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SUMMARY 

  

Cell motility requires strict spatiotemporal control of protein expression. During cell migration, 

mRNA localization and local translation in subcellular areas like the leading edge and protrusions 

are particularly advantageous for regulating the reorganization of the cytoskeleton. Fidgetin-Like 

2 (FL2), a microtubule severing enzyme (MSE) that restricts migration and outgrowth, localizes 

to the leading edge of protrusions where it severs dynamic microtubules. FL2 is primarily 

expressed during development but in adulthood, is spatially upregulated at the leading edge 

minutes after injury. Here, we show mRNA localization and local translation in protrusions of 

polarized cells are responsible for FL2 leading edge expression after injury. The data suggests 

that the RNA binding protein IMP1 is involved in the translational regulation and stabilization of 

FL2 mRNA, in competition with the miRNA let-7. These data exemplify the role of local translation 

in microtubule network reorganization during migration and elucidate an unexplored MSE protein 

localization mechanism.  
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INTRODUCTION 

 

Cellular development, polarization and motility are a few of the processes requiring specifically 

timed and localized protein expression. To achieve this stringent spatiotemporal control, cells 

utilize RNA localization and local protein synthesis. Transport of one mRNA molecule can produce 

many proteins in its target compartment compared to the costly process of mass transport of 

individual proteins, making localization of mRNA and local translation more biologically efficient, 

both temporally and energetically. Efficiency is only one of the many benefits of local protein 

synthesis, which also include rapid response to local stimuli, avoidance of ectopic interactions 

and controlled expression of toxic proteins1,2.  

 

Cell migration and neurite outgrowth involve the rapid reorganization of the cytoskeleton, which 

requires asymmetric protein expression3. Cell polarization and protrusion formation, the initial 

steps of migration, are driven by the differential buildup and breakdown of the cytoskeleton4. This 

asymmetric cellular outgrowth requires localized, asymmetric expression of cytoskeletal related 

proteins. The prototypical example of locally translated cytoskeletal asymmetric protein 

expression is β-actin, the mRNA of which was described to have strong localization to 

protrusions5, axons and growth cones6 during development and migration. 

 

Actin is often thought of as the main player in cell migration and process formation, but the 

necessity of an intact and dynamic microtubule network to these processes is well established7,8. 

Many studies have shown the necessity of a microtubule network for localization of mRNAs9,10, 

but these studies focused  mainly on the contribution of microtubule protein structures through 

association with microtubule motor proteins11. While emphasis has been put on regulation of actin 

related mRNAs3,12, work on the contribution of mRNA localization and local translation to the 

dynamic nature of the microtubule network is still limited.  

 

Polarization and outgrowth involve reorganization of the microtubule network. Microtubule 

asymmetry during motility facilitates directional polarity, intracellular transport, focal adhesion 

turnover, protrusion stability and growth cone turning13–15. While this asymmetry is well 

established, the involvement of local protein synthesis in the buildup and breakdown of the 

microtubule network has not been extensively studied. 

 

Preliminary studies indicate that the microtubule network is regulated by local translation, similar 

to the actin network. The mRNA of tubulin, the main subunit of microtubules, has been identified 

in the peripheral cytoplasm and in axons during development and there is evidence suggesting 

its local synthesis in developing axons5,16,17. Microtubule associated protein (MAP1 & MAP2) 

mRNAs, regulators of microtubule lattice stability, have been identified in developing and adult 

dendrites18,19. The mRNAs of the microtubule motor proteins Kinesin and Dynein were found to 

localize to protrusions, but evidence of local synthesis is lacking20.  

 

In this study, we investigate the mRNA localization and local translation of the microtubule 

severing enzyme (MSE) Fidgetin Like 2 (FL2). MSEs are a class of AAA ATPase proteins involved 

in the process of migration21,22. They use ATP hydrolysis to displace tubulin dimers within a 
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microtubule lattice leading to depolymerization and subsequent disassembly or growth, 

depending on lattice stability. Regulation of microtubule dynamics via MSEs is important at the 

leading-edge during migration for such processes as regulation of focal adhesion assembly, 

microtubule lattice growth and the release of signaling molecules that affect the actin network15. 

 

The Fidgetin family of MSE’s was first identified in a mutant mouse model with developmental 

defects in the nervous system, auditory system and skeletal structure causing “fidgeting” like 

symptoms23–25. Expression of FL2 is localized to the leading edge of migrating cells and to the 

growth cones of outgrowing neurites26. Within these subcellular areas, FL2 suppresses directed 

migration and outgrowth by severing the dynamic microtubules at the cell cortex and within 

protrusions. 

 

FL2 is primarily expressed during development 27,28, but in adulthood, FL2 is only expressed upon 

injury for the regulation of wound healing and regeneration. Knockdown of FL2 increases velocity 

of migration more than 2-fold29. In neurons, FL2 depletion results in increased neurite outgrowth 

and an attenuated response to inhibitory cues during growth cone guidance26. Targeting of FL2 

via siRNA mediated knockdown has shown promising results for multiple therapies, including 

enhanced excision and burn wound healing, nerve regeneration and regeneration after corneal 

chemical burn26,29–31.  

 

Rapid and localized FL2 protein expression suggests that FL2 may be post-transcriptionally 

regulated through mRNA localization and local protein synthesis. Messenger RNA localization 

begins when an RNA binding protein (RBP) binds the mRNA molecule32. By associating with other 

proteins and RNAs to form a ribonucleoprotein (RNP) complex, the mRNA molecule can be either 

translationally repressed or activated, allowing for strict regulation of protein expression33.  The 

mRNP complex can be transported to a cellular destination by binding to molecular motor 

proteins34. Once at its destination, cytoskeletal elements can anchor the complex and molecular 

signals, such as phosphorylation of the mRNP, can induce de-repression of the mRNA to facilitate 

local translation35,36.  

 

Zipcode Binding Protein 1 (ZBP1), the chicken homolog to IMP1 (Insulin like Growth Factor 2 

RNA Binding Protein 1 or IGF2BP1) was the first RBP implicated in localization of β-actin mRNA37, 

the prototypical example of RNA localization to protrusions and extensions. We report here that 

FL2 mRNA contains the zipcode sequence38,39 necessary for binding to the IMP RBPs. 

Furthermore, FL2 was previously identified as an mRNA target of let-7 microRNA40, short, non-

coding RNAs that decrease expression of their target, either by mRNA degradation or 

translational suppression. Recent evidence has shown that IMP RBPs and let-7 miRNAs have an 

antagonistic relationship; the IMP RBPs can protect mRNAs from let-7 mediated downregulation, 

and the IMP RBP mRNAs are themselves a target of let-7 miRNAs41. These data suggested that 

FL2 expression may be regulated by an antagonistic relationship between the IMP RBPs and let-

7 miRNAs. 

 

In this work, we elucidate the post-transcriptional regulation of the MSE FL2. Using single 

molecule imaging, we found that FL2 mRNA is localized to and translated at the leading edge of 
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polarized cells. This data suggests mRNA localization and stabilization by IMP1 RBP, and 

protection from Let-7 mediated miRNA degradation. This study provides insight into the 

mechanism of FL2 expression and elucidates a unique mechanism for regulating MSE 

localization. These data advance our understanding of cytoskeletal regulation in migration and 

the cellular response to injury.  

 

 

RESULTS 

 

FL2 protein was upregulated after injury 

FL2 protein expression is minimal in adulthood but is significantly upregulated upon injury26,29–31. 

FL2 protein is localized to the leading edge and cell cortex where FL2 carries out its severing 

function on dynamic microtubules during migration and outgrowth29. However, the specific time 

course of FL2 upregulation on a cellular level had yet to be determined.  

 

To investigate the time scale of leading edge FL2 protein expression, we utilized an in vitro wound 

healing scratch assay to induce directional migration. Compared to cells in an uninjured 

monolayer, FL2 protein fluorescence intensity at the leading edge increased significantly 

(p=0.0005) in cells on the wound periphery just five minutes after injury (Fig 1A, F). FL2 protein 

concentration in the leading edge continued to increase for one hour after injury (Fig 1B, F). These 

data indicated that FL2 protein is either made or rapidly reorganized as soon as five minutes after 

injury and protein concentration in this compartment continues to increase over time in response 

to migration induction.  

 

FL2 protein at the leading edge was newly synthesized upon injury 

Local protein synthesis has many advantages, including rapid induction of highly localized protein 

expression without the energy cost and time of transporting the protein. Increase in localized FL2 

protein expression just five minutes after induction suggested that FL2 protein may be locally 

translated. 

 

To determine whether FL2 translation occurred upon injury, we performed in vitro scratch assays 

on cells pre-treated with the translation inhibitor puromycin. As indicated in Figure 1, one hour 

after injury was the maximum of short term FL2 protein expression on the cellular level. Thus, the 

monolayers were incubated for one hour after injury with and without puromycin treatment. The 

number of cells on the wound periphery that had significant FL2 upregulation at the leading edge 

were quantified. Significant FL2 upregulation was defined as FL2 fluorescence intensity that was 

40% greater within the leading edge than in the remaining cytoplasm. Compared to untreated 

coverslips (Fig 2A), there was a 50% decrease in number of cells with significant FL2 protein 

upregulation at the leading edge on coverslips treated with puromycin (Fig 2B & 2C). This 

significant decrease (p<0.0001) in the number of cells with injury induced FL2 protein upregulation 

at the leading edge indicated that much of the protein expression was newly synthesized upon 

polarization and migration induction, further adding to the evidence of local FL2 translation. 

 

FL2 mRNA was localized to the leading edge and growth cones 
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For local translation to occur in a specific cellular compartment, the mRNA must first localize 

there. To investigate if FL2 mRNA was localized to the leading edge, we utilized a single molecule 

fluorescent in situ hybridization (smFISH) assay that was optimized for the high GC content (74%) 

of FL2 mRNA. This method used an initial primary set of probes to hybridize to the sequence of 

interest and a secondary, fluorescently labeled set of probes to hybridize to the primary probes42. 

The optimized approach led to higher fidelity of detection and decreased background when 

compared to traditional smFISH (Sup Fig 1).  

 

In U2OS cells one hour after scratch injury, an average of 45% of the FL2 mRNA molecules 

localize to the leading edge of protrusions in polarized cells on the wound periphery (Fig 3C & D). 

The result is particularly noteworthy when considering the area (Fig 3A) and volume of the leading 

edge, a thin membrane protrusion, compared to that of the remaining cytoplasm.  

