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Microtubule-based transport is essential to
distribute RNA and nascent protein in skeletal
muscle

Lance T. Denes'?, Chase P. Kelley® '3 & Eric T. Wang® 4%

While the importance of RNA localization in highly differentiated cells is well appreciated,
basic principles of RNA localization in skeletal muscle remain poorly characterized. Here, we
develop a method to detect and quantify single molecule RNA localization patterns in skeletal
myofibers, and uncover a critical role for directed transport of RNPs in muscle. We find that
RNAs localize and are translated along sarcomere Z-disks, dispersing tens of microns from
progenitor nuclei, regardless of encoded protein function. We find that directed transport
along the lattice-like microtubule network of myofibers becomes essential to achieve this
localization pattern as muscle development progresses; disruption of this network leads to
extreme accumulation of RNPs and nascent protein around myonuclei. Our observations
suggest that global active RNP transport may be required to distribute RNAs in highly dif-
ferentiated cells and reveal fundamental mechanisms of gene regulation, with consequences
for myopathies caused by perturbations to RNPs or microtubules.
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egulated RNA localization is deeply conserved and has

been implicated in diverse biological processes ranging

from yeast reproduction to memory formation in the
mammalian brain!. RNAs are localized as ribonucleoprotein
(RNP) granules that form via the recruitment of RNA-binding
proteins (RBPs) to RNA cis-elements, which together dictate the
biophysical properties and interacting partners of the RNP2.
RNA localization has been especially well-studied in neurons,
where local synthesis of proteins at synapses is required for
proper function3. Directed transport is essential to rapidly
deliver RNAs to thousands of neuronal synapses, sometimes as
far as a meter away from the nucleus*. While directed transport
of RNAs can also occur in spherical dividing cells, e.g. myosin-
dependent transport of ASHI mRNA to the bud tip of
S. cerevisiae®, the extreme morphology of neurons engenders a
strict requirement for directed mRNA transport. To put this in
perspective, it has been estimated that a B-actin mRNA would
take 48 days to arrive at the tip of a 500-pum-long axon by
diffusion alone®.

Similarly to neurons, striated skeletal muscle cells, or myofibers,
are large, post-mitotic, and highly differentiated’—but in contrast
to neurons, they are syncytial tubes containing hundreds of
myonuclei®. In healthy adult muscle, myonuclei are typically located
at the periphery of the myofiber and are evenly spaced apart
(except at specialized junctional regions, where they cluster); this
configuration is proposed to maximize efficiency of gene
expression®10, Myonuclear density varies between muscle types: in
mouse extensor digitorum longus, nuclei are spaced ~30 pm apart,
and the volume of syncytial cytoplasm per nucleus, often referred to
as the “myonuclear domain”, is ~5x the volume of a fibroblast! 112,
Myofibers must populate a large cytoplasmic space with gene
products, but also face the added challenge of coordinating multiple
nuclei within a shared cytoplasm. While this problem has been
appreciated for decades!3, the mechanisms by which RNAs from
each nucleus distribute within that space are poorly understood.
Similarly to neurons, aberrant RNA metabolism also underlies a
variety of striated muscle diseases!#~18, and some RBPs, including
TDP-43 and MBNL, are involved in disease pathogenesis in both
muscle and neurons!®20, Despite a potential role for RNPs to
regulate the unique morphological and functional demands of
muscle, few investigations have been conducted on RNA localiza-
tion in myofibers. As a result, we have limited understanding of
principles of RNP transport in this tissue and whether they parallel
those observed in other cell types.

Various descriptions of RNA localization patterns in muscle
cells are have been published, including: (1) enrichment at
myotendinous or neuromuscular junctional (NMJ) regions?!-22,
(2) confinement near nuclei?3-2, (3) enrichment at the myofiber
surface?6-28, (4) uniform dispersion between nuclei and within
the myofiber core??-30, and (5) association with cytoskeletal fila-
ments or striated patterning!-33, Notably, many of these studies
were performed in cultured cells and/or employed low-resolution
autoradiographic techniques, and modern single molecule fluor-
escent in situ hybridization (smFISH) techniques have not yet
been widely applied to adult myofibers, in part due to high levels
of background autofluorescence.

Here, we develop methods to image single RNA molecules
together with protein markers in ex vivo skeletal myofibers, and
we characterize localization patterns of a diverse set of RNAs. We
uncover an intimate relationship between RNAs, sarcomeres, and
the microtubule network, and we show that muscle development
triggers an absolute reliance on microtubules to disperse mRNAs
and avoid accumulation of large RNP granules near myonuclei.
We discover that protein synthesis also occurs along cytoskeletal
networks, but that efficient RNA transport does not depend on
translation. By observing motile RNP granules in live myotubes,

we identify diffusive and directed transport states, estimate
motion parameters, and confirm by computational simulation
that observed RNA localization patterns in myofibers can only be
achieved by a significant directed transport component. These
observations outline principles of RNA localization in muscle,
with broad implications for RNA-protein homeostasis and overall
muscle function.

Results

RNAs are dispersed throughout skeletal myofibers. We first
developed a platform for robust quantitative analysis of sub-
cellular RNA localization patterns in adult mouse EDL myofibers
using a hybridization chain reaction (HCR v3.0) RNA FISH
strategy>* (Fig. 1A) and a robust computational pipeline for
image segmentation (see Methods section and Supplementary
Fig. 1A). Using this platform, we studied a diverse set of eight
genes to determine whether properties such as gene expression
level, transcript length, or encoded protein function were related
to mRNA localization patterns (Fig. 1B). This set included
mRNAs encoding sarcomere proteins (Ttn, Myoml), costamere
proteins (Vcl, Dmd), a nuclear/cytoplasmic shuttling RNA-
binding protein (Hnrnpa2bl), a histone protein (Histlhlc), a
subunit of RNA polymerase II (Polr2a), and a metabolic
protein (Gapdh). All studied mRNAs are 5-capped and poly-
adenylated, including Histlhlc, which is polyadenylated in dif-
ferentiated cells®.

We observed discrete FISH spots throughout the cytoplasm
and nuclei of myofibers for all genes studied (Fig. 1C,
Supplementary Movie 1, and Supplementary Table 1). FISH spot
densities (spots/um3) were strongly correlated with mRNA copy
numbers estimated from RNA-seq (Fig. 1D) and highly
reproducible across experiments (Fig. 1E). We used a negative
control probe set against GFP mRNA (Fig. 1D) to estimate the
lower limit of detection (LLOD) for our method at ~4 TPM (see
Methods section). In an effort to determine the number of RNAs
contained in each spot, we quantified pixel intensities; however,
we did not observe quantal peaks in pixel intensity distributions,
as is often observed with standard smFISH approaches,
potentially due to variance introduced by the HCR amplification
step (Supplementary Fig. 1B)3. The number and size of
intranuclear spots was variable between genes and may reflect
differences in pre-mRNA transcription or processing rates for
each gene.

We found that cytoplasmic mRNAs were not confined within
individual myonuclear domains, but instead appeared dispersed
between myonuclei to varying degrees, indicating that all mRNAs
studied frequently travel more than tens of microns from
progenitor nuclei. We quantified the percent dispersion of
cytoplasmic RNAs relative to myonuclei by comparing observed
versus randomized distance to nucleus distributions for each gene
(Fig. 1F), and found a shift towards nuclei for all RNAs studied
except Myom1 (Fig. 1G, p < 0.05 by Two-sided Mann-Whitney U
test). Despite this shift, all RNAs still readily populated regions of
each myofiber furthest from nuclei (Supplementary Fig. 1C). The
extent of dispersion was correlated with RNA density but not
with transcript length (Supplementary Fig. 1D, E). Interestingly,
the variability of both RNA dispersion and RNA density across
fibers was greatest for the lowly expressed RNAs, possibly
reflecting bursty kinetics of transcription. The extent of disper-
sion also did not clearly relate to encoded protein function, as
the cytoskeletal-protein-encoding Vcl mRNA was among the
least dispersed. Finally, all RNAs studied were detected at the
myofiber surface and in the core, including Dmd and Vcl,
which encode surface-localized proteins, although some RNAs,
such as Ttn, Gapdh, and Myom1, were more evenly dispersed
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Fig. 1 RNAs can be reproducibly and accurately detected in myofibers by HCR FISH and are dispersed in the myofiber cytoplasm. A Schematic
describing experimental strategy to label RNAs and proteins of interest in adult skeletal muscle. B Transcript length (nucleotides, nt) and abundance in
tibialis anterior muscle (transcripts per million, TPM) for each RNA studied; colors represent encoded protein localization. € Representative FISH images for
each RNA studied. Scale bars: 5 pm. D RNA density (spots/um3) measured from FISH images compared with transcripts per million (TPM) values from a
tibialis anterior RNAseq dataset. Dotted line is lower limit of detection (LLOD). Trendline: LLS regression; Pearson R = 0.98; p < 0.05, Wald test. E RNA
densities compared across separate experiments. Black bars are the mean + s.d. of RNA density. Experiment 1: n = 10 myofibers (Polr2a, Histlhlc, Ttn, GFP)
or n=9 myofibers (Vcl, Dmd, Hnrnpa2bl, Myom1, Gapdh). Experiment 2: n =3 myofibers. Trendline: LLS regression; Pearson R =0.97; p < 0.05, Wald
test. F Schematic describing percent dispersion calculation with example cumulative distribution function (CDF) for Polr2a RNA. G Percent dispersion for
each RNA studied, points are colored as in Fig. 1B. Dotted line indicates fully uniform dispersion. H Mean Gapdh FISH signal intensity of myofiber in

C plotted for 40 um along the longitudinal axis (top). The power spectral density of this signal (bottom).
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within the core than others (Supplementary Fig. 1F). Overall,
our observations suggest that, regardless of function and
localization of the encoded proteins, RNAs are well dispersed
throughout the myofiber syncytium.

RNAs co-localize with Z-disks and microtubules. We observed
that Ttn mRNA in the cytoplasm exhibited a clear striated
pattern, consistent with previous observations in cultured
myotubes3? and cardiomyocytes3’, but we were surprised to find
that Gapdh mRNA was similarly striated. We quantified the
periodicity of the Gapdh FISH signal by Fourier analysis, and we
found that the peak wavelength of this pattern corresponded to
the length of the sarcomere (Fig. 1H). The striated patterns of
Gapdh and Ttn mRNAs motivated us to directly assess whether
these and other mRNAs might lie along Z-disks, M-lines, or
regions in between. Interestingly, microtubules in muscle cells
form a distinct perpendicular lattice with bundles leading from
myonuclei out to sarcomeres (Supplementary Movie 2)38. Due to
the distance that RNAs travel from progenitor nuclei and the role
of microtubules in transporting RNAs in other contexts, we were
also motivated to assess the relationship between RNAs and the
microtubule lattice.

We performed IF and FISH to co-label microtubules, Z-disks,
and each of the eight mRNAs studied, and we analyzed the
localization of each RNA relative to both cytoskeletal filaments
(dataset described in Supplementary Table 1). Surprisingly, we
found that RNAs from all genes studied were clearly co-localized
with both Z-disks and microtubules (Fig. 2A, B). In the absence of
sarcomere and microtubule labeling, this localization pattern was
visually apparent for highly expressed genes, and co-labeling of
protein markers and mRNAs revealed similar co-localization even
for lowly expressed genes. We quantified the localization of each
RNA relative to cytoskeletal filaments (Fig. 2C) and found that all
mRNAs studied were significantly closer than expected to both
Z-disks and microtubules (p < 0.05 by Two-sided Mann-Whitney
U test, Fig. 2D). We also noticed a preferential localization of
mRNAs near perpendicular Z-disk-microtubule intersections
(ZMlIs) and found that the localization of “cytoskeleton co-
localized” mRNAs (within 2 pixels or ~0.1 pm of either filament)
was significantly biased towards ZMIs (p <0.05 by Two-sided
Mann-Whitney U test, Fig. 2E). Overall, we were surprised to
find that Z-disk localization was not limited to mRNAs encoding
sarcomere proteins but instead was a general property of all
RNAs examined in this study, regardless of encoded protein
function or localization. Even Myom1 mRNA, which encodes the
M-line-localized protein myomesin-1, was localized to the Z-disk.
The localization of RNAs along microtubule bundles could result
from direct interactions between mRNAs and filaments or via
mutual exclusion into intermyofibrillar space; however, the
enrichment of mRNAs at ZMIs suggests that microtubules may
facilitate active transport from nuclei to Z-disks.

