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ABSTRACT 22 

Function and fate of mRNAs are controlled by RNA binding proteins (RBPs) but determining the 23 

proteome of a specific mRNA in vivo is still challenging. RNA proximity biotinylation on the transported 24 

β-actin mRNA tagged with MS2 aptamers (RNA-BioID) is used to characterize the dynamic proteome 25 

of the β-actin mRNP in mouse embryonic fibroblasts (MEFs). We have identified > 60 β-actin 26 

associated RBPs including all six previously known as well as novel interactors. By investigating the 27 

dynamics of the β-actin mRNP in MEFs, we expand the set of β-actin mRNA associated RBPs and 28 

characterize the changes of the interacting proteome upon serum-induced mRNA localization. We 29 

report that the KH-domain containing protein FUBP3 represents a new β-actin associated RBP that 30 

binds to its 3’-untranslated region outside the known RNA localization element but is required for β-31 

actin RNA localization. RNA-BioID will allow obtaining a dynamic view on the composition of 32 

endogenous mRNPs.  33 

 34 

INTRODUCTION 35 

The spatial distribution of mRNAs contributes to the compartmentalized organization of the cell and is 36 

required for maintaining cellular asymmetry, proper embryonic development and neuronal function1. 37 

Localized mRNAs contain cis-acting regions, termed zipcodes or localization elements that constitute 38 

binding sites for RNA-binding proteins (RBPs)2. Together with these RBPs, localized mRNAs form 39 

transport complexes containing molecular motors such as kinesin, dynein, or myosin3,4. These 40 

ribonucleoprotein complexes (RNPs) usually include accessory factors such as helicases, 41 

translational repressors, RNA stability factors or ribosomal proteins5. Thus, mRNPs as functional units 42 

do not only contain the information for an encoded polypeptide but also determine the precise spatio-43 

temporal regulation of its translation, thereby facilitating the correct subcellular localization of the 44 

translation product6. One of the best-studied localized mRNAs is β-actin that encodes the β isoform of 45 

the cytoskeleton protein actin7,8,9. β-actin mRNA is localized to the leading edge of migrating 46 

fibroblasts10 where its local translation critically contributes to the migrating behavior of this cell type7. 47 

In mouse10 and Xenopus11 neurons, β-actin mRNA is transported to the growth cone during axonal 48 

extension and its deposition and local translation is highly regulated by external cues. In addition, 49 

translation of this mRNA in dendritic spines is involved in re-shaping the postsynaptic site of 50 

synapses12. A well-defined localization element is located in the proximal region of the β-actin 3’ 51 
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untranslated region (3’-UTR)13. This cis-acting signal is recognized by the zipcode-binding protein 52 

ZBP114, an RBP of the conserved VICKZ RNA-binding protein family15. ZBP1 (also called IGF2BP1 or 53 

IMP1) interacts with the zipcode via two K-homology (KH) RNA-binding domains and is required for 54 

RNA localization in fibroblasts and neurons16. In addition, it controls translation of β-actin by blocking 55 

the assembly of ribosomes at the start codon17. IGF2BP1 appears to act as key RBP in β-actin mRNA 56 

distribution but several other proteins have been involved in β-actin mRNA localization, although their 57 

molecular function is less clear.  58 

To fully understand mRNA localization and its regulation, it is important to know the proteins binding 59 

and controlling these mRNAs. Major technological advances like CLIP (crosslinking and 60 

immunoprecipitation) combined with next-generation sequencing allow the identification of RNAs 61 

bound to specific RBPs18,19 or the system-wide identification of RBPs that bind to polyA RNA20,21. 62 

However, the major approaches to determine which proteins associate with a specific RNA have been 63 

affinity purification of modified or tagged RNAs together with their bound proteins, or co-64 

immunoprecipitation of RNP components with the help of known RNA-specific RBPs. In addition, 65 

affinity capturing of specific RNPs with hybridizing antisense probes has been successfully 66 

used22,23,24. A serious limitation of these techniques is the potential loss of low affinity binders during 67 

purification, which has so far been addressed by in vivo UV cross-linking prior to cell lysis. However, 68 

cross-linking enhances only the recovery of RBPs directly contacting nucleobases and therefore does 69 

not overcome the loss of other physiologically important RNA interactors, e.g. motor or adapter 70 

proteins. These limitations could be overcome by in vivo labelling of proteins while they are 71 

associated with the target RNA. BioID25 has been successfully used to detect subunits of large and 72 

dynamic protein complexes like the nuclear pore complex26 or centrosome27. In BioID, a protein of 73 

interest is fused to a mutant version of the E. coli biotin ligase BirA (BirA*) that generates AMP-biotin 74 

