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Abstract

More than a passive effector of gene expression, mRNA translation (protein synthesis) by the 

ribosome is a rapidly tunable and dynamic molecular mechanism. Neurodevelopmental disorders 

are associated with abnormalities in the mRNA translation, protein synthesis, and neocortical 

development; yet, we know little about the molecular mechanisms behind these abnormalities. 

Furthermore, our understanding of the regulation of the ribosome and mRNA translation during 

normal brain development is poor. mRNA translation is emerging as a key driver of the rapid and 

timed regulation of spatiotemporal gene expression in the developing nervous system, including 

the neocortex. In this review, we focus on the regulatory role of the ribosome in neocortical 

development, and construct a current understanding of how ribosomal complex specificity may 

contribute to the development of the neocortex. We also present a microarray analysis of ribosomal 

protein-coding mRNAs across the neurogenic phase of neocortical development, in addition to the 

dynamic enrichment of these mRNAs in actively translating neocortical polysomal ribosomes. 

Understanding the multivariate control of mRNA translation by ribosomal complex specificity will 

be critical to reveal the intricate mechanisms of normal brain development and pathologies of 

neurodevelopmental disorders.

Neocortical development and post-transcriptional processing

The neocortex forms the central neuronal circuit of higher cognitive function and voluntary 

motor behavior in evolutionarily advanced species (Rakic, 2009; Lui et al., 2011). 

Development of this complex laminar structure from neural stem cells requires an intricate 

progression of spatially and temporally controlled molecular events (Molyneaux et al., 2007; 

Leone et al., 2008, Kriegstein and Alvarez-Buylla, 2009; DeBoer et al., 2013). During 

neocortical development, neocortical neural stem cells initially divide symmetrically, then 

transition to multipotent radial glia (RG) progenitors dividing asymmetrically to acquire 

progressively specific neuronal fates first, followed by glial fates. During the neurogenic 

phase of neocortical development, the uninterrupted progressive specification of RG is 
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essential to generate a great diversity of glutamatergic pyramidal projection neuron 

subpopulations, with lower layers born first and upper layers born second.

Each layer’s pyramidal neurons assume a characteristic molecular profile and form specific 

axonal projections with different targets throughout gestation, laying the foundation for 

extensive refinements lasting into early adulthood (Molyneaux et al., 2007; Thomson et al., 

2007; Petreanu et al., 2009; Rakic, 2009; DeBoer et al., 2013). Lower layer 5 and 6 

pyramidal neurons will predominantly project to subcortical structures, including the 

thalamus and spinal cord. In contrast, upper layers 2 and 3 will solely project intracortically 

within the ipsilateral hemisphere, or to contralateral targets via the corpus callosum. Thus, 

the intricate development of neocortical structure lays the foundation for the functional 

output of its circuits.

Differential transcription factor expression was shown to be a major driver of neuronal fate 

during RG differentiation (Molyneaux et al., 2007; Leone et al., 2008; Kriegstein and 

Alvarez-Buylla, 2009; DeBoer et al., 2013). A focus on regulation at the transcriptional 

level, combined with advances in nucleic acid-based technologies, has led to a series of 

studies analyzing the genome and transcriptome of the neocortex. The transcriptional 

signature of the neocortex has been studied throughout pre- and post-natal development 

(Ayoub et al., 2011; Kang et al., 2011; Hawrylycz et al., 2012; Pletikos et al., 2013; 

Fertuzinhos et al., 2014; Jaffe et al., 2014; Miller et al., 2014), across neocortical layers 

(Belgard et al., 2011; Hoerder-Suabedissen et al., 2013), and even at the neuronal-subtype 

level (Molyneaux et al., 2015). Research on neurological disorders involving the neocortex 

has also highlighted the transcriptional framework, with many studies on autism spectrum 

disorders focusing on abnormalities at the genomic (Bartlett et al., 2005; Morrow et al., 

2008; Weiss et al., 2009; Pinto et al., 2010; Sanders et al., 2011; Michaelson et al., 2012; 

O’Roak et al., 2012) and transcriptomic (Voineagu et al., 2011; Parikshak et al., 2013) 

levels. Other studies have begun to reveal epigenetic signatures in different cortical areas 

during development, across evolution, aging, and disease (Hirabayashi and Gotoh, 2010; 

Numata et al., 2012; Petanjek and Kostovic, 2012; Hata et al., 2013; Reilly et al., 2015). 