NMJ-specific RNAs co-localize with Z-disks and microtubules
around the NM]J. The eight mRNAs studied above are tran-
scribed in myonuclei throughout the entire myofiber syncytium.
At the NMJ, a cluster of specialized myonuclei at the postsynaptic
membrane transcribes a distinct set of mRNAs under control of
NM]J-specific transcription factors®®. We compared localization
patterns of NM]J-expressed Chrne mRNA to other mRNAs
expressed in the extrasynaptic myofiber. We performed FISH
against Ttn and Chrne mRNAs and analyzed their patterns in
extrasynaptic and NM]J regions (Fig. 3A, B). As expected, Chrne
mRNA was highly concentrated in the immediate vicinity of the
NM]J and present in postsynaptic nuclei (Fig. 3B). Expression of
Chrne mRNA in extrasynaptic regions was near the LLOD, but

was >250-fold higher in the NM]J region (p<0.05, Two-sided
Mann-Whitney U test, Fig. 3C). Interestingly, Ttn mRNA was
also present in postsynaptic nuclei and concentrated near the
NMJ, showing a modest increase (1.5-fold; p < 0.05, Two-sided
Mann-Whitney U test) relative to extrasynaptic regions
(Fig. 3A-C). However, due to nuclear clustering at the NMJ, these
regions contained more nuclei than extrasynaptic regions. Upon
normalizing by density of nuclei, we found that Ttn mRNA
abundance in the NMJ region was ~50% of that in extrasynaptic
regions (p <0.05 by Two-sided Mann-Whitney U test), while
Chrne mRNA was still >100-fold enriched (p <0.05, Two-sided
Mann-Whitney U test). These results suggest that postsynaptic
nuclei do express sarcomere genes such as Ttn, albeit at lower
levels, potentially due to differences in transcriptional and/or
post-transcriptional regulation.

The confinement of transcripts around postsynaptic nuclei
contrasted with the dispersion of mRNAs observed around
extrasynaptic nuclei. Postsynaptic microtubules were much
denser and arranged in a nest-like matrix distinct from the
grid-like organization of extrasynaptic microtubules (Fig. 3D).
We performed IF/HCR FISH co-labeling of microtubules, Z-
disks, and Chrne or Ttn mRNA in isolated myofibers and
analyzed NM]J regions imaged axially at 100x magnification.
mRNAs from both genes were clearly concentrated in the region
surrounding the NMJ containing nest-like microtubules, but
appeared dispersed and co-localized with Z-disks in neighboring
regions containing grid-like microtubules (Fig. 3E, F). Interest-
ingly, this pattern was not appreciably different for Ttn versus
Chrne mRNA. When we analyzed NM]J-adjacent regions of
myofibers at lower magnification, Chrne mRNAs showed a
pattern similar to that observed for the other eight mRNAs
studied—dispersed and co-localized with Z-disks and micro-
tubules near ZMIs (Fig. 3G). We also observed RNAs within
extrasynaptic, NMJ-adjacent nuclei, suggesting the possibility of
low-level extrasynaptic expression of Chrne (Fig. 3G, 1).

These data suggest that nest-like microtubules around NM]Js
might restrict mobility of RNAs produced in postsynaptic nuclei,
whereas grid-like microtubules in the extrasynaptic region may
promote efficient dispersion of RNAs. Outside the NM] region,
Chrne mRNA co-localizes with Z-disks and microtubules, similar
to other extrasynaptic RNAs. Evidence of Chrne transcription in
extrasynaptic nuclei also suggests that postsynaptic transcription
factors driving Chrne expression (either the proteins or the RNAs
that encode them) may travel out of the postsynaptic region to
nearby extrasynaptic nuclei.

RNAs accumulate in the perinuclear region of myofibers after
microtubule ablation. Our observations show that RNAs are
frequently dispersed tens of microns away from myonuclei and
also co-localize with microtubules and Z-disks near ZMIs in the
cytoplasm. Furthermore, RNAs transcribed in postsynaptic nuclei
are locally confined in a dense, nest-like microtubule network, but
can also disperse and localize along the microtubule lattice if
present outside this region. Thus, we hypothesized that micro-
tubules may play a direct role in distributing RNAs from myo-
nuclei. To investigate this possibility, we reversibly depolymerized
microtubules by treating cultured myofibers with nocodazole3,
and we assessed changes to RNA localization patterns by FISH in
our eight-gene panel (Fig. 4A, B and Supplementary Table 2).
Strikingly, all genes showed profound accumulation of RNAs
around the nuclear envelope after 18 h culture without micro-
tubules, and these accumulations were cleared after microtubule
re-polymerization and continued culture (Fig. 4C, D and
Supplementary Fig. 3A). We measured the relative position of
intranuclear FISH spots and the distance from cytoplasmic spots
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Fig. 2 RNAs co-localize with Z-disks and microtubules. A Representative image of IF/FISH co-labeling of Ttn RNAs (red), tubulin protein (microtubules,
green), and telethonin protein (Z-disks, blue) in an isolated myofiber. Scale bar: 5um. B Zoomed-in regions of IF/FISH co-labeled myofibers as in A for
each RNA studied. Scale bars: Tum. € Schematic describing the computational pipeline used to assess mRNA proximity to cytoskeleton from images of IF/
FISH co-labeled myofibers (A). D Distances from cytoplasmic spots (blue boxes) to Z-disks (left) and microtubules (right) compared to null distributions
generated from randomly selected cytoplasmic coordinates (gray boxes). Data from n =10 myofibers (Polr2a, Histlhlc, Ttn, GFP) or n =9 myofibers (Vcl,
Dmd, Hnrnpa2bl, Myom1, Gapdh). Spots located within 2 pixels (~-0.1pm) of either filament were considered “cytoskeleton co-localized” (purple shaded
region, percentages). Box plots show minimum, first quartile, median, third quartile, and maximum. *p < 0.03, **p <104, Two-sided Mann-Whitney U test.
E Distances from cytoskeleton-associated spots to ZMls (blue boxes) compared to a null distribution generated from randomly selected coordinates along
the cytoskeleton (gray boxes). Number of myofibers same as D. Box plots show minimum, first quartile, median, third quartile, and maximum. *p < 0.03,
**p <10~4, Two-sided Mann-Whitney U test.
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indicates lower limit of detection (LLOD). D Tubulin IF in NMJ region of an isolated myofiber. Scale bars: 2 um. E IF/FISH co-labeling of Ttn RNA (red),
tubulin protein (microtubules, green), and telethonin protein (Z-disks, blue) at the NMJ of an isolated myofiber. Scale bar: 2 um. F IF/FISH co-labeling of
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containing high concentration of Chrne RNA. Scale bar: 10 um.

to the nearest nucleus (Fig. 4E, F and Supplementary Fig. 3A).
We then quantified the percentage of RNAs from each gene
found in the perinuclear region of each myofiber (within 2 um of
the nuclear periphery) and found a significant increase after
microtubule ablation in all cases (p<0.05 by Two-sided
Mann-Whitney U test) (Fig. 4G). To control for myofiber shape
and density of nuclei, we normalized this metric for fiber
geometry (see Methods section) and obtained similar results
(Supplementary Fig. 3B). After 4h of nocodazole washout, the
perinuclear accumulation of RNAs was no longer detectable for
all genes (p > 0.05, Two-sided Mann-Whitney U test) except for
Histlhlc and Hnrnpa2bl. These two genes showed a significant
decrease in the perinuclear fraction between nocodazole and

washout conditions (p < 0.05, Two-sided Mann-Whitney U test),
indicating partial clearance. Overall, these observations suggest
that microtubules play a critical role in distributing RNAs
throughout the cytoplasm in myofibers and that exported RNAs
cannot appreciably diffuse away from nuclei after microtubule
ablation.

Perinuclear RNAs gather in large granules after microtubule
ablation. We noticed that some RNAs trapped in the perinuclear
region upon microtubule depolymerization formed large high-
intensity “blobs” as compared to the diffraction-limited spots
typically found in the cytoplasm (Fig. 4H). We quantified blob
intensities and, using the 95th percentile spot intensity as a
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metric, we saw that blob intensities were significantly increased in
the perinuclear region (but not cytoplasm) following nocodazole
treatment (p < 0.05 by 95% CI overlap, Fig. 4I-K). After removing
nocodazole for 4 h, blob intensities decreased to levels at or below
those observed in untreated myofibers. Dmd was a notable out-
lier: its largest perinuclear granules decreased in intensity in
response to nocodazole treatment and remained diminished after
washout. Importantly, mRNAs that did not show a significant
increase in blob intensity after nocodazole treatment showed

molecules remaining

half-lives from #

Predicted from
RNA half-life

instead a significant increase in perinuclear spot number. Con-
versely, mRNAs showing a modest or insignificant increase in
perinuclear spot number did show highly significant increases in
blob intensity. Thus, all mRNAs analyzed exhibited accumulation
in the perinuclear region of myofibers after nocodazole treatment
in some form. Our imaging approach cannot resolve whether
high-intensity “blobs” represent higher-order RNP structures
containing multiple mRNAs or merely multiple mRNPs in close
proximity. Additionally, as shown in our prior analysis, HCR
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Fig. 4 RNAs accumulate in the perinuclear region of myofibers after microtubule ablation. A Schematic describing microtubule depolymerization
experiment. B IF of tubulin (green) and telethonin (red) protein in myofibers from A. Scale bars: 5 um. C Representative FISH images of Ttn RNA in
myofibers from A. Scale bars: 5um. D Same as C but Polr2a RNA. Scale bars: 5 um. E Intranuclear position relative to centroid (C) and periphery (P) for
intranuclear spots and distance to nearest nucleus for cytoplasmic spots; shown for Ttn RNA. Bar colors correspond to treatment condition and shaded
area denotes perinuclear region, defined as <2 pm from nuclear periphery (n.p.). Number of myofibers per RNA and condition are Dmd: DMSO-8,
nocodazole-8, washout-6; Gapdh: DMSO-9, nocodazole-8, washout-3; HistlTh1c: DMSO-7, nocodazole-12, washout-4; Hnrnpa2bl: DMSO-8, nocodazole-5,
washout-5; Myom1: DMSO-5, nocodazole-5, washout-5; Polr2a: DMSO-5, nocodazole-5, washout-5; Ttn: DMSO-11, nocodazole-8, washout-5; Vcl: DMSO-
5, nocodazole-5, washout-5. F Same as E but Polr2a RNA. G Fraction of total spots in the perinuclear region for each gene. Colors as in E. Bars are
mean + SEM. Black dots are individual images. Number of myofibers as in E. *p < 0.05, Two-sided Mann-Whitney U test. H Representative images for each
RNA showing zoomed-in regions of individual nuclei. Scale bars: 1um. I Cytoplasmic and perinuclear blob intensities for Gapdh RNA in each experimental
condition. Colors as in E. J Intensity of perinuclear blobs. Bars are 95th percentile +£95% Cl. n.s. not significant, *p < 0.05, by confidence interval overlap.
Confidence intervals were estimated by bootstrapping. K Same as J but for cytoplasmic blobs. Number of myofibers as in E. L Schematic describing the
effects of Actinomycin D and nocodazole treatments on cytoplasmic RNA concentration. M For each RNA, the fraction remaining in the cytoplasm after
18 h nocodazole treatment compared with the fraction predicted by our decay model. Trend line: LLS regression, slope = 0.84; pearson R = 0.66; p < 0.05,

Wald test.

FISH precludes precise determination of the number of mRNAs
in each “blob”. Further work and new methods will likely be
required to fully address these questions.

Effects of microtubule depolymerization on nuclear processes.
In the nucleus, large FISH blobs at putative transcription sites
were diminished following nocodazole treatment. They did not
recover during washout, suggesting the potential for negative
transcriptional feedback in response to transport blockade
(Fig. 4C, H and Supplementary Fig. 3A). We additionally
observed accumulation of RNAs at the intranuclear periphery
after nocodazole treatment (Fig. 4C-F and Supplementary
Fig. 4A). Co-labeling of nuclear pore complex proteins and Ttn
mRNA in nocodazole-treated and untreated myofibers revealed
accumulation of RNAs on both faces of the nuclear envelope and
within nuclear pores, suggesting inhibition of nuclear export
(Supplementary Fig. 3C). Together, these observations suggest
that nocodazole-induced perinuclear RNA accumulation may
cause nuclear export defects and transcriptional inhibition.

Cytoplasmic RNA depletion following nocodazole treatment is
predicted by half-life. While each RNA studied accumulated in
the perinuclear region after microtubule depolymerization, the
extent of depletion of RNAs from the cytoplasm varied between
genes (Fig. 4C-F and Supplementary Fig. 3A). We hypothesized
that differential RNA decay rates accounted for these differences
(Fig. 4L). To assess this, we estimated half-lives of each RNA after
0, 6, and 22 h of transcriptional inhibition by actinomycin D. We
used these half-lives to model cytoplasmic transcript density after
18 h of complete inhibition of perinuclear RNA egress and found
that the predictions of this model correlated with observations
after culture in nocodazole (Fig. 4M, Pearson R=0.66) (Sup-
plementary Fig. 4A, B). This result suggests that RNAs observed
in the cytoplasm after culture in nocodazole were present prior to
treatment and did not travel from the nucleus during treatment.
Confounding variables influencing measurement of half-lives by
actinomycin D#0 or other factors that affect RNA metabolism
may explain why the relationship is not stronger.

Due to its short half-life, nearly all cytoplasmic Polr2a
mRNAs decayed during 18 h of nocodazole treatment (Fig. 4D);
thus, any molecules observed in the cytoplasm after nocodazole
washout were likely to have traveled there from the perinuclear
region after microtubules re-polymerized. By partially
washing out nocodazole, we allowed a sparse microtubule
network to re-polymerize after 18 h nocodazole treatment. We
found Polr2a mRNAs in the cytoplasm only at the ends of
microtubule filaments connected to nuclei (Supplementary

Fig. 4C), suggesting that these are the only routes of escape for
mRNAs to leave the perinuclear region. After 30 min, few RNAs
were present at the ends of these segments, and substantial
perinuclear accumulation remained, suggesting that egress of
RNPs along microtubules is a rate-limiting step of directed
RNA transport in myofibers.