(‘activated biotin’), which reacts with accessible lysine residues in its vicinity28. After lysis, biotinylated 75 

proteins can be isolated via streptavidin affinity purification and identified using standard mass 76 

spectrometry techniques. Recently, BioID has also been applied to identify proteins associated with 77 

the genomic RNA of ZIKA virus29. We have adapted it to characterize the proteome of an 78 

endogenous, localized β-actin mRNP. We report here that tethering of BirA* to an endogenous 79 

transcript does not only allow the identification of its associated proteins but can also be used to 80 

probe the environment of this mRNA. This approach allows, with high confidence, to identify novel 81 
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functional β-actin interactors that are as highly enriched as already reported β-actin interacting 82 

proteins IGF2BP1, IGF2BP230, RACK131, KHSRP32,  KHDBRS1/Sam6833,34, and FMR135,36. This is 83 

exemplified by FUBP3/MARTA2, an RBP from the conserved FUBP family of proteins37,38 which was 84 

previously shown to mediate dendritic targeting of MAP2 mRNA in neurons39,40 but is shown here to 85 

bind to and facilitate localization of β-actin mRNA to fibroblast protrusions. FUBP3 does not bind to 86 

the zipcode or IGF2BP1 and mediates β-actin RNA localization by binding to its 3’-UTR. 87 

 88 

RESULTS 89 

Tethering a biotin ligase to the 3’-UTR of β-actin mRNA 90 

To tether BirA* to the 3’-UTR of β-actin mRNA (Figure 1a), we stably expressed a fusion of the MS2 91 

coat protein (MCP)41, eGFP and BirA* (MCP-eGFP-BirA*) in immortalized mouse embryonic 92 

fibroblasts (MEFs) from transgenic β-actin-MBS mice42. These mice have both β-actin gene copies 93 

replaced by β-actin with 24 MS2 binding sites (MBS) in their distal 3’-UTR. In addition, MCP-eGFP-94 

BirA* or MCP-eGFP was also stably expressed in control MEFs with untagged β-actin. Co-expression 95 

of MCP-eGFP42 or MCP-eGFP-BirA* (Supplementary Figure S1) does not affect β-actin mRNA and 96 

protein levels. Proximity labeling was performed by addition of 50 µM biotin to the medium at least for 97 

6 hrs28. In cells expressing β-actin-MBS / MCP-eGFP-BirA* but not in control cells expressing only 98 

MCP-eGFP (Figure 1a) we observed biotinylation of numerous proteins in addition to the endogenous 99 

biotinylated proteins seen in cultured cells25 (Figure 1). To test if proximity labeling can identify known 100 

β-actin mRNA-associated proteins, we affinity purified biotinylated proteins followed by Western Blot 101 

detection of IGF2BP1 (mouse ZBP1). IGF2BP1 was biotinylated in MEFs expressing MCP-eGFP-102 

BirA* but not in those expressing MCP-eGFP-BirA* (Figure 1b) which demonstrates that our tool can 103 

successfully biotinylate zipcode interacting protein. Since biotinylation or the expression of the MCP-104 

eGFP-BirA* might affect localization of the β-actin mRNA, we also checked proper targeting of β-actin 105 

mRNA to cell protrusions. To induce localization, MEFs expressing or non-expressing the biotin 106 

ligase-containing fusion protein were serum starved for 24 hrs and stimulated for 2 hrs7,10. In both 107 

MEF lines, we observed formation of motile cytoplasmic mRNPs and their targeting to cell protrusions 108 

(Figure 1c). We expected that a major fraction of biotinylated proteins is MCP-eGFP-BirA* itself. We 109 

therefore aimed at depleting the fusion protein from the lysate by GFP pulldown prior to streptavidin 110 

affinity purification. Surprisingly, most of the biotinylated proteins were enriched in the GFP pulldown 111 
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fraction (Figure 1d, lane 2), which is likely due to co-purification of MCP-eGFP-BirA*, β-actin mRNA 112 

and biotinylated proteins binding to the mRNA or the fusion protein. RNA degradation with RNase A 113 

(Supplementary Figure S2) shifted a large part of the biotinylated proteins into the streptavidin fraction 114 

(Figure 1d, lane 8), supporting the idea that most of the biotinylated proteins are associated with β-115 

actin mRNA. Additional treatment with high salt and 0.5% SDS further optimized the streptavidin 116 

affinity purification and decreased the background binding of the magnetic beads used in this 117 

purifcation (Figure 1d, lane 12). 118 

 119 

β-actin mRNA interactors under serum-induced and uninduced conditions 120 

β-actin mRNA localization to the lamellipodia of chicken and mouse fibroblasts increases after serum 121 

induction43. It was also shown that during serum starvation, cells enter a quiescent phase of the cell 122 

cycle44 with an overall reduction in actin stress fibers or focal adhesions43. Since efficient biotinylation 123 

and capturing requires 6 hrs of incubation with biotin, we next applied smFISH to verify that β-actin 124 

mRNA localization persists during our labeling period. As shown before42, mouse fibroblasts induce β-125 

actin mRNA localization after serum addition (Supplementary Figure S3a) and the fraction of MEFs 126 

with β-actin localized to lamellipodia increases within one hour but remains constant over the next 6 127 

hours (Supplementary Figure S3b). This situation gives us an opportunity to biotinylate proteins that 128 

are associated with localizing β-actin mRNA during the required 6-hour labelling window. 129 

To determine and compare the β-actin associated proteomes in uninduced and serum-induced MEFs, 130 

we performed RNA-BioID under both conditions (three replicate experiments each). Unspecific as well 131 

as endogenous biotinylation was assessed by performing BioID in MEFs expressing NLS-MCP-132 

eGFP-BirA* in the absence of MS2 aptamers. Affinity-captured biotinylated proteins were identified 133 

and quantified by mass spectrometry using label free quantification (LFQ; see Methods). Principal 134 

component analysis of the datasets revealed that the different conditions cluster apart from each 135 

other in dimensions 1 and 2 (explaining 33.8% and 15.5% of variance), while the replicates within the 136 

same condition cluster together showing good biological reproducibility (Supplementary Figure S4). 137 

