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Abstract 
Diverse subtypes of cortical projection neurons (PN) form long-range axonal projections that are responsible for distinct 
sensory, motor, cognitive, and behavioral functions. Translational control has been identified at multiple stages of PN 
development, but how translational regulation contributes to formation of distinct, subtype-specific long-range circuits is 
poorly understood. Ribosomal complexes (RCs) exhibit variations of their component proteins, with an increasing set of 
examples that confer specialized translational control. Here, we directly compare the protein compositions of RCs in vivo 
from two closely related cortical neuron subtypes–cortical output “subcerebral PN” (SCPN) and interhemispheric “callosal 
PN” (CPN)– during establishment of their distinct axonal connectivity. Using retrograde labeling of subtype-specific 
somata, purification by fluorescence-activated cell sorting, ribosome immunoprecipitation, and ultra-low-input mass 
spectrometry, we identify distinct protein compositions of RCs from these two subtypes. Strikingly, we identify 16 
associated proteins reliably and exclusively detected only in RCs of SCPN. 10 of these proteins have known interaction 
with components of ribosomes; we further validated ribosome interaction with protein kinase C epsilon (PRKCE), a 
candidate with roles in synaptogenesis. PRKCE and a subset of SCPN-specific candidate ribosome-associated proteins 
also exhibit enriched gene expression by SCPN. Together, these results indicate that ribosomal complexes exhibit subtype-
specific protein composition in distinct subtypes of cortical projection neurons during development, and identify potential 
candidates for further investigation of function in translational regulation involved in subtype-specific circuit formation.  
 
Introduction 

The brain's ability to perform distinct sensory, motor, 
cognitive, and behavioral functions relies critically on the 
proper development of diverse neuronal subpopulations, 
and establishment of their distinct connectivity. In the mam-
malian cerebral cortex, excitatory glutamatergic projection 
neurons (PN) originate from dorsal pallial progenitors and 
migrate radially to form the cortex in an inside-out manner, 
with early-born neurons occupying deeper layers and later-
born neurons settling in more superficial layers1. Distinct 
subtypes of PN then extend long-range axonal projections to 
specific targets, forming circuits that control motor function, 
sensory perception, cognition, and associative behavior.  

We focus on two exemplar PN subtypes, defined by their 
primary axonal connectivity. Subcerebral PN (SCPN), which 
include corticospinal neurons, are a distinct subtype of cor-
tical output neurons that comprises the entire population of 
neurons that project from the cortex to the brainstem and 
spinal cord1,2. SCPN reside predominantly in layer V, and 
control voluntary and dextrous motor function. SCPN of mo-
tor and non-motor types are specifically vulnerable to degen-
eration in amyotrophic lateral sclerosis (ALS)3,4 and related 
frontotemporal dementia (FTD)5,6, respectively. In contrast, 
callosal PN (CPN), with ~80% in cortical layer II/III and 
~20% in layer V, extend axons through the corpus callosum 
(CC) and connect generally homotopic areas between hemi-
spheres7. CPN are essential for high-level associative and in-
tegrative functions, and are involved in autism spectrum dis-
orders, intellectual disability, and other neuropsychiatric 
disorders. 

SCPN and CPN are developmentally closely related cor-
tical PN, and must both establish shared properties of long-
projection, glutamatergic PN while building quite distinct 
axonal connectivity during development, so relatively subtle 
molecular distinctions between these subtypes likely under-
lie their subtype-specific circuit formation. In the past two 
decades, transcriptional analyses of SCPN, CPN, and a few 
other well-studied subtypes have identified key transcrip-
tional regulatory controls over axonal connectivity (re-
viewed in 1). Translational regulatory control during cortical 
development is less well investigated, but is likely an im-
portant additional layer of dynamic and spatial regulatory 
control. 

Translational regulation controls when, where, and how 
proteins are made, and multiple lines of evidence support 
such functions in cortical development. In early corticogen-
esis, progenitors and newly born neurons often co-express 
multiple transcription factors specifying alternative subtype 
identities at the mRNA level, but repress their translation, 
likely to ensure temporal precision of TF expression8,9. As 
neurogenesis progresses from production of early-born neu-
rons to production of later-born neurons, there are  shifts in 
subsets of transcripts undergoing translation, regulated by 
RNA-binding proteins including ELAVL410, ELAVL111, and 
CELF112 as well as by ribosomal proteins RPL7/uL30 and 
RPL10/uL1613. Later-born neurons exhibit higher global 
translational rates than their early-born counterparts14. Dur-
ing later stages, as PN extend long-range axonal projections, 
specific transcripts are trafficked to axonal growth cones15,16 
, and in vitro work has revealed that local translation func-
tions importantly in axonal growth and guidance17–20.  
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Despite these insights that underscore the importance of 
translational control, understanding is limited as to how this 
regulation is specialized in distinct projection neuron sub-
types, especially while subtype-specific long-range circuitry 
is being established. In addition to selection of mRNAs, little 
is known about subsequent steps of translation, including 
mechanisms governing subcellular-organellar localization 
of protein production, elongation rate, as well as co-transla-
tional folding and modifications. Moreover, few molecular 
regulators of translational control, and protein synthesis in 
general, have been identified in cerebral cortex in vivo, let 
alone in specific subtypes. 

To investigate subtype-specificity of translational control 
in vivo, our lab developed two complementary approaches. 
In previously reported work, Froberg et al. developed and 
applied “nanoRibo-Seq”, an ultra-low-input ribosome profil-
ing approach, to enable subtype-specific investigation of 
transcriptome-wide translational efficiency from purified 
somata21. While this work at one level confirmed the ex-
pected high correlation between broad SCPN and CPN 
translational patterns, it notably identified about four dozen 
mRNAs with significantly differential translational efficien-
cies between SCPN and CPN21. Strikingly, the analyses also 
quite unexpectedly identified extensive translation from up-
stream open reading frames (uORFs) for synapse-related 
genes for both subtypes21. This work reinforced the im-
portance of subtype-specific translational regulation, 
strongly motivating investigation of subtype-specific molec-
ular machinery that might underlie such differences. 

Here, we directly investigate potential specialization of 
translational machinery:  ribosomes and their associated 
complexes, collectively referred to here as “ribosomal com-
plexes” (RCs).  

Emerging evidence highlights the vast potential for spe-
cialization of ribosomes by modifying their protein compo-
sition of both core ribosomal proteins (RPs) and associated 
proteins22. Several RPs including RPL10A/uL123, 
RPL38/eL3823,24, and RPS25/eS2523 are present only in sub-
sets of ribosomes, and are found to preferentially bind sub-
sets of transcripts. Ribosomes also serve as a hub for transla-
tion factors, RNA-binding and processing proteins22,25 and 
components of co-translational modification, folding, and 
complex assembly machinery26. Associated proteins play 
critical roles in translation, and are increasingly found to 
confer to ribosomes remarkably varied functional specializa-
tion22,25. Examples in neurobiology include: fragile X mental 
retardation protein (FMRP), which inhibits translation elon-
gation of its target transcripts27; and p180, which localizes ri-
bosomes to axonal ER tubules and recruits mRNAs encoding 
axonal membrane proteins28. Intriguingly, the axon guid-
ance receptor DCC inhibits translation via binding to ribo-
somes, which are released upon DCC binding to its ligand, 
Netrin29.  

These examples indicate that specific protein composi-
tions of ribosomal complexes result in distinct regulation of 
translation. Thus, in the context of subtype-specific circuit 
development, we investigate here the hypothesis that 

distinct subtypes of PN might possess specialized RCs with 
unique protein composition during development, enabling 
precise translational control underlying specific circuit for-
mation.  

