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Abstract

In previous studies, we identified a putative 38-nucleotide stem-loop structure (zipcode) in the 3′ 
untranslated region of the cytochrome c oxidase subunit IV (COXIV) mRNA that was necessary 

and sufficient for the axonal localization of the message in primary superior cervical ganglion 

(SCG) neurons. However, little is known about the proteins that interact with the COXIV-zipcode 

and regulate the axonal trafficking and local translation of the COXIV message. To identify 

proteins involved in the axonal transport of the COXIV mRNA, we used the biotinylated 38-

nucleotide COXIV RNA zipcode as bait in the affinity purification of COXIV zipcode binding 

proteins. Gel-shift assays of the biotinylated COXIV zipcode indicated that the putative stem-loop 

structure functions as a nucleation site for the formation of ribonucleoprotein complexes. Mass 

spectrometric analysis of the COXIV zipcode ribonucleoprotein complex led to the identification 

of a large number RNA binding proteins, including fused in sarcoma/translated in liposarcoma 

(FUS/TLS), and Y-box protein 1 (YB-1). Validation experiments, using western analyses, 

confirmed the presence of the candidate proteins in the COXIV zipcode affinity purified 

complexes obtained from SCG axons. Immunohistochemical studies show that FUS, and YB-1 are 

present in SCG axons. Importantly, RNA immunoprecipitation studies show that FUS, and YB-1 

interact with endogenous axonal COXIV transcripts. siRNA-mediated downregulation of the 

candidate proteins FUS and YB-1 expression in the cell-bodies diminishes the levels of COXIV 

mRNA in the axon, suggesting functional roles for these proteins in the axonal trafficking of 

COXIV mRNA.
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Introduction

It is now evident that one of the mechanisms used by neurons to rapidly respond to 

developmental or extracellular cues is to temporally and spatially regulate protein expression 

by asymmetrical mRNA transport and translation (Jung et al., 2012; Gomes et al., 2014). 

Transcriptome analyses suggest the presence of a highly complex population of RNAs in 

axons, including messengers that encode proteins that can be organized into functional 

categories, such as cytoskeletal and scaffolding proteins, translation factors and ribosomal 

proteins, molecular motors and chaperones, and metabolic enzymes (Willis et al., 2007; 

Taylor et al., 2009; Zivraj et al., 2010). A major subset of mRNAs that localize to the axon 

encode mitochondrial proteins (Gumy et al., 2011; Ben-Yaakov et al., 2012; Merianda et al., 

2013). These nuclear-encoded mitochondrial proteins are involved in the maintenance of 

organelle function and promote axonal survival (Gioio et al., 2001). Inhibition of local 

axonal mRNA translation or the import of mitochondrial proteins synthesized in the axon 

leads to decreases in mitochondrial membrane potential and the diminution of ATP synthesis 

in cultured neurons (Hillefors et al., 2007; Naranjo et al., 2012; Yoon et al., 2012). This 

finding suggests that the local synthesis and import of nuclear-encoded mitochondrial 

proteins to axonal mitochondria is essential to support the long-term viability and function 

of this distal structural domain of the neuron (for review, see Kaplan et al., 2009).

Interestingly, a number of these nuclear-encoded mitochondrial mRNAs code for proteins 

that play essential roles in oxidative phosphorylation. Studies on two such nuclear-encoded 

mitochondrial mRNAs, Cytochrome C oxidase IV (COXIV), and ATP synthase 9 (ATP5G1) 

that encode key subunits of oxidative phosphorylation complexes show that local translation 

of these mRNAs play an important role in the regulation of local axonal energy metabolism, 

as well as axon function and growth (Hillefors et al., 2007, Aschrafi et al., 2008, 2012; 

Natera-Naranjo et al., 2012). For example, disruption of the local translation of axonal 

COXIV or ATP5G1 mRNAs leads to compromised mitochondrial membrane potential, 

decreases in ATP levels and generation of reactive oxygen species (ROS) in the axon 

(Hillefors et al., 2007; Aschrafi et al., 2012; Natera-Naranjo et al., 2012).

Studies investigating cis-acting regulatory elements in COXIV mRNA that mediate the 

axonal trafficking of the transcript revealed a 38-nucleotide (nt) putative stem-loop structure 

(zipcode) in the 3′ untranslated region (3′UTR) that was necessary and sufficient to direct 

the localization of this message to the axon (Aschrafi et al., 2010). Overexpression of the 

COXIV zipcode in SCG neurons led to decreases in axonal ATP levels, elevated ROS 

production, as well as defects in axonal growth caused, at least in part, by the reduction in 

the levels of endogenous axonal COXIV mRNA (Aschrafi et al., 2010; Kar et al., 2014). 

These decrements in growth and axonal physiology could be partially rescued by decreasing 

axonal and mitochondrial ROS after application of antioxidants (Aschrafi et al., 2010). 

Interestingly, overexpression of the COXIV zipcode in select cortical regions of transgenic 
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animals showed increased neuronal ROS and the manifestation of aberrant behavioral 

phenotypes in young adults (Kar et al., 2014). Taken together, these findings suggest that the 

axonal transport of nuclear-encoded mitochondrial mRNAs plays an important role in basic 

neuronal function both in vitro and in vivo.

Selective mRNA transport and local translation of transcripts depends on the interaction of 

cis-acting regulatory elements in the transcript with RNA binding proteins to form 

ribonucleoprotein complexes (Doyle et al., 2012). However, little is known about the 

proteins that interact with the COXIV zipcode and mediate the trafficking of this transcript 

to the axon.

To identify the components of the COXIV zipcode ribonucleoprotein complex, we employed 

a RNA affinity pulldown-coupled mass spectrometry (MS)-based experimental approach. 

Our results show that the COXIV zipcode binding complex is enriched in RNA-binding 

proteins, as well as cytoskeletal and mitochondrial proteins. To evaluate the functional 

significance of the proteins identified by our proteomic approach we selected two candidate 

proteins: Fused in Sarcoma/Translocated in Sarcoma (FUS/TLS), and Y box binding protein 

1(YB-1) for further analyses. These proteins have been previously shown to be involved in 

mRNA trafficking and translation (Lagier-Tourenne et al., 2010; Lyabin et al., 2014). Hence, 

these studies served as “proof of principle” experiments. Results of the RNA affinity 

purification, western blot analyses and siRNA-mediated knockdown experiments show that 

the COXIV zipcode indeed interacts with FUS, and YB-1 and that the expression of these 

proteins can modulate the transport of the COXIV transcript to the axon.