Taken together, these excellent studies support the observation that transcriptional regulation 

determines neuronal subtype differentiation.

As research continues on the molecular basis of the vast complexity and diversity 

encompassing neocortical development, it is clear that a large-scale analysis of regulation at 

the post-transcriptional level is on the horizon. Regulation at the post-transcriptional level is 

well positioned to amplify the complexity and spatiotemporal specification of neuronal 

subtypes generated from RG in the developing neocortex (DeBoer et al., 2013; Pilaz and 

Silver, 2015) (Figure 1). RNA-binding proteins (RBPs) have been shown to play crucial 

roles in neocortical development, regulating all steps of post-transcriptional processing 

(splicing, localization, stability/decay, translation), and have been described in detail 

previously (DeBoer et al., 2013; Pilaz and Silver, 2015). Here, we focus on the final and 

essential step in functional gene expression, mRNA translation into proteins at the level of 

the ribosome, during neural development. We propose that the ribosome and its associated 

factors, constituting a highly dynamic and complex macromolecular machine, drive the 

spatiotemporal development of the neocortex.
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Ribosomal complex assembly and diversity

The ribosome is a massive macromolecular complex of 4 rRNA species and at least 79 

ribosomal proteins (R-proteins) in eukaryotes, where the intricate process of ribosome 

assembly – largely studied in yeast – involves over 150 non-ribosomal factors (Fromont-

Racine et al., 2003; Henras et al., 2008; Kressler et al., 2010) (Figure 1). The eukaryotic 80S 

ribosome capable of mRNA translation and found in the cytoplasm is composed of two main 

subunits, a small 40S subunit and a large 60S subunit. The pathway assembling these 

subunits with their constituent rRNAs and R-proteins begins in the nucleolus and 

nucleoplasma with three separate RNA polymerases I-III (Pol-I, Pol-II, Pol-III). In the 

nucleolus, Pol-I transcribes 3 of the 4 rRNAs from a polycistronic rDNA locus to initially 

generate a 45S pre-rRNA transcript. The 45S pre-rRNA undergoes extensive site-specific 

processing, including sequential cleavage, pseudouridylation, and methylation via the 

concerted action of small nucleolar RNAs (snoRNAs) and ribonucleolar proteins 

(Tschochner and Hurt, 2003; Henras et al., 2008; Tafforeau et al., 2013), ultimately 

generating 18S, 5.8S, and 28S rRNAs. The fourth 5S rRNA is transcribed by Pol-III in the 

nucleoplasma from gDNA at a different locus.

R-proteins are transcribed by Pol-II in the nucleoplasma followed by translation in the 

cytoplasm, and then imported into the nucleus (Figure 1). It is worth noting that there are 

~2,000 genomic sequences encoding at least 79 mammalian R-proteins; while most of these 

are predicted to be pseudogenes (Balasubramanian et al. 2009; Zhang et al., 2002), in lower-

order eukaryotes Rproteins are often encoded by multiple genes acting as functionally 

distinct paralogues (Xue and Barna, 2012). Pseudogenes themselves have been implicated in 

the post-transcriptional regulatory framework (Muro et al., 2011), and indeed have been 

shown to regulate gene expression in the brain (Korneev et al., 1999). In the nucleolus and 

nucleoplasma, R-proteins complex with the 4 folded rRNAs (18S, 5.8S, 28S, and 5S) to 

progressively mature pre-ribosomal species. Ultimately, the small 40S subunit is composed 

of 18S rRNA and 32 R-proteins (Rproteins small; Rps), while the large 60S is composed of 

5S, 5.8S, and 28S rRNAs with an additional 47 R-proteins (R-proteins large; Rpl). These 

mature 40S and 60S subunits exit the nucleoplasma through nuclear pore complexes via 

facilitated diffusion by a Ran-GTPase cycle.

