Among the four family members (MEX3A, B,
C, D) in mammals (see expression in our system, Supplementary
Fig. 1a, b), only MEX3A has been associated to certain types of
cancer35–38 and to be highly expressed in a subpopulation of LGR5+

(leucine-rich repeat-containing G-protein coupled receptor 5) intest-
inal stem cells that proliferate slowly and are resistant to chemo- and
radiotherapy39,40. We, therefore, decided to analyzeMEX3A expression
by using the same reporter knock-in (KI) mouse strain, carrying a
tdTomato/T2A/Cre-ERT2/bGH-polyA construct inserted in frame with
theMex3a start codon in exon 140. Immune detection of the tdTomato
protein in brain sections of adultMex3a+/KI brains showed that MEX3A
expression is virtually restricted to neurogenic niches (Fig. 2a and
Supplementary Fig. 1c, d). In the SEZ, GFAP+ NSCs and ASCL1+ NPCs
showed faint, albeit specific expression, andDCX+ NBs exhibited a very
strong signal (Fig. 2b–d), indicating a progressive increase in expres-
sion along the neurogenic lineage. A similar pattern was observed in
the SGZ (Supplementary Fig. 1d–f). S100β+ mature astrocytes and
ependymal cells lining the ventricle wall or granular and striatal neu-
rons did not express the reporter (Supplementary Fig. 1f–h), The
reporter signal was still strong in the NBs migrating through the RMS,
but it became dimmer as they arrived at the OB and migrated radially
outwards and NeuN+ mature neurons did not show any expression
(Fig. 2e and Supplementary Fig. 1i, j). We also analyzed Mex3a
expression in SEZ cell populations from Mex3a+/KI reporter mice fol-
lowing a strategy developed in our laboratory to classify all cells of the
neurogenic lineage using flow cytometry12,41. We found no expression
of Mex3a in mature astrocytes or in qNSCs (Fig. 2f). The onset of
expression correlated with the appearance of the EGFR in a fraction of
pNSCs and the level gradually increased along the lineage from aNSCs,
to NPCs, to NBs (Fig. 2f, g). The expression patternwas consistent with
our transcriptomic data (Fig. 2h) and confirmed thatMex3a expression
starts in pNSCs, more prone to enter cell cycle, and increases in pro-
liferative populations along the subependymal lineage, becoming
maximal at the NB stage.

An in silico search in the promoter of Mex3a for binding sites for
transcription factors (TFs) revealed 36 putative regulators. Among
those that can bind Mex3a, TFs in cluster 2 and 3 also exhibited a
progressively increased expression along the SEZ lineage (Supple-
mentary Fig. 2a–c). Some of these TFs (Sp8, Smarcc2, Hcfc1) have been
shown to play a role inNSCproliferation and differentiation42–44, in line
with potential functional effects of MEX3A in the SEZ lineage
progression.

Identification of the MEX3A targetome by RIP-seq
Only a few MEX3A target RNAs have been identified in mouse and
human tissues34. To analyze the MEX3A “RNA regulon” in adult NSCs
we generated a FLAG-taggedMEX3A knock-in mouse, which expresses
the endogenous MEX3A protein with a 3X-FLAG peptide fused to its
C-terminal region, in order to perform RIP-seq experiments with
antibodies against the FLAG epitope (Fig. 3a). pNSCs and aNSCs dis-
sociated from the SEZ and seeded under non-adherent conditions in
the presenceofmitogens epidermal growth factor (EGF; 20 ng/ml) and
basic fibroblast growth factor (bFGF; 10 ng/ml) form floating clonal
aggregates known as neurospheres that can be expanded for long
periods of time (see Methods). In these cultures MEX3A was success-
fully immunoprecipitated (Supplementary Fig. 3a) in both crosslinked
and native conditions and pulled-down RNA was sequenced. Genes
with more than 0.58 log2 FC (fold-change FC > 1.5 times) and a False
Discovery Rate (FDR) adjusted p-value < 0.05 were considered as
positively enriched in Mex3a-FLAG neurospheres (RIP-enriched)
compared to thewild-type background controls (RIP-control). The sets
of RIP-enriched genes obtained by both crosslinked and native IP
protocols were highly overlapping. We only considered for further
analysis those genes that were enriched in both IPs to stringently
obtain trueMEX3A-bound RNAs. We detected 238 RIP-enriched genes,
approximately 82%ofwhichwere protein-codinggenes and associated
in a STRING-inferred functional network (Fig. 3b and Supplementary
Fig. 3c; Supplementary Data 1). GO analysis of this MEX3A-dependent
RNA regulon revealed that the most relevant GO Biological Process
terms were associated with regulation of cell proliferation, cell differ-
entiation and biological quality (Fig. 3c; Supplementary Data 2). Of
note, we observed thatMEX3A binds to all fourMex3 family members,
including itself, suggesting afine and controlled feedback regulation in
this RBP family (Supplementary Data 1).

In order to determine the position ofMEX3A in the transcripts, we
compared sequence enrichment of crosslinked Mex3aFLAG/FLAG IP sam-
ples vs. Mex3a+/+ controls. Protein-coding metagene analysis revealed
that MEX3A binds its mRNAs along the gene body, with a clear ten-
dency to accumulate toward the 3’ end (Supplementary Fig. 3d).
MEX3A binding was maximally enriched around the last 500bp up to
the pA site (Supplementary Fig. 3e), placing MEX3A preferentially on
the 3’UTR of these RNAs. Expectedly, RIP-seq values in MEX3A-bound
genes far exceeded that of the average of protein-coding genes (Sup-
plementary Fig. 3d, e). Analysis of the 3’UTRs of the 196 RIP-enriched
protein-encodingmRNAs, and of 200 controlmRNAs of similar length,
for the presence of the MEX-3 recognition element (MRE) consensus
sequence in C. elegans (DKAGN(0-8)THAT45) revealed an statistically
significant enrichment in MEX3A-pulled-down RNAs (Supplementary
Fig. 3f), validating the specificity of the RIP experiments. Identification
of protein-associated complexes by mass spectrometry (LC-MS/MS)
after co-immunoprecipitation (Supplementary Fig. 4a) uncovered 22
proteins that were associated to MEX3A and its regulon (Supplemen-
tary Fig. 4b). These include: factors involved in transcription and
splicing (hnRNPs), factors associated to mRNA decay (UPF1), poly-A
binding proteins (PABPC1), ribosomal proteins and translation initia-
tion and elongation factors (RPL30, EIF4A2, EEF2) and other RBPs
(ELAVL1, QK1, FUBP3). All of them are related to post-transcriptional
regulation and translation. The protein interactome suggests that
MEX3A likely associates to different sets of factors to regulate trans-
lation and that it does so in combination with other RBPs, picturing a
highly complex scenario.

AMEX3A regulon reveals its involvement in the preservation of
a quiescence signature during reversible activation
To search in silico for specific gene expression programs regulated by
MEX3A we based our premises on its pattern of expression. The initial
activation of Mex3a expression in pNSCs (Fig. 2f, g) prompted us to
explore the potential existence of a ‘quiescence/stemness program’
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that needs to be controlled by MEX3A when NSCs become activated.
Because RIP-seq data was obtained from neurospheres, we decided to
first compare the RIP-enriched data set with the transcriptomes of
neurosphere cells that cycle at different pace. We have recently
described that growing neurospheres contain fast-dividing cells and a
lower proportion of slowly dividing cells with a primed-like molecular
signature that can retain fluorophores like the green fluorescent
DFFDA12. Single cells loaded with DFFDA dilute the tracer in each
division, as the label is passively distributed between sibling cells.
Whereas most cells in grown neurospheres have expectedly lost the
label (DFFDAlow), around half of all spheres contain a few cells that still
retain a sufficient amount of the fluorophore to be detected as

DFFDAhigh, indicating that their initiating cells had divided only a few
times before they stopped or slowed down their cycling. Comparison
of the subsets of genes that define the DFFDAhigh (pNSC-like molecular
signature) and DFFDAlow (aNSC-like molecular profile) populations
in vitro12 with ourMEX3ARIP-seq enrichment data showed thatMEX3A
preferentially binds RNAs that are up-regulated in the slowly-dividing
DFFDAhigh population (p = 8.5e-8) (Fig. 3d, e). We used the same
approach with the populations in vivo by using the RNA-seq data
obtained from acutely isolated pNSCs and aNSCs12. Among the thou-
sands of genes that characterize the ‘pNSC to aNSC’ transition,MEX3A-
bound genes showed a significant overlap with the pNSC profile
(p = 0.003) (Fig. 3f, g), indicating again that MEX3A binds a set of
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d, 15μm; e, 100μm and 50μm; inserts, 10μm.

Article https://doi.org/10.1038/s41467-023-36054-6

Nature Communications |          (2023) 14:373 4



Biological Process ontology
GO enrichment analysis

−log10pvalue

−4 −2 0 02 4

0

0.5

1.0

1.5

2.0

2.5 Ccdc80

P2ry1
Ramp1

Pcdhb10Lif Cav2
Aqp4

Atp1b2
Pnrc1

Nptx2
Clic5Prune2

Sdc4

Lo
g 2 F

C
 R

IP
-s

eq
 e

nr
ic

hm
en

t

0

0.5

1.0

1.5

2.0

2.5

Lo
g 2 F

C
 R

IP
-s

eq
 e

nr
ic

hm
en

t

Log2 FC DFFDAhigh/DFFDAlow NSC Log2 FC pNSC/aNSC

DE in DFFDA-high/low vs. RIP-seq DE in pNSC/aNSC vs. RIP-seq

−5 5

Ddit4l
Ifitm3AdoCol18a1

Zfp422
Ccnd1

Ccdc80

F3Lrfn3
Mex3a Ramp1

Cav2
Aqp4

Plag2g7

Lif

Sox9

Up-regulated in DFFDAhigh

Down-regulated in DFFDAhigh

DE and MEX3A-bound

800 3 235

745 30 208

DFFDAhigh

enriched genes

DFFDAlow

enriched genes

Bound by
MEX3A

Bound by
MEX3A

Bound by
MEX3A

Bound by
MEX3A

DFFDAhigh

DFFDAlow

1356 16 222

3165 59 179

aNSC
enriched genes

pNSC
enriched genes

Up-regulated in pNSC
Down-regulated in pNSC
DE and MEX3A-bound

gd e

cb

f

pNSC

aNSC

a

0 2 4 6 8

gliogenesis
neurogenesis

negative regulation of cell cycle
regulation of cell migration

regulation of biological quality
neuron differentiation

regulation of cell death
response to stimulus

cell differentiation
regulation of cell population proliferation

MEX3A-bound

anti-FLAG IP

NSC

Mex3aFLAG/FLAG

Mex3a+/+

C NC

sequencing

FLAG vs. WT
enrichment

crosslinked non-crosslinked

h i

103 104 105–103 0

Mex3a+/+

Mex3aKI/KI

Mex3a+/+

Mex3aKI/KI

103 104 105–103 0

Sdc4Aqp4

m
R

N
A 

re
la

tiv
e 

ex
pr

es
si

on

m
R

N
A 

re
la

tiv
e 

ex
pr

es
si

on

Mex3a+/+
n=3 n=5

n=5 n=5

Mex3aKI/KI

0

0.5

1.0

2.0

1.5

0

0.5

1.0

2.0

1.5

Mex3a+/+

Mex3aKI/KI

0.020*

NS

0 0.5k 1.0k 1.5k 2.0k 2.5k 0 0.4k 0.8k 1.2k
SDC4 fluorescence intensityAQP4 fluorescence intensity

**

low (0.150)
medium (0.400) highest (0.900)

high (0.700)
Edge confidence

Network

PPI enrichment p=3.67e-11

Sdc4
Atp1b2

Fig. 3 | The MEX3A regulon reveals a stemness/gliogenic program associated
with neurogenic lineage quality. a MEX3A RNA-immunoprecipitation (RIP) dia-
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Data file.
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‘quiescence-associated genes’. The program includes genes that inhi-
bit proliferation in adult neurogenic niches (Apoe, Cav2, Pla2g7) or are
related to NSC identity (Aqp4, Plec, Lif, Sox9)46–53 among others. The
data indicated that MEX3A becomes expressed and binds a set of
quiescence-related genes as NSCs enter activation.