Experimental Procedures

Cell cultures

Superior cervical ganglions (SCG) neurons were cultured as described previously (Hillefors 

et al., 2007). Briefly, SCG were dissected from 3-day-old Harlan Sprague Dawley rat pups 

and were dissociated using the Miltenyi Biotec gentle MACS Dissociator and the Neuronal 

Tissue Dissociation Kit according to the manufacturer’s protocol. Dissociated primary 

neurons were plated into the center compartment of a three-compartmented Campenot 

culture chamber in serum-free Neurobasal medium (Invitrogen) containing nerve growth 

factor (NGF; 50 ng/ml; Alamone labs), 20 mM KCl, 20 U/ml penicillin and 20 mg/ml 

streptomycin (Hyclone) for 2–7 d. The culture medium was changed every 3–4 d. After 2 

days-in-vitro (DIV), 5-fluoro-2′-deoxyuridine (FUDR, 50 μM) was added to the medium to 

inhibit the proliferation of non-neuronal cells. FUDR remained in the medium for the 

duration of the experiments. Media also contained nerve growth factor at all times. The side 

compartments, which contained the distal axons used in the experiments, were devoid of 

neuronal soma and non-neuronal cells, as judged by phase-contrast microscopy. For 

immunohistochemical studies, dissociated SCG neurons were plated on Nunc® Lab-Tek® II-

CC2™ glass chamber slides (Sigma-Aldrich) pre-coated with collagen and grown for 1-

week in culture before being processed for immunostaining.

SHSY5Y cells, a human dopaminergic clonal cell line, were maintained in F12: Dulbecco’s 

modified Eagle’s medium (DMEM) 1:1, supplemented with 10% fetal bovine serum, 100 
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units/mL Penicillin and 0.1 mg/mL streptomycin (Life Technologies). To foster 

differentiation, approximately 1 × 105 SHSY5Y cells were treated with 10 μM all-trans 

retinoic acid (RA) and 50 μg/mL NGF for 14 days in Neurobasal media supplemented with 

B27, GlutaMax, 100 units/mL Penicillin and 0.1 mg/mL streptomycin. Media was replaced 

every three days.

Cytosolic and Mitochondrial fraction preparation

Cytosolic extracts were prepared from 14-day-old RA-differentiated SHSY5Y cells or 2-

week-old compartmentalized SCG cultures using the NE-PER™ Nuclear and Cytoplasmic 

Extraction Kit (Life Technologies) according to the manufacturer’s instructions. The 

mitochondrial fractions were isolated from 2-week-old compartmentalized SCG cultures 

using the Mitochondria Isolation Kit for Cultured Cell according to the manufacturer’s 

protocol. The cell-body and axonal compartments were processed separately. Protein 

concentration was determined using the Micro BCA Protein Assay Kit (Life Technologies).

Gel-shift assay

Cytosolic extracts were prepared from differentiated SHSY5Y cells as described earlier. 

Gel-shift assay was performed by incubating 10 μg of cytosolic extracts in binding buffer 

(20 mM HEPES, 72 mM potassium chloride, 1.5 mM magnesium chloride, 1.6 mM 

magnesium acetate, 0.5 mM dithiothreitol [DTT], 4 mM glycerol, 1 mM ATP, 200 units of 

RNasin; Promega) and 5 pmol of biotin-labelled oligonucleotides for 30 min at room 

temperature. For competition studies, the binding reactions were performed in the presence 

of 100-fold molar excess of non-biotinylated oligomer. After incubation, the reaction was 

fractionated by gel electrophoresis using 4% native polyacrylamide gels and 0.5 × TBE 

buffer (Biorad). The gel-shift bands were detected using the LightShift Chemiluminescent 

RNA electrophoretic mobility-shift assay (Life technologies) according to manufacturer’s 

protocol.

RNA affinity purification

The experimental approach employed in the RNA affinity purification studies was based on 

a previous study with minor modifications (Kar et al., 2011). Biotinylated RNA 

oligonucleotides corresponding to the rat COXIV mRNA containing the last 38- and 22-

nucleotides of the 3′ untranslated region were synthesized by IDT technologies. The 38nt 

oligomer is referred to as COXIV full-length zipcode, while the 22nt oligomer is called the 

22nt deletion oligomer. For the RNA affinity pulldown experiments, 5 pmol of biotinylated 

RNA oligonucleotide was incubated in a reaction mixture (500μl) containing 100μl of 

differentiated SHSY5Y cytosolic extract in binding buffer (20mM HEPES/KOH (pH 7.9), 

72mM potassium chloride, 1.5mM magnesium chloride, 1.625mM magnesium acetate, 

0.5mM DTT, 4mM glycerol, 1mM ATP, 10ug E.coli tRNA), at room temperature for 30 min. 

After incubation, the RNA-protein mixtures are incubated with 100μl of magnetic 

streptavidin beads (Pierce Corporation) preequilibrated in binding buffer for 1 h at room 

temperature. After three washes with binding buffer, the bead-bound proteins were eluted by 

boiling for 10 min in elution buffer (125 mM Tris pH 6.8, 2% SDS, 0.02% bromophenol 

blue, 0.1M DTT) and size-fractionated by electrophoresis using a 4–12% gradient Bis-Tris 

SDS polyacrylamide gel (Life Technologies). The affinity purified proteins were visualized 
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by silver staining using the SilverQuest Staining Kit according to the manufacturer’s 

instructions (Life Technologies).

Mass spectrometric analyses—For ultra-high pressure liquid chromatography – 

tandem mass spectrometry streptavidin bead-bound proteins were submitted to the NINDS/

NIMH clinical proteomics core facility. The affinity purified proteins were processed using a 

modified version of a previously described on-bead digestion protocol (Berberich et al., 

2011). The affinity purification and proteomic study was performed in quadruplets.

Data Analysis—Raw MS files were analyzed by PEAKS 7 search engine (build 

20140312). PEAKS 7 uses MSFileReader (Thermo Scientific) to generate peak lists. 

