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ABSTRACT 9 

Myelin is a specialized membrane produced by oligodendrocytes that insulates and supports axons. 10 

Oligodendrocytes extend numerous cellular processes, as projections of the plasma membrane, and 11 

simultaneously wrap multiple layers of myelin membrane around target axons. Notably, myelin sheaths 12 

originating from the same oligodendrocyte are variable in size, suggesting local mechanisms regulate 13 

myelin sheath growth. Purified myelin contains ribosomes and hundreds of mRNAs, supporting a model 14 

that mRNA localization and local protein synthesis regulate sheath growth and maturation. However, 15 

the mechanisms by which mRNAs are selectively enriched in myelin sheaths are unclear. To investigate 16 

how mRNAs are targeted to myelin sheaths, we tested the hypothesis that transcripts are selected for 17 

myelin enrichment through consensus sequences in the 3’ untranslated region (3’ UTR). Using methods 18 

to visualize mRNA in living zebrafish larvae, we identified candidate 3’ UTRs that were sufficient to 19 

localize mRNA to sheaths and enriched near growth zones of nascent membrane. We bioinformatically 20 

identified motifs common in 3’ UTRs from three myelin-enriched transcripts and determined that these 21 

motifs are required for mRNA transport to myelin sheaths. Finally, we show that one motif is highly 22 

enriched in the myelin transcriptome, suggesting that this sequence is a global regulator of mRNA 23 

localization during developmental myelination.  24 

 25 
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INTRODUCTION 26 

In the central nervous system, myelin provides metabolic support and increases conduction velocity 27 

along axons. Myelin is produced by oligodendrocytes, glial cells that extend multiple long processes 28 

and wrap layers of membrane around axons. Myelin sheaths originating from a single oligodendrocyte 29 

can vary considerably in length and thickness, suggesting that sheath growth is locally regulated (1–30 

3). In line with this model, the myelin transcriptome is distinct compared to the cell body (4). For 31 

example, proteolipid protein (PLP) and myelin basic protein (MBP) are the most abundant proteins in 32 

myelin. Yet the underlying mechanisms driving their protein expression in the myelin are entirely 33 

different. Plp mRNA is retained in the cell body and translated at the endoplasmic reticulum and the 34 

protein is transported to myelin (5,6). By contrast, Mbp mRNA is trafficked to nascent sheaths and 35 

locally translated (5–10). This evidence supports the model that mRNAs are selectively targeted to 36 

nascent sheaths and locally translated during growth and maturation.  37 

 Transport and local translation of mRNAs are broadly utilized mechanisms for controlling 38 

subcellular gene expression. In neurons, mRNAs are subcellularly localized to axons (11–13), dendrites 39 

(14) and growth cones (15) and local translation is required for axon growth and synaptogenesis (16–40 

19). Frequently, mRNA localization in neurons is determined by elements within the 3’ UTR (20,21).  41 

For instance, the 3’ UTR of b-actin contains a sequence that is recognized by the RNA binding protein 42 

ZBP1 for localization to cellular projections including growth cones, axons and dendrites (22–26). 43 

Neurons localize hundreds of mRNAs to different subcellular compartments but the underlying 44 

localization elements within the transcripts are largely unknown.  45 

Similar to neurons, oligodendrocytes localize hundreds of mRNAs to distal myelin sheaths (27), 46 

but the localization signals necessary for myelin enrichment are limited to a few mRNAs. To date, the 47 

most extensively investigated transcript in oligodendrocytes is Mbp mRNA. The Mbp 3’ UTR is required 48 

for mRNA localization to myelin sheaths (28,29) and contains two minimal sequences including a 21-49 

nt conserved sequence that is necessary for localization to processes in cultured mouse 50 
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oligodendrocytes (30,31). However, the minimal sequence is not required for localization in vivo, 51 

indicating that the Mbp 3’ UTR contains clandestine localization signals (29). The investigations into 52 

Mbp mRNA localization have provided significant insights into the molecular mechanisms underlying 53 

mRNA localization in oligodendrocytes. However, we know very little about the mechanisms that 54 

promote localization of the other hundreds of myelin transcripts. How are mRNAs selected for 55 

localization to myelin sheaths? Do myelin-localized transcripts share similar cis-regulatory elements? 56 

Here we bioinformatically identified myelin-enriched transcripts and investigated the ability of 57 

their 3’ UTR sequences to promote mRNA localization to nascent sheaths in living zebrafish. The 3’ 58 

UTRs that promote myelin localization contain shared cis-regulatory motifs necessary for mRNA 59 

localization. In particular, we identified a sequence motif that is highly enriched in the myelin 60 

transcriptome, implicating it as a global regulator of mRNA localization in myelinating oligodendrocytes. 61 

Together, our data support a model whereby motifs in 3’ UTRs promote mRNA localization to nascent 62 

myelin sheaths.  63 

 64 

RESULTS 65 

Quantification of mRNA within myelin sheaths of live zebrafish larvae 66 

Although some transcripts, including Mbp and Mobp mRNA, are present in myelin (7–9,27,32) we lack 67 

information about the precise spatial distribution of myelin-enriched mRNAs in vivo. We therefore 68 

adapted the MS2 system (33) to visualize and quantify mRNA in myelinating oligodendrocytes of living 69 

zebrafish larvae. The MS2 system consists of a mRNA containing a 24xMBS (MS2 binding sites) 70 

sequence, which forms repetitive stem loops, and MCP-EGFP (MS2 coat protein), a reporter protein 71 

that specifically binds the 24xMBS stem loops for visualization of the mRNA via EGFP (Figure 1A). A 72 

nuclear localization signal is fused to the MCP-EGFP sequestering unbound MCP-EGFP in the nucleus 73 

thus reducing background fluorescence. To drive expression of MCP-EGFP in oligodendrocyte lineage 74 
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cells, we created an expression plasmid, sox10:NLS-tdMCP-EGFP. Next we created mbpa:mScarlet-75 

Caax-24xMBS-3’UTR to drive expression of mRNAs with various 3’ UTR elements in myelinating 76 

oligodendrocytes (Figure 1A). Additionally, this plasmid also encodes expression of mScarlet-Caax, 77 

which acts as a myelin membrane reporter.  78 

As proof of principle, we first tested the 3’ UTR of mbpa, a zebrafish ortholog of Mbp, which 79 

promotes mRNA localization in myelin (29). As a control, we used the sv40 polyadenylation signal, 80 

which lacks any known localization signals (34,35) (Figure 1B). To examine mRNA localization in 81 

individual oligodendrocytes, we transiently expressed sox10:NLS-tdMCP-EGFP with either 82 

mbpa:mScarlet-Caax-24xMBS-mbpa 3’UTR or mbpa:mScarlet-Caax-24xMBS-sv40 3’UTR by 83 

microinjection into 1-cell stage zebrafish embryos. This approach revealed mRNA, via EGFP 84 

fluorescence intensity, in the cytoplasm of nascent sheaths at 4 days post fertilization (dpf). Consistent 85 

with previous reports, we found that the mbpa 3’ UTR was sufficient to localize mRNA to nascent 86 

sheaths in vivo (Figure 1C,D). Furthermore, this approach demonstrated active translation of the 87 

mScarlet-Caax reporter mRNA. We also observed differences in the mScarlet-Caax fluorescence 88 

intensity, at the protein level, between the sv40 and mbpa 3’ UTR constructs which could be explained 89 

by 3’ UTR-mediated difference in translation efficiency (Figure 1C,D).  90 

To quantify mRNA abundance, we measured the average fluorescence intensity of EGFP in 91 

myelin sheaths. Due to high levels of fluorescent signal emitting from the cell body, we measured small 92 

regions (7 µm) of myelin sheaths far from the cell body. We found that the average fluorescence 93 

intensity of sheaths expressing the mbpa 3’ UTR were approximately two-fold greater than the control 94 

(Figure 1E). Importantly, the difference in mRNA localization to myelin sheaths was not due to variability 95 

in expression levels of the MS2 reporter (Figure 1F). To verify that cytoplasmic fluorescence is mediated 96 

through the mRNA, we removed the 24xMBS and found that EGFP was retained in the nucleus 97 

throughout developmental myelination (Fig 1G,H). Together, these experiments confirm the ability to 98 

visualize and quantify mRNA localization during developmental myelination in vivo. 99 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 11, 2020. ; https://doi.org/10.1101/654616doi: bioRxiv preprint 

https://doi.org/10.1101/654616
http://creativecommons.org/licenses/by-nc-nd/4.0/


 5 

 100 

Figure 1. The mbpa 3’UTR is sufficient to localize mRNA to myelin sheaths in living zebrafish 101 

(A) Schematic of the MS2 system to visualize mRNA localization in oligodendrocytes. sox10 regulatory DNA 102 

drives expression of nuclear-localized MS2 coat protein, NLS-MCP-EGFP (orange crescent and green star). 103 

mbpa regulatory elements drive expression of mRNA encoding mScarlet-CAAX fluorescent protein with a 104 

repetitive sequence that creates 24 stem loops (24xMBS). When co-expressed, the mRNA-protein complex is 105 

exported from the nucleus and localized via the 3’ UTR. (B) Schematic of MS2 expression plasmids used for 106 
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transient expression in oligodendrocytes with target sequences for Tol2 transposase to facilitate transgene 107 

integration. (C-D) Representative images of localization directed by the mbpa (C) or control sv40 3’ UTR (D). 108 

Asterisks mark cell bodies with high expression levels of the nuclear localized MCP-EGFP. Boxed areas are 109 

enlarged to highlight sheath termini (arrows). (E) Average mRNA abundance per myelin sheath, measured by 110 

EGFP fluorescence intensity normalized to the average intensity of the sv40 control. sv40: n= 5 larvae, 35 111 

sheaths. mbpa: n= 6 larvae, 38 sheaths. (F) Average mRNA abundance per soma, measured by EGFP 112 

fluorescence intensity normalized to the average intensity of the sv40 control. sv40: n= 11 larvae, 20 cell bodies. 113 

mbpa: n= 15 larvae, 21 cell bodies. (G-H) Representative images of two myelinating oligodendrocytes expressing 114 

mRNA lacking the 24xMBS. NLS-MCP-EGFP remains in the nucleus at 3 dpf (G) and 5 dpf (H). Scale bars, 10 115 

µm. Statistical significance evaluated using Wilcoxon test. 116 

 117 

mbpa mRNA localizes to the leading edge of developing myelin sheaths 118 

Previously, mbpa transcripts have been detected in sheaths throughout developmental myelination 119 

(29,36,37) but the proportion of mRNA that is transported to myelin sheaths is unknown. To quantify 120 

the distribution of endogenous mbpa mRNA localization in cell bodies and myelin sheaths, we 121 

performed single molecule fluorescent in situ hybridization (smFISH) on Tg(mbpa:egfp-caax) larvae, 122 

which express membrane-tethered EGFP-CAAX in the myelin tracts of the larval hindbrain (Figure 2A). 123 