Complete elimination of Mex3a results in perinatal lethality
(unpublished data). Still, homozygous knock-in mice survive into
adulthood, but insertion of the KI reporter cassette in the two alleles
results in a decrease of more than 90% in Mex3a mRNA and MEX3A
protein levels, with no apparent changes in the levels of other family
members (Supplementary Fig. 5a–c), providing a way to analyze
MEX3A specific functions. To validate the repressive effect of
MEX3A on the translation of these quiescence-associated target
genes, we selected the Aquaporin-4 (Aqp4) gene since it exhibited
the largest compound fold-change in both the ‘pNSC to aNSC’ and
‘DFFDAhigh to DFFDAlow’ transitions. MEX3A-deficient NSCs showed
increased levels of Aqp4 mRNA and protein (Fig. 3h). While MEX3
proteins have been previously identified as negative post-
transcriptional regulators28,30,35,54,55, we found that MEX3A could
also act as a positive regulator of the translation of some target
RNAs, e.g. Sdc4 (Fig. 3i).

Although Mex3aKI/KI mice showed an evident reduction in body
and brain size of around 20% accompanied by an expansion of the
ventricular space (Supplementary Fig. 5d, e), we detected clear signs of
hyperproliferation in the SEZ, with increased percentages of Ki67+ cells
and of cells incorporating the thymidine analogue EdU administered
1 h before sacrifice (Fig. 4a, b). In order to directly ascertain the role of

the MEX3A program at the transition to activation, we decided to
check cycling probability among acutely isolated pNSCs, the stage in
which Mex3a becomes first expressed. Clonal cultures of aNSCs and
pNSCs12 showed that Mex3aKI/KI shallow quiescent, but not fully acti-
vated NSCs exhibited a higher propensity to engage proliferation
(Fig. 4c). In addition, Mex3aKI/KI neurosphere cultures contained
reduced numbers of DFFDAhigh cells, also suggesting increased cell
cycle entry (Fig. 4d).We have recently shown that slowly-dividing cells
are largely responsible for the self-renewingproperties of neurosphere
cultures12. In accordancewith this, MEX3A-deficient NSCs displayed an
advantage during early passages in expanding cultures thatwas lost by
passage 5 eventually leading to a reduced potential for neurosphere
generation (Fig. 4e). Our data indicated that MEX3A could be acting as
a molecular gatekeeper during NSC activation.

To explore the additional possibility that MEX3A could be playing
a role in the return to quiescence, as a first approach we nucleofected
wild-type neurosphere cells with plasmids containing Mex3a-Gfp or
Gfp cDNA sequences and observed a great reduction in the incor-
poration of EdU in the MEX3A overexpressing cells (Supplementary
Fig. 6a). To gain more insight, we used an in vitro assay of double
fluorophore dilution, as we have described that slowly-dividing neu-
rosphere cells can originate from fast-dividing ones through asym-
metric division12. NSCs were first loaded with the far red-emitting
tracer DDAO and, after 4 days, single cells dissociated from DDAO
neurospheres were labeled with DFFDA and cultured for 3 more days
(Fig. 4f). Doubly retaining cells (DDAOpos/DFFDAhigh) can be considered
true semi-quiescent cells and the second tracer can be used to assess
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their proliferation aswell as the generation of new slowly-dividing cells
that originated from actively dividing cells, i.e. they diluted the first
tracer (DDAOneg) but changed to a slower kinetics, hence retaining the
second tracer (DDAOneg/DFFDAhigh)12. Mex3aKI/KI primed-like DDAOpos

cells exhibited reduced DFFDA intensity (Fig. 4f), confirming an
acceleration of the cell cycle kinetics in these semi-quiescent cells. In
addition, MEX3A-deficient cultures had lower proportions of newly
generated semi-quiescent DDAOneg/DFFDAhigh cells suggesting that
enhanced activation was coupled to a deficient return to slow cycling
(Fig. 4f). In vivo, phenotypic analysis of our SEZ populations with
cytometry in Mex3a wild-type and hypomorphic mice demonstrated
that an increase in aNSCs at 3 months of age was followed by a loss of
qNSCs at 9 months (Fig. 4g). The data together indicate that MEX3A
binds to a set of quiescence-related mRNAs in activated NSCs that are
needed for the eventual return to a more quiescent phase and hence
very low levels of MEX3A ultimately leads to a reduction of the qNSCs
pool in vivo.

MEX3A is also required for the repression of a stemness-
gliogenic signature at the onset of differentiation
Mex3a expressionpeaks at theNB stage and the in silico comparisonof
Baser et al. datasets with our RIP-seq data predicted that the set of
MEX3A-bound transcripts belonging to the quiescent/gliogenic sig-
nature (e.g. Olig1, Aqp4, Pou3f2, Ramp1, Sox9, Sox2, Sdc3, Sdc4, or
Pla2g7) would be translationally repressed in NBs (Fig. 5a). To evaluate
the direct role of MEX3A in this repression we electroporated CAG-
driven Mex3a-Gfp or Gfp cDNA-containing episomal plasmids into the
LV of neonatal mice. We observed four days later that cells with exo-
genously increased expression of MEX3A had stopped cycling, as they
were Ki67-negative (Fig. 5b), without affecting overall cell morphology
and viability (Supplementary Fig. 6b–d). Cells overexpressing MEX3A
exhibited remarkably reduced levels of glial NSC-associated SOX9,
SOX2, AQP4, and Pou3f2 (BRN2) levels (Fig. 5c). A member of the
aquaporin family ofmembranewater channels, AQP4 ispredominantly
expressed in adult NSCs and astrocytes and its loss results in impaired
subependymal NSC proliferation and self-renewal through unknown
mechanisms56,57; SOX9 is a pro-gliogenic factor that sustains the gen-
eration and maintenance of subependymal NSCs49; transcription fac-
tor POU3F2 is required for hippocampal neurogenesis by an unknown
mechanism58; SOX2 sustains the undifferentiated neural state and
needs to be repressed at NB cell cycle exit17,59–62. Our results indicated
that, as predicted, these NSC-associated transcripts can be transla-
tionally repressed by MEX3A.

The molecular data suggested that MEX3A repression of a set of
gliogenic/stemness transcripts could be involved in NB specification
and cell cycle exit. To directly test this possibility, we took advantage
of a cell preparation model, in which cells isolated from the adult SEZ
are kept in absence of growth factors, with the consequence that they
maintain their intrinsic neurogenic nature allowing also for continuous
live imaging by time-lapse video microscopy63,64. Employing this pre-
paration, it is possible to track single NSCs and their progeny in real
time and at a single cell level. Isolated SEZ neural progenitors were
monitored for 5 days by time-lapse video-microscopy, acquiring
brightfield pictures every 5min. In addition, post-imaging immuno-
cytochemistry revealed the nature of the generated progeny and
software processing enabled the reconstruction of the lineage pro-
gression trees. The analysis of a total of 674 neurogenic lineage trees
revealed a significant increase in the number of NB division rounds per
clone in the cultures fromMex3a hypomorphs without changes in the
duration of the cell cycle (Fig. 5d–f). Moreover, when lineage trees
were analyzed independently, according to their rounds of division, a
significant increase in the percentage of complex lineage trees (4-6
rounds of division) was observed in cultures derived from Mex3a
hypomorphs (Fig. 5g), indicating increased neurogenic proliferation
with a trending, but not significant effect on the founder population

(Fig. 5h)65. The data indicated that reduced levels of MEX3A results in
supernumerary rounds of divisions among NBs.

Analysis of NBs in vivo revealed that the proportions of DCX+ cells
that were also Ki67+ or had incorporated EdU after a 1 h-pulse were
significantly increased inMex3a hypomorphs. However, the ratio EdU/
Ki67, which gives an idea of the relationship between the S phase
relative to the total length of the cell cycle66, was preserved (Fig. 6a, b).
Since a very large fraction of NBs exit the cell cycle after one or two
rounds of cell division, the results indicated that MEX3A regulates cell
cycle exit of NBs also in vivo. Proliferative early NBs and the far more
numerous non-proliferative LNBs can be quantitated separately by
flow cytometry after labeling with fluorescent EGF12,41. The analysis
revealed that while EGFR+ NBs were overrepresented in the SEZ of
young Mex3aKI/KI mice, late EGFRlow/– NBs were significantly reduced
(Fig. 6c). Strikingly, inMex3a hypomorphs we found a higher labeling
index in LNBs after a one-hour EdU pulse (Fig. 6d). Since the histolo-
gical analysis indicated that NBs with reduced levels of MEX3A do not
progress faster through the cell cycle, our data indicated an uncou-
pling between cell cycle exit and differentiation that would lead to
additional cell divisions of late NBs while they downregulate EGFR
expression. Our data indicated that MEX3A regulates molecular pro-
grams that are required to preserve an NSC-identity program that
needs to be terminated when descendant progenitors commit to
neuronal differentiation.

In order to analyze the combined effect of the dualMEX3A action
on NSC long-term maintenance and neurogenesis, we set out to study
the final neurogenic output to the OB with a classical birth-dating
experiment. Two-month-oldMex3a+/+ andMex3aKI/KImicewere injected
with BrdU every 2 h for 12 h and euthanized after 28 days67. MEX3A-
deficient mice showed greater numbers of BrdU+ newly-generated
neurons in the OB (Fig. 6e), a result that was in line with NBs under-
going more rounds of division. However, the same experiment in
12 months old mice revealed reduced neurogenesis in line with the
progressive loss of quiescent NSCs (Fig. 6f and Fig. 4g). MEX3A is,
therefore, a critical regulator of adult neurogenesis over the lifetimeby
its dose-dependent actions on translational adaptation at critical cell
transitions.

Discussion
Post-transcriptional control of existing coding transcripts allows for
fast adaptation to evolving changes in a cell, like those associated to
the onset of differentiation after cell cycle exit, which often require
resetting the cell responsiveness machinery, repressing stemness
programs, and/or increasing fate-specifying proteins to implement the
right phenotype. However, post-transcriptional regulation is difficult
to evaluate at the functional level as it frequently involves a large set of
mRNAs whose compound effects can be very complex. In the present
work we have identified the involvement of the RBP MEX3A in the
regulation of adult neurogenesis and its role at specific cell transitions
by proposing specific premises that were tested by in silico analysis of
a RIP-seq experiment in comparison with published data sets of RNA
transcription and translation in the subependymal lineage. These
premises led to the identification of MEX3A-regulons that play specific
roles at relevant cell transitions as revealed by the phenotype of mice
with -drastically reduced levels of MEX3A. We show that MEX3A binds
a significant number of transcripts of a stemness/quiescent-glial sig-
nature along the SEZ lineage. Our functional data indicate that MEX3A
is required to preserve the capacity of aNSCs to return to a shallow
quiescent state and that this capacity is important to avoid premature
exhaustion of the deeply quiescent NSC pool. Later on, translational
repression of this signature is required at the onset of neuronal dif-
ferentiation, whenMEX3A levels peak. The results also provide further
insights into the molecular signatures associated to NSC quiescence
and priming as well as to cell cycle exit at the onset of differentiation.
Our data support amodel inwhich themaintenanceofNSCquiescence
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depends on a tight control over transcriptional programs at themRNA
level. MEX3A poses as an important regulator to coordinate the
translation of a set of mRNAs in a timely and even dose-specific man-
ner, thus providing a fine-tuned control over the lineage proteome to
ensure accurate cell transitions.