 

As a secondary mRNA localization analysis, we compared FL2 mRNA localization to the 

localization of positive (β-actin mRNA; Pos) and negative (IMP2 mRNA; Neg) controls using the 

previously published polarization and dispersion index assay43 (Sup Fig 2). FL2 mRNA was less 

polarized (p=0.0197) than the positive control, but significantly more polarized (p<0.0001) than 

the negative control (Fig 3E). FL2 mRNA was more disperse (p=0.0148) than the positive control, 

but significantly less disperse (p<0.0001) than the negative control (Fig 3F). We then compared 

the leading edge analysis of FL2 mRNA to that of the negative control. FL2 mRNA localized to 

the leading edge (45%) at a rate significantly higher (p<0.0001) than the negative control mRNA 

(25%) (Fig 3G). Taken together, these data showed that FL2 mRNA was asymmetrically 

distributed with preferential localization to the leading edge of polarized cells. 

 

Similar localization of FL2 mRNA was seen in the protrusions of NIH3T3 mouse embryonic 

fibroblasts, protrusions of human BeWo cells and in the extensions and growth cones of 

differentiating mouse neuro2A cells and human iPS derived neuronal cells (Fig 4). These data 

support the notion that FL2 mRNA localized to the leading edge of protrusions and extensions, 

the same cellular compartments where localized FL2 protein expression occurs. 

 

Imaging of FL2 translation in cellular protrusions using the SunTag 

The translation of FL2 protein after injury and the presence of FL2 mRNA in the leading edge and 

in neuronal processes suggested that FL2 was being newly translated in these cellular 

compartments. To directly visualize local FL2 translation, the SunTag system was utilized to 

perform single molecule imaging of nascent peptides44.  

 

Colocalization of the 24x GCN4 peptide repeats of the SunTag with single mRNA molecules 

allowed for the visualization of translating proteins44,45. FISH-IF in U2OS cells expressing a 

construct with the SunTag fused to the N terminus of FL2 (CDS and 3’UTR; Fig 5A) identified 

individual translation sites. SunTag (GCN4) immunofluorescent stains were imaged along with 

the optimized smFISH of FL2 mRNA probes. Colocalization of the SunTag stain and FL2 mRNA 

probes was determined, indicating sites of translation (Fig 5B – J). FL2 mRNA spots and 

translation sites were binned based on location; either internally around the nucleus (5um out 

from the DAPI nuclear stain) or more peripherally (further away from the nucleus, including cellular 
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protrusions). Quantification of both the FL2 mRNA spots and translation sites showed that there 

was a higher percentage of translating mRNA in the peripheral region (average of 31%) compared 

to the internal region surrounding the nucleus (average of 12%) in each cell (Fig 5K). An FL2 

mRNA molecule was about 3-fold more likely on average to be translating if it was localized to 

the peripheral region compared to the perinuclear region of the cell (Fig 5L). These data indicated 

that the translation of FL2 mRNA occurred within protrusions of polarized cells.   

 

Post-transcriptional regulators implicated in FL2 mRNA expression 

As localization of FL2 mRNA at the leading edge was similar to that of β-actin mRNA46, the 

prototypical example of leading-edge mRNA localization, it was possible that they may be 

regulated by similar mechanisms. Prior work has extensively characterized the zipcode 

sequences in RNA necessary for binding to the IMP family of RBPs36,39. We identified the 

presence of zipcode like sequences in both human and mouse FL2 mRNA sequences (Fig 6A).  

 

As IMP RBPs have been shown to affect localization37,47, translation32,48 and degradation49 of their 

targets, RT-PCR was used to quantify FL2 mRNA levels in N2A cells transfected with IMP RBP 

(IMP1, IGF2BP1 and IMP2, IGF2BP2) plasmids. Overexpression of both IMP1 (p=0.0134) and 

IMP2 (p=0.0672) increased the FL2 mRNA levels compared to transfection control (pMax-GFP). 

To determine whether FL2 had a higher binding affinity to IMP1 compared to IMP2, an IMP2 

mutant was used that caused IMP2 to recognize IMP1 binding sequences39. Overexpression of 

the IMP2 mutant rescued the level of FL2 mRNA (p=0.0174), increasing it to a level comparable 

with that of IMP1 overexpression (Fig 6B). These data suggested that both IMP1 and IMP2 may 

bind FL2 mRNA and protect it from degradation, with a higher binding affinity to IMP1. 

 

The increase in FL2 mRNA levels with IMP overexpression suggested that the IMPs may be 

protecting FL2 mRNA from miRNA mediated degradation, as has been shown for other IMP 

targets such as HMGA241,50,51. To investigate the role of miRNAs in the regulation of FL2 mRNA, 

the sequences of human and mouse FL2 were investigated for seed sequence matches to 

miRNAs, which identified the Let-7 family of miRNAs (Fig 6A). A let-7 miRNA family inhibitor52 

significantly increased the level of FL2 mRNA (p=0.0192) compared to a control inhibitor (Fig 6C), 

similar to the observed increase with overexpression of the IMP RBPs.  

 

A negative regulator of let-7 miRNA, LIN28 RBP, targets the let-7 precursors. Previous studies 

have identified the importance of the direct or indirect interactions of the let-7 miRNA, IMP RBPs 

and LIN28 RBP on target mRNAs41,49,51. Overexpression of LIN28A in N2A cells increased 

(p=0.0199) levels of FL2 mRNA quantity (Sup Fig 3). To determine if this increase in FL2 mRNA 

was due to a direct interaction, a LIN28A mutant that does not bind to the let-7 precursor was 

tested. Overexpression of the LIN28A mutant showed no change in FL2 mRNA levels, indicating 

that LIN28A had an indirect effect on FL2 mRNA through the downregulation of let-7 miRNA.  

 

Increased quantity of FL2 mRNA with let-7 inhibition indicated that the let-7 miRNA family was 

likely involved in the regulation and degradation of FL2 mRNA expression. Along with the increase 

in FL2 mRNA seen with overexpression of the IMP1 RBP, these data suggested that FL2 mRNA 
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was locally translated like other IMP1 targets and protected by IMP1 from let-7 miRNA mediated 

degradation. 

 

 

DISCUSSION 

 

Using translation inhibition and single molecule imaging, we confirmed that FL2 mRNA was locally 

translated at the leading edge of protrusions during polarization, migration and outgrowth. This 

data suggested this process was regulated by both IMP RBPs and the miRNA let-7, which play 

antagonistic roles. 

 

Local translation in cytoskeletal reorganization 

Migration and outgrowth are cellular processes that require strict temporal and spatial regulation 

of protein expression, particularly important for cytoskeletal reorganization. It is well known that 

microtubule proteins are important in motility; cellular motility cannot occur without an intact and 

dynamic microtubule array13. However, little work has focused on the local translation of proteins 

involved in the microtubule network. 

 

Many studies investigating cytoskeletal associated mRNA localization and subsequent local 

protein synthesis have revolved around actin network related proteins, such as β-actin, arp2/3, 

cofilin 1 and small Rho GTPases 5,6,53–56. However, evidence of localization and local translation 

of microtubule related mRNAs is growing 5,16–20. In neurons, β-III tubulin expression in developing 

axons was decreased after local treatment with a translation inhibitor, suggesting local 

translation16,57. Additionally, some mRNAs of microtubule accessory proteins, such as Tau, MAP1 

and MAP2 mRNAs, have been identified in axons and dendrites10,18,58. Here we show the mRNA 

localization and local translation of a microtubule remodeling protein that is involved in 

microtubule dynamics during migration. This study provides further evidence that local translation 

is important in microtubule reorganization during motility.  

 

Regulation of microtubule severing enzymes through local translation 

All microtubule severing enzymes (MSEs) have specific spatiotemporal expression patterns. 

Katanin, a well-studied MSE, localizes to protrusions, microtubule minus ends and is concentrated 

at spindle poles59. Katanin is also required for cytokinesis and, along with Fidgetin and Spastin, 

plays a role in poleward flux during mitosis, dendritic pruning and axonal growth during 

development21. These are just a few examples of the necessity of spatial and temporal regulation 

of MSEs for proper cellular growth and motility.  

 

Most MSE protein localization studies focus on post-translational protein targeting through 

recognition of specific microtubule structures, microtubule associated proteins or tubulin post-

translational modifications22,60,61. A recent study into transcriptional and translation regulation of 

MSE expression discovered transcriptional and post-transcriptional regulation of Katanin and 

Spastin by the transcription factor Elk1 and translational repression by the mRNA binding protein 

HuR62.  
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This study proposes a possible contribution of local translation to MSEs protein localization. Here 

we showed that the localization of FL2 protein to the leading edge was driven by mRNA 

localization and local protein synthesis in the same compartment. Additionally, aside from FL2, 

binding sites for IMP1 (ZBP1) and IMP2 RBPs were identified in the gene sequences of fidgetin, 

fidgetin-like1, katanin and spastin using the motif finder of Integrative Genomics Viewer (Sup Fig 

4). These data implicate mRNA regulation and local translation in the spatiotemporal regulation 

of all MSEs.   

 

Implications in growth cone collapse  

Previous studies have identified FL2 as a regulator of migration and outgrowth by severing the 

dynamic microtubules within the leading edge of protrusions and within growth cones. Specifically 

in growth cones, FL2 expression is involved in guidance and collapse in response to inhibitory 

cues, such as Semaphorin 3A and Chondroitin Sulfate Proteoglycans.  Knockout of FL2 results 

in a significantly diminished response to these repulsive guidance cues26. A similar diminished 

response to repulsive guidance cues occurs with translation inhibition in isolated growth 

cones63,64. Taken together with our data, these results raise the possibility that the regulation of 

FL2 in the growth cone is dependent upon local translation.  

 

Recent findings from our lab indicated that FL2 activity in protrusions caused the release of 

GEFH1, which then locally activates RhoA65. RhoA is a small GTPase that is also locally 

translated in axons in response to inhibitory cues, where it stimulates the retraction of the growth 

cone66. Altogether, these data suggest that FL2 local translation in response to repulsive cues 

could lead to the stimulation of the simultaneously locally translated RhoA to induce growth cone 

collapse and retraction. Hence, this work provides evidence for a possible downstream pathway 

that induces growth cone collapse and directional outgrowth restriction. 

