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Abstract

During neuronal differentiation, neuroprogenitor cells become polarized, change shape, extend axons, and form com-
plex dendritic trees. While growing, axons are guided by molecular cues to their final destination, where they establish
synaptic connections with other neuronal cells. Several layers of regulation are integrated to control neuronal devel-
opment properly. Although control of mRNA translation plays an essential role in mammalian gene expression, how

it contributes temporarily to the modulation of later stages of neuronal differentiation remains poorly understood.
Here, we investigated how translation control affects pathways and processes essential for neuronal maturation,

using H9-derived human neuro progenitor cells differentiated into neurons as a model. Through Ribosome Profiling
(Riboseq) combined with RNA sequencing (RNAseq) analysis, we found that translation control regulates the expres-
sion of critical hub genes. Fundamental synaptic vesicle secretion genes belonging to SNARE complex, Rab family
members, and vesicle acidification ATPases are strongly translationally regulated in developing neurons. Translational
control also participates in neuronal metabolism modulation, particularly affecting genes involved in the TCA cycle
and glutamate synthesis/catabolism. Importantly, we found translation regulation of several critical genes with funda-
mental roles regulating actin and microtubule cytoskeleton pathways, critical to neurite generation, spine formation,

axon guidance, and circuit formation. Our results show that translational control dynamically integrates important
signals in neurons, regulating several aspects of its development and biology.

Keywords: Translational control, Neural stem cells, Neuron, Neuronal differentiation

Introduction

Several mechanisms have evolved to allow precise and
timely control of gene expression, creating multiple lay-
ers of regulation such as transcription, splicing, mRNA
stability, translation, protein stability, and activation.
Moreover, all these layers of regulation need to work in
an integrated manner to orchestrate complex biological
phenomena. During development, for example, the mere
miss-expression of a single gene can have catastrophic
consequences for the organism.
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Among these processes, recent works have shown that
translation control substantially contributes to global
gene expression regulation [1]. Although its relative
importance, only in the last decade, with the develop-
ment of Riboseq, it became possible to perform global
quantitative measurements of individual transcript trans-
lation efficiency and analyze how it is regulated in differ-
ent physiological conditions [2].

This form of gene expression regulation is particularly
important for neuronal cells, which need to manage the
dynamic proteome of very long axonal processes, far
away from the cellular body. It has been estimated that
it would take approximately 12 days to transport protein
synthesized at the cell body to distal neuronal sites [3].
Therefore, local protein synthesis can better manage the
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necessity of fast changes in axonal processes proteome.
Besides, each cortical neuron also needs to individually
and independently manage, on average, 1000 dendrite
connections, which are physically modified with learning
and which also store our memories [4]. The mRNAs pre-
sent at the end of these terminations are tightly regulated
by RNA binding proteins and miRNAs to be translated
in local ribosomes [5] on-demand upon synaptic activa-
tion, contributing to synaptic strength modifications. An
essential part of the translation that happens at the syn-
aptic sites, at the end of neurites, is proposed to occur in
monosomes due to space constraints [6].

The importance of translation control in neurons
seems to extend to the modulation of neuronal differenti-
ation, with several genes that participate in processes that
happen during cortex morphogenesis, such as neuronal
commitment, differentiation, and migration being trans-
lated regulated [7]. Recently, the mechanisms involved in
global translation regulation and the full extent of genes
and pathways regulated translationally during neuronal
differentiation started to be investigated. The works pub-
lished so far have been using neurons in different stages
of in vitro differentiation as a model, since it recapitulates
the processes that happen during development. With the
current protocols, neuroprogenitors cells (NPCs) take
4 weeks to generate synaptic-competent cortical neu-
rons in vitro [8], with a great number of pathways being
dynamic regulated at different differentiation stages.

Grabole 2016 [9] compared, by ribosome profiling, the
translatome of TSC2 deficient neuroprogenitors with
their normal counterpart and verified a 5’'UTR motif-
mediated increase in ribosome occupancy in mutant
cells. This result indicates that the mTOR pathway is
important for the translation regulation of genes dur-
ing neuronal differentiation. Blair 2017 [10] have shown
extensive translation control remodeling during early
(15 days) cortical differentiation of neuroprogenitor cells.
Part of the observed translation inhibition was proposed
to be promoted by alternative 3'UTR extension in neu-
ronal cells. More recently, Rodrigues 2020 [11], using
TRAP-sequencing, has compared IPSC-derived NPCs
translatome with corresponding 3 weeks differentiated
neurons translatome and identified several transcription
factors, glycolytic genes, and autism spectrum disorder
risk genes as translationally regulated during neuronal
differentiation.