Regulation of translation by RBPs in the brain has been studied
during fetal development21,22,68–74, but the role of RBPs in adult NSCs

and their cell derivatives has remained largely unexplored. Targets for
MEX3 RBPs have been identified based on the presence of the C. ele-
gansMRE consensus sequence and assayed individually37,45,54. Here we
have used RIP-Seq analysis in a specifically developedmousemodel to
identify more than 200 MEX3A target transcripts, a potential MEX3A
regulon in murine neurogenesis. From the proposed C. elegans MRE-
based candidate mRNAs we could find at least 3 orthologs in our
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of MEX3A-GFP. d Representative phase contrast images of Mex3a+/+ and Mex3aKI/KI
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postmitotic cells with characteristic neuroblast morphology. Lineage trees derived
from the clones shown in the pictures (right). Colored arrowheads indicate each
division. X indicates cell death. e Quantification of the number of divisions per
clone in Mex3a+/+ and Mex3aKI/KI SEZ preparations (n = 4 mice). f Quantification of
the overall cell cycle length (h) (NS = 0.184). g Percentage of clones that did
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the number of biologically independent samples (represented as dots) used are
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b and c, 15 μm; d, 30 μm.
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RIP-enriched list (Ccng1, Sox2 and Mex3a-d)45, which might be indica-
tive of some evolutionary conservation of the MEX3A’s function.
However, the molecular mechanisms underlying target recognition
and regulation by mammalian MEX3 proteins are yet to be elucidated.
We have demonstrated that MEX3A acts as a post-transcriptional
repressor like the nematode ancestral RBP, but it also shows positive
effects on the translation of some targets. Compound dual effects on
different targets of the regulon thus complicate a functional analysis of
its role in cellular processes through the analysis of specific targets.
Mammalian MEX3 proteins have acquired a C-terminal (RING) finger
module with E3 ubiquitin ligase activity that is lacking in the nematode
MEX-327,54. The fact that different members of the MEX3 family display
certain homologous relationships, their similar pattern of expression,
and the dual regulatory role described for some of them54,75–77 suggest
that vertebrate MEX3 proteins may share mechanisms of action and
some functional redundancy. This is also supported by the binding of
MEX3A binds to all Mex3 mRNAs that we observed in NSCs which
probably implies a tight feed-back regulation. In fact, MEX3B has also
been shown to negatively regulate its own RNA to fine-tune its
expression77. To date, MEX3 proteins have been reported to act
through at least three different post-transcriptional regulatory
mechanisms. MEX3D destabilizes human pro-apoptotic BCL-2 mRNA
by interacting with AU-rich elements (AREs) in its 3’UTR78. MEX3C
promotes the deadenylation and degradation of the MHC-I mRNA54,55

through its association with the cytoplasmic deadenylation complexes
and the ubiquitination of CNOT7, the main catalytic subunit of the
CCR4-NOT deadenylation machinery. Finally, MEX3B up-regulates the
expression of the pro-apoptotic protein BIM by interfering with the

binding of a destabilizing Argonaute (Ago)-miR-92 complex to its tar-
get site in the 3’UTR76. All in all, MEX3 proteins stand out as highly
versatile post-transcriptional regulators capable of acting through
diverse molecular mechanisms.

Methods
All experiments involving mice were performed at the animal housing
facility (University of Valencia, Servei Central de Suport a la Investi-
gació Experimental – SCSIE, Burjassot) in compliance with European
Union 2010/63/UE and Spanish RD-53/2013 guidelines and under
official veterinary supervision. All experimental procedures were
approved by the Ethics Committee of University of Valencia (CEEA:
2015/VSC/PEA/00132 and 00133).

Mouse strains and handling, genotyping and treatments
Mex3atm1(tdTomato-T2A-CreERT2)EBa reporter mice were generated by insertion
of the tdTomato/T2A/Cre-ERT2/bGH-polyA construct in frame with
the Mex3a start codon in exon 1, thus reducing expression of the
Mex3a allele (hypomorphic allele)40. Heterozygous knock-in (KI) mice
were used as reporter mice for Mex3a expression studies and hence-
forth named Mex3a+/KII. KI homozygous mice (Mex3aKI/KI) were used to
analyzeMex3a deficiency while littermates not carrying the KI cassette
(Mex3a+/+) were used as wild-type controls. Mex3atm2(3X-flag)EBa tagged
MEX3Amice (Mex3aFLAG/FLAG) were generated by insertion of a 3X-FLAG
sequence (aminoacidic sequence: DYKDHD-G-DYKDHD-I-DYKDDDDK)
at the C-terminus of theMex3A gene immediately 5’ of the stop codon
using crispr/cas9 technology. Briefly, a 2X ribo-nuclear protein (RNP)
complex consisting of tracrRNA, guide RNA and Cas9 protein was
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Fig. 6 | MEX3A is a gatekeeper for timely cell cycle exit of NBwith an impact on
adult neurogenesis. a Representative images of DCX (cyan) immunostaining in
combinationwith Ki67 (green) and EdU-1h (red) inMex3a+/+ andMex3aKI/KI adult SEZ
sections. b Quantification of the percentage of Ki67+ cells, EdU-1h+ cells and the
ratio EdU-1h+/Ki67+ in DCX+ NBs (NS = 0.311). c Quantification of the percentage of
ENB and LNB populations by FACS. d Quantification of the percentage of EdU-
labeled cells among NB populations after a one-hour pulse analyzed by FACS
(NS =0.895). e Immunohistochemistry for BrdU (white) in the OB of young adult
mice (left panel). Quantification of the number of BrdU-28 days+ neurons reaching
the granular (GRL) and glomerular (GL) layer of the OB in Mex3a+/+ and Mex3aKI/KI

mice injected at 2 months of age. f Quantification of the number of BrdU-28 days+

neurons reaching the GL of the OB inmice injected at 12months of age. DAPI (blue)
was used to counterstain nuclei. Arrowheads indicate positive cells. White boxes
localize high-magnification inserts. Dashed linesmark the lateral ventricle (LV) and
contour the nuclei of DCX+ cells. Graphs representmeanvalues and error bars show
SEM. Exact p-values and the number of biologically independent samples (repre-
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value < 0.001 by unpaired two-tailed Student’s t-test. Source data are provided as a
Source Data file. Scale bars: a 15μm; e 500μm; inserts, 10μm.
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created as follows. tracrRNA and guide RNA (2.5 µl of each at 5 ng/µl)
were mixed, briefly heated to 90 °C and allowed to cool to room
temperature (RT). The guide/tracr mix was then added to 1.7 µl of
purifiedCas9protein (60 ng/µl) and incubated for 10min at RT to form
the RNP. This RNP mix was stored at −80 °C until required. Immedi-
ately before electroporation, an equal volume of ssDNA repair tem-
plate (20 ng/µl) was added to the RNP. Guide cRNA 19 was used in
conjunction with ssDNA 19t, and guide cRNA 26 with ssDNA 26t
(Supplementary Table 1). C57B6/j zygotes were combined with the
RNP/ssDNA mix and electroporated using a NEPA 21 electroporator
(Nepa Gene) with a 1.5mmchamber, with the following conditions for:
poring pulse (60 V, duration 1.5ms, interval: 50ms, number of pulses:
4, decay rate; 10%, positive polarity) and transfer pulse (5 V, length
50ms, interval: 50ms, number of pulses: 5, decay rate; 40%, positive/
negative polarity). Electroporated zygotes were transferred into the
oviduct of pseudopregnant recipient mice and allowed to develop to
term. Offspring were analyzed by PCR to detect the presence of the 3X
FLAG, followed by Sanger sequencing to confirm the presence of the
correct sequence. All mice were bred and housed, under 12 h periods
of light/darkness, room temperature of 20‒22 °C, 40–70% humidity
and food and water provided ad libitum. Strains weremaintained on a
C57BL/6 J background and litters were weaned 21 days after birth.
When using highly invasive techniques was inevitable, mice were first
deeply anesthetized by intraperitoneal (i.p.) injection of a mixture of
medetomidine (0.5–1mg per kilogram of body weight) and ketamine
(50–75mg/kg) diluted in saline solution (0.09% NaCl). Genetically
modified mice were genotyped by end-point Polymerase Chain Reac-
tion (PCR) of genomic DNA (gDNA) extracted from an ear punch using
the Phire Animal Tissue Direct PCR kit (Thermo Fisher, cat. no.
F140WH). The specific primers for each PCR are also detailed in Sup-
plementary Table 1. Both male and female mice (2–4 or 9–12 months
old as indicated in each case) were included in all experiments.
Experimental groups were designed by distributing littermates as
evenly as possible among the groups. Administration of either 5-
bromo-2´-deoxyuridine (BrdU) or 5-ethynyl-2´-deoxyuridine (EdU) in
combination with different chase time points was used to evaluate
proliferation of the SEZ populations and neurogenesis to the OB. For
cell proliferation analysis, 2–4 months old mice received one intra-
peritoneal (i.p.) injection of EdU (50mg/kg of body weight) (Life
Technologies, cat. no. E10187) 1 h prior to sacrifice (EdU-1h). For neu-
rogenesis to the OB, mice at 2 or 12 months of age were i.p. injected
with 50mg/kg of BrdU (Sigma, cat. no. B5002) every 2 h for 12 h
(7 shots) and sacrificed 28 days after the last injection.

Immunohistological analyses
Micewere deeply anaesthetized and transcardially perfusedwith 28ml
of saline buffer (0.9%NaCl) and 83ml of 4%paraformaldehyde (PFA) in
0.1M phosphate buffer pH 7.4 (PB) at a flow rate of 5.5ml/min. Fixed
brains were then post-fixed for 1 h by immersion in 4% PFA and
vibratome-sectioned at 30–40μm(adult) and80μm(postnatal) (Leica
VT1000). For immunostaining, serially collected tissue slices were
incubated in blocking buffer (10% Horse Serum (HS) and 0.1‒0.2%
TritonTM X-100 in 0.1M PBS) for 1 h at RT and then with primary anti-
bodies (rabbit anti-AQP4 (Sigma, cat no. HPA014784, 1:200); rabbit
anti-DsRed (Takara, cat. no. 632496, 1:400); chicken anti-GFAP (Milli-
pore, cat. no. AB5541, 1:800); mouse anti-ASCL1 (BD, cat. no. 556604,
1:100); chicken anti-DCX (Abcam, cat. no. ab153668, 1:500); rabbit anti-
DCX (Abcam, cat. no. ab18723, 1:1000); goat anti-DCX (Santa Cruz, cat.
no. sc-8066, 1:300); mouse anti-NeuN (Millipore, cat. no. MAB377,
1:200); goat anti-POU3F2/BRN2 (Santa Cruz Biotechnology; cat no. sc-
6029, 1:50); mouse anti-S100β (Sigma, cat. no. S2532, 1:500); rabbit
anti-Ki67 (Abcam, cat. no. ab15580, 1:300); goat anti-SOX2 (R&D, cat.
no. AF2019, 1:600); rabbit anti-SOX9 (Abcam, cat. no. AB184547,
1:1000); rabbit anti-bIII-TUBULIN (Sigma, cat. no. T2200, 1:300); rat
anti-BrdU (Abcam, cat. no. ab6326, 1:800)) diluted in blocking solution

overnight at 4 °C. After washing with 0.1M PBS, slices were incubated
with fluorescent-labeled secondary antibodies (Alexa Fluor® 488
Donkey Anti-chicken (Jackson ImmunoResearch, 703-545-155, 1:800);
Alexa Fluor® 488 Donkey Anti-mouse (Molecular Probes, cat. no.
A21202, 1:800); Alexa Fluor® 488 Donkey Anti-rabbit (Jackson Immu-
noResearch, cat. no. 711-547-003, 1:800); Alexa Fluor® 647 Donkey
Anti-chicken (Jackson ImmunoResearch, cat. no. 703-606-155, 1:800);
Alexa Fluor® 647 Donkey Anti-goat (Molecular Probes, cat. no. A21447,
1:800); Cy3 Donkey anti-chicken (Jackson ImmunoResearch, cat. no.
703-165-155, 1:800); Cy3 Donkey anti-mouse (Jackson ImmunoR-
esearch, cat. no. 715-165-151, 1:800); Cy3 Donkey anti-rabbit (Jackson
ImmunoResearch, cat. no. 711-165-152, 1:800); Cy3 Donkey anti-rat
(Jackson ImmunoResearch, cat. no. 712-165-153, 1:800)) for 1 h at RT.
Finally, nuclei were counterstainedwith 4′,6-diamidino-2-phenylindole
(DAPI, 1 µg/ml) for 5min and sections were mounted with FlourSaveTM