To test this hypothesis, we directly compared RCs iso-
lated from purified somata of mouse SCPN and CPN at post-
natal day 3 (P3) in vivo, during which both subtypes are es-
tablishing precise long-range axonal connectivity. To di-
rectly investigate the protein compositions of RCs in these 
subtypes, we used a combination of retrograde labeling of 
circuit-specific somata, subtype-specific neuronal purifica-
tion by fluorescence-activated cell sorting, ribosomal RNA 
(rRNA) immunoprecipitation, and ultra-low-input mass 
spectrometry (IP-MS).  

We identify that SCPN and CPN have distinct ribosomal 
complexes (RCs), with 16 non-core proteins that are exclu-
sively present in SCPN RCs and that span varied functions 
(including chaperones, metabolic enzymes, kinases, and an 
RNA-binding protein). We also find enrichment of 
RPS30/eS30 in CPN RCs, suggesting potential heterogeneity 
of core ribosome protein composition. For a subset of pro-
teins specific to RCs of SCPN, we obtain evidence for their 
physical interaction with ribosomal components. Selecting 
protein kinase C-epsilon (PRKCE) for further verification 
based on its known roles in synaptogenesis, we find, e.g., 
that PRKCE reciprocally pulls down ribosomes in P3 cortex. 
Further, PRKCE and multiple proteins with validated 
ribosome interactions also exhibit enriched gene expression 
and concordantly more translation in SCPN compared to 
CPN. Together, these results both indicate subtype-specific-
ity of ribosomal complexes between distinct neuronal sub-
types, and identify several potential translational regulators 
that might function in unique ways in subtype-specific cir-
cuit development. 

Results 
Affinity purification of ribosome-associated complexes 
from purified SCPN and CPN in vivo 

To investigate the protein composition of endogenous 
RCs from specific cortical PN subtypes in vivo, we combined 
retrograde labeling of circuit-specific neuronal somata for 
their purification by fluorescence-activated cell sorting 
(FACS) with rRNA IP-MS (Figure 1A). Retrograde labeling 
reliably labels and distinguishes distinct projection neuron 
subtypes based on their distinct combinations of axonal con-
nectivity and soma position. For example, dual retrograde 
labeling of SCPN and CPN at P1 in the same mice quite dis-
tinctly labels the appropriate, non-overlapping subpopula-
tions of cortical PN by P3 (Figure 1B). In particular, fluoro-
phore-conjugated cholera toxin B (CTB) injection into the 
right side of the corpus callosum prominently labels CPN in 
layer II/III of the left hemisphere. CTB injection into the left 
side of the cerebral peduncle appropriately labels SCPN so-
mata in layer V of the left hemisphere. This direct validation 
of CPN vs. SCPN distinction and labeling specificity enabled 
us to employ one or the other single retrograde labeling strat-
egy to purify either CPN or SCPN from separate mice for pro-
teomic investigation.  
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Figure 1. Affinity purification of ribosomal complexes from purified somata of SCPN and CPN in vivo 
(A) Workflow to investigate ribosomal complexes from specific cortical projection neuron (PN) subtypes in vivo. 
(B) Dual retrograde labeling of CPN and SCPN at P1 in the same mice distinctly labels the appropriate, non-overlapping subpopulations of 
cortical PN by P3. Inset B' shows the location of cortical layers II/III and V, striatum, and corpus callosum (CC). (n=4 biological replicates) 
(C) Bioanalyzer characterization shows specific recovery of rRNAs from both FACS-purified CPN and SCPN using rRNA IP. 
(D) Quantification of 28S and 18S rRNA recovery following IP with rRNA antibody or isotype control antibody in purified CPN and SCPN. 
Individual dots represent biological replicates, with bars showing mean values and error bars indicating standard deviation.  
(E) Mass spectrometry analysis shows enrichment of most ribosomal proteins (76-77 out of ~80 known proteins), and known ribosome-asso-
ciated proteins (RAPs) in rRNA IP samples compared to control IP samples from both SCPN and CPN. Green bars represent ribosomal 
proteins, pink bars indicate RAPs previously identified in mouse ESC (Simsek et al., Cell 201725), and yellow bars show other proteins. 
(F) Gene Ontology (GO) analyses of proteins found in at least 3 rRNA IP replicates but absent in control IP samples, excluding core ribosomal 
proteins and known RAPs from mESC, reveal translation-related biological process terms for both subtypes. 
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To prepare biochemical input from labeled and purified 
CPN and SCPN for ribosome pulldown, we dissected labeled 
neocortices, dissociated labeled neurons for FACS 
purification, immediately lysed FACS-purified neurons with 
detergent, and performed centrifugation to remove nuclei 
and debris. To ensure rigorous control of rRNA IP-MS 
sample quality, we collected enough somata for both rRNA 
IP and control IP and quality control (QC) samples to 
monitor each step of the protocol (Figure 1C-D). Based on 
previous observations that SCPN somata are approximately 
twice the volume of CPN somata (~1.25-1.3X diameter), we 
immunoprecipitated ribosomes from 50,000 SCPN or 
100,000 CPN for MS samples to achieve comparable input 
(Table S1), in addition to quantitative normalization of input 
during later bioinformatic analysis. 

To recover endogenous RCs from these very low-input 
samples, we developed an affinity purification approach 
using a monoclonal antibody against ribosomal RNAs (clone 
Y10B30,31). This antibody has been used to for 
immunocytochemical detection of ribosomes and 
verification of interactions between ribosomes and 
candidate associated proteins in several neurobiological 
studies32–35. During pilot studies on FACS-purified CPN, we 
initially tested an alternative approach with Cre-inducible 
HA-tagged RPL22/eL22 (RiboTag)36, which is commonly 
used to capture ribosome-associated transcripts for cell type-
specific analysis from bulk tissue. In the RiboTag approach, 
we used Emx1IRES-Cre to induce expression of HA-tagged 
RPL22/eL22 in all cortical PN, and performed HA pulldown 
on FACS-purified retrograde-labeled CPN. Because we 
found that the Y10B-based rRNA IP method recovers ~3 
times the amount of 28S and 18S rRNA compared to the 
RiboTag HA IP method with FACS-purified CPN (Figure 
S1), we opted for the rRNA IP approach for these 
investigations. We employ retrograde labeling and FACS to 
obtain strict subtype specificity.  

Further, based on QC samples that were split from 
samples prepared for MS, the Y10B-based rRNA IP approach 
shows high efficiency in pulling down ribosomes, recovering 
most of the available 18S and 28S rRNA from both purified 
CPN and SCPN (Figure 1C-D). In contrast, there is nearly 
undetectable yield from control IP samples using an isotype 
control antibody, indicating the stringency of washing steps 
in this IP protocol (Figure 1C-D).  

We employed liquid chromatography with tandem mass 
spectrometry (LC-MS/MS) to investigate the proteins 
recovered with rRNA IP from purified SCPN and CPN. 
Based on calculations from QC samples, we selected rRNA 
IP samples with at least 100ng of 18S and 28S rRNA, and 
their control samples, for MS (Table S1). We used label-free 
quantification, wherein samples are assayed sequentially, 
not simultaneously, aiming to most rigorously establish 
which proteins are truly present in some samples but absent 
in others.  