Once in the cytoplasm, 40S subunits initiate mRNA translation via 5’ cap-dependent or cap-

independent mechanisms (Jackson et al., 2010) (Figure 1). Subsequent 60S joining forms 

80S ribosomes (monosomes), capable of active peptide elongation predominantly in 

complexes of multiple 80S ribosomes (polysomes) per mRNA, with monosomes translating 

a subset of mRNAs (Heyer and Moore, 2016). Active translation occurs until termination 

complex formation and subunit recycling (Dever and Green, 2012). Ribosomal function 

during the cycle of mRNA translation is itself facilitated by numerous eukaryotic initiation 

(eIF) and elongation (eEF) factors, while adopting a highly dynamic range of structural 

intermediates (Behrmann et al., 2015) within a landscape of energetic favorability (Munro et 

al., 2009). The activity of translation eIF and eEF co-factors is extensively regulated, largely 

by post-translational modifications like phosphorylation (Jackson et al., 2010; Dever and 

Green, 2012). Ribosome biosynthesis to actively translating complexes is an intricate 

assembly process involving hundreds of non-ribosomal molecules and substantial cellular 
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energy resources. The numerous and complex steps of ribosome assembly afford many 

opportunities for regulation, modification, or dysfunction – many of which occur between 

core ribosomal components themselves for quality control and feedback mechanisms 

(Strunk et al., 2011, 2012; Karbstein, 2013).

While the extensive reviews cited above cover key steps in this process, many aspects of the 

ribosome biosynthetic pathway remain a mystery. This is particularly the case in higher-

order eukaryotes, since the vast majority of previous analyses were performed in yeast and 

bacteria-derived in vitro systems. This was not previously a matter of contention, as 

ribosome biosynthesis and mRNA translation mechanisms were considered to be highly 

conserved. However, recent work strongly points towards system-specific complexity in 

ribosomal structure and function (Roberts et al., 2008). At the forefront of this research is 

emerging evidence that tissue patterning in mammalian development, including the 

neocortex, is specified at the level of the ribosome and mRNA translation (Mauro and 

Edelman, 2007; Kondrashov et al., 2011; Xue and Barna, 2012; Kraushar et al., 2014, 2015; 

Xue et al., 2015). Heterogeneity in core ribosomal components and associated co-factors 

may be a major driving force in the specification of stem cell fate during development 

(Brombin et al., 2015; Sanchez et al., 2016).

Dynamics of the riboproteome and RNA binding proteins – the ribosome 

signature

An increasing number of independent groups are providing evidence that ribosomes have 

differential protein compositions based on localization, developmental-stage, cell-type 

specificity, and responding to changing environmental conditions (Kondrashov et al., 2011; 

Xue and Barna, 2012; Reschke et al., 2013; Kraushar et al., 2014, 2015; Brombin et al., 

2015; Slavov et al., 2015; Xue et al., 2015). We recently described the developmentally 

dynamic composition of R-proteins in ribosomal complexes during neocortical development 

as the neocortical “ribosome signature” (Kraushar et al., 2015).

The working hypothesis behind the ribosome signature is that it is determined by 

heterogeneity in ribosomal protein composition and the activity of ribosome-associated 

factors. This is supported by several unbiased mass-spectrometry analyses that identified the 

existence of ribosomes with distinct protein compositions (Reschke et al., 2013; Kraushar et 

al., 2015; Slavov et al., 2015). The differential incorporation of R-proteins may have specific 

physiologic functions, impacting the translation of specific mRNAs via their 5’ and 3’ 

untranslated regions (UTRs). This was shown in the developing axial skeleton, where 

differential Rpl38 expression was shown to regulate tissue patterning and mRNA translation 

by the Hox gene family via an IRES-dependent mechanism in their 5’-UTRs (Xue et al., 

2015). Likewise, Rpl13a regulates Ceruloplasmin mRNA translation via its 3’-UTR in 

response to interferon-γ signaling in the immune system (Mazumder et al., 2003; Kapasi et 

al., 2007). Related mechanisms may exist in the developing neocortex, as we previously 

found that the same morphogen (Wnt3) regulating Rpl7 enrichment in neocortical 

polysomes stimulates the translation of Forkhead box protein P2 (Foxp2) mRNA via its 3’-

UTR, driving lower-layer neuron differentiation (Kraushar et al., 2015). The exact 
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mechanisms defining the differential incorporation of R-proteins into heterogeneous 

ribosome populations remain unclear, but the tracking of R-protein exchange between 

ribosomes has been described under stress conditions (Pulk et al., 2010). The combinatorial 

composition and stoichiometry of R-proteins in distinct ribosome species may act in concert 

with other modifications to core ribosome structure (Vesper et al., 2011; Byrgazov et al., 

2013) to define the ribosome signature.