 

RNA binding proteins and miRNAs in FL2 regulation 

The IMP family of RBPs is important in mRNA localization to the leading edge and growth cones, 

particularly in development67. IMP containing ribonucleoprotein (mRNP) granules can be found 

within protrusions and in growth cones during migration and neurite outgrowth49. Within these 

granules, IMP1 has been shown to bind many cytoskeletal mRNAs that are destined for 

protrusions and extensions, including the mRNAs of β-actin, Arp2/3, E-cadherin, and alpha 

actinin56,68. Like IMP1, FL2 expression is primarily developmental and plays a major role in 

migration and outgrowth. The local translation of FL2 within protrusions is consistent with the role 

of the IMPs in motility, particularly during development. 

 

This study also identified let-7 miRNA as a regulator of FL2 expression. Recently, the IMP RBP, 

LIN28 and let-7 miRNA triad has been investigated for its importance in development. The target 

mRNA transcripts are either bound by the IMP RBP, directly preventing the binding of let-7 

miRNA, or sequestered into an IMP containing mRNP complex lacking let-7 miRNA and its 

degradation machinery41,49,51. LIN28 can indirectly effect expression of let-7 miRNA targets by 

preventing the maturation of the let-7 precursor and thereby decreasing its expression. Since an 

FL2 knockout is embryonic lethal, the increase in FL2 mRNA quantity with IMP overexpression, 
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let-7 inhibition and LIN28 overexpression was consistent with previous studies implicating this 

triad in proper developmental progression.  

 

Limitations of the study 

Limitations in immunofluorescent (IF) stains and qPCR efficiency have restricted experimentation 

of FL2. There is no validated IF stain for mouse FL2 protein. Additionally, multiple labs have been 

unsuccessful in attempts to use qPCR to quantify changes in human FL2 mRNA expression, most 

likely due to the high GC content of the sequence. Due to these shortcomings, multiple different 

cell lines were used throughout this study. The consistency of FL2 mRNA localization in multiple 

cell types of both human and mouse indicated that FL2 mRNA regulation mechanisms were 

similar across species.  

   

This study indicated the involvement of IMP RBPs and let-7 miRNAs in FL2 mRNA regulation, 

but did not demonstrate direct binding. The qPCR analysis showed a change in FL2 mRNA 

expression with changes in the expression of the IMP RBPs and let-7 miRNA, but an assay 

specific for binding would be necessary to definitively determine whether these molecules directly 

interact. Further research will elucidate the specific interactions of the proteins and RNAs involved 

in the regulation of FL2 expression. 

 

Conclusions 

Altogether, this work describes the spatiotemporal regulation of expression of a protein important 

in development and motility, and in wound healing and regeneration. This study determined that 

FL2 was being translated in the same cellular compartment as its localized protein expression.  

 

Positive results from translational studies establish FL2 as a promising target for wound healing 

and regeneration therapeutics. Understanding the regulatory mechanisms of FL2 expression 

could enhance therapeutic development. Aside from the translational implications, knowledge of 

FL2 regulation also furthers understanding of wound healing and regeneration on a cellular level 

and the role that the microtubule network and supporting proteins play. 
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METHODS  

 

Cell culture, treatment, and transfection 

 

Cell culture  

U2OS, BeWo and N2A cells were purchased from ATCC (HTB-96, CCL-98, CCL-131 

respectively). U2OS and N2A cells were cultured in DMEM supplemented with 10% fetal bovine 

serum, 1% Glutamax. BeWo cells were cultured in the ATCC-formulated F12-K Medium 

supplemented with 10% fetal bovine serum. All cells were cultured at 37 °C in the presence of 5% 

CO2. 

 

Induced Pluripotent Stem Cell derived neurons 

IPSC derived glutamatergic neuronal cells were donated to our laboratory by Erika Pedrosa from 

the laboratory of Dr. Herbert Lachman. Induction of the neuronal cells was achieved by forced 

Neurogenin-2 overexpression as previously described69. Neuronal cells were fixed after three 

days of differentiation.  

 

In vitro scratch injury model 

U2OS cells were grown to a confluent monolayer on glass coverslips in 24 well plates. The media 

in the well was aspirated and a 200ul pipette tip was used to physically scratch a “wound zone” 

through the monolayer. The coverslip was then rinsed with PBS to remove debris before adding 

fresh media back into the well. Prior to fixation, scratches were incubated for the indicated amount 

of time under normal culture conditions described above. 

 

Transfections 

N2A cells were seeded at 300,000 cells per well in a 6 well plate 24 hours before transfection 

using Lipofectamine 3000 (Thermo Fisher Scientific). Transfections were performed in 

accordance with the Lipofectamine 3000 protocol. The media was changed 24 hours after 

transfection to minimize cell death.  

 

Immunofluorescence 

 

Fixation and staining  

Cells were washed with PBS and incubated at 37 °C for 5 minutes in warm fixation solution 

consisting of 4% paraformaldehyde, 0.1% Triton X and 0.15% glutaraldehyde in BRB80. Cells 

were then rinsed with PBS before incubation in 10mg/mL sodium borohydrite in PBS for 20 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 17, 2023. ; https://doi.org/10.1101/2023.04.17.537087doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.17.537087
http://creativecommons.org/licenses/by-nc-nd/4.0/


minutes, followed by a PBS rinse and permeabilize with 0.5% TritonX in PBS for 5 minutes. Cells 

were rinsed with PBS supplemented with 0.05% Tween (PBST) prior to a one hour, room 

temperature incubation in blocking buffer (5% normal goat serum, 2mM sodium azide and 0.1% 

TritonX in PBS). After blocking buffer incubation, cells were incubated overnight at 4 °C in the 

primary antibody diluted in the blocking buffer. On the second day, the cells were washed in PBST 

for 5 minutes thrice before a 1.5 hour incubation in the secondary antibody diluted in the blocking 

buffer. Cells were washed thrice more for 5 minutes with PBST prior to mounting of the coverslips.  

 

Antibodies  

Monoclonal FL2 (FIGNL2; NM_001013690) antibody generated in mice (Abmart, Shanghai, 

China) using an antiFL2 (SSTTPSPAHK). 

Alexa Fluor 488 Phalloidin (Invitrogen #A12379) 

Rabbit anti-GCN4 (SunTag) antibody (absolute antibody #Ab00436-230) 

anti-Mouse Secondary Antibody, Alexa Fluor 568 (Invitrogen #A10037) 

anti-Rabbit Secondary Antibody, Alexa Fluor 647 (Invitrogen #A32733) 

 

FL2 Protein Upregulation Leading Edge Analysis 

Scratched U2OS monolayers were incubated for decreasing intervals of time (3 hours, 1 hour, 30 

minutes and 5 minutes) prior to fixation. After fixation, cells were stained for FL2 protein as 

described above. Cells on the wound edge (scratch periphery) were imaged using fluorescence 

confocal microscopy. For all scratch times, images were taken of U2OS cells with visible FL2 

protein expression at the leading edge. For the untreated group, images were taken of U2OS 

cells in an untreated monolayer with small gaps in the monolayer to allow for background 

subtraction.  

Fluorescence intensity at the leading edge was compared with fluorescence intensity at the cortex 

of cells in an uninjured monolayer. FL2 protein was quantified using FIJI ImageJ software70. The 

amount of pixels that make up 5um in an image was calculated based on the distance per pixel 

determined by the magnification and microscope used for imaging. This number determined the 

pixel amount used for the paintbrush tool in ImageJ, which was then used to outline the leading 

edge of the cells on the periphery of the scratch. We define the leading edge as the first 5um of 

the protrusions facing the scratch.  

To identify the timing of FL2 protein upregulation in U2OS cells after injury, the fluorescence 

intensity (INTDEN) of FL2 protein within the first 5um of the cell facing the wound was determined. 

The corrected total cell fluorescence value was calculated (CTCF = INTDEN - [Area of selected 

cell * Background mean gray value]) for the intensity of FL2 protein at the leading edge of each 

cell. This quantity was normalized to the CTCF value of FL2 fluorescence intensity of the cortex 

in U2OS cells in an uninjured monolayer.  

 

Translation inhibition  

U2OS cells were seeded at 80,000 cells per well onto glass coverslips in a 24 well plate 48 hours 

before treatment. Cells were treated with media containing 200ug Puromycin (Sigma P9620) or 

normal media as a control and incubated for 15 minutes under normal culture conditions prior to 

injury. A scratch was performed in the media without aspiration, PBS washes or new media 

addition to ensure that cells were exposed to a consistent concentration of the translation inhibitor. 
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The cells were incubated under normal culture conditions for one hour prior to fixation and FL2 

protein staining as described below. 

To determine if translation inhibition decreased FL2 protein content at the leading edge, cells with 

significant fluorescence intensity at the leading edge (first 5 um of cell protrusion) were counted. 

Fluorescence confocal images were taken of the scratch periphery with focus on areas that had 

cells with FL2 upregulation at the leading edge. Significant fluorescence intensity was defined as 

pixel intensity value at least 40% greater than that of the remaining cytoplasm of the same cell 

and spanned at least a fourth of the edge length. A percentage of cells with significant FL2 

fluorescence intensity at the leading edge was determined for each image (number of cells with 

significant fluorescence intensity per image / total number of cells per image).  

 

Single molecule fluorescence in situ hybridization (smFISH) 

 

U2OS smFISH  

smFISH was performed according to the previously published method from Wheat, et al., 202042. 

Cells were rinsed with PBSM (PBS with 1mM MgCl2) and fixed with 4% PFA in PBSM at room 

temperature for 10 minutes. Cells were washed with 50mM Glycine in PBSM for 5 minutes at 

room temperature. Cells were permeabilized for 10 minutes with 0.1% Triton X 100 in PBSM at 

room temperature and then washed with PBSM for 5 minutes thrice. Cells are then incubated at 

37C for 30 minutes in a 30% pre-hybridization solution (30% formamide in 2X SSC). Hybridization 

of primary probes was done overnight at 37C in a 30% hybridization buffer (30% formamide, 10% 

dextran sulfate, 2mM VRC, 1mg/mL E. coli tRNA, 200ug/mL BSA in 2X SSC) with 100ng per 

coverslip of primary FL2 FISH probes and 1ul/mL Superase. The next day, cells are incubated 

twice for 15 minutes at 37C in 30% pre-hybridization solution prior to a five minute wash with 

2XSSC and refixation with 4% PFA in PBSM for 10 minutes at room temperature. Cells are 

washed thrice for 5 minutes each in 2X SSC and then incubated for 30 minutes at 37C in 10% 

pre-hybridization solution (10% formamide in 2X SSC). Hybridization of secondary probes was 

done for 3 hours at 37C in 10% hybridization solution (10% formamide, 10% dextran sulfate, 2mM 

VRC, 1mg/mL E. coli tRNA, 200ug/mL BSA in 2X SSC) with 10ng per coverslip of fluorescently 

labeled secondary probe and 1ul/mL Superase. Cells are washed twice in 10% pre-hybridization 

solution for 15 minutes at 37C. Cells were washed thrice for 5 minutes in 2X SSC at room 

temperature. Coverslips were mounted using ProLong Diamond Antifade Mountant with DAPI.  