As a control, we also detected egfp mRNA encoded by the transgene, which does not contain any 124 

known mRNA localization signals (Figure 2B). To quantify mRNA abundance, we calculated the 125 

average integrated density of each transcript in both oligodendrocyte cell bodies and in comparable 126 

volumes of myelin in the hindbrain. mbpa mRNA abundance in myelin sheaths significantly increased 127 

between 3 and 4 dpf before reaching a plateau at 5 dpf (Figure 2C), indicating that the majority of mbpa 128 

mRNA is transported to myelin sheaths at 4 dpf. Specifically, we found that 37% of mbpa transcripts 129 

localized to myelin sheaths at 4 dpf, whereas only 4% of the egfp transcripts localized to the myelin 130 

(Figure 2D). We therefore performed all subsequent experiments at 4 dpf, during the peak of active 131 

mbpa mRNA transport. 132 
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 133 

Figure 2. Endogenous mbpa mRNA localizes to myelin sheaths between 3-5 dpf 134 

(A-B) Representative images of smFISH experiments using 4 dpf transgenic larva expressing EGFP-CAAX to 135 

mark oligodendrocytes. Images show sagittal sections of the hindbrain. DAPI stain labels nuclei. Sections were 136 

treated with smFISH probes designed to detect mbpa (A) or egfp (B) mRNA. Asterisks mark cell bodies and 137 

brackets mark myelin tracts. Scale bars, 10 µm. (C) Average mbpa mRNA density per cell body or equivalent 138 

volume of myelin from 3 to 5 dpf. Density was measured using the integrated density of fluorescence intensity 139 

in cell bodies and approximately equal volumes of myelin along the myelin tracts. A minimum (n) for each group 140 

was 3 larvae, 6 cell bodies and 15 myelin regions. Statistical significance evaluated using Wilcoxon test. (D) 141 
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Proportion of egfp or mbpa mRNA abundance in cell bodies compared to myelin tracts. A minimum (n) for each 142 

group was 3 larvae, 11 cell bodies and 21 myelin regions. 143 

	144 

 The improved spatial resolution of our smFISH and MS2 approaches allowed us to examine 145 

subsheath localization of mRNA within nascent sheaths. We therefore examined the distribution of 146 

single mbpa transcripts from both longitudinal (Figure 3A,B) and transverse (Figure 3C) orientations 147 

using smFISH. This revealed transcripts as discrete puncta distributed along the length of individual 148 

sheaths (Figure 3A) and at sheath termini (Figure 3B), consistent with live-imaging observations using 149 

the MS2 system (Figure 1C). This distribution was reminiscent of filamentous actin (F-actin) at the 150 

leading edge of myelin sheaths (38–40). To determine if mRNA is localized at the leading edge of 151 

myelin membrane during wrapping, we co-expressed the MS2 system and Lifeact-mNeonGreen, a F-152 

actin reporter. We found that transcripts containing the mbpa 3’ UTR colocalized with F-actin (Figure 153 

3D) indicating that mRNA occupies the leading edge of myelin sheaths. 154 

To determine the frequency at which mRNA localizes to the leading edge we used the MS2 155 

system to quantify the number of sheath termini that are enriched with mRNA. We found that 47% of 156 

sheath termini have mbpa 3’ UTR-containing mRNA in comparison to 27% of the sv40 3’ UTR control 157 

(Figure 3E). To precisely define the spatial organization of mRNA at sheath termini, we measured the 158 

fluorescence intensity of the MS2 mRNA reporter system across a 7 µm distance at the ends of each 159 

sheath. We found that mRNA containing the mbpa 3’ UTR was significantly enriched within 2 microns 160 

of the terminal end (Figure 3F). However, mRNA containing the sv40 3’ UTR was uniformly distributed 161 

along the length of the sheath and lacked enrichment at the leading edge (Figure 1D and 3E). Our data 162 

support the conclusion that the mbpa 3’ UTR is sufficient to localize mRNA to the leading edge of 163 

nascent sheaths during developmental myelination.  164 
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 165 

Figure 3. The mbpa 3’UTR is sufficient to localize mRNA to the leading edge of myelin sheaths during 166 

wrapping 167 
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(A) smFISH images of a single optical section of a myelin sheath in a 3 dpf larva spinal cord. mbpa transcripts 168 

line the myelin sheath. Arrows highlight clusters of mbpa mRNA transcripts. (B) smFISH images of a single 169 

optical section of myelin tracts in the hindbrain of a 5 dpf larva. Boxed area magnified to highlight sheath termini 170 

(arrows). (C) smFISH images of a single optical section in transverse plane of myelin sheaths in a 5 dpf larva 171 

midbrain. Scale bars (A-B, D), 5 µm; (C, boxed enlargements), 1 µm. (D) Representative images from MS2 172 

system showing colocalization of mRNA containing mbpa 3’ UTR and F-actin in a myelinating oligodendrocyte. 173 

Asterisk marks the cell body and boxes are magnified to highlight sheath termini. Arrows highlight sheaths with 174 

mRNA and arrowheads highlight sheaths lacking mRNA. (E) Proportion of sheaths with mRNA enriched in 175 

sheath termini at 4 dpf using the MS2 system. Proportion measured as (sheaths with enrichment / number of 176 

sheaths) = 10/35 sv40, 18/38 mbpa.  (F) Average fluorescence intensity of MS2 mRNA reporter containing the 177 

sv40 or mbpa 3’ UTRs across a 7 µm distance, at 0.2 µm intervals, from myelin sheath termini at 4 dpf. Each 178 

line scan was normalized to the average fluorescent intensity per sheath. All normalized values for each distance 179 

were then averaged. Shaded area represents 95% confidence interval. Statistical significance was evaluated 180 

every 0.2 µm using Wilcoxon test and the distance between 0.8-1.0 µm was statistically significant (blue line). 181 

sv40 3’ UTR n= 5 larvae, 35 sheaths. mbpa 3’ UTR n= 6 larvae, 38 sheaths.  182 

 183 

mRNA localization to myelin sheaths is determined by unique 3’ UTR motifs 184 

Our data corroborates previous work demonstrating the sufficiency of the Mbp 3’ UTR in mRNA 185 

localization to myelin. Do other myelin-localized transcripts utilize 3’ UTR-dependent mechanisms for 186 

localization? To investigate this question, we bioinformatically identified six candidate 3’ UTRs from 187 

myelin-localized transcripts (Figure 4A). Specifically, we selected candidate 3’ UTRs by filtering RNA 188 

sequencing data obtained from purified myelin isolated from P18 mouse brain (27) for the gene ontology 189 

(GO) terms oligodendrocyte, myelin, translation and synapse. We used the latter two terms because 190 

we are interested in the possibility that features of myelin plasticity are similar to synaptic plasticity (41). 191 

We narrowed the candidate genes by expression levels in oligodendrocyte lineage cells from published 192 

RNA-seq datasets (42,43), descriptions of gene functions from literature searches, and identification of 193 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 11, 2020. ; https://doi.org/10.1101/654616doi: bioRxiv preprint 

https://doi.org/10.1101/654616
http://creativecommons.org/licenses/by-nc-nd/4.0/


 11 

zebrafish orthologs. This pipeline identified six candidate genes for which we cloned the 3’ UTR 194 

sequences: cadm1b, cyfip1, dlg1, eif4ebp2, fmr1 and lrrtm1 (Figure 4C).  195 

Using the MS2 system, we found that inclusion of 3’ UTRs from our candidate genes led to a 196 

wide variation in mRNA localization to nascent sheaths. Strikingly, the 3’ UTRs from eif4ebp2, fmr1 and 197 

lrrtm1 produced significantly greater levels of fluorescence intensities in myelin sheaths than the sv40 198 

control whereas the remainder, cadm1b, cyfip1, and dlg1 were similar to the sv40 control (Figure 4B,D). 199 

Given that all six candidate transcripts are found in purified myelin, our data suggest that only a subset 200 

of myelin transcripts are localized by their 3’ UTRs and other transcripts likely utilize cis-regulatory 201 

elements not present in the 3’ UTR or, alternatively, are passively localized to myelin. Nonetheless, 202 

these data expand the repertoire of 3’ UTR-dependent mRNA localization to myelin sheaths in vivo.   203 

To validate the MS2 findings, we confirmed that endogenous transcripts of eif4ebp2 and fmr1 204 

are expressed by oligodendrocytes and are localized to myelin. We chose these transcripts because 205 

the 3’ UTRs are highly enriched in nascent sheaths (Figure 4D) and they encode translational regulators 206 

that are necessary for proper myelination (44) and cognition (45–47). To investigate the spatiotemporal 207 

expression of endogenous fmr1 and eif4ebp2 transcripts, we used smFISH on Tg(mbpa:egfp-caax) 208 

larvae to label oligodendrocyte cell bodies and myelin tracts during developmental myelination. In line 209 

with the MS2 data, we observed endogenous fmr1 expression in the cell bodies and myelin sheaths 210 

between 4-5 dpf (Figure 5A-D). In contrast, eif4ebp2 had minimal expression in oligodendrocytes at 4 211 

dpf (Figure 5A) but was prominent in both cell bodies and myelin sheaths by 5 dpf (Figure 5C,D). 212 

Together our data show that fmr1 and eif4ebp2 transcripts are localized to myelin sheaths, at least in 213 

part, by 3’ UTRs.  214 
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 215 

Figure 4. Different 3’ UTRs have distinct effects on mRNA localization to myelin sheaths 216 

(A) Work flow to identify 3’ UTR candidates from RNA-seq data (27,42,43). (B) Representative images from MS2 217 

system showing localization of mRNAs containing different 3’ UTR sequences in oligodendrocytes. Asterisks 218 
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mark cell bodies. Scale bars, 10 µm. (C) Table listing candidate 3’ UTRs incorporated into the MS2 system, 3’ 219 

UTR length and the percentage of sequence that was cloned based on the annotated genome. (D) Average 220 

mRNA abundance, measured by average EGFP fluorescent intensity, per myelin sheath for each 3’ UTR. 221 

Normalized to sv40 control, statistical significance evaluated using Wilcoxon test. A minimum (n) of 5 larvae and 222 

18 sheaths were used in each condition at 4 dpf.  223 

 224 

Figure 5. eif4ebp2 and fmr1 mRNA are localized to sheaths during developmental myelination  225 

Representative images of smFISH experiments to visualize egfp, eif4ebp2, or fmr1 mRNA localization at 4 dpf 226 

(A-B) and 5 dpf (C-D) in sagittal sections of hindbrain (A,C) or transverse sections of the Mauthner axon in the 227 
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spinal cord (B,D). Dashed lines outline cell bodies marked by EGFP-CAAX. Scale bars, 5 µm (A,C) or 1 µm 228 

(B,D).  229 

 230 

Localized 3’ UTRs share sequence motifs that are required for mRNA localization 231 

3’ UTRs frequently contain regulatory elements necessary for post-transcriptional regulation including 232 

subcellular localization (20,21). Therefore, we hypothesized that the candidate 3’ UTRs share cis-233 

regulatory elements that promote localization to myelin. To test this hypothesis, we used MEME suite 234 

bioinformatics software (48,49) to identify shared motifs amongst the mbpa, eif4ebp2, and fmr1 3’ UTRs 235 

from the annotated zebrafish genome. We identified 3 motifs shared between the candidate 3’ UTRs 236 