MS/MS spectra were searched against a custom database constructed from the SwissProt 

portion of the UniProt database (release 2015_04). The database included all HUMAN 

sequences in SwissProt and was augmented with reagent protein sequences (LYSC_LYSEN, 

LYSC_PSEAE, SPA_STAA8, SPA_STAAU, SPG1_STRSG, SPG2_STRSG, and 

TRYP_PIG; 7,949 sequences). Search parameters used: precursor mass search type: 

monoisotopic, parent mass error tolerance: 10.0 ppm, fragment mass error tolerance: 0.6 Da, 

enzyme: trypsin, max missed cleavages: 2, non-specific cleavage: one (N-term or C-term), 

fixed modifications: carbamidomethylation (Cys), variable modifications: acetylation 

(Protein N-term), oxidation (Met), pyro-carbamidomethyl (camCys), pyro-Glu (Gln), max 

variable PTM per peptide: 3. The false discovery rate (FDR) was set to 0.01 for peptide-

spectrum matches. For a protein to be reported to be present, at least two different peptide 

sequences were needed to be identified by the search algorithm that match this protein 

uniquely and should be present in at least 3 out of 4 the replicates analyzed.

To remove proteins that have been reported to be non-specific RNA binding proteins in the 

Btz, Stau2, Xist and RBPome studies, we had converted all the annotated proteins identified 

in each of the reports to human official gene symbols, using the bioDB ortholog gene 

conversion tool (https://biodbnet-abcc.ncifcrf.gov/db/dbOrthoRes.php). After conversion, 

the non-specific proteins lists were compared to COXIV zipcode granule component list to 

remove the non-specific binding proteins, using the Venn diagram generation webtool at 

Bioinformatics & Evolutionary Genomics (http://bioinformatics.psb.ugent.be/webtools/

Venn/). This online tool identified all the non-specific binders that were identified in the 

COXIV zipcode granule mass spectroscopy results and these overlapping proteins were 

removed from the list of COXIV zipcode binding proteins. For generating the Venn 

diagrams comparing the proteins common between the COXIV zipcode study reported here 

and Btz, Stau2 and Xist studies, we again used the Venn diagram generation tool. Gene 

ontology (GO) term analysis was performed using DAVID (http://david.abcc.ncifcrf.gov). In 

DAVID, the following functional categories were analyzed for COXIV zipcode, Btz and 

Stau2, and Xist protein lists: biological pathway (BP), and cellular compartment (CC),

Transfection of neurons with small interfering RNA (siRNAs)

FUS- and YB-1-specific and non-targeting (NT)-siRNAs were purchased from Dharmacon. 

The siRNAs, each at final concentration of 100 pmoles, were transfected into cell-body or 

axonal compartments of 6–8-day-old Campenot cultures using Accell Transfection Systems 
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according to manufacturer’s instructions (Life Technologies). Cell-bodies or axons, located 

in the central or lateral compartments of the chamber, were exposed to media containing the 

transfection reagents for 36 h.

Western blot analysis

Distal axons, were harvested and lysed in radioimmunoprecipitation assay (RIPA) buffer 

(Sigma Aldrich), containing complete protease inhibitor mixture (Roche). Equal amounts of 

each lysate were fractionated by 4–12% gradient SDS-PAGE and electroblotted onto 2-

micron Nitrocellulose-based Transfer Membrane (Life Technologies). Membranes were 

blocked with ECL Advance Blocking Agent (GE Healthcare) for 1 h, followed by overnight 

incubation at 4°C with antibodies against either FUS (ProteinTech Group), YB-1 

(Millipore), COXIV, β-actin (Cell Signaling Technology), and Tau (Sigma Aldrich) at 

1:1000 dilution. Membranes were washed three times with 1 × TBS-Tween 20 (1 × TBS and 

0.1% Tween 20) and incubated with HRP-labeled secondary antibody for 1 h at room 

temperature. After washing, membranes were developed with SuperSignal West Femto 

Maximum Sensitivity Substrate Detection Kit reagents (Life Technologies).

RNA isolation and quantitative reverse transcription polymerase chain reaction (qRT-PCR)

Total RNA was isolated from SCG axons or parental soma using Direct-Zol™ RNA 

MiniPrep (Zymo Research) according to the manufacturer’s instructions. For reverse 

transcription, equal amounts of purified RNA were mixed with cDNA SuperMix (Quanta 

Biosciences™) and incubated in a Thermal Cycler (Life Technologies) for 5 min at 25 °C, 

followed by 30 min at 42 °C and 5 min at 85 °C. qRT-PCR analysis was performed with 

gene specific QuantiTect® primers (Qiagen) using VeriQuest SYBR Green Quantitative 

PCR Master Mix (Affymetrix). For each experimental RNA sample, the PCR reactions were 

run in triplicate, using a StepOne™ Real-Time PCR system (Applied Biosystems). The 

results were analyzed using the StepOne™ Software (Applied Biosystems), normalizing 

target mRNA levels to ribosomal protein subunit 18 (RPS18) or GAPDH mRNA levels.

RNA Immunoprecipitation (RNA-IP)

RNA immunoprecipitation experiments were performed on cytosolic extracts derived from 

either differentiated SHSY5Y cells, SCG distal axons or cell-bodies using FUS and YB-1 

antibodies according to the protocol provided by the Magna RIP™ RNA-Binding Protein 

Immunoprecipitation Kit (Millipore). The immunoprecipitated RNA was subsequently 

analyzed by qRT-PCR. As negative control isotype-specific IgG pulldowns were performed. 

Also levels of GAPDH mRNA were used as a measure of non-specific RNA enrichment in 

the pulldown experiments. Enrichment was calculated as the ratio of the recovery of the 

target mRNA (COXIV) versus the recovery of the GAPDH negative control. Each 

experiment consisted of three biological replicates for each antibody pulldown and all 

experiments were performed three times.

Immunohistochemistry

Double immunostaining was carried out on 1-week-old dissociated SCG cultures using 

specific antibodies for FUS, YB-1, COXIV, ATP5G1 (Sigma Aldrich), and Tau. 1-week-old 
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dissociated SCG neurons were fixed for 10 min in prewarmed 4% paraformaldehyde 

solution and permeabilized using 0.5% Triton X-100 for 15 min. Cells were blocked in the 

blocking buffer (1× phosphate buffered saline [PBS] containing 3% bovine serum albumin 

[BSA] and 0.1% Triton X-100) at room temperature for 1 h and incubated with the 

antibodies at 4 °C overnight. After three washes with 1 × PBS, cells were incubated with the 

secondary antibodies at room temperature for 1 h and then processed for microscopy. Images 

were obtained using a confocal microscope (Zeiss LSM510).

Image analyses

ImageJ colocalization plugin was used to extract the overlapping immunohistochemical 

signals and JACoP plugin was used for the quantification of the colocalization.