 

Neuron smFISH 

Protocol for smFISH in neurons was performed using the optimized smFISH protocol42 described 

above with the exceptions of the procedures indicated below.  

Washes were performed with PBS-MC (PBS with 1mM MgCl2 and 0.1mM CaCl2). The fixation 

was performed in a solution of 4% PFA in PBS-MC.  

 

smFISH-IF 

FISH-IF protocol was adapted from Wu, et al., 2016, Eliscovich, et al., 2017 and the optimized 

smFISH protocol described above33,42,44. The procedure is the same as described above except 

for the differences described below.  
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Permeabilization was done for 15 minutes at room temperature with 0.1% Triton X 100 and 0.02% 

UltraPure BSA (Invitrogen #AM2616) in PBSM. Initial 10% pre-hybridization incubation was done 

with 10% formamide and 0.02% UltraPure BSA in 2X SSC. The 10% hybridization solution 

contained 1:250 GCN4 Suntag primary antibody along with the secondary probes. After 

hybridization, two 5 minute washes were performed at 37C with 10% pre-hybridization without 

BSA. The cells were incubated twice for 20 minutes with 1:800 secondary antibody (Alexa Fluor 

647) at 37C. 

 

Optimized smFISH Probe Design 

Probes were designed using the automated design tool described in Tsanov. et al., 201671. Gene 

specific probes are listed in Tables 1 & 2. Readout probe design and labeling were performed as 

in Wheat et al, Nature 202042. RO6 Readout probe (GTACCGTAGGATCTGATGAA) was dual 

end labeled with CY3 and used for all smFISH experiments. Traditional Stellaris probes were 

designed on the Stellaris website using the CDS and 3’ UTR of the FIGNL2 gene (Table 3). 

 

Table 1. Optimized human FIGNL2 probes 

hFL2_1 GTACCGTAGGATCTGATGAACAGAGCCCATGAGGTAGGTGCCACTAGGTACCGTAGGATCTGATGAA

hFL2_2 GTACCGTAGGATCTGATGAATAGAGAAAGCGGTGGGGACTCCACCTCGTACCGTAGGATCTGATGAA

hFL2_3 GTACCGTAGGATCTGATGAAGGAAGGCACATTTCCTCACAGAGCCCGTACCGTAGGATCTGATGAA

hFL2_4 GTACCGTAGGATCTGATGAAACAAGTGAGGGATGCTCACTCCTCCTGTACCGTAGGATCTGATGAA

hFL2_5 GTACCGTAGGATCTGATGAACAGGAGAGGAATAAGGCCTCCCTTCTCTGTACCGTAGGATCTGATGAA

hFL2_6 GTACCGTAGGATCTGATGAACTGGGTCACTCTCATCAGCTCGCAAAGTACCGTAGGATCTGATGAA

hFL2_7 GTACCGTAGGATCTGATGAACATTACCAGAGCTGGACTGGCCCTTCGTACCGTAGGATCTGATGAA

hFL2_8 GTACCGTAGGATCTGATGAATGGGGGCAGTCTCCTTGTGCAAAGCTGTACCGTAGGATCTGATGAA

hFL2_9 GTACCGTAGGATCTGATGAAAGAGCTCCCTGCCTCTTGAAGGGAAGGTACCGTAGGATCTGATGAA

hFL2_10 GTACCGTAGGATCTGATGAATGCTTCTGAGGCACCAAAGCCCTGTGGTACCGTAGGATCTGATGAA

hFL2_11 GTACCGTAGGATCTGATGAAAGTAGCTGATTTTGTGGCCAGACTGTCTACGTACCGTAGGATCTGATGAA

hFL2_12 GTACCGTAGGATCTGATGAATGGAGACTTTCTGCTTAGGTCACCTTCCGTACCGTAGGATCTGATGAA

hFL2_13 GTACCGTAGGATCTGATGAACATTCTGCTTCTGACCAGGAATAGCTGGGTACCGTAGGATCTGATGAA

hFL2_14 GTACCGTAGGATCTGATGAATTTCACTGAGGCCTCTGGGTCTTCCTGTACCGTAGGATCTGATGAA

hFL2_15 GTACCGTAGGATCTGATGAAATCTGCCTGGCAGAAGCATTTTCCTTCGTACCGTAGGATCTGATGAA

hFL2_16 GTACCGTAGGATCTGATGAAGTCCCACTCCACGAACGAGTCCAGTTGTACCGTAGGATCTGATGAA

hFL2_17 GTACCGTAGGATCTGATGAACTTTAGGAGGTTGGAGGCAGTGAGGGCTGAGTACCGTAGGATCTGATGAA

hFL2_18 GTACCGTAGGATCTGATGAAGGTGTCCAGTGCATCTTCAACAGAGCTGGTACCGTAGGATCTGATGAA

hFL2_19 GTACCGTAGGATCTGATGAATACATTTTTGAGACAAGGTCTTGCTCTGTTGCGTACCGTAGGATCTGATGAA

hFL2_20 GTACCGTAGGATCTGATGAAATGCTCCCTCCGAGGGTCTTTTGCAGGTACCGTAGGATCTGATGAA

hFL2_21 GTACCGTAGGATCTGATGAACCACCCTACCTTCTGGGTCTCAGGAAGTACCGTAGGATCTGATGAA

hFL2_22 GTACCGTAGGATCTGATGAACGCCTCTAGCTCGCTGATGAGGAGTAGTACCGTAGGATCTGATGAA

hFL2_23 GTACCGTAGGATCTGATGAACAGTCCACCATCTTGCTCGTCACCAGGTACCGTAGGATCTGATGAA  
 

Table 2. Optimized mouse FIGNL2 probes 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 17, 2023. ; https://doi.org/10.1101/2023.04.17.537087doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.17.537087
http://creativecommons.org/licenses/by-nc-nd/4.0/


mFL2_1 GTACCGTAGGATCTGATGAACTCAACTAACGAGTCCAGCTCCTTGGAGGTACCGTAGGATCTGATGAA

mFL2_2 GTACCGTAGGATCTGATGAATAGGAGAGGGGCCTCTGCAGTCCAGAGTACCGTAGGATCTGATGAA

mFL2_3 GTACCGTAGGATCTGATGAACGAAGAACAGCACGGTCCGCGGCGGGGTACCGTAGGATCTGATGAA

mFL2_4 GTACCGTAGGATCTGATGAATCAGTGTCCGGAGCCATACATTTTGTCCGTACCGTAGGATCTGATGAA

mFL2_5 GTACCGTAGGATCTGATGAACTTGGCTAGAGCAGCCTCCACATCTTGTACCGTAGGATCTGATGAA

mFL2_6 GTACCGTAGGATCTGATGAACCCAGAAAAGCCCTGAGTTCCCTGCAGTACCGTAGGATCTGATGAA

mFL2_7 GTACCGTAGGATCTGATGAACAGCTGCCGTCCAGGCAGGTCAGTAGGTACCGTAGGATCTGATGAA

mFL2_8 GTACCGTAGGATCTGATGAACAGTCTACCATCTTGCTGCTCACCAGGTACCGTAGGATCTGATGAA

mFL2_9 GTACCGTAGGATCTGATGAACGGGGGAGCCCAGGACCTTGAGAGGGGTACCGTAGGATCTGATGAA

mFL2_10 GTACCGTAGGATCTGATGAACCGGGTGGCTTCGAACGGAACCCGTTGTACCGTAGGATCTGATGAA

mFL2_11 GTACCGTAGGATCTGATGAACGGTGTCGTCCGCGGCGGGGTAGGAGGTACCGTAGGATCTGATGAA

mFL2_12 GTACCGTAGGATCTGATGAACCTTGGCCGGCTCGTAAGCGTACTTGGTACCGTAGGATCTGATGAA

mFL2_13 GTACCGTAGGATCTGATGAAGTTGCCCGTGTACAGCGGCTCAGTCAGTACCGTAGGATCTGATGAA

mFL2_14 GTACCGTAGGATCTGATGAACGGGAGGCCTTCGTGGAGCGAGGCTAGTACCGTAGGATCTGATGAA

mFL2_15 GTACCGTAGGATCTGATGAACGCTCGTAGTCCAGGACTCCGGAGTACGTACCGTAGGATCTGATGAA

mFL2_16 GTACCGTAGGATCTGATGAACTCGGCGTAGCGCTTGAGGAGGTTGGAGGTACCGTAGGATCTGATGAA

mFL2_17 GTACCGTAGGATCTGATGAATGTGAGGGCGGAAATGTCGTCGTGTGCCGTACCGTAGGATCTGATGAA

mFL2_18 GTACCGTAGGATCTGATGAAGGCGACGGAGTGGTGGAGGAGACGTCCGTACCGTAGGATCTGATGAA

mFL2_19 GTACCGTAGGATCTGATGAACCACTGGTTTAGGGGCTGGGCGTGTTCGTACCGTAGGATCTGATGAA

mFL2_20 GTACCGTAGGATCTGATGAACGGGACCCGCTCCGGGAACTTGTCAAGTACCGTAGGATCTGATGAA

mFL2_21 GTACCGTAGGATCTGATGAACGTAGCCGGCCGCCGGGTAGTTGTAGGTACCGTAGGATCTGATGAA

mFL2_22 GTACCGTAGGATCTGATGAACCCCTGGAGGCAACTCCAACTTGTGAGTACCGTAGGATCTGATGAA

mFL2_23 GTACCGTAGGATCTGATGAACGGGTCCCCTTTGGCACCGTTGAGGAGTACCGTAGGATCTGATGAA
 

 

 