(Figure 6A). However, the mbpa 3’ UTR we isolated from zebrafish cDNA is truncated by 118 237 

nucleotides at the 3’ end and does not contain motif 1. Additionally, the mbpa 3’ UTR contains a 238 

previously identified, conserved RNA transport signal (RTS) (29,50). However, motif 2 and 3 do not 239 

overlap with the RTS element suggesting these motifs are novel localization elements (Figure 6B). 240 

Importantly, the identified motifs were absent from the non-enriched 3’ UTRs (cadm1b, cyfip1, and dlg1) 241 

and the lrrtm1 3’ UTR. To test requirements for these motifs, we deleted all the sequences 242 

corresponding to the identified motifs from each 3’ UTR and examined mRNA localization using the 243 

MS2 system. We found that deletion of all motifs restricted mRNA to the cell bodies (Figure 6C,D). To 244 

narrow down which of the motifs are required for localization, we individually deleted each motif and 245 

found that removal of any motif reduced mRNA localization in myelin (Figure 6E). Moreover, deletion 246 

of motif 1 from the eif4ebp2 3’ UTR reduced mRNA localization further than the control.  247 

We next tested whether the shared motifs are sufficient to localize mRNA to myelin sheaths. We 248 

cloned the motifs from each candidate 3’ UTR upstream of the sv40 polyadenylation signal (Figure 7A) 249 

and examined mRNA expression in oligodendrocytes using the MS2 system. We found that insertion 250 

of mbpa-derived sequence motifs were sufficient to localize mRNA to myelin sheaths. However, 251 

insertion of the sequence motifs isolated from fmr1 or eif4ebp2 were not sufficient to localize mRNA to 252 
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myelin (Figure 7B,C). Together these data show that the sequences derived from the mbpa 3’ UTR are 253 

necessary and sufficient for mRNA localization to myelin in vivo. These data suggest that these cis-254 

regulatory elements and associated trans-acting factors are the minimal components necessary for 255 

mRNA localization. However, the sequences derived from fmr1 and eif4ebp2 are necessary but not 256 

sufficient for mRNA localization, indicating that additional molecular interactions within the 3’ UTRs are 257 

important for 3’ UTR-mediated localization of these transcripts.  258 
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 259 

Figure 6. Common motifs in candidate 3’ UTRs are required for myelin localization 260 

(A) Schematic representation of the three motifs identified in the 3’ UTRs of mbpa-201, eif4ebp2-201, and fmr1-261 

201 from the annotated zebrafish genome (GRCz11) using MEME suite bioinformatics software. (B) Schematic 262 
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representation of shared motifs within the 3’ UTRs. Green box is motif 1, blue box is motif 2, red box is motif 3. 263 

Grey box is the conserved RTS previously identified as a minimal localization element necessary for Mbp mRNA 264 

transport in cultured oligodendrocytes (28,29,50). Motif 1 in the mbpa 3’UTR is not present in 3’ UTR isolated 265 

from zebrafish cDNA utilized in experimental procedures (3’ end of the dashed line). (C) Representative images 266 

of MS2 system after sequential deletions for all motifs from mbpa, eif4ebp2, and fmr1 3’ UTRs. Asterisks mark 267 

cell bodies. (D) Quantification of mRNA abundance in myelin sheaths from sequential deletions. (E) 268 

Quantification of mRNA abundance in myelin sheaths from full length 3’ UTR, mbpa 3’ UTR variant 3-1177, or 269 

individual motif deletions. Statistical analysis evaluated with Wilcoxon test. Scale bars, 10 µm. A minimum (n) of 270 

6 embryos and 35 sheaths were used in each condition (D-E). 271 
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 272 

Figure 7. Sequence motifs derived from the mbpa 3’ UTR are sufficient for mRNA localization to myelin 273 

(A) Schematic representation of the MS2 mRNA reporter with motifs inserted upstream of the sv40 3’UTR. Green 274 

box is motif 1, blue box is motif 2, red box is motif 3. (B) Representative images of MS2 system after motifs from 275 

the mbpa, eif4ebp2, or fmr1 3’ UTRs were inserted into the MS2 mRNA reporter. Asterisks mark cell bodies. (C) 276 
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Quantification of mRNA abundance in myelin sheaths from (B). Statistical analysis evaluated with Wilcoxon test. 277 

Scale bars, 10 µm. A minimum (n) of 6 embryos and 35 sheaths were used in each condition. 278 

Localization motifs are enriched in the myelin transcriptome 279 

Our analyses revealed motifs shared between localized transcripts. Are these motifs commonly found 280 

in the myelin transcriptome? We cross referenced myelin-localized transcripts with those from 281 

oligodendrocytes using two independent RNA-seq datasets to exclude non-oligodendrocyte transcripts 282 

(43,51). We identified 1855 transcripts localized to myelin (Supplemental Table 1) of which 1771 had 283 

significantly higher expression in the myelin transcriptome and were fully annotated in the genome 284 

browser. We found that motif 1 and 3 were not enriched in these transcripts compared to randomized, 285 

length-matched control sequences. However, motif 2 was significantly enriched in the 1771 transcripts 286 

of the myelin transcriptome (Figure 8A). Specifically, 42.4% (751 mRNAs) of myelin-localized 287 

transcripts contain one or more copies of motif 2 (Figure 8B, Supplemental Table 2). By comparison, 288 

we found that motif 2 is present at least once in only 28.7% of the mouse transcriptome (Figure 8C, 289 

Supplemental Table 3). Localization motifs are frequently positioned in the 3’ UTRs of mRNA. We found 290 

that 63.8% of the motif 2 sites are positioned in the 3’ UTRs of myelin-localized transcripts (Figure 8D, 291 

Supplemental Table 4-6). Together, these data suggest that motif 2 is a localization signal utilized by 292 

many transcripts for 3’UTR-mediated localization to myelin.   293 

To determine if motif 2 is represented in particular subset of mRNAs within the myelin 294 

transcriptome, we performed gene ontology analysis on all myelin-localized transcripts as well as the 295 

subset of myelin-localized transcripts containing motif 2. Previous reports investigating the myelin 296 

transcriptome show enrichment of biological processes such as nervous system development, cellular 297 

respiration, and neurogenesis (27). Assessment of our 1771 myelin-localized genes was consistent 298 

with previous reports in that we also identified biological processes and cellular component terms 299 

pertaining to mitochondria, electron transport chain, and oxidative reduction. Importantly, we also 300 

identified GO terms associated with myelination such as myelin sheath, membrane, and protein 301 
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transport (Figure 8E, Supplemental Table 7). Next, we narrowed our gene list to the subset of myelin-302 

localized transcripts that contain motif 2 (751 genes) to determine if these genes are functionally 303 

distinct. We identified biological mechanisms associated with synaptic signaling, nervous system 304 

development, and regulation of cellular projections. Interestingly, many of the genes are associated 305 

with cellular functions in distal projections such as postsynaptic density, synaptic vesicles, axon, 306 

dendrite, and terminal bouton (Figure 8F, Supplemental Table 8). Many of the biological functions are 307 

neuronal in nature with a remarkable lack of terms associated with myelination. These observations 308 

raise the possibility that nascent myelin sheaths engage in molecular mechanisms during axon 309 

wrapping that are similar to synaptogenic mechanisms. Overall, these findings implicate motif 2 as a 310 

regulatory element for a distinct cohort of transcripts within myelin sheaths.  311 
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 312 

Figure 8. Motif 2 is enriched in the mouse myelin transcriptome 313 

(A) Schematic representation of motif 1, 2, or 3 enrichment in the myelin transcriptome in comparison to length-314 

matched, randomized sequences using MEME suite Analysis of Motif Enrichment (version 5.1.1) (52). (B) FIMO 315 
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(Find Individual Motif Occurrences version 5.1.1) was used to determine the frequency at which motif 2 is present 316 

in the myelin transcriptome (53). cDNA sequences from the myelin transcriptome were analyzed for the presence 317 

of motif 2. One or more copies of motif 2 were present in 42.4% of myelin cDNAs. (C) FIMO was used to 318 

determine the frequency at which motif 2 is present in the mouse transcriptome. cDNA sequences from the 319 

mouse annotated genome (mm10) were analyzed for the presence of motif 2. One or more copies of motif 2 320 

were present in 28.7% of mouse cDNAs.  (D)  Percentage of motif 2 occurrences in 5’ UTR, coding sequences, 321 

3’ UTR or other positions in myelin transcriptome. Motifs in the “other” category represent motifs overlapping two 322 

regions. (E) Top 20 gene ontology terms identified in the myelin transcriptome. (F) Top 20 gene ontology terms 323 

identified in myelin transcripts containing motif 2. Terms are ordered from most to least significant based on -324 

log2 of the false discovery rates. Counts represent number of genes identified with the GO term. 325 

 326 

DISCUSSION 327 

The molecular mechanisms underlying myelin sheath growth are not well understood. Purified myelin 328 

contains hundreds of mRNAs (27), lending the possibility that mRNA localization and local translation 329 

promote sheath growth and maturation. How are mRNAs selectively targeted to myelin sheaths? Here 330 

we show that cis-regulatory elements found in candidate 3’ UTRs are required for mRNA localization 331 

to myelin during ensheathment of target axons in vivo. In particular, one sequence is enriched in the 332 

myelin transcriptome implicating the motif as a potential regulator of mRNA localization in 333 

oligodendrocytes.  334 

With high resolution microscopy we found mbpa mRNA concentrated near the growth zones of 335 

nascent myelin membrane. What accounts for enrichment near growth zones? For the last several 336 

decades, the mechanisms underlying MBP mRNA localization have been heavily investigated and 337 

revealed that transcripts are actively transported through oligodendrocyte processes to myelin sheaths 338 

in kinesin and dynein-dependent manners (36,54,55). Consistent with these data, recent work showed 339 

that microtubules are present in nascent sheaths in vivo (56). Nascent membrane also contains F-actin 340 
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which is specifically present in the leading edge (39,57). Importantly, actin-based transport can localize 341 

mRNA, mediated by myosin motor proteins (33,58,59) but this has yet to be tested in myelinating 342 

oligodendrocytes in vivo. Here we show that mRNA containing the mbpa 3’ UTR is colocalized with F-343 

actin in myelin sheaths. These observations raise the possibility that Mbp mRNA is handed off from 344 

microtubule-based transport to actin-based transport within growing sheaths. 345 

Hundreds of mRNAs are localized to myelin, but it is unclear if these transcripts utilize 3’UTR-346 

dependent localization mechanisms. Of the candidates we tested, four out of seven 3’ UTRs were 347 

sufficient to drive mRNA into nascent sheaths. Thus, for some mRNAs, cis-regulatory elements 348 

important for mRNA localization might be embedded in 5’ UTRs, coding regions, or retained introns of 349 

the transcripts (60–62). Alternatively, transcripts might occupy myelin by diffusion. Notably, we 350 

identified two transcripts that utilize their 3’ UTRs for localization to myelin, eif4ebp2 and fmr1, which 351 

encode translational regulators. Importantly, fmr1 mRNA and the encoded protein, FMRP, have 352 

precedence for being localized to subcellular compartments, such as dendritic spines, far from the cell 353 

body (63). By finding mRNAs encoding translation regulators in myelin, our data support the possibility 354 

that transcripts encoding translational proteins are themselves locally translated within individual 355 

sheaths. In support of this model, purified myelin contains a free and polyribosome ribosome fraction 356 

