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Abstract

Skeletal muscle myofibers are large and elongated cells with multiple and evenly distributed 

nuclei. Nuclear distribution suggests that each nucleus influences a specific compartment within 

the myofiber and implies a functional role for nuclear positioning. Compartmentalization of 

specific mRNAs and proteins has been reported at the neuromuscular and myotendinous 

junctions, but mRNA distribution in non-specialized regions of the myofibers remains largely 

unexplored. We report that the bulk of mRNAs are enriched around the nucleus of origin and 

that this perinuclear accumulation depends on recently transcribed mRNAs. Surprisingly, mRNAs 

encoding large proteins – giant mRNAs – are spread throughout the cell and do not exhibit 

perinuclear accumulation. Furthermore, by expressing exogenous transcripts with different sizes 

we found that size contributes to mRNA spreading independently of mRNA sequence. Both these 

mRNA distribution patterns depend on microtubules and are independent of nuclear dispersion, 

mRNA expression level and stability, and the characteristics of the encoded protein. Thus, we 

propose that mRNA distribution in non-specialized regions of skeletal muscle is size selective to 

ensure cellular compartmentalization and simultaneous long-range distribution of giant mRNAs.
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Introduction

Skeletal muscle is formed by bundles of myofibers: large and elongated multinucleated 

cells, which result from the fusion of hundreds of mononucleated myocytes (Abmayr and 

Pavlath, 2012). During development, nuclei undergo a series of tightly regulated migrations. 

Nuclei align at the center of the myofiber after myocyte fusion, but eventually spread and 

move to the cell periphery where they are anchored (Zhang et al., 2007). These tightly 

regulated movements depend initially on microtubules and later on desmin crosslinking and 

cell contraction (Cadot et al., 2012; Falcone et al., 2014; Gimpel et al., 2017; Metzger 

et al., 2012; Roman et al., 2017). Interestingly, nuclear distribution is not random in 

fully developed myofibers. Nuclei are distributed evenly along the cell, maximizing inter

nuclear spacing and minimizing transport distances (Bruusgaard et al., 2003). Exceptions 

to this nuclear spreading occur in specialized compartments of myofibers, such as the 

neuromuscular (Bruusgaard et al., 2003; Englander and Rubin, 1987; Merlie and Sanes, 

1985) and myotendinous junctions (Bruusgaard et al., 2003), where a few nuclei accumulate.

Specific proteins and mRNAs also accumulate at these specialized regions. The 

myotendinous junction has higher levels of slow myosin heavy chain mRNA (Dix and 

Eisenberg, 1990) and membrane-associated proteins (Can et al., 2014), whereas the 

neuromuscular junction accumulates acetylcholine receptor (Merlie and Sanes, 1985) and 

Na+ channel mRNAs (Awad et al., 2001). The compartmentalization of acetylcholine 

receptor at this site results from the restricted expression of its mRNA by nuclei at the 

neuromuscular junction (Duclert and Changeux, 1995; Sanes and Lichtman, 1999). The 

observation that gene products are maintained in the vicinity of their nucleus of origin led 

to the idea of nuclear domains in myofibers (Hall and Ralston, 1989; Pavlath et al., 1989). 

This theory proposes that multinucleated myofibers are partitioned into regions under the 

influence of a single nucleus and its genetic products.

Although the relevance of nuclear localization for muscle function is not fully understood, 

proper nuclear positioning is important for skeletal muscle function in Drosophila (Metzger 

et al., 2012). In addition, central localization of nuclei is a distinct morphological change 

observed in a set of muscular disorders, including centronuclear myopathies (Biancalana 

et al., 2012; Jungbluth et al., 2008). It is yet to be defined whether nuclear positioning is 

a causal factor in the pathophysiology of muscle disorders, but according to the nuclear 

domain theory, defective nuclear dispersion should hinder the efficient distribution of 

nuclear products such as mRNA along the myofiber.

mRNA localization and transport mechanisms have been observed in multiple cell types, 

from yeast to mammalian cells (Mofatteh and Bullock, 2017). In large and polarized 

cells, such as neurons and oocytes, several mRNA localization mechanisms have been 

described. In mouse neurons, the localization of β-actin (ACTB) in dendrites is crucial for 
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a rapid neuronal response upon stimulation. To match β-actin mRNA demands at dendrites, 

mRNA is transported via microtubules (Ma et al., 2011) as part of RNA-binding protein 

complexes and is translated upon stimulation (Buxbaum et al., 2014; Park et al., 2014). In 

the Drosophila oocyte, localization of specific mRNAs such as gurken (MacDougall et al., 

2003; Tomancak et al., 1998), bicoid (Duncan and Warrior, 2002; Januschke et al., 2002) 

and oskar (Brendza et al., 2000; Krauss et al., 2009) is crucial to determine cell fate by 

establishing oocyte polarity through mRNA transport and anchoring mechanisms dependent 

on microtubules and actin, respectively.

In myofibers, mRNA localization and transport mechanisms are largely unknown. In non

specialized regions of the myofiber, mRNAs encoding costameric and sarcomeric proteins 

are localized at the site of protein localization (Fulton and Alftine, 1997). Additionally, 

the mRNAs encoding calsequestrin (CASQ1 and CASQ2) and DHPR (also known as 

CACNA1S) are enriched in the perinuclear region and sarcolemma in a striated pattern 

consistent with the protein localization at the sarcoplasmic reticulum and triads, respectively 

(Nissinen et al., 2005). The perinuclear enrichment and striated pattern of distribution 

is also observed for total mRNA (Nevalainen et al., 2013). However, there is a lack of 

comprehensive studies regarding mRNA localization and their transport mechanisms in 

myofibers, most likely due to the technical challenges imposed by their unique structure and 

dimension.

Here, we studied the local distribution of several mRNAs in non-specialized regions of 

differentiated skeletal myofibers. We observed that most mRNA is enriched around the 

nucleus of origin. Surprisingly, mRNAs that encode for large proteins are spread throughout 

the myofiber. We showed that large size of transcripts favors mRNA spreading in myofibers 

and confirmed this size-dependent distribution by expressing transcripts of various lengths. 

This spreading is independent of protein function or localization and of tissue specificity. 

We found that transcription is required for the enrichment of mRNA around the nucleus and 

that microtubules are involved in the distribution of both subsets of mRNA away from the 

nucleus.

Results

mRNA is enriched in the perinuclear region of differentiated skeletal muscle myofibers

To determine the distribution of mRNA in non-specialized regions of skeletal myofibers, 

we used an in vitro system for primary myofiber differentiation previously established 

in our group (Falcone et al., 2014; Pimentel et al., 2017). Using this method, highly 

mature myofibers are formed in vitro in 6 days. These myofibers exhibit several hallmarks 

of skeletal muscle maturation, such as nuclear positioning at the periphery of the 

cell, transverse triad formation, sarcomeric striations and contractility. We performed 

fluorescence in situ hybridization (FISH) to detect total mRNA using a probe that recognizes 

mRNA poly(A) tails and observed an enrichment of mRNA in the perinuclear region of 

differentiated myofibers (Fig. 1A-C). RNase A treatment for 1 h showed that most of the 

poly(A) signal is specific (Fig. S1B-D). To quantify the perinuclear enrichment, we devised 

an mRNA perinuclear enrichment index (PEI) corresponding to the difference between the 

amount of mRNA close to the nucleus and the amount of mRNA away from the nucleus, 
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expressed as a percentage of total mRNA (see Materials and Methods). The distribution 

was analyzed in a region of interest encompassing a myofiber segment of 50 μm from the 

nucleus, given that the mid-distance between two consecutive nuclei was on average 57.9 

±1.9 μm (mean±s.e.m.; Fig. S1A). We obtained an average PEI of 15.9±1.1 (mean±s.e.m.) 

for total mRNA (Fig. 1D). We observed a similar perinuclear enrichment of mRNA in 

ex vivo single myofibers, isolated from the extensor digitorum longus (EDL) muscle of 

adult mice and calculated an average PEI of 16.6±1.0 (Fig. 1E-G). Due to the higher 

proximity between nuclei in isolated myofibers, we analyzed a 10 μm concentric region of 

interest around each nucleus. Both these muscle models show that non-specialized nuclei 

accumulate mRNA in the perinuclear region.