In this work, we have investigated genes and path-
ways subjected to translation regulated during H9 stem
cells derived NPC differentiation to latter developmental
stage neurons than previously analyzed. Our results offer
insights into how translation control contributes to neu-
ronal maturation, neurite extension/guidance, and con-
nections establishment.
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Materials and methods
Detailed experimental procedures are provided in the
Additional file 1.

NPCs generation and differentiation

NPCs were generated as previously described [12], with
minor alterations indicated in the Additional file 1. Cells
were grown in poly-L-ornithine (10 pg/mL) and laminin
(2.5 pg/mL) coated dishes in NBF media. Neuronal dif-
ferentiation was induced by FGF2 withdrawal when they
reached ~65% confluency and were maintained in NB
media. For NGS analysis, biological replicates NPCs from
different passages were differentiated independently and
collected on different days.

Immunofluorescence

Cells were plated onto 13 mm glass coverslips pre-coated
with Matrigel (hESC) or poly-L-ornithine/laminin (NPC
and Neurons) in a 24-well plate. Cells were fixed in 4%
paraformaldehyde for 20 min at room temperature, per-
meabilized with 0.1% Triton X-100 in 1 x PBS for 15 min,
and then blocked with 2% BSA in 1 x PBS for 4 h at room
temperature. Primary antibodies in blocking solution
were added to the samples and incubated overnight at
4 °C. Secondary antibodies were incubated with sam-
ples for 1 h at room temperature. Cells were washed with
1 x PBS and coverslips mounted using ProLong Gold
Antifade Mountant with DAPIL. Images were acquired
using a confocal microscope Leica TCS SP5 II (Leica
Microsystems).

Harvesting and NGS library preparation

NPCs grown in 10 cm dishes were scrapped with poly-
some lysis buffer (Tris—HCI 20 mM pH 7.5, KCl 1.5 mM,
MgCl, 5 mM, 1% Triton X-100, DTT 1 mM, CHX
100 pg/mL) for Riboseq or Trizol for RNAseq. Lysates
were digested with RNase I (15U/A2600D) for 30 min at
4.°C as described [13]. Ribosomes were loaded in sucrose
cushion and purified through ultracentrifugation. The
final ribosome pellet was resuspended in Qiazol. From
there on, Riboseq and RNAseq libraries were prepared as
described by [14] with minor modifications (see details
in Additional file 1: Supplemental Experimental proce-
dures) and sequenced in Illumina HiSeq 2500.

RNAseq and Riboseq analysis

Raw reads quality was assessed using the software
FastQC version 0.11.5 [15]. Cutadapt version 2.4 was
used to trim any remaining Illumina adapters demulti-
plex [16, 17]. In-house scripts were developed to remove
artificial poly-C and poly-T bases added by the template-
switching technique. The remaining reads were aligned
against the contamination reference (rRNA, tRNAs, and



Lins et al. Molecular Brain (2022) 15:55

mitochondrial coded genes) using the software Bowtie2
version 5.4.0 [18]. To assess the gene expression, it was
built a reference list containing all the human transcripts
without pseudogenes and 5’ UTR and 3’ UTR of the cod-
ing transcripts. The software Kallisto version 0.44.0 was
used to build the index [19]. The statistical analysis was
conducted with the R package DESeq2 version 3.7 [20].
At least one CDS aligned raw read per gene in all 12
replicates was required to be included in the final back-
ground (14,159 genes). The threshold for significant dif-
ference was set as twofold-change. Enrichment analysis
was done with DAVID [21], Ingenuity Pathways Analy-
sis—IPA (Qiagen), and SynGO [22] databases comparing
classified groups list with the background. Contingency
tables containing compartment data retrieved from the
literature and classified groups p-values were determined
using Fisher’s exact test. Heatmaps, graphical plots, and
statistical analysis were done using R, GraphPad Prism
6.0, and Microsoft Excel software.

Results

Neuroprogenitor cells differentiation into cortical neurons
as a model to study translation regulation of genes
involved in neuronal processes

Neuroprogenitor cells (NPC) were differentiated from
H9 human embryonic stem cells using a SMAD dual
inhibition strategy [8] (Additional file 2: Fig. S1A). The
generated NPCs were positive for the progenitor marker
Nestin and upon differentiation induction by FGF
removal, developed neural projections, and expression
of synaptic neuronal markers (Figs. 1A, 3A; Additional
file 2: Fig. S1B).