We furthermore calculated the Spearman correlation between all sample types and replicates, which 138 

demonstrates the high reproducibility between biological replicates (correlation ≥ 0.97). In addition, it 139 

showed better correlation between uninduced and induced samples (average 0.95) compared to 140 

control (Supplementary Figure S5). In total, there were 169 (or 156) significantly enriched proteins in 141 
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induced (or uninduced) MEFs compared to control cells (Supplementary Figure S6). Of these, 47 142 

were enriched only under induced conditions (Supplementary table 4). To assess the differential 143 

enrichment of the proteins under each condition, a Tukey post-hoc test was performed after the 144 

ANOVA, and the significance was set to an adjusted p-value of 0.05 following Benjamini-Hochberg 145 

multiple correction testing (see Materials and Methods). A large fraction of the enriched proteins (30% 146 

and 34%) under induced, or uninduced conditions respectively, represent RNA-binding proteins 147 

(Figure 2, red solid circles). Among these are the majority of RBPs (IGF2BP1, IGF2BP2, KHSRP, 148 

KHDRBS1, FMR1, HuR45, RACK1) already known to control specific aspects of β-actin mRNA 149 

physiology. Other enriched RBPs have been associated with the localization of mRNAs in other cell 150 

types or organisms, including STAU1 and STAU246, SYNCRIP47, and FUBP348. Furthermore, 85 151 

proteins were significantly enriched under serum-induced compared to uninduced conditions 152 

(Supplementary figure S6). However, the majority of the above mentioned RBPs (including IGF2BP1) 153 

become biotinylated under induced as well as uninduced conditions, indicating that they are 154 

associated with β-actin mRNA under both conditions (Figure 2c). 155 

A cluster analysis (Figure 3) reveals at least five different patterns of biotinylated proteins in induced, 156 

non-induced and control MEFs (Figure 3b, c). In control MEFs, we see enrichment of mainly nuclear 157 

proteins (cluster 1). This is expected since the unbound MCP-eGFP-BirA* is enriched in the nucleus 158 

due to an N terminal nuclear localization sequence49 (Figure 1c). Cluster 1 also contains abundant 159 

cytoplasmic proteins like glycerol aldehyde phosphate dehydrogenase (GAPDH). Cluster 3 represents 160 

proteins that are equally found in MEFs under all conditions and contains e.g. ribosomal proteins. 161 

Proteins allocated to the other three clusters (clusters 2, 4, 5) are overrepresented in the biotinylated 162 

proteome of MEFs expressing β-actin-MBS. Of specific interest are clusters 4 and 5. In cluster 4, with 163 

proteins that are more biotinylated under serum-induced conditions, we find RNA-binding proteins, 164 

among them FMR1 and KHSRP32 that have been reported to function in β-actin mRNA localization or 165 

bind to IGF2BP1. Another group of proteins that are enriched in this cluster are proteins of the actin 166 

cytoskeleton (e.g. Filamin B, Cofilin-1, Myh9, Tpm4, Plastin-3). Their enrichment likely reflects the 167 

deposition of the β-actin mRNA in the actin-rich cortical environment of the MEF’s leading edge. 168 

Finally, cluster 5 contains proteins found in β-actin-MBS MEFs under induced as well as non-induced 169 

conditions but not in control MEFs. This cluster shows an enrichment for proteins involved in mRNA-170 

binding, RNP constituents or ribosomal proteins. Since this cluster contains the zipcode-binding 171 
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protein IGF2BP1, we hypothesized that other proteins in this cluster, e.g. FUBP3 are likely candidates 172 

for β-actin mRNA regulatory factors. 173 

 174 

FUBP3 is a component of the β-actin mRNP 175 

To confirm the association of FUBP3 and MS2-tagged β-actin mRNA, we transfected MEFs 176 

expressing β-actin-MBS/MCP-GFP cells with plasmids encoding either FUBP3-mCherry or IGF2BP1-177 

mCherry (Supplementary Figure S8a). An object based colocalization analysis of snapshot images 178 

was used to determine the extent of colocalization of each of the two proteins with β-actin mRNA50. 179 

For comparison of colocalization levels, a clipping point was chosen as the midway between zero 180 

distance and the onset of the random dominated colocalization (the plateau), represented also as the 181 

pick in the derivative graph which in our case was at 150 nm (Supplementary figure S8b-d). The 182 

colocalization of β-actin-MBS mRNA with each protein at this clipping point distance was small but 183 

significant with 6.6 ± 4.1% for IGF2BP1 and 4.4 ± 6.2% for FUBP3 (Supplementary figure S8e). To 184 

test if the observed colocalization of the mCherry fusion proteins is in the range of the endogenous 185 

proteins, we combined single-molecule FISH (smFISH) against β-actin-MBS and immunofluorescence 186 