Statistical analyses

All statistical analyses were performed in Excel. Results are expressed as mean ± standard 

error of the mean (SEM). Differences between groups were assessed with a Students’ t-test 

(two groups), and one-way analysis of variance followed by post hoc tests for multiple group 

comparisons. p-values were calculated and a value less than 0.01 (p ≤ 0.01) was considered 

significant.

Results

Identification of proteins binding to the COXIV 38nt zipcode

To identify the proteins that bind to the COXIV mRNA axonal localization element, we first 

employed a non-denaturing polyacrylamide gel-shift assay to test the hypothesis that the 

COXIV 38nt zipcode forms ribonucleoprotein complexes. Towards this end, cytosolic 

extracts prepared from 14-day-old retinoic acid-differentiated SHSY5Y neuroblastoma cells 

were incubated with biotinylated-RNA oligomer probes (see Materials and Methods). 

Indeed, the 38nt full-length COXIV zipcode forms stable RNA-protein complexes with 

proteins in the SHSY5Y extract (Fig. 1A, lane 2). However, the 22nt COXIV zipcode 

truncation, which does not promote axonal localization (Aschrafi et al., 2010), formed only 

weak complexes in the gel-shift assay (Fig. 1A, lane 3). The formation of the stable 

ribonucleoprotein complex after incubation of COXIV 38nt zipcode with SHSY5Y cell-

lysate was specifically inhibited by the presence of the unlabeled (non-biotinylated) COXIV 

zipcode oligomer (Fig. 1B, compare lanes 2 and 3). Taken together, these data establish that 

the COXIV 38nt zipcode sequence has the capacity to form ribonucleoprotein complexes. 

Additionally, the marked reduction in the appearance of these complexes formed in the 

presence of the 22nt oligomer, employed as a negative control, as well as the depletion of the 

ribonucleoprotein complex upon competition with a non-biotinylated COXIV zipcode 

oligomer suggests that complex formation is not the result of non-specific nucleic acid/

protein binding interactions.

Previous studies had shown that the targeting and local translation of the β-actin mRNA in 

specific sub-cellular compartments is regulated by the interaction of zipcode binding 

protein-1 (ZBP-1) with a 54-nucleotide cis-acting regulatory element located in the 3′UTR 

of the transcript (Ross et al., 1997; Zhang et al., 2001; Tiruchinapalli et al., 2003). To 
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ascertain whether ZBP-1 interacted with the COXIV 38nt zipcode, RNA affinity pulldown 

was performed followed by western analysis using a ZBP-1 specific antibody. As a positive 

control, a biotinylated 54nt β-actin RNA oligomer was used. The results show that as 

compared to the β-actin probe, which successfully affinity-purified ZBP-1, the COXIV 38nt 

zipcode showed no interaction with ZBP-1 (Fig. 1C). This result suggests that ZBP-1 is not 

a component of the RNP complex formed by the COXIV zipcode and raises the possibility 

that the RNP complexes containing the β-actin and COXIV mRNA zipcodes contain 

different sets of binding proteins.

To establish the identity of the proteins that interact with the COXIV 38nt zipcode, we used 

an RNA affinity purification-coupled mass spectrometry assay (see Fig. 2A). Briefly, the 

biotinylated COXIV 38nt zipcode RNA oligomer was incubated with SHSY5Y cytosolic 

extracts under conditions established previously in the gel-shift assay. After incubation, the 

ribonucleoprotein complexes were isolated by affinity pulldown using streptavidin-coated 

magnetic beads. The 22nt COXIV truncated probe as well as blank streptavidin beads were 

used as controls to exclude general nucleic acid RNA binding proteins and proteins that 

bound non-specifically to the streptavidin beads. Visualization of the affinity purified 

proteins by silver-staining of denaturing SDS-PAGE gels showed a variety of COXIV 38nt 

specific pulldown bands (Fig. 2B, compare lane 3 with lanes 1 and 2).

Mass spectrometry (MS) was employed to determine the identity of the protein components 

of the COXIV RNP complexes. In this experiment, 38nt COXIV oligomer- and 22nt deletion 

oligomer-specific RNA-protein complexes were bound to streptavidin beads and trypsin-

digested. The peptides were subsequently separated and sequenced by liquid 

chromatography tandem mass spectrometry (LC-MS/MS). For a positive identification of a 

protein present in the affinity purified fraction at least two independent peptide sequences 

needed to be identified by the search algorithm that matched this protein uniquely (see 

Material and Methods). Proteins identified in the MS studies by virtue of single peptide hits 

were not included in the analysis. A list of COXIV zipcode and 22nt deletion associated 

proteins was generated after the analyses. This pairwise RNA-affinity pulldown and mass 

spectrometry analyses was performed four independent times. From the four experiments, a 

comprehensive lists of COXIV zipcode and 22nt deletion interacting proteins was generated. 

After comparing the lists of zipcode and deletion binding proteins for each replicate, 

approximately 87 proteins were identified that selectively bound to the COXIV 38nt 

zipcode. These 87 candidate COXIV zipcode-associated proteins were selected on the basis 

that they were either uniquely present in the COXIV full-length zipcode fraction or at least 

1.5-fold enriched in three of the four COXIV full-length zipcode pulldowns. The enrichment 

of a protein in the COXIV zipcode fraction was defined as the presence of at least one or 

more unique peptides matching cognate protein in COXIV zipcode pulldown fraction as 

compared to the 22nt deletion oligomer. To eliminate proteins that may bind non-specifically 

to the magnetic streptavidin beads we compared our list of COXIV zipcode binding proteins 

with the list of proteins known to bind streptavidin beads as reported in the “bead proteome” 

study from the Lamond lab (Trinkle-Mulcahy et al., 2008), and removed the proteins that 

were common between the two studies. We next filtered our COXIV zipcode binding protein 

list by comparision with a list of non-specific protein interactors identified in the study 

reporting the isolation of proteins that comprise the Barentsz (Btz) and Staufen2 (Stau2) 

Kar et al. Page 8

Mol Cell Neurosci. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ribonucleoparticle as reported by Fritzsche et al., 2013 and the non-specific background 

binders identified in the RNA binding protein interactome or RBPome studies (Castella et 

al., 2012) (Supplementary table I). The removal of the non-specific proteins identified in the 

aforementioned studies is highly relevant as the RNP isolating techniques used in these 

reports were similar to the one employed in our studies. After removing the non-specific 

binders from the list of 87 putative COXIV zipcode binding proteins, we identified 

approximately 53 candidate COXIV zipcode binders. A compilation of the putative COXIV 

zipcode-specific proteins isolated from the RNA affinity purification studies is provided in 

Table I.