Perinuclear mRNA enrichment is modulated by newly transcribed mRNA

Non-specialized nuclei are transcriptionally active, as indicated by the strong nuclear signal 

of poly(A) FISH (Fig. 1A,E) and as previously described (Newlands et al., 1998; Nissinen 

et al., 2005). Thus, it is possible that the perinuclear mRNA enrichment is dependent on the 

accumulation of newly transcribed mRNAs from the closest nucleus. To test this hypothesis, 

we inhibited transcription using triptolide, an inhibitor of RNA polymerase I and II (Vispé 

et al., 2009), and performed FISH to detect total mRNA (Fig. 1H-J). We observed an overall 

reduction in the intensity of total mRNA 6 h after transcription inhibition, corresponding 

to 70.6% of the non-treated controls (Fig. S1E). This reduction occurred mostly in the 

perinuclear region, as depicted by the distribution profile of total mRNA 3 and 6 h after 

transcription inhibition (Fig. 1H,I). Thus, perinuclear mRNA accumulation is dependent 

on de novo transcription. To determine whether the perinuclear mRNA is transcribed by 

the nearest nucleus we co-cultured primary mouse myoblasts with human immortalized 

myoblasts (Fig. S1F-I). After differentiation, we identified chimeric myofibers containing a 

single human nucleus identifiable by its larger size and uniform DAPI staining (Fig. S1H). 

We used human- and mouse-specific single-molecule FISH (smFISH) probes targeting an 

mRNA encoding a Ca2+ channel (Cacna1s) to determine the spatial distribution of the 

mRNA relative to its nucleus of origin. We observed perinuclear accumulation of the human 

mRNA near the human nucleus and perinuclear accumulation of the mouse mRNA near the 

mouse nucleus (Fig. S1I). These results demonstrate that mRNA perinuclear enrichment is 

due to the accumulation of recently transcribed mRNAs from the nearest nucleus.

A subset of mRNAs are spread throughout the myofiber

To determine whether the observed perinuclear enrichment of total mRNA is due to the 

accumulation of a particular subset of mRNAs, we performed smFISH to observe the 

spatial distribution of specific mRNA transcripts. We explored the distribution of mRNAs 

encoding proteins of sarcomeres, triads and costameres (Cretoiu et al., 2018) (characteristics 

of analyzed transcripts are summarized in Table S1).

We observed that mRNAs encoding sarcomeric proteins displayed different distribution 

profiles, as shown by their varying PEIs. Actn2 mRNAs presented the highest 

perinuclear enrichment (PEI=5.25±1.0; mean±s.e.m.) whereas Ttn (PEI=1.63±0.7), Neb 
(PEI=-3.03±0.7) and Obscn (PEI=3.17±2.7) were more evenly spread along the myofiber 

(Fig. 2A,B). This suggests that not all mRNAs exhibit a perinuclear enrichment, as 
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we observed for total mRNA. Similarly, mRNAs encoding triad proteins Cacna2dl 
(PEI=9.55±2.5), Cacnb1 (PEI=10.1±1.2), Cacna1s (PEI=10.8 ±1.9), Jph1 (PEI=13.3±2.1) 

and Scn4a (PEI=19.0±3.1) accumulated in the perinuclear region, while Ryr1 mRNAs 

were more spread (PEI=0.7±1.7) (Fig. 2C,D; Fig. S2A,B). Dmd (dystrophin) and Utrn 
(utrophin) mRNAs, which encode costamere proteins, were also spread along the myofiber 

(Dmd, PEI=-1.4±1.3; Utrn, PEI=1.6±2.5; Fig. S2C,D). However, Dag1 (dystroglycan, 

PEI=19.6±2.6) and Flnc (filamin C, PEI=13.1±3.1) mRNAs, encoding sarcolemma proteins, 

displayed perinuclear enrichment. (Fig. S2C,D). These results show that a subset of mRNAs 

are not enriched in the perinuclear region, but instead are spread along the myofiber 

(PEI<5.0). These mRNA distribution patterns are observed for transcripts encoding proteins 

with different functions and localizations in the myofiber.

We next sought to understand whether either of the two distribution patterns was exclusive 

to muscle-specific mRNAs. We therefore analyzed the distribution of ubiquitously expressed 

mRNAs: Ubb (ubiquitin B), Macf1 (microtubule-actin crosslinking factor 1), Gapdh 
(glyceraldehyde 3-phosphate dehydrogenase), Hspb1 (Heat shock protein β1), Ubr4 (E3 

ubiquitin-protein ligase UBR4), Dst (dystonin), Dync1h1 (cytoplasmic dynein 1 heavy chain 

1), Myh10 (myosin-10) and Akap9 (A-kinase anchor protein 9). Similarly to muscle-specific 

mRNAs, some ubiquitously expressed mRNAs accumulated in the perinuclear region, 

whereas others were more spread (Fig. 2E–G; Fig. S2E,F). This shows that non-muscle 

mRNAs can also exhibit both distribution patterns.

Differential distribution of mRNA is independent of nuclear dispersion

Nuclei are dispersed evenly along myofibers through a mechanism dependent on the 

crosslinking of microtubules by kinesin-1 (Metzger et al., 2012). To test whether nuclear 

dispersion influences the distribution patterns of mRNAs, we induced clustering of nuclei 

by kinesin-1 (KIF5B) siRNA-mediated knockdown (Fig. S3A). We analyzed mRNAs 

enriched in the perinuclear region (Actn2 and Cacna2d1) and spread along the myofiber 

(Ryr1 and Ttn) upon KIF5B knockdown. We found that both mRNA distribution patterns 

were present upon KIF5B knockdown, although we observed an increase of the PEI for 

Actn2 and Cacna2d1 when compared to control (Fig. 2H–L; Fig. S3B–F). Given our data 

on transcription inhibition (Fig. 1H–J), the increase in PEI of mRNAs enriched in the 

perinuclear region is most likely due to the clustering of mRNA-producing nuclei. An 

alternative hypothesis is that KIF5B is implicated in the transport of Actn2 and Cacna2d1 
mRNAs away from the nuclei, since KIF5B has been previously implicated in mRNA 

transport (Brendza et al., 2000). However, we can conclude that nuclear dispersion is 

not required for the observed mRNA distribution patterns (perinuclear accumulated versus 

spread).

Transcript size contributes to mRNA spreading

A possible explanation for the two types of mRNA distribution pattern (perinuclear 

accumulated versus spread) could result from different kinetics of mRNA synthesis and 

degradation. mRNAs with shorter half-life may be enriched near their nucleus of origin, 

whereas long-lived mRNAs could be able to reach farther. In addition, highly expressed 

mRNAs could be enriched in the perinuclear region.
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We measured the stability of spread and perinuclear-accumulated mRNAs by blocking 

transcription for 3 and 6 h and quantified the number of mRNA molecules. We used 

smFISH because our in vitro culture contains different mononucleated cell types (myoblasts, 

myofibroblasts) and myofibers at different stages of differentiation (Pimentel et al., 2017; 

Roman et al., 2018). We observed that Actn2, Ttn and Gapdh were stable during this time, 

indicating that the half-life of these mRNAs is longer than 6 h in in vitro myofibers (Fig. 

3A,B). In contrast, Ubb and Macf1 mRNA levels decreased to 78% and 52%, respectively, 

after 6 h of transcription inhibition (Fig. 3B). Given that Macf1 transcripts were spread 

along the myofiber but had a shorter half-life than Actn2, Gapdh and Ubb, differences 

in mRNA stability do not explain their differential distributions. We also measured the 

expression levels of all analyzed mRNAs (Fig. 3C) and we did not observe a correlation 

between mRNA expression levels and the corresponding PEI (Fig. 3D), indicating that 

perinuclear enrichment (PEI>5.0) is not due to the high expression level of certain mRNAs. 