(smFISH-IF) using antibodies against FUBP3 and IGF2BP1 (Figure 4a). We also included IGF2BP2 187 

in this analysis since it has been suggested to interact with IGF2BP1 and β-actin mRNA30 and was 188 

found in our analysis in the same cluster as IGF2BP1 and FUBP3 (Figures 2 and 3). smFISH with 189 

probes against the β-actin ORF and the MBS part allowed us to estimate the feasibility of our method 190 

to detect colocalization (Figure 4a). 5.8% of β-actin mRNA signals co-localize with FUBP3, 4% co-191 

localize with IGF2BP2 and 10.3% co-localize with IGF2BP1 (Figure 4c, supplementary figure S9). 192 

Applying the same colocalization to β-actin ORF and the MBS part, 31% of MS2 probes were found to 193 

colocalize with β-actin ORF. This indicates that our colocalization analysis likely underestimates the 194 

degree of true colocalization by a factor of three. One of the reasons for this low number could be the 195 

high number and crowdedness of distributed signals in case of β-actin mRNPs resulting in an 196 

increase in random estimated colocalization values that were used to evaluate true colocalization. 197 

Furthermore, our setup lacked the high-level correction for chromatic and mechanical microscope 198 

aberration that was shown to be beneficial for the correct quantification of these interactions51. The 199 

quantitative analysis of colocalization between β-actin and FUBP3, although being in the same range 200 

of IGF2BP1 (6-10 %), is still lower than expected. Aside from the technical reasons, the low value 201 
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could be due to the use of immortalized MEFs. In contrast to primary MEFs, immortalized MEFs have 202 

a lower efficiency of β-actin localization, which is likely due to increased phosphorylation of IGF2BP1 203 

and its release from the zipcode52,50. Alternatively, the low degree of colocalization could be due to the 204 

dynamic interaction of FUBP3 and IGF2BP1 with the β-actin mRNP53. Analyzing snap shots of this 205 

interaction could therefore also result in an underestimation of the RBP’s association with β-actin 206 

mRNA as it was shown in the case of kinesin-1 interaction with oskar mRNA in Drosophila oocytes50. 207 

 208 

FUBP3 binds to the 3’-UTR of β-actin mRNA 209 

To validate our colocalization experiments, we performed co-immunoprecipitation of β-actin mRNA 210 

with FUBP3 and IGF2BP1 (Figure 5a). Both proteins co-precipitate four tested mRNAs (β-actin, 211 

Cofilin1, Igf2bp1, Fubp3). In case of IGF2BP1, it binds to all the mRNAs tested, which reflects 212 

previous observations in Hela cells, where almost 3% of the transcriptome was shown to bind to 213 

IGF2BP154. β-actin binding to FUBP3 (23% of input bound to FUBP3) was less efficient than to 214 

IGF2BP1 (37%) (which also correlates with the microscopy results). We also detected FUBP3 and 215 

IGF2BP1 binding to another localized mRNA, Cof155 to a similar extent (48%). Since co-precipitation 216 

of these mRNAs with FUBP3 could be indirect, e.g. via IGF2BP1, we used recombinant glutathione S 217 

transferase (GST)-FUBP3 and IGF2BP1 (Supplementary figure S10) in pulldown assays to test direct 218 

binding to in vitro transcribed RNA fragments of β-actin mRNA. We selected the 54 nucleotide 219 

localization zipcode element of β-actin, a 49 nucleotide long region after the zipcode (proximal 220 

zipcode)14 and the 643bp long whole β-actin 3’-UTR. RNA captured by the GST fusion proteins was 221 

detected by quantitative RT-PCR and normalized to the input. As negative controls, GST protein and 222 

a zipcode mutant RNA unable to bind to IGF2BP156,57 were used. Unlike IGF2BP1, FUBP3 does not 223 

bind to the zipcode but does interact with the 3’UTR of β-actin mRNA, suggesting that it recognizes a 224 

different site in the 3’-UTR (Figure 5b). A recent publication58 revealed that FUBP3 binds the motif 225 

UAUA, which is also present at the 3’UTR of β-actin mRNA, 459bp downstream of the stop codon. To 226 

further substantiate our finding that FUBP3 can bind independently of IGF2BP1 to β-actin mRNA, we 227 

performed co-immunoprecipitation experiments of IGF2BP1 and FUBP3 (Figure 5c). We did not 228 

detect co-immunoprecipitation of IGF2BP1 and FUBP3. However, as reported59, we see that 229 

IGF2BP2 binds to IGF2BP1, indicating physical interaction between these two proteins. We conclude 230 

that FUBP3 does not directly bind to IGF2BP1. 231 
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To identify the KH domain of FUBP3 responsible for interaction with β-actin mRNA, we introduced 232 

mutations in the conserved KH domains of the protein. Each functionally important G-X-X-G motif in 233 

the four KH domains was changed to an inactive version (G-D-D-G)60 and individual mutant proteins 234 

were transiently expressed in MEFs as C-terminally tagged mCherry fusion protein. The G-D-D-G 235 

mutation in KH domain KH2 resulted in loss of the cytoplasmic punctate staining seen in wild type 236 