Reagent (Calbiochem, cat. no. 345789). For BrdU detection, sections
were pre-incubated in 2N HCl for 20min at 37 °C and neutralized in
0.1M sodium borate (pH 8.5) prior to incubation with blocking solu-
tion. EdU detection was carried out using the Click-iTTM EdU Alexa
FluorTM 555 Imaging Kit (ThermoFisher, cat. no. C10338). For staining
of SEZ whole-mount preparations, samples were incubated with pri-
mary antibodies for 48 h and 0.1% TritonTM X-100 was used during
washing steps. Images were acquired using anOlympus FV10i confocal
microscope (405, 458, 488 and 633 nm lasers; Olympus) with Olympus
FV10i-SW (v2.1, Olympus) andwith a Zyla 4.2 sCMOScamera (Andor) in
a Nikon ECLIPSE Ni-U microscope (Nikon) coupled to a LED pE-300-W
unit (CoolLED) with NIS-Elements BR (v5.11, Nikon). The area of brain
sections from 2–4 months old mice was quantified using ImageJ soft-
ware. For brain and lateral ventricle area estimation, DAPI stained
series containing 4 coronal sections (1 hemisphere) of the anterior
horn of the lateral ventricles (Bregma antero-posterior coordinates
+1.10, +0.74, +0.38 and +0.02mm) were panoramically imaged. The
whole hemisphere and the lateral ventricle were outlined and mea-
sured for each stereotaxic coordinate and the mean area was repre-
sented. Cell populations were manually counted using the ImageJ/Fiji
software (v1.57 f) and data was obtained as a percentage of positive
cells relative to a subpopulation or to total DAPI labeled cells in the
lateral ventricle wall. Neurogenesis to the OB was evaluated as
the number of BrdU+ cells that reached the granular layer (GRL) and
the glomerular layer (GL) of the main olfactory bulb after 28 days.
Between 7 and 10 coronal sections in the medial OB (Bregma AP
coordinates +5 to +4mm) were analyzed. The total number of BrdU+

cells in the GL were manually counted under a Nikon ECLIPSE Ni-U
fluorescence microscope (Nikon) and normalized to the GL area pre-
viously calculated in a BX61motorizedmicroscope (Olympus). For the
GRL analysis, sections were photographed in an Olympus FV10i con-
focal microscope and data was obtained as the number of BrdU+ cells
per total imaged area.

In vivo postnatal electroporation
PCIG-GFP (plasmid #11159, Addgene) deposited by Connie Cepko,
HarvardMedical School79, was used as a control empty vector and as a
backbone to generate PCIG-Mex3a-GFP. PCIG-GFP vector contains the
chicken 5-actin promoter, an internal ribosome entry site (IRES), a
multicloning site (MCS) and the coding sequence of GFP. The Mex3a
coding sequence (NM_001029890.3) was subcloned into PCIG-GFP by
PCR introducing XbaI and EcoRI restriction sites for its introduction in
the MCS. In vivo postnatal electroporation was performed as descri-
bed previously80. Briefly postnatal day 1.5 (P1.5) wild-type mouse pups
were deeply anesthetized by isoflurane inhalation. Once the pedal
reflex was lost, ≈1 µl of a 2 µg/µl plasmid solution was injected into one
of the lateral ventricles of the pup. 5 pulses of 95 V were delivered,
spaced by 950ms, using forcep electrodes (Platinum Tweezertrode
5mmDiameter, Btx) with a 45° degree to target the subpalial SEZ and a
square wave electroporator (ECM 830 Square Wave Electroporation

Article https://doi.org/10.1038/s41467-023-36054-6

Nature Communications |          (2023) 14:373 10



System, Btx). Pups were reanimated in a heating pad for a fewminutes
and returned to the mother’s cage until perfusion at P5.5.

SEZ neurosphere cultures
Adult subependymalNSC cultureswereobtained from2–4months old
mice as previously described81. Briefly, both SEZs from eachbrain were
dissected, minced and enzymatically digested in 1ml of 12 units/ml
papain (Worthington Biochemical Corporation, cat. no. LS003120) in
enzymatic solution (0.2mg/ml EDTA (Sigma, cat. no. E6511) and
0.2mg/ml L-cysteine hydrochloride (Sigma, cat. no. C8277) in Earle’s
Balanced Salt Solution (EBSS) (Gibco, cat. no. 24010-043)) for 30min
at 37 °C, followed by gentle mechanical dissociation. Primary cells
were grown in NSC medium supplemented with 20 ng/ml EGF (Gibco,
cat. no. 53003-018), 10 ng/ml bFGF (Sigma, cat. no. F0291) and 1X B27
(Thermo Fisher, cat. no. 12587010) for 7–10 days at 37 °C in a 5% CO2

humidified incubator. For culture passage and bulk expansion,
4–6 days secondary neurospheres were dissociated with Accutase®
solution (Sigma, cat. no. A6964) and subcultured at 10,000 viable
cells/cm2. The capacity of individual cells to generate new neuro-
spheres in sequential Neurosphere Formation Assays (NFA) with the
same cultures at different passages (passages 1–6) was used to assess
alterations of NSC self-renewal. In order to do so, individual cells were
seeded atpseudo-clonal density (5 cells/μl) and 5–6days neurospheres
were manually counted on a Nikon ECLIPSE TE2000-S inverted
microscope with phase contrast optics (Nikon). Data was represented
as log2 of the fold-change in the number of spheres. To assess protein
levels of MEX3A potential targets by immunodetection of surface
antigens by flow cytometry, 3‒4 DIV neurospheres were manually
dissociated by carefully pipetting several times with a p200 tip. Indi-
vidual cells were incubated with 100μl of the specific fluorescent-
labeled primary antibodies (human anti-SDC4-APC (Miltenyi, cat. no.
130-109-831, 1:200); rabbit anti-AQP4 (Sigma, cat. no. HPA014784, 1:
150)) in flow cytometry blocking buffer at 4 °C for 30min. Immunos-
tained samples were analyzed in an LSR-Fortessa cytometer (350, 405,
488, 561 and 640nm lasers, Becton Dickinson) with FACSDiva (v8.0.2,
BD). DAPI (0.1 µg/ml) was added to exclude dead cells from the ana-
lysis. An additional fixation step with 100 µl of Cytofix/CytopermTM

solution (BD Bioscience, cat. no. 554722) (20min at 4 °C) and incuba-
tion with an A647-labeled secondary antibody was used (Alexa Fluor®
647 Donkey Anti-rabbit (Molecular Probes, cat. no. A31573, 1:300))
(30min at 4 °C) to detect AQP4. FACS analyses were performed in
FlowJo (v11, BD).

SEZ culture preparation and time-lapse microscopy
Adult SEZ-derived NSCs were isolated from2-3months-oldMex3a+/+ or
Mex3aKI/KI mice and cultured following the method described in62.
Briefly, the tissue was enzymatically dissociated in 0.7mg/ml hyalur-
onidase (Sigma-Aldrich, cat. no.H3884) and 1.33mg/ml trypsin (Sigma-
Aldrich, cat. no. T9201) in Hanks’ Balanced Salt Solution (HBSS; Invi-
trogen, cat. no. 14065-049) with 2mM glucose at 37 °C for 30min.
After several washes to remove cell debris, the cell pellet was resus-
pended in culture medium containing DMEM/F12 Glutamax (Invitro-
gen, cat. no. 31966021) supplemented with B27 (Invitrogen, cat. no.
17504-044), 2mM glutamine (Gibco, cat. no. 25030024), 100 units/ml
penicillin-streptomycin (Invitrogen, cat. no. 15140148) and 8mM
HEPES, and cells were plated on poly-D-lysine (Sigma, cat. no. P0899)
coated coverslips at a density of 200–300 cells/mm2. Time-lapse video
microscopy and single cell tracking62,82–84 of adult SEZ cultures was
performed with a Nikon TE-2000 microscope at a constant tempera-
ture of 37 °C and 8% CO2. Phase contrast/Bright field images were
acquired every 5min for 5 days using a 20x phase contrast objective
(Nikon), a ZYLA from ANDOR camera and a NIS-element from NIKON
software. For subsequent single cell tracking a self-written computer
program (TTT) was employed85. Movies were assembled using Image J

1.42q (National Institute of Health, USA) software and are played at
speed of 1-3 frames per second.

SEZ dissociation, flow cytometry analysis and sorting of in vivo
populations
SEZ populations were analyzed as previously described12,41. Briefly,
SEZswereminced and enzymatically digested using theNeural tissue
dissociation kit (T) (Miltenyi, cat no. 130-093-231) following the
instructions of the manufacturer in a gentleMACS Octo Dissociator
with heaters (Miltenyi). Digestion was quenched with 3ml of 100 μg/
ml trypsin inhibitor (Sigma, cat no. T6522) and the digested pieces
were gently mechanically dissociated and filtered through a 40 μm
nylon filter. The eluted fraction was resuspended in 100μl of flow
cytometry blocking buffer (0.1% Glucose, 10mM HEPES, 2mM EDTA
and 0.5% BSA in HBSS) with the specific primary antibodies and
reagents (anti-CD45-BV421 (BD Bioscience, cat. no. 563890, 1:200);
anti-TER119-BV421 (BDBioscience, cat. no. 563998, 1:200); anti-CD31-
BV421 (BD Bioscience, cat. no. 563356, 1:100); anti-O4-biotin (Milte-
nyi, cat. no. 130-095-895, 1:30); BV421 streptavidin (BD Bioscience,
cat. no. 563259, 1:300); anti-CD24-PerCP-Cy5.5 (BD Bioscience, cat.
no. 562360, 1:300); anti-CD24-BB700 (BDBioscience, cat. no. 746122,
1:300); anti-CD9-APC-VIO770 (Miltenyi, cat. no. 130-102-384, 1:20);
anti-GLAST-APC (Miltenyi, cat. no. 130-095-814, 1:20), EGF-488
(Molecular Probes, cat. no. E13345, 1:300)) at 4 °C for 30min. After
washing, labeled samples were resuspended in 0.5ml of blocking
buffer for analysis in an LSR-Fortessa cytometer (350, 405, 488, 561
and 640 nm lasers, Becton Dickinson) with FACSDiva (v8.0.2, BD).
DAPI (0.1 µg/ml) was added to exclude dead cells from the analysis.
To assess proliferation in EdU-injectedmice, samples were fixed with
100 µl of Cytofix/CytopermTM solution (BD Bioscience, cat. no.
554722) for 20min at 4 °C and developed using the Click-iTTM Plus
EdU Alexa FluorTM 555 Flow Cytometry Assay Kit (ThermoFisher, cat.
no. C10638) following manufacturer’s instructions. FACS analyses
were performed in FlowJo (v11, BD). See Supplementary Fig. 7 for
gating strategy. For pNSC and aNSC sorting, the SEZ of 2 mice were
processed together as described above. After enzymatic dissociation
and filtering, cells were incubated with Myelin Removal beads (Mil-
tenyi, cat. no. 130-096-731) and passed through a previously equili-
brated MS column (Miltenyi, cat. no. 130-042-401) on a MidiMACSTM

magnetic separator (Miltenyi) following manufacturer’s guidelines.
Then, eluted fractions were collected, pelleted (300xg, 10min) and
processed for fluorescent labeling as described above. pNSC and
aNSC cell fractions were isolated in a BD FACSAria III (350, 405, 488,
561 and 640 nm lasers) using a 100μm nozzle at 20 psi. DAPI (0.1 µg/
ml) was added to exclude dead cells from the sorting. 350 cells were
sorted into 200 μl of NSC medium supplemented with 20 ng/ml EGF
(Gibco, cat. no. 53003-018), 10 ng/ml bFGF (Sigma, cat. no. F0291)
and 1X B27 (Thermo Fisher, cat. no. 12587010) for neurosphere for-
mation. The number of pNSC and aNSC-derived neurospheres was
assessed after 7 days.