Interestingly, we also found that RNA density for all genes
except Ttn and Myoml increased during 18 h of myofiber
culture, even in the absence of drug treatment (Supplementary
Fig. 4D). Expression of Histlhlc, which exhibited the strongest
upregulation, was also notably heterogeneous between nuclei
(Supplementary Fig. 3A and Supplementary Movie 3). Similar
heterogeneous bursts of transcription following myofiber
culture have been observed for Myod1, resulting in localization
of mRNA near myonuclei?’. Compared to freshly isolated
fibers, upregulated RNAs in cultured fibers were noticeably
enriched at the myofiber surface and closer to nuclei on
average. In the cytoplasm surrounding myonuclei in which
mRNAs were highly upregulated, mRNAs localized furthest
from progenitor nuclei along the longitudinal nuclear poles,
from which the most robust microtubule bundles extend
(Supplementary Fig. 3A and Supplementary Movie 3). Given
these observations, we infer that RNPs depart myonuclei most
efficiently along microtubule bundles at the myofiber surface,
but require additional time to disperse throughout the fiber if
recent bursts of transcription have occurred.

Muscle maturation restricts microtubule-independent mRNA
dispersion. In adult myofibers, RNAs may depend on micro-
tubules to leave the perinuclear region due to the constraints on
diffusion imposed by mature sarcomeres*!. To study RNA
mobility across different stages of sarcomere maturity, we used
C2C12 myotubes as a model of muscle differentiation. C2C12
myotubes do not reach the maturity of adult myofibers but do
form sarcomeric structures when cultured on patterned
hydrogels; thus, they serve as a model for intermediate muscle
development42. We examined Polr2a mRNA localization
after a shorter 6 h nocodazole treatment in C2C12 myoblasts,
myotubes, and isolated mouse myofibers (Fig. 5A-F). We
measured RNA dispersion in the cytoplasm (see Fig. 1F) in each
condition, and found a significant reduction in dispersion in
myotubes and myofibers (p < 0.05, Two-sided Mann-Whitney
U test) but not myoblasts (p > 0.05, Two-sided Mann-Whitney
U test) after nocodazole treatment (Fig. 5G). The reduction
in myotubes was less dramatic than in myofibers (p <0.05,
Two-sided Mann-Whitney U test). These observations suggest
that microtubule-independent RNA mobility becomes increas-
ingly limited as muscle cells mature.
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Fig. 5 Muscle development restricts microtubule-independent mRNA dispersion. A Polr2a FISH in C2C12 myoblast after 6 h control (DMSO) culture.
Scale bars: 2 um. B Polr2a FISH in C2C12 myoblast after 6 h culture with nocodazole. Scale bars: 2 um. € Polr2a FISH in C2C12 myotube after 6 h control
(DMSO) culture. Scale bars: 2 um. D Polr2a FISH in C2C12 myotube after 6 h culture with nocodazole. Scale bars: 2 um. E Polr2a FISH in myofiber after 6 h
control (DMSO) culture. Scale bars: 2 um. F Polr2a FISH in myofiber after 6 hr culture with nocodazole. Scale bars: 2 um. G Percent dispersion for Polr2a
RNA in C2C12 myoblasts, C2C12 myotubes, and isolated myofibers treated with nocodazole or control (DMSO) for 6 h. Black lines are medians. n=5
myotubes and myofibers per condition. n =10 and 12 cells for nocodazole and DMSO-treated myoblasts, respectively. *p <0.05, **p < 0.01, Two-sided

Mann-Whitney U test.

Microtubule depolymerization disrupts spatially dispersed
protein synthesis. As all mRNAs we studied encode proteins, we
investigated the impact of homeostatic and perturbed RNA dis-
tribution on protein synthesis. We labeled ribosomal large sub-
unit rRNA via FISH and used in situ puromycylation to label sites
of protein synthesis (Fig. 6A, B). Consistent with previous studies
in cardiomyocytes, rRNA was localized along Z-disks in unper-
turbed conditions’”. We also observed prominent rRNA signal
along microtubule bundles and in the perinuclear region
(Fig. 6A). Ribosomes outside the perinuclear region were dis-
persed along the length of the myofiber but highly concentrated
at the myofiber surface (Supplementary Fig. 5A). Puromycylation
signal was nearly identical to rRNA FISH (Fig. 6B and Supple-
mentary Fig. 5B). Pre-treatment of myofibers with anisomycin
(an inhibitor of puromycylation) for 30 min confirmed the spe-
cificity of puromycylation (Supplementary Fig. 5C, D). Pur-
omycin signal was more concentrated in the perinuclear region;
however, there was more puromycin signal in total outside of this

region, indicating that most translation events are occurring
along Z-disks in the cytoplasm (Supplementary Fig. 5E).

We also found that the spatial pattern of rRNA and protein
synthesis was dependent on microtubules. After 18 h of culture in
nocodazole, both rRNA (Fig. 6C-E) and puromycin (Fig. 6F-H)
labeling signals were elevated in the perinuclear region and
depleted from microtubules relative to control, although enrich-
ment at Z-disks remained. At 36h, both signals were highly
enriched in the perinuclear region and nearly absent from the
cytoplasm. The total myofiber puromycylation signal density was
reduced at 18h in nocodazole relative to control but not
statistically different at 36 h, and was decreased in control fibers
between 18 h and 36 h of culture (Supplementary Fig. 5F). These
results suggest that spatially dispersed translation may require
microtubules, and that mRNAs trapped in the perinuclear region
continue to be translated, albeit at lower levels relative to
dispersed mRNAs. The initial persistence of translation in the
cytoplasm following 18 h of nocodazole treatment aligns with our

| (2021)12:6079 | https://doi.org/10.1038/s41467-021-26383-9 | www.nature.com/naturecommunications 9


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

A

HCR FISH
detection

(A.C,D,E)

N 5 4

' Rn28s1 rRNA probes

IF detection (B,F.G.H)

puromycin@ ¥ = S
(10 min) ‘-‘7)

L[| Sy

anisomycin

Add g RPMSO
Isolate nocodazole or  "RNA FISH + 28 o'+ Noco.
myofibers DMSO analyze 2 s . *
= a
b2
—> re
@
£S5 10" s
Time in culture: 0 hr 18 or 36 hr 2 18 36

Culture time (hr)

Add
DMSO
o rocoteor  MmEL g
DMSO  add puromycin v 10 7]
(10 min) j .
\ "
—

c)

—
Time in culture: 0 hr 18 or 36 hr

o
!

Puro. IF relative signal
density, peri. / cyto.

T 1
18 36

G Culture time (hr)

in situ puromycylation, 36 hr DMSO

it

Fig. 6 Nocodazole treatment causes accumulation of ribosomes and nascent protein around myonuclei. A Ribosomes were detected in isolated

myofibers using HCR FISH for 28S ribosomal RNA. Representative images of IF/FISH co-labeling for tubulin (green) and telethonin (blue) proteins with
rRNA (red) in myofibers. Scale bars: 5 um. B Active translation was detected in isolated myofibers using in situ puromycylation. Representative images of
puromycin detection (red) with tubulin (green) and telethonin (blue) IF in myofibers. Scale bars: 5 um. € Live myofibers were isolated and cultured with
nocodazole or DMSO (control) for 18 or 36 hr. At each time point, rRNA FISH was performed. D Representative images of rRNA FISH signal in myofibers
from C. Scale bars: 5 um. E Perinuclear to cytoplasmic relative rRNA signal density (pixel intensity per um3) in myofibers from €. Mean + 95% Cl.n=5
myofibers per condition. *p < 0.05, Two-sided Mann-Whitney U test. F Live myofibers were isolated and cultured with nocodazole or DMSO (control) for
18 or 36 h. At each time point, in situ puromycylation was performed as described in B. G Representative images of puromycin IF in myofibers from F. Scale
bars: 5 um. H Perinuclear to cytoplasmic relative puromycin signal density in myofibers from F. Mean + 95% Cl. n =5 myofibers per condition. *p < 0.05,

Two-sided Mann-Whitney U test.

earlier observation that many long-lived RNAs are still present in
the cytoplasm in significant numbers at that time.

mRNAs are localized to Z-disks and microtubules indepen-
dently of translation. It is possible that actively translating ribo-
somes could recruit mRNAs to the cytoskeleton, or mRNAs could
be co-localized with the cytoskeleton independently of translation.
To distinguish between these possibilities, we cultured myofibers for
12 h in the presence of puromycin—here for long-term translation
inhibition, rather than to label nascent peptides—and we examined
resulting localization patterns for Polr2a and Ttn RNAs (Supple-
mentary Fig. 5G, H). RNAs from both genes remained dispersed
throughout the myofiber and co-localized with Z-disks and
microtubules (Supplementary Fig. 51, J). These results suggest that
while the localization of ribosomes and protein synthesis require
microtubules, mRNA localization and co-localization with the
cytoskeleton is not dependent on translation.

Factors regulating translation and transport of RNPs co-
accumulate with trapped mRNA. Given that RNAs and nascent
protein synthesis appear to require microtubules for efficient
localization in muscle, we asked whether spatial patterns of
motors and RBPs are also dependent on intact microtubules, by
staining control and nocodazole-treated myofibers for a variety of
factors via IF (Fig. 7A-D). We stained for nuclear pore complex
(NPC) proteins as a control, and found that their localization was
unaffected by nocodazole. KiflC is the most highly expressed
kinesin motor protein in skeletal muscle tissue and has been
shown previously to transport RNPs*3. We found that Kif1C was
diffusely distributed in the cytoplasm of control myofibers and
was concentrated in the perinuclear region of nocodazole-treated
fibers (Fig. 7A). Fxrl and G3bpl are RBPs that regulate
translation?$%>; mutations in FXRI in humans are linked to
congenital multi-minicore myopathy#. We found both proteins
to localize along Z-disks and microtubules, and following
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Fig. 7 Regulators of RNP granule formation, transport, and translation co-accumulate at the nuclear periphery of nocodazole-treated myofibers.

A Representative images of Co-IF against the nuclear pore complex (NPC, labeled with mAb 414) and Kif1C in myofibers cultured for 18 h in the presence
of nocodazole or control (DMSO). Scale bars: 2 um. B Representative images of Co-IF against G3bp1 and Fxrlp in myofibers cultured for 18 h in the
presence of nocodazole or control (DMSO). See also Supplementary Fig. 6A, B. Scale bars: 2 um. C Representative images of Co-IF against the Mbnl1 and
Tdp-43 in myofibers cultured for 18 h in the presence of nocodazole or control (DMSO). Scale bars: 2 um. D Perinuclear to cytoplasmic relative IF signal
density in nocodazole (red) and control (DMSO, blue) myofibers. n =5 myofibers per protein/condition. *p < 0.05, Two-sided Mann-Whitney U test.

nocodazole treatment, both accumulated in the perinuclear
region and occasionally on Z-disks adjacent to nuclei (Fig. 7B),
where we also found RNAs (Supplementary Fig. 6). We found
that these populated Z-disks were always connected to nuclei by
short, nocodazole-resistant microtubule segments, suggesting
some intra- but not inter- Z-disk microtubule-independent RNA
mobility.

Tdp-43 and Mbnll are RBPs that shuttle between the nucleus
and cytoplasm. Both are known to regulate RNA splicing!647
and localization34%, and both are associated with neurological
and muscle disease in humans!20. In untreated myofibers, Tdp-
43 was enriched in the nucleus, and Mbnll showed strong
association with Z-disks. These distinct localization patterns
suggest differences in the way these RBPs may regulate RNA
localization in myofibers. Both RBPs became highly concentrated
in the perinuclear region following culture with nocodazole
(Fig. 7C). After quantifying average perinuclear and cytoplasmic
signal densities, we found that KiflC and all RBPs visualized
were enriched in the perinuclear region upon nocodazole
treatment (Fig. 7D, p < 0.05, Two-sided Mann-Whitney U test).
Together, these results illustrate that multiple protein factors
involved in mRNP granule formation, transport, and translation
co-accumulate with mRNAs in the perinuclear region upon
microtubule disruption.

RNAs exhibit restricted diffusion and directed transport in live
myotubes. Our observations suggest that mRNAs in myofibers
cannot escape progenitor nuclei by passive diffusion; they instead
completely depend on microtubules to move throughout the cell.
However, we inferred these conclusions via pharmacological
inhibition of transport machinery, followed by fixation and
imaging, and not by observing RNAs in real-time. To confirm
inferences made by analyses in fixed myofibers, we used the
MS2 system to fluorescently label mRNAs in live C2C12
myotubes®® (Fig. 8A, see Methods section). We chose the Kdm5b

coding sequence as our MS2 reporter for basal RNA transport
dynamics as it has been previously characterized for live-cell RNA
tracking in dividing cells>!=>3 and was observed to display a
“non-localized” spatial pattern.