FUBP3, which is reminiscent of a similar punctate pattern observed for mRNPs (Figure 5d). We 237 

conclude that KH2 in FUBP3 is important for its integration into RNP particles and likely constitutes 238 

the critical domain for RNA binding.  239 

 240 

Loss of FUBP3 affects β-actin mRNA localization 241 

To validate that proteins identified by RNA-BioID are functionally significant for the mRNA used as 242 

bait, we performed knockdown experiments for Fubp3. Knockdown of Igf2bp1 was used as a positive 243 

control for a factor involved in β-actin localization. The knockdown effectiveness was validated by 244 

western blot against IGF2BP1 and FUBP3, using GAPDH and β-ACTIN as controls (Figure 6a, b, and 245 

Supplementary figure S11). The effect of the knockdown on β-actin mRNA localization was assessed 246 

by smFISH (Figure 6c and supplementary figure S12). In control cells, up to 47% of MEFs show 247 

localized β -actin mRNA in their protrusions (Figure 6c). IGF2BP1 knockdown reduces this to 32% 248 

while FUBP3 knockdown leads to a reduction to 21% (Figure 6c). This indicates that FUBP3 is 249 

important for β-actin mRNA localization. In addition, we found that knockdown of Igf2bp1 or Fubp3 250 

only mildly changes β-actin mRNA levels (79% of wild type in case of Igf2bp1 knockdown, 93% in 251 

case of Fubp3). In contrast, the level of β-actin protein increases to 120%, or 150%, respectively 252 

(Figure 6a, b). In case of IGF2BP1, this is consistent with previous reports showing that the protein 253 

acts as translational repressor of β-actin mRNA and that localization defects seen after loss of 254 

IGF2BP1 are due to premature translation of the mRNA before reaching its normal destination 255 

site17,61. FUBP3 could perform a similar role on β-actin mRNA. 256 

 257 

DISCUSSION 258 

Proximity biotinylation has facilitated the characterization of dynamic protein complexes by in vivo 259 

labeling of interaction partners. Here, we exploit this approach and demonstrate its utility for 260 

identifying functionally relevant RNA-binding proteins of a specific mRNA, mammalian β-actin. This is 261 
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achieved by combining MS2 tagging of the mRNA of choice and co-expression of a fusion protein of 262 

the MS2 coat proteins (MCP) and the biotin ligase (BirA*). 263 

The primary goal for an RNA-based BioID is the identification of novel RNA interactors. As seen 264 

before in several proximity labeling (BioID or APEX-driven) approaches62,63,64, the number of identified 265 

potential interactors for β-actin is far higher than the number of proteins identified in classical co-266 

immunoprecipitation or co-affinity purification approaches. This might be due to the higher sensitivity 267 

of proximity labeling or its propensity to allow capturing of transient interactors62. Although this can 268 

results in a skewed view of the actual components of a complex due to the rapid change of the 269 

composition of mRNP, it is beneficial in order to identify all the mRNP components during the life 270 

stages of an mRNA. The most highly represented class of proteins were RBPs (Figure 3 and S7b), 271 

among them all RBPs that have been previously associated with localization, translational control or 272 

(de)stabilization of β-actin mRNA. Other RBPs like survival of motor neuron 1 (SMN1), which supports 273 

the association of IGF2BP1 with β-actin mRNA65,66, were also found to be enriched in MEFs 274 

expressing β-actin-MBS compared to control MEFs, although with lower significance (p-value < 0.1). 275 

We also analyzed our dataset for motor proteins involved in mRNA transport. Neither MYH1067 nor 276 

KIF1168 that have been suggested to work as β-actin mRNA transport motors were found as 277 

biotinylated proteins. In contrast, the only motor we identified is MYH9, the heavy chain of a MYH10 278 

related class II-A myosin although it was not significantly enriched (p = 0.08). The lack of motor 279 

proteins is compatible with a recent observation that β-actin localization in fibroblasts works primarily 280 

by diffusion to and trapping in the microfilament-rich cortex42. This is also corroborated by our finding 281 

that components of the actin-rich cell protrusion (Figure 3, cluster 4) are heavily biotinylated in MEFs 282 

after serum-induced localization of β-actin. 283 

Overall, the cluster analysis shows that the majority of previously identified β-actin RBPs behave 284 

similarly under the two tested conditions (serum-induced and uninduced MEFs). This not only 285 

indicates that they interact with β-actin mRNA in MEFs even under steady state conditions, but It also 286 

makes it likely that other proteins, especially RBPs, found in this cluster might represent so far 287 

unknown β-actin mRNA interactors. By choosing the far-upstream binding protein FUBP3 as a 288 

potential candidate we demonstrate that this assumption holds true for at least this protein. FUBP3 289 

not only binds to β-actin mRNA but its knockdown also results in a similar decrease of β-actin 290 

localization to the leading edge as seen for loss of IGF2BP1. 291 
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FUBP3, also named MARTA2 has been reported to bind to the 3’-UTR of the localized MAP2 mRNA 292 

in rat neurons40 and regulates its dendritic targeting48. Although the binding site of FUBP3 in MAP2 293 

mRNA is not known, its preferred binding motif (UAUA) was recently identified58. This motif is present 294 

in the 3’-UTR of β-actin 405 bp downstream of the zipcode. FUBP proteins might play a more 295 

substantial role in RNA localization since homologs of a second member of the FUBP family, FUBP2 296 

were not only reported to be involved in MAP2 or β-actin mRNA localization48,32 but also present 297 

among the biotinylated proteins we identified. However, FUBP2 is mainly nuclear and its role in β-298 

actin mRNA localization might be indirect32. In contrast, FUBP3 seems to have a direct function in 299 

localizing β-actin. Although we observed only little colocalization of β-actin mRNPs and FUBP3, 300 

colocalization was in the range of that seen for IGF2BP1. More important, FUBP3 binds to the 3’-UTR 301 

and its loss reduces β-actin mRNA localization. FUBP3 and IGF2BP1 do not bind directly to each 302 

other. Finally, IGF2BP1 levels are not affected by Fubp3 knockdown, ruling out an indirect effect on β-303 

actin mRNA localization via changing IGF2BP1 amounts. What might therefore be the function of 304 