Of the proteins constituting ribosomal complexes, also known as the riboproteome, RBPs 

were dynamically enriched in a variety of analyzed mouse and human-derived cell types by 

Reschke and colleagues using stable isotope labeling by amino acids in cell culture 

(SILAC)-based mass spectrometry (Reschke et al., 2013). This study found a remarkable 

array of RBPs in complex with the ribosome, which may themselves serve to regulate the 

ribosome signature. The study of a prominent family of RBPs, the Hu antigens, has provided 

insight into the precise developmental role that such regulatory molecules can play in 

mRNA translation (Antic and Keene, 1997; Okano and Darnell, 1997; Lebedeva et al., 2001, 

Ince-Dunn et al., 2012; Darnell, 2013). Hu antigen R (HuR) was found to regulate the 

mRNA composition of actively translating ribosomes in neocortical development (Kraushar 

et al. 2014). Furthermore, deletion of HuR in the developing neocortex impacts the protein 

components of the translation machinery. Conditional HuR deletion (HuR-cKO) in all 

neocortical projection neurons affects the post-translational modification of core mRNA 

translation initiation and elongation factors. In addition, HuR-cKO depletes polysomes of R-

proteins, like Rpl7, and subsets of other translation co-factors. Thus, HuR impacts mRNA 

translation on many levels, including the riboproteome and ribosome signature. HuR further 

results in agenesis of the corpus collosum and a smaller neocortex. A small neocortex is 

generally associated with microcephaly and neurodevelopmental dysfunction, reflecting 

abnormal development of neocortical projection neurons and consequently circuit level 

aberrations.

Bioinformatics pathway analysis of previously published microarray data (DeBoer et al., 

2013) revealed that many mRNAs encoding R-proteins (R-mRNAs) are expressed across 

neocortical development (Figures 2A and 3A). The neocortex was analyzed at E11 (onset of 

neural stem cell proliferation), E13 (RG asymmetric divisions generating lower-layer 

neurons), E15 (switch to RG asymmetric divisions generating upper-layer neurons), and E18 

(resolution of neurogenesis). Further bioinformatic analysis compared the dynamic temporal 

changes in steady state levels of mRNAs encoding ribosomal proteins between E11, E13, 

E15 and E18. Heat maps were scaled with respect to distinct gene transcript levels at each 

adjacent stage, revealing changes in the total expression levels of only a small number of Rpl 
(6.7%, 12/178) and Rps (17%, 21/119) R-mRNAs (Figures 2B and 3B, respectively). 

Changes in the levels of R-mRNAs such as Rpl7l1 and Rps20 were confirmed using 

quantitative real-time PCR (qRT-PCR; Figures 2C and 3C, left). In situ hybridization 

analysis using available online databases (www.genepaint.org as in DeBoer et al., 2013) 

showed particular R-mRNA enrichment in the neocortical ventricular zone (VZ) and cortical 

plate (CP) at E14.5 (Figures 2C and 3C, right). Most of the changes in total neocortical R-

mRNA levels occurred during mid-neurogenesis between E15–E18 (Figures 2B and 3B), 

which reflected the observed dynamics for other post-transcriptional processing genes 

(DeBoer et al., 2013; Kraushar et al., 2015). While some R-proteins were specifically shown 
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to change in their polysome association despite constant steady state levels (Kraushar et al., 

2015), these microarray and qRT-PCR findings suggest that a small subset may be regulated 

in total levels transcriptionally.

In addition to unbiased mass-spectrometry analysis of the riboproteome, ribosome profiling 

by RNA sequencing identifies the mRNA targets of dynamic ribosome complexes. Our 

previous analysis revealed many mRNAs are specifically dynamic in their association with 

actively translating polysomes across neocortical development, while their overall steady-

state levels remain unchanged (Kraushar et al., 2014, 2015). These translationally regulated 

mRNAs largely code for either transcription or translation pathway genes, including R-

mRNAs. We performed sucrose density gradient ultracentrifugation and fractionation of 

E13, E16, and P0 WT neocortex followed by RNA isolation and qRT-PCR measurement of 

R-mRNA levels in 40S-60S-80S and polysome complexes, selecting R-mRNAs whose 

steady-state levels were not found to change previously by RNAseq (Figure 4). The results 

confirmed the RNAseq data, showing developmentally dynamic shifts in R-mRNAs 

associated with 40S-60S-80S and polysomal fractions between E13, E16, and P0. The Rpl7 
transcript was reduced in polysomes over time but unchanged in total levels; this was 

determined in both GO and KEGG analyses and was confirmed by qRT-PCR. In contrast, 