We imaged our MS2 reporter RNA in myotubes continuously,
at frame rates >1 per second, to characterize particle motion
dynamics (Fig. 8B). We categorized RNA tracks according to
their motion parameters into four groups: (1) diffusive, low-
mobility; (2) diffusive, high-mobility; (3) directed, crawling; and
(4) directed, processive (see Methods section, Fig. 8C and
Supplementary Movie 6). We categorized tracks that moved
<1 pum as low-mobility; these tracks were mostly stationary but
approached diffusion coefficients observed for RNAs in neurons
at the high end (max. diffusion coefficient 9.0 x 1073 um?/s,
versus 3.8 x 1073 um?/s in neurons), which are roughly an order
of magnitude lower than those observed in fibroblasts>* (Fig. 8D).
We categorized the small subset of RNAs that moved >1 pm in a
non-directed fashion as diffusive, high-mobility (Fig. 8D). The
most mobile of these particles were nearly as diffusive as RNAs in
fibroblasts>* (0.04 um?/s, versus 0.09 um?/s in fibroblasts), but
they were rare and typically localized in clusters of high-mobility
RNAs at the myotube periphery. We believe these are actually
regions of under-developed sarcomere structures - an artifact of
studying C2C12 myotubes, which are immature relative to adult
myofibers. Directed particles moved >1 pum in a single direction
and were classified as processive if a run >1 um occurred without
backtracking, or crawling otherwise (Fig. 8E). Processive runs
were characteristic of kinesin- or dynein-mediated active RNP
transport along microtubules, as has been observed in other cell
types®>4. Overall run velocity was slightly slower (median 0.63
pm/s) than velocities typically observed in neurons (~1 um/s),
although the fastest runs nearly reached 1.5 um/s. Most directed
runs were short (median 1.6 um) but the distribution had a long
tail with multiple runs >10 um detected. The crawling motion
that we observed is to our knowledge a novel transport state for
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Fig. 8 RNAs exhibit restricted diffusion and directed transport in myotubes. A Schematic describing MS2 live-cell RNA imaging strategy. B Example
image of a myotube expressing MS2-labeled RNA (top) and RNA trajectories (bottom) from a 53-s imaging time course. Scale bars: 2 um. € Percentage of
RNA trajectories in each motion category. D Diffusion coefficients for low-mobility (red) and high-mobility (green) diffusive tracks and example tracks
from both groups. X-axis ticks for scale: 0.5 um. E Distance and velocity for processive (blue) and crawling trajectories (purple) along with example tracks
from both groups. X-axis ticks for scale: 0.5 um. F Series of images showing RNA particle splitting and merging events. Colored triangles denote particle
identities. Scale bars: Tum. G Example RNA tracks from a myotube expressing MS2-labeled RNA during a 50-min imaging time course. Scale bars: 2 um.
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RNAs. Speeds in this state were slower than processive runs
(median 0.11 pm/s), and although the median distance traveled
by these particles was similar to median processive run length
(1.11 pm), the tail of the distance distribution was much shorter
(max. distance 4 pm). We did not observe any instances of
directed motion after treating myotubes with nocodazole,
confirming these events were microtubule-dependent (Supple-
mentary Movie 7). RNP transport granules have been shown to
merge and split in other cell types, and we observed multiple
examples of these behaviors in myotubes as well, indicating that
these mRNPs can form higher-order granules or complexes
(Fig. 8F and Supplementary Movie 8). Together, these data
reinforce the conclusions drawn in ex vivo myofibers, that RNA
diffusivity is highly restricted in muscle, and that directed
transport is the predominant mode of transport.

By imaging with relatively fast frame rates, these particle
tracking experiments provided detailed information about the
motion of RNAs within a period of 2 min, and showed that most
RNAs remain nearly stationary during this time scale. To
determine whether RNAs eventually move from these locations,
we performed a longer imaging time course in which we captured
frames every 15s for 50 min (Supplementary Movie 9). We
tracked 367 individual particles in four movies (Fig. 8G), and

12

found that 141 out of 367 RNAs (38%) still moved <1 pm over
the entire 50 min (Fig. 8H, I), indicating that the fraction of
particles undergoing motion did not scale linearly with time. This
contrasts with observations in neurons, where transport events
reposition RNAs at a constant rate®®. This indicates that some
cytoplasmic particles in myotubes may be permanently stationary
once anchored, while others are more competent for directed
motion.

Computational simulation demonstrates observed directed
transport is necessary and sufficient for RNA dispersion in
myofibers. After obtaining quantitative motion parameters from
live-cell imaging of C2C12 myotubes, we integrated these mea-
surements into a 3D stochastic simulation of RNA transport in
myofibers. In our discrete-time Markov chain (DTMC) model,
RNAs are generated at the periphery of myonuclei and decay in
the cytoplasm according to their observed copy numbers and
half-lives (Fig. 9A). While in the cytoplasm, RNAs transition
between diffusive and directed motion states (Fig. 9B, see
Methods section). Using fiber and nuclei segmentations obtained
from confocal images, we applied this model to simulate RNA
transport dynamics within the geometry of real myofibers.
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Fig. 9 Computational simulation confirms that directed transport is
required to disperse mRNA in myofibers. A Diagram of RNA mobility
states modeled in the simulation of RNA motion in myofibers. B Network
diagram of the discrete-time Markov chain (DTMC) model developed to
simulate RNA generation, motion, and decay. € Comparison of RNA
localization patterns observed in 1000 h simulations of Polr2a RNA
either with or without directed transport states. D Distance to nucleus
measured for simulated Polr2a RNAs with (orange) or without (blue)
directed transport states. Shown for comparison is the distribution from a
simulation of Polr2a mRNAs in the high-mobility diffusion state (green)
and a null distribution generated from randomly selected cytoplasmic
coordinates (gray).

When we simulated Polr2a mRNA but allowed for only low
mobility diffusion, we observed accumulation of RNA around
nuclei and depletion from nucleus-distal regions. However, by
allowing RNAs to transition between low mobility and directed
transport states, the RNAs approached full dispersion, mimicking
observations of real fixed myofibers at steady state (Fig. 9C, D and
Supplementary Movie 10). As compared to a uniformly random
null distribution, we still observed slight perinuclear accumula-
tion of RNAs (14% within 2 pm from a nucleus, compared to 8%
for randomly distributed RNA), also similar to what we observed
experimentally for several genes in fixed myofibers. This likely
stems from the requirement that each RNA must first undergo a
directed transport event to exit the perinuclear region of the
progenitor nucleus.

To determine whether this Markov model accurately describes
effects of microtubule depolymerization on RNA transport
dynamics, we performed additional simulations in which the
available motion states were restricted after reaching steady-state
(Supplementary Fig. 7). Simulations of both Polr2a and Myom1l
RNAs showed strong agreement between model behavior and
images of real myofibers in analogous conditions (Supplementary
Fig. 7A-C). However, more Polr2a RNAs were observed in the

cytoplasm in the simulated nocodazole condition than in real
myofibers, likely due to occasional sampling of high diffusion
coefficients for simulated RNAs. Overall, the model appears to
effectively describe the RNA transport dynamics of multiple
genes with distinct expression levels, decay rates, and responses to
microtubule depolymerization.

As a final comparison, we also performed simulations of Polr2a
mRNA in the “high-mobility” state (Fig. 9D and Supplementary
Movie 10), in which diffusion coefficients are similar to those
previously observed in fibroblasts>. In this context, we found that
the steady-state distribution of RNA indeed approached uni-
formity (Fig. 9D). Therefore, in principle, if RNPs in myofibers
could move as freely as they do in dividing cells in culture,
diffusion alone would be sufficient to uniformly populate
nucleus-distal regions. Ubiquitous directed transport observed
in muscle thus appears to be an adaptation that facilitates efficient
distribution of gene cargoes within a dynamic and densely packed
syncytium.

This model assumes that RNA diffusion and transport kinetics
measured using an MS2-labeled Kdm5b mRNA in C2CI12
myotubes are representative of generalized dynamics of mRNAs
in myofibers. Different mRNAs will almost certainly display
differences in transport and diffusion dynamics. Additionally, the
intracellular environment of the mature myofiber is likely
different than that of the C2Cl12 myotube. Nevertheless, this
model provides reasonable baseline estimates of RNA dynamics
that should be more fully investigated across multiple mRNAs
and cellular settings.

Discussion

Basic principles of mRNA localization are not well understood in
skeletal muscle, and it is unknown whether mechanisms operat-
ing in other differentiated cell types also apply to muscle syncytia.
Here, we developed a method to detect single RNA molecules and
protein markers in mature skeletal muscle fibers, and character-
ized spatial patterns of a diverse panel of RNAs in homeostatic
and perturbed conditions. All mRNAs examined are dispersed in
the cytoplasm, readily traveling at least tens of microns from
progenitor nuclei. We found that enrichment at sarcomere
Z-disks is not limited to sarcomere-encoding mRNAs, but instead
is a common feature of all mRNAs we studied. Ribosomes and
protein synthesis are also localized at this structure, suggesting a
role for the Z-disk as a biosynthesis hub, although future work
would be required to fully characterize cellular activities occurring
in this location. We discovered that muscle development imposes
stark restrictions on passive RNA mobility, and that in adult
myofibers, microtubule-dependent directed transport appears to
be essential for RNAs to travel away from progenitor myonuclei.
Disrupting mRNA transport leads to accumulation of large RNP
granules and nascent protein in the perinuclear region, with
potential implications in muscle disease.

The widespread distribution of RNAs may facilitate optimal
distribution of protein products, as well as confer robustness to
transcriptional bursting. Interestingly, the extent of dispersion
from myonuclei was correlated with expression level and not with
transcript length, and was not strictly related to encoded protein
function (Fig. 1 and Supplementary Fig. 1). Even exceptionally
large mRNAs, such as Ttn, travel efficiently in the myofiber.
Additionally, mRNAs encoding nuclear proteins are likely often
translated in the vicinity of nuclei from which they did not ori-
ginate, suggesting a potential mechanism for inter-nuclear gene
regulation. Recent studies of myofibers revealed enrichment of
some RNAs near myonuclei, and proposed that recent bursts
of transcription can lead to this localization pattern?. Our
observations that low and variable gene expression, as well as
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culture-induced upregulation, can result in nuclear-proximal
localization support this interpretation (Supplementary Movie 3).
In contrast to our findings, another recent study found that RNA
length, but not expression level, was correlated with dispersion in
primary myotubes, with the longest mRNAs being most widely
dispersed. This discrepancy may reflect differences in the state
of transport machinery and cytoskeletal organization in cultured
myotubes as compared to myofibers. Both studies investigated a
limited number of RNAs, however, and this question should be
addressed in future studies using higher throughput spatial
transcriptomics methods.

We were surprised to find that all mRNAs studied are localized
along sarcomere Z-disks (Fig. 2 and Supplementary Fig. 2).
Decades ago, Z-disk RNA localization was proposed to play a role
in sarcomere assembly®’. However, mRNAs encoding nuclear,
metabolic, and even M-line proteins are enriched at Z-disks,
together with ribosomes and global protein synthesis machinery
(Fig. 6 and Supplementary Fig. 5). These observations evoke a
model in which proteins are translated at the Z-disk, yet exhibit
sufficient mobility to travel to their final destinations. This would
include even proteins resident at the M-line, such as myomesin,
according to our data. Studies in cardiomyocytes suggest this
model may be broadly applicable to striated muscle cells. For
example, Ttn mRNA is localized to Z-disks in cardiomyocytes,
but Ttn protein is mobile and likely incorporates into the sar-
comere as full-length protein from a soluble pool?’. Protein
synthesis and turnover machinery as well as total polyA mRNA
are localized to Z-disks in cardiomyocytes’”>8>% thus, this
localization pattern appears to be a general feature of striated
muscle cell types. Why and how the Z-disk recruits RNAs is not
fully clear, but endoplasmic and sarcoplasmic reticular mem-
branes are concentrated at Z-disks and may play a role®?. Simi-
larly to other cell types, it is possible that actin filaments or
actinin itself directly tether RNPs. Alternatively, during muscle
contraction, myosin thick filaments may evict RNPs from the
A-band region and concentrate them at Z-disks.

RNAs were also co-localized with microtubules and Z-disk-
microtubule intersections (ZMIs). When considering the loca-
lization of large macromolecular complexes in myofibers, such
as RNPs, translating polysomes, or microtubules themselves,
mechanical exclusion by the sarcomere may be a driving force.
Thus, co-localization of RNPs, translation activity/machinery,
and microtubules may be driven by mutual exclusion to the
intermyofibrillar space. Mechanical feedback between mito-
chondria and myofibrils was recently shown to regulate mor-
phogenesis of Drosophila muscle®!; similar mechanical feedback
from myofibrils and the concentration of components in the
intermyofibrillar space may impact mRNA granulation, trans-
port, and translation. Further studies using super-resolution
techniques or advanced electron microscopy may resolve
whether these components are indeed exclusively localized in
the intermyofibrillar space.