Proteomic analysis confirms that this rRNA IP approach 
enables access to the ribosome-associated complexes from 
both purified SCPN and CPN (Figure 1E-F, Table S2). We 

observe striking differences between rRNA IP samples (5 
SCPN and 4 CPN replicates) and control IP samples (5 SCPN 
and 3 CPN replicates). We identify 76-77 of ~80 known RPs 
from each rRNA IP sample for both subtypes. In contrast, we 
identify at most 11 RPs among all control samples combined, 
with several samples showing no identification of RPs 
whatsoever. Additionally, we identify between 200 to 300 co-
immunoprecipitated proteins from each rRNA IP sample. 
These proteins include many previously reported RAPs that 
interact directly with ribosomes in murine embryonic stem 
cells (mESC25). Further, gene ontology (GO) analyses of 
proteins not classified as either RP or mESC RAP produce 
biological process terms related to translation (Figure 1F). 
The specific identification of most RPs as well as known 
RAPs and translation-related proteins confirms that this 
experimental approach successfully recovers ribosomal 
complexes from both SCPN and CPN in vivo with minimal 
non-specific binding. 

SCPN and CPN ribosomal complexes share similar RP com-
position, but interact with distinct associated proteins  

To address whether SCPN and CPN might have distinct 
subtype-specific ribosomal complexes, we directly compared 
rRNA IP-MS samples from SCPN with those from CPN, 
performing two levels of comparative analyses. First, we 
compared the composition of proteins present in SCPN and 
CPN ribosomal complexes, aiming to identify proteins 
exclusively detected in only one subtype. We analyzed the 
MS output of all rRNA IP samples grouped together, using 
Proteome Discoverer 3.2.’s “Label-free quantification” 
workflow. This analysis checks whether any peptide directly 
identified (via its MS2 spectra) in any rRNA IP sample has 
detectable abundance (MS1 peak) in other samples (Table 
S3).  Second, among proteins detected in both subtypes, we 
performed differential analysis to identify proteins that 
might be significantly enriched in ribosomes of either sub-
type (Figure 2A, D). 

 Our analyses reveal key differences in the composition 
of non-core proteins between RCs of SCPN and CPN. We 
identify 16 proteins that are reproducibly detected in 3 to 5 
replicates of SCPN rRNA IP samples, but not in any 
replicates of CPN rRNA IP samples (Figure 2A, Table S4). 
We personally inspected the extracted ion chromatograms of 
peptides belonging to proteins detected in only SCPN 
samples but not in any CPN samples, and confirmed in each 
case that only SCPN samples have detected peptides of these 
proteins. A few extracted ion chromatogram examples are 
shown in Figure 2C. Intriguingly, these 16 proteins have 
diverse known molecular functions, including metabolic 
enzymes, chaperones, kinases, and an RNA-binding protein 
(Figure 2C). In contrast to associated proteins, we find that 
all 78 identified core RPs are shared by RCs of both SCPN 
and CPN. 77 RPs belong to a set of 478 proteins that are 
reproducibly detected in at least 3 replicates of both subtypes 
(Figure 2A, Table S4).  

We next sought to identify proteins quantitatively en-
riched in RCs of one or the other specific subtype, among the 
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478 shared proteins. Our bioinformatic 
workflow addresses both potential differences in 
input and technical variations among samples, 
and imputes any remaining missing 1-2 values 
for each subtype group (see Methods), resulting 
in similar distributions of protein abundance 
across both CPN and SCPN samples, thus 
enabling quantitative comparison (Figure S2). 
Differential analysis identifies three proteins 
that are significantly enriched in RCs of CPN 
(Figure 2D, Table S5). Among these proteins, 
RPS30/eS30 is the sole core ribosomal protein, 
while CELF3 is an RNA-binding protein, and 
GUCY1A1 is a component of guanylate cyclase. 
Since RPS30/eS30 is produced by cleavage of a 
fusion protein comprising ubiquitin-like FUBI 
and RPS30/eS3037, we confirmed that the pep-
tides used for RPS30/eS30 identification appro-
priately map to only the amino acid sequence of 
RPS30/eS30. None of the other RPs exhibit sub-
type-specific enrichment in RCs. Taken to-
gether, results from both protein detection anal-
ysis and quantitative analysis indicate that CPN 
and SCPN have distinct RCs.  

Proteins exclusive to SCPN rRNA IP samples 
physically interact with ribosomal components 

To independently validate differences in 
proteins between SCPN and CPN ribosomes, we 
used two complementary approaches: verifying 
the physical interaction with RCs of proteins 
with differential abundance in SCPN vs CPN 
rRNA IP samples; and investigating the 
expression of these proteins in SCPN and CPN. 
We focused these investigations on the 16 non-
core proteins reproducibly and exclusively 
detected in SCPN rRNA IP samples, since these 
likely represent the most strikingly divergent 
proteins between RCs of the two subtypes.  

 Among these 16 proteins, 10 proteins have 
previous independently reported evidence of 
physical interaction with core RPs (Figure 3A). 
We compiled known interactions between the 
16 candidates and core RPs using BioGrid and 
OpenCell. BioGrid aggregates interactions 
discovered via multiple methodologies of 
interaction proteomics38; we restricted our 
search to the most stringent evidence using 
affinity purification, co-fractionation, and cross-
linking experiments. OpenCell maps 
endogenous protein-protein interactions in 
human cell lines, using CRISPR editing of 
epitope tags for affinity purification and mass 
spectrometry39. Several candidates also interact 
with each other (Figure 3A). 

Several of these 16 proteins also have previously reported 
evidence of interactions with ribosomes. Both DNAJA1 and 
RTRAF have been identified via mass spectrometry analysis 

of ribosomes recovered by a combination of polysome 
profiling and ribosome pulldown in mESC25. Their 
interactions are resistant to RNAse and puromycin, 

Figure 2. SCPN and CPN ribosomal complexes share similar RP composition, but 
interact with distinct associated proteins 
(A) Label-free quantification proteomic analysis comparing SCPN and CPN ribosomal 
complexes: All identified RPs have detectable abundance in ribosomes of both sub-
types. 16 associated proteins are detected exclusively in 3 or more replicates from 
SCPN.  
(B) List of 16 proteins detected exclusively in 3 or more replicates of rRNA IP from SCPN 
(C) Examples of extracted ion chromatograms of peptides from proteins that are de-
tected exclusively in SCPN rRNA IP, showing only samples with detected abundance of 
indicated peptides. Peptides are referred to by their parent proteins and their amino acid 
sequence locations within their protein. Vertical lines indicate retention times of MS2 
spectra used for peptide identification, with colors corresponding to sample origins of 
the MS2 spectra. A set of proteins with distinct known functions is shown.  
(D) Quantitative differential analysis of 478 proteins shared by at least 3 replicates of 
both subtypes: SCPN and CPN ribosomes share largely the same RP composition; 3 
proteins enriched in CPN ribosomal complexes (adjusted p-value <=0.1)  
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indicating that these proteins are bona fide ribosome-
associated proteins, which interact with ribosomes 
independent of mRNA or nascent polypeptides25. A recent 
cryo-electron tomography study of the ribosome-ER 
translocon-oligosaccharyltransferase complex also suggests 
through structural prediction that PDIA3, an ER-resident 
chaperone for glycoproteins, matches an unassigned density 
in the structure40.  

Intriguingly, these identified SCPN-specific ribosome-
associated proteins with known interactions with 
components of ribosomes have diverse known functions. 
Both CCT2 and DNAJA1 are chaperones, in addition to ER-
lumen chaperone PDIA3. Other proteins include: kinases 
PTEN and PRKCE;  regulators of trafficking across 
compartments, including endosomal trafficker SNX27 and 
endosome-to-Golgi trafficking regulator MON2; and RNA-
binding protein RTRAF. In addition, CMAS is a metabolic 
enzyme that synthesizes cytidine 5-prime-monophosphate 
N-acetylneuraminic acid.  