Next we compared the protein components of the Stau2 (~65) and Btz RNP (~84), the Xist 
RNA granule (~82) (Chu et al., 2015) with the COXIV zipcode interacting proteins (for list 

of proteins see supplentary table I). The results show that only 3 proteins were common 

between the Btz and Stau2 and COXIV zipcode binders, while 12 proteins were common 

between Xist and COXIV zipcode interactors (Fig. 2C). This minimal overlap between the 

COXIV zipcode RNP and Btz, Stau2 and Xist RNA granule components provides evidence 

that COXIV zipcode is a part of a unique RNA/protein complex. To gain insight into the 

various functions of the identified proteins, we performed gene ontology (GO) term analysis 

using DAVID (Huang et al., 2009). This analysis revealed that five of the top twelve 

categories were related to RNA binding (see supplementary table II) as many of the 

identified proteins are known RBPs e.g., FUS, KHSRP, HNRNPA2B1, YBX1, HNRNPK. 

Importantly, however, a number of the identified RNA binding proteins have also been 

implicated in RNA trafficking e.g., HNRNPA3, RBM8A, KHSRP, FUS. This enrichment of 

RBPs is consistent with GO results obtained from BTz, Stau2 and Xist RNP granule 

components. Also consistent with the previous studies, we observed an enrichment of 

proteins such as, HMGB1, SEPT2, MAP4, CDK5, which are involved in processes such as 

neuron projection development and axon extension. Interestingly, unique to the COXIV 

zipcode RNA granule proteins, we observed an enrichment of proteins involved in biological 

processes, such as mitochondrion organization, mitochondrial electron transport and 

mitochondrial ATP synthesis. No such enrichment of mitochondrial-associated proteins were 

observed in either the Btz, Stau2 or the Xist studies (Supplementary table II). Consistent 

with the biological process enrichment results reported above, cell component-based 

clustering showed enrichment of proteins in broadly defined groups such as intracellular 

ribonucleoprotein complex, mitochondrion, axoneme, microtubule associated complex, and 

cytoplasmic stress granule etc. Taken together, the proteomic analysis show that the COXIV 

zipcode RNA granule contain unique RBP components distinct from other zipcode RNA 

granules.

To further evaluate the mass spectrometry results and explore the functional role of these 

proteins in the transport of COXIV mRNA to the axon, further studies were focused on two 

putative COXIV associated proteins: FUS/TLS, and YB-1. These candidate proteins were 

chosen based on their reported role in regulating mRNA processing and translation, as well 

as their possible involvement in the pathophysiology of neurodegenerative diseases (Lagier-

Tourenne et al., 2010; Lyabin et al., 2014). To confirm the interaction of these proteins with 

the COXIV zipcode, RNA affinity purification experiments were performed. In these 

experiments, the biotinylated COXIV 38nt zipcode and 22nt deletion oligomer was 
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incubated with 2-wk-RA-differentiated SHSY5Y cytosolic lysates and the presence of FUS, 

and YB-1 in the complex was assessed by western analyses. As shown in Figure 3, the 38nt 

full-length COXIV zipcode oligomer binds both YB-1, and FUS (Fig. 3A and B). No 

interaction was observed between the 22nt-deletion oligomer and the two candidate proteins 

(Fig. 3A–B, compare lanes 1 and 2 lower panel). These results indicate that the COXIV 

zipcode RNP indeed contains YB-1, and FUS and serves to validate the results obtained 

from the mass spectrometry-coupled COXIV zipcode RNA affinity purifications.

COXIV mRNA interacts with zipcode-associating proteins in superior cervical ganglion 
neurons

To visualize the presence of the zipcode binding proteins in SCG neurons, we employed 

immunohistochemical analyses on 1-week-old dissociated SCG neurons that were cultured 

in collagen-coated glass chamber slides and stained with FUS-, and YB-1-specific 

antibodies. As shown in Figure 4, FUS, and YB-1 were present in the cell soma and axons of 

SCG neurons, as observed by the presence of FUS and YB-1 positive structures in axons 

stained with axonal marker Microtubule associated protein Tau. Co-staining 

immunohistochemical studies, using antibodies against mitochondrial proteins, COXIV and 

ATP5G1, showed partial overlap of YB-1 and FUS staining with these mitochondrial protein 

markers (Fig. 4A–B arrows). These results establish that the COXIV zipcode-interacting 

proteins FUS, and YB-1 are present in the axons and cell-bodies of SCG neurons and may 

interact with mitochondria in the axon.

To assess whether the COXIV zipcode interacts with FUS, and YB-1 in primary SCG 

neurons, RNA affinity purification experiments were performed using the 38nt full-length 

COXIV zipcode or the 22nt deletion oligomer, as bait in lysates derived from axons and cell-

bodies of SCG neurons grown in Campenot compartmentalized cultures. We also evaluated 

the ability of the COXIV zipcode to assemble/form RNA granules in the axons by exposing 

the COXIV zipcode oligomer to axonal lysates isolated from distal axons located in the 

lateral compartments of Campenot chambers. Consistent with the results obtained using 

SHSY5Y cell-lysates, western blot analyses showed the presence of YB-1 and FUS in the 

COXIV zipcode purified fraction derived from cell-body and axonal extracts (Fig. 5A) and 

(Fig. 5B) respectively. The binding obtained with the full-length COXIV zipcode oligomer is 

specific as no signal was observed for any of the candidate proteins in the 22nt deletion 

oligomer purified fraction (Fig. 5A–B, compare lanes 2 and 3).