Rps13 did not vary significantly in GO analysis, and was shown to be unchanged in 

polysomes during development. Similar results for other Rpl and Rps mRNAs confirmed 

dynamic changes in association with 40S-60S-80S and polysomal fractions. Further more 

stringent statistical testing with a Monte Carlo-based simulation approach (Kraushar et al., 

2014) was also performed, which reinforced the significance of Rpl7 and Rps12, while 

Rps13 and 18S rRNA (not shown) remained insignificant. Consistent with previous findings 

(Kruashar et al., 2015), these results suggest that temporally regulated shifts in the 

association of distinct mRNA populations with polysomes, including R-mRNAs, begin at 

E16 and continue to P0.

Recently, Cho and colleagues performed a similar analysis of translational efficiency in the 

hippocampus during the acute and long-term phases of memory encoding in the 

hippocampus (Cho et al., 2015). Ribosome profiling of translationally active mRNAs 

normalized to the steady-state transcriptome measured by RNAseq revealed the translational 

regulation of mRNAs in response to a memory task. Surprisingly, the predominant trend was 

towards translational suppression in the acute phase of memory encoding in the 

hippocampus, and particularly suppression of R-mRNA expression. While the regulation of 

R-mRNA translation has been described to occur in both 5’-terminal oligopyrimidine tract 

(5’-TOP) (Meyuhas, 2000) and 3’-polyA dependent (Subtelny et al., 2014) mechanisms in 

other systems, its role in the brain is unclear. Intriguingly, early work on the regulation of 

balanced R-protein expression in prokaryotes found that R-proteins are capable of regulating 

the translation of their own R-mRNAs (Nomura et al., 1984), suggesting a translationally-

based feeback mechanism regulating ribosome assembly. This regulation may further 

include the splicing of pre-R-mRNA transcripts influenced by R-proteins in eukaryotes 

(Mitrovich and Anderson, 2000; Ivanov et al., 2006; Malygin et al., 2007).

While the picture in eukaryotes is less clear, our previous findings of increasing Rpl7 protein 

in neocortical polysomes at later developmental stages (Kraushar et al., 2015) in concert 
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with decreasing polysomal Rpl7 R-mRNA (Figure 4) may reflect similar feedback 

mechanisms. Furthermore, there may be an overlap between translationally-specific 

regulation in neocortical development (Kraushar et al., 2015) (Figure 4) and memory 

formation (Cho et al., 2015), also evidenced by the regulation of eIF2 phosphorylation in 

both contexts (Costa-Mattioli et al., 2005, 2007; Kraushar et al., 2014). Taken together, these 

findings point to a mechanism of regulation that is tightly controlled in two intricate 

processes: brain development and memory formation. The result of this is profound: an 

exceptionally complex organ that can encode and recall its experiences - no small feat for a 

group of translation-specific molecules.

The neocortical ribosome signature and extracellular factors

Timed extracellular signaling events determine normal neocortical development. One of 

these major developmental events is the ingrowth of thalamic axons at mid-neurogenesis, 

which in mouse occurs around embryonic days 15–16 (López-Bendito and Molnár, 2003), 

and may further impact both human neurodevelopment (Kostović and Judaš, 2007; Fair et 

al., 2010; Toulmin et al., 2015) and consequently disorders like autism (Nair et al., 2013) 

and schizophrenia (Woodward et al., 2012; Woodward and Heckers, 2014). The timed 

ingrowth of thalamocortical axons is accompanied by secretion of extracellular factors into 

the developing neocortex.

Extracellular factors have been shown to regulate mRNA translation specificity in multiple 

neuronal systems (Campbell and Holt, 2001; Petroulakis and Wang, 2002; Schratt, 2004). 

For example, the BDNF trophic factor regulates translation of a select group of mRNAs 

during neuronal development, specifically within neuronal dendrites in a mammalian target 

of rapamycin (mTOR)-dependent pathway (Schratt, 2004). Thalamocortical axons secrete a 

member of the Wnt morphogen family, Wingless-related MMTV integration site 3 (Wnt3), 

which regulates the neocortical ribosome signature by targeted mRNA translation and 

specifying the R-protein composition neocortical polysomes (Kraushar et al., 2015). 