Of note, the lack of correlation does not exclude the involvement of these or other factors 

in mRNA distribution. It is possible that several mechanisms are in place to orchestrate the 

differential distribution of mRNA in skeletal muscle. Additionally, we considered whether 

the mRNA distribution patterns identified could be related to differences in the proteins they 

encode (cytosolic versus transmembrane), but we found that mRNAs encoding cytosolic 

or transmembrane proteins could display both distribution patterns (Fig. 3E). Some of the 

largest human genome mRNAs encode muscle-specific proteins, such as titin and nebulin 

(Meyer and Wright, 2013). By plotting the predicted mRNA size of the analyzed mRNAs 

against the PEI, we observed a correlation between mRNA size and the type of distribution 

(Fig. 3F). Transcripts that displayed perinuclear enrichment (PEI>5) were those with a 

regular size below 10,000 basepairs (bps). However, most mRNAs that were spread through 

the myofiber (PEI<5) were those with predicted sizes above 10,000 bp and that encode 

large proteins. We refer to these transcripts as ‘giant mRNAs’. Myh10, with PEI=2.91±3.4 

(mean±s.e.m.) and mRNA size of 7783 bp was the only exception from the pool of 23 tested 

transcripts.

To test whether mRNA size influences mRNA distribution in myofibers, we transiently 

expressed eGFP-tagged full-length MACF1 (MACF1-FL; 16,140 bp) and a shorter MACF1 

N- and C-terminal fusion (short-MACF1-NC; 2325 bp) (Wu et al., 2008) (Fig. 3G–J). Using 

eGFP smFISH probes we determined the localization of the exogenous mRNAs. MACF1-FL 
mRNA was evidently more spread, whereas short-MACF1-NC was more enriched around 

the nucleus, with a PEI 3.5-fold higher (Fig. 3J). These data suggest that transcript size 

might contribute to mRNA distribution. To understand whether the role of transcript size 

on mRNA distribution is independent of the transcript sequence, we expressed constructs 

encoding a variable number of eGFP and GCaMP6f repeats in myofibers and analyzed 

their mRNA distribution (Fig. 3K–N). We found that the distribution of the shorter eGFP–
GCaMP6f mRNA (2110 bp) resulted in higher perinuclear accumulation in comparison to 

mRNAs containing 12 repeats of eGFP and one or two GCaMP6f sequences (10,100 bp 

and 11,500 bp, respectively; Fig. 3K–N). Overall, these data suggest that mRNA distribution 

in skeletal muscle myofibers might be influenced by the size of the transcripts in a sequence

independent manner.
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mRNA distribution patterns are maintained regardless of translation

Translation-dependent and -independent pathways have been described to localize 

transcripts encoding transmembrane and cytosolic proteins to the endoplasmic reticulum 

(Cui et al., 2015; Cui and Palazzo, 2012; Jagannathan et al., 2014; Voigt et al., 2017). 

Accordingly, it has been observed that the perinuclear enrichment of transferrin receptor 

mRNA in muscle is translation dependent (Ralston et al., 1997). We observed an 

accumulation of ribosomal RNA in the perinuclear region (Fig. S4A–C), suggesting a 

perinuclear enrichment of translational machinery. To understand whether active translation 

determines the distribution of mRNA, we inhibited translation using both puromycin and 

cycloheximide. We observed no effect on total mRNA distribution (Fig. 4A–C), although 

translation inhibition led to an increase in the level of total mRNA (Fig. S4D). To further 

investigate the effects of translation inhibition, we performed smFISH on a subset of six 

transcripts encoding cytoplasmic and transmembrane proteins representative of normal size 

(Actn2, Cacna2d1 and Ubb) and giant mRNAs (Ttn, Ryr1 and Macf1) (Fig. 4D–M). The 

perinuclear accumulation of normal-size mRNAs was in general maintained (Fig. 4D–H). 

However, cycloheximide induced a significant decrease in the PEI of Actn2 (Fig. 4F) 

and puromycin slightly decreased the PEI of Ubb (Fig. 4H). The distribution of the giant 

mRNAs tested remained unchanged after translation inhibition (Fig. 4I–M). Similarly to 

total mRNA, translation inhibition altered the levels of some mRNAs (Fig. S4E,F). These 

results suggest that translation is not a determinant for the differential distribution of normal

size and giant mRNAs. However, our analysis does not exclude the possibility of a larger 

impact on the distribution of other transcripts.

Microtubules are involved in mRNA distribution away from the nucleus of origin

mRNA distribution is often mediated by the cytoskeleton, particularly by microtubules 

(Mofatteh and Bullock, 2017). In skeletal muscle, microtubules nucleate from the nuclear 

envelope and Golgi (Bugnard et al., 2005; Gimpel et al., 2017; Tassin et al., 1985), and are 

mostly organized parallel to the longitudinal axis of the myofiber.

To test the involvement of the microtubule cytoskeleton in mRNA distribution, we treated 

myofibers with nocodazole, which induces microtubule depolymerization (Fig. S5A). We 

observed a progressive accumulation in total mRNA in the perinuclear region after 3 h 

and 6 h of nocodazole treatment (Fig. 5A–C), suggesting that mRNA could be transported 

away from the nucleus of origin via microtubules. Microtubule depolymerization did not 

affect the total amount of mRNA, indicating that it does not exert a significant effect in 

overall mRNA transcription and/or degradation (Fig. S5B). Using smFISH, we investigated 

whether the effect of microtubule depolymerization on mRNA distribution was specific to 

giant mRNAs, which are spread throughout the myofiber. We analyzed a diverse panel of 

six mRNAs, including the largest and the smallest transcripts in our probe set (Ttn and 

Ubb, respectively). Nocodazole treatment for 6 h induced a general decrease in the total 

cytoplasmic levels (Fig. S5C,D) and perinuclear accumulation of both normal-size (Actn2, 
Cacna2d1 and Ubb; Fig. 5D–H) and giant mRNAs (Ttn, Ryr1 and Macf1; Fig. 5I–M), 

resulting in an increase in PEI, more evident in giant mRNAs. Nocodazole treatment did 

not affect the localization of sarcoplasmic reticulum (stained for RYR1), endocytic pathway 

organelles such as the Golgi (stained for giantin, also known as GOLGB1) and lysosomes/
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late endosomes (stained for LAMP1), or mitochondria (stained for HSP60, also known as 

HSPD1) (Fig. S5E–G). This suggests that the perinuclear accumulation of mRNA is not 

coupled to the localization of these organelles.

Next, we investigated the role of microtubules in mRNA distribution using myofibers fully 

differentiated in vivo. We isolated and cultured ex vivo single muscle fibers from the EDL 

of adult mice and treated them with nocodazole for 9 h (Fig. S5H). Consistent with our 

in vitro results, nocodazole-treated ex vivo myofibers displayed total mRNA enrichment 

in the perinuclear region, resulting in an increase in PEI (Fig. 6A–C). To analyze single

molecule mRNA distribution, we performed hybridization chain reaction (HCR)-based 

signal-amplified smFISH in isolated single fibers. The amplification step in this smFISH 

method increases sensitivity and thus enables single transcript analysis throughout the 

entire myofiber. Disruption of the microtubule network in isolated myofibers also led to 

the accumulation of Ttn (giant mRNA; Fig. 6G–I) and a milder accumulation of Ubb 
(normal-size mRNA) transcripts (Fig. 6D–F) around the nucleus, similar to our results in 
vitro. Overall, these results indicate that microtubules are involved in the distribution of both 

normal-size and giant mRNAs in myofibers.

Discussion

In this work, we performed a detailed study concerning the distribution of mRNA in non

specialized regions of skeletal muscle. We showed that the bulk of mRNAs are enriched 

in the perinuclear region due to the accumulation of newly transcribed mRNAs from the 

closest nucleus. Additionally, we identified a subset of transcripts encoding some of the 

biggest mammalian proteins that are uniformly distributed throughout the myofiber. Large 

size favors the spreading of mRNAs in skeletal muscle in a sequence-independent manner. 

Finally, we showed that the microtubule cytoskeleton is involved in the distribution of these 

mRNAs away from the nucleus of origin, regardless of mRNA size.

Besides being the largest cells in the body, myofibers are also structurally unique: triads 

and sarcomeres are packed in the cytoplasm in numerous repeats of the same structures 

(Cretoiu et al., 2018). Thus, skeletal muscle constitutes an interesting system to study 

long-range mRNA transport for local protein delivery. Although this is a long-standing 

subject of interest, the improvement of RNA-imaging technologies and in vitro systems 

only recently enabled comprehensive studies in these complex cells. Most of the preceding 

reports have shown that gene products are restricted to the region surrounding the nucleus 

(Hall and Ralston, 1989; Pavlath et al., 1989; Ralston et al., 1997). This has led to the 

general acceptance of the nuclear domain theory, stating that each nucleus can influence a 

limited volume of cytoplasm. Here we show that de novo transcription is required for the 

accumulation of mRNAs in the perinuclear area.