For translation efficiency analysis we selected 3 con-
ditions: NPC, 3 days (Early differentiation—ED), and
30 days (neuron) after differentiation induction (Fig. 1B).
We simultaneously collect material to perform tran-
scriptome (RNAseq) and translatome (Ribosome Profil-
ing—Riboseq) analysis to be able to measure translation
efficiency (TE=Riboseq reads/RNAseq reads) of each
expressed gene. The quality parameters for the Riboseq
and RNAseq libraries confirmed a high correlation
between biologic replicates (Additional file 4: Fig. S3).

We first performed a transcriptome analysis to validate
our model (Fig. 1C). During the first 3 days of differentia-
tion, only a few genes (222) had their expression signifi-
cative modified, in contrast to 30 days of differentiation
(around 6000 genes). As expected, differentiation mark-
ers analysis (Fig. 1E; Additional file 3: Fig. S2) indicated
a gradual reduction of neuroepithelial markers, greater
induction of early differentiation markers in 3 days, and
high induction of neuronal, synaptic, and glutamatergic
makers after 30 days of differentiation. The high expres-
sion of doublecortin suggests that even after 30 days of
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differentiation, the generated neurons are still going
through the maturation process. Comparison between
transcriptome data from previously published works
with ours, and among themselves [10, 11] (Additional
file 5: Fig. S4), pointed out little correlation between reg-
ulated genes in the different time points, indicating that
the transcriptome is dynamic regulated during differen-
tiation. Therefore, the chosen 30 days differentiation time
point could reveal new translation-regulated genes not
encountered in the previously published work.

Gene Ontology analysis of differentially expressed
genes (Fig. 1D) shows a significant induction of genes
functionally related to nervous system development,
dendrite morphogenesis, axonogenesis, axon guidance,
and synaptogenesis. Together with the cellular morphol-
ogy changes observed in cultured cells (Additional file 2:
Fig. S1B), these results indicate that translation efficiency
analysis in the selected time point could help elucidate
how translation control contributes to the regulation of
the above neuronal processes.

Translation control significantly contributes to differential
gene expression between NPC and neurons

Next, we compared mRNA and translation levels of
14,159 genes for which we obtained a significant num-
ber of counts, after sequencing a minimum of 20 mil-
lion unique mapped reads per library (Additional file 8:
Table S1). In NPC, RNAseq and Riboseq reads showed
a high Pearson correlation of 0.77 (R=0.77), which is
similar to the previously reported value for NPC [10] and
mammalian cells in general [23]. However, this correla-
tion progressively and drastically modified from NPC,
Early Differentiation (ED) to neurons (R=0.42), indi-
cating that neurons greatly rely on translation control to
regulate their protein expression (Fig. 2A).

Since none of the regulated genes in ED samples
showed modifications in translation efficiency (TE), we
will discuss the neuron to NPC comparison, where thou-
sands of genes changed their TE (Fig. 2B). A summary of
the different translation regulation classification and cri-
teria used in our study is provided in Fig. 2B. For 2145 dif-
ferentially expressed genes between these two cells, there
is a perfect direct correlation between their RNAseq and
Riboseq regulation data (genes up or down-regulated,
TE constant category). For 3029 genes, however, there is
a statistically significant TE modification between the 2
conditions. Surprisingly, for more than half of these genes
(1734 genes), Riboseq counts did not change significantly
meanwhile mRNA abundance either increased (RNA up,
TE down category) or decreased (RNA down, TE up cat-
egory). The elevated number of genes found in this cat-
egory, known as “translation buffering” [24] could be due
to the presence of mRNA stored translationally inhibited
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in neuronal granules in neurons. For 1295 genes, their TE
significantly changed in neurons due to translation up or
down-regulation in relationship to corresponding mRNA
levels (genes translationally induced and translationally
repressed categories, respectively).

To gain more insight into the subcellular distribu-
tion of translation-regulated transcripts, we compared
our data with the following publicly available datasets:
axonal transcriptome [25], synaptic bouton proteome
[26], neuronal soma, and projections Riboseq (neuronal
neuropil) [27], (Fig. 2C; Additional file 10: Table S3).
After bioinformatics comparative analysis of these
datasets, we found a statistically significant enrichment

of translationally regulated genes whose transcripts are
found in axons in almost all categories. Around 11%
of the 2192 genes present in axons are translationally
induced, corresponding to 36% of all translationally
induced genes (Fig. 2B). More than half of the proteins
detected in the synaptic bouton proteome are either
upregulated (TE constant) between NPC and neuron
or are translationally induced. Interestingly, there is
an enrichment of translationally inhibited transcripts
in monosomes in general (translationally repressed
and RNA up, TE down); meanwhile, polysomes are
enriched in transcripts upregulated or translationally
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upregulated (Translationally induced and RNA down,
TE up).