Thalamocortical Wnt3 stimulates the enrichment of Rpl7 in polysomes of the sensorimotor 

neocortex, and further promotes neocortical neuronal differentiation while suppressing 

oligodendrocyte differentiation, in a translation-dependent manner. Specifically, Wnt3 drives 

the differentiation of Foxp2+ lower-layer neocortical neurons by the translation of Foxp2 
mRNA via its 3’-UTR. Furthermore, thalamic Wnt3-cKO influences the translation of R-

mRNAs, including Rpl7 (Figure 4, “cKO”). Taken together, these data suggest that timed 

signaling during neocortical development acts at multiple steps to regulate the neocortical 

riboproteome and specific mRNA translation, thus regulating the neocortical ribosome 

signature.

Ribosomes and mRNA translation in neurodevelopmental disorders

Ribosomopathies are associated with mRNA translation deficiency, cell cycle arrest, and 

neurodevelopmental disorders (Narla and Ebert, 2011; Teng et al., 2013; Brooks et al., 

2014). In particular, an X-linked missense mutation in a single R-protein, Rpl10, results in 

microcephaly, cognitive deficits, and seizures in humans (Brooks et al., 2014). The 

developmental impact of Rpl10 deficiency was confirmed in this study with an Rpl10-
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targeting morpholino in zebrafish, resulting in microcephaly and a decrease in global mRNA 

translation. Rpl10 is enriched in actively translating ribosomes in the early developing 

neocortex and decreases by the postnatal period (Kraushar et al., 2015). As 

neurodevelopmental disorders have been linked to both abnormal thalamocortical 

connectivity (Kostović and Judaš, 2007; Woodward et al., 2012; Woodward and Heckers, 

2014) and RBPs, such as dysmorphic dendrites, cognitive dysfunction, and seizure 

susceptibility in HuD KO mice (DeBoer et al., 2014), it is conceivable that even slight 

alterations in regulatory signaling to the ribosome signature and mRNA translation during 

neocortical development could lead to life-long structural and functional brain 

abnormalities.

Many human and animal model studies of Autism Spectrum Disorders (ASDs) have 

implicated genes and pathways that converge on mRNA translation in the cortex as a target 

in ASD etiology (Kelleher and Bear, 2008; Park et al., 2008; Gkogkas et al., 2013; Santini et 

al., 2013). This is reinforced by ASD subtypes that are caused by defective genes associated 

with mRNA translation (Kelleher and Bear, 2008), which are expressed in the developing 

neocortex. In parallel, abnormal neocortical development is strongly implicated in ASDs 

(State and Šestan, 2012). However, while the regulation of core translation components has 

been implicated in ASDs (Park et al., 2008; Darnell et al., 2011; Gkogkas et al., 2013), how 

their dysfunction leads to abnormal neocortical development remains unanswered and a key 

direction for future research.

Conclusions and future directions

Recent research has revealed the centrality of post-transcriptional regulation in brain 

development and function. RBPs, for example, have been shown to play a major role in 

neocortical development. It has also begun to hint at the heterogeneity of the ribosome and 

the particular role that it plays in development. However, there is still a significant gap in 

knowledge regarding the role that post-transcriptional regulation plays in normal and 

abnormal brain development. The interplay between heterogeneous ribosome complexes and 

their capability to both promote and suppress translation of a specific mRNA in a given 

place and time will be particularly critical to understand brain development and disease. This 

may act in concert with the regulation by translation co-factors like eIF2 as described above, 

and eIF4E which was shown to regulate the pool of pro-neurogenic mRNAs bound in 

granules with the repressor 4E-T in the neocortex (Yang et al., 2014). Furthermore, 

modulation of mRNA translation rate itself regulates neocortical neurogenesis of upper layer 

neurons derived from intermediate progenitor cells, via a mechanism involving addition of 

5-methoxycarbonylmethyl (mcm5) and 5-carbamoylmethyl (ncm5) groups to U34 in 11 

tRNA species (Laguesse et al., 2015). Conditional deletion of the Elongator (Elp3) enzyme 

responsible for these tRNA modifications in neural progenitors triggers the unfolded protein 

response (UPR) and inhibition of indirect upper-layer neurogenesis. Thus, future work will 

be required to elucidate both specific targeting and general regulation by the mRNA 

translation apparatus in neocortical neurogenesis. As the findings of our group and others 

have shown, many changes to mRNA translation complexes occur at mid-neurogenesis, 

overlapping with the switch in lower- to upper-layer neurogenesis. How this timed 

posttranscriptional regulation of gene expression serves to specify neuronal subtypes will be 
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the focus of future efforts. Overall, the field should strive towards as deep an understanding 

of posttranscriptional regulation as we have of transcriptional regulation.