Recent studies have shown the existence of different populations of nuclei with specific 

transcription signatures within myofibers (Dos Santos et al., 2020; Kim et al., 2020; 

Petrany et al., 2020). These differences could allow for tailored local responses to 

either intra- or extra-cellular stimuli. The fact that nuclei near the perimysium have a 

specific transcriptional profile (Kim et al., 2020) is one of the examples implying that 
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the compartmentalization within myofibers goes beyond the classical examples of the 

myotendinous and neuromuscular junctions. The existence of different nuclei populations 

argues for cellular compartmentalization that can only be achieved if the distribution of 

genetic products is limited. In the case of the multinucleated fungus Ashbya gossypii 
(also known as Eremothecium gossypii), the heterogeneity of cyclin transcripts near each 

nucleus allows for cell-cycle asynchrony within the shared cytoplasm (Dundon et al., 2016; 

Lee et al., 2013). Our observation that mRNAs are enriched in the perinuclear region of 

non-specialized nuclei indicates that specific nuclei transcription profiles in myofibers can 

result in cell compartmentalization by maintaining transcripts in the vicinity of the nucleus 

that transcribes these transcripts. Thus, the area around each nucleus in non-specialized 

regions of the multinucleated myofiber is compartmentalized, similarly to the neuromuscular 

and myotendinous junction regions.

In contrast, we also found that giant mRNAs are evenly spread throughout the myofiber, 

instead of accumulating in the perinuclear region. Importantly, we found that the dispersion 

of nuclei throughout the myofiber is not involved in the establishment of the two types 

of mRNA distribution that we identified (spread versus perinuclear accumulated). Intrinsic 

properties of the mRNA are likely to dictate mRNA distribution in skeletal muscle. By 

analyzing the distribution of exogenous mRNAs with size up to 12 kbp, we determined that 

the size of a transcript affects its distribution regardless of the nucleotide sequence. The 

relation between mRNA size and cellular localization is deeply understudied. Interestingly, 

a positive correlation between the size of β-actin mRNA and its distribution in chicken 

embryo fibroblasts has been previously observed (Yamagishi et al., 2009). This is most 

likely dependent on the properties of the cytoplasm, because an identical pattern is observed 

using dextrans of different molecular masses. Similarly, we observed that transcripts with 

high molecular mass are spread in relation to the nuclei. It is probable that a uniform mRNA 

distribution is not exclusive to this subset of transcripts (Kann and Krauss, 2019); however, 

it seems reasonable to expect a more efficient distribution of mRNAs encoding very large 

proteins to compensate for their constrained diffusion. In fact, mRNA accumulation in stress 

granules is correlated with the size of the coding region and UTRs (Khong et al., 2017; 

Moon et al., 2019). How mRNA size could regulate localization remains unknown. Giant 

mRNA transport could be enhanced in myofibers through more effective binding to motors 

or binding to specific RNA-binding proteins. Supporting this hypothesis, it has been shown 

that the RNA-binding protein FMR1 preferentially interacts with long transcripts, promoting 

their translation (Greenblatt and Spradling, 2018). The transport of mRNA to distribute it 

along the myofiber would be energetically more efficient than distributing each protein. It 

would also allow for a faster local response to stimuli, such as muscle damage, similarly to 

the local translation mechanisms described in neurons (Holt and Schuman, 2013). However, 

we do not exclude that the distribution of normal-size mRNAs can also be actively regulated. 

We assessed the role of translation in normal-size and giant mRNA distribution and we 

observed only slight effects, but those were restricted to normal-size mRNAs. It is possible 

that translation could also contribute to the retention of mRNAs in the perinuclear region.

We show that microtubules contribute to mRNA distribution away from the nucleus. In 

differentiated skeletal muscle, there is a polarization of microtubules relative to nuclei, 

given that the nuclear envelope acts as a microtubule nucleator (Bugnard et al., 2005). 
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A recent report in cardiomyocytes has shown that microtubules are required for mRNA 

localization and proper translation during cardiac muscle hypertrophy (Scarborough et al., 

2021). This indicates that microtubule-dependent mRNA distribution is conserved in other 

muscle types. We observed that microtubule depolymerization has a larger impact on giant 

mRNAs than on normal-size mRNAs that are enriched in the perinuclear region. These data 

support the model that giant mRNA distribution could be more efficient, spreading these 

transcripts throughout the myofiber. It is possible that mRNAs are directly transported along 

microtubules, but also that microtubules are required for mRNA distribution through indirect 

effects such as mRNA anchoring, or mRNA hitchhiking on vesicles or organelles (Kugler 

and Lasko, 2009; Salogiannis and Reck-Peterson, 2017). Our data also does not exclude 

the possible role of passive mRNA distribution through diffusion, followed by differential 

anchoring according to size. A detailed characterization of the mechanisms involved in the 

microtubule-dependent effect on the distribution of both normal-size and giant mRNAs will 

be crucial to clarify these hypotheses.

The roles for mRNA localization in mammalian cells are being gradually unraveled (Cioni 

et al., 2018; Herbert and Costa, 2019; Holt and Bullock, 2009). Although many described 

mechanisms are transcript-specific, an understanding of how this process can be generally 

regulated is arising (Moor et al., 2017; Zappulo et al., 2017). In mononucleated cells, 

there is a tight regulation between transcription levels and the size of the cytoplasm 

(Padovan-Merhar et al., 2015). If mRNA concentration is also regulated in multinucleated 

cells, this process must be more complex due to the shared cytoplasm. The perinuclear 

accumulation of the bulk of mRNAs could allow for such regulation to take place in each 

nuclear compartment.

Materials and Methods

In vitro primary myofibers

All procedures using animals were approved by the institutional ethics committee and 

followed the guidelines of the National Research Council Guide for the care and use of 

laboratory animals.

In vitro myofibers were differentiated as previously described (Pimentel et al., 2017) 

from primary myoblasts isolated from 5–7-day-old C57BL/6 mice. Briefly, muscles were 

dissected, digested mechanically and incubated for 90 min at 37°C with agitation in 

collagenase type V (Sigma-Aldrich, St Louis, MO, USA) and dispase II (Invitrogen, 

Waltham, MA, USA) in DPBS (Gibco, Carlsbad, CA, USA). After centrifugation, cells 

were pre-plated for 4 h to allow for fibroblast adherence. The remaining cells were collected, 

centrifuged and plated at a density of 200,000 cells/ml in 20% FBS (Eurobio Scientific, 

Les Ulis, France) IMDM with Glutamax (Gibco) in μ-dish 35 mm dishes (Ibidi, Gräfelfing, 

Germany) pre-coated with 1% Matrigel (Corning Inc., Corning, NY, USA) in IMDM with 

Glutamax (Gibco). After 3 days of proliferation, medium was replaced by 10% horse serum 

(Invitrogen, Waltham, MA, USA) IMDM with Glutamax supplemented with 100 ng/ml 

recombinant agrin (R&D Systems, Minneapolis, MN, USA) to induce differentiation. An 

upper coating of 50% Matrigel in 10% horse serum IMDM with Glutamax was added the 

following day. All experiments were performed 6 days after differentiation induction.
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Ex vivo isolated single myofibers

Ex vivo isolated single myofibers were obtained from EDL muscle as previously described 

(Rosenblatt et al., 1995). EDL muscle was explanted from adult (3–6-months-old) C57BL/6 

mice, regardless of gender, and digested in 0.2% collagenase type I (Sigma-Aldrich) in 

DMEM (Gibco) for 90 min at 37°C. Mechanical dissociation of myofibers was performed 

using a thin Pasteur pipette and followed under a stereomicroscope. Single fibers were 

collected and fixed immediately or plated in Ibidi dishes followed by 50% Matrigel coating 

in IMDM with Glutamax. Plated myofibers were maintained in 10% horse serum IMDM 

with Glutamax for the duration of the experiment.