Evaluation of cell proliferation dynamics in vitro
For proliferation assessment afterMEXAoverexpression, 4-5dayswild-
type secondary neurospheres were disaggregated with Accutase®
solution (Sigma, cat. no. A6964), mixed with either PCIG-GFP or PCIG-
Mex3a-GFP (1μg per million of single cells) plus 100μl of supple-
mented nucleofection solution from the Mouse Neural Stem Cell
NucleofectorTM Kit (Lonza, cat. no. VPG-1004) and immediately
nucleofected with a Nucleofector 2b device (Amaxa) with G-013 preset
program. Cells were recovered overnight in NSC medium supple-
mented with 20 ng/ml EGF (Gibco, cat. no. 53003-018), 10 ng/ml bFGF
(Sigma, cat. no. F0291) and 1X B27 (Thermo Fisher, cat. no. 12587010).
The next day, cells were collected, washed and seeded on MatrigelTM

(Corning®, cat. no. 354230) coated 96-well plates at 5000 cells per well
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in supplemented NSCmedium. After 18–20 h, cells received a pulse of
10μM EdU (Click-iTTM EdU Alexa FluorTM 555 Imaging Kit; Thermo-
Fisher, cat. no. C10338) for 1 h at 37 °C and thenwere fixedwith 2% PFA
for 20min at RT. Next, cells were immunostained with chicken anti-
GFP antibody (Aveslabs, cat. no. GFP-1020, 1:500) overnight at 4 °C and
then with Alexa Fluor® 488 Donkey Anti-chicken secondary antibody
(Jackson ImmunoResearch, 703-545-155, 1:800) for 30min at RT. After
washing the secondary antibody, the presence of EdU was developed
using the Click-iTTM Plus EdU Alexa FluorTM 555 Flow Cytometry
Assay Kit (ThermoFisher, cat. no. C10638) following manufacturer’s
instructions. Finally, nuclei were counterstained with 1 µg/ml DAPI for
2min at RT. Fifty 12-bit images perwell were captured for each channel
with a x20objective inan INCellAnalyzer 2000automatedmicroscope
(GE Healthcare). Unbiased analysis was performed with ImageJ-FIJI
(version 1.53 f, NIH) as follows: nucleiwere segmentedwith the StarDist
algorithm86, the resulting regions-of-interest were filtered to remove
particles smaller than 50 square pixels andfinally redirected to the EdU
and GFP channels to measure their respective mean gray value. A
threshold level of 150 was established for both channels to score cells
as positive. For cell proliferation evaluation by dilution of fluorescent
cell tracers, 1 million single cells were washed with DPBS (200xg,
10min) and incubated with 2μg/ml of CellTraceTM Oregon GreenTM

488 Carboxy-DFFDA-SE (Thermo Fisher, cat. no. C34555) in DPBS for
7min at 37 °C in a thermostatic bath in the dark. Probe excess was
removed with washingmedium (200xg, 10min) and loaded cells were
seeded in complete medium for 4 days at 37 °C in a 5% CO2 humidified
incubator. Heterogeneous dilution of the tracer within the culture
defined label retaining cells (DFFDAhigh) and highly proliferative cells
that were analyzed in a LSR-Fortessa cytometer (Becton Dickinson)
with 350, 405, 488, 561 and 640 nm lasers. Note that to compare
DFFDA populations between genotypes we established an intensity
threshold that was applied for all experiments. When two tracers were
used to evaluate return to quiescence41, 2μg/ml of CellTraceTM Far Red
DDAO-SE (Thermo Fisher, cat. no. C34553) was loaded first and cells
were cultured for 4 days. Then, these spheres were split, reloadedwith
2μg/ml of CellTraceTM Oregon GreenTM 488 Carboxy-DFFDA-SE and
plated in complete medium for 3 more days. Finally, secondary neu-
rospheres were dissociated and the fluorescence intensity of each cell
tracer wasmeasured in a LSR-Fortessa flow cytometer and analyzed in
FlowJo (v11, BD).

RNA extraction and RT-qPCR expression analysis
RNA from NSC cultures was extracted and DNase-treated with the
Maxwell® 16 LEV simplyRNA Tissue Kit (Promega, cat. no. AS1280)
following the manufacturer’s guidelines. Then, it was quantified using
the QubitTM RNA HS Assay Kit (Thermo Fisher, cat. no. 32852) in a
QubitTM Fluorometer (Thermo Fisher) and 0.5‒1 µg was reverse tran-
scribed using the PrimeScript RT reagent kit (Takara, cat. no. RR037A)
in the presence of both 50 pmol random hexamers and 25 pmol oligo-
dT primer (final volume of 20 µl). Gene expression was analyzed by
reverse transcription quantitative PCR (RT-qPCR) in a Step One Plus
detection system (Applied Biosystems) using 5‒15 ng of cDNA and
20pmol of specific SYBR® Green primers (Supplementary Table 1;
SYBR® Premix Ex TaqTM Kit (Takara, cat. no. RR420) in a touch-down
(TD) PCR with annealing temperature 65TD60 (descending −0.5 °C
every cycle) and with an additional extension step at 72 °C. Primers to
amplify each one of the Mex3 family members (Mex3a, Mex3b, Mex3c
and Mex3d) were designed after Clustal Omega alignment (EMBL-EBI)
of their reference sequences, by including a paralog specific nucleo-
tide in the 3’-end of each primer. Specificity of the obtained amplicons
was verified by Sanger sequencing. Expression levels were assessed by
relative quantification using constitutive expression of Gapdh
(Mm99999915_g1), 18 S (Hs99999901_s1) and Rpl32 (Mm02528467_g1)
as housekeeping endogenous controls and normalized to a reference
sample.

Protein extraction and immunodetection by Western Blot
3 DIV NSC cultures were harvested and lysed with cold RIPA buffer
(50mMTris-HCl pH 8, 150mMNaCl, 1mMMgCl2, 1% NP-40, 0.5% SDS,
0.1% sodium deoxycolate, 1mM EDTA) supplemented with fresh
cOmpleteTM protease inhibitor cocktail (Roche, cat. no. 11836153001),
1mM sodium orthovanadate and 1mM sodium fluoride (NaF), thor-
oughly vortexed and placed on ice for 30min – 1 h. Samples were
sonicated with a UP100H ultrasonic processor (Hielscher, Ultrasound
Technology) and protein concentration of the lysates was quantified
using the PierceTM BCA Protein Assay Kit (Thermo Scientific, cat. no.
23225) according tomanufacturer’s guidelines. 10 µg of total protein in
Laemmli buffer were loaded into a 10‒12% polyacrylamide electro-
phoresis gel (SDS-PAGE) and transferred onto a PVDF membrane
(Trans-Blot® TurboTM Mini PVDF Transfer Packs) (Bio-Rad, cat. no.
1704156) using the Trans-Blot® TurboTM Transfer System (BiSDCo-
Rad). For protein immunodetection, membranes were first blocked
with 5% milk in TBS-T (0.1% Tween-20 in TBS recipe) for 1 h at RT and
then incubated with specific primary antibodies (goat anti-FLAG
(Abcam, cat. no. ab1257, 1:1000); rabbit anti-MEX3A (Abcam, cat. no.
ab79046, 1:1000); mouse anti-alphaTUBULIN (Sigma, cat. no. T9026,
1:10000) in blocking buffer overnight at 4 °C. After washing thor-
oughly with TBS-T, HRP-conjugated antibodies (HRP Goat anti-mouse
(Dako, cat. no. P0447, 1:5000); HRP Goat anti-rabbit (Santa Cruz, cat.
no. sc-2004, 1:5000); HRP Rabbit anti-goat (Dako, cat. no. P0449,
1:5000) were incubated for 1 h at RT and developed with either Wes-
tern Lightning Plus-ECL (PerkinElmer, cat. no. NEL103001EA) or
SuperSignalTM West Femto Maximum Sensitivity Substrate (Thermo
Scientific, cat. no. 34095). Images were acquired in a Mini HD 9 che-
miluminescence imaging system (Uvitec, Cambridge) and quantified
with ImageJ software. Protein levels were normalized to loading con-
trols and represented as fold change relative to wild-type. Samples
from MEX3A immunoprecipitation were directly denaturalized in
Laemmli buffer, loaded into a 10%SDS-PAGE gel and transferredonto a
PVDF membrane as described above.

MEX3A Immunoprecipitation (IP)
In order to identify MEX3A target RNAs, endogenous MEX3A was
immunoprecipitated in FLAG-tagged NSC cultures (Mex3aFLAG/FLAG).
Wild-type cultures from the same background that did not express the
knock-in FLAGsequencewereused as controls for nonspecificbinding.
2-3 biological replicates for both the FLAG-tagged and the wild-type
cultures were used, and the IP was performed both with crosslinked
and non-crosslinked samples. That is because native (without cross-
linking) conditions seemed to immunoprecipitate MEX3A better (see
Supplementary Fig. 3a), but crosslinking may maintain more interac-
tions. Thus, in order to obtain stronger results both IPs were carried
out in parallel, and all IPswere considered as independent experiments
for RNA analysis. 3 DIV neurospheres from passage 5‒6 Mex3aFLAG/FLAG

cultures (5 – 6 million cells) were collected and crosslinked with 0.5%
formaldehyde (Thermo Fisher, cat. no. 28908) in 0.1M DPBS for 5min
at RTwith soft agitation. Crosslinking was stoppedwith 0.25M glycine
for 4min andwashed twicewith ice-coldDPBS.Next, pelletswere lysed
on icewith coldRIPA buffer (50mMTris-HCl pH 8, 150mMNaCl, 1mM
MgCl2, 1% NP-40, 0.5% SDS, 0.1% sodium deoxycholate, 1mM EDTA)
supplementedwithprotease inhibitors (cOmpleteTM protease inhibitor
cocktail, 1mM sodium orthovanadate and 1mM sodium fluoride) and
200U/ml RNase inhibitor RiboLock (Thermo Fisher, cat. no. EO0381)
and sonicated in a UP100H ultrasonic processor (Hielscher, Ultra-
soundTechnology) (30%amplitudewith0.5 s pulses for 5min). Finally,
samples were vortexed and centrifuged at full speed so that super-
natants were used for immunoprecipitation (IP). For IP in native con-
ditions (without crosslinking), neurospheres were directly lysed after
washing and samples were processed following the same protocol as
the crosslinked ones. Prior to the IP, 10 µg (1:5) of mouse anti-FLAG
antibody (Sigma, cat. no. F1804) were incubatedwith 50 µl ofmagnetic
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Protein G Dynabeads (Invitrogen, cat. no. 10003D) for 2 h at RT on a
wheel. After washing the excess antibody, antibody-conjugated beads
were washed twice with 0.2M triethanolamine pH 8.2 and crosslinked
with fresh 20mM dimethyl pimelimidate dihydrochloride (DMP) in
triethanolamine for 30min at RT on awheel. Crosslinkingwas stopped
with 0.05M glycine for 15min and beads were washed and transferred
to RIPA buffer supplemented with protease and RNase inhibitors.
Fresh lysates were precleared with 20 µl of Protein G Dynabeads for
30min at 4 °C on a wheel. 5% of the precleared sample was stored as
input and the remaining lysate was incubated overnight with the
antibody-conjugated beads at 4 °C on a wheel. Immunoprecipitated
RNPs were washed with RIPA buffer and processed for RNA or protein
extraction while 5% of the unbound fraction was stored for western-
blot analysis.

Protein extraction for western-blot and LC-MS/MS protein
identification of IP samples
After IP, beads were incubated with Laemmli buffer (62.5mM Tris-HCl
pH 6.8, 10% glycerol and 1% SDS) in agitation for 20min at 65 °C to
elute immunoprecipitated proteins. 50mM DTT and bromophenol
blue were added after elution and samples (including inputs and
unbound samples) were boiled for 5min at 98 °C. In order to
specifically detect MEX3A by western-blot after the IP and not
mouse immunoglobulins that could have potentially immunoprecipi-
tated, a goat anti-FLAG antibody (Abcam, cat. no. ab1257; 1:1000)
was used.