Considering the muscle cytoplasm from this perspective reveals
interesting parallels to neurons. Myofibrils run parallel to the long
axis of the myofiber and were recently shown to form an inter-
connected network in skeletal muscle fibers®?; thus, the inter-
myofibrillar space can be thought of as a series of long, branched
tubules extending throughout the cytoplasm. Examining the
dimensions of these “tubules” in comparison to neuronal den-
drites reveals a striking similarity: both range from ~100 nm to
lum in diameter, if estimating intermyofibrillar space from
dimensions of intermyofibrillar mitochondria®3-%4. Thus, in both
cell types, RNAs and the components that regulate their locali-
zation and translation may be confined to small channels through
which they must travel long distances, and in this respect the
cytoplasm of these cells may be more similar than widely

appreciated. Translation of RNAs along microtubules was also
observed, but RNA localization did not depend on translation;
further studies would be required to determine whether transla-
tion occurs on RNPs in transit.

Completely unexpected was the apparent dependency on
microtubules for RNAs to move more than a few microns from
the nucleus (Fig. 4). Microtubule dependence for mRNA dis-
tribution to the periphery of cultured cardiomyocytes has been
observed previously®>, but we find a much more severe effect in
adult skeletal myofibers. Our results agree with a recent study
investigating the role of microtubules in distributing RNA in
adult cardiac muscle®®. This study found that microtubule-
dependent mRNA dispersion is required to maintain protein
synthesis in peripheral regions of myocytes at steady-state and to
achieve cardiac growth after the induction of hypertrophy. Fol-
lowing hypertrophy, RNA dispersion in cardiomyocytes appears
to be enhanced beyond steady state rates, suggesting that
microtubule-dependent transport efficiency can be dynamically
altered by external stimuli. These results also point to a role for
microtubule-dependent RNA dispersion in skeletal muscle
hypertrophy that should be investigated, as there may be
important mechanistic differences in how this process is regulated
in a highly multinucleated syncytium. Our results and this lit-
erature suggest that RNA dispersion increasingly relies on
microtubules throughout maturation of cardiac and skeletal
muscle, likely due to increasing organization and density of sar-
comeres (Fig. 5). Interestingly, we see some evidence for limited
mobility within, but not between, Z-disks in the myofiber cyto-
plasm (Supplementary Fig. 6A, B); however, our data suggests
that escape from the perinuclear region is completely dependent
on engagement with microtubule-based transport machinery, e.g.
kinesins or dyneins. Transport inhibition leads to the formation
of large RNP granules, with potential feedback on nuclear export
and transcription, highlighting the importance of efficiently
clearing RNAs from the perinuclear region (Fig. 4). The grid-like
structure of the microtubule lattice in myofibers, with large
bundles of microtubules extending from the longitudinal myo-
nuclear poles, likely plays a critical role in moving cargoes quickly
from the perinuclear region and distributing them along Z-disks.
Indeed, newly produced RNAs move furthest from myonuclei
along these large bundles (Supplementary Fig. 3A and Supple-
mentary Movie 3).

Why are RNAs trapped so abruptly in the perinuclear region,
and what could underlie export and transcriptional feedback? The
linker of nucleoskeleton and cytoskeleton (LINC) complex tethers
the nucleoskeleton to the microtubule network®®, facilitates
interactions between the nucleus and molecular motors to posi-
tion myonuclei®”, and is involved in mechanosensitive tran-
scriptional regulation®® and mRNP export®. This complex may
play a role in coordinating exported mRNAs for transport and
regulating feedback in response to mRNP accumulation. Several
myopathies, including Emery-Dreifuss muscular dystrophy’? and
limb-girdle muscular dystrophy 1B71, are caused by mutations to
ubiquitously expressed nuclear envelope proteins, highlighting
the importance of nuclear envelope function in muscle. Recently,
the muscle-specific sk-CIP protein was identified, which regulates
myonuclear positioning via interactions with microtubule orga-
nizing center (MTOC) proteins and the LINC complex’2. The
unique structure and function of cytoskeletal and nucleoskeletal
proteins may regulate or restrict passive RNP egress from the
perinuclear region of myofibers.

These findings hold important implications for muscle devel-
opment, maintenance, and disease. Efficient RNA distribution and
protein translation may play roles in facilitating muscle hyper-
trophy prior to satellite cell recruitment’? and in forming new
myonuclear domains during regeneration. The strong dependency
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on directed transport to preserve homeostatic RNP distribution
points to vulnerabilities that may underlie myopathies. Amyloid-
like “myo-granules” containing TDP-43 form in developing and
regenerating muscle, while related TDP-434 RNP aggregates are
observed in muscle diseases such as inclusion body myopathy’4.
FXR1 mutations have been shown to cause large aggregates of
mutated FXR1 protein and polyA RNA in congenital multi-
minicore myopathy#®. In dystrophin-null settings, the microtubule
network is highly disorganized and no longer lattice-like”>. Cen-
tralized myonuclei that occur in dystrophic or non-dystrophic
settings may lead to inefficiencies in RNP distribution as a result of
the sparser microtubule lattice in the myofiber core’®. The obser-
vation that colchicine treatment for gout can occasionally cause
myopathy is a long-standing mystery; altered vesicle transport has
been proposed to play a role, but our observations suggest a pos-
sible contribution from alterations to global RNA and protein
distribution””.

Finally, observations here may provide broad insights into
RNA localization regardless of cell type. RNAs have often been
proposed to be either localized or non-localized, with the
implication that many non-localized RNAs passively diffuse in
the cytoplasm. However, in muscle, it appears that any transit
away from the nucleus requires microtubule-dependent trans-
port. Here, the sushi-belt model for RNA distribution”8 could
be the rule rather than the exception—all mRNAs must
undergo directed transport by default, with specific localization
patterns accomplished via anchoring events. In neurons, RNAs
devoid of specific localization elements still undergo directed
transport, and it is the directionality and frequency of directed
runs that are modulated by specific cis-elements’®. In both of
these cell types, diffusion coefficients of mRNAs are orders of
magnitude lower than in cultured dividing cells, suggesting that
directed transport occurs by default and RNP properties confer
specificity. In contrast to neurons, the total fraction of RNPs
undergoing directed motion at any given time is much lower in
myotubes, in which a significant fraction of RNAs could be
permanently immobile (Fig. 6). This may reflect a biological
need for RNAs to be stationary at Z-disks for translation,
perhaps even for days at a time, given the long half-lives of
some transcripts (Supplementary Fig. 5).

Which components of RNPs facilitate directed transport?
Effective RNA distribution does not depend on ribosomes
(Supplementary Fig. 5), and all mRNAs studied are poly-
adenylated. Therefore, core machinery such as the cap-binding
complex or poly-A binding protein may play important roles, or
perhaps multiple RBPs can engage with microtubule motors.
Further elucidation of a potential RNA localization code may
reveal additional specificities for certain RNPs, with the under-
lying constraint that, notwithstanding isoform differences, the
same RNA sequences must encode localization signals that
function properly across numerous cell types and tissues.

Methods
Statistics and reproducibility. All experiments were repeated at least three times
independently with similar results.

Extensor digitorum longus myofiber isolation. Extensor digitorum longus (EDL)
muscle was dissected from 10-week-old FVB/NJ mice of both sexes. Mouse
maintenance and care followed policies advocated by NRC and PHS publica-
tions, and approved by Institutional Animal Care and Use Committee (IACUC),
University of Florida. Myofiber isolation followed established methods®. Tissues
were digested with prefiltered 0.02% collagenase in DMEM at 37 °C for 1 h.
Digested EDLs were flushed by pipetting with pre-warmed DMEM in horse
serum (HS)-coated plates under microscopy to dissociate individual fibers.
Fibers were collected in HS-coated plates containing DMEM and stored in a
37°C, 5% CO, tissue culture incubator for no more than 1 hr before fixation or
continued culture.

Ex vivo myofiber culture. Isolated myofibers were transferred to HS-coated dishes
and cultured in DMEM + 2% HS in a 37 °C, 5% CQO, tissue culture incubator for
up to 36 h.

C2C12 mouse myoblasts. The C2C12 mouse myoblast cell line was obtained from
ATCC (CRL-1772). Cells were authenticated via morphological assessment.
Myogenic potential was assessed by myotube differentiation followed by mor-
phological assessment (see C2C12 myotube differentiation). Cells were grown in a
37°C, 5% CO, tissue culture incubator on tissue-culture-treated dishes in
DMEM + 20% fetal bovine serum (FBS) and passaged with trypsin-EDTA before
reaching 70% confluency. Original cells from ATCC were expanded and frozen in
DMEM + 20% FBS + 10% DMSO. Cells from frozen stocks were used for no more
than 5 passages before being discarded to preserve myogenic potential. For FISH,
myoblasts were plated on poly-L-lysine coated coverslips (EMS) at 70% confluency
and cultured overnight.

Generation of inducible C2C12 myoblast stable cell lines. Stable ponasterone A
(PonA)-inducible C2C12 myoblasts were generated using the PiggyBac transposon
system by introducing PB-Neo-pERV3 plasmid and mPB PiggyBac transposon
plasmid into C2C12 myoblasts at 50% confluency in six-well plates using Transit-
LT1 transfection reagent according to manufacturer’s specifications®:82. Cells were
cultured for two days and then treated with 200 ug/mL G418 (Geneticin) antibiotic
to select for stable cells.

Generation of C2C12 myoblast cell lines for live-cell RNA tracking. Stable
PonA-inducible C2C12 cells were transduced with lentivirus containing an MS2
coat protein HaloTag fusion protein (MCP-Halo) expression cassette. Cells with
MCP-Halo integration were isolated by FACS on a Sony SH800 flow cytometer
after staining with JF646 HaloTag ligand (Promega). PB-PuroPonA-Kdm5b-MS2
plasmid and mPB PiggyBac transposon plasmid were then introduced to C2C12
myoblasts at 50% confluency in six-well plates using Transit-LT1 transfection
reagent according to manufacturer’s specifications. Cells were cultured for two days
and then treated with 5 ug/mL puromycin antibiotic to select for stable cells.

C2C12 myotube differentiation. For differentiation, C2C12 myoblasts were plated
at 80% confluency on micromolded gelatin substrates*? prepared on glass bot-
tomed dishes or coverslips for live-cell imaging or FISH, respectively. Myoblasts
were cultured overnight in DMEM + 20% FBS then switched to DMEM + 2% HS
and cultured for an additional 5 days. Media was changed on day 2 and day 4 of
differentiation.

Plasmids and cloning. Plasmid PB-Neo-pERV3 contained bicistronic ecdysone
receptor expression cassette from plasmid pERV3 under control of EFla promoter
and PGK-driven neomycin resistance cassette flanked by PiggyBac transposon
arms3182, Plasmid was generated using PCR and Clontech In-Fusion cloning
according to manufacturer’s specifications. PB-PuroPonA-Kdm5b-MS2 contained
KDMS5B coding sequence with 45x MS2 hairpins in the 3> UTR driven by the
ecdysone-responsive promoter (EGSH) and a PGK-driven puromycin resistance
cassette. Plasmid was generated using Clontech In-Fusion cloning according to
manufacturer’s specifications and standard ligation-based molecular cloning. MS2
hairpin array was derived from plasmid kindly gifted by Edouard Bertrand. Kdm5b
coding sequence was derived from plasmid kindly gifted by Tim Stasevich. Plasmid
used to generate MCP-Halo lentiviral vectors was a gift from Jeffrey Chao
(Addgene #64540).

Antibodies. Polyclonal rabbit anti-Fxrlp (13194-1-AP, Proteintech; dilution:
1:200), polyclonal rabbit anti-KIF1C (ab125903, Abcam; dilution: 1:500), poly-
clonal rabbit anti-Mbnl1 (kindly gifted by Maury Swanson; dilution: 1:1000),
monoclonal rabbit anti-Telethonin (ab133646, Abcam; dilution: 1:1000), mono-
clonal mouse anti-TDP-43 (ab104223, Abcam; dilution: 1:500), monoclonal mouse
anti-G3BP (ab56574, Abcam; dilution: 1:1000), monoclonal mouse anti-Alpha
Tubulin (T8203, Sigma; dilution: 1:1000), monoclonal mouse anti-Puromycin
(EQ0001, Kerafast; dilution: 1:1000), monoclonal mouse anti-Nuclear Pore
Complex Proteins (mAb 414, kindly gifted by Maury Swanson; dilution: 1:1000),
and polyclonal chicken anti-Alpha Tubulin (ab89984, abcam; dilution: 1:1000)
were used for protein localization via IF, either alone or in combination with FISH.