(5), electron micrographs revealed ribosomes in the distal ends of oligodendrocyte processes (64) and 357 

a MBP reporter protein was translated in cultured oligodendrocyte precursor cells (Wake, Lee and 358 

Fields, 2011). Furthermore, our own work indicates that Fmrp (44) and Eif4ebp1 (unpublished) proteins 359 

are localized to nascent sheaths. This evidence raises the possibility that local protein synthesis of 360 

translational regulators may modulate localized protein expression within myelin sheaths. Testing this 361 

model directly will require methods for visualization of de novo translation in vivo (65–69). 362 

The candidate 3’ UTRs we selected were isolated from genes encoding cytosolic and 363 

transmembrane proteins. Canonically, transmembrane proteins are translated in the rough 364 

endoplasmic reticulum, processed by the golgi apparatus and transported via the secretory pathway. 365 

Identifying mRNAs encoding transmembrane proteins in the myelin transcriptome suggests that 366 
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noncanonical pathways regulate protein synthesis of transmembrane proteins in nascent sheaths. 367 

Consistent with this hypothesis, we found that the 3’ UTR of lrrtm1, a transcript encoding a 368 

transmembrane protein, is sufficient to localize mRNA to nascent sheaths. In contrast, we found that 369 

the cadm1b 3’ UTR is not sufficient to localize mRNA to myelin although we have previously show that 370 

the Cadm1b protein is present in myelin and regulates sheath length and number (41). Together, these 371 

observations raise the possibility that some transmembrane proteins are locally synthesized. In support 372 

of this hypothesis, distal oligodendrocyte processes contain satellite structures of rough endoplasmic 373 

reticulum (70). Future work will need to test the hypothesis that some transmembrane proteins undergo 374 

noncanonical synthesis near sites of sheath growth. 375 

 We identified cis-regulatory elements in the 3’ UTRs of myelin-localized mRNAs. To begin, we 376 

bioinformatically identified three motifs common to the mbpa, eif4ebp2, and fmr1 3’ UTRs. Each motif 377 

was necessary for localization, but only the sequences derived from the mbpa 3’ UTR were sufficient 378 

to drive mRNA to nascent sheaths. However, we are not able to exclude the possibility the motif 1 in 379 

the mbpa 3’ UTR contributes to mRNA localization. We interpret these data to mean that motifs 2 and 380 

3 are minimal localization elements for mbpa 3’ UTR-dependent localization in vivo. However, the 381 

sequences present in eif4ebp2 and fmr1 3’ UTRs, while necessary for localization, were not sufficient 382 

and thus require additional localization signals present in the 3’ UTR, which are currently unknown. The 383 

capacity for motifs 2/3 to promote mRNA localization when isolated from the mbpa 3’ UTR but not the 384 

eif4ebp2 or fmr1 3’ UTRs can be explained by two alternative possibilities. First, the primary sequences 385 

in the mbpa motifs are important for interacting with key trans-acting factors, such as RNA binding 386 

proteins, that are not able to interact with the primary sequences in the motifs from eif4ebp2 and fmr1 387 

3’ UTRs. Second, the mbpa motifs form a secondary structure that is sufficient for myelin localization. 388 

Importantly, these alternative explanations may not be mutually exclusive and together demonstrate 389 

the complexities underlying mRNA sorting.  390 
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We found that motif 2 is enriched in the myelin transcriptome and approximately two-thirds of 391 

these motifs are positioned in the 3’ UTRs, suggesting that motif 2 significantly contributes to mRNA 392 

localization in oligodendrocyte. To the best of our knowledge, motif 2 does not correspond to any known 393 

mRNA localization signals in oligodendrocytes. Gene ontology analysis of myelin-localized transcripts 394 

containing motif 2 indicates that many of these transcripts encode proteins with biological functions 395 

important in cellular and neural projections. Specifically, we identified genes associated with neuronal 396 

cellular compartments such as axon, dendrites, synapse, postsynaptic density, neuron projection, cell 397 

projection, synaptic vesicle membrane, and terminal bouton. These data support the model that myelin 398 

sheath growth utilizes molecular mechanisms similar to synaptogenesis (41). Together these data raise 399 

the possibility that motif 2 mediates localization of a cohort of mRNAs that encode proteins that function 400 

in distal ends of cellular projections, implicating the motif as a mRNA regulon. RNA regulons are primary 401 

sequences or secondary structures that are co-regulated at the post-transcriptional level to coordinate 402 

cellular functions (71–74). Identification of the trans-acting factors that interact with the motifs we 403 

identified will provide future insights into the molecular functions of myelin sheath growth, which will 404 

lead to a more complete understanding of the mechanisms guiding developmental myelination.  405 
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STAR METHODS 429 

 430 

CONTACT FOR REAGENT AND RESOURCE SHARING 431 

Further information and requests for resources and reagents should be directed to and will be fulfilled 432 

by the Lead Contact, Bruce Appel (bruce.appel@ucdenver.edu). 433 

 434 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 435 

Zebrafish lines and husbandry 436 

All procedures were approved by the University of Colorado Anschutz Medical Campus Institutional 437 

Animal Care and Use Committee (IACUC) and performed to their standards. All non-transgenic 438 

embryos were obtained from pairwise crosses of male and females from the AB strain. Embryos were 439 

raised at 28.5°C in E3 media (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl, 0.33 mM MgSO4 at pH 7.4, 440 

with sodium bicarbonate) and sorted for good health and normal developmental patterns. 441 

Developmental stages are described in the results section for individual experiments. 442 
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 443 

The transgenic line Tg(mbpa:EGFP-CAAX-polyA-CG2)co34 was created by Dr. Jacob Hines. The 444 

transgenic construct was created using Gateway tol2 kit (Kwan et al 2007). Specifically, p5E-mbpa 445 

contains 2.6-kb genomic fragment of zebrafish mbpa (Hines et al. 2015). pME-EGFP-CAAX, p3E-polyA 446 

and pDEST-tol2-CG2 were created by Dr. Jacob Hines. All entry vectors and destination were 447 

combined using LR clonase and transformed into DH5a cells. Colonies were screened by enzymatic 448 

digestion using BamHI, KpnI, and XhoI. Plasmid DNA was injected into AB embryos which were 449 

screened for transgenesis and outcrossed to create transgenic lines. All Tg(mbpa:EGFP-CAAX-polyA-450 

CG2)co34 used in this manuscript were from F3 or later generations.  451 

 452 

 453 

METHOD DETAILS 454 

Candidate 3’ UTR selection 455 

To select 3’ UTR candidates for cloning into the MS2 system we utilized published transcriptomics data 456 

(Thakurela et al. 2016). We downloaded Supplementary Table 1 containing transcript abundance in 457 

four stages of myelin development identified by RNA-sequencing. We selected the three biological 458 

replicates from P18 for analysis because this developmental timepoint was the most similar to our 459 

model. We filtered these data for transcripts with normalized read counts greater than 20 for all 3 460 

biological replicates (representing 21,937 genes). We put all gene names into a gene ontology analysis 461 

(geneontology.org) and analyzed the genes for biological processes in Mus musculus. From these 462 

biological processes, we copied all genes into an Excel document that fit the term “synap”, “translation”, 463 

“myelin” and “oligodend”. Biological terms identified in gene ontology analysis are listed in Table 1.  464 

Table 1: List of Biological Process for GO Terms 

“Synap” “Translation” “Myelin” “Oligodend” 

Regulation of Synaptic vesicle 

cycle 

Translation Regulation of Myelination Oligodendrocyte 

Differentiation 

Regulation of trans-synaptic 

signaling 

Positive Regulation of 

Translation 

Negative Regulation of Myelination - 

Synaptic Signaling Regulation of 

Translation 

Ensheathment of Neurons - 

Synaptic Plasticity Negative Regulation of 

Translation 

Paranode Assembly - 

Synaptic Vesicle Cycle - Myelin Assembly - 

Synaptic Vesicle Localization - Central Nervous System 

Myelination 

- 

Synapse Organization - - - 
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Positive Regulation of Synaptic 

Transmission 

- - - 

Regulation of Synapse Structure 

or Activity 

- - - 

 465 

After removing duplicate genes with a GO term, the “Synap” list contained 855 genes, the “Translation” 466 

list contained 534 genes, the “myelin” list contained 128 genes and the “oligodend” list contained 28 467 

genes. To further narrow our search, we cross-referenced these lists with one another to find genes 468 

that were common to more than one list, which resulted in 55 genes. To further narrow this list, we 469 

cross-referenced these genes with the Brain RNA Seq online database (Zhang et al. 2014) to identify 470 

those with evidence of oligodendrocyte lineage cell expression. We next referenced these genes with 471 

the zebrafish genome browser (GRCz11) and searched for annotated 3’ UTRs for each. Finally, we 472 

performed literature searches for published data that were relevant to our model. This resulted in a final 473 

list of ten candidate 3’ UTRs: dlg1, cyfip1, eif4ebp2, fmr1, cadm1, lrrtm1, eif4g1, eif4a3, mtmr2 and 474 

nfasc. 475 

 476 

3’ UTR cloning 477 

To clone the mbpa 3’ UTR, 5 dpf cDNA from zebrafish larvae was used for PCR amplification using 478 

primers to target the flanking regions of the mbpa 3’ UTR. The PCR fragment was cloned into pCR2.1 479 

TOPO using the TOPO cloning kit. Colonies were screened by colony PCR. Using Gateway cloning, 480 

the mbpa 3’ UTR was amplified and inserted into pDONR-P2R-P3 using BP clonase. p3E-mbpa 3’ UTR 481 

was confirmed by sequencing. All cloning steps were performed by Dr. Jacob Hines. 482 

 483 

To clone the additional full length 3’ UTRs, cDNA was created from pooled 6 dpf AB larvae treated with 484 

1 mL of Trizol and snap frozen. All RNA isolation steps were performed on ice and in a 4° centrifuge at 485 

18,078 x g. Larvae were thawed on ice and homogenized with a 23 g needle. 200 µL of chloroform was 486 

added and shaken for 15 seconds followed by centrifugation for 10 min. The aqueous layer was 487 

transferred to a new tube and an equal volume of 100% cold isopropanol and 2 µL of glycogen blue 488 

was added to the sample. The tube was incubated at -20° for 20 min and centrifuged for 10 min. The 489 

supernatant was removed and transferred to a new tube and 200 µL of cold 70% ethanol was added 490 

to wash the pellet followed by 5 min centrifugation. This step was repeated. After the pellet dried, the 491 

RNA was resuspended in 20 µL of molecular grade water. RNA was quantified using a Nanodrop. To 492 

synthesize cDNA, we followed manufacturer instructions from the iScriptä Reverse Transcription 493 

Supermix for RT-qPCR, which uses random hexamer primers to synthesize cDNA.  494 

 495 
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To amplify the 3’ UTRs from cDNA, we designed primers that flanked the annotated 3’ UTR as predicted 496 

by Danio rerio GRCz11 annotated genome. Primers were flanked with attB sequences (Table 2) for 497 

cloning into the pDONR-P2R-P3 vector of the Tol2 Gateway kit (Kwan et al. 2007). cDNA was used as 498 

a PCR template to amplify the 3’ UTRs. Of the ten 3’ UTRs we attempted to amplify we were successful 499 

with the six listed below. Following amplification, bands were gel extracted using a Qiagen Gel 500 