Human and mouse myoblast co-culture

Human immortalized myoblasts C8220, a kind gift from Vincent Mouly (Institute of 

Myology, Paris, France), were cultivated in Skeletal Muscle Cell Growth Medium 

(Promocell, Heidelberg, Germany) and kept at 20–60% confluence to avoid committing 

the cells to differentiation, as previously described (Mamchaoui et al., 2011). Cells were 

trypsinized using TrypLE Express (Gibco), centrifuged for 5 min at 350 g and mixed with 

mouse myoblasts at plating, at a ratio of 1:10 cells. Several human to mouse cell ratios were 

tested, and this was the most favorable to obtain a few myofibers with only one human 

nucleus. The nuclei were distinguished by the uniform (human) or punctuate (mouse) DAPI 

staining. Mouse nuclei appear punctuate due to higher fluorescence in A/T-rich regions in 

DNA, which are absent in human DNA (Blau et al., 1983).

Plasmids and transfections

For kinesin-1 (KIF5B) depletion, in vitro cells were transfected with 20 nM KIF5B 

siRNA#1 and siRNA#2 (ID s68781 and s68782, respectively; Thermo Fisher Scientific, 

Waltham, MA) 5 h prior to differentiation induction, as previously described (Pimentel et al., 

2017), using RNAiMAX (Life Technologies, Carlsbad, CA) following the manufacturer’s 

instructions. Silencer Select Negative Control No. 1 (Thermo Fisher Scientific, #4390843) 

was used as a control.

For exogenous expression of MACF1-FL, short-MACF1-NC and eGFP–GCaMP6f 

constructs, cells were transfected at the time of differentiation induction for 16 h with 

2 μg of the appropriate plasmid using 2 μl of Lipofectamine 3000 (Life Technologies) 

according to manufacturer’s instructions. MACF1-FL and short-MACF1-NC were a kind 

gift from the Elaine Fuchs lab (Rockefeller University, New York, NY, USA). In order 

to create the EGFP–GCaMP6f constructs, the GCaMP6f stop codon in the p1×GCaMP6f

N1 vector (modified from p2×EGFP-N1, Addgene plasmid #122162) was replaced by a 

BspEI site using site-directed mutagenesis (SDM). A 12×EGFP cassette was directionally 

cloned into the SDM-resulting backbone p1×GCaMP6f(mut)-N1, generating a plasmid with 

one GCaMP6f and 12 repetitions of EGFP. This process was repeated to introduce two 

repetitions of concatemeric GCaMP6f and 12 repetitions of concatemeric EGFPs in the 

backbone. p2×EGFP-N1 and p12×EGFP-N1 were deposited at Addgene by Georg Mayr 

(Addgene plasmids #122162 and #122172, respectively) (Böhm et al., 2017).
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Drug treatments

To inhibit transcription, 2 μM triptolide (Sigma-Aldrich) was added to in vitro myofibers 

for 3 h and 6 h. To inhibit translation, 200 μg/ml puromycin (Sigma-Aldrich) or 20 

μg/ml cycloheximide (Sigma-Aldrich) was added for 6 h. To depolymerize microtubules, 

4 μg/ml nocodazole (Sigma-Aldrich) was used for 3 h and/or 6 h. In ex vivo isolated single 

myofibers, 4 μg/ml nocodazole was added for 9 h.

Reverse transcription quantitative PCR for siRNA validation

After transfection, total RNA was extracted from in vitro myofibers at differentiation 

day 6 using TRIzol Reagent (Thermo Fisher Scientific) according to the manufacturer’s 

instructions. RNA yield and purity was assessed using a Nanodrop 2000 apparatus. 

cDNA was synthesized using the High capacity RNA-to-cDNA kit (Applied Biosystems, 

Foster City, CA, USA) following the manufacturer’s instructions. Reverse transcription 

quantitative PCR (RT-qPCR) was performed using Power SYBR Green PCR MasterMix 

(Alfagene) according to the manufacturer’s instructions and using forward and 

reverse primers at 0.25 μM and 1:20 cDNA dilution. Amplification of kif5b was 

performed using primers 5’-TACAGACCAAGAGAAGAGCAGG-3’ (forward) and 5’

AGTCT-GAAGTTCTTTTGCCACG-3’ (reverse). As a control, housekeeping gene Hprt 
was amplified using the primers 5’-GTTAAGCAGTACAG-CCCCAAA-3’ (forward) and 

5’-AGGGCATATCCAACAACAAACTT-3’ (reverse). RNA extraction, cDNA synthesis and 

RT-qPCRs were performed three times, and relative transcription levels were determined 

using the ΔCt method.

smFISH and total mRNA FISH

In vitro differentiated myofibers were washed once with RNase-free PBS (Ambion, 

Austin, TX, USA) and fixed in 3.7% formaldehyde (Sigma-Aldrich) for 10 min at room 

temperature. Myofibers were washed in PBS and permeabilized overnight in 70% ethanol. 

After washing for 5 min with 10% formamide (Ambion) in 2× saline sodium citrate buffer 

(SSC, Sigma-Aldrich), myofibers were incubated overnight at 37°C in 10% formamide, 

1% dextran sulfate (Sigma-Aldrich) in 2× SSC containing RNA probes coupled to Qasar 

570 or Qasar 670 at a concentration of 1.25 μM and 2.50 μM, respectively. mRNA probes 

were designed to align to the coding sequence of the mRNA of interest using the Stellaris 

probe designer (https://www.biosearchtech.com/stellaris-designer; Biosearch Technologies, 

CA, USA). The Stellaris probe set sequences are provided in Table S2. To stain total 

mRNA, in primary myofibers or isolated single fibers, we used a poly(dT) probe with 60 

nucleotides conjugated at the 5’ end with Alexa Fluor 488 at 5 nM (Eurofins Scientific, 

Luxembourg City, Luxembourg). As control for poly(A) intensity signal, we added 1 mg/ml 

ribonuclease A (RNase-A; Sigma-Aldrich) to in vitro myofibers post fixation for 1 h at 

37° C. Myofibers were washed twice in 10% formamide in 2× SSC for 30 min at 37°C 

and incubated with DAPI (Sigma-Aldrich) during the second wash. Finally, myofibers were 

washed in 2× SSC for 5 min and covered in Vectashield Antifade Mounting Medium (Vector 

Laboratories, Burlingame, CA, USA). For smFISH, image acquisition was performed on 

a Zeiss Cell Observer wide-field inverted microscope using a 63× Plan-Apochromat oil 

objective (NA=1.4). Digital images were acquired by a cooled Axiocam 506m camera 
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upon excitation with a Zeiss HXP 120 metal halide light source using 1000 ms exposure 

time. For total mRNA FISH, image acquisition was performed on a Zeiss Cell Observer 

inverted CSU-X1 spinning-disk microscope. Digital images were acquired by an Evolve 512 

EMCCD camera through a 40× Plan-Apochromat oil objective (NA=1.4). All samples were 

imaged soon after RNA labeling. Cell regions including two consecutive nuclei in the field 

of view were chosen based on the striations seen using transmitted light and the position of 

nuclei at the cell periphery.

Hybridization chain reaction-based signal-amplified smFISH

For single mRNA detection in ex vivo isolated single myofibers, HCR-based signal

amplified smFISH was performed according to the manufacturer’s instructions. Ex vivo 
single myofibers were fixed and permeabilized as described for in vitro myofibers in the 

section above. Probes were designed to bind to the coding sequence of the mRNAs of 

interest by Molecular Instruments (Los Angeles, CA). A set of probes comprises multiple 

probe pairs that bind to the mRNA of interest in different subregions and contain an 

HCR initiator split between the probe pair. The HCR initiator triggers a chain reaction 

once incubated with DNA hairpins coupled to a fluorescent molecule that stores energy 

for self-assembly. Myofibers were washed twice in 2× SSC and incubated for 30 min at 

37°C with pre-heated hybridization buffer (Molecular Instruments). Then, myofibers were 

incubated overnight at 37°C with hybridization buffer containing 10 nM of the probe set 

of interest. Myofibers were washed four times for 5 min at 37°C with pre-heated wash 

buffer (Molecular Instruments) and twice with 0.1% Tween 20 (Sigma-Aldrich). For HCR 

amplification, DNA hairpins were snap cooled by heating for 90 s at 95°C and cooled 

down to room temperature for 30 min. Myofibers were incubated with amplification buffer 

(Molecular Instruments) for 30 min, followed by a 45 min incubation in the dark with 

amplification buffer containing 1 μM DNA hairpins labelled with Alexa Fluor 546 or Alexa 

Fluor 647. After DAPI staining, fibers were washed five times in 5× SSC containing 0.1% 

Tween 20 and covered in Vectashield Antifade Mounting Medium. Image acquisition was 

performed on a Zeiss LSM 880 confocal inverted microscope using a 63× Plan-Apochromat 

oil Objective (NA=1.4) and GaSP detectors.