Table 3. Traditional Stellaris probes  

Set 1 
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mFL2_1 gtgttccggtgtccagtg

mFL2_2 ctctggccactggtttag

mFL2_3 ggaggagacgtccaggtg

mFL2_4 ctggaggcaactccaact

mFL2_5 caagcgtagtggcagcgc

mFL2_6 gggcggaaatgtcgtcgt

mFL2_7 ttgaggaggttggaggct

mFL2_8 agtacttctcggcgtagc

mFL2_9 gctcgtagtccaggactc

mFL2_10 tggcaccgttgaggaagg

mFL2_11 cagctactaccggggagc

mFL2_12 gtacagcggctcagtcag

mFL2_13 ctcgtttgcgcgcagtag

mFL2_14 cgggtagttgtagagcgg

mFL2_15 ttgcgcttcagcgacacg

mFL2_16 cggctcgtaagcgtactt

mFL2_17 gacactcggtgtcgtccg

mFL2_18 gggtggcttcgaacggaa

mFL2_19 gctccgggaacttgtcaa

mFL2_20 tcagcaagggccaaagca

mFL2_21 aagaacagcacggtccgc

mFL2_22 acctagtcgggtggcgag

mFL2_23 cagcgcgcagcagcaaag

mFL2_24 tgatgagcagcacagcgg

mFL2_25 caggcaggtcagtagagg

mFL2_26 cgggtagcttcgtccagg

mFL2_27 gtagaagcgcagcgcgaa

mFL2_28 cgctcgttcagcgcacag

mFL2_29 agctcgcccccagaaaag

mFL2_30 tctttgtaggagaggggc

mFL2_31 caccttggctagagcagc

mFL2_32 ttggagggagcccgagag

mFL2_33 gtcccactcaactaacga

mFL2_34 tgtccggagccatacatt

mFL2_35 gccccacattcatcactc

mFL2_36 cggtgcatatggcatcga

mFL2_37 cggagatggcgaacttcc
 

 

Set 2 
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FL2_1 cacattcatcactcctttgg

FL2_2 atcgatctgcctggcagaag

FL2_3 tgagtacaccggtgcatatg

FL2_4 gagcggagatggcgaacttc

FL2_5 caactcatgtcgggtatggc

FL2_6 gtcagtgacacaaccatgag

FL2_7 gaaggtgatggatggggacc

FL2_8 cgctgtggtgtgaatcagaa

FL2_9 tcaggtgggtaaagtacgga

FL2_10 aacctacatttctgggactt

FL2_11 acagcaaatcctacacatct

FL2_12 cttcctgagttgtcaaaata

FL2_13 acattctttctgaggtcagt

FL2_14 tggtctgggagaatctgctc

FL2_15 agaaagcccctagatacatt

FL2_16 ccacggggaagaatggtaag

FL2_17 aactctctgcaaggttcaca

FL2_18 cagctgaatggacaagagca

FL2_19 agcacctctgacagaacctg

FL2_20 caatcctcttagcctgttat

FL2_21 ttgtggctagaccacgttca

FL2_22 ccatggggacaagtagacac

FL2_23 taacgtcacaggaaagcacc

FL2_24 gtggtttgcagagaagtctg

FL2_25 ggaccaaagagccttatcaa

FL2_26 aggtgggacaaagatagggg

FL2_27 catgaagggatctaggagct

FL2_28 cagagagaggcttggagaga

FL2_29 cacttgctctgaagcatcaa

FL2_30 aggatcatctgcagtatcac

FL2_31 agagaactcccttactctag

FL2_32 agcaaaggaagtgtggggac

FL2_33 cttccaaaccgggaacagaa

FL2_34 caacattgctagggctagac

FL2_35 atccctggattctttggtat

FL2_36 aatgttagcagagggagtgg

FL2_37 ttacaaccgagagaggatcc

FL2_38 tccatgtacaacacacagca

FL2_39 ccacaactgcagaacatcat

FL2_40 agtgtcttctgaggtagaca

FL2_41 atgccacacatcataacttt  
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Leading Edge FL2 mRNA analysis 

For FL2 mRNA leading edge analysis, images were taken of cells on the wound periphery of 

U2OS cells after one hour incubation following scratch injury. As shown previously with other 

localized mRNAs, not all cells have mRNA localization3; hence, only cells with visible FL2 mRNA 

localization were imaged. After imaging, mRNA molecules were identified in the images using the 

FISH Quant software in MATLAB72. Focused max projections on the z-stack images were 

performed for each image using the FQ_seg command. Using the max projection images, 

background subtraction was performed and the FISH spots were fitted to a 3D Gaussian to 

determine the placement of the FL2 mRNA molecules within the cell. Once the mRNA molecules 

were identified, the leading edge of the cells was determined in ImageJ based on our definition of 

leading edge (first 5um of the cell protrusion). The amount of pixels in 5um was determined for 

the magnification of the image and the paintbrush feature in ImageJ was used to determine how 

many of the identified FL2 mRNA molecules were within this compartment. The FL2 mRNA 

molecules that were encompassed within the leading edge outline were counted and compared 

to the total amount of FL2 mRNA molecules identified by FISH Quant within that image.  

 

Polarization Index and Dispersion Index (PI/DI) Analysis 

All image stacks were max projected and a binary mask was generated for each cell using the 

background autofluorescence. Then masks and corresponding max projected image stacks were 

run through the previously published ImageJ plugin43. In brief, the ImageJ plugin calculates the 

centroid of the cell (the mean value of x- and y-coordinates within each of the cell masks). It then 

subtracts the median intensity value within each cell boundary to remove background and 

determine an intensity weighted centroid of the RNA. The centroid of the cell and the centroid of 

the RNA signal are then used to calculate the RNA polarization vector. By dividing the size of the 

polarization vector by the radius of gyration of the cell, the polarization index is calculated. The 

intensity-weighted centroid of the RNA signal and the second moment are calculated to give the 

dispersion index. 

 

Translation Site Analysis  

U2OS cells were transfected with the SunTag:FL2 construct (Fig. 5A) as described above. Cells 

were fixed 12 hours after transfection. FISH-IF was performed on the coverslips as described 

above. Epifluorescence images were taken at 100X of cells with expression of the SunTag:FL2 

construct. Only cells with an amount of mRNAs that was countable by eye were included in the 

translation site analysis (10 cells). The mRNAs and GCN4 (SunTag) proteins were identified using 

the FISH Quant software as described above. Using the FQ_DualColor command in FISH Quant, 

colocalization sites with a range of up to 600nm were identified. The paintbrush tool in ImageJ 

was used to identify the perinuclear area (defined as the encompassing area 5um out from the 

edge of the DAPI nuclear stain) and the edge area (remaining cell area outside of the perinuclear 

area). The number of mRNAs identified as colocalization sites were quantified in each area and 

divided by the total number of mRNAs in that area to obtain a percentage of translating mRNA for 

each region. To obtain a ratio of translating mRNA at the edge, the percent of translating mRNA 

at the edge was divided by the percent of translating mRNA in the perinuclear region.  
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Imaging 

 

Confocal Imaging 

Images of fixed cell, fluorescent FL2 protein stains were taken using a spinning-disk Inverted 

Nikon ECLIPSE Ti-E at either 100X oil or 60X oil with numerical apertures of 1.45 and 1.4 

respectively. Excitation lasers used were 405nm, 488nm and 561nm and image detection was 

performed via Two ORCA-FLASH 4.0 sCMOS cameras. The software used for this microscope 

was Nikon Elements. 

 

Epifluorescence Imaging 

Fixed cell images of smFISH (FL2 mRNA) and FISH-IF (FL2 mRNA and SunTag protein) were 

taking using an upright, wide-field Olympus BX-63 Microscope with oil immersion lenses at 

magnifications of either 60X (FL2 mRNA images) or 100X (FISH-IF images) and numerical 

apertures of 1.35 and 1.4 respectively. An ORCA-R2 digital CCD camera was used with DAPI, 

Cy3 and Cy5 filters from Semrock. The software used for image acquisition and stage control was 

Metamorph (Molecular Devices).  

 

Cloning and PCRs 

 

Plasmids and cloning 

For cloning of the SunTag-FL2 construct, we used the SINAPs plasmid from the Singer lab 

(Addgene #84561)44 and a tdTomato-FL2 (containing the 3’UTR of FL2) plasmid previously 

cloned in-house using the tdTomato-C1 vector (Addgene #54653), a human FL2 clone in 

pANT7_cGST (DNASU, Arizona State University, Tempe, AZ, clone: HsCD00403041) and a 

human FL2 3’UTR construct (Switchgear Genomics #S811553). The Ubc promoter, flag tag and 

SunTag reporter were cloned from the SINAPs construct to replace the CMV promoter and 

tdTomato reporter of the tdTomato-FL2 plasmid using NEBuilder HiFi DNA Assembly technology 

(NEB).  

The plasmids used for IMP RBP overexpression, GFP-ZBP133, GFP-IGF2BP2 and GFP-IGF2BP2 

KH3 mutant39, were from the Singer laboratory. The Lin28 plasmids were purchased from 

Addgene; Lin28A (#51371), Lin28B (#51373) and Lin28A-mCCHC (#51372). The miRNA let-7 

inhibitor sequence (3'-CUCCAUCAUCCAACAU-5') was previously validated for broad let-7 

family inhibition (Frost & Olson, 2011). The custom miRCURY LNA miRNA inhibitor was 

purchased from Qiagen (Cat num 339146).  

 

RT-PCR 

Since identification of FL2 levels within human cell lines via qPCR has been so far unsuccessful, 

quantitative mRNA analysis was carried out in the neuroblastoma Neuro2A cell line. Cells were 

transfected with the indicated plasmid or inhibitor as described above and incubated for 48 hours 

prior to collection. Collection and cDNA synthesis were done using the SuperScript IV Cell Direct 

cDNA Synthesis Kit (Thermo Fisher #11750150) and carried out according to the kit protocol. 

Power SYBR Green PCR Master Mix was used for comparative Ct qPCR run on the ViiA7 Real-

Time PCR System. Predesigned PrimeTime qPCR Primers were purchased from IDT. FL2 

primers, FignL2 Assay ID: Mm.PT.58.21940655.g; GAPDH control primers, GAPDH Assay ID: 
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Mm.PT.39a.1. Results were analyzed using the 2^(ΔΔCt) method. The caveat is that these were 

transiently transfect cells, so the amount of cells transfected from one experiment to the next is 

undetermined. Averaged results from 4 independent experiments.  

 

LEAD CONTACT  

Further information and requests for resources and reagents should be directed to the lead 

contact, David Sharp (david.sharp@einsteinmed.edu). 

 

MATERIALS AVAILABILITY 

All FISH probes designed and used in this study are listed in the supplementary tables. Constructs 

generated for this study are available upon request to the lead contact.  

 

DATA AND CODE AVAILABILITY  

All raw imaging data generated for this study is available upon request to the lead contact. 
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FIGURES 

 

 
Figure 1. FL2 expression at the leading edge increases over time upon migration. FL2 

protein stain (red) and actin network stain (white) in U2OS cells incubated after an in vitro scratch 

injury. A) Expression of FL2 protein and the actin network in cells fixed five minutes after a scratch 

injury. Sequence of images is a merged image of FL2 and actin, an image of the actin stain, an 

image of the FL2 stain and a zoomed in image of the cell edge indicated by white box in previous 

image. B) Expression of FL2 protein and the actin network in cells fixed on hour after injury. 