RNA extraction for RIP-seq analysis of IP samples
After IP, dynabeads were incubated with 70 µg Proteinase K (Roche,
cat. no. 03115879001) (prepared in 200mM Tris-HCl pH 7.5, 100mM
NaCl, 10mM EDTA, 1% SDS and 200 U/ml Ribolock) in agitation for
30min at 42 °C and then for 30min at 60 °C. Inputs and native IP
samples were also treated with Proteinase K following the previous
guidelines. Total RNA was extracted with RNeasy® Plus Micro kit
(Qiagen, cat. no. 74034) following the manufacturer’s instructions.
Note that DNA was removed by gDNA eliminator mini spin columns
and the Appendix D modification was followed to ensure purification
of total RNA including small RNAs (<200bp). Finally, RNA concentra-
tion of the inputs, which was similar between samples and replicates
(24.1 ± 5.0 ng/μl in WT vs 27.8 ± 5.1 ng/μl in FLAG), was verified in a
2100 Bioanalyzer (Agilent) using the total RNA 6000 Pico Kit (Agilent,
cat. no. 5067-1513). This allowed us to use Mock IP as reference to
account for nonspecific antibody binding to RNA fragments, since in
the recent literature it has been shown that Mock IP performs equal, if
not better, than Input to detect true IP signals87.

RIP-seq library preparation, sequencing and quality control
8 µl of RNA fromRIP (total of 10 samples, including both cross and not-
crosslinked) were used to construct libraries for sequencing with the
TruSeq® Stranded mRNA Library Prep Kit (Illumina, cat. no.
20020594), using the Dual index Nextera XT v2 Set A Adapters (Illu-
mina, cat. no. FC-131-2001). Since RNA was already enriched due to IP,
no purification and fragmentation steps were needed for library pre-
paration, thus only random hexamers and not poly-T oligos were used
during the process. Then, libraries were sequenced in a NextSeq
500 system (Ilumina) to an output of 566 (1x75nt) million reads. Total
reads were analyzed with FastQC (v0.11.7) and visually inspected to
make sureeach sequenced samplemet the adequatequality standards.
Cutadapt (v1.16)88; and Trimmomatic (v0.36)89 were used to clip, filter
and remove certain portions of reads or even entire reads. The Illu-
minaclip function was used to remove Illumina adapters. The SLI-
DINGWINDOW function was applied to filter out reads shorter than 20
bases and the MINLEN function was used to discard reads with an
average quality of less than 28. A second round of inspection with
FastQCwas carried out after the filtering steps to ensure that the filters

were applied properly. Filtered reads were mapped to the mouse
genome with HISAT2 (v2.1.0)89,90, using the Mus musculus GRCm38
(mm10) genome as reference. Alignment files and associated coverage
tracks were visually inspected with the genome browser IGV (http://
software.broadinstitute.org/software/igv/). The similarity of biological
replicates was checked with correlation analysis (see Supplementary
Fig. 3b). For that, a matrix of read coverages along the entire genome
was generated with all alignment files with the function multi-
BamSummary from the deepTools2 Python package (v3.1.1)91. This
function takes the genomeannotation and splits it into 10kilobasebins
in which the number of reads found in each alignment dataset is
counted. Next, a Spearman correlation matrix heatmap plot was gen-
erated with the plotCorrelation function of the same package. Corre-
lation values were overall high between samples, which pointed to the
absence of major batch effects.

Bioinformatic analysis of RIP-seq datasets
Amatrix with raw read counts for each sample was generated with the
featureCounts tool from the R package Rsubread (v1.6.2)92, using the
mouse genome versionM16 (Ensembl 91) annotation as a reference. Of
those, 62% mapped to protein-coding genes, and 13% mapped to
ribosomal RNA. In order to normalize the gene expression matrix so
read counts could be directly comparable between samples, the
DESeq2 (v1.16.1) package was used with the raw count expression
matrix as input and with a 0.3 non-differential contig count quantile
threshold.Oncenormalized,DESeq2was used toperformadifferential
count analysis between RIP and wild-type control samples. The output
lists were inspected and genes with more than 0.58 log2 FC (fold-
change FC > 1.5 times) and a FDR value (False Discovery Rate) <0.05
were considered as positively enriched in the RIP compared to wild-
type background. The lists of enriched genes and their respective
p-values were used as inputs for the STRING (https://string-db.org/)
analysis tool to generate networks and lists of Biological Process-
related gene ontology (GO) terms. A threshold of FDR <0.05 was
selected to pick the significant terms. All heatmaps were generated
using theComplexHeatmap (v1.10.2)93 and ggplot2 (v3.0.0)94 packages
in R. For expressionheatmaps, the Spearman rank correlation distance
was used as the base for the hierarchical clustering of genes. Normal-
ized average density plots around genomic features were calculated
with the R and Python software ngs.plot (v2.61)95 using indexed
alignment files as inputs and the internalmm10database annotation as
reference. The statistical robustness parameter, which filters out 0.5%
of genes with the most extreme (high and low) count values, was
applied to all calculations. The 3’UTR region DNA sequences of 196
MEX3A-bound genes were extracted in fasta format and used as input
for the FIMO tool from the MEME Suite (v4.11.4)96. A MEX3 consensus
binding sequence motif (MRE, MEX3 recognition element) and its
variants (DKAGN(0-8)THTA) (see Supplementary Fig. 3f)45, were used
as the user-defined IUPAC string required by the FIMO tool as refer-
ence library. As a control group, a set of 200 genes with close-to-
background levels of MEX3A RIP-seq enrichment were used for FIMO
analysis using the same parameters, and the results were compared
with MEX3A-bound genes using an unpaired t-test. The overlap
between two lists of genes was represented as a Venn Diagram and
analyzed at two levels: 1) the representation factor, and 2) the prob-
ability of finding the overlap. The representation factor is the number
of overlapping genes divided by the expected number of overlapping
genes drawn from two independent lists. A representation factor > 1
indicates more overlap than expected of two independent lists, a
representation factor <1 indicates less overlap than expected, and a
representation factor of 1 indicates that the two lists share the number
of genes expected for independent lists. The probability is then cal-
culated as the exact hypergeometric probability asC(D, x) * C(N-D, n-x)
/ C(N,n), being: x = # of genes in common, n = # of genes in list 1, D = #
of genes in list 2,N = total genes, C(a,b) is the number of combinations
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of a things taken b at a time, the representation factor = x / expected #
of genes, expected # of genes = (n * D)/N.

Protein identification by LC-MS/MS
Proteins that co-immunoprecipitated with MEX3A were identified by
liquid chromatography coupled to tandem mass spectrometry (LC‒
MS/MS) in a DDA (data dependent acquisition). Protein samples from
crosslinked IPs were digested with sequencing grade trypsin (Pro-
mega, cat. no. V5111)97, vacuum dried and resuspended in 2% acetoni-
trile (ACN), 0.1% trifluoroacetic acid (TFA). One thirdof the samplewas
loaded onto a Eksigent NanoLC trap column (ChromXP C18, 3μm
120Å, 350μmx0.5mm) (SCIEX, cat. no. 5016752) and desalted with
0.1% TFA at 3μl/min for 5min. Then, peptides were loaded onto an
analytical column (3μm particles size C18-CL, 75 µmx 12 cm) (Nikkyo
Technos Co®) equilibrated in 5% ACN, 0.1% formic acid (FA). Peptide
elutionwas performedby applying a linear gradient of solvents A (0.1%
FA inwater) andB (0.1% FA inACN) from5%to40%of solvent B inA at a
constant flow rate of 300nl/min over 90min. Finally, peptides were
analyzed in a nanoESI qQTOF mass spectrometer (5600 TripleTOF,
ABSCIEX) (2.8 kV; data-dependent mode adquisition; MS1 scans:
350–1250m/z for 250ms, MS2 experiments: 100–1500m/z for 50ms.
MS2 scans were acquired in “high sensitivity” mode). ProteinPilot
default parameterswere used to generate peak lists directly from5600
TripleTof.wiff files. The Paragon algorithm98 of ProteinPilot (v4.5, AB
SCIEX) was used to search the UniProt Mammals database (www.
uniprot.org) with the following parameters: “trypsin specificity”, “cys-
alkylation”, “no taxonomy restriction”, and the search effort set to
“through”. The identified proteins were grouped by the Pro GroupTM
algorithm. A protein group in a Pro Group Report is a set of proteins
that share some physical evidence. Unlike sequence alignment ana-
lyses where full length theoretical sequences are compared, the for-
mation of protein groups in Pro GroupTM is guided entirely by
observed peptides from experimentally acquired spectra and unob-
served regions of protein sequence play no role in explaining the data.
Raw.txt files (ProteinSummary) containing every hit for each identified
protein included information about putative hits from different spe-
cies for each of the spectra that identified a protein and were prob-
abilistically ordered. Lists were inspected and manually curated to
include the first top mouse hit for each protein and human hits for
proteins related to skin cells (e.g., keratins) were considered a tech-
nical contamination and removed from the analysis. Once filtered,
proteins showing ProtScore > 1.3 (ProtScore = ‒log(1‒(percentage
confidence/100)); 95% confidence in protein identification) were
selected for further analysis. In order to be more restrictive when
identifying proteins that co-immunoprecipitated with MEX3A, a
ProtScore>1.0 (90%confidence)wasused inwild-type control samples
to include more proteins in the background reference. UniProt IDs
were used to retrieve associated gene names in the Retrieve/ID map-
ping tool of UniProt (https://www.uniprot.org/uploadlists/). Finally,
identified proteins in the FLAG-tagged samples were compared to
the ones in the wild-type background. Only proteins that were
present in all FLAG-tagged biological replicates but not in wild-type
were considered positive co-immunoprecipitation. MEX3A co-
immunoprecipitated proteins were input in the STRING tool (https://
string-db.org/) to determine putative protein-protein interactions and
networks.

Statistics and reproducibility
All statistical tests were performed using the GraphPad Prism Software
(v9.4) and Microsoft Excel (v16.0). Data were analyzed for normality
using the Shapiro-Wilk normality test. Analyses of significant differ-
ences between means for variables displaying normal distribution
were carried out using the unpaired or paired two-tailed Student t-test
for two variables or one-way ANOVAwith Tukey post-hoc test formore

than two groups. Similarly, variables that did not follow a normal dis-
tribution were analyzed with Mann–Whitney U test. When compar-
isons were carried out with relative values (normalized values and
percentages), data were first normalized by using a log or arcsin
transformation, respectively. p-values lower than 0.05 were con-
sidered as statistically different and referred as *p < 0.05, **p <0.01 and
***p <0.001. Data are presented as the mean ± standard error of the
mean (SEM). The number of experiments carried out with biologically
independent cultures/animals (n) is either shown as dots in the graphs
or listed in the Figure Legends. When representative images are dis-
played without an associated quantification graph, immunostainings
were performed in at least three series (4-5 sections) obtained from
independent mice of the indicated genotypes.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All materials, data, code, and associated protocols can be made
available to readers promptly and without undue qualifications. All
data generated in this study, including the raw files and quantitative
data matrix of proteomes and transcriptomes, have been deposited
online for free access by readers. RIP-seq data have been deposited in
GEO under accession code GSE184404 99. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE100 partner repository with the dataset identifier
PXD038983. Source data are provided with this paper Source data are
provided with this paper.

References
1. Ninkovic, J. &Gotz,M. Fate specification in the adult brain–lessons

for eliciting neurogenesis from glial cells. Bioessays 35,
242–252 (2013).

2. Obernier, K. & Alvarez-Buylla, A. Neural stem cells: origin, het-
erogeneity and regulation in the adult mammalian brain. Devel-
opment 146, dev156059 (2019).

3. Beckervordersandforth, R. et al. In vivo fate mapping and
expression analysis reveals molecular hallmarks of prospectively
isolated adult neural stem cells.Cell StemCell. 7, 744–758 (2010).