Immunofluorescence

In vitro or isolated single myofibers were fixed for 10 min in 4% paraformaldehyde 

(Science Services GmbH, Munich, Germany) and washed twice in PBS. Myofibers were 

permeabilized with 0.5% Triton X-100 (Sigma-Aldrich) in PBS for 5 min and washed with 

PBS. After incubation for 30 min in blocking solution [5% BSA (Sigma-Aldrich) and 10% 

goat serum (Sigma-Aldrich) in PBS], primary antibodies were diluted in 0.1% saponin 

(Sigma-Aldrich), 5% BSA and 10% goat serum in PBS and incubated overnight at 4°C. 

Myofibers were washed three times for 5 min in PBS. Secondary antibodies and DAPI 

were incubated for 60 min in 0.1% saponin, 5% BSA and 10% goat serum in PBS. After 

washing three times for 5 min in PBS, cells were covered in Fluoromount-G mounting 

medium (Southern Biotech, Birmingham, AL, USA). Image acquisition was performed on 

a Zeiss LSM 880 confocal inverted microscope using a 63× Plan-Apochromat oil Objective 

(NA=1.4) and GaSP detectors.
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Monoclonal anti-tyrosinated α-tubulin (YL1/2) produced in rat (ECACC, UK) was used 

diluted at 1:50. Mouse monoclonal anti-acetylated tubulin antibody from Sigma-Aldrich 

(T7451) was diluted at 1:200. Mouse monoclonal anti-RYR1 (#MA3-925; Thermo Fisher 

Scientific) was diluted at 1:300. Rabbit polyclonal anti-giantin (#909701; BioLegend, 

San Diego, CA, USA) was diluted at 1:1000. Rat monoclonal anti-LAMP1 (ab25245; 

Abcam, Cambridge, UK) was diluted at 1:200. Mouse monoclonal anti-Hsp60 (#611562; 

BD Biosciences, Franklin Lanes, NJ, USA) was diluted at 1:200. Donkey anti-mouse IgG 

secondary antibody Alexa Fluor 488 (Thermo Fisher Scientific), goat anti-rat IgG secondary 

antibody Alexa Fluor 555 (Thermo Fisher Scientific) and goat anti-rabbit IgG Alexa Fluor 

647 (Thermo Fisher Scientific) were used diluted 1:400.

Image analysis for spatial distribution measurements

All images were processed in Fiji (Schindelin et al., 2012). Intensity color-coded images 

were obtained by applying the ‘royal’ lookup table (LUT). For total mRNA, z-stacks of the 

entire myofiber height were converted to sum intensity projections. Poly(A) signal intensity 

of the z-stacks was quantified for a linescan from the nucleus to 50 μm away, spanning the 

width of the cell. The average background intensity was subtracted, and the values obtained 

were normalized to the average intensity near the nuclei in the control of each independent 

experiment. The average of all normalized intensities along the 50 μm myofiber segment 

was plotted against distance in multiples of 5 μm.

For smFISH analysis in in vitro myofibers, z-stacks of the entire myofiber height were 

converted to maximum intensity projections. Nucleus area was defined by creating a mask 

based on the threshold of the DAPI signal, and a mask of each cell area was determined 

manually. Cells were divided into bins of 5 μm from the edge of the nearest nucleus to 50 

μm away. The number of fluorescent spots corresponding to single mRNAs was quantified 

in each bin, after detection using the open source ThunderSTORM plug-in for ImageJ 

(Ovesný et al., 2014). Each bin was plotted as the percentage relative to the total mRNA in 

the cell segment.

In ex vivo isolated single myofibers, z-stacks of the entire myofiber height were converted to 

sum and maximum intensity projections for total mRNA and smFISH analysis, respectively. 

Nuclei areas were defined by creating a mask based on the threshold of the DAPI signal. The 

area around each nucleus was divided into bins of 2 μm by defining concentric regions of 

interest with 2 μm radius increments, restricted to the area inside the cell with a manually 

determined mask. mRNA amount was quantified from the bin closest to the nucleus to 

10 μm away, given that the nuclear distances are shorter when compared with those of in 
vitro myofibers. Total mRNA was quantified by measuring the total intensity of poly(A) 

signal in each concentric bin, and single mRNAs were detected using the open source 

ThunderSTORM plug-in for ImageJ.
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Perinuclear enrichment index and mRNA expression calculation

The mRNA perinuclear enrichment index (PEI) corresponds to the percentage difference 

between the amount of mRNA in the region closest to the nucleus and the amount of mRNA 

in the region furthest away from the nucleus, as follows: 
RNAclose − RNAfar

RNAtotal
× 100.

For in vitro differentiated myofibers, the PEI was calculated between the segment bins at 

0–5 μm and 45–50 μm to the nucleus. For ex vivo isolated myofibers, given that the nuclear 

distances are shorter, the PEI was calculated using the concentric bins with radius 0–2 μm 

and 8–10 μm away from the nucleus periphery.

To calculate mRNA expression and degradation levels in the in vitro myofiber cytoplasm, 

the total number of mRNAs in a maximum intensity projection of cell segments between 

two adjacent nuclei was divided by the area (mRNAs μm−2).

Data representation and statistics

All graphs were plotted using GraphPad Prism (San Diego, CA, USA) and formatted in 

Adobe Illustrator (Adobe Inc., San Jose, CA, USA). Statistical tests were performed using 

GraphPad Prism. For mRNA distribution histograms, a one-way analysis of covariance 

(ANOVA) was performed and the significance in the middle bin and the last bin was 

compared with the closest bin to the nucleus, applying Tukey’s multiple comparisons 

test. For mRNA distribution in different experimental conditions, a Student’s t-test or 

one-way ANOVA was performed comparing the region closest to the nucleus, 25 μm and 

50 μm away. For mRNA amount, a one-way ANOVA with Tukey’s multiple comparisons 

test was applied between conditions. Statistical significance is represented as follows: 

****P<0.0001; ***P<0.001; **P<0.01; *P<0.05; ns, no significance. Error bars, or shading 

in mRNA distribution graphs, represent the s.e.m. For each set of results, n is indicated in 

the figure legend and represents the number of cell segments or the number of nuclei.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Newly transcribed mRNA is enriched in the perinuclear region in skeletal muscle 
myofibers.
(A) Representative transmitted light, DAPI and FISH images, and FISH heatmap showing 

total mRNA in myofibers differentiated in vitro. The white line indicates a nucleus, 

determined using DAPI staining. White boxes indicate the region shown at 2× magnification 

in B. (B) Total mRNA FISH image and heatmap in the region highlighted in A. Images 

on the right show 1.5× magnifications of the perinuclear region (undashed box) and 50 μm 

away from the nucleus (dashed box). (C) Quantification of poly(A) intensity at different 

distances from the nucleus for myofibers differentiated in vitro, normalized to the average 
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intensity close to the nucleus in each experiment. Mean±s.e.m. of 38 cell segments from 

three independent experiments. Statistical significance presented at 25 μm and 50 μm 

relative to 0 μm. (D) PEI, the percentage difference in total mRNA signal at 0 and 50 

μm away from the nucleus. Mean±s.e.m. of 32 cell segments from three independent 

experiments. (E) Representative FISH image and heatmap of total mRNA in myofibers 

isolated from the EDL muscle of adult mice. A4× magnification of the highlighted area 

(box) is shown below, and nuclei are outlined in white. (F) Quantification of poly(A) 

intensity at different distances from the nucleus for myofibers isolated from the EDL 

muscle of adult mice, normalized to the average intensity close to the nucleus in each 

experiment. Mean±s.e.m. of 26 nuclei in five cells from two independent experiments. 