FUBP3? A potential function could be translational regulation. Similar to Igf2bp1 knockdown, loss of 305 

FUBP3 results in increased amounts of β-actin protein while β-actin mRNA levels are similar to or 306 

even lower than in untreated MEFs. This could be due to a loss of translational inhibition as it has 307 

been shown for IGF2BP1. 308 

Its role in β-actin and MAP2 mRNA localization suggests that FUBP3/MARTA2 is a component of 309 

several localizing mRNPs. Of note, RNA-BioID on β-actin mRNA has identified even more RBPs that 310 

have been previously involved in the localization of other mRNAs, e.g. SYNCRIP69 or Staufen46. 311 

Several of these like STAU1 and STAU2 are highly enriched in our β-actin biotinylated proteome. This 312 

finding might on one hand reflect the participation of multiple RBPs in β-actin localization or 313 

regulation. It also shows that a common set of RBPs is used to control the fate of several different 314 

localized mRNAs in different cell types. Although RNA-BioID does not currently allow us to determine 315 

if all these RBPs are constituents of the same β-actin mRNP, belong to different states of an mRNP or 316 

to different populations, their identification now allows addressing these questions to reach a more 317 

detailed understanding of the common function of RBPs on diverse mRNAs. 318 

 319 

 320 

 321 
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MATERIALS AND METHODS  322 

Cell culture methods as well as general molecular and cell biology techniques including plasmid 323 

cloning, lentiviral transfection and selection, immunoprecipitation and western blotting, and in situ 324 

hybridization are described in Supplementary Methods. 325 

 326 

RNA-BioID: For RNA-BioID, cells were incubated with 50 µM biotin at least for 6 hrs. Following 327 

incubation, cells were washed twice with 1x PBS and lysed in IP lysis buffer (50 mM Tris pH 7.5, 150 328 

mM NaCl, 2.5 mM MgCl2, 1 mM DTT, 1% tween-20, and 1x proteinase inhibitor) and passed 10-12 329 

times through a 21G needle. The lysate was cleared by centrifugation (12,000 x g for 10 min at 4°C) 330 

to remove cell debris. 10 µg of protein from the supernatant (‘total cell lysate’) were used to check for 331 

protein biotinylation. In the remaining lysate, NaCl was added to a final concentration of 500 mM. 200 332 

µl of a streptavidin magnetic bead suspension (GE Healthcare) were added and the high salt lysate 333 

incubated overnight at 4°C with end to end rotation. On the next day, the beads were collected (by 334 

keeping the beads on the magnetic stand for 2 min) and washed as described before28. In detail, they 335 

were washed twice for 5 min with 0.3 ml wash buffer 1 (2% SDS), once with wash buffer 2 (0.1% (w/v) 336 

deoxycholate, 1% (w/v) tween-20, 350 mM NaCl, 1 mM EDTA pH 8.0), once with wash buffer 3 (0.5% 337 

(w/v) deoxycholate 0.5% (w/v) tween-20, 1 mM EDTA, 250 mM LiCl, 10 mM Tris-HCl pH 7.4) and 50 338 

mM Tris-HCl pH 7.5, once with wash buffer 4 (50 mM NaCl and 50 mM Tris-HCl pH 7.4), and finally 339 

twice with 500 µl of 50 mM ammonium bicarbonate. 20 µl of the beads were used for western blot and 340 

silver staining, and 180 µl was subjected to mass spectrometry analysis. To release captured proteins 341 

for western blot analysis from streptavidin beads, the beads were incubated in 2x Laemmli buffer 342 

containing 2 mM saturated biotin and 20 mM DTT for 10 min at 95 degree.  343 

For biotinylation after serum induction, cells were starved for 24 hrs as described in supplementary 344 

methods and induced with 10% serum containing media containing 50 µM biotin for at least for 6 hrs 345 

to 24 hrs. Samples were processed for mass spectrometric analysis as described in Supplementary 346 

Methods. 347 

 348 

Microscopy and object-based colocalization analysis: Cells were imaged with a Zeiss 349 

CellObserver fluorescence microscope equipped with a CCD camera (Axiocam 506) and operated by 350 

