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Abstract
It is widely assumed that synthesis of membrane proteins, particularly in the heart, follows the classical secretory pathway 
with mRNA translation occurring in perinuclear regions followed by protein trafficking to sites of deployment. However, 
this view is based on studies conducted in less-specialized cells, and has not been experimentally addressed in cardiac myo-
cytes. Therefore, we undertook direct experimental investigation of protein synthesis in cardiac tissue and isolated myocytes 
using single-molecule visualization techniques and a novel proximity-ligated in situ hybridization approach for visualizing 
ribosome-associated mRNA molecules for a specific protein species, indicative of translation sites. We identify here, for the 
first time, that the molecular machinery for membrane protein synthesis occurs throughout the cardiac myocyte, and enables 
distributed synthesis of membrane proteins within sub-cellular niches where the synthesized protein functions using local 
mRNA pools trafficked, in part, by microtubules. We also observed cell-wide distribution of membrane protein mRNA in 
myocardial tissue from both non-failing and hypertrophied (failing) human hearts, demonstrating an evolutionarily con-
served distributed mechanism from mouse to human. Our results identify previously unanticipated aspects of local control 
of cardiac myocyte biology and highlight local protein synthesis in cardiac myocytes as an important potential determinant 
of the heart’s biology in health and disease.

Keywords Heart · Translation · Local protein synthesis · Membrane proteins

Introduction

Membrane proteins, such as ion channels, transporters, 
and receptors, are crucial determinants of cellular biology 
and physiology. This is especially true in electrically excit-
able cells, such as cardiac myocytes, where they play key 
roles in the generation and propagation of action potentials, 
and in contractility. Despite significant progress in study-
ing the structure and function of cardiomyocyte membrane 
transport proteins [9, 23, 32, 35, 54], fundamental aspects 
of their biology, vis-à-vis synthesis, processing, and traf-
ficking remain poorly understood. In this regard, classical 
cell biology holds to a central dichotomy between cytosolic 
proteins and membrane proteins: cytosolic proteins are syn-
thesized throughout the cellular space by translating mRNAs 
delivered through intracellular trafficking on ribosomes 
found in the cytoplasm. Indeed, cardiac contractile proteins 
(cytosolic) have been recently shown to be synthesized in 
the cytoplasmic space, utilizing mRNA trafficked from the 
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perinuclear region along microtubules [33, 48]. In contrast, 
membrane proteins are thought to follow the classical secre-
tory pathway for their synthesis. It is generally thought that 
messenger RNA (mRNA) for membrane proteins, such as 
ion channels, are more restricted and only centrally trans-
lated in the perinuclear rough endoplasmic reticulum (ER) 
and newly synthesized proteins are processed in the Golgi 
network before being trafficked from perinuclear regions to 
sites of deployment throughout the cell [25]. Previous stud-
ies investigating the trafficking of some cardiac membrane 
proteins, such as connexin43 (Cx43; encoded by Gja1), 
supported this view [49–51]. However, the principle that 
all membrane proteins follow the secretory pathways does 
not hold true in all mammalian cell types. Indeed, in highly 
polarized, structurally heterogeneous cells, such as neu-
rons and glial cells, membrane proteins can be synthesized 
locally, near their sites of deployment, conferring major 
advantages in terms of the cell’s adaptability and efficiency 
[24, 26, 30, 38].