Statistical significance is presented at 4 μm and 10 μm relative to 0 μm. (G) PEI of total 

mRNA in myofibers isolated from the EDL muscle of adult mice. Mean ±s.e.m. of 26 nuclei 

in five cells from two independent experiments. (H) Representative FISH heatmaps of total 

mRNA distribution in in vitro myofibers treated for 3 and 6 h with 2 μMtriptolide. Nuclei 

are outlined in white. Images on the right show 1.5× magnifications of the perinuclear 

region (undashed box) and 50 μm away from the nucleus (dashed box). (I) Quantification of 

poly(A) intensity at different distances from the nucleus for myofibers treated with triptolide 

(color-coded as in H), normalized to the average intensity near the nucleus in untreated cells 

(0 h) of each experiment. Mean±s.e.m. of 33 (0 h), 35 (3 h) and 41 (6 h) cell segments, 

from four independent experiments. Statistical significance presented at 0 μm, 25 μm and 

50 μm relative to untreated cells (0 h). (J) PEI of total mRNA in myofibers treated with 

triptolide for 0, 3 and 6 h. Mean±s.e.m. of 33 (0 h), 35 (3 h) and 41 (6 h) cell segments from 

four independent experiments. ****P<0.0001; ns, P>0.05 (one-way ANOVA with Tukey’s 

multiple comparisons test). FISH images are sum intensity projections and signal intensity is 

represented as heatmaps. Scale bars: 10 μm.
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Fig. 2. A subset of mRNAs is spread throughout the myofiber independently of nuclear 
dispersion.
(A,C,E) Representative smFISH images of the distribution of Actn2, Ttn, Neb and Obscn 
(A); Cacna2d1, Ryr1, Jph1 and Scn4a (C); and Ubb and Macf1 (E) mRNAs. Images on the 

right show 1.5× magnifications of the perinuclear region (undashed boxes) and 50 μm away 

from the nucleus (dashed boxes) on the right. (B,D,F) Quantification of mRNA amount 

for the indicated mRNAs relative to distance to the nucleus (5 μm bins), normalized to 

total mRNA counts in each cell segment. Statistical significance is presented at 25 and 50 

μm, comparing with 0 μm. Mean±s.e.m. of 28 (Actn2 and Ttn), 30 (Neb and Obscn), 24 
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(Cacna2d1 and Ryr1), 30 (Scn4a), 26 (Ubb) and 46 (Macf1) cell segments from three to four 

independent experiments. (G) Mean±s.e.m. PEI of the analyzed mRNAs. (H) Representative 

smFISH image of the distribution of Actn2 and Ttn mRNAs in cells transfected with control 

(siControl) and KIF5B siRNAs (kif5b siRNA#1 and kif5b siRNA#2). KIF5B depletion 

results in myofibers that exhibit nuclei aggregation. Images on the right for each condition 

show 1.5× magnifications of the perinuclear region (undashed boxes) and 50 μm away from 

the nuclei (dashed boxes). (I,K) Quantification of Actn2 (I) and Ttn (K) distribution in 

control and KIF5B-depleted myofibers, color-coded as in J and L, respectively. Mean±s.e.m. 

of 20 (siControl), 20 (siRNA#1) and 19 (siRNA#2) cell segments for Actn2 and 29 

(siControl), 18 (siRNA#1) and 17 (siRNA#2) cell segments for Ttn mRNA from three 

independent experiments. Statistical significance presented at 0 μm, 25 μm and 50 μm 

relative to the control. (J,L) PEI of Actn2 (J) and Ttn (L) in control and KIF5B-depleted 

myofibers. Mean±s.e.m. of 20 (siControl), 20 (siRNA#1) and 19 (siRNA#2) cell segments 

for Actn2 and 29 (siControl), 18 (siRNA#1) and 17 (siRNA#2) cell segments for Ttn mRNA 

from three independent experiments. ****P<0.0001; ***P<0.001; ns, P>0.05 (one-way 

ANOVA with Tukey’s multiple comparisons test). smFISH images are maximum intensity 

projections. Scale bars: 10 μm.
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Fig. 3. mRNA size contributes to mRNA spreading.
(A) Representative smFISH images of Actn2, Ttn, Ubb, Macf1 and Gapdh mRNA 3 h and 

6 h after 2 μM triptolide treatment in myofibers differentiated in vitro. (B) Quantification 

of Actn2, Ttn, Ubb, Macf1 and Gapdh mRNA number per μm2 between two adjacent 

nuclei, measured by smFISH, after 3 h and 6 h of 2 μM triptolide treatment. Mean±s.e.m. 

of 22, 15, 16 (Actn2); 12, 14, 12 (Gapdh); 12, 17, 12 (Ttn); 18, 20, 18 (Macf1); 

and 23, 22, 21 (Ubb) cell segments in 2-3 independent experiments for 0 h, 3 h and 

6 h treatments, respectively. (C) Quantifications of transcript number per μm2 (mRNA 
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expression level) measured by smFISH for all the mRNAs in this study. Mean±s.e.m. of 

22 (Actn2), 33 (Ttn), 35 (Neb), (Obscn), 19 (Cacna2d1), 22 (Ryr1), 21 (Jph1), 22 (Scn4a), 

17 (Ubb), 23 (Macf1), 29 (Cacnb1), 10 (Cacna1s), 22 (Dmd),13 (Utrn), 18 (Dag1), 16 

(Flnc), 19 (Gapdh), 27 (Hspb1), 15 (Ubr4), 19 (Dst), 14 (Dync1h1), 16 (Myh10) and 

28 (Akap9) cell segments in four to seven independent experiments. (D-F) Scatter plots 

illustrating the relationship between mean±s.e.m. PEI of each mRNA (warm colors for 

perinuclear-enriched and cold colors for spread mRNAs) and mRNA expression levels 

(D), characteristics of mRNA-encoded protein (E) and predicted mRNA size (F). (G) 

Schematic representation of full-length MACF1 (MACF1-FL) and shorter N- and C-terminal 

(short-MACF1-NC) eGFP fusion. (H) Representative smFISH images of MACF1-FL and 

short-MACF1-NC mRNAs. Images on the right show 1.5× magnifications of the perinuclear 

region (undashed box) and 50 μm away from the nucleus (dashed box). (I) Quantification 

of MACF1-FL and MACF1-NC mRNA distribution color-coded as in H. Mean±s.e.m. of 27 

(MACF1-FL) and 37 (short-MACF1-NC) cell segments from five independent experiments. 

Statistical significance presented at 0 μm, 25 μm and 50 μm relative to MACF1-FL. (J) 

PEI of MACF1-FL and short-MACF1-NC mRNA. Mean±s.e.m. of 27 (MACF1-FL) and 

37 (short-MACF1-NC) cell segments from five independent experiments. (K) Schematic 

representation of combinations of eGFP and GCaMP6f with different transcript sizes. (L) 

Representative smFISH images of eGFP and GCaMP6f mRNAs. Images on the right show 

1.5× magnifications of the perinuclear region (undashed box) and 50 μm away from the 

nucleus (dashed box). (M) Quantification of eGFP and GCaMP6f mRNAs distribution 

color-coded as in L. Mean±s.e.m. of 45 (2120 bp), 50 (10,100 bp) and 45 (11,500 bp) 

cell segments from six independent experiments. Statistical significance presented at 0 μm, 

25 μm and 50 μm. (N) PEI of eGFP and GCaMP6f mRNAs of the indicated transcript 

sizes. Mean±s.e.m. of 45 (2120 bp), 50 (10,100 bp) and 45 (11,500 bp) cell segments 

from six independent experiments. ****P<0.0001; ***P<0.001; **P<0.01; *P<0.05; ns, 

P>0.05 (one-way ANOVA with Tukey’s multiple comparisons test and two-tailed, unpaired 

Student’s t-test for comparisons between two experimental conditions). 95% confidence 

interval. Scale bars: 10 μm.
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Fig. 4. mRNA distribution patterns are maintained upon translation inhibition.
(A) Representative FISH heatmaps of total mRNA in myofibers treated for 6 h with 200 

μg/ml puromycin (Puro) or 20 μg/ml cycloheximide (Chx). Images on the right show 

1.5× magnifications of the perinuclear region (undashed boxes) and 50 μm away from the 

nucleus (dashed boxes). (B) Quantification of poly(A) intensity at different distances from 

the nucleus in control, puromycin- and cycloheximide-treated cells (color-coded as in A), 

normalized to the average intensity near the nucleus in untreated cells of each experiment. 