 We further validated PRKCE for association with RCs in 
the developing mouse cortex. PRKCE is particularly 
intriguing because of its regulatory role in synaptogenesis; it 
inhibits dendritic spine development in immature 

neurons41, but promotes synapse formation and maturation 
in mature neurons, through phosphorylation of multiple 
substrates42. Incubating cytoplasmic lysate of P3 brain 
homogenate with a monoclonal antibody against PRKCE, 
we confirm co-immunoprecipitation both of ribosomal 
protein L22 and of 28S and 18S rRNA (Figure 3B-D). Thus, 
while BioGrid reports that PRKCE has previously known 
interaction with two proteins of the small ribosomal subunit 
(RACK1 and RPS27A)38,  our results from these experiments 
using optimized buffer for ribosome stability further confirm 
that PRKCE associates with components of both ribosomal 
subunits. 

Several SCPN-specific, validated RC-associated proteins 
exhibit transcriptional enrichment and concordantly more 
translation in SCPN 

We focused investigation on proteins both detected 
exclusively in SCPN RCs and with independent evidence of 
interaction with components of ribosomes. We investigated 
whether they show differential gene expression by SCPN 
versus CPN, potentially underlying their subtype-specific 
incorporation into RCs. We integrated our recently reported 
comparative transcriptomic and translational analysis of 
purified SCPN and CPN somata at P321. We identify a subset 

of validated SCPN-specific RC-associated proteins 
with transcriptional enrichment in SCPN 
compared to CPN: S100A10, CMAS, PRKCE, 
DNAJA1, CCT2, and PDIA3 (Figure 4A). For 
most of these proteins, their subtype-specific 
expression is maintained at the translational level 
(Figure 4B). Specifically, we find significantly 
more ribosome-protected fragments of S100a10, 
Cmas, Prkce, and Dnaja1, indicating higher 
translation of these transcripts by SCPN 
compared to CPN. For S100a10, our lab’s 
previously reported microarray data across 
development, and  in situ hybridization data from 
P3 brain tissue, also reveal strikingly restricted 
S100a10 expression in by SCPN in cortical layer 
V2 (Figure 4C). 

These expression and translation differences 
between SCPN and CPN strongly suggest that this 
group of identified SCPN-specific ribosome-
associated proteins have their origin as 
differentially associated with SCPN ribosomes via 
their subtype-specific expression. The others, 
which are not differentially expressed, might be 
differentially associated with SCPN ribosomes 
due to their post-translational processing, 
selective association with SCPN-specific proteins, 
or other factors. 

Discussion 
In this report, we investigated whether 

ribosomal complexes from two distinct subtypes 
of cortical projection neurons (subcerebral 
output projection neurons and interhemispheric, 
associative projection neurons) might differ in 

Figure 3. Ribosome interaction for proteins identified exclusively in SCPN by 
rRNA pulldown, with validation of PRKCE-ribosome interaction 
(A) Protein interaction network showing reported physical interactions of SCPN-specific 
RAPs with ribosomal components and with each other. Line colors and thicknesses 
indicate distinct methodologies and number of interactions with ribosomal proteins 
(RPs) identified, respectively. Data were retrieved from BioGrid38, OpenCell39, and Sim-
sek et al. Cell 201725. 
(B) Co-immunoprecipitation of PRKCE and RPL22 (n = 3, biological replicates)  
(C) Specific recovery of ribosomal RNA in PRKCE IP versus isotype control IP, shown 
by representative Bioanalyzer electropherograms. 
(D) Quantification of 28S and 18S rRNA recovery following PRKCE IP versus paired 
isotype control IP.  
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protein composition during development while each 
subtype is executing long-range axonal extension and 
targeting. SCPN and CPN both arise from related dorsal 
“pallial” cortical progenitors in essentially the same cellular 

environment, but they extend their axons along strikingly 
distinct axonal trajectories and establish equivalently 
distinct circuitry, leading to quite distinct functions1,7.  
Translational control plays critical roles in neuronal 
differentiation and axon development8,16, but how such 
regulation is specialized by distinct neuronal subtypes 
during precise axonal targeting remains poorly understood. 
Ribosomes, rather than being fixed and homogeneous 
translational machinery, exhibit variations in their core 
protein composition, and interact with hundreds of 
associated proteins22,23,25,43, providing strikingly broader 
potential for diversity of cell type- and subtype-specific 
ribosome-associatiated complexes. There are increasingly 
more reported examples of specific core and associated 
proteins favoring or repressing translation of specific gene 
subsets 23–25,27,28. Investigation of ribosomal complexes from 
distinct neuronal subtypes might enable new understanding 
of how regulation of translation contributes to dynamic 
subtype-specific circuit formation.  

We developed an approach combining subtype-specific 
neuronal retrograde labeling, FACS purification of subtype-
specific somata, ribosomal RNA pulldown, and ultra-low 
input mass-spectrometry to investigate the potential of 
subtype-specific RCs. Our approach offers several 
advantages. First, retrograde labeling definitively identifies 
subtype-specific neurons based on their axonal connectivity, 
thus is readily adaptable to diverse neuronal populations 
without the need for specific genetic drivers (often 
combinatorial and often non-specific at subtype level). 
Second, by isolating endogenous RCs from as few as 50,000 
FACS-purified native neuronal somata, we both minimize 
potential functional perturbations from epitope tagging 
while preventing contamination from non-target cells—a 
significant issue when performing pulldowns from bulk 
tissue containing mixed labeled and unlabeled populations. 
Third, this approach pulls down ribosomal RNA rather than 
specific core ribosomal proteins, making it agnostic to the 
protein composition of potentially diverse ribosomes.  

 SCPN and CPN employ RCs with distinct protein 
compositions. Intriguingly, most of subtype-specific 
differences emerge from associated, non-core proteins. We 
identify 16 associated proteins enriched in RCs of SCPN to 
the point of not being detectable in CPN samples, and 2 
associated proteins detected in both subtypes but 
quantitatively enriched in CPN samples. Focusing on SCPN-
specific associated proteins, we identify ten with previously 
reported interaction with core ribosomal proteins, and we 
further validate interaction with ribosomes by PRCKE. A 
subset of these proteins, including PRKCE, also exhibit 
enriched gene expression and concordantly more translation 
by SCPN compared to CPN, strongly suggesting that their 
subtype-specific association with RCs is established via  
subtype-specific expression. For other proteins without 
enriched expressed by SCPN, their subtype-specific 
association with ribosomes might be regulated through post-
translational modifications, interaction partners, subcellular 
localization, and/or other processes.  