Extraction Kit and cloned into pDONR-P2R-P3 using BP clonase. Clones were verified by sequencing 501 

using M13 forward and M13 reverse primers. The p3E-dlg1 3’ UTR was not fully sequenced due to 502 

highly repetitive sequences. We sequenced approximately 51% of the construct from 1-54 and 775-503 

1552 base pairs. We therefore confirmed p3E-dlg1 3’ UTR identity using restriction enzyme mapping.  504 

 505 

The sv40 3’ UTR is a transcription termination and polyadenylation signal sequence isolated from 506 

Simian virus 40. We obtained this sequence from the Tol2 Gateway-compatible kit where it is referred 507 

to as “pA”. This sequence was cloned with Gateway BP clonase into pDONR-P2R-P3. The p3E-sv40 508 

3’ UTR was confirmed by sequencing.   509 

 510 

Table 2. Primers for UTR amplification and cloning 

3’ UTR 
name 

Forward Primer 
(5’->3’) 

Reverse Primer 
(5’->3’) 

3’ UTR 
Length 

(nt) 

Percentage 
of 

annotated 
3’ UTR 
cloned 

lrrtm1-201 ggggacagctttcttgtacaaagtggtatccacccatgt
cagtttttacaaatcaatg 

ggggacaactttgtataataaagttgttgttttc
cacttcaattgtgtctgttcg 

368 93.6% 

fmr1-201 ggggacagctttcttgtacaaagtggtaccttcccctcat
tctcccact 

ggggacaactttgtataataaagttgtttgcag
aggaagatcaacctttatttattgaaa 

2486 99.4% 

eif4ebp2-
201 

ggggacagctttcttgtacaaagtggtaagaagagga
acctacgtgaacaac 

ggggacaactttgtataataaagttgtgtccac
tggcattggca 

2282 98.5% 

dlg1-201 ggggacagctttcttgtacaaagtggtaggggccgaa
gacaaataaacct 

ggggacaactttgtataataaagttgtatgga
atgaatcaagttggcagattatgtac 

1522 97.2% 

cyfip1-201 ggggacagctttcttgtacaaagtggtagcaccagtttg
aagtggaagagat 

ggggacaactttgtataataaagttgtaaaaa
ggcacgtttatgaggagtaagaac 

585 88.1% 

cadm1b-
201 

ggggacagctttcttgtacaaagtggtactggaactag
acctgttagcttcc 

ggggacaactttgtataataaagttgtcatttta
aactgcttttattcactgttataatt 

1220 100% 

mbpa-201 gccttctccaagcaggaaaacactgagatg gcagagtatatgagacacagaac 1174 86% 

 511 

MS2 plasmid construction 512 

All MS2 constructs were created using Gateway cloning. pME-HA-NLS-tdMCP-EGFP and pME-513 

24xMBS were generous gifts from Dr. Florence Marlow.  514 

 515 
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To create pME-mScarlet-CAAX-24xMBS, we obtained plasmid pmScarlet_C1 from Addgene. In-516 

FusionÔ cloning was used to assemble mScarlet-CAAX in puc19. Next, we amplified mScarlet-CAAX 517 

sequence using primers 5’-ggggacaagtttgtacaaaaaagcaggcttaatggtgagcaagggcgag-3’ and 5’-518 

ggggaccactttgtacaagaaagctgggtttcaggagagcacacacttgcag-3’ and cloned it in plasmid pDONR-221 519 

using BP clonase to create pME-mScarlet-CAAX. Next, we designed primers flanked with BamHI cut 520 

sites (5' -tccggatccatggtgagcaagggcgaggcag-3' and (5’-cgactctagaggatcgaaagctgggtcgaattcgcc-3’) 521 

and PCR amplified the mScarlet-CAAX sequence. We purified the amplified product using QIAquick 522 

PCR Purification Kit and digested it with BamHI-HF. pME-24xMBS was linearized with BamHI-HF and 523 

treated with Antarctic phosphatase to prevent religation. We performed the ligation with 2X Quick 524 

Ligase and the ligation reaction was transformed into DH5a competent cells. Clones were screened 525 

using restriction mapping, then sequenced for confirmation.   526 

 527 

For expression plasmids containing full length 3’ UTRs, we used Gateway multi-site LR clonase to 528 

combine entry vectors with pDEST-tol2. The resulting expression plasmids included: pEXPR-529 

mbp:mScarlet-Caax-24xMBS-mbpa 3’UTR-tol2, pEXPR-mbpa:mScarlet-Caax-24xMBS-lrrtm1 3’UTR-530 

tol2, pEXPR-mbpa:mScarlet-Caax-24xMBS-fmr1 3’UTR-tol2, pEXPR-mbpa:mScarlet-Caax-24xMBS-531 

eif4ebp2 3’UTR-tol2, pEXPR-mbpa:mScarlet-Caax-24xMBS-dlg1 3’UTR-tol2, pEXPR-mbpa:mScarlet-532 

Caax-24xMBS-cyfip1 3’UTR-tol2, pEXPR-mbpa:mScarlet-Caax-24xMBS-sv40 3’UTR-tol2 and 533 

pEXPR-mbpa:mScarlet-Caax-24xMBS-cadm1b 3’UTR-tol2. LR clonase reactions were transformed 534 

into Stellar Competent Cells (Takara cat # 636763). Clones were screened using restriction mapping. 535 

 536 

To delete motifs, we used New England Biolabs Q5 Site Directed mutagenesis kit. Specifically, we 537 

designed primers flanking the motifs to omit the localization sequences from p3E-full length templates. 538 

We followed instructions outline in the kit to generate specific deletions. This step was repeated 539 

sequentially to delete all motifs from the previous template.  540 

 541 

Table 3. Primers for motif deletions from full length 3’ UTR 

3’ UTR name / motif ID Forward Primer 
(5’->3’) 

Reverse Primer 
(5’->3’) 

mbpa / motif 2 caagatggataatgtggg tcataccctttcctttatg 

mbpa / motif 3 gcagcgagtttaacagac agtctgtagggcagacatc 

eif4ebp2 / motif 1 ttgtgcttagcctccgta ggaaaaaataaatcattctgtgcc 

eif4ebp2 / motif 2 ttgttttggtcatcgtac ttgattatcaaggttcgtg 

eif4ebp2 / motif 3 tttgtctgaggcacagaatg cacagaaaaagacaattaaagtc 

fmr1 / motif 1 caccaatccagatgcttc atgaggggaaggtaccac 
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fmr1 / motif 2 ttgccaaacagactgttttc ttttaacagactggtgaac 

fmr1 / motif 3 tgttaaaaaaaaaaaaaaaaaaaacctttgaag aactctgccatcttgcca 

 542 

To insert motifs into a Gateway entry vector, we provided Genscript with Gateway entry vector pDONR-543 

P2R-P3 and the sequences for each gene to be synthesized. Genscript synthesized the sequences 544 

and cloned them into the Gateway entry vector between the attR2 and attL3 sites. Motifs (underlined) 545 

were separated by 3-4 random nucleotides.  546 

The sequences synthesized from fmr1 motifs were 5’- 547 

ggagctctagtctcccactcagctcgcacaccagtcgataaaaaaaaaaaaaaaacctttgaagtgattc-3’, from eif4ebp2 motifs 548 

were 5’- ggagctctagatcaaaggtaggaaagcactgaagtggcactccagtcgattctcacagtgatctcattc-3’, from mbpa 549 

motifs were 5’-ggagctctagcaccagtcgctcaaaaaaaggaaggaaaacctgaaagtggatattc-3’.  550 

 551 

For control experiments to determine the specificity of mRNA detection by MCP-EGFP, we created 552 

an expression plasmid that lacks the 24xMBS stem loops (pEXPR-mbpa:mScarlet-Caax-mbpa 553 

3’UTR-tol2). 554 

 555 

Lifeact Cloning for F-actin reporter 556 

The filamentous actin reporter was created using Gateway cloning. Alexandria Hughes created pME-557 

lifeact-mNeonGreen by PCR amplification using primers 5’- 558 

ggggacaagtttgtacaaaaaagcaggctaccatgggcgtggccgacttga-3' and 5’- 559 

ggggaccactttgtacaagaaagctgggttcttgtacagctcgtccatgccca-3' from mNeonGreen-Lifeact-7. We then 560 

combined entry vectors and pDEST-tol2 using LR clonase to create pEXPR-mbpa:lifeact-561 

mNeonGreen-polyA-tol2.  562 

 563 

3’ UTR sequences used for MS2 RNA localization experiments  564 

Underlined sequences indicate the sequence motifs deleted or inserted in motif experiments. 565 

 566 

sv40 3’ UTR  567 

5’- 568 

gatccagacatgataagatacattgatgagtttggacaaaccacaactagaatgcagtgaaaaaaatgctttatttgtgaaatttgtgatgctatt569 

gctttatttgtaaccatt 570 

ataagctgcaataaacaagttaacaacaacaattgcattcattttatgtttcaggttcagggggaggtgtgggaggtttttt -3’ 571 

mbpa 3’ UTR 572 
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5’- 573 

cttctccaagcaggaaaacactgagatggaagagagtgaaatggacggaaagcaaaaacttgagagggaggatgtctgccctacagact574 

caccagtcgcagcga 575 

gtttaacagactaacattggccatcttcgcttcctagatagagatacaatccaagtatctgttgctacatgcctgcagggttacagaagcacgtgtt576 

gactgtatgtgtgcaaacttgctgtaataattgtcaatggtcaggtgatgcgatacatcttgtaagtctccctttaaaatttagctgaagtgatcaattt577 

caatatatacaaagagcaaaaactcatacaaaaggtttgaaacaattagacagagtatttctctttttttaaaatccctgaaccaaccagatgaa578 

tcatttgatcattctgaattggtcttatatgtgtttcacaaaatggattgcttatatgctctccagcatttgatgtgtggcatttattctatgttatactgcctct579 

ccatggttttcttgagatccatgttcaacctcatgtgatgtgcatttctgtatgtttgtgttcactgtggtctttgtgttgcattctatattggttatttactttata580 

ccaggaatttgtatataggaatctttattgagttttaattaatgcaaaaaaaaatatgatgaccagttaactacattaaatttgattcattttgagaaat581 

gatttagctcttaatcaggaccatgccttaaaatgattaaaaacagactaaaaacacaattttgtggactagggaatagattctaagcatgtatgt582 

ggcttggattgtatgccctcagatgttgcactgcagtatgtgtgttaaaaccacctgtaaatgttgtctgcgtcattacatgtgcaattttggtgttatttt583 

agaaaggtctcgtaattaccaggggtaggattaatatttaaataacaaacatgcagaaatctaggacaaagagtcagtgggagcataaagg584 

aaagggtatgaaaaaaaggaaggaaaacctgaaagtgcaagatggataatgtgggaaatgctaaatgaggacttctgaaagagtaaggt585 

ggagtttattcagctgattttttttttctttttctgtgttgtatctcatgtgtcttaatatcgttcattgttctgtgtctcatatactctgcc- 3’ 586 