To test whether the endogenous FUS, and YB-1 protein present in the SHSY5Y cells 

interact with the COXIV transcript, we performed RNA immunoprecipitation (RIP) 

analyses. Briefly, FUS, and YB-1-specific antibodies were used to immunoprecipitate 

ribonucleoprotein complexes from cytosolic extracts derived from differentiated SHSY5Y 

cells. The presence of specific mRNA transcripts in these immunopurified fractions was 

assessed by reverse transcription polymerase chain reaction (RT-PCR) analyses using gene-

specific primers. Agarose gel electrophoresis was performed to visualize the amplification 

products obtained from the RT-PCR reactions. As controls for this experiment, we used 

mouse and rabbit IgG and protein A/G beads to immunopurify COXIV mRNA. To control 

for enrichment of a highly abundant transcript via non-specific interaction during the 
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immunoprecipitation step, we used the highly abundant GAPDH mRNA as a negative 

control. Previous studies on both FUS and YB-1 did not reveal any evidence of interaction 

with the GAPDH mRNA (Masuda et al., 2015; Wu et al., 2015 respectively). Enrichment 

was calculated as the ratio of the recovery of the target mRNA (COXIV) versus the recovery 

of the GAPDH negative control. As shown in Figure 5C (upper panel), COXIV transcript 

PCR bands were obtained from RNA isolated from FUS, and YB-1-specific 

immunofractions (Fig. 5C upper panel, lanes 2–3). No COXIV-specific amplicons were 

obtained from RNA isolated from immunofractions derived from either rabbit or mouse IgG 

or the protein A/G beads alone (Fig. 5C upper panel, lanes 4–6). RT-PCR performed to test 

for the presence of GAPDH mRNA in the various immunofractions revealed non-specific 

binding of this transcript across all the immunopurified fractions (Fig. 5C lower panel lanes 

2–6). No PCR amplicons were obtained with any of the primer sets tested in the minus-

reverse transcriptase (“−RT”) controls (data not shown). These results demonstrate a 

selective enrichment of COXIV mRNA in the FUS, and YB-1 immunopurified fractions, as 

compared to the either GAPDH transcript or the control mouse and rabbit IgG pulldown.

To validate the RNA-protein interactions observed in differentiated SHSY5Y cells in SCG 

neurons, we performed RIP followed by qRT-PCR on cell-body and axonal lysates obtained 

from SCG neurons grown in compartmentalized cultures. Similar to the data obtained from 

the SHSY5Y, RIP-qRT-PCR results revealed a significant enrichment of the COXIV 

transcript in the FUS, and YB-1 immunopurified fractions from SCG neurons relative to IgG 

or protein A/G bead pulldowns (Fig. 5D). In contrast, little enrichment was obtained for 

either GAPDH or β-actin gene transcripts used as negative controls. Consistent with the 

SCG neuron results, FUS, and YB-1 fractions obtained from brain lysates showed a specific 

enrichment of COXIV transcript as compared to the IgG pulldown (Fig. 5E). In contrast, no 

enrichment of the GAPDH transcript was observed in the candidate protein pulldowns. 

Overall, these results show that the COXIV zipcode interacting proteins, FUS, and YB-1 

bind the endogenous COXIV transcript in cell-lines, primary sympathetic neurons, and rat 

brain.

siRNA-mediated downregulation of COXIV zipcode interacting protein expression leads to 
decreases in axonal COXIV mRNA levels in SCG neurons

The results of the previous experiments indicate that COXIV zipcode-interacting proteins 

FUS or YB-1 bind to COXIV mRNA. However, the functional significance of the interaction 

is unclear. To assess the significance of this binding on axonal COXIV mRNA levels, we 

performed siRNA-mediated knockdown of FUS or YB-1 expression in the cell-body and 

evaluated its effect on the levels of the COXIV mRNA. In this experiment, FUS- or YB-1-

specific siRNAs were introduced into the cell-body compartment of the Campenot chambers 

(5–7 DIV) using the Accell siRNA transfection system. The transfection of non-targeting 

(NT−) siRNAs served as a negative control. Thirty-six hours after transfection, FUS and 

YB-1 mRNA and protein levels were assessed by qRT-PCR and western blot analyses, 

respectively. The results of these experiments showed that transfection of FUS-specific 

siRNA into the cell-body compartment of compartmentalized SCG cultures diminished FUS 

mRNA and protein levels by ∼60–70% (Fig. 6A, B). A similar decrease in YB-1 mRNA and 

protein levels was also observed after transfection of YB-1 siRNA (Fig. 6A, B). No 
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diminution of FUS or YB-1 mRNA or protein levels were observed using NT-siRNA 

controls. Next, levels of axonal and cell-body COXIV mRNA and protein in SCG neurons 

were assessed by qRT-PCR and western analyses, after treatment of the cell-body 

compartment with FUS- or YB-1-specific siRNAs. SiRNA-mediated knockdown of cell-

body FUS or YB-1 lead to a marked decrease in axonal COXIV transcript levels as 

compared with NT-siRNA-treated neurons (Fig. 6C). Consistent with the qRT-PCR results, 

western blot analyses of axonal lysates showed a marked decrease in COXIV protein levels 

as compared to non-targeting controls (Fig. 6D). These results indicate that cell-body levels 

of FUS and YB-1 proteins affect the levels of COXIV mRNA and protein in the axon. These 

findings raise the possibility that FUS and YB-1 may function to regulate the trafficking of 

COXIV mRNA to the axon.

Interestingly, analyses of cell-body COXIV mRNA levels revealed that YB-1-siRNA 

treatment led to a 60–70% decrease in COXIV transcript, while no significant alteration in 

COXIV levels was observed after FUS-siRNA treatment (Fig. 6C). However, a sharp 

increase in COXIV protein levels was observed in the cell-bodies treated with YB-1-specific 

siRNA. No significant change in COXIV protein levels in the cell-body was observed after 

FUS-siRNA treatment (Fig. 6D). These results suggest that, in addition to being a mediator 

of axonal trafficking, YB-1 may also function as a translational repressor of the COXIV 

transcript.

Discussion

The results provided in this communication indicate that a multi-protein ribonucleoprotein 

complex is formed in association with the COXIV 38nt zipcode. Evidence discussed below 

implicates components of this RNP in the regulation of the axonal localization of the 

COXIV transcript. The COXIV zipcode formed a RNP complex with cytosolic proteins 

derived from differentiated SHSY5Y cells in agarose gel-shift experiments, while no RNP 

complexes were observed with a COXIV 22nt fragment of the COXIV zipcode; a fragment 

which lacks the axonal localization activity. The complexes formed in association with the 

full-length (38nt) COXIV zipcode could be eliminated by competition with an excess of an 

unlabeled oligomer probe. The COXIV 38nt zipcode did not interact with ZBP-1, a protein 

known to be involved in the subcellular localization of several mRNAs (e.g. β-actin mRNA), 

a finding that indicates that not all zipcode trafficking complexes are comprised of identical 

sets of proteins.