Next, we performed a GO enrichment analysis (using
Ingenuity Pathways Analysis system—IPA) on the genes
that changed translation efficiency between cells to
investigate if any neuronal pathway or process is particu-
larly regulated translationally (Fig. 2D; Additional file 9:
Table S2). Interestingly, the processes of oxidative phos-
phorylation, synaptogenesis, and pathways that modu-
late actin polymerization for neuritogenesis and axon
guidance are highly enriched in translationally regulated
genes. In addition, pathways that participate in transla-
tion control such as mTOR and EIF2 signaling are also
translationally regulated and may be in part responsi-
ble for the intense translation program modification
observed between compared cells. Translationally con-
trolled genes on these pathways and processes are dis-
cussed in the next sections.

Therefore, translation regulation significantly contrib-
utes to differential gene expression between NPC and
30 days Neurons and seems to participate in regulating
important neuronal pathways and processes involved in
neuronal development.

Translation control regulates essential synaptic genes
necessary for synaptic transmission

In the selected time point, synaptic markers are detected
in a pattern that indicates that synaptic connections are
forming (Fig. 3A). To better understand which synaptic
genes and processes are translationally modulated, we
reanalyzed our data using SynGO, a GO database focused
on synaptic processes [22]. Most of the genes involved in
synapse transmission are strongly induced during differ-
entiation but not translation regulated (Fig. 3B). How-
ever, almost half of the identified differentially expressed
synaptic genes are translationally regulated. For 90 of
these genes, translation efficiency is increased with a
significant increase in Riboseq reads (translationally
induced category), meanwhile, for 34 genes, translation is
down-regulated (translationally repressed category). For
117 genes, there is either mRNA up or down-regulation,
without a significant change in riboseq reads (RNA up,
TE down; RNA down, TE up categories).

Synaptic processes are significantly enriched in
induced genes without translation regulation (upregu-
lated TE constant) and genes translationally induced
(Fig. 3C). For the GOs “synaptic vesicle” and “synaptic
vesicle proton loading’, translationally induced genes
are even more enriched than the set of upregulated
genes with constant TE. Some translationally induced
genes on these GOs code for proteins related to the
SNARE complex (N-ethylmaleimide-sensitive factor
attachment protein receptors) (Fig. 3D), which mediate
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vesicle trafficking and membrane fusion. In neurons,
the SNARE complex is essential for calcium-triggered
synaptic vesicles exocytosis and works together with
the small GTPase RAB family members (Rab3a/b/c and
Rab27b) [28, 29]. This complex is formed by 3 families
of proteins: synaptobrevin, syntaxin, and synaptotag-
min. In our data, synaptobrevin 2 (Vamp2), syntaxin 12
(stx12), synaptotagmin 11 (Sytl1), and all members of
SNARE disassembly/recycling complex formed by NSEF,
NAPA (alpha-snap), NAPB (beta-snap), and NAPG
(gamma-snap) are translationally induced (Fig. 3D).
Among these genes, Vamp2 is essential for synaptic
transmission [30] and it is very strongly translation
induced (TE=1.5 in NPCs and TE=14 in neurons).
Other synaptic SNARE genes that work together with
Vamp2, such as Syt1A and SNAP25, are strongly upreg-
ulated without translation regulation.

From the RABs involved in synaptic transmission, all 3
Rab3s (A, B, and C) are strongly translationally induced
meanwhile Rab27a/b are very low expressed and do not
seem to be translation-regulated. In addition, several
other Rab family members are highly translationally reg-
ulated, constituting one of the most translation-regulated
gene families in our dataset: RABs 1A/B, RAB5c, Rab7A,
RAB11B, RAB33B, and RAB35 (Fig. 3D). The regu-
lated RABs are involved in several aspects of neuronal
biology: synaptic vesicle recycling (RAB5C, RAB33B,
and RAB35), retrograde neurite transport (RAB5c and
RAB7), and neurite outgrowth (RAB7, RAB11, and
RAB35) [29].

Almost all regulated genes in “Synapse vesicle proton
loading” GO are translationally induced. This GO com-
prises vacuolar ATPases that promote vesicle acidifica-
tion necessary for neurotransmitter loading into synaptic
vesicles [31] (Fig. 3D).

Next, to confirm some of these results, we randomly
selected translation-induced genes for further validation
experiments. In these experiments, we used two different
methods on a non-redundant list of genes, to maximize
the number of interesting candidates tested. Confirma-
tion in any of these methods provides further evidence of
the translation regulation.