Sequence of images is the same as panel A. C) Expression of FL2 protein and the actin network 

in an uninjured cell monolayer. D) Quantified FL2 fluorescence intensity of the leading edge (first 

five micrometers of the cell facing the scratch zone) of cells on the scratch zone periphery of cells 

incubated for 5Mn (five minutes; n=42), 30Mn (thirty minutes; n=40), 1Hr (one hour; n=41) and 

3Hr (three hours; n=40) or the quantified fluorescence intensity of the cortex of cells in an Un 

(uninjured monolayer; n=41). 
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Figure 2. FL2 protein is newly synthesized upon migration. FL2 protein stain (red) and actin 

network stain (white) in U2OS cells incubated for one hour after a scratch. A) FL2 protein 

expression in untreated cells after a scratch. Sequence of images is a merged image of FL2 and 

actin, an image of the actin stain, an image of the FL2 stain and a zoomed in image of the cell 

edge indicated by white box in previous image. B) FL2 protein expression in cells treated with 

200ug of puromycin prior to and during scratch. Sequence of images is the same as panel A. C) 

Quantification of the number of cells with significant FL2 protein expression at the leading edge. 

Untreated n=63; Puromycin n=63. Significant protein expression defined as fluorescence 

intensity 40% greater than the cytoplasm of the same cell and spanning at least a fourth of the 

cell edge.  
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Figure 3. FL2 mRNA localizes to the leading edge of polarized cells. FL2 mRNA in U2OS 

cells one hour after a scratch injury. A) Image of FL2 mRNA molecules (white) in a polarized cell 

on the scratch periphery. Yellow region indicates the leading edge, defined as the first five 

micrometers of the cell facing the scratch zone. White arrows indicate the FL2 mRNA molecules 

within the leading edge. DAPI nuclear stain in blue. B) Filtered image of the same cell from 

panel A to decrease background and emphasize FL2 mRNA localization within the cell. White 

arrows indicate the same FL2 mRNA molecules as in panel A. C) Quantification of FL2 mRNA 

within the leading edge (indicated by the yellow outline in panel A) compared to the amount of 

FL2 mRNA within the whole cell (n=60). D) Percentage of FL2 mRNA within the leading edge of 

individual cells on the scratch periphery. E) Polarization index (PI) of FL2 mRNA (n=98 pooled) 

compared to the PI of a positive control (Pos; β-actin mRNA; n=65) and negative control (Neg; 

IMP2 mRNA; n=33). F) Dispersion index (DI) of FL2 mRNA compared to the DI of a positive 

control (Pos; β-actin mRNA) and negative control (Neg; IMP2 mRNA). Same cells at panel E. G) 

Leading edge analysis of FL2 mRNA compared to a negative control (Neg; IMP2 mRNA) in the 

same cells. N=31. 
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Figure 4. Localization of FL2 mRNA to protrusions and growth cones of different cell 

types. Optimized single molecule fluorescence in situ hybridization in different cell types for FL2 

mRNA. A) FL2 mRNA in a polarized NIH3T3 mouse embryonic fibroblast (MEF). B) Filtered 

image of the cell in panel A. C) Zoomed in image of FL2 mRNA localized to the extension of the 

MEF from panels A & B. Area indicated by the white box in panel B. D) FL2 mRNA in a mouse 

Neuro2A (N2A) neuroblastoma cell differentiated for 48 hours prior to fixation. E) Filtered image 

of the N2A cell in panel D. F) Zoomed in image of FL2 mRNA localized to the growth cone of 

the N2A cell from panels D & E. Area indicated by the white box in panel E. G) FL2 mRNA in a 

human BeWo choriocarcinoma placenta cell. H) Filtered image of the BeWo cell in panel G. I) 

Zoomed in image of FL2 mRNA localized to the edge protrusion of the BeWo cell in panels G & 

H. Area indicated by the white box in panel H. J) FL2 mRNA in a human induced pluripotent 

stem (iPS) derived neuronal cell differentiated for five days prior to fixation. K) Filtered image of 

the neuronal cell from panel J. L) Zoomed in image of FL2 mRNA localized to the growth cone 

of the neuronal cell from panels J & K. Area indicated by the white box in panel K.  
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Figure 5. FL2 is locally synthesized within the periphery of polarized cells. U2OS cells 
expressing a Ubc:SunTag:FL2:FL2(3’UTR) construct. A) Schematic of the 
SunTag:FL2:FL2(3’UTR) construct used to image translation of FL2. The anti-GCN4 primary 
antibody binds to the translating GCN4 protein repeats while optimized smFISH probes bind to 
the FL2 mRNA sequence. Colocalization of the CY5 secondary antibody and the CY3 smFISH 
probes indicates a site of translation. B) Composite of the CY5 and CY3 unfiltered images of a 
U2OS cell expressing the SunTag:FL2:FL2(3’UTR) construct. White box indicates the region 
shown in panels F - I. C) Composite of the CY5 and CY3 filtered images of the cell shown in 
panel B. D) Cy3 (FL2 mRNA) filtered image of the cell in panel B & C. E) CY5 (SunTag protein) 
filtered image of the cell in panel B & C. F - I) Zoomed in images of panels B - E respectively. 
Area indicated by white box in panel B. White arrows pointing to sites of colocalization 
determined via FISHQUANT72, indicating translation sites. J) Outline of the cell in above panels. 
Dotted line indicating outline of DAPI stain (nucleus). Red dots in the location of colocalization of 
CY3 (FL2 mRNA) and CY5 (SunTag protein) which indicates translation sites. K) Percentage of 
translating RNA in the internal region and peripheral region of individual cells. Each black line is 
a single cell (n = 10). Red line is the average percentages of all cells. L) The ratio of translating 
mRNA at the periphery compared to those internally. The line indicates that the average 
peripheral mRNA is three times more likely to be translating. 
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Figure 6. IMP RBPs and let-7 miRNA are involved in the regulation of FL2 mRNA. A) 

Representation of the IMP RBP and let-7 miRNA binding sites on the FL2 mRNA sequence. B) 

FL2 mRNA in N2A cells with 48 hour IMP RBP overexpression quantified via RT-PCR. C) FL2 

mRNA in N2A cells treated with 48 hour let-7 miRNA inhibition. 
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Supplemental Figure 1. Optimization of smFISH for visualization of FL2 mRNA. A) 

Schematic of the difference between the use of traditional Stellaris smFISH probes and 

optimized smFISH probes. The Stellaris probes use fluorescently labeled 18-22mer probes that 

hybridize to the mRNA sequence. The optimized probes use a primary set of 30mer probes that 

hybridize to the mRNA sequence and a secondary set of fluorescently labeled probes that 

hybridize to the 20mer overhangs of the primary set. B) FL2 mRNA smFISH in MEFs using 

Stellaris probes. C) FL2 mRNA smFISH using optimized probes. 
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Supplemental Figure 2. Comparative smFISH images of control mRNA and FL2 mRNA 

used for the polarization and dispersion index assay. A) β-actin mRNA used as the positive 

control. B) FL2 mRNA in the same cell used in panel A. C) IMP2 mRNA used as a negative 

control. D) FL2 mRNA in the same cell used in panel C.  
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Supplemental Figure 3. LIN28 indirectly affects FL2 mRNA expression by negatively 

regulating let-7 miRNA expression. A) FL2 mRNA quantity in N2A cells with 48 hours of 

LIN28 overexpression. Lin28A Mut is a mutant that cannot negatively regulate let-7 miRNA. B) 

Schematic of the regulating molecules involved in FL2 mRNA expression.  
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Supplemental Figure 4. The IMP RBPs also have the capacity for binding to other MSEs . 

IMP1 (ZBP1) and IMP2 RBP binding motifs within the human (left) and mouse (right) gene 

sequences of the MSEs, including fidgetin (FIGN, Fign), fidgetin-like 1 (FIGNL1, Fignl1), 

fidgetin-like 2 (FIGNL2, Fignl2), katanin p60 (KATNA1, Katna1), katanin p80 (KATNB1, Katnb1) 

and sptastin (SPAST, Spast). IMP1/ZBP1 motifs from (Patel et al, Genes and Development 

2013) and IMP2 motifs from (Biswas et al, Nat Com 2019). Positive and negative correspond to 

DNA strand on which the motif search was performed (all strands correspond to the gene of 

interest). Motif search limited to exons (thick lines) only, motifs found in introns (thin lines) were 

excluded as they were unlikely to be present in the mature mRNA.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 17, 2023. ; https://doi.org/10.1101/2023.04.17.537087doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.17.537087
http://creativecommons.org/licenses/by-nc-nd/4.0/


BIBLIOGRAPHY 

 1. Das, S., Vera, M., Gandin, V., Singer, R.H., and Tutucci, E. (2021). Intracellular mRNA 
transport and localized translation. Nature Reviews Molecular Cell Biology 22, 483–504. 
10.1038/s41580-021-00356-8. 

2. Buxbaum, A.R., Yoon, Y.J., Singer, R.H., and Park, H.Y. (2015). Single-molecule insights 
into mRNA dynamics in neurons. Trends in Cell Biology 25, 468–475. 
10.1016/j.tcb.2015.05.005. 

3. Liao, G., Mingle, L., Van De Water, L., and Liu, G. (2015). Control of cell migration through 
mRNA localization and local translation. Wiley Interdisciplinary Reviews: RNA 6, 1–15. 
10.1002/wrna.1265. 

4. Shellard, A., and Mayor, R. (2020). All Roads Lead to Directional Cell Migration. Trends in 
Cell Biology 30, 852–868. 10.1016/j.tcb.2020.08.002. 

5. Lawrence, J.B., and Singer, R.F. (1986). Intracellular Localization of Messenger RNAs for 
Cytoskeletal Proteins. 

6. Bassell, G.J., Zhang, H., Byrd, A.L., Femino, A.M., Singer, R.H., Taneja, K.L., Lifshitz, L.M., 

Herman, I.M., and Kosik, K.S. (1998). Sorting of ␤-Actin mRNA and Protein to Neurites and 

Growth Cones in Culture. 15. 

7. Vasiliev, J.M., Gelfand, M., and Domnina, L.V. (1970). Effect of colcemid on the locomotory 
behaviour of fibroblasts. 16. 