Drug treatments. Nocodazole was used at 5 ug/mL in myofibers, myoblasts, and
myotubes to depolymerize microtubules. Nocodazole washout to allow microtubule
re-polymerization was performed in myofibers subsequent to nocodazole treat-
ment. Myofibers were transferred to a new culture dish containing fresh culture
medium (DMEM + 2% HS), and washed three times with fresh culture medium
before continued culture. Partial nocodazole washout to allow formation of a sparse
microtubule network was performed subsequent to nocodazole treatment by
replacing culture medium with fresh medium within the same culture dish. Acti-
nomycin D was used at 5 pg/mL in myofibers to inhibit transcription. Puromycin
was used at 100 uM in myofibers to inhibit translation. Ponasterone A was used at
2 uM in stable C2C12 myotubes to induce MS2 RNA reporter expression.
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HCR RNA smFISH and immunofluorescence. HCR v3.0 RNA FISH probes for
each gene studied were purchased from Molecular Instruments®. Primary probe
sets contained between 20 and 30 probes, depending on the length of the mRNA.
HCR amplifiers and buffers were purchased from Molecular instruments. Freshly
isolated myofibers, ex vivo cultured myofibers, C2C12 myoblasts, and C2C12
myotubes were processed identically. Samples were fixed in 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS) for 10 min at room temperature (RT),
then washed 3 x 5 min with PBS at RT, followed by permeabilization with 1%
Triton X-100 in PBS for 10 min at RT. If immunofluorescence was performed,
samples were incubated in PBS containing 1% ultra-pure RNase-free BSA (Sigma),
1 U/uL Nxgen RNase inhibitor (Lucigen), and 0.1% Tween 20 (blocking buffer) for
30 min at RT. Blocking buffer was then replaced with blocking buffer containing
diluted primary antibody, and samples were incubated for 1 hr at RT followed by
3 x 5 min washes in PBS 4 0.1% Tween 20 (PBST). Samples were then incubated in
blocking buffer containing diluted secondary antibodies for 30 min at RT and
washed 3 x5 min in PBST. If FISH was performed, samples were then washed once
with PBS and fixed again in 4% PFA for 10 min at RT, followed by 3 x 5 min
washes with PBS and 1 x 5 mins wash with 2x saline-sodium citrate (SSC) buffer at
RT. Samples were then incubated in pre-warmed HCR hybridization buffer
(Molecular Instruments) for 30 min at 37 °C in a humidified chamber. During the
incubation, primary probes were aliquoted into PCR tubes, heated to 95 °C for 90's,
then diluted to 1 nM in pre-warmed hybridization buffer and kept at 37 °C until
hybridization. Hybridization buffer was replaced with hybridization buffer con-
taining diluted probes, and samples were incubated overnight at 37°C in a
humidified chamber. Samples were then washed 5 x 10 min with pre-warmed HCR
wash buffer (Molecular Instruments), then washed 2 x 5 min with 5x SSC + 0.1%
Tween 20 (SSCT) and incubated in HCR amplification buffer (Molecular Instru-
ments) for 30 min at RT in a humidified chamber. During the incubation, HCR
amplifiers were aliquoted into PCR tubes and heated to 95 °C for 90 s, then allowed
to cool at RT protected from light for at least 30 min. Amplifiers were diluted to
60 nM in HCR amplification buffer just before amplification. Amplification buffer
was replaced with amplification buffer containing diluted amplifiers, and samples
were incubated for 3 h at room temperature in a humidified chamber. Samples
were then washed 5 x 10 min in SSCT, 1 x5 min in PBS containing 0.1 pg/mL
DAPI, and mounted on slides. This protocol is available at https://protocols.io/file/
ef38bni5p.docx

Puromycylation. Myofibers were treated with puromycin at 2 pM for 10 min to
label nascent peptides. Control myofibers were pre-treated for 30 min with 100 uM
anisomycin to inhibit puromycylation. Myofibers were washed 3x with pre-warmed
PBS and fixed in 4% PFA in PBS for 10 min.

Fixed sample imaging. All myofiber, myotube, and myoblast fixed sample imaging
was carried out on a Zeiss LSM 880 AxioObserver microscope with Airyscan using
a Plan-Apochromat 1.3 NA x40 oil objective (Figs. 1-7, Supplementary Figs. 1-6,
and Supplementary Movie 2 and 3), a Plan-Apochromat 1.4 NA x63 oil objective
(Supplementary Movie 1), or a Plan-Apochromat 1.4 NA x100 oil objective

(Fig. 3E, F). Airyscan processing was performed on all images in Zeiss ZEN soft-
ware. Z-stacks were acquired at 0.5 pm intervals.

Live-cell imaging. Immediately before live imaging, differentiated myotubes were
stained with JF646 HaloTag Ligand (Promega) according to manufacturer speci-
fications. Imaging was performed in Fluorobrite phenol-free culture medium at
37°C, 5% CO, in a stage mounted incubator using a Zeiss LSM 880 AxioObserver
microscope with Plan-Apochromat 1.46 NA x100 oil objective, widefield fluores-
cence illumination, and Zeiss AxioCam monochrome camera (Fig. 8). For five
fast imaging movies, images were captured continuously for 30 s to 2 min with
exposure times between 100 and 500 ms. For long imaging movies, images were
captured at 1.0 s exposure time with a 15 s time lag over the course of ~50 min.

General image analysis pipeline. For each FISH experiment, 3D Airyscan con-
focal stacks in CZI format were first processed using a general automated pipeline
to obtain myofiber and nuclei masks and RNA spot coordinates (Supplementary
Fig. 1A). All code is written in Python 3 and is published open source at https://
github.com/cpkelley94/muscle-FISH. For each image, voxel dimensions and
channel wavelengths were extracted from CZI metadata, and channels were split
into 3D arrays. To detect the myofiber geometry, the FISH channel was blurred
using a 3D Gaussian kernel, and background signal was binarized using Li’s
method for automatic threshold selection®3. Nuclei were detected by thresholding
the DAPI channel using a modified Otsu’s method®4, followed by contraction of
the mask by 0.5 um in each dimension using morphological erosion. Prior to FISH
spot detection, cumulative photobleaching along the z-stack in the FISH channel
was corrected by fitting an exponential decay model to the average signal intensity
along the z-dimension and multiplying the image by the inverse. Spots were
detected using the 3D Laplacian of Gaussian method®?, with a kernel scale of 1
voxel and a threshold of 2.5%. To robustly control false positive rate, an automatic
signal-to-noise filter was applied, which removed spot calls with a maximum
intensity lower than the 90th percentile spot intensity divided by the square root of
10. For each image, fiber segmentation, nuclei detection, and FISH spot detection

were inspected by a researcher blind to gene identity, and thresholds were manually
adjusted when necessary to maintain accuracy.

For each image, FISH spot density (spots/um3) was calculated by dividing the
number of detected spots by the total myofiber volume (Fig. 1D, E). The distance
from each FISH spot to the nearest nucleus was measured by applying a Euclidean
distance transform to the nuclear mask. To generate null distributions for statistical
comparison, spot positions were randomized within the cytoplasmic compartment
10,000 times, and the distance to nearest nucleus for each randomized spot was
calculated identically as above. The experimental and null distributions were
compared using the Two-sided Mann-Whitney U test3¢ (Supplementary Fig. 1C).
For each FISH image, the dispersion was calculated as the ratio of the median
distance to nearest nucleus between the experimental and randomized distributions
(Fig. 1F, G), and these ratios were compared across genes to evaluate correlations
with mRNA abundance and length (Supplementary Fig. 1D, E)

Analysis of FISH signal periodicity. The Gapdh FISH image presented in Fig. 1C
was rotated to align the striations with the vertical axis, and the mean FISH signal
over the z- and vertical axes was plotted for 40 um along the fiber. The power
spectral density was calculated by discrete fast Fourier transform of the signal from
the entire fiber image (Fig. 1H).

Analysis of association of RNAs with cytoskeletal filaments. For each gene,
image stacks containing FISH of the RNA of interest and IF of filament proteins
were first processed using the general pipeline to generate myofiber and nucleus
segmentations and FISH spot coordinates. Microtubule and Z-disk segmentations
were generated from IF channels (Tubala and Tcap, respectively) using the Allen
Cell and Structure Segmenter®’. Filament segmentations were flattened into 2D by
maximum intensity projection along the z-dimension. The 2D distance from each
FISH spot to the nearest cytoskeletal filament was measured by applying a Eucli-
dean distance transform to filament segmentations. Spots were considered
“cytoskeleton-associated” if they were located within 2 pixels (~0.1 um) of either
filament mask. To determine if FISH spots were located more proximally to Z-disks
and microtubules than expected by chance, a null distribution was generated by
randomizing spot coordinates in the cytoplasmic compartment. The experimental
and null distributions were compared using the one-sided non-parametric Two-
sided Mann-Whitney U test (Fig. 2D).

Z-disk-microtubule intersections (ZMIs) were detected using a novel approach.
Flattened Z-disk and microtubule segmentations were skeletonized using Zhang’s
method®®, and pixels overlapping the nuclear mask were excluded. The two
skeletons were merged into a single array with four possible values at each pixel:
0 = background, 1 = Z-disk skeleton, 2 = microtubule skeleton, and 3 = both
skeletons. ZMIs were detected by searching the combined mask for a set of small
subarrays (motifs) that capture perpendicular intersections. By rotation, reflection,
and feature swapping operations, a total of 162 3 x 3 and 4 x 4 motifs were
algorithmically enumerated from a set of 14 archetypes. Template matching by fast
normalized cross-correlation®? was used to efficiently search the combined mask
for occurrences of each motif. Multiple intersections called within a radius of 2 px
were merged into a single intersection. The distance from each cytoskeleton-
associated FISH spot to the nearest ZMI was measured by applying a Euclidean
distance transform to the ZMI coordinates. To determine if cytoskeleton-associated
FISH spots were located more proximally to cytoskeletal intersections than
expected by chance, a null distribution was generated by randomizing spot
coordinates in a region of the cytoplasmic compartment within 0.25 um of either
the microtubule or Z-disk skeleton. The experimental and null distributions were
compared using the one-sided non-parametric Two-sided Mann-Whitney U test
(Fig. 2E).

Analysis of RNA spatial patterns after nocodazole treatment. For FISH spots
detected in the cytoplasm, the distance to nearest nucleus was calculated as above.
For FISH spots detected inside the nucleus, the intranuclear distance was defined as
the relative position of the spot between the centroid and periphery of the nucleus.
Intranuclear distance was measured by ray casting, using a 3D surface mesh
generated from the nuclear mask to approximate the geometry of the nuclear
envelope (Fig. 4E, F and Supplementary Fig. 3A). FISH spots were assigned to
spatial compartments (nuclear, perinuclear, cytoplasmic) using the aforementioned
feature masks, and the fraction of RNAs within the perinuclear compartment was
calculated (Fig. 4G). To normalize the perinuclear fraction metric for invariance to
myofiber geometry, we also calculated the perinuclear enrichment as the ratio of
the FISH spot densities in the perinuclear and cytoplasmic compartments, pre-
sented in Supplementary Fig. 3B. Upregulation of RNAs during culture was
assessed by comparing FISH spot density in 18 h DMSO-treated myofibers to spot
density in freshly isolated fibers (Supplementary Fig. 4D).

Estimation of RNA decay rates. For each gene, the mean cytoplasmic FISH spot
density was calculated at each time point in the actinomycin D treatment course,
and these densities were fit to an exponential decay function using the Levenberg-
Marquardt algorithm for nonlinear least squares regression® (Supplementary
Fig. 4A, B). RNA half-life was calculated from the optimized decay constant. The
ratio of RNAs >5 um from the nucleus remaining after 18 h treatment with
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nocodazole was calculated and compared to the expected ratio predicted by
exponential decay (Fig. 4M).

Analysis of perinuclear granule intensity. To enable comparisons of FISH spot
intensity across compartments and experimental conditions, spots were first seg-
mented in 3D using the Allen Cell and Structure Segmenter®”. Briefly, for each
image, the FISH channel was smoothed using a 3D Gaussian kernel with a standard
deviation of 1 pixel. Spots were detected using the multi-scale Laplacian of
Gaussian method with candidate scales of 1 and 2 pixels, and the transform was
thresholded to generate a binary mask. To split merged spots, local peaks in FISH
intensity were identified and used as seeds for watershed segmentation within the
masked area of the image. For each image, segmented FISH spots were called as
“cytoplasmic” if the entirety of the binarized blob overlapped with the cytoplasmic
mask, and spots were called as “perinuclear” if the blob at least partially overlapped
with the perinuclear mask and did not overlap with the cytoplasmic mask. The
intensity of each spot was calculated by integrating the raw FISH signal intensity
over all voxels in the binarized blob. Within an image, the relative perinuclear spot
intensity was defined as the ratio of the raw spot intensity to the median intensity
of cytoplasmic spots (Fig. 4I). The five blobs with the highest intensities were
dropped for each RNA/location/condition combination to control for false positive
detection, and the 95% confidence interval of the 95th percentile spot intensity was
estimated by bootstrapping (Fig. 4], K). Statistical significance at p <0.05 was
determined by inspecting overlap of 95% confidence intervals.

Analysis of RNA dispersion across developmental time course. RNA disper-
sion was calculated from images of myoblasts, myotubes, and myofibers (Fig. 5)
using the general image analysis pipeline to identify RNA spots and segment cells
and nuclei. Within each cell type, dispersion was compared between nocodazole
and control treatment using the Two-sided Mann-Whitney U test. Dispersion after
nocodazole treatment was then compared across cell types using the Two-sided
Mann-Whitney U test.

Analysis of perinuclear signal density. Images from IF and rRNA FISH noco-
dazole time course experiments (Figs. 6 and 7) were processed using the general
pipeline to segment total myofiber and perinuclear regions. The total signal in the
perinuclear and cytoplasmic regions was summed and divided by the total volume
of each region to obtain the signal density in each region. All statistical compar-
isons were made with the Two-sided Mann-Whitney U test.