4. Gotz,M., Nakafuku,M. & Petrik, D. Neurogenesis in theDeveloping
and Adult Brain-Similarities and Key Differences. Cold Spring
Harb. Perspect. Biol. 8, a018853 (2016).

5. Urban, N. &Guillemot, F. Neurogenesis in the embryonic and adult
brain: same regulators, different roles. Front. Cell Neurosci. 8,
396 (2014).

6. Liu, H. & Song, N. Molecular Mechanism of Adult Neurogenesis
and its Association with Human Brain Diseases. J. Cent. Nerv. Syst.
Dis. 8, 5–11 (2016).

7. Jung, S. et al. Id proteins facilitate self-renewal and proliferation of
neural stem cells. Stem Cells Dev. 19, 831–841 (2010).

8. Liu, Z. et al. Control of precerebellar neuron development by
Olig3 bHLH transcription factor. J. Neurosci. 28,
10124–10133 (2008).

9. Nam, H. S. & Benezra, R. High levels of Id1 expression define B1
type adult neural stem cells. Cell Stem Cell. 5, 515–526 (2009).

10. Niu, W., Zou, Y., Shen, C. & Zhang, C. L. Activation of postnatal
neural stem cells requires nuclear receptor TLX. J. Neurosci. 31,
13816–13828 (2011).

11. Shi, Y. et al. Expression and function of orphan nuclear receptor
TLX in adult neural stem cells. Nature 427, 78–83 (2004).

12. Belenguer, G. et al. Adult Neural Stem Cells Are Alerted by Sys-
temic Inflammation through TNF-alpha Receptor Signaling. Cell
Stem Cell. 28, 285–299.e289 (2021).

Article https://doi.org/10.1038/s41467-023-36054-6

Nature Communications |          (2023) 14:373 14

http://www.uniprot.org/
http://www.uniprot.org/
https://www.uniprot.org/uploadlists/
https://string-db.org/
https://string-db.org/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE184404
https://www.ebi.ac.uk/pride/archive/projects/PXD038983


13. Codega, P. et al. Prospective identification and purification of
quiescent adult neural stem cells from their in vivo niche. Neuron
82, 545–559 (2014).

14. Kalamakis, G. et al. Quiescence Modulates Stem Cell Main-
tenance and Regenerative Capacity in the Aging Brain. Cell
176, 1407–1419.e1414 (2019).

15. Llorens-Bobadilla, E. et al. Single-Cell Transcriptomics Reveals a
Population of Dormant Neural Stem Cells that Become Activated
upon Brain Injury. Cell Stem Cell. 17, 329–340 (2015).

16. Kjell, J. et al. Defining the Adult Neural Stem Cell Niche Proteome
Identifies Key Regulators of Adult Neurogenesis. Cell Stem Cell.
26, 277–293.e278 (2020).

17. Baser, A. et al. Onset of differentiation is post-transcriptionally
controlled in adult neural stem cells. Nature 566, 100–104 (2019).

18. Sanz, E. et al. Cell-type-specific isolation of ribosome-associated
mRNA from complex tissues. Proc. Natl Acad. Sci.106,
13939–13944 (2009).

19. Ho, J. J. D., Man, J. H. S., Schatz, J. H. &Marsden, P. A. Translational
remodeling by RNA-binding proteins and noncoding RNAs.Wiley
Interdiscip. Rev. RNA. 12, e1647 (2021).

20. Kristensen, A. R., Gsponer, J. & Foster, L. J. Protein synthesis rate is
the predominant regulator of protein expression during differ-
entiation. Mol. Syst. Biol. 9, 689 (2013).

21. Tahmasebi, S., Amiri, M. & Sonenberg, N. Translational Control in
Stem Cells. Front. Genet. 9, 709 (2018).

22. Mohammad, K., Dakik, P.,Medkour, Y.,Mitrofanova,D. & Titorenko,
V. I. Quiescence Entry, Maintenance, and Exit in Adult Stem Cells.
Int J. Mol. Sci. 20, 2158 (2019).

23. Shi, C., Wang, S., Zhou, T. & Jiang, Y. Post-transcriptional regula-
tion tends to attenuate themRNA noise and to increase themRNA
gain. Phys. Biol. 12, 056002 (2015).

24. Blackinton, J. G. & Keene, J. D. Post-transcriptional RNA regulons
affecting cell cycle and proliferation. Semin Cell Dev. Biol. 34,
44–54 (2014).

25. Gerstberger, S., Hafner, M. & Tuschl, T. A census of human RNA-
binding proteins. Nat. Rev. Genet. 15, 829–845 (2014).

26. Keene, J. D. RNA regulons: coordination of post-transcriptional
events. Nat. Rev. Genet. 8, 533–543 (2007).

27. Buchet-Poyau, K. et al. Identification and characterization of
human Mex-3 proteins, a novel family of evolutionarily conserved
RNA-binding proteins differentially localized to processing bod-
ies. Nucl. Acids Res. 35, 1289–1300 (2007).

28. Ciosk, R., DePalma, M. & Priess, J. R. Translational regulators
maintain totipotency in the Caenorhabditis elegans germline.
Science 311, 851–853 (2006).

29. Courchet, J. et al. Interaction with 14-3-3 adaptors regulates the
sorting of hMex-3B RNA-binding protein to distinct classes of RNA
granules. J. Biol. Chem. 283, 32131–32142 (2008).

30. Draper, B. W., Mello, C. C., Bowerman, B., Hardin, J. & Priess, J. R.
MEX-3 is a KHdomain protein that regulates blastomere identity in
early C. elegans embryos. Cell 87, 205–216 (1996).

31. Gallo, C. M. & Seydoux, G. Toti “potent” repressors. Bioessays 28,
865–867 (2006).

32. Huang, N. N. & Hunter, C. P. The RNA binding protein MEX-3
retains asymmetric activity in the early Caenorhabditis elegans
embryo in the absence of asymmetric protein localization. Gene
554, 160–173 (2015).

33. Huang, N. N., Mootz, D. E., Walhout, A. J., Vidal, M. & Hunter, C. P.
MEX-3 interacting proteins link cell polarity to asymmetric gene
expression in Caenorhabditis elegans. Development 129,
747–759 (2002).

34. Pereira, B., Le Borgne, M., Chartier, N. T., Billaud, M. & Almeida, R.
MEX-3 proteins: recent insights on novel post-transcriptional
regulators. Trends Biochem Sci. 38, 477–479 (2013).

35. Bufalieri, F. et al. The RNA-Binding Ubiquitin LigaseMEX3AAffects
Glioblastoma Tumorigenesis by Inducing Ubiquitylation and
Degradation of RIG-I. Cancers (Basel) 12, 321 (2020).

36. Jiang, H. et al. Knockdown of hMex-3A by small RNA interference
suppresses cell proliferation and migration in human gastric
cancer cells. Mol. Med. Rep. 6, 575–580 (2012).

37. Pereira, B. et al. CDX2 regulation by the RNA-binding protein
MEX3A: impact on intestinal differentiation and stemness.
Nucl.Acids Res. 41, 3986–3999 (2013).

38. Shi, J. W. & Huang, Y. Mex3a expression and survival analysis of
bladder urothelial carcinoma.Oncotarget 8, 54764–54774 (2017).

39. Alvarez-Varela, A. et al. Mex3a marks drug-tolerant persister col-
orectal cancer cells thatmediate relapse after chemotherapy.Nat.
Cancer. 3, 1052–1070 (2022).

40. Barriga, F. M. et al. Mex3a Marks a Slowly Dividing Subpopulation
of Lgr5+ Intestinal Stem Cells. Cell Stem Cell. 20,
801–816.e807 (2017).

41. Belenguer, G., Duart-Abadia, P., Domingo-Muelas, A., Morante-
Redolat, J. M. & Farinas, I. Cell population analysis of the adult
murine subependymal neurogenic lineage by flow cytometry.
STAR Protoc. 2, 100425 (2021).

42. Ronan, J., Wu, W. & Crabtree, G. From neural development to
cognition: unexpected roles for chromatin. Nat. Rev. Genet. 14,
347–359 (2013).

43. Gaborieau, E., Hurtado-Chong, A., Fernández, M., Azim, K. &
Raineteau, O. A dual role for the transcription factor Sp8 in post-
natal neurogenesis. Sci. Rep. 8, 14560 (2018).

44. Castro, V. L., Reyes, J. F., Reyes-Nava, N. G., Paz, D. & Quintana, A.
M. Hcfc1a regulates neural precursor proliferation and asxl1
expression in the developing brain. BMC Neurosci. 21, 27 (2020).

45. Pagano, J. M., Farley, B. M., Essien, K. I. & Ryder, S. P. RNA
recognition by the embryonic cell fate determinant and germline
totipotency factor MEX-3. Proc. Natl Acad. Sci. 106,
20252–20257 (2009).

46. Bonaguidi, M. A. et al. LIF and BMP signaling generate separate
and discrete types of GFAP-expressing cells. Development 132,
5503–5514 (2005).

47. Jasmin, J. F., Yang, M., Iacovitti, L. & Lisanti, M. P. Genetic ablation
of caveolin-1 increases neural stem cell proliferation in the sub-
ventricular zone (SVZ) of the adult mouse brain. Cell Cycle. 8,
3978–3983 (2009).

48. Livnat, I., Finkelshtein, D., Ghosh, I., Arai, H. & Reiner, O. PAF-AH
Catalytic Subunits Modulate the Wnt Pathway in Developing
GABAergic Neurons. Front Cell Neurosci. 4, 19 (2010).

49. Scott, C. E. et al. SOX9 induces and maintains neural stem cells.
Nat. Neurosci. 13, 1181–1189 (2010).

50. Tensaouti, Y., Stephanz, E. P., Yu, T. S. & Kernie, S. G. ApoE Reg-
ulates the Development of Adult NewbornHippocampal Neurons.
eNeuro 5, 1–15 (2018).

51. Tian, R., Gregor, M., Wiche, G. & Goldman, J. E. Plectin regulates
the organization of glial fibrillary acidic protein in Alexander dis-
ease. Am. J. Pathol. 168, 888–897 (2006).

52. Yang, C. P., Gilley, J. A., Zhang, G. & Kernie, S. G. ApoE is required
for maintenance of the dentate gyrus neural progenitor pool.
Development 138, 4351–4362 (2011).

53. Zheng, G. Q. et al. Beyond water channel: aquaporin-4 in adult
neurogenesis. Neurochemistry Int. 56, 651–654 (2010).

54. Cano, F. et al. The RNA-binding E3 ubiquitin ligase MEX-3C links
ubiquitination with MHC-I mRNA degradation. EMBO J. 31,
3596–3606 (2012).

55. Cano, F., Rapiteanu, R., Sebastiaan Winkler, G. & Lehner, P. J. A
non-proteolytic role for ubiquitin in deadenylation ofMHC-ImRNA
by the RNA-binding E3-ligase MEX-3C. Nat. Commun. 6,
8670 (2015).

Article https://doi.org/10.1038/s41467-023-36054-6

Nature Communications |          (2023) 14:373 15



56. Cavazzin, C. et al. Unique expression and localization of
aquaporin-4 and aquaporin-9 in murine and human neural stem
cells and in their glial progeny. Glia 53, 167–181 (2006).

57. Kong, H. et al. AQP4 knockout impairs proliferation,migration and
neuronal differentiation of adult neural stem cells. J. Cell Sci. 121,
4029–4036 (2008).

58. Hashizume, K., Yamanaka, M. & Ueda, S. POU3F2 participates in
cognitive function and adult hippocampal neurogenesis via
mammalian-characteristic amino acid repeats.Genes Brain Behav.
17, 118–125 (2018).

59. Bylund, M., Andersson, E., Novitch, B. G. & Muhr, J. Vertebrate
neurogenesis is counteracted by Sox1-3 activity. Nat. Neurosci. 6,
1162–1168 (2003).

60. Ferri, A. L. et al. Sox2 deficiency causes neurodegeneration and
impaired neurogenesis in the adult mouse brain. Development
131, 3805–3819 (2004).