 587 

eif4ebp2 3’ UTR 588 

5’- 589 

aagaagaggaacctacgtgaacaacgattaattacctggtacctgtgtgccagtggcttggcttgtagataccaatgttgtgagccctctccttta590 

gctctctctagctgctg 591 

ggtgctgtttaatcatggggataaatgactaaagtttgcccagtggtgttgctggagccctgaaagttaacctgtgagccctgttgagctcttctttttt592 

gttgtttaggtttcagggctgccatcagcagtacttgcttgagtcacagagcaagggaaaaattctctattgcaagtgcccggatatattaccaatt593 

taccataatagactcataaacggatcagccattagagattcactgctgatagatcaaagtacactgttccagttgatgcccttaatgcagtctattt594 

cgttcacacataaactgatttgcaggacatgcggttatcattatctccctatattttcgattgtttttcccccagttaattttaaaagggacaacaggatt595 

atattcatattttttgattcaaaaagtgaaaaaattccaatcattcctgctcttttatatcatttttttttttcacctcaatacatttttcaggtgttcaaaagaa596 

tagttttatattgttgtccaaaaatgcataattaaaccattgaccttaatcattcatttgaactgacacatgatttcaatgccaaatgtgcacagaattt597 

ctcattttatttaggactaccccaaaataagcatttcaggtcatattagtttaatttcccagttttttcactgttaattttaagaaaagaaacacctaatc598 

acattcgtgaaagaccaaactgttactttagattaaagagaatgtttctgttcagatttattttgctaacagtaaggtttgtttctttgtttgtctttgagag599 

atgaagcgtcaacatagcctagttaaaagttaataacaccaagtaatgtttgattggataaagggtttaatataccttataagatgttgacaaaga600 

aagctggtctcaggaagcacttgctttatgcacctaacaattacgcatcttacggctcctgttacgggagaaaaagcacggtgaatatttaacatt601 

aatatcagctgtgacatctgctgttactttccgaaatactacaatcctcacgaaccttgataatcaaatcaaaggtaggaaagcactgaagtgtt602 

gttttggtcatcgtaccatcggtctgtctcataagcgcacacaatgtgaacgagttttgtcgcgagcagacattcattttgattcagatcaaacgtct603 

cgaaaacttgaattgaatctttccaatgctcttctatgcatgttctttcggtctgcttcttaagctttagttcacatgtcagatcattttaacgttgttgtttttg604 

gggggggacgccaaatcgtgtggaagacgagaattattattgtaagagaattaagcaaagagattattcaaacaaagtgacttaaagagga605 

taagacttattctcatgactttaattgtctttttctgtgctccagtctttgtctgaggcacagaatgatttattttttcctctcacagtgatctcttgtgcttagc606 
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ctccgtatccatgccttactttactaagctgagcagctgtgtcaaatacagtaccctttcataccttaaaacgggatcagttcctttctttcgtttctttca607 

agtggagaacaagatcaagatattgctgttttactagaaaacatttatatttttggagacatgtttgttatcatttactttcttacagaaatgggacgatt608 

tggaaatgcagaggtgtaatatttgtaatagtaatggattggttaaaagcaaatacagaatttaggtttgactttgaggtcacagttaagtttctattc609 

aattttgagaacttgtagaatccttggagtatgttttcatgtccggtttgcgcaaaagtcacattcaagttctaatgatttacagtgaagggaaattgg610 

tgtatactgtccttctgtaatggatatgaatggtcaaattccagcttgtttcaactctaaaattatgaaatgttaaatttttttatttaaaaaaaaataatg611 

cttactattgctttatgctttccccacgcatcaaactatcagaaatgcatttagttctgtgtgaggggatttaagatggacgtgttttatctaatatggca612 

aaaaacattggaaactgtattttctttcttctttgaccctgttaattttaatgaaatgccaatgccagtggacac- 3’ 613 

lrrtm1 3’ UTR 614 

5’- 615 

tccacccatgtcagtttttacaaatcaatgtacgggtggatatggaacatacgttaacttggcacccaattttgctgctctcaaagggagctacagt616 

tctggagtgtgagtgg 617 

actacaaacatggatttagagctgatttcaacagcctcatggggaaatctgactgtgagacccgtgcacttgatgcaaaagatgtggaatgatt618 

atgctgaccagtcctggcttctcttgtgaaaagtggatatttgagctttaacgtgtctttctacttcaggatattctaggactctctaaagctaccgagg619 

acatcaagtacaccatggtaacaaacatacgaacagacacaattgaagtggaaaacaacaa- 3’ 620 

fmr1 3’ UTR 621 

5’- 622 

ccttcccctcattctcccactcagctccaccaatccagatgcttcttcattagagacacattaggccaaagagaaccaggtcagtagggctgtcg623 

caagacatgacata 624 

aagcacactttgtaattgttagcggggttaaaagacaaggtctcttggtgtacggtgtgttgaatttggtagtcttcacggattagagagaccggtc625 

tctaaatctcaactgaagctacaggttttctaattgactttctaaataactacctaaagaagctgtggataaaatgtctctcataaatggaataaaa626 

acaaaaaaaagagcttttccaagaaattggtttttaaagtttgttttccacaatgtccaaaaaaaagggaaagaaacgcatcggaggatgaac627 

tcaagctctcgacgcccaagtttatgccacatctcatggcatacattgtttttacacgctttggtgtccatggtttctcgagcccattctgatgtgagat628 

cttaaccacatcattagcaaaaaaatacaaaaaaaatttaaaaaacgaagagaaaaaataagtaaaaaataaaaaaaatgctcctgtctg629 

gatctgtgcctttaactagtgtggatagtatcataatttggatgtttaaatcagggaagaaggcgtgaacaacacctgtcacctgagcagagtttg630 

ttgcaatctcagccgacaactttaaaaacaaacaaaaaaaggtgtttctttttttttctctgtgctgcatgtatttcacaaacattttgtatgtctgaaaa631 

gcaggattggaaatctattttgccatagctgagttgtgagtagtaaaggtattagcctaactaaactagtcaactgtggaagtcattgattgtaact632 

aaccacccgagttgaatatcaatgctaattcaacaatgaaagcattaatgaagattaatttgatgtaaagcatatctttgcattttagaacaattgtt633 

ttttgttttcaatagaggtagcaaagcagtttcctttaaacaaaatgtcttttgttttttacttgttttacctccatcatgatataaaggtgaatttgctcaga634 

tgttttctcacaaacagggtggaaatgctctattttgtttcattttttttttttgttcatgctggccacagtaaactgccatctttcctgctgtatttttcagcatc635 

aggtgtgaagcacttatatcagattatatctgtaacattgtctttgtcctaacaatggctcatcatagactgaaaatgttgaactgtgggattgcatac636 

tgtatattattacatcatccgttaagagattgttgctgttctttttagattgaactttaaatgtgcacttatcatgtttgtgttactctgcaagtactttataatc637 

tataaacctataataaactagaatgtgataagacttcttcagcaggtgaatcacatgtatgctgtcaacataactaaactgaagtttagatctcttc638 

gctaattttgagtctactgtacttttgcagcttcgagagggacgagatttgggggaaacacaacgttaactttgatatgaggagaacaaaatgtct639 

atcttatccgattagtgcttgtgcattaaactttagtttacaattttgagaagacgcaaagctgttctaaacccacgattcttttgaaacctactgtgac640 
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ggtaaacatggtagtttttttgactgtacagcaagaaagccagtcagttgtatcctctttgctcctttttcttaacaactctttttcattttatgctcgctagt641 

caaatatccagctctacctgtaaagcttacaccagtttcaaagtgattttgccttgatcagtgtcctgtgaaaaccaaacggaaggggttacgtttc642 

acgcgaaatgcaaaaaaaacctgtgactggcagaggatttgcagctctgtgggatgggaatgataaaccactcgaacggggcgtcctggct643 

gcatccggcccccttttaaaatttagcctttatttggaagtaaggtgttaaaatggtttactcccagtatttttaaaaaaacttgcacatctacggtgtg644 

cagtaaactggcaagatggcagagttcaccagtctgttaaaaaaaaaaaaaaaaaaaacctttgaagtgttgccaaacagactgttttctagt645 

tatttattttttggaatgtatatgaaaaatgacaaattgtaaaaccatctcttgcacacatcgttaggctattgtgatttgaataaagagctgaaaagg646 

aataaaaacaaacaaaaaacatgaaatactgtagatactgaaccgaggtagactgaccttgtatgttactgcactttgggtgataatttctttgta647 

cataatagcagaacagactgggttttatgttgacattgtttggttatagtgcaatatattttgtatgcaagcagtttcaataaataaaggttgatcttcct648 

ctgcaa- 3’ 649 

dlg1 3’ UTR 650 

Note: dlg1 3’ UTR contains a region of thymidine repeats that inhibited sequencing a 35 bp region 651 

(nucleotides 7-41). Within the 35 bp region, 5 nucleotides were not able to be confirmed and are 652 

underlined in the sequence below. Together, we confirmed 99.7% of the dlg1 3’ UTR sequence used 653 

in experimental procedures.   654 

5’- 655 

ggggccgaagacaaataaaccttacacttcttttaactttttgtatttttttttaatcttttcgtttcctttttttaatattaacatggcctgcagcttgcattgg656 

ctttccaactcctgagcataagaaatgcgttttctttgaatgggtttggggtttttcctctttctctcatgcctctctttgaaactactgtctagaactcgca657 

tcccaatctccgcatgtggtcctccactgggaggagacgtgcttgaccagcgacttactggacagattatacggtacagattccttaatgtttaag658 

ggaggtgactttctcgaaggaaaaccaataagttaatgcattatacacattttggtttgttcttcattttttacccccccagtatatgatcagaagcttt659 

catgtctgtctctggaaagacataaagcaaaactttgcacgtttttttgcatgtttggattattctgtttcagttaacatattgttcttacgtttttatgtcaga660 

cagatttaaaccatgtgactttcagccaccatatgactttagttttcttctaaaatcaagcaacccgttcactttatgcagctgatctgtttttgtcgcca661 

gtacacaaagaggatgataaaaaatttaatatttggcacaaaagttcttctttttatattaaatgtctatttgtcttaacgatctgtgtacattttaattaa662 

ggtgcatctgggagtagcttttagcagaggaacgggcttacgattatatttcaaacccagggtgacgacatattcttacttcaaaaaaacagca663 

atgcaaataagagagtataaattgtaatgtatattcaaccctcagtatactgcctattttgttataatgaaagtcctatattgagctttaattaaactct664 

acacctatgggaattattttctttataatgtcaagcatacactcgaatgactatgcgtgtatgtatataaaataaatataaatagatatatatttttttcct665 

ttacttttaccaccatcacttttgttgtttctggtttgtctttatgcaaaaacactgacacacacacgcacactaggctggatggtggatttccatttgca666 

tctgctccaacaatatgaaaacaaaactcaagttggcagtttgtagtattcagctctctctttgtctctctctcctgtgtaattctgtcatattttctttctca667 

tgtgacgtgcatgatttcttaaagcaatagtcttcatcagcaaggagcggaggagagggatttggcataaactgtaaacctgaaaggctgtatg668 

ggaattgttgaatgcccgtagctgaagagagatttgctttgcctttaactgtccaccagggggtgctgacggcatccccgctattttgttttctttcgttt669 