8. Liao, G., Nagasaki, T., and Gundersen, G.G. (1995). Low concentrations of nocodazole 
interfere with fibroblast locomotion without significantly affecting microtubule level: 
implications for the role of dynamic microtubules in cell locomotion. 11. 

9. Oleynikov, Y., and Singer, R.H. (2003). Real-Time Visualization of ZBP1 Association with ␤-

Actin mRNA during Transcription and Localization. Current Biology, 9. 

10. Litman, P., Barg, J., and Ginzburg, I. (1994). Microtubules are involved in the localization of 
tau mRNA in primary neuronal cell cultures. Neuron 13, 1463–1474. 10.1016/0896-
6273(94)90432-4. 

11. Kharod, S.C., Hwang, D.-W., Das, S., and Yoon, Y.J. (2021). Spatiotemporal Insights Into 
RNA–Organelle Interactions in Neurons. Frontiers in Cell and Developmental Biology 9. 

12. Herbert, S.P., and Costa, G. (2019). Sending messages in moving cells: MRNA localization 
and the regulation of cell migration. Essays in Biochemistry 63, 595–606. 
10.1042/EBC20190009. 

13. Kaverina, I., and Straube, A. (2011). Regulation of cell migration by dynamic microtubules. 
Seminars in Cell & Developmental Biology 22, 968–974. 10.1016/j.semcdb.2011.09.017. 

14. Kahn, O.I., and Baas, P.W. (2016). Microtubules and Growth Cones: Motors Drive the Turn. 
Trends in Neurosciences 39, 433–440. 10.1016/j.tins.2016.04.009. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 17, 2023. ; https://doi.org/10.1101/2023.04.17.537087doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.17.537087
http://creativecommons.org/licenses/by-nc-nd/4.0/


15. Garcin, C., and Straube, A. (2019). Microtubules in cell migration. Essays in Biochemistry 
63, 509–520. 10.1042/EBC20190016. 

16. Gumy, L.F., Yeo, G.S.H., Tung, Y.C.L., Zivraj, K.H., Willis, D., Coppola, G., Lam, B.Y.H., 
Twiss, J.L., Holt, C.E., and Fawcett, J.W. (2011). Transcriptome analysis of embryonic and 
adult sensory axons reveals changes in mRNA repertoire localization. RNA 17, 85–98. 
10.1261/rna.2386111. 

17. Preitner, N., Quan, J., Nowakowski, D.W., Hancock, M.L., Shi, J., Tcherkezian, J., Young-
Pearse, T.L., and Flanagan, J.G. (2014). APC is an RNA-binding protein, and its 
interactome provides a link to neural development and microtubule assembly. Cell 158, 
368–382. 10.1016/j.cell.2014.05.042. 

18. Garner, C.C., Tucker, R.P., and Matus, A. (1988). Selective localization of messenger RNA 
for cytoskeletal protein MAP2 in dendrites. Nature 336, 674–677. 10.1038/336674a0. 

19. Tucker, R.P., Garner, C.C., and Matus, A. (1989). In situ localization of microtubule-
associated protein mRNA in the developing and adult rat brain. Neuron 2, 1245–1256. 
10.1016/0896-6273(89)90309-7. 

20. Chouaib, R., Safieddine, A., Pichon, X., Imbert, A., Kwon, O.S., Samacoits, A., Traboulsi, 
A.M., Robert, M.C., Tsanov, N., Coleno, E., et al. (2020). A Dual Protein-mRNA Localization 
Screen Reveals Compartmentalized Translation and Widespread Co-translational RNA 
Targeting. Developmental Cell 54, 773-791.e5. 10.1016/j.devcel.2020.07.010. 

21. McNally, F.J., and Roll‑Mecak, A. (2018). Microtubule-severing enzymes: From cellular 
functions to molecular mechanism. Journal of Cell Biology 217, 4057–4069. 
10.1083/jcb.201612104. 

22. Kuo, Y.W., and Howard, J. (2021). Cutting, Amplifying, and Aligning Microtubules with 
Severing Enzymes. Trends in Cell Biology 31, 50–61. 10.1016/j.tcb.2020.10.004. 

23. Grüneberg, H. (1943). Two new mutant genes in the house mouse. Journ. of Genetics 45, 
22–28. 10.1007/BF02982771. 

24. Truslove, G.M. (1956). THE ANATOMY AND DEVELOPMENT OF THE FIDGET MOUSE. 

25. Yang, Y., Mahaffey, C.L., Bérubé, N., Nystuen, A., and Frankel, W.N. (2005). Functional 
characterization of fidgetin, an AAA-family protein mutated in fidget mice. Experimental Cell 
Research 304, 50–58. 10.1016/j.yexcr.2004.11.014. 

26. Baker, L., Tar, M., Kramer, A.H., Villegas, G.A., Charafeddine, R.A., Vafaeva, O., 
Nacharaju, P., Friedman, J., Davies, K.P., and Sharp, D.J. (2021). Fidgetin-like 2 negatively 
regulates axonal growth and can be targeted to promote functional nerve regeneration. JCI 
Insight 6. 10.1172/jci.insight.138484. 

27. Dong, Z., Li, Y., Chen, X., Lai, X., and Liu, M. (2021). A comparative study of the expression 
patterns of Fign family members in zebrafish embryonic development. Comparative 
Biochemistry and Physiology Part - B: Biochemistry and Molecular Biology 251. 
10.1016/j.cbpb.2020.110522. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 17, 2023. ; https://doi.org/10.1101/2023.04.17.537087doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.17.537087
http://creativecommons.org/licenses/by-nc-nd/4.0/


28. Kramer, A.H., and Sharp, D.J. (2019). Fidgetin-Like 2: A Developmental Gene as a 
Promising Target to Induce Adult Tissue Repair (Albert Einstein College of Medicine). 

29. Charafeddine, R.A., Makdisi, J., Schairer, D., O’Rourke, B.P., Diaz-Valencia, J.D., Chouake, 
J., Kutner, A., Krausz, A., Adler, B., Nacharaju, P., et al. (2015). Fidgetin-Like 2: A 
Microtubule-Based Regulator of Wound Healing. Journal of Investigative Dermatology 135, 
2309–2318. 10.1038/jid.2015.94. 

30. O’Rourke, B.P., Kramer, A.H., Cao, L.L., Inayathullah, M., Guzik, H., Rajadas, J., 
Nosanchuk, J.D., and Sharp, D.J. (2019). Fidgetin-Like 2 siRNA Enhances the Wound 
Healing Capability of a Surfactant Polymer Dressing. Advances in Wound Care 8, 91–100. 
10.1089/wound.2018.0827. 

31. Wang, J., Dey, A., Kramer, A.H., Miao, Y., Liu, J., Baker, L., Friedman, J.M., Nacharaju, P., 
Chuck, R.S., Zhang, C., et al. (2021). A novel therapeutic approach to corneal alkaline burn 
model by targeting fidgetin-like 2, a microtubule regulator. Translational Vision Science and 
Technology 10, 1–11. 10.1167/tvst.10.1.17. 

32. Hüttelmaier, S., Zenklusen, D., Lederer, M., Dictenberg, J., Lorenz, M., Meng, X., Bassell, 
G.J., Condeelis, J., and Singer, R.H. (2005). Spatial regulation of β-actin translation by Src-
dependent phosphorylation of ZBP1. Nature 438, 512–515. 10.1038/nature04115. 

33. Eliscovich, C., Shenoy, S.M., and Singer, R.H. (2017). Imaging mRNA and protein 
interactions within neurons. Proceedings of the National Academy of Sciences of the United 
States of America 114, E1875–E1884. 10.1073/pnas.1621440114. 

34. Song, T., Zheng, Y., Wang, Y., Katz, Z., Liu, X., Chen, S., Singer, R.H., and Gu, W. (2015). 
Specific interaction of KIF11 with ZBP1 regulates the transport of β-actin mRNA and cell 
motility. Journal of Cell Science, jcs.161679. 10.1242/jcs.161679. 

35. Yoon, Y.J., Wu, B., Buxbaum, A.R., Das, S., Tsai, A., English, B.P., Grimm, J.B., Lavis, 
L.D., and Singer, R.H. (2016). Glutamate-induced RNA localization and translation in 
neurons. Proceedings of the National Academy of Sciences 113, E6877–E6886. 
10.1073/pnas.1614267113. 

36. Biswas, J., Nunez, L., Das, S., Yoon, Y.J., Eliscovich, C., and Singer, R.H. (2019). Zipcode 
binding protein 1 (ZBP1; IGF2BP1): A model for sequence-specific RNA regulation. Cold 
Spring Harbor Symposia on Quantitative Biology 84, 1–10. 10.1101/sqb.2019.84.039396. 

37. Ross, A.F., Oleynikov, Y., Kislauskis, E.H., Taneja, K.L., and Singer, R.H. (1997). 
Characterization of a beta-actin mRNA zipcode-binding protein. Mol Cell Biol 17, 2158–
2165. 10.1128/MCB.17.4.2158. 

38. Patel, V.L., Mitra, S., Harris, R., Buxbaum, A.R., Lionnet, T., Brenowitz, M., Girvin, M., Levy, 
M., Almo, S.C., Singer, R.H., et al. (2012). Spatial arrangement of an RNA zipcode identifies 
mRNAs under post-transcriptional control. Genes Dev. 26, 43–53. 
10.1101/gad.177428.111. 

39. Biswas, J., Patel, V.L., Bhaskar, V., Chao, J.A., Singer, R.H., and Eliscovich, C. (2019). The 
structural basis for RNA selectivity by the IMP family of RNA-binding proteins. Nature 
Communications 10. 10.1038/s41467-019-12193-7. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 17, 2023. ; https://doi.org/10.1101/2023.04.17.537087doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.17.537087
http://creativecommons.org/licenses/by-nc-nd/4.0/


40. Sangiao-Alvarellos, S., Manfredi-Lozano, M., Ruiz-Pino, F., Navarro, V.M., Sánchez-
Garrido, M.A., Leon, S., Dieguez, C., Cordido, F., Matagne, V., Dissen, G.A., et al. (2013). 
Changes in hypothalamic expression of the Lin28/let-7 system and related MicroRNAs 
during postnatal maturation and after experimental manipulations of puberty. Endocrinology 
154, 942–955. 10.1210/en.2012-2006. 

41. Busch, B., Bley, N., Müller, S., Glaß, M., Misiak, D., Lederer, M., Vetter, M., Strauß, H.G., 
Thomssen, C., and Hüttelmaier, S. (2016). The oncogenic triangle of HMGA2, LIN28B and 
IGF2BP1 antagonizes tumor-suppressive actions of the let-7 family. Nucleic Acids Research 
44, 3845–3864. 10.1093/nar/gkw099. 