RNA affinity purification experiments show that the 38nt COXIV zipcode was associated 

with several proteins in the cytosolic extracts, and this binding pattern was not observed with 

either the 22nt COXIV zipcode, or with a streptavidin bead negative control. Interestingly, 

minimal overlap was observed in the protein components identified to be present in the 

COXIV zipcode RNP and those reported to for the Btz, Stau2, Xist RNA granules, this 

observation suggests that zipcode trafficking complexes are heterogeneous in their 

composition. Previous studies have reported that RNA granules contain multiple RNA-

binding proteins that function to stabilize and translationally silence the mRNA (Fritzsche et 

al., 2013; Chu et al., 2015). In addition, RNPs have also been shown to contain cytoskeletal 

proteins, which bind via adapters and motor proteins like Septins and Dyenins that regulate 
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the retrograde or anterograde transport of the complexes (Sotelo-Silveria et al., 2004, 2006, 

Donnelly et al., 2010; Tsang et al., 2011; Soundararajan et al., 2014). Consistent with these 

findings, our mass spectrometric analyses of the affinity purified COXIV zipcode-associated 

proteins revealed that a major proportion of the proteins forming COXIV zipcode RNP 

complex consist of RNA binding, as well as cytoskeletal proteins. One unique and highly 

specific feature revealed in our study was the presence of mitochondrial proteins in the 

COXIV zipcode affinity purified fraction. No such enrichment of mitochondria-associated 

protein complexes was observed in the previous RNA granule proteomic studies (Fritzsche 

et al., 2013; Chu et al., 2015). In support of our results, several mitochondrial proteins were 

indeed identified in a global screen for RNA binding proteins performed in HeLa cells, using 

the interactome capture methodology (Castello et al., 2012).

Biochemical and cell-biological studies were conducted on FUS, and YB-1 to validate the 

results of the RNA affinity purification experiments used to identify the COXIV zipcode 

binding proteins, as well as to evaluate the functional significance of the COXIV zipcode 

RNP in the axonal transport of the mRNA. These candidate proteins were selected based on 

prior studies showing their involvement in RNA processing including: transcription, 

splicing, transport and translation. For example, FUS is a RNA-binding protein that 

regulates the spatiotemporal fate of mRNA, i.e. subcellular localization, translation or 

degradation (de-Hoog et al., 2004; Fujii and Takumi, 2005; Andersson et al., 2008). Our 

results provide evidence that FUS interacts with the COXIV zipcode both in SHSY5Y cells 

and SCG neuronal cell-bodies and axons. In addition, the results of the RNA affinity 

pulldown experiments show that the FUS protein interacts with endogenous COXIV mRNA. 

Immunohistological studies conducted on primary sympathetic neurons show partial co-

localization of FUS and mitochondrial proteins such as COXIV and ATP5G1, suggesting an 

association of FUS with mitochondria in the axon. Consistent with these results a recent 

report has shown that FUS interacts with mitochondrial proteins both in neuronal cultures 

and transgenic fly models (Deng et al., 2015). Knockdown of cell-body FUS expression 

leads to decreased axonal COXIV transcript levels in the absence of alterations in the cell-

body levels of COXIV mRNA. This study is the first to report the role of FUS in the 

trafficking and or stability of nuclear-encoded mitochondrial mRNAs in the axon. Previous 

studies have shown that expression of ALS-associated FUS mutants lead to mitochondrial 

dysfunction, such as disorganized and fragmented mitochondrion in neurons (Huang et al., 

2010, 2011; Tradwell et al., 2012; Deng et al., 2015). The findings reported in this study also 

provide a possible mechanism that may, in part, explain the mitochondrial abnormalities 

observed in mutant FUS expressing neurons.

In addition to FUS, it is also shown that COXIV mRNA interacts with YB-1 protein both in 

the axons and cell-bodies of sympathetic neurons and also notes the association of YB-1 

with mitochondrial proteins in the axon. This is consistent with previous studies that showed 

that YB-1 interacts with mitochondria in mammalian cell culture systems (Matsumoto et al., 

2012a, b). Importantly, knockdown of YB-1 in the cell-body of SCG neurons results in 

decreases in axonal levels of COXIV mRNA. Western blot analyses of COXIV protein levels 

in the axons after treatment with YB-1-specific siRNA revealed that, consistent with the 

decrease in axonal mRNA levels, COXIV protein levels in the axon are also reduced. Given 

the role of YB-1 in modulating both transcription and translation of nuclear-encoded 
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mitochondrial mRNAs (Matsumoto et al., 1989; Kohno et al., 2003; Matsumoto et al., 2012 

a and b), the decrease in the COXIV transcript after YB-1 knockdown, could be explained 

by either a decrease in mRNA stability or decreased transcription of the COXIV gene. In the 

cell-body, we observe a reduction in COXIV mRNA levels after downregulation of YB-1 

expression. However, western blot analyses revealed a spike in COXIV protein expression in 

the cell-body. This observation is consistent with a previous study that showed that siRNA-

mediated downregulation of YB-1 leads to an increase in the relative abundance of a subset 

of proteins, including those involved in glycolysis, mitochondrial transport and oxidative 

phosphorylation (Somasekharan et al., 2012). Taken together, these data suggest that YB-1 

may also function as a translational inhibitor and decreased YB-1 levels in the cell-body 

results in an upregulation of COXIV mRNA translation. It is also conceivable that the lack 

of YB-1 protein in the cell-body may inhibit the formation of COXIV trafficking granules, 

leading to decreased COXIV mRNA in the axon. Thus, this is the first study to call attention 

to the role of YB-1 in regulating both the transport and translation of nuclear-encoded 

mitochondrial transcripts in neurons.

In conclusion, using a proteomics-based approach, our studies have begun to provide a 

snapshot of the COXIV RNP complex that regulates the trafficking of the cognate transcript 

to the axon. We also report a novel function of FUS and YB-1 in the axonal trafficking and 

translation of COXIV mRNA. However, a detailed understanding of the molecular 

mechanisms by which FUS and YB-1 mediate its role in axonal trafficking and translation of 

COXIV transcript remains to be elucidated and experiments are underway towards that end. 

In addition, future studies will also focus on exploring the role of other candidate COXIV 

zipcode binding proteins identified by RNA affinity purification, such as KHSRP, hnRNPK, 

and NONO.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

COXIV Cytochrome c oxidase subunit IV

SCG Superior cervical ganglion

FUS/TLS Fused in sarcoma/translated in liposarcoma

YB-1 Y-box protein 1

ATP5G1 ATP synthase 9

ROS Reactive oxygen species

3′UTR 3′ untranslated region

ZBP-1 Zipcode binding protein-1

qRT-PCR Quantitative reverse transcription polymerase chain reaction
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RIP RNA immunoprecipitation
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Highlights

• COXIV mRNA zipcode is a nucleation site for formation of axonal trafficking 

RNPs.