tttaactcggagatgattgttttctaaaagattgcttctctaacttgtcatcatggctttctaacacattttgactagataatgtacataatctgccaactt670 

gattcattccat- 3’ 671 

cyfip1 3’ UTR 672 

5’- 673 

gcaccagtttgaagtggaagagatgggaaaagagagggaaatatttagcaacgtgtttaggaccagtttcactgtcacattctacttaatgatg674 
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cctttcttatgccaccct 675 

gtagtttctgcagagccagtaagttgccttgtgattggtcgagtgatttgatttgcaccaattactgcaccctactcaggctttggttaatcaggccaa676 

gatatgtttatgatgtacacaaacatggctcagttttactagcgtatttcaggttgattttttttgtacacataaacacacacatacacacacactcgt677 

gccttattatagataaattgactataatcttttatatgttaatgatagcacagcactactcatgttttatacttgggaacagcagtggggtatggttcca678 

aaatggccaagtgggttttatcaaagggttatttaagcttttgctgtagtgcgagtccagcggtattttttctatgtggtgttgaatgattgcatgcaagt679 

ttttttttcttctattatacttaataaaactttaagcgtagccaagttcttactcctcataaacgtgccttttt- 3’ 680 

cadm1b 3’ UTR 681 

5’- 682 

actggaactagacctgttagcttccagtgctgaacagcaaactgtggactgctgggtttgggaggaaggggttgtgggattcaatcaggctgga683 

ttcacacctgcgcag 684 

ctgaagagacgctgctgccatcgagacggacggggtgtgggatggcagagcactaggagagctcaattttagaccgcttcaccatccaaca685 

cctcctgctggggccggttttgttccgtttaaacatttgctaagaattttgtgccttgttctgttcttactgaagttcccactttcatcaggacacccacaa686 

gctactgtctctccaatggtctgaatccacgttttttttttctctcctttcatttcatttttttaattgctagcacatcttaaagctctctctcatgctgttctgtctg687 

caggtctgaaagaaagccgcgcaccaagtttcgatgtaagattcagtcacagaatgatcgcttgggttgttttcacggattgattccaagtaattt688 

atttggcaaattgcctgttgctctccttagtcccccagagaacgagttagagatgatagaaacctttttttctctctcttttttgtgaccaacaacattca689 

gcagcagtattgcattgttgcaatatttattggatatactgtatgcgattatgatcagcttgtgttgatattagggctgtcaatcgaacacattactact690 

attatttcgtttattaaatcattaaaatattacccaaatttggcaatgacatgacaaaatttatattattattattattatatacagctatggaaaaaatat691 

taagactaattatgacatttcttactaaattaaaatgaaaaagttattatttagagcattgtttttttttttgcttgtttgttttttctttaaaaaaaaaggtgct692 

aaattttcagacatgttgctagccaaattcatttatatagaacatttcataaacagtaataattccaagtgctttacataaacaggaataaaagaa693 

acaagtataagaaaataaaaaacaaattataacagtgaataaaagcagtttaaaatg- 3’ 694 

 695 

smFISH probe design 696 

The EGFP smFISH probes were purchased from Stellaris LGC Biosearch Technologies. Probes 697 

consist of a set of pooled oligos with CAL Fluorâ Red 610 Dye. smFISH probes were designed using 698 

the Stellaris RNA FISH Probe Designer tool by entering the zebrafish mbpa, eif4ebp2, or fmr1 cDNA 699 

sequences obtained from Ensemble Genome Browser from transcript mbpa-206, eif4ebp2-201, and 700 

fmr1-201 (GRCz11) (Table 4-6). Probes with highly repetitive sequences were removed. Each probe 701 

was entered into BLAST to search for off targets and were removed if they were predicted to bind 702 

annotated genes with relatively high specificity. The probes were ordered with a CAL Fluorâ Red 610 703 

Dye. Probes were resuspended in Tris-EDTA, pH 8.0 and stored at a stock concentration of 12.5 µM 704 

at -20°C.  705 

 706 

 707 

 708 
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Table 4: Probe sequences for mbpa-206 

Probe Name Sequence 5'->3' 
Probe 

Name 
Sequence 5'->3' 

Probe 1 ctttggattgagcggagaag Probe 13 aatcttcaacctgggagaaa 

Probe 2 gtccagactgtagaccactg Probe 14 gatctcgctctccacccaaa 

Probe 3 cagatcaacacctagaatgg Probe 15 ctggagcaccatcttctgag 

Probe 4 ctctggacaaaaccccttcg Probe 16 cttctccaagcaggaaaaca 

Probe 5 tgtcctggatcaaatcagca Probe 17 gagatggaagagagtgaaat 

Probe 6 ttcttcggaggagacaagaa Probe 18 cgggaagcaaaaacttgaga 

Probe 7 agagaccccaccactctt Probe 19 atgtctgccctacagactca 

Probe 8 tcgtgcatttcttcaggagc Probe 20 gtcgcagcgagtttaacaga 

Probe 9 tcgtgcatttcttcaggagc Probe 21 acattggccatcttcgcttc 

Probe 10 tcgaggtggagagaactatt Probe 22 agatagagatacaatccaag 

Probe 11 cattagatcgccacagagac Probe 23 tctgttgctacatgcctgca 

Probe 12 aagggaacagaacacacttt Probe 24 ttacagaagcacgtgttgac 

 709 

Table 5: Probe sequences for eif4ebp2-201 

Probe Name Sequence 5'->3' 
Probe 

Name 
Sequence 5'->3' 

Probe 1 ggaaagcgataagaaacgag Probe 16 gcttggcttgtagataccaa 

Probe 2 gaaagggcccgaggttttta Probe 17 gccctctcctttagctctct 

Probe 3 ttccatcggggaaaacttat Probe 18 gctgggtgctgtttaatcat 

Probe 4 agcaagtgcaatgtcgtcca Probe 19 aaagtttgcccagtggtgtt 

Probe 5 cgtcagcttagtgagagcag Probe 20 gagccctgaaagttaacctg 

Probe 6 ctgatcaacgactcaacgca Probe 21 agccctgttgagctcttctt 

Probe 7 ctcacgactattgcaccact Probe 22 gcagtacttgcttgagtcac 

Probe 8 tggaggcactttattctcca Probe 23 agcaagggaaaaattctcta 

Probe 9 gaggaacccgaataatctat Probe 24 tgcccggatatattaccaat 

Probe 10 tcgtaagttcctgttggacc Probe 25 tgcccggatatattaccaat 

Probe 11 gaatgaaatcaagcggaatg Probe 26 tgatgcccttaatgcagtct 

Probe 12 catcaacaaccatgatgcca Probe 27 aaactgatttgcaggacatg 

Probe 13 caaggtgaagatgctcagtt   

Probe 14 agatggacatctaaagaaga   

Probe 15 aacctacgtgaacaacgatt   

 710 

Table 6: Probe sequences for fmr1-201 

Probe Name Sequence 5'->3' 
Probe 

Name 
Sequence 5'->3' 

Probe 1 ggagctttctacaaggctta Probe 18 tgatctcgatgaagagacat 
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Probe 2 cagccagaacgacagatttc Probe 19 tttcacatctatggagagga 

Probe 3 tccaggatgttcggtttcca Probe 20 ccgaagctacctggaatttt 

Probe 4 tccaaccggttttcagaaag Probe 21 aaaagtcattggcaagagtg 

Probe 5 taatgataaggaaccctgtg Probe 22 agctgattcaagaggttgtg 

Probe 6 caaagttcgcatggtgaaag Probe 23 taaatcgggtgttgtcagag 

Probe 7 acgttatagaatatgcagcc Probe 24 aaggagagcatttctaatgc 

Probe 8 tgatgccaccctaaatgaaa Probe 25 tattctgctggactaccatc 

Probe 9 gtcacattagagaggctacg Probe 26 tttaaaggaggtagatcagc 

Probe 10 agcaacaaagaacacctttc Probe 27 acccgagaaagaaaagtctt 

Probe 11 aaaaccagactagatgttcc Probe 28 caaaccttttggtcgaggag 

Probe 12 agacttgagacagatgtgtg Probe 29 gagtctatgggttatcccaa 

Probe 13 ctctgaagaaaagcagttgg Probe 30 gatacaaaactgaggacatg 

Probe 14 atccatgttgagtgacatgc Probe 31 gtagttccagagactccaag 

Probe 15 tttaggagtctgcgcacaaa Probe 32 catcgacagcaataacgaga 

Probe 16 tcatgaacagtttgtggtgc Probe 33 gtagtgaacggcgtttcgta 

Probe 17  aagccagaaagatttctgga   

 711 

smFISH experimental procedure 712 

The smFISH protocol was adapted from three published protocols: Hauptmann and Gerster (2000), 713 

Lyubimova et al. (2013) and Oka et al (2015). First, larvae were sorted for EGFP expression and fixed 714 

O/N in 4% paraformaldehyde at 4°C. Larvae were embedded laterally in 1.5% agar, 5% sucrose blocks 715 

and transferred to a 30% sucrose solution O/N at 4°C. Blocks were frozen on dry ice and sectioned 716 

with a Leica cryostat into 20 µm thick sections and placed on microscope slides. Slides were not allowed 717 

to dry more than 5 min before adding 4% paraformaldehyde to fix the tissue at RT for 10-20 min. The 718 

slides were quickly rinsed with 1X PBS twice. The tissue was permeabilized with 70% cold ethanol at -719 

200C for 2 hours. Parafilm was placed over tissue to prevent evaporation at all incubation steps. The 720 

tissue was rehydrated with wash buffer (10% DI formamide, 2X SSC in molecular grade water) for 5 721 

min at RT. From this point on, care was taken to protect the tissue and probes from light as much as 722 

possible. Hybridization Buffer was made: 2x SSC, 10% DI formamide, 25mg/mL tRNA, 50mg/mL 723 

bovine serum albumin, 200mM ribonucleoside vanadyl complex in DEPC water. Aliquots were made 724 

and stored at -200C. Final probe concentrations for egfp and mbpa was 125nM. Final probe 725 

concentrations for eif4ebp2 and fmr1 was 250nM. Slides were incubated at 370C overnight in probe. 726 

Slides were quickly rinsed with fresh wash buffer followed by 2 wash steps at 370C for 30 minutes. 727 

DAPI was added at 1:1000 concentration in wash buffer to the tissue for 5-7 min at RT. Slides were 728 

quickly rinsed twice with wash buffer. Finally, slides were mounted with Vectashield mounting media 729 

and a No. 1 coverslip and sealed with nail polish. All slides were stored and protected from light at 40C.  730 
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 731 

Microscopy 732 

To image RNA localization in living animals, plasmids were injected with mRNA encoding Tol2 733 

transposase into newly fertilized eggs. Injection solutions contained 5 µL 0.4 M KCl, 250 ng Tol2 mRNA 734 

and 125 ng pEXPR-sox10:NLS-tdMCP-EGFP-sv40 3’ UTR-tol2 plasmid and 125 ng pEXPR-735 

mbpa:mScarlet-CAAX-various 3’ UTR-polyA-tol2. Larvae were grown to 4 dpf and selected for good 736 

health and normal developmental patterns. Larvae were immobilized in 0.6% low-melt agarose with 737 