42. Wheat, J.C., Sella, Y., Willcockson, M., Skoultchi, A.I., Bergman, A., Singer, R.H., and 
Steidl, U. (2020). Single-molecule imaging of transcription dynamics in somatic stem cells. 
Nature 583, 431–436. 10.1038/s41586-020-2432-4. 

43. Park, H.Y., Trcek, T., Wells, A.L., Chao, J.A., and Singer, R.H. (2012). An Unbiased 
Analysis Method to Quantify mRNA Localization Reveals Its Correlation with Cell Motility. 
Cell Reports 1, 179–184. 10.1016/j.celrep.2011.12.009. 

44. Wu, B., Eliscovich, C., Yoon, Y.J., and Singer, R.H. (2016). Translation dynamics of single 
mRNAs in live cells and neurons. 

45. Tanenbaum, M.E., Gilbert, L.A., Qi, L.S., Weissman, J.S., and Vale, R.D. (2014). A protein-
tagging system for signal amplification in gene expression and fluorescence imaging. Cell 
159, 635–646. 10.1016/j.cell.2014.09.039. 

46. Kislauskis, E.H., Zhu, X.-C., and Singer, R.H. (1997). Actin Messenger RNA Localization 
and Protein Synthesis Augment Cell Motility. 

47. Farina, K.L., Hüttelmaier, S., Musunuru, K., Darnell, R., and Singer, R.H. (2003). Two ZBP1 
KH domains facilitate β-actin mRNA localization, granule formation, and cytoskeletal 
attachment. Journal of Cell Biology 160, 77–87. 10.1083/jcb.200206003. 

48. Wu, B., Buxbaum, A.R., Katz, Z.B., Yoon, Y.J., and Singer, R.H. (2015). Quantifying 
Protein-mRNA Interactions in Single Live Cells. Cell 162, 211–220. 
10.1016/j.cell.2015.05.054. 

49. Degrauwe, N., Schlumpf, T.B., Janiszewska, M., Martin, P., Cauderay, A., Provero, P., 
Riggi, N., Suvà, M.L., Paro, R., and Stamenkovic, I. (2016). The RNA Binding Protein IMP2 
Preserves Glioblastoma Stem Cells by Preventing let-7 Target Gene Silencing. Cell Reports 
15, 1634–1647. 10.1016/j.celrep.2016.04.086. 

50. Müller, S., Bley, N., Glaß, M., Busch, B., Rousseau, V., Misiak, D., Fuchs, T., Lederer, M., 
and Hüttelmaier, S. (2018). IGF2BP1 enhances an aggressive tumor cell phenotype by 
impairing miRNA-directed downregulation of oncogenic factors. Nucleic Acids Research 46, 
6285–6303. 10.1093/nar/gky229. 

51. Jønson, L., Christiansen, J., Hansen, T.V.O., Vikeså, J., Yamamoto, Y., and Nielsen, F.C. 
(2014). IMP3 RNP Safe Houses Prevent miRNA-Directed HMGA2 mRNA Decay in Cancer 
and Development. Cell Reports 7, 539–551. 10.1016/j.celrep.2014.03.015. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 17, 2023. ; https://doi.org/10.1101/2023.04.17.537087doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.17.537087
http://creativecommons.org/licenses/by-nc-nd/4.0/


52. Frost, R.J.A., and Olson, E.N. (2011). Control of glucose homeostasis and insulin sensitivity 
by the Let-7 family of microRNAs. Proceedings of the National Academy of Sciences 108, 
21075–21080. 10.1073/pnas.1118922109. 

53. Lee, S.J., Zdradzinski, M.D., Sahoo, P.K., Kar, A.N., Patel, P., Kawaguchi, R., Aguilar, B.J., 
Lantz, K.D., McCain, C.R., Coppola, G., et al. (2021). Selective axonal translation of the 
mRNA isoform encoding prenylated Cdc42 supports axon growth. Journal of Cell Science 
134. 10.1242/jcs.251967. 

54. Scott-Solomon, E., and Kuruvilla, R. (2020). Prenylation of Axonally Translated Rac1 
Controls NGF-Dependent Axon Growth. Developmental Cell 53, 691-705.e7. 
10.1016/j.devcel.2020.05.020. 

55. Maizels, Y., Oberman, F., Miloslavski, R., Ginzach, N., Berman, M., and Yisraeli, J.K. 
(2015). Localization of cofilin mRNA to the leading edge of migrating cells promotes directed 
cell migration. Journal of Cell Science 128, 1922–1933. 10.1242/jcs.163972. 

56. Mingle, L.A., Okuhama, N.N., Shi, J., Singer, R.H., Condeelis, J., and Liu, G. (2005). 
Localization of all seven messenger RNAs for the actin-polymerization nucleator Arp2/3 
complex in the protrusions of fibroblasts. Journal of Cell Science 118, 2425–2433. 
10.1242/jcs.02371. 

57. Eng, H., Lund, K., and Campenot, R.B. (1999). Synthesis of β-Tubulin, Actin, and Other 
Proteins in Axons of Sympathetic Neurons in Compartmented Cultures. J. Neurosci. 19, 1–
9. 10.1523/JNEUROSCI.19-01-00001.1999. 

58. Atlas, R., Behar, L., Elliott, E., and Ginzburg, I. (2004). The insulin-like growth factor mRNA 
binding-protein IMP-1 and the Ras-regulatory protein G3BP associate with tau mRNA and 
HuD protein in differentiated P19 neuronal cells. Journal of Neurochemistry 89, 613–626. 
10.1111/j.1471-4159.2004.02371.x. 

59. Lynn, N.A., Martinez, E., Nguyen, H., and Torres, J.Z. (2021). The Mammalian Family of 
Katanin Microtubule-Severing Enzymes. Front. Cell Dev. Biol. 9, 692040. 
10.3389/fcell.2021.692040. 

60. Lacroix, B., van Dijk, J., Gold, N.D., Guizetti, J., Aldrian-Herrada, G., Rogowski, K., Gerlich, 
D.W., and Janke, C. (2010). Tubulin polyglutamylation stimulates spastin-mediated 
microtubule severing. Journal of Cell Biology 189, 945–954. 10.1083/jcb.201001024. 

61. Shin, S.C., Im, S.-K., Jang, E.-H., Jin, K.S., Hur, E.-M., and Kim, E.E. (2019). Structural and 
Molecular Basis for Katanin-Mediated Severing of Glutamylated Microtubules. Cell Reports 
26, 1357-1367.e5. 10.1016/j.celrep.2019.01.020. 

62. Kelle, D., Kırımtay, K., Selçuk, E., and Karabay, A. (2019). Elk1 affects katanin and spastin 
proteins via differential transcriptional and post-transcriptional regulations. PLoS ONE 14. 
10.1371/journal.pone.0212518. 

63. Campbell, D.S., and Holt, C.E. (2001). Chemotropic Responses of Retinal Growth Cones 
Mediated by Rapid Local Protein Synthesis and Degradation. Neuron 32, 1013–1026. 
10.1016/S0896-6273(01)00551-7. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 17, 2023. ; https://doi.org/10.1101/2023.04.17.537087doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.17.537087
http://creativecommons.org/licenses/by-nc-nd/4.0/


64. Piper, M., Anderson, R., Dwivedy, A., Weinl, C., van Horck, F., Leung, K.M., Cogill, E., and 
Holt, C. (2006). Signaling Mechanisms Underlying Slit2-Induced Collapse of Xenopus 
Retinal Growth Cones. Neuron 49, 215–228. 10.1016/j.neuron.2005.12.008. 

65. Smart, K., Kramer, A.H., Smart, S., Hodgson, L., and Sharp, D.J. (2022). Fidgetin-like 2 
depletion enhances cell migration by regulating GEF-H1, RhoA, and FAK. Biophysical 
Journal 0. 10.1016/j.bpj.2022.12.018. 

66. Wu, K.Y., Hengst, U., Cox, L.J., Macosko, E.Z., Jeromin, A., Urquhart, E.R., and Jaffrey, 
S.R. (2005). Local translation of RhoA regulates growth cone collapse. Nature 436, 1020–
1024. 10.1038/nature03885. 

67. Bell, J.L., Wächter, K., Mühleck, B., Pazaitis, N., Köhn, M., Lederer, M., and Hüttelmaier, S. 
(2013). Insulin-like growth factor 2 mRNA-binding proteins (IGF2BPs): post-transcriptional 
drivers of cancer progression? Cell. Mol. Life Sci. 70, 2657–2675. 10.1007/s00018-012-
1186-z. 

68. Gu, W., Katz, Z., Wu, B., Park, H.Y., Li, D., Lin, S., Wells, A.L., and Singer, R.H. (2012). 
Regulation of local expression of cell adhesion and motility-related mRNAs in breast cancer 
cells by IMP1/ZBP1. Journal of Cell Science 125, 81–91. 10.1242/jcs.086132. 

69. Zhang, Y., Pak, C., Han, Y., Ahlenius, H., Zhang, Z., Chanda, S., Marro, S., Patzke, C., 
Acuna, C., Covy, J., et al. (2013). Rapid Single-Step Induction of Functional Neurons from 
Human Pluripotent Stem Cells. Neuron 78, 785–798. 10.1016/j.neuron.2013.05.029. 

70. Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., 
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., et al. (2012). Fiji: an open-source 
platform for biological-image analysis. Nat Methods 9, 676–682. 10.1038/nmeth.2019. 

71. Tsanov, N., Samacoits, A., Chouaib, R., Traboulsi, A.M., Gostan, T., Weber, C., Zimmer, C., 
Zibara, K., Walter, T., Peter, M., et al. (2016). SmiFISH and FISH-quant - A flexible single 
RNA detection approach with super-resolution capability. Nucleic Acids Research 44. 
10.1093/nar/gkw784. 

72. Mueller, F., Senecal, A., Tantale, K., Marie-Nelly, H., Ly, N., Collin, O., Basyuk, E., Bertrand, 
E., Darzacq, X., and Zimmer, C. (2013). FISH-quant: automatic counting of transcripts in 3D 
FISH images. Nat Methods 10, 277–278. 10.1038/nmeth.2406. 

 

  

 

 

 
 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 17, 2023. ; https://doi.org/10.1101/2023.04.17.537087doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.17.537087
http://creativecommons.org/licenses/by-nc-nd/4.0/