Figure 4. Several proteins both identified exclusively in RCs of 
SCPN and with validated ribosome interaction exhibit enriched 
expression and concordant translation by SCPN 
(A) Comparative transcriptomic analysis of purified SCPN and CPN 
somata, highlighting differentially enriched transcripts encoding vali-
dated SCPN-specific RAPs. Dataset from Froberg et al., Cell Reports 
202321 
(B) Comparative ribosome profiling of purified SCPN and CPN so-
mata, highlighting transcripts encoding validated SCPN-specific 
RAPs with differential ribosome occupancy. Dataset from Froberg et 
al., Cell Reports 202321 
(C) S100a10 ISH signal is limited to cortical layer V, the predominant 
laminar position of SCPN. Reproduced from Arlotta*, Molyneaux* et 
al. Neuron 20052, also reporting SCPN-specific expression compared 
with CPN.  
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We note with interest that core RPS30/eS30 is enriched 
in RCs of CPN, strongly suggesting at least limited neuronal 
subtype-specific heterogeneity in 80S ribosomes. 
RPS30/eS30 resides at the solvent-exposed surface of 
ribosomes and exhibits the most dynamic exchange rate 
among RPs in mature ribosomes44, though its function in 
mature ribosomes and translation is essentially 
uninvestigated. Ribosome heterogeneity during cortical 
development is also supported by previous work using bulk 
cortex, with an increase in the level of RPL7/uL30 and a 
decrease in the level of RPL10/uL16 in polysomes between 
embryonic day 13 and postnatal day 013. These shifts 
correspond to shifts in polysome-associated transcripts, and 
these changes are dependent on WNT3 produced from 
thalamic projections into the cortex13. Together, this prior 
study and our results strongly suggest that core ribosome 
composition might be regulated along multiple axes of 
subtype identity and developmental stage. Future 
mechanistic studies offer potential to elucidate roles of 
RPS30/eS30, e.g. in selective transcript recruitment to 
ribosomes, which would contribute to understanding of 
ribosome heterogeneity and its function in circuit formation.  

The work presented here provides a complementary but 
distinct perspective to our lab’s parallel work quantifying 
transcript-specific translation by SCPN and CPN during the 
same range of developmental time21. nanoRibo-seq reveals 
that, while translational output largely follows transcript 
abundance, approximately 40 transcripts are an exception, 
with substantial subtype-specific differences in their 
translational efficiencies. In our current study, we identify a 
diverse set of proteins with subtype-specific association 
within heterogeneous ribosomal complexes. These proteins 
have known roles as RNA-binding proteins, chaperones, 
protein trafficking proteins, metabolic enzymes, and 
kinases.  The diversity in functions of these associated 
proteins aligns with recent findings regarding ribosome-
associated proteins more broadly, identifying proteins 
beyond the expected translation factors and known RNA-
processing proteins25,45. Together, these results not only 
suggest potential regulators of the differentially translated 
transcripts identified by nanoRibo-seq, but also point to 
regulatory mechanisms beyond those directly affecting 
translational output and efficiency, e.g. those that might 
instead act on several important co-translational processes. 
We discuss several such proteins below. 

Among the subtype-specific associated proteins, two 
exhibit RNA-binding capabilities that might enable 
regulation of transcript-specific translation: CELF3, 
enriched in CPN ribosomes, and RTRAF, specific for SCPN 
ribosomes. CELF3, a member of the CUG-binding protein 
and ETR-3-like factors (CELF) family, is an RNA-binding 
protein that functions in alternative splicing and is 
predominantly expressed in brain46,47. The CELF3 homolog 
in Xenopus has been shown to  enhance translation of 
specific mRNAs, though such function has not been 
confirmed in mammals48. We did not identify enrichment of 
CELF3 binding motifs among the 40 transcripts that are 

differentially translated between CPN and SCPN, perhaps 
due to the small list of transcripts. In contrast, RTRAF 
functions in shuttling RNA between the nucleus and 
cytoplasm49, participates in RNA-transporting granules in 
neurons50, and forms a translation-initiating cap-binding 
complex49. However, its binding motifs remain unknown, 
precluding motif enrichment tests among the differentially 
translated genes. Additional work beyond the scope of this 
manuscript might focus on perturbation of CELF3 and/or 
RTRAF in one subtype, assessing potential impact of such 
perturbation on translational output within that subtype. 

Focusing on proteins exhibiting subtype-specific 
association with RCs of SCPN, we identify proteins with 
diverse functions beyond RNA-binding, which suggests 
additional mechanisms for differential translational control. 
Several are chaperones, including CCT2, DNAJA1, and 
PDIA3, which suggests subtype-specific regulation of 
protein folding during translation. In addition, since PDIA3 
is an ER-lumen chaperone with likely association with the 
ribosome-ER translocon complex40, its detection exclusively 
in SCPN suggests that SCPN might have a higher proportion 
of ER-localized ribosomes compared to CPN.  

In contrast, while PRKCE exhibits both validated 
physical interaction with ribosomal complex proteins and 
SCPN-specific gene expression, its role as a kinase with 
diverse substrates does not immediately suggest clear 
mechanistic connections to ribosome regulation and 
translational control. While PRKCE pulldown from mouse 
heart tissue recovers numerous RNA-binding proteins, these 
interactions might be mediated through ribosomal 
complexes51. Nevertheless, it is intriguing that it inhibits 
synaptogenesis in immature neurons while promoting 
formation of synapses by mature neurons through 
phosphorylation of diverse substrates 41.  

Our work presented here suggests a few future directions 
to elucidate how proteins comprising subtype-specific RCs 
might regulate translational control and circuit formation. 
First, it would be highly informative to characterize the 
nature of the interactions between associated proteins and 
ribosomes. Such investigations could be conducted in 
subtype-specific somata by building on our existing 
approach, with: 1) addition of RNase treatment to determine 
whether a protein-ribosome interaction is mRNA 
dependent; and/or 2) addition of a range of ribosome 
inhibitors to capture distinct functional states. Second, 
manipulation of expression of select proteins in specific 
circuitry (for example, by in utero electroporation of 
plasmids in mice at embryonic day 13.5 or 15.5 to manipuate 
gene expression in cortical layer V neurons (including 
SCPN) or layer II/III CPN, respectively) would enable 
functional investigation, particularly with regard to function 
in establishment of precise connectivity and circuitry. 

Together, these results indicate that ribosomal 
complexes exhibit subtype-specific protein composition in 
distinct subtypes of cortical projection neurons during 
development, and identify both potential candidates for 
further investigation and a potential range of functions they 
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might likely exert in translational regulation critical for 
precise and diverse subtype-specific circuit formation and 
function. 
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Materials and Methods 
Mice 
 The experimental procedures using mice were reviewed and approved 
by the Harvard University Institutional Animal Care and Use Committee, 
and were performed following institutional and federal guidelines. We or-
dered timed pregnant CD-1 dams for all experiments, except for those with 
RPL22-3xHAfl (RiboTag) mice. For pilot experiments with RiboTag mice, 
we crossed Emx1IRES-Cre (JAX stock #00562852), Rpl22-3xHAfl (JAX 
#01102936), and Ai9(RCL-tdT or TdTomato fl) strains (JAX stock #00790953) 
to generate Emx1IRES-Cre RPL22-3xHAfl TdTomatofl mice. A recombination 
event enabled the Emx1IRES-Cre and TdTomatofl alleles to be on the same 
chromosome 6. The cross between RPL22-3xHAfl/fl TdTomatofl/fl male and 
Emx1IRES-Cre/+ RPL22-3xHAfl/fl TdTomatofl/fl  female mice produced both Cre-
induced mice and “no Cre” littermate controls for experiments. For retro-
grade labeling, we performed ultrasound-guided injections on P1 litterma-
tes, targeting the corpus callosum to label CPN, or the cerebral peduncle to 
label SCPN. All experiments used mixed groups of male and female mice. 
We report developmental stages of all experiments in the descriptions of the 
experiments.  