Cardiac myocytes are large, polarized, terminally dif-
ferentiated cells (100 µm long × 20 µm wide × 10 µm deep) 
organized into periodic contractile modules called sarcom-
eres. Much of the ER in a cardiac myocyte, termed the 
sarcoplasmic reticulum (SR), is distributed throughout the 
myocyte, is specialized to store large amounts of  Ca2+, and 
wraps itself around the contractile apparatus. SR  Ca2+ is 
rapidly released and re-sequestered during each heartbeat 
through the successive engagement of ryanodine receptor 
 Ca2+ release channels (RyR2; encoded by Ryr2) and SR 
 Ca2+ ATPase (SERCA2a; encoded by Atp2a2), respectively. 
To mediate excitation–contraction (EC) coupling, the SR 
closely abuts (< 20 nm) invaginations of the sarcolemma, 
transverse tubules (T-tubules), that carry voltage depend-
ent  Ca2+ channels. Local control of SR  Ca2+ release is a 
well-established hallmark of cardiac myocyte  Ca2+ signal-
ing [10]. Under both physiological and pathological stress, 
cardiac myocytes undergo hypertrophic growth, driven in 
significant part by new protein synthesis, including mem-
brane proteins, and new sarcomere assembly, along with 
new SR and T-tubule elements [19, 48, 53]. However, the 
mechanisms underlying such protein synthesis in the nor-
mal and hypertrophic heart remain unclear. Therefore, we 
examined where and how membrane proteins are produced 
in adult mouse cardiac myocytes. We utilized a combined 
experimental and computational modeling approach, which 
included single-molecule mRNA visualization and a novel 
proximity-ligated in situ hybridization approach for selec-
tively visualizing ribosome-associated mRNA molecules 
of a specific protein species. We identify here, for the first 
time, that the molecular machinery for membrane protein 
synthesis and processing occurs throughout the cardiac myo-
cyte, and enables distributed synthesis of membrane proteins 
within sub-cellular niches using on-site mRNA provided, 

at least in part, by microtubule trafficking. We also iden-
tify distributed localization of membrane protein mRNA in 
both healthy and failing (hypertrophied) human ventricular 
tissue, demonstrating an evolutionarily conserved distrib-
uted mechanism from mouse to human. Taken together, our 
results identify previously unanticipated aspects of cardiac 
myocyte biology and highlight distributed synthesis of mem-
brane proteins in cardiac myocytes as an important potential 
determinant of the heart’s adaptability in health and disease.

Methods

All animal procedures were approved by Institutional Ani-
mal Care and Use Committee at The Ohio State Univer-
sity and performed in accordance with the Guide for the 
Care and Use of Laboratory Animals published by the U.S. 
National Institutes of Health (NIH Publication No. 85–23, 
revised 2011). A brief description of the experimental and 
simulation methods is provided below with more detailed 
descriptions included in the Supplement.

Adult mouse cardiac tissue sections

Mouse hearts were isolated and frozen in optimal cut-
ting temperature medium for cryosectioning as previously 
described [39, 52]. Cryosections (5 µm thick) were used for 
RNA labeling experiments.

Adult mouse cardiac myocyte isolation and primary 
culture

Cardiac myocytes were enzymatically isolated from 8- to 
12-week-old male C57BL6 mice and maintained in primary 
culture using the methods described by Ackers-Johnson 
et al. [1].

Pharmacological perturbations

Myocytes were treated with the following pharmacological 
agents:

i) Colchicine, microtubule inhibitor [(Sigma-Aldrich, Cat 
#: C9754), applied at 10 µM for 8 and 24 h]

ii) Cytochalasin-D, acto-myosin inhibitor [(Sigma-Aldrich, 
Cat #: C8273), applied at 10 µM for 8 and 24 h]

iii) Puromycin, translation inhibitor [(Sigma-Aldrich, Cat #: 
P9620), applied at 200 µg/ml for 1.5 h]

iv) Cycloheximide, translation–elongation inhibitor 
[(Sigma-Aldrich, Cat #: 01,810), applied at 50 µg/ml 
for 1.5 h]

v) MHY1485, mTOR activator [(Sigma-Aldrich, Cat #: 
5,005,540,001), applied at 2 µM for 3 h].
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Fluorescent immunolabeling

Tissue sections and cells were fixed using paraformaldehyde 
and immunolabeled as previously described [5, 52]. Briefly, 
samples were permeabilized, treated with blocking agent, 
and labeled with primary antibodies (overnight at 4 °C). To 
label components of the protein synthesis machinery, we 
used well-established antibodies, the specificity of which 
was verified by either genetic methods or immunogold stain-
ing [34, 37, 45, 55, 58, 61]. Target selectivity was further 
corroborated by independent antibody testing using two 
different antibodies with non-overlapping epitopes for the 
same protein target. The list of antibodies includes: Sec61b 
(Abcam, ab15576) [61], Sec61a1 (ThermoFisher Scientific, 
PA1-21,773), Rpl22 (Novus, NBP1-06,069) [34], Sec23a 
(Novus Biologicals, NBP2-34,842 and ThermoFisher Sci-
entific, PA1-069A) [22, 60], TGN38 (Bio-Rad Laboratories, 
AHP499G and ThermoFisher Scientific, PA1-84,496) [13, 
55, 58], and GM130 (BD, 558,712 and 610,823) [37, 45]. 
Subsequently, samples were labeled with fluorescent sec-
ondary antibodies before being mounted in ProLong Gold.