Future studies will determine ribosome signature specificity in developing complex systems, 

such as the neocortex with its many circuits, neuronal subpopulations, and sub-

compartments. Along these lines, one interesting question to consider is the specificity of the 

ribosome signature and mRNA translation regulation in dendritic compartments, since local 

mRNA translation is a critical mechanism in developing neurites and mature dendrites 

(Bramham and Wells, 2007; Kong and Lasko, 2012). The ribosome signature provides an 

unexpected and intriguing level of complexity in the rapid and timed regulation of functional 

gene expression. From transcription, splicing, localization, stability/degradation, and finally 

translation, the journey of mRNA transcripts between the genome to functional proteome is 

a long one (Figure 1). At each of these steps, regulation multiplies the possible outcomes, 

amplifying complexity in the molecular specification of neural stem cells to differentiated 

functional neuronal circuits in the neocortex.
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Highlights

- mRNA translation (protein synthesis) by the ribosome is a rapidly tunable 

and dynamic molecular mechanism in developing nervous system

- ribosomes have differential protein compositions based on localization, 

developmental-stage, and cell-type specificity

- timed extracellular signals dictate ribosome and mRNA translation 

specificity
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Figure 1. The landscape of post-transcriptional regulation and the ribosome signature in 
neocortical development
(Adapted from Kraushar et al., 2015).
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Figure 2. Microarray analysis of neocortical Rpl mRNA expression across development
(A) Total expression levels of Rpl mRNAs measured in the E11, E13, E15, and E18 

neocortex by microarray (DeBoer et al., 2013), shown as unscaled (global levels relative to 

other mRNAs, left) and scaled for each gene (relative levels over time for each mRNA, 

right). Unscaled heat maps have been scaled over the samples using the standard RMA 

method in limma. This was done to show comparative expression levels between genes. The 

scaled version divides the values in each row (each gene) by its own mean and is therefore 

expressed as a z-score (see scale). Microarray analysis was performed in duplicate for each 

developmental stage (A+B). (B) Subset of Rpl mRNAs significantly changing levels across 

development in the neocortex. (C) qRT-PCR confirmation of Rpl mRNAs measured by 

microarray to significantly change (Rpl7l1) or remain unchanged (Rpl36, Rpl41, Rplp0) 

across neocortical development (left, P < 0.05). In situ hybridization (right) in the E14.5 

necortex for confirmed R-mRNAs (www.genepaint.org as in DeBoer et al., 2013).
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Figure 3. Microarray analysis of neocortical Rps mRNA expression across development. (A–C)
Rps mRNA analysis, as shown in Figure 2 for Rpl mRNAs.
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Figure 4. R-mRNA translation across neocortical development
(A) qRT-PCR analysis of Rpl7, Rpl41, Rps12, and Rps13 R-mRNAs in WT E13, E16, P0 

vs. P0 Kcnc2-Cre/Wnt3flf (cKO) sucrose density gradient fractionations. These R-mRNAs 

were found to have unchanged steady-state levels across neocortical development, with a 

subset changing levels specifically in 40S-60S-80S and/or polysome complexes, as 

measured by RNAseq previously (Kraushar et al., 2015). mRNA levels in individual 

fractions (left), or grouped by free (1–3), 40S–60S (4–5), 80S (6–7), light (8–9), and heavy 

(10–13) polysome associated fractions (right) are shown for each RmRNA (n=2–6 
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neocortices, 1–3 fractionations, in duplicate/condition). (B) Statistical analysis of (A), 

significant comparisons highlighted in red (ANOVA, Tukey’s HSD post hoc).

Kraushar et al. Page 20

Int J Dev Neurosci. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Neocortical development and post-transcriptional processing
	Ribosomal complex assembly and diversity
	Dynamics of the riboproteome and RNA binding proteins – the ribosome signature
	The neocortical ribosome signature and extracellular factors
	Ribosomes and mRNA translation in neurodevelopmental disorders
	Conclusions and future directions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