0.06% tricaine. Images of single timepoint data were obtained using a Zeiss LSM 880 laser scanning 738 

confocal microscope equipped with a 40x, 1.3 NA oil immersion objective. Imaging was performed 739 

using Zeiss Zen Black software with the following parameters: 1024 x 1024 frame size, 1.03 µsec pixel 740 

dwell time, 16-bit depth, 10% 488 laser power, 14% 561 laser power, 700 digital gain, 488 filter range 741 

481-571, mScarlet filter range 605-695 and z intervals of 0.5 µm. All images of single cells were taken 742 

in the spinal cord of living zebrafish above the yolk extension. Cells were selected for imaging based 743 

on dual expression of EGFP and mScarlet-CAAX.  744 

 Images of smFISH experiments were obtained using a Zeiss LSM 880 with Airyscan confocal 745 

microscope and a Plan-Apochromat 63x, 1.4 NA oil immersion objective. The acquisition light path 746 

used Diode 405, Argon 488, HeNe 594 lasers, 405 beam splitter and 488/594 beam splitters, and 747 

Airyscan super resolution detector. Imaging was performed using Zeiss Zen Black software and 748 

parameters included: 1024 x 1024 frame size, 1.03usec pixel dwell time, 16-bit depth, 3x zoom. Line 749 

averaging was set to 2, 2-5% 488 laser power, 2% 594 laser power, 0.5-3% 405 laser power, 750 gain, 750 

and z intervals of 0.3 µm. All images of single cells were taken in the hindbrain of zebrafish larvae. 751 

Cells were selected for imaging based on expression of EGFP-CAAX and Quasar-610 fluorescence. 752 

Post-image processing was performed using Airyscan Processing set to 6.8 for images that were 753 

quantified. For representative images of fmr1 and eif4ebp2 smFISH, post-acquisition processing was 754 

performed using auto Airyscan Processing.    755 

 756 

 757 

QUANTIFICATION AND STATISTICAL ANALYSIS 758 

 759 

Quantification of MS2 RNA localization 760 

All images were processed and analyzed using ImageJ Fiji software. To analyze mRNA fluorescent 761 

intensity in sheath termini, we imaged single cells co-expressing NLS-MCP-EGFP and mScarlet-CAAX. 762 

Individual myelin sheaths were optically isolated by performing a maximum z projection of images 763 

collected at 0.5 µm intervals. Fluorescence intensity was measured by performing line scans across a 764 
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7 µm (± 0.3 µm) distance beginning at the terminal end of each sheath. Specifically, we drew each line 765 

in the mScarlet-CAAX channel to ensure we encompassed the edge of the myelin membrane. Gray 766 

values along each line (at 0.2 µm intervals) were measured in both channels. All measurements were 767 

combined into a Microsoft Excel file and imported into RStudio for further processing and analysis. In 768 

RStudio we used tidyverse and ggplot2 libraries to manipulate data and generate plots. To normalize 769 

fluorescence intensities in each sheath, we divided the raw gray value at each distance by the average 770 

gray values of all distances per sheath. To calculate the average mRNA fluorescence intensity among 771 

all myelin sheaths, we plotted the average normalized fluorescence intensity by distance. To calculate 772 

mRNA fluorescence intensities in myelin sheaths, we plotted the average fluorescent intensity of EGFP 773 

(raw gray values) for each sheath using the line scan measurements described above.  774 

 775 

To measure mRNA fluorescent intensity in cell bodies, we imaged single cells co-expressing NLS-776 

MCP-EGFP and mScarlet-CAAX. Due to the high expression levels of EGFP in the nucleus, the 488 777 

laser power was lowered to 0.3 to ensure we captured the full dynamic range of EGFP intensities. Cells 778 

containing saturated pixels were not utilized. During post-acquisition analysis, cell bodies were optically 779 

isolated by performing maximum z projection of images collected at 0.5 µm intervals. Fluorescence 780 

intensity was measured by drawing three regions of interest at the cell periphery, cell center, and 781 

between the periphery and center. Each region of interest was 3 pixels by 3 pixels. All data points were 782 

combined in Microsoft Excel and imported into RStudio for analysis. To calculate the average 783 

fluorescence intensity per cell, we averaged the three ROIs per cell. We normalized the intensity from 784 

each cell body to the average of all cell bodies in the sv40 3’ UTR control.  785 

 786 

smFISH Quantification 787 

All quantification was performed in ImageJ Fiji using a custom script created by Karlie Fedder (available 788 

upon request). First, z intervals were selected for individual cells or myelin tracts using the “Make 789 

Substack” feature in Fiji. Substacks for cell bodies included all z intervals for each soma. Substacks of 790 

myelin tracts in the hindbrain included 100 pixel x 100 pixels and 13 steps with an interval of 0.3 µm 791 

(4.39 µm x 4.39 µm x 3.9 µm). This volume was chosen because it was approximately the same volume 792 

as cell bodies. Each substack was maximum z-projected. Background was subtracted using a 2.5 793 

rolling ball. The image was then thresholded by taking 3 standard deviations above the mean 794 

fluorescence intensity. Puncta were analyzed using the “Analyze Particles” feature with a size of 0.01-795 

Infinity and circularity of 0.00-1.00. Using the maximum projection of the EGFP-CAAX channel, a region 796 

of interest (ROI) was drawn around each cell body using the freehand tool. Alternatively, for myelin 797 

ROIs, the rectangle tool was used to draw a square 100 x 100 pixels (4.39 µm x 4.39 µm). All 798 
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thresholded puncta were inspected to ensure single molecules were selected.  Occasionally, threshold 799 

puncta fell on the border of the ROI and these were excluded from measurements. mbpa transcripts 800 

are highly expressed and counting individual puncta was not consistently reliable. Therefore, to 801 

measure each puncta, we overlaid the binary image on the maximum z projected image and calculated 802 

the density (area x average fluorescence intensity) using the “IntDen” measurement.  803 

To obtain the average mRNA abundance per subcellular compartment, we calculated the 804 

average density for all puncta in each ROI (cell bodies or myelin). All ROIs for each subcellular 805 

compartment were then averaged to calculate the average density per subcellular compartment. 806 

 807 

Statistics 808 

All statistics were performed in RStudio (version 1.1.456) using devtools (version 2.2.1) and 809 

ggplot2(Wickham 2009) packages. Additionally several packages and libraries were installed 810 

including tidyverse (Wickham et al. 2019), readxl (version 1.3.1), RColorBrewer (version 1.1-2), 811 

ggsignif (version 0.6.0), and ggpubr (version 0.2.4). All statistically analyses were performed with 812 

ggpubr. Wilcoxon rank sum was performed for unpaired comparisons of two groups.  813 

 814 

BIOINFORMATIC ANALYSIS 815 

Identifying Transcripts in the Myelin Transcriptome 816 

To identify cDNA sequences in the myelin transcriptome associated with Supplemental Table 1 in the 817 

main text, we started with the myelin transcriptome obtained from Thakurela et al. (2016, Scientific 818 

Reports). Specifically, we used the data from the three biological replicates from P18 mice and these 819 

biological replicates were called “Treatment”. As a control group, we used six RNA-seq datasets from 820 

two independent studies using cultured oligodendrocytes to eliminate any axonal-derived mRNAs 821 

(Marques et al. 2016 Science; Zhang et al. 2014 J Neurosci). Specifically, we used P7B2 and P7B3 822 

datasets from Marques et al. and the 2 NFO and 2 MO datasets from Zhang et al. These datasets 823 

were called “Control” in Supplemental Table 1. We calculated the average abundance (FPKM) in the 824 

treatment group and control group and determined the fold change. Next, we filtered the data for 825 

transcripts that have a q-value less than 0.05. Finally, to eliminate any genes with low mRNA 826 

abundance (FPKM), we filtered the data to only include genes that have FPKM greater than 5 in the 827 

control or treatment groups.  828 

 829 

MEME Analysis 830 

To identify motifs shared between the mbpa-201, eif4ebp2-201, and fmr1-201 3’ UTRs we used 831 

Multiple Em for Motif Elicitation (MEME) (version 5.1.1) part of the MEME suite software. We used the 832 
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default settings: Classic mode, RNA sequences, Zero or One Occurrence Per Sequence, and set the 833 

maximum motif to identify at 20 motifs. We selected the top 3 motifs for experimental procedures.  834 

 835 

AME Analysis 836 

To identify if motifs enriched in the myelin transcriptome, we used Analysis of Motif Enrichment (AME) 837 

(version 5.1.1) part of MEME suite software. Specifically, we downloaded cDNA sequences in fasta 838 

formats for transcripts present in the myelin transcriptome (1771 cDNA fasta sequences associated 839 

with the 1855 genes in Supplemental Table 1). Some genes had multiple cDNA sequences that 840 

correlate to splice variants and we selected the longest variant for our analysis. We uploaded these 841 

sequences into AME software and used the default settings to determine if motif 1, 2, or 3 were 842 

enriched in the myelin transcriptome. As a control sequence, we used shuffled input sequences. 843 

 844 

FIMO Analysis 845 

To determine the frequency of motif 2 occurrences in the various datasets, we used Find Individual 846 

Motif Occurrences (FIMO) (version 5.1.1) part of the MEME suite software. Specifically, we 847 

downloaded cDNA sequences from the entire mouse transcriptome (mm10), cDNA sequences from 848 

the myelin transcriptome, 5’ UTR sequences from the myelin transcriptome, 3’ UTR sequences from 849 

the myelin transcriptome, or coding sequences from the myelin transcriptome. We uploaded the 850 

sequences in to FIMO software and used the default settings to determine the number of occurrences 851 

for motif 2. Table 7 indicates the number of input sequences for each condition, number of 852 

occurrences motif 2 was identified, and the number of unique genes with one or more copies of motif 853 

2. The results from each of these analyses can be found in the Supplemental Tables. 854 

 855 

Table 7. FIMO Analysis results 

Sequence Type Number of Input 

Sequences 

Number of Motif 2 

Occurrences Found 

Number of Unique 

Genes with Motif 2 

cDNA from mouse transcriptome 56,289 36,662 16,144 

cDNA from myelin transcriptome 1771 2101 751 

5’ UTRs from myelin transcriptome 1195 115 59 

Coding sequences from myelin transcriptome 1411 470 751 

3’ UTR from myelin transcriptome 1404 1341 480 

 856 

GO Analysis 857 

To identify gene ontology terms associated with the myelin transcriptome and motif 2-containing myelin 858 

transcriptome, we used DAVID software (version 6.8). Specifically, we submitted Ensemble Gene IDs 859 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 11, 2020. ; https://doi.org/10.1101/654616doi: bioRxiv preprint 

https://doi.org/10.1101/654616
http://creativecommons.org/licenses/by-nc-nd/4.0/


 42 

from the myelin transcriptome (2821 genes) or the 751 genes containing motif 2. We selected GO term 860 

categories for biological processes, cellular compartment and up_keywords. We filtered the results for 861 

false discovery rate less than 0.05. We identified 60 terms in the myelin transcriptome and 34 terms in 862 

the motif 2-containing myelin transcriptome. We sorted the GO terms from lowest to highest FDR, 863 

removed any duplicate GO terms and selected the top 20 terms.  864 

 865 

 866 
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