RNAscope in situ hybridization

Individual mRNA molecules were visualized using 
RNAScope Multiplex Fluorescent Reagent Kit v2, imple-
mented per manufacturer-recommended protocols. Briefly, 
isolated cells and fresh-frozen tissue sections were fixed 
using paraformaldehyde, dehydrated using ethanol, and 
stored in 100% ethanol at -20 °C. Samples were then rehy-
drated for hybridization and incubation steps performed per 
manufacturer’s recommendations.

Messenger RNA–ribosomal RNA proximity‑ligated in 
situ hybridization (MR‑PLISH)

To visualize sites of active translation for a specific mRNA 
species, we developed MR-PLISH. Our method builds on a 
method previously published by Lewis and colleagues [33], 
increasing specificity and improving compatibility with vari-
ous mRNA species. Briefly, probes hybridized to the mRNA 
species of interest and 18S ribosomal RNA (Rn18s) were 
conjugated, respectively, to digoxigenin (DIG) and 2,4-dini-
trophenol (DNP). These were in turn labeled with anti-DIG 
and anti-DNP antibodies and a proximity ligation approach 
used to generate fluorophores in situ through a rolling circle 
polymerization reaction at sites where anti-DIG and anti-
DNP antibodies occur within ~ 40 nm of each other [6, 59].

Confocal microscopy and image analysis

Samples were imaged using an A1R-HD laser scanning 
confocal microscope with individual fluorophores being 

imaged sequentially. Additionally, in a subset of cases, a 
differential interference contrast (DIC) image was collected 
concurrently via a transmitted light detector. Image analysis 
was then performed using morphological object localization 
(MOL), a custom algorithm implemented in Matlab (Math-
works Inc, Natick, MA), to assess signal abundance as well 
as localization (distance from fluorescent signals to closest 
point on the nuclear perimeter).

Statistics

Signal localization data presented as mean cumulative distri-
bution functions (CDFs) with shaded regions around CDFs 
indicating standard deviations (SD). To ensure robustness 
of this approach, we also compared mean CDFs ± SD with 
median CDFs ± median absolute deviation (MAD) and 
global CDFs (calculated by pooling distance measurements 
from all cells within each group). All three approaches 
yielded CDFs that were in close agreement (Supplemen-
tary Fig. 1). Pair-wise differences between mean CDFs were 
evaluated using the two-sample Kolmogorov–Smirnov test. 
Signal density is presented as the median ± MAD, and pair-
wise differences were evaluated using the two-sample Wil-
coxon rank sum test. An α value of 0.05 was used for all 
statistical tests. The number of experiments is indicated in 
the figure legends. All data are presented as median ± MAD 
unless otherwise noted.

Mathematical modeling

Using a well-established approach [12, 14], we simulated the 
distribution of mRNA in the cytoplasm using a simple traf-
ficking model, the 1D advection–diffusion partial differential 
equation �ui
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 , using nonlinear least squares curve fitting. Degradation 

rate d is assumed to be the same for all mRNA species, and 
velocity a

i
 is set to 0 for colchicine conditions.

Human heart samples

Human heart tissue research was approved by The Ohio State 
University Institutional Review Board in accordance with 
all relevant ethical regulations. Informed consent for tissue 
collection for research use was obtained from transplant 



 Basic Research in Cardiology (2021) 116:63

1 3

63 Page 4 of 16

patients and families of donors. Human heart samples used 
in this study were freshly frozen blocks of tissue deidentified 
and labeled with 6-digit random reference codes. Failing 
heart samples were obtained from patients with left-ven-
tricular hypertrophy and non-ischemic heart failure, while 
non-failing control samples were from healthy donors with 
no history of heart failure. Samples were obtained from The 
Ohio State University Cardiac Research Tissue Program and 
in collaboration with the LifeLine of Ohio Organ Procure-
ment Organization. All hearts obtained were immediately 
flushed with cardioplegic solution following removal from 
donors/patients as described previously [11]. The hearts 
were transferred to the laboratory (within 10–30 min) in 
cold cardioplegic solution containing (in mM): 110 NaCl, 
16 KCL, 16  MgCl2, 10  NaHCO3, and 0.5  CaCl2, and tissue 
blocks were frozen in optimal cutting temperature medium 
for cryosectioning as described above.