ZEN software (Zeiss). Image stacks were taken at 26-micron distance with either 40x,63x or 100x 1.4 351 
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NA oil immersion objectives. A representative slice was subjected to image processing and object-352 

based localization. Particles were identified using the mexican hat filter plug-in available for Fiji which 353 

apply Laplacian of Gaussian filter to a 2D image. Object based localization was performed using the 354 

xsColoc imageJ plugin as described70. Briefly, the plugin determines the colocalization of objects in 355 

single snapshot frames by measuring the distance between closest neighbor objects from the β-actin 356 

mRNP (reference channel) and the protein (target channel). The analysis was restricted to the 357 

cytoplasm. Random colocalization was addressed by seeding objects from the target channel 358 

randomly into the defined area (cytoplasm), a process that was repeated 100 times. Particles from the 359 

reference channel were randomly assigned to clusters in the size of 100 particles. The fraction of 360 

colocalization as a function of maximal localization distance in each cluster was compared to the 361 

distribution of 100 simulated random values using the one sample student’s t-test (α=0.01). The 362 

difference between the significant clusters to the random value was used in order to detect the ‘real’ 363 

co-localization32.Extraction, statistical analysis and plotting of the data produced by the xsColoc plugin 364 

were carried out in R using the R Studio front‐end (https://www.rstudio.com/) and the ggplot2 library71 365 

to plot the graphs. The R script to analyze the data was written and kindly provided by Imre Gaspar. 366 

 367 

Data availability: Proteomic data supporting this study has been deposited into PRIDE, accession 368 

no: PXD010694. 369 
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FIGURES: 546 

 547 

548 
 549 

 550 

Figure 1: RNA BioID to detect proteins interacting with localized β-actin RNA.  551 

(a) Schematic of the β-actin-MBS-BirA* and control constructs to detect β-actin mRNA associated proteins. The 552 
24xMS2 loop (24MBS) array was integrated in the 3’UTR of the endogenous β-actin gene 441 bp downstream of 553 
the stop codon. BirA* is targeted to 24MBS by fusing it to 2xMCP-eGFP (upper panel) Control cells expressed 554 
2xMCP-eGFP-BirA* and β-actin mRNA lacking the MBS cassette (lower panel).  555 

(b) Biotinylation of IGF2BP1 depends on MBS sites in β-actin. Following RNase A treatment, botinylated proteins 556 
were affinity-purified with streptavidin-coated beads from cells expressing 2xMCP-eGFP-BirA* in the presence 557 
(β-actin-24MBS) or absence (β-actin) of MCP binding sites (MBS). Presence of IGF2BP1 was probed by a 558 
specific antibody in bead fraction (Beads) and supernatant (Sup). 559 

(c) β-actin-MBS MEFs expressing 2xMCP-eGFP (left panel) or 2xMCP-eGFP-BirA* (right panel) form and 560 
localize β-actin mRNP particles (arrows) after 24hr of serum starvation and 2 hr serum induction. The nuclear 561 
accumulation of 2xMCP-eGFP or 2xMCP-eGFP-BirA* originates from a nuclear localization signal (NLS) at the 562 
N-terminus of the fusion proteins. Bar: 10 µm. 563 

(d) Specific enrichment of β-actin-MBS associated, biotinylated proteins are achieved by stringent conditions 564 
during purification. Two consecutive affinity purifications (anti-GFP followed by streptavidin pulldown) were 565 
performed. Western blots were stained for biotinylated proteins by streptavidin-alkaline peroxidase. Left panel: 566 
The majority of the biotinylated proteins remain associated with 2xMCP-eGFP-BirA* in the GFP pulldown fraction 567 
under low-stringency purification conditions (lane 2). Combination of treatment with RNaseA (lane 6 versus 8), or 568 
0.5% SDS and 500 mM NaCl (lane 10 versus 12) leads to quantitative enrichment of biotinylated proteins by 569 
streptavidin pulldown. 570 
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 571 

Figure 2: Enrichment of biotinylated proteins in control MEFs, or MEFs expressing β actin-572 
MBS-BirA* under serum-induced or uninduced conditions.  573 

Volcano plot representation of biotinylated proteins in  574 

(a) uninduced MEFs compared to control MEFs,  575 

(b) serum-induced MEFs compared to control MEFs.  576 

(c) serum-induced MEFs compared to uninduced MEFs.  577 

In the volcano plots, the X-axis represents log2 fold change in protein abundance and the Y-axis represents the –578 
log10 p-value. Red circles are known RBPs identified by GO-molecular function analysis. Proteins names in red 579 
represent known β-actin mRNA interactors and proteins named in blue are RBPs known to bind to IGF2BP1. 580 
Dotted line indicates p = 0.05. 581 
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 582 

 583 

Figure 3: Cluster analysis of biotinylated proteins in control MEFs or MEFs expressing β-actin-584 
MBS-BirA* under serum-induced or uninduced conditions. 585 

(a) Hierarchical clustering of biotinylated proteins in serum-induced, uninduced β-actin-MBS-BirA* MEFs and 586 
control MEFs (lacking β-actin-MBS). Enrichment is indicated in red coloring, depletion in blue. Various clusters of 587 
protein groups are highlighted in the dendrogram. 588 

(b) Profile plots of five selected clusters showing distinct enrichment patterns of biotinylated proteins: 1. Strongly 589 
enriched in control MEFs; 2. Enriched in β-actin-MBS-BirA* MEFs under uninduced condition; 3. Similar 590 
enrichment in all MEFs. 4. Enriched in β-actin-MBS-BirA* MEFs under serum-induced conditions; 5. Enriched in 591 
β-actin-MBS-BirA* MEFs under serum induced and uninduced conditions compared to the control MEFs. Degree 592 
of enrichment in each specific cluster is represented by coloring (green, more enriched, red, less enriched).  593 