The mRNA distribution of ATP6VOD1, NAPG,
and RAB3A was analyzed in sucrose gradient frac-
tions obtained from 3 new NPCs and neuronal samples
(Fig. 3E). As expected for differentially translated regu-
lated genes, they were enriched in the high polysomal
fraction in neurons but not in NPCs, suggesting that they
have a higher translation efficiency in neurons (Fig. 3F).
For VAMP2, we have compared protein and mRNA lev-
els in NPCs and neurons (Fig. 3G; Additional file 7: Fig-
ure S6). Although mRNA was induced only around 3
folds during differentiation, protein level increased more
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than 70X, corroborating with the results of the transla-
tion regulation analysis.

Altogether, our data indicate that translation control
is specially used to modulate synaptic gene expression,
regulating essential proteins and processes necessary for
synaptic transmission.

Translation control contributes to the regulation

of neuronal cell metabolism

The obtained RNAseq data confirm downregulation of
glycolysis genes, with the absence of up-regulation of
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tricarboxylic acid (TCA) genes, previously reported to
occur during the metabolic shift (glycolysis—NPC to
OxPhos—Neurons) that follows neural differentiation [32].
However, our Riboseq data indicates that several of these
genes have their translation efficiency and total translation
increased upon differentiation (Fig. 4A, B). The glycolysis
and TCA genes under translational regulation in our data-
set are different from those reported by Rodrigues et al.
[11] (Additional file 11: Table S4), which probably is due to
the different stages of neuron differentiation analyzed. Both
results suggest that translation control is an important
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layer of regulation that contributes to adjusting the OxPhos
pathway in neurons during development. Besides glucose
catabolism, other metabolic enzymes are either transla-
tionally induced or repressed in neurons in our dataset,
particularly genes involved in the ornithine cycle (Urea
cycle) and aspartate metabolism.

In the Urea cycle, there is a strong translation induc-
tion of ARG2 and OAT (translationally induced category)
enzymes with a simultaneous translation down-regulation
of SRM (translationally repressed category) and transcrip-
tional downregulation of ODC1 and SMS enzymes (down-
regulated TE constant category). These regulations suggest
that in neurons there is an increase in ornithine production
from arginine, with inhibition of its usage in polyamines
synthesis (putrescine, spermidine, and spermine) and pri-
oritization of its use to produce glutamate-semialdehyde in
a reaction that may convert alpha-ketoglutarate into gluta-
mate. Glutamate-semialdehyde can also be converted into
glutamate by the ALDH4A1 enzyme.

Translational up-regulation of GOT1/2 enzymes (trans-
lationally induced category) with transcriptional down-
regulation of CAD (downregulated TE constant category)
suggests that aspartate usage to generate oxaloacetate is
increased in neurons, in a reaction that simultaneous con-
vert alpha-ketoglutarate into glutamate. Although alpha-
ketoglutarate from TCA can be used as a glutamate source
to glutamatergic neurons, it is believed that most of the
glutamate used as a neurotransmitter by these neurons
come from glutamine produced by astrocytes (Glutamine-
Glutamate cycle) [33]. This happens due to the absence of
pyruvate carboxylase enzyme expression in neurons and
consequently the inability to synthesize oxaloacetate to
maintain the TCA cycle depleted of alpha-ketoglutarate
[34]. In neuronal cultures derived from NPC, astrocytes
differentiate and accumulate much later. Therefore, we
speculate that in the absence of sufficient glutamine pro-
vided by astrocytes, neuronal cells may increase metabolic
usage of amino acids as a source of glutamate.

To validate the translation regulation of ARG2, GOT1,
OAT, and SRM, we analyzed their mRNA distribution in a
sucrose gradient. The results confirmed that ARG2, GOT1,
and OAT mRNA are more associated with high polyso-
mal fractions in neurons than in NPCs. Furthermore, as
expected for a translation inhibited transcript, SRM mRNA
was detected mostly in the free and 80S fractions in neu-
rons (Fig. 4C).

Overall, our results show that neurons rely on the trans-
lation regulation of metabolic enzymes to fine adjust their
metabolism according to cell demand.
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Translation control participates in the regulation

of actin and microtubule cytoskeleton pathways critical

for neuronal projections

The neuronal cytoskeleton is actively modeled to allow
dendritogenesis, axon growth, and guidance during
development. Actin in the growth cone, present on the
tip of axons or dendrites, can be polymerized or depo-
lymerized in response to extracellular cues to guide
neurites’ extension to their right destination. In mature
neurons, cytoskeleton structure changes in response
to synapse activity and is implicated in new synapses
formation.