Results

Distinct distribution of sarcolemmal (SL) 
and sarcoplasmic reticulum (SR) membrane protein 
mRNA in murine myocardium and isolated cardiac 
myocytes

Despite significant progress in studying the structure and 
function of cardiac myocyte membrane transport proteins, 
fundamental aspects of their biology, vis-à-vis synthesis, 
processing, and trafficking remain poorly understood. To 
gain new fundamental insights into the production of car-
diac membrane proteins, we examined the distribution of 
mRNA templates for synthesis of several key SL membrane 
proteins, Cx43 (encoded by Gja1),  NaV1.5 (encoded by 
Scn5a), and  CaV1.2 (encoded by Cacna1c), and SR mem-
brane proteins, RyR2 (encoded by Ryr2), and SERCA2a 
(encoded by Atp2a2), in the adult mouse heart. Fluorescence 
in situ hybridization capable of single-molecule sensitivity 
(RNAScope™) in combination with confocal microscopy 
enabled visualization of mRNA molecules as punctate fluo-
rescent signals [16]. In murine myocardial tissue sections, 
this method revealed the presence of signals for Ryr2 [RyR2 
protein] and Atp2a2 [SERCA2a protein] mRNA through-
out the cytosolic space (Fig. 1A), suggesting the intriguing 
possibility that mRNA templates for the synthesis of these 
membrane proteins are distributed throughout cardiac myo-
cytes to support on-site protein synthesis within their func-
tional niches. To test this hypothesis, we undertook more 
in-depth studies in cardiac myocytes isolated from adult 
mouse ventricles (Fig. 1 B-F, left), which afford sufficient 
experimental control. The specificity of the RNAScope sig-
nals was demonstrated by negative control experiments in 
rat cardiac myocytes (Supplementary Fig. 2), where even 

homologous mRNA species were not detected by the engi-
neered murine mRNA probes.

The SL membrane proteins Cx43 (encoded by Gja1) and 
 NaV1.5 (encoded by Scn5a) are known to be preferentially 
localized to the intercalated disks (IDs) with the latter also 
found in surface sarcolemma and transverse tubules [56]. 
Following synthesis in the perinuclear region, these proteins 
are thought to move to the IDs via the canonical secretory 
protein trafficking (SPT) pathway [3, 20, 25]. In accordance 
with this notion, mRNAs for these proteins, especially Gja1, 
appeared to localize mainly to the nuclei and perinuclear 
regions of myocytes (Fig. 1B, C, left). On the other hand, 
 CaV1.2 (encoded by Cacna1c) localizes to the transverse 
tubules, while SERCA2a (encoded by Atp2a2) and RyR2 
(encoded by Ryr2) localize to SR membranes [4, 27]. Previ-
ous studies suggested that trafficking of these proteins may 
also rely on the canonical SPT mechanism [3, 25, 44, 62]. 
Surprisingly, mRNA for several of these proteins, in addition 
to being present in and around the nuclei, exhibited cell-
wide distribution (Fig. 1D-F, left). This pattern was most 
pronounced for the Atp2a2 [encoding SERCA2a] signal that 
was widely distributed throughout the myocyte. We applied 
a distance transform-based approach to quantitatively assess 
the spatial distribution of RNAScope signals relative to the 
nuclei. Cumulative distribution functions (CDFs) of the 
shortest distance from the nuclear perimeter provide con-
venient parameterization of mRNA localization within the 
myocyte (Fig. 1B-F, right). In each case, the CDFs for all 
voxels within the cytosolic space (Fig. 1B-F; dashed black 
lines) and for those located at the cell periphery (Fig. 1B-F; 
dotted black lines) are overlaid to provide context. Whereas 
the CDF for any mRNA species uniformly distributed 
throughout the cytosol would align with the all-points cyto-
solic CDF, the CDF for the cell periphery indicates the outer 
limit for any intracellular signals. The CDFs (Fig. 1 B-F, 
right) and distances to 50% signal abundance (Fig. 1G) sug-
gest that mRNAs for cardiomyocyte SL and SR membrane 
ion transport proteins follow three spatially distinguishable 
distribution patterns: perinuclear (Gja1 [Cx43]), cell-wide 
(Atp2a2 [SERCA2a], Ryr2 [RyR2]), and an intermediate 
pattern (Cacna1c  [CaV1.2], Scn5a  [NaV1.5]).