Retrograde labeling 
 We performed retrograde labeling of CPN and SCPN via ultrasound-
guided injection of fluorophore-conjugated cholera toxin B (CTB) at P1-2, 
as previously described2,54. Briefly, we placed pups on ice for 3 mins to 
deeply anesthetize them by hypothermia, then secured them gently on the 
injection platform. We used ultrasound backscatter microscopy to visualize 
injection sites and to guide the injection micropipette. For CPN labeling, 
CTB was injected into the right side of the corpus callosum, with four to five 
injection sites along the rostral-caudal axis. For SCPN labeling, we injected 
at six sites within the left cerebral peduncle (two sites along the dorsal-ven-
tral axis along each of three penetrations along the medial-lateral axis). 
Each injection site received five 25 nL pulses. Either AlexaFluor 488 or 647 
were conjugated to CTB; the specific fluorophore is included in the descrip-
tions of individual experiments.   
 We performed neuronal FACS using established approaches2,21,54,55, 
with the modification that all buffers starting with enzymatic digestion 
using cysteine and papain contained 100µg/mL cycloheximide (CHX) to 
stabilize the ribosomal holocomplexes. We dissected brains in ice-cold 
HBSS under epifluorescence, and placed microdissected tissue in 
dissociation solutions (DS). We washed tissue twice in DS, then 
enzymatically digested twice by incubation in enzyme solution (DS with 
cysteine and papain) and CHX. We washed twice in wash solution (WS) + 
CHX + 5mM MgCl2, and triturated 15–20 times in ∼1 mL of WS + CHX 
using fire-polished glass pipettes. We diluted cell suspensions with 4 mL 
WS + CHX + 5mM MgCl2, centrifuged to collect cells for 5 min at 80 ×	g-
force	riturated again in 1 mL WS + CHX, and passed the cell suspension 
through a strainer cap. We added 1:1,000 SYTOX Blue to enable sorting of 
viable cells.   

During FACS, we sorted SytoxBlue-negative and AF488-positive 
neurons, and collected them in 1.5mL Protein LoBind Eppendorf tubes. We 
included controls for all color channels to enable compensation and precise 
gating of fluorescence signal. The collection tubes were previously rinsed in 
100% acetonitrile to remove contaminants, and were subsequently air-
dried. Each collection tube contained 4 ×	polysome buffer, which consisted 
of 20mM HEPES, 150mM KCl, 20mM MgCl2, 400µg/mL CHX, 4 unit/mL 
RNasin® Plus Ribonuclease Inhibitor (Promega Cat# N2615, 2mM 
dithiothreitol (DTT), and 1 tablet/2.5mL cOmplete™, Mini, EDTA-free 
Protease Inhibitor Cocktail (Roche Cat# 11836170001). We used a volume 
of 4× polysome buffer equal to one third of the final volume of PBS used as 
sheath fluid for sorted somata (~1.8nL PBS/somata).  

We typically sorted 290,000 CPN or 145,000 SCPN per ribosome IP 
experiment. For SCPN, we diluted the final volume by 2-fold, using 3 parts 
PBS and 1 part 4 × polysome buffer, such that the final SCPN and CPN 
samples had the same volume. We added TurboDNAse (Invitrogen Cat# 
AM2238) to the final samples to reach a final concentration of 24U/mL, and 
added MgCl2 to reach a final concentration of 10mM. 

Endogenous ribosome pulldown in FACS-purified neurons 

To prepare the cytoplasmic lysate from purified somata, we performed 
a rapid cellular lysis step by adding 0.25% Triton X-100 and mixing the lysate 
for ~1 minute with end-to-end rotation. To remove the nuclei and cellular 
debris, we performed a rapid centrifugal spin at 4oC for 10 seconds until the 
speed reached 17,000 ×	g-force, then immediately performed a 5 min lower-
speed centrifugation at 1,700 ×	g-force, before collecting the supernatant. 
We repeated this two-spin step and collected the resulting supernatant. We 
set aside 24µL (volume equivalent to the cytoplasmic lysate of 10k CPN 
somata or 5k SCPN somata) for RNA extraction with the RNeasy Plus Micro 
Kit (Qiagen Cat#74034) and to serve as a QC sample for input.   

For endogenous ribosome pulldown, we split the sample into two 
identical 1.5mL tubes, each with the equivalent of the cytoplasmic lysate of 
140k CPN somata or 70k SCPN somata. We used one tube for pulldown with 
Y10B antibody (Santa Cruz Biotechnology Cat# sc-33678, 
RRID:AB_628226), and the other for control pulldown with Mouse IgG2a, 
κ Isotype Ctrl Antibody (immunogen: keyhole limpet hemocyanin; Bio-
Legend Cat# 401502, RRID:AB_2800437). We added 800ng of antibody per 
the equivalent of lysate of 100K CPN (or 50k SCPN somata). We incubated 
the samples at room temperature for 30 min, then at 4oC for 15min, with 
end-to-end rotation. To recover the antibody-ribosome complexes, we 
added 5µL of Protein G-conjugated magnetic beads (Thermo Fisher 
Cat#10003D) per 800ng of antibody, and incubated the samples for 1.5 
hours at 4oC, with end-to-end rotation. We then used a magnetic stand to 
separate the magnetic beads from the flowthrough. We collected the 
flowthrough for RNA extraction using the the RNeasy Plus Micro Kit. 

To remove potential non-specifically bound material from the magnetic 
beads-antibody complexes, we washed the magnetic beads four times with 
a high-salt wash buffer (20mM HEPES, 100mM MgCl2, 350mM KCl, 0.25% 
Triton X-100, 100µg/mL cycloheximide and 0.5mM DTT), with 1minute of 
end-to-end rotation between the washes to resuspend the magnetic beads 
well in high-salt wash buffer. Before the last wash, we divided the magnetic 
bead suspension in wash buffer into two tubes: one contained the 
equivalent of the IP from the lysate of 100k CPN (or 50k SCPN somata), 
intended for snap freezing for MS, while the other tube contained the 
equivalent of the IP of the cytoplasmic lysate of 40k CPN somata (or 20k 
SCPN somata), intended for RNA extraction for QC of the IP. For both 
tubes, we rinsed the magnetic beads 3 times with PBS supplemented with 
10mM MgCl2 and 100µg/mL CHX. We snap-froze the MS samples in liquid 
nitrogen. For the QC samples, we added 100µL of RNA Lysis Buffer from 
Zymo Quick-RNA Microprep Kit (Zymo Research Cat# R1050), briefly 
vortexed the magnetic bead suspension, and collected the liquid separated 
from the magnetic beads for downstream RNA purification using the 
standard Zymo Quick-RNA Microprep Kit protocol.  

Ribosome pulldown in FACS-purified CPN in RiboTag mouse 
We prepared cytoplasmic lysates from purified somata as for 

endogenous ribosome pulldown. For HA pulldown, we used 5µL of Pierce™ 
Anti-HA Magnetic Beads (Thermo Fisher Cat# 88836) per cytoplasmic 
lysate of 100k CPN somata, performing parallel pulldown from samples 
with Emx1-Cre or without Cre. We incubated samples at room temperature 
for 30 min with end-to-end rotation. Subsequently, we performed the same 
wash protocol used with endogenous ribosome IP to remove non-specific 
binding from the magnetic beads (four times with high salt buffer and three 
times with PBS supplemented with 10mM MgCl2 and 100µg/mL CHX).  

Ribosomal RNA measurement 
We used an Agilent 2100 Bioanalyzer system with the RNA 6000 Pico 

kit (Agilent), or an Agilent 4200 TapeStation system with the High 
Sensitivity RNA kit (Agilent) to analyze purified RNA samples from a range 
of QC samples collected during sequential steps of the pulldown. We 
quantified the concentration of 18S and 28S rRNA. 