Interestingly, IPA GO enrichment analysis on transla-
tion-regulated genes shows strong enrichment of GOs
associated with actin cytoskeleton regulatory pathways
and upstream axon/dendrite development and guidance
pathways (Neuregulin, Reelin, Semaphorin, CXCR4, and
Ephrin signaling) (Figs. 2D, 5A, B).

To expand these findings, we performed a careful
search of all genes belonging to the AMIGO [35] GO
terms axogenesis, dendritogenesis, and axon guidance
and investigated their translation regulation. This analy-
sis revealed that an important fraction of these genes is
translationally regulated representing more than half
(592 genes) out of 1136 differentially expressed genes in
these processes. Furthermore, around 25% (265 genes)
are in the translationally induced or repressed category
(Fig. 5B).

Many of the translated regulated genes are key hubs
on the investigated processes, suggesting that transla-
tion control is specially used by neurons to modulate
cytoskeleton structural changes necessary to neuritogen-
esis and neurite guidance (Fig. 5C).

Two of the 3 small GTPases from the Rho family that
play crucial roles in mediating actin cytoskeleton remod-
eling are translation modulated: CDC42 (translationally
induced) and RhoA (RNA down, TE up). In neurons,
RhoA activation is associated with growth cone collapse,
meanwhile, Cdc4?2 is downstream of attractive clues [36].
RhoA activates ROCK, which phosphorylates LIMK,
promoting CFL phosphorylation inhibiting its actin
depolymerization activity. LIMK can also be phospho-
rylated by Pakl, which is downstream of Racl GTPase
(revied in [37]). Our data show that both ROCK1 and
Pakl are translationally repressed while CFL is transla-
tionally induced. CFL has an essential role in regulating
the actin cytoskeleton during growth cone elongation
[37]. Besides this, 2 GTPases close related to RhoA, and
also involved in actin cytoskeleton remodeling, RhoB and
RhoC, are equally translationally induced. Several Rho
family modulating GEFs and GAPs are translation regu-
lated, such as TRIO, ARHGAP1, ARHGAPS5, and FARP1.
FARPI1, a RAC1 GEEF, is implicated in the assembly and
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disassembly of dendritic filopodia, formation of dendritic
spines, and regulation of dendrite length [38, 39].

Some transcripts from proteins directly involved in
actin polymerization are also regulated. Profilin binds
monomeric actin and catalyzes the exchange of ADP for

ATP, promoting actin polymerization into actin barbed
ends. This reaction is stimulated by ARP 2/3, WASP, and
WAVE complexes. Arp2/3 complex is one of the most
important regulators of dendrite spine growth [40]. Pro-
filin, BRK1 (part of WAVE complex), ARPC4, ACTR2,
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ACTR3 (part of ARP complex) have increased TE; mean-
while, the Wasp complex members WASF2 and WASF3
have a slight decrease in TE. Proteins from the thymo-
sin family sequester monomeric actin, inhibiting actin
polymerization [41]. In our data, the thymosin family
members TMSB4X and TMSB10 have increased TE in
neurons (translationally induced category).

Besides actin cytoskeleton remodeling, proper axon
and dendritic arbor morphology rely on careful micro-
tubule polymerization, stabilization, severing, and
depolymerization. Likewise, we found the translation
regulation of several key proteins that participate in these
processes (Fig. 5C).

CRMP2 (DPYSL2) and CRMP3 (DPYSL4), both trans-
lationally induced in neurons, work on microtubule
cytoskeleton polymerization [42] and are essential for
semaphorin class 3 signaling and downstream remod-
eling of actin and microtubules [43]. In addition, they
are major modulators of dendrite development, neuronal
growth cone collapse, and axon guidance [44].

Doublecortin is a microtubule-binding protein local-
ized at the ends of neuritic and leading processes, where
it regulates microtubule organization and stability, regu-
lating neuron migration and dendrite growth during
development[45, 46]. In our data, it is translationally
induced in developing neurons.

IQGAP1 is a key regulator of dendritic spine number,
morphology, and extension. In the microtubule cytoskel-
eton, it works cooperatively with its interaction part-
ner Clipl70 (Clipl) and APC to regulate microtubule
dynamics and stabilization [47]. All three genes have a
decreased TE in neurons (IQGAPI and Clip170 transla-
tionally repressed; APC RNA up, TE down). In the actin
cytoskeleton, IQGAP1 works in complex with Cdc42 and
Racl to stimulate actin assembly by N-WASP and the
Arp2/3 complexes [48].