The abundance of mRNA normalized to cytosolic vol-
ume for these species was lowest for Scn5a  [NaV1.5] and 
highest for Atp2a2 [SERCA2a], with the other species at 
intermediate levels (Supplementary Fig. 3). We exam-
ined mRNA distribution in the cytosolic space between 
nuclei, since this region is especially rich in ER and 
Golgi structures. Although the mRNA signal density in 
the internuclear space was higher compared to the rest of 
the cytosol (but lower than within the nuclei), the remain-
ing cytosolic space accounted for much greater mRNA 
signal mass relative to the internuclear space (Supple-
mentary Fig. 4A). Furthermore, inclusion or exclusion 
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of the internuclear space did not appreciably alter the 
spatial distribution of cytosolic mRNA signals for any of 
the species tested (Supplementary Fig. 4B). Intriguingly, 
in most myocytes, Atp2a2 mRNA [encoding SERCA2a] 
displayed a cross-striated pattern of organization (Fig. 1F, 
dashed white ellipse; Supplementary Fig. 5A-E). Com-
parison of intensity profiles for Atp2a2 mRNA fluores-
cence and transmitted light signals revealed that Atp2a2 
mRNA were preferentially concentrated along light bands, 
consistent with network SR structures (Supplementary 
Fig. 5C). Indeed, Atp2a2 mRNA displayed a periodic-
ity of 1.65 µm (Supplementary Fig. 5D), consistent with 
characteristic sarcomere spacing [4, 63]. Of note, mRNA 
for myosin VI (Myh6), one of the principal components 

of the contractile apparatus in small rodents, had similar 
localization, albeit without significant overlap with Atp2a2 
(Supplementary Fig. 5A, B). Taken together, these results 
suggest that mRNAs for cardiomyocyte SL and SR mem-
brane ion transport proteins may have distinct mechanisms 
for trafficking, synthesis, and processing: i) centralized, 
consistent with the SPT doctrine, and ii) novel, distrib-
uted—widely dispersed throughout the cell, yet integrated 
into myocyte functional units, sarcomeres. We termed the 
latter mechanism “distributed” to highlight its differences 
from centralized protein synthesis (as per canonical SPT) 
and potentially, also from local protein synthesis (occur-
ring within morphologically distinct sub-cellular niches).

Fig. 1  A Representative 3D confocal images of tissue sections from 
adult mouse heart showing Ryr2 [encoding RyR2], and Atp2a2 
[encoding SERCA2a] mRNA visualized by RNAScope. B–F,  left: 
Representative 3D confocal images of adult cardiac myocytes show-
ing Gja1 [encoding Cx43], Scn5a [encoding  NaV1.5], Cacna1c 
[encoding  CaV1.2], Ryr2 [encoding RyR2], and Atp2a2 [encod-
ing SERCA2a] mRNA visualized by RNAscope. The dashed white 
ellipse in F highlights striated distribution of Atp2a2 mRNA. In-depth 
analysis of striated mRNA localization is included in Supplementary 
Fig. 5. B–F,  bottom: RNAscope signals overlaid on DIC (grayscale). 
RNAScope signals for all species tested are shown with and without 

DIC overlay in Supplementary Fig. 1. B–F,  right: Cumulative distri-
bution functions of mRNA signal vs. distance from the nucleus with 
standard deviations indicated by shaded regions. Dashed and dot-
ted black lines, respectively, show CDFs for all voxels located in the 
cytosolic space and voxels located at the cell periphery. G Summary 
plot of distance from the nucleus within which 50% of mRNA are 
located. Table: Results from Bonferroni-corrected Wilcoxon’s test. 
* p < 0.01,—p = ns. (Gja1: n = 10 cells from 3 hearts; Scn5a: n = 16 
cells from 3 hearts; Cacna1c: n = 16 cells from 3 hearts; Ryr2: n = 16 
cells from 3 hearts; Atp2a2: n = 15 cells from 3 hearts)
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Molecular machinery for SL/SR membrane protein 
synthesis is distributed throughout the cardiac 
myocyte