Analysis of RNA mobility states. For five short imaging (Fig. 8B and Supple-
mentary Movie 4) and five long imaging (Fig. 8G and Supplementary Movie 9)
movies of individual myotubes, time series images were cropped and rotated in FIJI
such that the longitudinal axis of each myotube was horizontal. Photobleaching
was corrected using histogram matching and background was subtracted using a
rolling ball radius of 2 pixels. RNA tracks were obtained using the FIJI TrackMate
plugin. Quality and size thresholds for spot detection were set manually using
histograms. Linking and gap closing distance were set at 0.5 um and maximum
frame gap was set to 3. Tracks obtained for each movie were inspected and
manually linked or unlinked as needed (Fig. 8B, G). Trajectories were exported to
CSV files and analyzed in Python 3. For each track, spot coordinates were nor-
malized relative to the start position of the track. Then, the maximum distance
from the start position to any spot within the track was calculated (Fig. 8H). The
percentage of tracks that moved <1 pm (“stationary”) was calculated (Fig. 8I). For
five short imaging movies of individual myotubes, tracks were classified into one of
four categories based on maximum distance traveled along each axis of the myo-
tube, and the percentage of total tracks in each category was calculated (Fig. 8C and
Supplementary Movie 4). Particle trajectories that contained contiguous segments
in which a particle moved >1 pm without backtracking were classified as
“processive”. The distance from the start and end point of each of these segments
was calculated and divided by the elapsed time to obtain the velocity (Fig. 8E).
Particle trajectories in which a particle moved at least 1 yum and twice as far in
either the X or Y direction were classified as “crawling”. Crawling tracks often
moved for only part of the imaging time course and were stationary otherwise. To
estimate the velocity of crawling motion, the maximum velocity of any 10 con-
tinuous points along crawling tracks was calculated. Maximum distance of the
track was used as the distance traveled for “crawling” tracks. Tracks that moved
>1 pm and did not travel twice as far in either the X or Y direction were classified as
“high mobility” diffusive. Tracks that moved <1 um were classified as “low
mobility” diffusive. For both high and low mobility tracks, mean squared dis-
placement (MSD) was calculated at increasing time lags and a linear least squares
regression was performed at the first seven time lags. The slope of the regression
line was used to calculate the diffusion coefficient for each particle (Fig. 8D).

Markov simulation of RNA transport in myofibers. A discrete-time Markov
chain (DTMC) stochastic model was developed in Python and applied to simulate
RNA localization dynamics in real myofiber geometries with and without active
transport states. Fiber and nuclei masks were segmented from 3D Airyscan
microscopy images, and these masks were subtracted to define the cytoplasmic
space within which RNAs were allowed to move. During the simulation, RNAs

were randomly generated at the periphery of nuclei, with an equal probability of
spawning from each nucleus. Once generated, RNAs moved within the cytoplasm
according to a set of motion states until degradation (Fig. 9A and Supplementary
Movie 10). RNA lifetimes were modeled as exponential particle decay with
degradation rate calculated from observed half-life measured using actinomycin D
(Supplementary Fig. 4B). Production of RNAs was modeled as a Poisson process,
and production rate was calculated as the product of degradation rate, fiber
volume, and mean cytoplasmic spot density observed in FISH images of myofibers.
The time-step ¢ for the DTMC was 10 s, approximately equal to the average length
of directed transport events observed in live-cell imaging.

While moving in the cytoplasm, RNAs randomly transitioned between available
motion states, including diffusion (D), crawling transport (C), and processive
transport (P). Transition probabilities were constrained by the average number of
RNAs observed in each state during live-cell imaging (Fig. 9B). For each RNA, a
diffusion coefficient D was selected by sampling from the distribution of “low-
mobility” diffusion coefficients measured in C2C12 myotubes, smoothed by kernel
density estimation (KDE) (Fig. 8D). During each time-step, positions of RNAs in
the diffusion state were translated by a 3D Gaussian random variable with a mean
of 0 and a standard deviation of (2Df)}/2. If allowed, active transport events lasted
for a single time-step, and the distance traveled by directed motion (d. or d,,) was
sampled from KDE-smoothed distributions of distances measured in C2C12
myotubes (Fig. 8E). To model the lattice-like structure of microtubules and Z-disks,
active transport events were randomly assigned a direction along either the axial or
radial dimensions of the fiber, with a 50% probability for each. The axial unit vector
was identified by applying a medial axis transform to the fiber mask in 2D and
fitting a line to the skeleton by least squares regression. RNAs traveling in the axial
direction moved either parallel or antiparallel to the fiber with equal probability.
RNAs traveling in the radial direction were allowed to move in any 3D direction
perpendicular to the axial unit vector with equal probability. If an RNA exited the
allowed cytoplasmic space as a result of its motion during a time-step, the motion
event was reverted and sampled again. Particle positions and states were recorded
at each time-step for analysis (Fig. 9B).

Using this framework, simulations of Polr2a mRNA transport were conducted
for 360,000 time-steps (1000 h) in the following state configurations: (a) D only, (b)
D, C, and P. After discarding the initial 10% of the simulation as burn-in to
eliminate non-equilibrium effects, samples were taken every 360 time-steps (1 h),
and the average distribution of RNA across the fiber was computed across all
samples (Fig. 9C).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The source data from this study are provided along with the paper. Raw image files are
available upon request. The remaining data are available in the Article and
Supplementary Information. Source data are provided with this paper.

Code availability
The code developed during this study is available at https://github.com/cpkelley94/
muscle-FISH (https://doi.org/10.5281/zenodo.5484424).

Received: 27 March 2021; Accepted: 4 October 2021;
Published online: 27 October 2021

References

1. Martin, K. C. & Ephrussi, A. mRNA localization: gene expression in the spatial
dimension. Cell 136, 719-730 (2009).

2. Weber, S. C. & Brangwynne, C. P. Getting RNA and protein in phase. Cell
149, 1188-1191 (2012).

3. Dalla Costa, . et al. The functional organization of axonal mRNA transport
and translation. Nat. Rev. Neurosci. 22, 77-91 (2021).

4. Holt, C. E., Martin, K. C. & Schuman, E. M. Local translation in neurons:
visualization and function. Nat. Struct. Mol. Biol. 26, 557-566 (2019).

5. Takizawa, P. A. & Vale, R. D. The myosin motor, Myo4p, binds Ashl mRNA
via the adapter protein, She3p. Proc. Natl Acad. Sci. USA 97, 5273-5278
(2000).

6. Turner-Bridger, B. et al. Single-molecule analysis of endogenous p-actin
mRNA trafficking reveals a mechanism for compartmentalized mRNA
localization in axons. Proc. Natl Acad. Sci. USA 115, E9697-E9706 (2018).

7. Bentzinger, C. F., Wang, Y. X. & Rudnicki, M. A. Building muscle: molecular
regulation of myogenesis. Cold Spring Harb. Perspect. Biol. 4, 2008342 (2012).

8.  Bruusgaard, J. C,, Liestol, K. & Gundersen, K. Distribution of myonuclei and
microtubules in live muscle fibers of young, middle-aged, and old mice. J.
Appl. Physiol. 100, 2024-2030 (2006).

| (2021)12:6079 | https://doi.org/10.1038/541467-021-26383-9 | www.nature.com/naturecommunications 17


https://github.com/cpkelley94/muscle-FISH
https://github.com/cpkelley94/muscle-FISH
https://doi.org/10.5281/zenodo.5484424
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Bruusgaard, J. C.,, Liestel, K., Ekmark, M., Kollstad, K. & Gundersen, K.
Number and spatial distribution of nuclei in the muscle fibres of normal mice
studied in vivo. J. Physiol. 551, 467-478 (2003).

Hansson, K.-A., Solbra, A. V., Gundersen, K. & Bruusgaard, J. C.
Computational assessment of transport distances in living skeletal muscle
fibers studied in situ. Biophys. J. 119, 2166-2178 (2020).

Hansson, K.-A. et al. Myonuclear content regulates cell size with similar
scaling properties in mice and humans. Nat. Commun. 11, 6288 (2020).
Swanson, J. A., Lee, M. & Knapp, P. E. Cellular dimensions affecting the
nucleocytoplasmic volume ratio. J. Cell Biol. 115, 941-948 (1991).

Pavlath, G. K., Rich, K., Webster, S. G. & Blau, H. M. Localization of muscle
gene products in nuclear domains. Nature 337, 570-573 (1989).

Banerjee, A., Apponi, L. H., Pavlath, G. K. & Corbett, A. H. PABPNI:
molecular function and muscle disease. FEBS J. 280, 4230-4250 (2013).
Guo, W. et al. RBM20, a gene for hereditary cardiomyopathy, regulates titin
splicing. Nat. Med. 18, 766-773 (2012).

Kanadia, R. N. et al. A muscleblind knockout model for myotonic dystrophy.
Science 302, 1978-1980 (2003).

Picchiarelli, G. & Dupuis, L. Role of RNA Binding Proteins with prion-like
domains in muscle and neuromuscular diseases. Cell Stress 4, 76-91 (2020).
Zarnescu, D. C. & Gregorio, C. C. Fragile hearts: new insights into
translational control in cardiac muscle. Trends Cardiovasc. Med. 23, 275-281
(2013).

Thornton, C. A. Myotonic dystrophy. Neurol. Clin. 32, 705-719 (2014).
Weihl, C. C. et al. TDP-43 accumulation in inclusion body myopathy muscle
suggests a common pathogenic mechanism with frontotemporal dementia. J.
Neurol. Neurosurg. Psychiatry 79, 1186-1189 (2008).

Dix, D. J. & Eisenberg, B. R. Myosin mRNA accumulation and
myofibrillogenesis at the myotendinous junction of stretched muscle fibers. J.
Cell Biol. 111, 1885-1894 (1990).

Sanes, J. R. et al. Selective expression of an acetylcholine receptor-lacZ
transgene in synaptic nuclei of adult muscle fibers. Dev. Camb. Engl. 113,
1181-1191 (1991).

Nevalainen, M., Kaakinen, M. & Metsikko, K. Distribution of mRNA
transcripts and translation activity in skeletal myofibers. Cell Tissue Res. 353,
539-548 (2013).

Ralston, E. & Hall, Z. W. Restricted distribution of mRNA produced from a
single nucleus in hybrid myotubes. J. Cell Biol. 119, 1063-1068 (1992).
Ralston, E., McLaren, R. S. & Horowitz, J. A. Nuclear domains in skeletal
myotubes: the localization of transferrin receptor mRNA is independent of its
half-life and restricted by binding to ribosomes. Exp. Cell Res. 236, 453462
(1997).

Dix, D. J. & Eisenberg, B. R. In situ hybridization and immunocytochemistry
in serial sections of rabbit skeletal muscle to detect myosin expression. J.
Histochem. Cytochem. 36, 1519-1526 (1988).

Mitsui, T. et al. Preferential subsarcolemmal localization of dystrophin and
beta-dystroglycan mRNA in human skeletal muscles. J. Neuropathol. Exp.
Neurol. 56, 94-101 (1997).

Nissinen, M., Kaisto, T., Salmela, P., Peltonen, J. & Metsikko, K. Restricted
distribution of mRNAs encoding a sarcoplasmic reticulum or transverse tubule
protein in skeletal myofibers. J. Histochem. Cytochem. 53, 217-227 (2005).
Kann, A. P. & Krauss, R. S. Multiplexed RNAscope and immunofluorescence
on whole-mount skeletal myofibers and their associated stem cells.
Development 146, dev179259 (2019).

Shoemaker, S. D., Ryan, A. F. & Lieber, R. L. Transcript-specific mRNA
trafficking based on the distribution of coexpressed myosin isoforms. Cells
Tissues Organs 165, 10-15 (1999).

Cripe, L., Morris, E. & Fulton, A. B. Vimentin mRNA location changes during
muscle development. Proc. Natl Acad. Sci. USA 90, 2724-2728 (1993).
Fulton, A. B. & Alftine, C. Organization of protein and mRNA for titin and
other myofibril components during myofibrillogenesis in cultured chicken
skeletal muscle. Cell Struct. Funct. 22, 51-58 (1997).

Pomeroy, M. E., Lawrence, J. B, Singer, R. H. & Billings-Gagliardi, S.
Distribution of myosin heavy chain mRNA in embryonic muscle tissue
visualized by ultrastructural in situ hybridization. Dev. Biol. 143, 58-67
(1991).

Choi, H. M. T. et al. Third-generation in situ hybridization chain reaction:
multiplexed, quantitative, sensitive, versatile, robust. Development 145,
dev165753 (2018).

Lyons, S. M. et al. A subset of replication-dependent histone mRNAs are
expressed as polyadenylated RNAs in terminally differentiated tissues. Nucleic
Acids Res. 44, 9190-9205 (2016).

Shah, S. et al. Single-molecule RNA detection at depth by hybridization chain
reaction and tissue hydrogel embedding and clearing. Development 143,
2862-2867 (2016).

Rudolph, F. et al. Resolving titin’s lifecycle and the spatial organization of
protein turnover in mouse cardiomyocytes. Proc. Natl Acad. Sci. USA 116,
25126-25136 (2019).