As shown in Fig. 5C, transcripts from the Stathmin
family (STMN3, STMN2, STMNI1) increase their TE
(translationally induced category) in developing neurons.
Proteins from this family constitute a hub that relays and
integrates various signaling pathways and is involved in
microtubule dynamics by promoting depolymerization
of microtubules or by preventing polymerization of tubu-
lin heterodimers [49]. Interestingly the neuronal-specific
STMNS3 (also known as SCLIP) [50] is regulated exclu-
sively translationally between NPC and Neuron in our
dataset. This gene has been implicated in controlling
growth cone expansion, axon morphogenesis, specifica-
tion, branching [51], and dendritic maturation [52].

Members of the Par polarity complex—PARD3,
PARD3B, and PARD6A—are translationally repressed in
developing neurons. This complex is essential to establish
neuronal polarity, axon specification, and dendritic spine
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formation [53, 54]. Pard3 is localized in the axon, espe-
cially at the growth cone, but is excluded from neurites
that will become dendrites [55]. PARD3 local translation
is also required for NGF-induced axon outgrowth [56].

Some genes with a less clear molecular mechanism
of action but fundamental in controlling neuritogenesis
were also found to be translation regulated. Some exam-
ples of translation-induced genes in developing neu-
rons in relationship to NPCs are GPM6A, SS18L1 (also
known as CREST), and RNF10. GPM6A is required for
normal axonal extension and guidance [57], filopodia
outgrowth, motility [58], spines, and synapse formation
[59]. The transcriptional activator SS18L1 (CREST) is
part of the neural progenitor Brg/Brm-associated factor
(npBAF) complex and is required for calcium-dependent
dendritic outgrowth and branching of cortical neurons
[60]. RNF10 is a ring finger protein involved in synapse-
to-nucleus signaling downstream to NMDA receptors.
It regulates spine density, neuronal branching, and den-
dritic architecture in hippocampal neurons [61].

To validate some of our findings, we randomly selected
5 translated regulated genes (CFL1, DPYSL2, SS18L1,
STMN3, and GPM6A). The first 3 were tested by qPCR
analysis of sucrose gradient fractionations of ribosomal
complexes (Fig. 5D). They all showed a greater mRNA
association with heavy polysomal fraction in neurons
when compared to NPCs. The last 2 genes were tested
by comparing protein induction with mRNA induction
in neurons and NPCs (Fig. 5E). Both seem to be greater
induced in protein levels than in mRNA levels in neu-
rons, suggesting that they are translated regulated.

The IPA GO analysis also identified translation modula-
tion enrichment in pathways known to control neuronal
circuit formation through cytoskeleton reorganization,
such as mTOR, Wnt, NGF, and CREB (Additional file 6:
Fig. S5), indicating that translation control mechanisms
may participate in tuning these pathways for proper neu-
ron development.

Taken together, our data suggest that translation con-
trol mechanisms play an important role in regulating
actin and microtubule cytoskeleton pathways that are
critical to neurite generation, spine formation, polariza-
tion, axon guidance, and circuit formation (Additional
files 7, 8, 9, 10).

Discussion

Translational control of individual transcripts has been
previously implicated in neuronal differentiation, axon
guidance, synapse regulation, and memory formation.
Only recently it has been possible to search for a com-
prehensive global picture of all genes and pathways regu-
lated by translation during neurogenesis. Comparison
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between published earlier NPC to neuron differentiation
transcriptomes [10, 11] (Additional file 5: Fig. S4) and
translatomes show small overlap between them, indicat-
ing that both transcription and translation are dynami-
cally regulated during neurogenesis. Therefore, an effort
to analyze multiple time points of differentiation, the
same way as done for transcription [62], will be necessary
to fully understand the temporal participation of transla-
tion regulation in neurogenesis.

In this work, we have specifically selected later dif-
ferentiating cortical neurons, in the stage of neurite
extension, migration, and connection establishment to
investigate the role of translation control on those pro-
cesses. The results obtained in our work indicate that
developing neurons especially rely on translation control
to fine adjust metabolism, regulate genes fundamental for
synaptic transmission and modulate important hubs in
actin and microtubule cytoskeleton pathways which are
critical for neurite generation, spine formation, polariza-
tion, axon guidance, and circuit formation. Most of the
translation-regulated genes found in our work were not
observed to be differentially regulated on those published
work, on the same differentiation model but in different
points of differentiation (Additional file 11: Table S4).