The classical SPT mechanism dictates that membrane pro-
teins should be synthesized in the perinuclear regions. How-
ever, the observed cell-wide distribution of mRNA for SR/
SL proteins suggests that they may be synthesized locally 
at sites of functional utilization within cardiac myocytes. 
Per the SPT mechanism, translation of membrane protein 
mRNA occurs on ribosomes of the rough ER with further 
processing in the Golgi complex, all occurring within the 
perinuclear space. However, the previous studies have iden-
tified ribosomes [48] and Golgi components [2] throughout 
the cytosolic space in cardiac myocytes. We examined the 
localization/distribution of these structures, via their key 
components (Fig. 2A), in freshly isolated murine cardiac 
myocytes using confocal microscopy. As expected, immu-
nostaining for Rpl22, a marker of polysomes (actively trans-
lating ribosomes) [47], was found throughout the myocyte 
with cross-striated patterns consistent with sarcomeric struc-
ture (Fig. 2B). Inconsistent with SPT, immunosignals for the 
proteins Sec61b (part of the translocon complex; Fig. 2C) 
and Sec23a (COPII vesicles; Fig. 3D), which are requisite 
components of membrane protein translation and process-
ing, were distributed cell-wide, also in a cross-striated pat-
tern, while staining for the medial Golgi protein, GM130, 
displayed a cell-wide scattered, punctate distribution 
(Fig. 2E), in agreement with Golgi components’ localization 

previously observed for cardiac cells [2, 17] Notably, immu-
noreactivity for the trans-Golgi protein, TGN38, also dis-
played a cell-wide, cross-striated sarcomeric staining pattern 
(Fig. 2F). In all cases, CDFs of immunosignal distribution 
relative to the cell periphery closely followed the CDFs for 
all voxels within the cytosolic space, consistent with cell-
wide distributions (Supplementary Fig. 6A, D). Further-
more, all proteins examined, except GM130, showed a peak 
on the Fourier transform power spectrum between 0.5 and 
0.55 µm−1 (corresponding to 1.8–2 µm spacing), consistent 
with sarcomeric spacing. Similar patterns of localization 
(except for a small, albeit statistically significant, shift in 
GM130 localization) were observed for all proteins tested in 
myocytes cultured for 24 h (Supplementary Fig. 6B, D, E), 
indicating the stability of our cultured myocyte preparations. 
Similar results were obtained with a second set of antibod-
ies against the same protein synthesis machinery (data not 
shown). Taken together, these results demonstrate that the 
requisite molecular machinery for synthesis and processing 
of membrane proteins is present throughout the cardiac myo-
cyte cytosolic space. In particular, they highlight regions 
near sarcomeres as previously unappreciated hubs of mem-
brane protein synthesis in cardiac myocytes.

Cell‑wide distribution of membrane protein mRNA 
utilizes microtubule trafficking

Local supply of mRNA for on-site protein synthesis in car-
diomyocytes is expected to require a robust transport system 

Fig. 2  A Schematic of protein 
synthesis machinery. Repre-
sentative 3D confocal images 
of adult cardiac myocytes 
showing B ribosomal pro-
tein Rpl22 (associated with 
actively translating ribosomes), 
C protein transport protein 
Sec61b, part of the translocon 
complex, D protein transport 
protein Sec23a, component of 
COPII, E trans-Golgi network 
protein TGN38, and F Cis-
Golgi protein GM130. In all 
cases, proteins are shown in 
grayscale with nuclei in blue 
(3–9 cells per protein from 2 
hearts). Quantitative analysis 
of these data and additional 
control experiments (along with 
n’s for specific experiments) 
are included in Supplementary 
Fig. 6. Antibodies used for these 
studies are listed in the methods
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for moving mRNA from the nuclei to sites of translation. 
To address this question, we sought to gain deeper under-
standing of the observed mRNA distributions. To this end, 
we quantified the change in mRNA signal concentration (% 
volume occupied by mRNA signal) as a function of distance 
from the nucleus. For SL protein mRNA, signal concentra-
tion was highest near the nucleus and declined while mov-
ing toward the cell periphery (Supplementary Fig. 7). In 
contrast, SR membrane protein mRNA showed increasing 
concentration while moving away from nuclei. These results, 
which are inconsistent with simple diffusion, pointed to a 
role for an active transport mechanism in distributing mem-
brane protein mRNA.