(c) Functional analysis of protein annotation terms results in multiple categories that are enriched in the selected 594 
clusters. GO-slim molecular function terms, the corresponding enrichment factor, and the p-value are shown in 595 
the table. Selected examples of proteins found in each cluster are depicted below the tables. 596 

  597 
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  598 

Figure 4: Colocalization of IGF2BP1 and FUBP3 with β-actin-MBS mRNA. 599 

(a) Representative smFISH-immunofluorescence images in MEFs expressing β-actin-MBS. RNA is detected with 600 
smFISH probes against MBS (yellow) or against β-actin ORF (magenta), proteins with antibodies against either 601 
FUBP3, IGF2BP1, IGF2BP2 (magenta). Boxed areas indicate magnified regions. Arrows indicate colocalizing 602 
objects. Scale bar represent 5 μm.  603 

(b) Difference between observed and random estimated colocalization plotted as a function of maximal 604 
colocalization distance. Arrows indicate the maximal colocalization distance chosen to analyze and compare the 605 
ratio of colocalization presented in (c) (150 nm for β-actin ORF probes, 200 nm for IGF2BP1 and FUBP3 and 250 606 
nm for IGF2BP2). This point was chosen as the midway between zero and the onset of the plateau which 607 
represent the domination of random colocalization on the difference values. See Supplementary Figure S9 for 608 
more data. 609 

(c) Degree of colocalization of β-actin-MBS with β-actin ORF, IGF2BP1, FUBP3 or IGF2BP2. Histogram bars 610 
represent the difference values at the maximal colocalization distance as indicated by the arrows in (b). Errors 611 
bar represent 95% confidence interval. 612 
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 613 

Figure 5: FUBP3 binds to β-actin 3’UTR. 614 

a) Co-immunoprecipitation of selected mRNAs with IGF2BP1 and FUBP3. Bars represent percentage of input 615 
mRNA co-purifying with the indicated protein. IGF2BP1 binds to several endogenous mRNAs such as, Cofilin1, 616 
Igf2bp1 and Fubp3. FUBP3 binds to 23% of endogenous β-actin mRNA while IGF2BP1 was associated with 37% 617 
of endogenous β-actin mRNA. Error bars represents mean ± sem from three independent experiments. 618 

(b) RNA pulldown of GST fusion proteins of IGF2BP1 and FUBP1. In vitro transcribed RNA fragments of β-actin 619 
(zipcode, proximal zipcode, full-length 3’UTR, and a zipcode mutant as negative control) were added to E. coli 620 
lysates with expressed GST or GST fusion proteins. Proteins and bound RNAs were isolated and bound RNA 621 
detected by quantitative RT-PCR. Bars represent percentage of input RNA. IGF2BP1 shows high affinity for the 622 
zipcode sequence whereas FUBP3 does not. Instead it binds to the 3’UTR. Error bars represents mean±sem 623 
from three independent experiments. 624 

(c) Co-immunoprecipitation of FUBP3 and IGF2BP1. Immunoprecipitation was performed from wild type MEFs 625 
either with FUBP3 or IGF2BP1 specific antibodies. IGF2BP1 co-precipitates with IGF2BP2 but not with FUBP3. 626 
FUBP3 co-purifies neither IGF2BP1 nor IGF2BP2. 627 

(d) RNA-binding domain KH2 is required for FUBP3 cytoplasmic granule formation. The conserved G-X-X-G 628 
motif of FUBP3 KH domains were individually mutated into G-D-D-G and wildtype and mutant proteins expressed 629 
in MEFs as mCherry fusion. Live cell imaging shows that wild type FUBP3-mCherry forms cytoplasmic granules 630 
whereas a KH2 mutant (FUBP3 mt2) is evenly distributed in the cytoplasm like the control mCherry protein. Scale 631 
bar represent 5 μm.  632 
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 633 

 634 

Figure 6: Downregulation of Fubp3 affects β-actin mRNA localization. 635 

(a)-(c) Cells were treated for 72 hrs with scrambled siRNAs or siRNAs against Gapdh, Fubp3 or Igf2bp1. 636 

(a) Quantitative RT-PCR analysis of Gapdh, Igf2bp1, β-actin, Fubp3 levels in knockdown cells. mRNAs in 637 
untreated cells was used to normalize. 638 

(b) Western blot analysis of GAPDH, IGF2BP1, β-ACTIN, FUBP3 levels in knockdown cells. Protein levels in 639 
untreated cells were used as normalization control.  640 

(c) Percentage of cells with localized β-actin mRNA in wild type MEFs and upon depletion of Igf2bp1 or Fubp3. 641 
Total number of cells analyzed is 562 in wild type, 241 in Igf2bp1 knockdown MEFs and 343 in Fubp3 knockdown 642 
MEFs. Localization of β-actin-MBS mRNA to the cell protrusions was manually scored by smFISH against β-actin 643 
MBS. 644 

Statistical significance of each dataset was determined by Student's t-test; *P < 0.05; ***P < 0.001. Error bars 645 
represents mean±sem from 3 independent experiments. 646 
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