Previous reports have shown specific translation regu-
lation of neural actin cytoskeleton in developing and
adult neurons. Slit2 was shown to relieve Cofilin transla-
tion inhibition caused by the microRNA mir182 during
axon guidance [63]. B-actin mRNA translation is con-
trolled by different RBPs: ZBP1 during growth cone turn-
ing [64], HuD [65], hnRNP R [66], i.e.) and is induced by
netrin-1 signaling [67]. RhoA translation is induced by
Sema3A, and its regulation is required for growth cone
collapse [68]. Albeit in minor numbers, individual genes
in the microtubule cytoskeleton are also reported to be
translationally controlled. For instance, the microRNA
mir29a modulates axon branching by regulating double-
cortin translation in primary neuron culture [69]. Our
results confirm the translation regulation of all the above
genes in our model and expand the list of targets, indi-
cating an intense, widespread translation modulation of
cytoskeleton genes during neurogenesis and circuit for-
mation. More recently, Cagnetta et al. [70], have used
proteomics to analyze nascent protein synthesis in retinal
growth axons of Xenopus subjected to different cue stim-
uli (Netrin, Semaphorin 3A, and BDNF). In this study, a
few cytoskeleton genes (Tuba4b, Tubb4a, ACT2, CDC42,
and CFL-1, e.g.) were found to be fast induced/repressed
upon stimulus, with a small overlap with our data.
Although the cellular models are very different (Xenopus
retinal Axon X human entire cortical neuron), it is inter-
esting to verify that translation regulation of these genes
is conserved and may participate in axon guidance.
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In addition, our results suggest a role for translation
regulation of vesicle genes in synapse maturation, par-
ticularly members of the snare complex, small GTPase
Rab family, and ATPases involved in acidification and
neurotransmitter loading. Recently, it was shown that
Rbfox1 RBP regulates synaptic transmission through
modulation of Vampl mRNA translation/stability [71],
indicating that translation regulation of snare proteins
may be a common mechanism used by neurons to modu-
late synapse transmission.

Translation control of the identified pathways may help
promote fast adjustments in response to stimuli, such
as metabolic changes, synapses depolarization, or axon
guidance. Genes from housekeeping pathways and pro-
cesses from the neuronal soma are less likely regulated
translationally. Further work is necessary to define how
translation control of the identified genes occurs, which
RBPs/miRNA are involved, what regulatory elements are
present on these transcripts, and the role of translation
control pathways such as mTOR, EIF2, and EIF3 in the
process. Both mTOR [72] and EIF2 [73] are known to
participate in regulating neurite projections and wiring
in neurons and probably are regulating some of the genes
identified by our study. Our data also showed intense TE
modification of EIF3 subunits. Interestingly, this transla-
tion initiation factor binds to 5'UTR mRNA structures
and induces cap-independent translation initiation or
promotes translation inhibition of target mRNAs [74]. It
may promote bypass of 5’UTR uORFs translation inhibi-
tion. Recent work indicates that 5’"UTR uORFs and alter-
native 3’'UTR may contribute to differences in translation
efficiency of genes between developmental stages [10, 75]
by adding or removing miRNA and RBP binding sites.
Differences in the presence of these regulatory elements
between genes from the same family may help to explain
why some of them are regulated meanwhile others are
not. It will be interesting to investigate how alternative
structural regulatory elements participate in the transla-
tion efficiency differences observed.

One limitation of our study is that it was performed
in cell cultures where different processes are happening
simultaneously, making it hard to identify the upstream
signals responsible for regulation. Nevertheless, our work
provides a list of genes and processes for further investi-
gation and search for novel biological mechanisms.

Another question for future research is how the trans-
lation efficiency of some genes is regulated by cells to
compensate for the decrease/increase of transcription
(“translation buffering”) or to compensate for modifica-
tions in protein turnover during differentiation. In the
latter case, a comprehensive proteomics analysis of the
translationally regulated genes products will be necessary
to quantify the frequency of this form of regulation.
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Although the regulations reported here occur dur-
ing development, they may also participate in adult
neuronal processes. Some of the regulated genes are
involved in cognition (IQGAP1 [76], e.g.), synaptic
plasticity (RhoB [77], e.g.), and memory (SS18L1 [78],
e.g.). Intriguing, several of these genes are known to be
mutated in neuronal diseases, which brings into ques-
tion what the role of translation regulation on these dis-
eases is, and if it can be manipulated to benefit patients.

In summary, our work provides evidence that neu-
rons extensively rely on translation regulation to
modulate genes and pathways necessary for their devel-
opment and function as metabolism, synapses, and
cytoskeleton regulated processes.
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