Label-free quantitation mass spectrometry data acquisition 
We submitted 19 samples (5 SCPN rRNA IP, 5 CPN rRNA IP, 5 SCPN 

control IP, and 4 CPN control IP) for ultra-sensitive mass spectrometry and 
proteomic analyses (Table S1). On-bead digestion was performed with 100 
ng of trypsin for each sample, using a stock solution of Trypsin Platinum, 
Mass Spectrometry Grade (Promega Cat# VA9000 at 100ug/mL in 50mM 
TEAB. Samples were incubated for 2 hrs at 50oC and mixed at 350 rpm on 
an Eppendorf ThermoMixer. Digested samples were transferred to HPLC 
glass vials and resuspended in 6uL of 0.1% formic acid in ultrapure HPLC 
grade water, then injected for liquid chromatography and tandem mass 
spectrometry (LC-MS/MS).  
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Samples were analyzed sequentially on the same day, with each sample 
used for a single LC-MS/MS run. Control IP samples were analyzed before 
rRNA IP samples to avoid even minor potential sample carry-over from 
rRNA IP samples (no CPN Control IP Replicate 3, due to insufficient sorted 
somata for preparation) (Table S1). Within each IP type, all SCPN samples 
were analyzed consecutively before proceeding to CPN samples to mini-
mize even minor potential cross-subtype contamination (Table S1). These 
LC-MS/MS runs were performed on an Orbitrap Exploris™ 240 Mass 
Spectrometer (Thermo Scientific) equipped with a NEO nanoHPLC pump 
(Thermo Scientific). Peptides were separated via a 75µm × 4 cm C18 
trapping column (Premier LC, CA) followed by an analytical column 
PepMap Neo 50µm × 150mm (Thermo Scientific, Lithuania). Separation 
was achieved by applying a gradient of 5–25% acetonitrile in 0.1% formic 
acid over 60 min at 200 nl/min. Electrospray ionization was performed by 
applying a voltage of 2.1 kV using a PepSep electrode junction at the end of 
the analytical column, and sprayed from a stainless steel PepSep emitter SS 
with liquid junction of an inner diameter of 30µm (Bruker, MA). The 
Exploris Orbitrap was operated in the data-dependent mode for MS data 
acquisition. An initial MS survey scan was performed in the Orbitrap in the 
range of 450–900 mass/charge (m/z) at a resolution of 1.2 × 105. Higher-
energy collisional dissociation (HCD) MS2 scans were recorded after each 
MS1 scan for the ten most intense ions. For each HCD MS2 scan, the frag-
ment ion isolation width was set at 0.8 m/z, automatic gain control (AGC) 
target at 50,000 ions, maximum ion injection time at 150 ms, normalized 
collision energy at 34V, and activation time at 1ms. 

Mass spectrometry data analysis  
For peptide identification, the raw file from each control sample and 

rRNA IP sample was analyzed in Proteome Discoverer 3.2 software 
(Thermo Scientific). Assignment of MS/MS spectra was performed with 
both Sequest HT and CHIMERYS™ (MSAID, Germany) algorithms, using 
a protein sequence database that included all entries from the Mouse 
Uniprot database (SwissProt 19,768 2019), and known contaminants (e.g. 
human keratins, other common lab contaminants). Sequest HT searches 
were performed using a 20 ppm precursor ion tolerance, requiring each 
peptide’s N- and C-termini to adhere with trypsin protease specificity, while 
allowing up to two missed cleavages. For these searches, 
carbamidomethylation of cysteine was set as a fixed modification, while 
variable modifications included oxidation of methionine and phosphoryla-
tion of serine, threonine, and/or tyrosine. An MS/MS spectra assignment 
false discovery rate (FDR) of 1% at the protein level was achieved by 
applying a target-decoy database search. Filtering was performed using 
Percolator (64 bit version56) 

For analysis of protein detection between control and rRNA IP samples 
(Figure 1E), we retrieved protein-level data from individual searches and 
removed contaminant proteins and proteins without quantified abundance 
(Table S2). From these analyses, we identified a single QC failure, leading 
to sample exclusion: CPN control IP replicate 5 unexpectedly identified 362 
proteins, strikingly more than all other control samples, which detected 6 
to 19 proteins. Both the CPN control IP replicate 5 and CPN rRNA IP 
replicate 5, which came from the same input and were processed in parallel, 
were therefore excluded from subsequent analyses. 

For Figure 1F, gene ontology (GO) enrichment analysis of biological 
processes was performed with DAVID57,58, using the mouse genome as 
background. Terms were then reduced based on semantic similarity with 
REVIGO59, using “small” (0.5) for output size and SimRel as the semantic 
similarity measure.  

For comparative analysis of rRNA IP samples from CPN and SCPN 
(Figure 2), we additionally submitted the raw files of these samples as a 
group for analysis using the “label-free quantitation” workflow in Proteome 
Discoverer. This workflow performs chromatographic retention time 
alignment across samples and maps LC-MS (MS1) peaks in each sample 
with identified peptide-spectrum matches pooled from all samples. We then 
retrieved peptide-level ouput with per-sample peptide abundance (MS1 
precursor ion intensity) (Table S3). Peptides without detected MS1 peaks 
were not assigned abundance values and considered not detected. To most 
stringently determine protein-level detection and quantification in each 
sample, we used only unique peptides, which map to single proteins and 
ensure unambiguous protein identification. In particular, protein-level 
abundances were calculated as the geometric means of all associated 
unique peptide abundances. Proteins for which there was no single unique 
peptide detected in a sample were not assigned abundance values for that 

sample. From an initial set of 651 proteins quantifiably detected via unique 
and/or non-unique peptides across all samples combined, 12 were removed 
that were detected solely from non-unique peptides (these proteins were 
detected in samples of both subtypes based on non-unique peptides). For 
each protein, we then counted the number of samples per subtype with de-
tected abundance (Table S4). Notably, the 16 proteins detected in 3 or more 
replicates of SCPN samples but not in any CPN samples were detected via 
solely their unique peptides, eliminating the possibility of falsely missing 
their detection in CPN samples via non-unique peptides. Additionally, we 
manually inspected the extracted ion chromatograms of peptides belonging 
to these proteins, and confirmed that the detection of each protein is 
exclusive to SCPN.   

For differential abundance analysis of proteins that are shared by both 
SCPN and CPN rRNA IP (Figure 2D, Table S5), we retained only proteins 
detected in 3 or more replicates of each of the CPN and SCPN groups. 
“Median of ratios” normalization was applied to protein abundances to 
account for differences in protein input across samples. To impute missing 
values in the remaining 1-2 samples of some subtype groups, we performed 
kNN imputation (k = 2) for CPN and SCPN samples separately. Protein 
abundances were then log2-transformed. Differential abundance analysis 
was conducted with Linear Models for Microarray (LIMMA), implemented 
by the DEP Bioconductor package60. Multiple testing correction was 
performed using the Benjamini-Hochberg method, and the cut-off for 
statistical significance was set at adjusted p-value <0.1 (Table S5). 

All raw MS data and supplementary tables associated with MS data 
analysis are deposited in the Harvard Dataverse repository 
(https://doi.org/10.7910/DVN/ZQF9LQ). All code is available on GitHub at 
https://github.com/tienphuoctran/Subtype-specific-ribosomes_Macklis. 