Mean±s.e.m. of 40 (control), 48 (Puro) and 47 (Chx) cell segments from three independent 

Pinheiro et al. Page 26

J Cell Sci. Author manuscript; available in PMC 2022 January 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



experiments. Statistical significance presented at 0 μm, 25 μm and 50 μm relative to control. 

(C) PEI of total mRNA in control myofibers (Ctrl) and myofibers treated for6 h with 

puromycin or cycloheximide. Mean±s.e.m. of 40, 48 and 47 cell segments, respectively, 

from three independent experiments. (D) Representative smFISH images of the distribution 

of Actn2, Cacna2d1 and Ubb mRNA in myofibers treated for 6 h with puromycin or 

cycloheximide. Images on the right show 1.5× magnifications of the perinuclear region 

(undashed boxes) and 50 μm away from the nucleus (dashed boxes). (E) Quantification of 

Actn2, Cacna2d1 and Ubb mRNA amount relative to distance to the nucleus in control, 

puromycin- and cycloheximide-treated cells (color-coded as in F–H). Mean±s.e.m. of 28, 

19 and 26 (Actn2); 21, 21 and 23 (Cacna2d1); and 29, 30 and 28 (Ubb) cell segments, 

respectively, from three independent experiments. Statistical significance presented at 0 

μm, 25 μm and 50 μm relative to control. (F-H) PEI of Actn2 (F), Cacna2d1 (G) and 

Ubb (H) mRNA in control, puromycin and cycloheximide-treated cells. Mean±s.e.m. of 28, 

19 and 26 (Actn2); 21, 21 and 23 (Cacna2d1); and 29, 30 and 28 (Ubb) cell segments, 

respectively, from three independent experiments. (I) Representative smFISH images of the 

distribution of Ttn, Ryr1 and Macf1 mRNA in myofibers treated for 6 h with puromycin 

and cycloheximide. Images on the right show 1.5× magnifications of the perinuclear region 

(undashed boxes) and 50 μm away from the nucleus (dashed boxes). (J) Quantification 

of Ttn, Ryr1 and Macf1 mRNA amount relative to distance to the nucleus in control and 

puromycin and cycloheximide-treated cells (color-coded as in K–M). Mean±s.e.m. of 22, 24 

and 20 (Ttn); 27, 21 and 24 (Ryr1); and 22, 18 and 20 (Macf1) cell segments, respectively, 

from three independent experiments. Statistical significance presented at 0 μm, 25 μm 

and 50 μm relative to control. (K–M) PEI of Ttn (K), Ryr1 (L) and Macf1 (M) mRNA 

in control and puromycin- and cycloheximide-treated cells. Mean ±s.e.m. of 22, 24 and 

20 (Ttn); 27, 21 and 24 (Ryr1); and 22, 18 and 20 (Macf1) cell segments, respectively, 

from three independent experiments. ***P<0.001; **P<0.01; *P<0.05; ns, P>0.05 (one-way 

ANOVA with Tukey’s multiple comparisons test). smFISH images are maximum intensity 

projections. Scale bars: 10 μm.
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Fig. 5. mRNA distribution away from the nucleus of origin is perturbed by microtubule 
depolymerization.
(A) Representative FISH heatmaps of total mRNA in myofibers treated for 3 h and 6 

h with 4 μg/ml nocodazole (Nz). Images on the right show 1.5× magnifications of the 

perinuclear region (undashed box) and 50 μm away from the nucleus (dashed box). (B) 

Quantification of poly(A) intensity at different distances from the nucleus (color-coded as 

in A), normalized to the average intensity near the nucleus in the 0 h (untreated) cells of 

each experiment. Mean±s.e.m. of 42-58 cell segments from four independent experiments. 

(C) PEI of total mRNA in myofibers treated for 3 h and 6 h with nocodazole. Mean±s.e.m. 
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of 42-58 cell segments from four independent experiments. (D) Representative smFISH 

images of the distribution of Actn2, Cacna2d1 and Ubb mRNA in myofibers treated for 6 

h with nocodazole. Images on the right show 1.5× magnifications of the perinuclear region 

(undashed box) and 50 μm away from the nucleus (dashed box). (E) Quantification of 

Actn2, Cacna2d1 and Ubb mRNA amount relative to distance to the nucleus in control and 

nocodazole-treated cells (color-coded as in F–H). Mean±s.e.m. of 51 and 40 (Actn2), 51 and 

49 (Cacna2d1) and 22 and 36 (Ubb) cell segments, respectively, from three independent 

experiments. (F–H) PEI of Actn2 (F), Cacna2d1 (G) and Ubb (H) mRNA in control 

and nocodazole-treated cells. Mean±s.e.m. of 51 and 40 (Actn2), 51 and 49 (Cacna2d1) 

and 22 and 36 (Ubb) cell segments, respectively, from three independent experiments. 

(I) Representative smFISH images of the distribution of Ttn, Ryr1 and Macf1 mRNA in 

myofibers treated for 6 h with nocodazole. Images on the right show 1.5× magnifications 

of the perinuclear region (undashed box) and 50 μm away from the nucleus (dashed box). 

(J) Quantification of Ttn, Ryr1 and Macf1 mRNA amount relative to distance to the nucleus 

in control and nocodazole-treated cells (color-coded as in K–M). Mean±s.e.m. of 28 and 

46 (Ttn), 32 and 41 (Ryr1) and 36 and 30 (Macf1) cell segments, respectively, from three 

independent experiments. (K-M) PEI of Ttn (K), Ryr1 (L) and Macf1 (M) mRNA in 

control and nocodazole-treated cells. Mean±s.e.m. of 28 and 46 (Ttn), 32 and 41 (Ryr1) 

and 36 and 30 (Macf1) cell segments, respectively, from three independent experiments. 

****P<0.0001; ***P<0.001; **P<0.01; *P<0.05; ns, P>0.05 (two-tailed, unpaired Student’s 

t-test for comparisons between different conditions and the respective untreated control). 

smFISH images are maximum intensity projections. Scale bars: 10 μm.
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Fig. 6. mRNA distribution in ex vivo isolated fibers is perturbed by microtubule 
depolymerization.
(A) Representative FISH heatmap of total mRNA distribution in isolated myofibers treated 

for 9 h with 4 μg/ml nocodazole (Nz), compared with the untreated control. Images on 

the right show 3× magnifications of the highlighted regions (boxes). Nuclei are outlined in 

white. (B) Quantification of mean±s.e.m. poly(A) intensity at different distances from the 

nucleus in nocodazole-treated isolated myofibers (color-coded as in C), normalized to the 

average intensity close to the nucleus in the control (untreated) of each experiment. (C) PEI 

of total mRNA in control and nocodazole-treated myofibers. Mean±s.e.m. of 28 nuclei from 

six cells for the control and 14 nuclei from four cells for the nocodazole-treated sample 

from two independent experiments. (D) Representative smFISH images of Ubb mRNA 

distribution in control and nocodazole-treated isolated myofibers. Images beneath show 1.5× 

magnifications of the region around the single nuclei indicated by boxes. (E) Quantification 

of mean±s.e.m. Ubb mRNA amount relative to the distance to the nucleus (2 μm bins) in 

control and nocodazole-treated isolated myofibers (color-coded as in F). (F) PEI of Ubb 
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mRNA in control and nocodazole-treated myofibers. Mean±s.e.m. of 29 and 34 nuclei, 

respectively, from 5-6 cells from three independent experiments. (G) Representative smFISH 

images of Ttn mRNA distribution in control and nocodazole-treated isolated myofibers. 

Images beneath show 1.5× magnifications of the region around the single nuclei indicated 

by boxes. (H) Quantification of mean±s.e.m. Ttn mRNA amount relative to the distance to 

the nucleus (2 μm bins) in control and nocodazole-treated isolated myofibers (color-coded 

as in I). (I) PEI of Ttn mRNA in control and nocodazole-treated myofibers. Mean±s.e.m. 

of 34 and 37 nuclei, respectively, from 5-6 cells from two independent experiments. 

****P<0.0001; ***P<0.001; **P<0.01; *P<0.05; ns, P>0.05 (two-tailed unpaired Student’s 

t-test for comparisons between different conditions and the respective untreated control at 0 

μm). smFISH images are maximum intensity projections. Scale bars: 10 μm.
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