Microtubules form a broad cytoskeletal network and are 
known to provide cargo transport functions throughout the 
cell, including trafficking of mRNA for cytosolic proteins 
[8, 18, 21]. To examine their role in trafficking membrane 
protein mRNA, we tested the effects of a microtubule inhibi-
tor (colchicine; 10 µM; 8 and 24 h) on the cellular distri-
bution of mRNA. Microtubule inhibition (8 h) resulted in 

redistribution of the signals for all mRNA species tested 
from the cytosol at large toward the perinuclear region 
(Fig. 3). This redistribution was most pronounced for Scn5a 
and Gja1 mRNA [encoding Cx43], with more modest effects 
observed on Cacna1c  [CaV1.2], Ryr2 [RyR2], and Atp2a2 
[SERCA2a] mRNA. Of note, microtubule inhibition did not 
significantly alter cell-wide (nuclear + cytosolic) abundance 
for any of the mRNA species; however, it increased mRNA 
abundance within the nucleus at the expense of abundance in 
the cytosol (Supplementary Fig. 8). More pronounced effects 
of a similar nature were observed following 24 h of microtu-
bule inhibition (Supplementary Fig. 9); however, this treat-
ment did not appreciably alter localization (save for small, 
albeit statistically significant, shifts in Rpl22, Sec23a locali-
zation; Supplementary Fig. 6C, D) or periodic distribution 
(Supplementary Fig. 6C, G) of protein synthesis machin-
ery. By contrast, pharmacological disruption of the acto-
myosin machinery (cytochalasin-D; 10 µM; 24 h) did not 
shift mRNA distribution toward the nuclei (Supplementary 
Fig. 9), suggesting that acto-myosin cargo transport does 

Fig. 3  A-C Representative 3D confocal images of adult cardiac myo-
cytes showing Gja1, Scn5a, and Atp2a2 mRNA under control condi-
tions (left) and following microtubule inhibition (right). White dashed 
ellipses around nuclei highlight perinuclear mRNA accumulation fol-
lowing microtubule inhibition. D-F Cumulative distribution functions 
of mRNA signal vs. distance from the nucleus under control condi-
tions (white) and following microtubule inhibition (red). Dashed and 
dotted black lines, respectively, show CDFs for all voxels located 
in the cytosolic space and voxels located at the cell periphery. Inset 
panels: solid lines show experimental data, and dashed lines show 

model results. p values indicated are from two-sample Kolmogorov–
Smirnov tests. G Summary plot of distance from the nucleus within 
which 50% of mRNA are located. * p < 0.01 (Bonferroni-corrected 
Wilcoxon’s test). (Control: Gja1 [Cx43]: n = 10 cells from 3 hearts; 
Scn5a  [NaV1.5]: n = 16 cells from 3 hearts; Cacna1c  [CaV1.2]: n = 16 
cells from 3 hearts; Ryr2 [RyR2]: n = 16 cells from 3 hearts; Atp2a2 
[SERCA2a]: n = 15 cells from 3 hearts; Microtubule inhibition: Gja1: 
n = 10 cells from 3 heart; Scn5a: n = 15 cells from 3 hearts; Cacna1c: 
n = 15 cells from 3 hearts; Ryr2: n = 15 cells from 3 hearts; Atp2a2: 
n = 16 cells from 3 hearts)
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not play a major role in trafficking these mRNAs away from 
nuclei. That microtubule inhibition did not fully eliminate 
cytosolic mRNA populations could reflect the long (> 24 h) 
half-lives of membrane protein mRNA [48]. Consistent 
with this notion, we did not observe a significant decline in 
the abundance of membrane protein mRNA (except Gja1 
[Cx43]) following 24 h treatment of myocytes with a tran-
scription inhibitor (Supplementary Fig. 10—DRB). Overall, 
these data suggest that cell-wide distribution of membrane 
protein mRNA is determined, at least in part, by microtubule 
trafficking.