Pulldown of candidate ribosome-associated proteins 
 To prepare IP input, we collected P3 cerebral cortex tissue from ~3-4 
pups/replicate in a Duall tissue grinder containing 1× polysome buffer 
(prepared by mixing 3 parts PBS and 1 part 4× Polysome buffer, as detailed 
in the method subsection for Ribosome IP from FACS-purified neurons). 
We used a ratio of 1g of wet tissue to 9.75 mL of 1× polysome buffer. We 
homogenized the tissue with 10-20 strokes on ice. We added Triton X-100 
to a final concentration of 0.25% and mixed the samples with end-to-end 
rotation at 4oC for 10 minutes to enable detergent lysis. To collect the 
cytoplasmic lysate, we performed two centrifugal spins of 1,700 ×	g-force at 
4oC for 15 min and collected the supernatant after each spin. For sample 
pre-clearing to remove components that might non-specifically bind to 
Protein G and magnetic beads, we incubated the sample with 10µL of 
Protein G-conjugated magnetic beads per 1 mL of lysate at 4oC for 45 
minutes with mixing by end-to-end rotation. We collected the pre-cleared 
lysate by using a magnetic stand to separate the magnetic beads. Since we 
typically prepared 3 biological replicates at once, we normalized the 
replicates by total RNA concentration. 

For immunoprecipitation, we prepared 2 identical 1.5mL tubes from 
each replicate, adding antibodies against a protein-of-interest into one and 
isotype control antibodies into the other. The antibodies and the amount 
used are as follows: PRKCE (BD Biosciences Cat# 610085, 
RRID:AB_397492, 2µg/1.5mL lysate) and Mouse IgG2a Isotype Control An-
tibody (BioLegend Cat# 401502, RRID:AB_2800437, 2µg/1.5mL lysate). We 
used the same amount of control antibody as we did for antibodies against 
candidate proteins. We incubated the samples at 4oC  overnight with mixing 
by end-to-end rotation.  We then washed the magnetic beads three times 
with 1× polysome buffer. To elute proteins for western blotting, we 
incubated the magnetic beads with 1×	 SDS sample buffer at room 
temperature for 5 min with constant mixing at 600 rpm before collecting 
the supernatant with the use of a magnetic stand. To extract total RNA, we 
added 100 µL of RNA Lysis Buffer from a Zymo Quick-RNA Microprep Kit, 
briefly vortexed the magnetic bead suspension, and collected the liquid 
separated from the magnetic beads for downstream RNA purification using 
the standard Zymo Quick-RNA Microprep Kit protocol.  

Transcardial perfusion, tissue processing, and immunocytochemistry 
Postnatal mice were deeply anesthetized via hypothermia and then 

transcardially perfused with ~5 ml of ice-cold PBS followed by 5 ml of ice-
cold 4% paraformaldehyde. Brains were carefully extracted from the skull 
and post-fixed in 4% PFA at 4°C overnight with gentle mixing. On the 
following day, the brains were rinsed twice with ice-cold PBS and then 
placed in 30% (w/v) sucrose in PBS with gentle mixing for cryoprotection. 
Tissue was embedded in O.C.T (Sakura Finetek USA Inc Cat# 25608-930), 
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frozen at -80°C for 30 minute then at -20°C for 2 hours before being 
sectioned using a cryostat (Leica, 50 µm thick coronal sections for 
immunocytochemistry). Sections were collected in PBS supplemented with 
0.025% Azide.  

For immunocytochemistry, free-floating tissue sections were blocked 
in PBS supplemented with 0.3% Tween-20, and 2% donkey serum (blocking 
buffer) for 1 hour at room temperature, then incubated with primary 
antibodies in blocking buffer on a rocker over night at 4°C. On the following 
day, sections were washed three times in PBS on an orbital shaker, 
incubated for 2 hours at room temperature with fluorophore-conjugated 
secondary antibodies. Sections were washed once with PBS, counterstained 

with DAPI (0.5µg/mL) for 10min, washed again three times with PBS, and 
then mounted on glass slides (Superfrost, VWR Cat#48311-702 VWR). We 
applied Fluoromount-G mounting media (VWR/Southern Biotech Cat# 
0100-01) before placing the coverslip and sealing the slides with nail polish.  

We acquired images of whole brain sections with an epifluorescence 
microscope equipped with a motorized stage and a 10x objective (Nikon 
NiE), using mosaic image stitching through NIS Elements software 
(Nikon). Images were processed using Fiji software61. 
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Supplementary Figures 
 

 
 

Figure S1: rRNA IP approach recovers more rRNAs from FACS-purified CPN than an approach using RiboTag mice and HA IP 
(A) Schematic of pulldown of ribosomal complexes using HA IP from CPN expressing Cre-induced HA-tagged RPL22 (Ri-
boTag + HA IP approach), compared to rRNA IP approach. (B) rRNA IP recovers ~3-fold more 28S and 18S rRNA than HA 
IP from RiboTag mice, using the same number of FACS-purified CPN, while maintaining low non-specific binding. Individ-
ual dots represent biological replicates, with bars showing mean values and error bars indicating standard deviation. 
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Figure S2: Bioinformatic normalization enables differential analysis between CPN and SCPN rRNA IPs replicate samples  
Median-of-ratios normalization was applied to protein abundances to account for differences in protein input between replicate (Rep) samples. For 
missing values in 1-2 samples within each subtype group, CPN and SCPN samples were analyzed separately using k-nearest neighbor (kNN) 
imputation (k=2). Protein abundances were then log2-transformed.  
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Supplementary Tables 

Table S1. List of samples submitted for MS data acquisition 
Samples listed in MS run order, with control IP samples preceding rRNA IP samples, and SCPN samples preceding CPN samples. Control IP and 
rRNA IP samples with matching subtype and replicate number were processed in parallel from the same input. Columns denote sample name, 
number of somata used for IP, and QC-estimated 28S and 18S rRNA amount. 
 
Table S2. Proteins directly identified by single-sample MS data analyses of individual control IP and rRNA IP samples, related to Figure 1E 
Proteins identified by MS2 spectra for each individual sample, through single-sample analysis. Columns denote UniProt accession number, gene 
name, protein group, and per-sample protein abundance (sum of associated peptide abundances; unitless; ND if not detected). Protein groups include 
ribosomal protein, ribosome-associated protein (RAP) previously identified in mESC (Simsek et al. Cell 201725), and other protein.  
 
Table S3. Peptides detected via group analysis of SCPN and CPN rRNA IP samples 
Peptides detected in rRNA IP samples, analyzed by pooling MS2 spectra from all rRNA IP samples in the "label-free quantification" mode of Protein 
Discoverer 3.2. For each peptide, columns denote sequence, modifications (NA if unmodified), number of proteins the peptide maps to, master protein 
accession number with peptide position, and per-sample peptide abundance (unitless, ND if not detected). 
 
Table S4. Comparison of protein detection between SCPN and CPN rRNA IP samples (related to Figure 2A-B) 
Analysis of subtype-specific detection of proteins, summarized from peptides in Table S3. Columns denote UniProt accession number, gene name, 
protein group (ribosomal protein or other), number of replicates with protein detection per subtype, and per-sample protein abundance (geometric 
mean of associated unique peptide abundances; unitless, ND if not detected). 
 
Table S5. Differential abundance analysis of proteins detected in both SCPN and CPN RCs, related to Figure 2D and Figure S2 
Proteins detected in ≥3 rRNA IP replicates from both SCPN and CPN (extracted from Table S4), analyzed by LIMMA for differential abundance 
between subtypes. Columns denote UniProt accession number, gene name, protein group, log2-fold change (CPN/SCPN), p-value, adjusted p-value 
(Benjamini-Hochberg method), and per-sample log2-transformed bioinformatically processed protein abundance used for analysis. Protein groups 
classify proteins as ribosomal or non-ribosomal proteins, and indicate significant subtype-specific enrichment (adjusted p-value < 0.1). Positive log2-
fold changes indicate higher CPN abundance. 
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