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Oddoux, S. et al. Microtubules that form the stationary lattice of muscle fibers
are dynamic and nucleated at Golgi elements. J. Cell Biol. 203, 205-213 (2013).
Hippenmeyer, S., Huber, R. M., Ladle, D. R,, Murphy, K. & Arber, S. ETS
transcription factor Erm controls subsynaptic gene expression in skeletal
muscles. Neuron 55, 726-740 (2007).

Friedel, C. C., Délken, L., Ruzsics, Z., Koszinowski, U. H. & Zimmer, R.
Conserved principles of mammalian transcriptional regulation revealed by
RNA half-life. Nucleic Acids Res. 37, €115 (2009).

Papadopoulos, S., Jiirgens, K. D. & Gros, G. Protein diffusion in living skeletal
muscle fibers: dependence on protein size, fiber type, and contraction. Biophys.
J. 79, 2084-2094 (2000).

Denes, L. T. et al. Culturing C2C12 myotubes on micromolded gelatin
hydrogels accelerates myotube maturation. Skelet. Muscle 9, 17 (2019).
Pichon, X. et al. The kinesin KIF1C transports APC-dependent mRNAs to cell
protrusions. bioRxiv https://doi.org/10.1101/2020.11.30.403394 (2020).
Sahoo, P. K. et al. Axonal G3BP1 stress granule protein limits axonal mRNA
translation and nerve regeneration. Nat. Commun. 9, 3358 (2018).
Vasudevan, S. & Steitz, J. A. AU-rich-element-mediated upregulation of
translation by FXR1 and Argonaute 2. Cell 128, 1105-1118 (2007).

Estan, M. C. et al. Recessive mutations in muscle-specific isoforms of FXR1
cause congenital multi-minicore myopathy. Nat. Commun. 10, 797 (2019).
Arnold, E. S. et al. ALS-linked TDP-43 mutations produce aberrant RNA
splicing and adult-onset motor neuron disease without aggregation or loss of
nuclear TDP-43. Proc. Natl Acad. Sci. USA 110, E736-E745 (2013).

Chu, J.-F., Majumder, P., Chatterjee, B., Huang, S.-L. & Shen, C.-K. ]. TDP-43
regulates coupled dendritic mRNA transport-translation processes in co-
operation with FMRP and Staufenl. Cell Rep. 29, 3118-3133 (2019). e6.
Wang, E. T. et al. Transcriptome-wide regulation of Pre-mRNA splicing and
mRNA localization by muscleblind proteins. Cell 150, 710-724 (2012).
Buxbaum, A. R,, Haimovich, G. & Singer, R. H. In the right place at the right
time: visualizing and understanding mRNA localization. Nat. Rev. Mol. Cell
Biol. 16, 95-109 (2015).

Moon, S. L., Morisaki, T., Stasevich, T. J. & Parker, R. Coupling of translation
quality control and mRNA targeting to stress granules. J. Cell Biol. 219,
€202004120 (2020).

Morisaki, T. et al. Real-time quantification of single RNA translation
dynamics in living cells. Science https://doi.org/10.1126/science.aaf0899
(2016).

Zhao, N. et al. A genetically encoded probe for imaging nascent and mature
HA-tagged proteins in vivo. Nat. Commun. 10, 2947 (2019).

Park, H. Y. et al. Visualization of dynamics of single endogenous mRNA
labeled in live mouse. Science 343, 422-424 (2014).

Yoon, Y. J. et al. Glutamate-induced RNA localization and translation in
neurons. Proc. Natl Acad. Sci. USA 113, E6877-E6886 (2016).

Pinheiro, H. et al. mRNA distribution in skeletal muscle is associated with
mRNA size. J. Cell Sci. https://doi.org/10.1242/jcs.256388 (2021).

Fulton, A. B. Spatial organization of the synthesis of cytoskeletal proteins. J.
Cell. Biochem. 52, 148-152 (1993).

Lewis, Y. E. et al. Localization of transcripts, translation, and degradation for
spatiotemporal sarcomere maintenance. J. Mol. Cell. Cardiol. 116, 16-28
(2018).

Scarborough, E. A. et al. Microtubules orchestrate local translation to enable
cardiac growth. Nat. Commun. 12, 1547 (2021).

Villa, A. et al. The endoplasmic reticulum-sarcoplasmic reticulum connection.
II. Postnatal differentiation of the sarcoplasmic reticulum in skeletal muscle
fibers. Exp. Cell Res. 209, 140-148 (1993).

Avellaneda, J. et al. Myofibril and mitochondria morphogenesis are
coordinated by a mechanical feedback mechanism in muscle. Nat. Commun.
12, 2091 (2021).

Willingham, T. B., Kim, Y., Lindberg, E., Bleck, C. K. E. & Glancy, B. The
unified myofibrillar matrix for force generation in muscle. Nat. Commun. 11,
3722 (2020).

Glancy, B. et al. Mitochondrial reticulum for cellular energy distribution in
muscle. Nature 523, 617-620 (2015).

Harris, K. M. & Stevens, J. K. Dendritic spines of CA 1 pyramidal cells in the
rat hippocampus: serial electron microscopy with reference to their
biophysical characteristics. J. Neurosci. 9, 2982-2997 (1989).

Perhonen, M., Sharp, W. W. & Russell, B. Microtubules are needed for
dispersal of alpha-myosin heavy chain mRNA in rat neonatal cardiac
myocytes. J. Mol. Cell. Cardiol. 30, 1713-1722 (1998).

Tapley, E. C. & Starr, D. A. Connecting the nucleus to the cytoskeleton by
SUN-KASH bridges across the nuclear envelope. Curr. Opin. Cell Biol. 25,
57-62 (2013).

Wilson, M. H. & Holzbaur, E. L. F. Opposing microtubule motors drive robust
nuclear dynamics in developing muscle cells. J. Cell Sci. 125, 4158-4169
(2012).

Alam, S. G. et al. The mammalian LINC complex regulates genome
transcriptional responses to substrate rigidity. Sci. Rep. 6, 38063 (2016).

| (2021)12:6079 | https://doi.org/10.1038/541467-021-26383-9 | www.nature.com/naturecommunications


https://doi.org/10.1101/2020.11.30.403394
https://doi.org/10.1126/science.aaf0899
https://doi.org/10.1242/jcs.256388
www.nature.com/naturecommunications

ARTICLE

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Li, P. & Noegel, A. A. Inner nuclear envelope protein SUN1 plays a prominent
role in mammalian mRNA export. Nucleic Acids Res. 43, 9874-9888 (2015).
Nagano, A. et al. Emerin deficiency at the nuclear membrane in patients with
Emery-Dreif uss muscular dystrophy. Nat. Genet. 12, 254-259 (1996).
Muchir, A. et al. Identification of mutations in the gene encoding lamins A/C
in autosomal dominant limb girdle muscular dystrophy with atrioventricular
conduction disturbances (LGMD1B). Hum. Mol. Genet. 9, 1453-1459 (2000).
Liu, J. et al. Regulation of myonuclear positioning and muscle function by the
skeletal muscle-specific CIP protein. Proc. Natl Acad. Sci. USA 117,
19254-19265 (2020).

McCarthy, J. J. & Esser, K. A. Counterpoint: satellite cell addition is not obligatory
for skeletal muscle hypertrophy. J. Appl. Physiol. 103, 1100-1102 (2007).
Vogler, T. O. et al. TDP-43 and RNA form amyloid-like myo-granules in
regenerating muscle. Nature 563, 508-513 (2018).

Oddoux, S. et al. Misplaced golgi elements produce randomly oriented
microtubules and aberrant cortical arrays of microtubules in dystrophic
skeletal muscle fibers. Front. Cell Dev. Biol. 7, 176 (2019).

Folker, E. S. & Baylies, M. K. Nuclear positioning in muscle development and
disease. Front. Physiol. 4, 363 (2013).

Fernandez, C., Figarella-Branger, D., Alla, P., Harl¢, J.-R. & Pellissier, J.-F.
Colchicine myopathy: a vacuolar myopathy with selective type I muscle fiber
involvement. An immunohistochemical and electron microscopic study of two
cases. Acta Neuropathol. 103, 100-106 (2002).

Doyle, M. & Kiebler, M. A. Mechanisms of dendritic mRNA transport and its
role in synaptic tagging. EMBO J. 30, 3540-3552 (2011).

Bauer, K. E. et al. Live cell imaging reveals 3-UTR dependent mRNA sorting
to synapses. Nat. Commun. 10, 3178 (2019).

Pasut, A, Jones, A. E. & Rudnicki, M. A. Isolation and culture of individual
myofibers and their satellite cells from adult skeletal muscle. J. Vis. Exp.
https://doi.org/10.3791/50074 (2013).

Li, X. et al. piggyBac transposase tools for genome engineering. Proc. Natl
Acad. Sci. USA 110, E2279-E2287 (2013).

Wyborski, D. L., Bauer, J. C. & Vaillancourt, P. Bicistronic expression of
ecdysone-inducible receptors in mammalian cells. BioTechniques 31, 618-620
(2001).

Li, C. H. & Tam, P. K. S. An iterative algorithm for minimum cross entropy
thresholding. Pattern Recognit. Lett. 19, 771-776 (1998).

Otsu, N. A threshold selection method from gray-level histograms. IEEE
Trans. Syst. Man Cybern. 9, 62-66 (1979).

Lindeberg, T. Feature detection with automatic scale selection. Int. J. Comput.
Vis. 30, 79-116 (1998).

Mann, H. B. & Whitney, D. R. On a test of whether one of two random
variables is stochastically larger than the other. Ann. Math. Stat. 18, 50-60
(1947).

Chen, J. et al. The Allen Cell and Structure Segmenter: a new open source
toolkit for segmenting 3D intracellular structures in fluorescence microscopy
images. bioRxiv https://doi.org/10.1101/491035 (2020).

Zhang, T. Y. & Suen, C. Y. A fast parallel algorithm for thinning digital
patterns. Commun. ACM 27, 236-239 (1984).

Briechle, K. & Hanebeck, U. D. Optical Pattern Recognition XII. Vol. 4387.
p. 95-102 (International Society for Optics and Photonics, 2001).

90. Levenberg, K. A method for the solution of certain non-linear problems in
least squares. Q. Appl. Math. 2, 164-168 (1944).

Acknowledgements

We thank Maury Swanson, Karyn Esser, Andy Berglund, Gary Bassell, Laura Ranum,
members of the Wang Lab, and members of the University of Florida Center for Neu-
rogenetics for helpful comments and suggestions. This work was supported by an NSF
Graduate Research Fellowship to CPK; and NIH ROINS114253 and a Chan-Zuckerberg
Initiative Ben Barres Career Acceleration Award to ETW.

Author contributions

L.T.D. designed and performed all myofiber and cell culture experiments. L.T.D. and
C.P.K. designed and implemented all quantitative image and computational analyses.
E.T.W. supervised and helped design all aspects of the study. L.T.D., C.P.K. and E.T.W.
wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-26383-9.

Correspondence and requests for materials should be addressed to Eric T. Wang.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

= Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:6079 | https://doi.org/10.1038/541467-021-26383-9 | www.nature.com/naturecommunications 19


https://doi.org/10.3791/50074
https://doi.org/10.1101/491035
https://doi.org/10.1038/s41467-021-26383-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Microtubule-based transport is essential to distribute RNA and nascent protein in skeletal muscle
	Results
	RNAs are dispersed throughout skeletal myofibers
	RNAs co-localize with Z-nobreakdisks and microtubules
	NMJ-specific RNAs co-localize with Z-nobreakdisks and microtubules around the NMJ
	RNAs accumulate in the perinuclear region of myofibers after microtubule ablation
	Perinuclear RNAs gather in large granules after microtubule ablation
	Effects of microtubule depolymerization on nuclear processes
	Cytoplasmic RNA depletion following nocodazole treatment is predicted by half-life
	Muscle maturation restricts microtubule-independent mRNA dispersion
	Microtubule depolymerization disrupts spatially dispersed protein synthesis
	mRNAs are localized to Z-nobreakdisks and microtubules independently of translation
	Factors regulating translation and transport of RNPs co-accumulate with trapped mRNA
	RNAs exhibit restricted diffusion and directed transport in live myotubes
	Computational simulation demonstrates observed directed transport is necessary and sufficient for RNA dispersion in myofibers

	Discussion
	Methods
	Statistics and reproducibility
	Extensor digitorum longus myofiber isolation
	Ex vivo myofiber culture
	C2C12 mouse myoblasts
	Generation of inducible C2C12 myoblast stable cell lines
	Generation of C2C12 myoblast cell lines for live-cell RNA tracking
	C2C12 myotube differentiation
	Plasmids and cloning
	Antibodies
	Drug treatments
	HCR RNA smFISH and immunofluorescence
	Puromycylation
	Fixed sample imaging
	Live-cell imaging
	General image analysis pipeline
	Analysis of FISH signal periodicity
	Analysis of association of RNAs with cytoskeletal filaments
	Analysis of RNA spatial patterns after nocodazole treatment
	Estimation of RNA decay rates
	Analysis of perinuclear granule intensity
	Analysis of RNA dispersion across developmental time course
	Analysis of perinuclear signal density
	Analysis of RNA mobility states
	Markov simulation of RNA transport in myofibers

	Reporting summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