61. Graham, J. D., Hunt, S. M., Tran, N. &Clarke, C. L. Regulation of the
expression and activity by progestins of a member of the SOX
gene family of transcriptional modulators. J. Mol. Endocrinol. 22,
295–304 (1999).

62. Reiprich, S. & Wegner, M. From CNS stem cells to neurons and
glia: Sox for everyone. Cell Tissue Res. 359, 111–124 (2015).

63. Costa,M. R. et al. Continuous live imagingof adult neural stemcell
division and lineage progression in vitro. Development 138,
1057–1068 (2011).

64. Ortega, F. et al. Using an adherent cell culture of the mouse
subependymal zone to study the behavior of adult neural
stem cells on a single-cell level. Nat. Protoc. 6,
1847–1859 (2011).

65. Farrukh, A. et al. Bifunctional Hydrogels Containing the Laminin
Motif IKVAV Promote Neurogenesis. Stem Cell Rep. 9,
1432–1440 (2017).

66. Ponti, G., Obernier, K. & Alvarez-Buylla, A. Lineage progression
from stem cells to new neurons in the adult brain ventricular-
subventricular zone. Cell Cycle. 12, 1649–1650 (2013).

67. Ferron, S. R. et al. A combined ex/in vivo assay to detect effects of
exogenously added factors in neural stem cells. Nat. Protoc. 2,
849–859 (2007).

68. Baser, A., Skabkin, M. & Martin-Villalba, A. Neural Stem Cell Acti-
vation and the Role of Protein Synthesis. Brain Plast. 3,
27–41 (2017).

69. DeBoer, E. M. et al. Prenatal deletion of the RNA-binding protein
HuD disrupts postnatal cortical circuit maturation and behavior. J.
Neurosci. 34, 3674–3686 (2014).

70. Kuersten, S.&Goodwin, E. B. Thepower of the3’UTR: translational
control and development. Nat. Rev. Genet. 4, 626–637 (2003).

71. Kusek, G. et al. Asymmetric segregation of the double-stranded
RNA binding protein Staufen2 duringmammalian neural stem cell
divisions promotes lineage progression. Cell Stem Cell. 11,
505–516 (2012).

72. Szostak, E. & Gebauer, F. Translational control by 3’-UTR-binding
proteins. Brief. Funct. Genomics. 12, 58–65 (2013).

73. Vessey, J. P. et al. An asymmetrically localized Staufen2-
dependent RNA complex regulates maintenance of mammalian
neural stem cells. Cell Stem Cell. 11, 517–528 (2012).

74. Yang,G., Smibert, C. A., Kaplan, D. R. &Miller, F. D. An eIF4E1/4E-T
complex determines the genesis of neurons from precursors by
translationally repressing a proneurogenic transcription program.
Neuron 84, 723–739 (2014).

75. Jiao, Y., Bishop, C. E. & Lu, B. Mex3c regulates insulin-like growth
factor 1 (IGF1) expression and promotes postnatal growth. Mol.
Biol. Cell. 23, 1404–1413 (2012).

76. Oda, T. et al. Mex-3B induces apoptosis by inhibiting miR-92a
access to the Bim-3’UTR. Oncogene 37, 5233–5247 (2018).

77. Takada, H. et al. The RNA-binding protein Mex3b has a fine-tuning
system for mRNA regulation in early Xenopus development.
Development 136, 2413–2422 (2009).

78. Donnini, M. et al. Identification of TINO: a new evolutionarily
conserved BCL-2 AU-rich element RNA-binding protein. J. Biol.
Chem. 279, 20154–20166 (2004).

79. Matsuda, T. &Cepko,C. L. Electroporation andRNA interference in
the rodent retina in vivo and in vitro. Proc. Natl Acad. Sci. 101,
16–22 (2004).

80. Sonego, M., Zhou, Y., Oudin, M. J., Doherty, P. & Lalli, G. In vivo
postnatal electroporation and time-lapse imaging of neuroblast
migration in mouse acute brain slices. J Vis Exp 81, 50905 (2013).

81. Belenguer, G., Domingo-Muelas, A., Ferron, S. R., Morante-Redo-
lat, J. M. & Farinas, I. Isolation, culture and analysis of adult sub-
ependymal neural stem cells. Differentiation 91, 28–41 (2016).

82. Gomez-Villafuertes, R. et al. Live Imaging Followed by Single Cell
Tracking to Monitor Cell Biology and the Lineage Progression of
Multiple Neural Populations. J Vis Exp, 56291 (2017).

83. Ortega, F. et al. Oligodendrogliogenic and neurogenic adult
subependymal zone neural stem cells constitute distinct lineages
and exhibit differential responsiveness to Wnt signaling. Nat. Cell
Biol. 15, 602–613 (2013).

84. Paniagua-Herranz, L. et al. Time-Lapse Video Microscopy and
Single Cell Tracking to Study Neural Cell Behavior In Vitro.
Methods Mol. Biol. 2150, 183–194 (2020).

85. Hilsenbeck, O. et al. Software tools for single-cell tracking and
quantification of cellular and molecular properties. Nat. Bio-
technol. 34, 703–706 (2016).

86. Schmidt, U., Weigert, M., Broaddus, C., & Myers, G. Cell Detection
with Star-Convex Polygons. In Medical Image Computing and
Computer Assisted Intervention – MICCAI, Springer International
Publishing, 265–273, (2018).

87. Xu, J. et al. Tomock or not: a comprehensive comparison of mock
IP and DNA input for ChIP-seq. Nucl. Acids Res. 49, e17 (2021).

88. Martin, M. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet. J. 17, 10–12 (2011).

89. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics 30,
2114–2120 (2014).

90. Kim, D., Langmead, B. & Salzberg, S. L. HISAT: a fast spliced
aligner with low memory requirements. Nat. Methods. 12,
357–360 (2015).

91. Ramirez, F. et al. deepTools2: a next generation web server for
deep-sequencing data analysis. Nucl. Acids Res.44, W160–
W165 (2016).

92. Liao, Y., Smyth, G. K. & Shi, W. featureCounts: an efficient general
purpose program for assigning sequence reads to genomic fea-
tures. Bioinformatics 30, 923–930 (2014).

93. Gu, Z., Eils, R. & Schlesner, M. Complex heatmaps reveal patterns
and correlations in multidimensional genomic data. Bioinfor-
matics 32, 2847–2849 (2016).

94. Wickham, H. in Use R!, 1 online resource (XVI, 260 pages 232
illustrations, 140 illustrations in color (Springer International
Publishing: Imprint: Springer, Cham, 2016).

95. Shen, L., Shao, N., Liu, X. & Nestler, E. ngs.plot: Quick mining and
visualization of next-generation sequencing data by integrating
genomic databases. BMC Genomics. 15, 284 (2014).

96. Bailey, T. L., Johnson, J., Grant, C. E. & Noble, W. S. The MEME
Suite. Nucl. Acids Res. 43, W39–W49 (2015).

97. Shevchenko, A. et al. Linking genome and proteome by mass
spectrometry: large-scale identification of yeast proteins from two
dimensional gels. Proc. Natl Acad. Sci. 93, 14440–14445 (1996).

98. Shilov, I. V. et al. The Paragon Algorithm, a next generation search
engine that uses sequence temperature values and feature

Article https://doi.org/10.1038/s41467-023-36054-6

Nature Communications |          (2023) 14:373 16



probabilities to identify peptides from tandemmass spectra.Mol.
Cell Proteom. 6, 1638–1655 (2007).

99. Domingo-Muelas A, Duart-Abadía P, Jordán-Pla A, Morante-
Redolat JM, Fariñas I. Mex3a RIP-seq (NCBI Gene Expression
Omnibus). Data sets. https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE184404 (2022).

100. Domingo-Muelas A, Duart-Abadía P, Jordán-Pla A, Morante-
Redolat JM, Fariñas I. Post-transcriptional control of a stemness
signature by RNA-binding protein MEX3A regulates adult neuro-
genesis (PRIDE). Data sets. https://www.ebi.ac.uk/pride/archive/
projects/PXD038983 (2022).

Acknowledgements
We thank M. J. Palop for help with the mouse colonies and technical
support and S. Norte for help with flow cytometry. We acknowledge
the assistance of the Servicio Central de Soporte a la Investigación
Experimental (SCSIE-UVEG) and the IRB mouse mutant facility. The
proteomics laboratory at the University of Valencia is a member of
Spanish Proteored (PRB3-ISCIII). This work was supported by grants
from Ministerio de Ciencia e Innovación (MICINN) PID2020-117937GB-
I00 to I.F., PID2020-119917RB-I00 to E.B., PID 2019-109155RB-I00 to
F.O., and PID2020-114227RB-I00 to C.G., and by CB06/05/0086
(CIBERNED) of MICINN to I.F., by Prometeo 2021/028 from Generalitat
Valenciana to I.F., and by ERC advanced grant 884623 (residual CRC)
to E.B. The IRB Barcelona is the recipient of a Severo Ochoa Award of
Excellence from MICINN. C.G-S. received a Ramón y Cajal Grant from
the MICINN (RyC-2015-19058). P.D-A. is a recipient of a MICINN’s FPI
predoctoral contract (PRE2018-084838), J.F-B is a recipient of a pre-
doctoral contract from the Generalitat Valenciana, L.P-H. was a reci-
pient of a predoctoral contract from the regional Government of
Madrid under the Multiannual Agreement with the Universidad Com-
plutense UCM-CAM (PR65/ 19-22453), A.A-V. and F.M.B. have held La
Caixa predoctoral fellowships, and A.D-M. and G.B. were recipients of
FPU predoctoral contracts from Ministerio de Educación, Cultura y
Deporte (MECD).

Author contributions
Conceptualization: A.D-M., P.D-A., J.M.M-R., I.F. Methodology: A.D-M.,
G.B., P.D.-A., A.A.-V., F.M.B. Formal Analysis: A.J-P. Investigation: A.D-M.,
P.D-A., J.M.M-R., G.B., L.P-H., A.P-V., F.O., J.F-B., C.G-S. Resources: A.A-
V., F.M.B., E.B. Data Curation, A.J-P. Writing – Original Draft I.F., A.D-M.

Writing – Review & Editing: A.D-M., P.D-A., J.M.M-R., A.J-P., E.B., I.F.
Visualization, A.D-M., J.M.M-R., A.J-P. Supervision: I.F. Project Adminis-
tration: I.F. Funding Acquisition: I.F., E.B.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-36054-6.

Correspondence and requests for materials should be addressed to
Eduard Batlle or Isabel Fariñas.

Peer review information Nature Communications thanks Christina Kyr-
ousi, Volker Busskamp and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

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

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-36054-6

Nature Communications |          (2023) 14:373 17

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE184404
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE184404
https://www.ebi.ac.uk/pride/archive/projects/PXD038983
https://www.ebi.ac.uk/pride/archive/projects/PXD038983
https://doi.org/10.1038/s41467-023-36054-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Post-transcriptional control of a stemness signature by RNA-binding protein MEX3A regulates murine adult neurogenesis
	Results
	An unbiased in silico search for functionally relevant RBPs in adult neurogenesis identifies MEX3A
	Identification of the MEX3A targetome by RIP-seq
	A MEX3A regulon reveals its involvement in the preservation of a quiescence signature during reversible activation
	MEX3A is also required for the repression of a stemness-gliogenic signature at the onset of differentiation

	Discussion
	Methods
	Mouse strains and handling, genotyping and treatments
	Immunohistological analyses
	In vivo postnatal electroporation
	SEZ neurosphere cultures
	SEZ culture preparation and time-lapse microscopy
	SEZ dissociation, flow cytometry analysis and sorting of in�vivo populations
	Evaluation of cell proliferation dynamics in�vitro
	RNA extraction and RT-qPCR expression analysis
	Protein extraction and immunodetection by Western Blot
	MEX3A Immunoprecipitation (IP)
	Protein extraction for western-blot and LC-MS/MS protein identification of IP samples
	RNA extraction for RIP-seq analysis of IP samples
	RIP-seq library preparation, sequencing and quality control
	Bioinformatic analysis of RIP-seq datasets
	Protein identification by LC-MS/MS
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