• Zipcode-associated proteins were identified using a proteomics-based 

approach.

• Approximately 53 proteins are associated with the full-length zipcode.

• FUS and YB-1 were among the zipcode-associated proteins.

• Silencing the expression of FUS and YB-1 reduced axonal levels of COXIV 

mRNA.
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Figure 1. COXIV zipcode serves as a nucleation site for the formation of ribonucleoprotein 
complexes
3′ biotin-labeled COXIV oligomer probes or 22nt deletion mutant oligomers were 

incubated with cytosolic proteins derived from 2-week-old retinoic acid-differentiated 

SHSY5Y cells. After incubation, the complexes were resolved on 4–20% polyacrylamide 

gels and subsequently visualized using LightShift Chemiluminescent RNA EMSA kit. In 

competitive binding assays, the binding reaction was assembled and carried out in the 

presence of 100-fold molar excess of non-biotinylated COXIV 38nt probe. (A) Incubation of 

full-length 38nt COXIV or truncated COXIV probe (COXIV 22nt) with differentiated 

SHSY5Y cytosolic extract, lane 1, free COXIV 38nt probe; lane 2, gel-shift bands obtained 

in presence of SHSY5Y cytosolic lysate (2ug), lane 3, gel-shift bands obtained by 

incubation of truncated COXIV probe (COXIV 22nt) with SHSY5Y cell lysate (2ug) arrows 

indicate COXIV zipcode-specific gel-shit bands (B) Competition gel-shift assay, lane 1, 

unbound COXIV 38nt zipcode probe; lane 2 gel shifts observed with the biotinylated 

COXIV 38nt probe challenged with SHSY5Y cell lysate, lane 3 decreased COXIV band 

intensity observed with SHSY5Y lysate in the presence of 100-fold excess of unlabeled 

COXIV 38nt oligomer (specific competitor). Arrows indicate COXIV 38nt dependent gel 

shift bands. Each experiment consisted of three independent biological replicates 

(independent lysate preparations). Each experiment was repeated thrice and yielded similar 

results. (C) Western analyses of COXIV stem-loop RNA oligomer purification from 

SHSY5Y cytosolic lysates to detect the presence of ZBP-1 in the COXIV zipcode pulldown 

fraction. The β-actin zipcode (β-actin probe) oligomer affinity purified fractions were used 

as positive control. Note the absence of the ZBP-1-specific bands in the COXIV 38nt 

pulldown fraction. Each experiment consisted of three independent lysate preparations and 

every experiment was conducted three times yielding similar results.
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Figure 2. Identification of COXIV 38nt zipcode binding proteins
(A) Schematic of the RNA affinity purification experimental approach employed in these 

experiments. (B) A representative silver-stained polyacrylamide gel showing the profile of 

proteins isolated by the COXIV zipcode oligomer affinity purification. Arrows indicate 

COXIV 38nt-specific protein bands. (C) Venn diagram showing the overlap between the 

COXIV zipcode affinity purified proteins and those reported in Btz, Stau2 –specific RNA 

granule and Xist mRNA specific RNA granule proteomic studies (Fritzche et al., 2013 and 

Chu et al., 2015). The list of common proteins is shown below each diagram.
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Figure 3. Association of COXIV 38nt zipcode with YB-1, and FUS proteins
Western blot analyses were conducted on COXIV zipcode oligomer affinity purified 

fractions (lower panel) derived from SHSY5Y cytosolic lysates to detect the presence of 

candidate proteins (A) YB-1 (B) FUS. A truncated COXIV probe (COXIV 22nt) was used 

as a control for binding specificity. Arrows indicate antibody-specific immunoreactive 

bands. Note the presence of antigen in the lysates (upper panel) presented to the biotinylated 

probes. 10% of the total lysates were applied to the gel. Experiment was repeated thrice with 

three independent lysate preparations yielding similar results.
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Figure 4. Visualization of FUS, and YB-1 proteins in sympathetic neurons
Immuno-histochemical analyses of dissociated superior cervical ganglion neurons using 

specific antibodies against FUS (A), YB-1 (B and C). Neurons were co-stained with 

mitochondrial proteins COXIV, ATP5G1 (A and B, respectively) or cytoskeletal protein Tau 

(C). The arrows show regions of overlap between the antibody-specific immunostaining. 

Scale bar 50 μM.
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Figure 5. Interaction of COXIV 38nt zipcode and endogenous COXIV mRNA with candidate 
zipcode binding proteins in SCG lysates
RNA oligomer affinity purifications were performed on cell-body and axonal lysates (A and 

B) with COXIV 38nt probe and the presence of specific proteins YB-1(A) and FUS(B) was 

detected using western blot analyses. The truncated COXIV 22nt probe was used as a 

negative control. Each experiment was repeated three times with similar results. RNA 

immunoprecipitation assay was performed on SHSY5Y cytosolic fractions (C) axonal 

lysates (D) or rat brain lysates (E) with FUS-, and YB-1- specific antibodies. Antibodies to 

the candidate binding proteins were employed to immunopurify RNP complexes and the 

presence of COXIV mRNA in the RNPs was detected by qRT-PCR. GAPDH mRNA and 

mouse and rabbit IgG (C–E) as well as β-actin mRNA (E) were used as negative controls. 

The data are plotted as fold-enrichment relative to mouse or rabbit IgG pulldown for each 

mRNA (D) or fold-enrichment over protein A beads (E). Values represent mean ± SEM from 
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three independent experiments. Each experiment consisted three independent lysate 

preparations.
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Figure 6. siRNA-mediated knockdown of FUS and YB-1 expression inhibits endogenous COXIV 
mRNA trafficking and translation in rat sympathetic axons
siRNA oligonucleotides (100pmoles) targeted against either FUS or YB-1 or nontargeting 

NT-siRNA were transfected into the cell-body compartments of 1-week-old SCG neurons. 

After transfection (36h), cell-bodies and axonal compartments were lysed and RNA and 

protein levels were assessed by qRT-PCR and western blot analyses, respectively (A and B). 

The FUS and YB-1 mRNA levels from cell bodies were measured by qRT-PCR (A) and cell-

body protein levels visualized by Western analyses (B). The mRNA levels are expressed 

relative to RPS18 mRNA, and Tau protein levels served as a loading control for the western 

analyses. Arrows indicate specific western bands. Values represent mean ± SEM from three 
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independent experiments. *p < 0.01 (one-way ANOVA and post-hoc test). Each experiment 

was repeated three times with similar results
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