Mechanism of trafficking varies between different 
mRNA species

To further probe the role of microtubule trafficking, we 
compared the experimentally observed cytoplasmic dis-
tributions of different mRNA species with results from a 
one-dimensional diffusion–advection model (Supplementary 
Fig. 11A), in which microtubule trafficking is represented by 
advection [12, 14]. This simple model closely recapitulated 
the cytosolic distributions of mRNA for SL membrane pro-
teins (Gja1 [Cx43], Scn5a  [NaV1.5], and Cacna1c  [CaV1.2]) 
under control conditions (Supplementary Fig. 11 B-D, G), as 
well as during microtubule inhibition (Fig. 3 D-E, inset pan-
els; Supplementary Fig. 11 B-D, G). However, the cytosolic 
distributions of mRNA for SR membrane proteins (Ryr2 
[RyR2] and Atp2a2 [SERCA2a]) were shifted further away 
from the nuclei than predicted by the model (Fig. 3F, inset 
panel; Supplementary Fig. 11 E–G). Furthermore, removing 
advection from the model shifted all mRNA distributions 
to perinuclear regions (Supplementary Fig. 11H). These 
simulation results lend further support to a crucial role for 
microtubule trafficking in distributing mRNA cell-wide. 
These results are consistent with our experimental observa-
tions that CDFs for Ryr2 [RyR2] and Atp2a2 [SERCA2a] 
mRNA were closely aligned or even right shifted relative to 
the all-points cytosolic CDF and that concentrations of these 
mRNA increased while moving away from nuclei. Taken 
together, these data suggest that trafficking regulation for SR 
membrane protein mRNA may be more complex, potentially 

entailing additional mechanisms of transport, anchoring, or 
degradation compared to mRNA for SL membrane proteins.

Visualization of ribosome‑associated mRNA 
with mRNA–rRNA proximity‑ligated in situ 
hybridization (MR‑PLISH)

The aforementioned results suggest that several membrane 
proteins in cardiac myocytes may be synthesized on-site 
within functional niches. We sought direct evidence of 
such non-canonical synthesis of membrane proteins away 
from the nucleus. Therefore, we developed MR-PLISH 
(mRNA-rRNA Proximity Ligated In Situ Hybridization), a 
novel method for detection of a specific mRNA interact-
ing with a translating ribosome. This method allows us to 
detect specific mRNAs with 18S ribosomal RNAs (Rn18s) 
if the distance between them is less then ~ 40 nm (Fig. 4A), 
selectively identifying ribosome-associated mRNA. As was 
the case with Atp2a2 [SERCA2a] and Cacna1c  [CaV1.2] 
mRNA (Fig. 4B), ribosome-associated mRNA for these 
species (Fig. 4C) also displayed a cell-wide distribution. 
Negative control experiments performed in the absence of 
ligase or bridge, required for the MR-PLISH hybridization 
reaction, presented no appreciable signals (Fig. 4D). Addi-
tionally, pharmacologically induced mRNA–ribosome dis-
sociation (puromycin, 200 µg/ml; 1.5 h) markedly decreased 
MR-PLISH signal abundance (especially in the cytosol), 
while preventing mRNA–ribosome dissociation using the 
translation–elongation inhibitor cycloheximide (50  µg/
ml; 1.5 h) did not have an appreciable effect (Supplemen-
tary Fig. 12). As would be expected for distributed protein 
synthesis, both total and ribosome-associated mRNA for 
Atp2a2 [SERCA2a] and Cacna1c  [CaV1.2] displayed simi-
lar cytosolic distributions, with ribosome-associated mRNA 
shifted further from the nucleus (Fig. 4E). However, cyto-
solic abundance of ribosome-associated mRNA for Atp2a2 
[SERCA2a] and Cacna1c  [CaV1.2] was, respectively, ~ 12.5- 
and 11.3-fold lower than the corresponding total mRNA 
(Fig. 4F), suggesting that ~ 8% of Atp2a2 mRNA [encoding 
SERCA2a] and ~ 9% of Cacna1c mRNA [encoding  CaV1.2] 
are associated with ribosomes (thus, potentially being 
translated) at any given time. These results further support 
the notion that active synthesis of SERCA2a (encoded by 
Atp2a2 mRNA) occurs throughout the cardiac myocyte.

The mTOR pathway is an established regulator of 
mRNA translation and proteins synthesis in various 
cell types, including cardiac myocytes [43], and has 
been shown to regulate local protein synthesis in neu-
rons [43]. To further validate our MR-PLISH technique, 
we tested whether signals corresponding to ribosome-
associated mRNA were upregulated following mTOR 
activation. Indeed, mTOR activation (MHY1485; 2 µM; 
3  h) increased Atp2a2 (SERCA2a) MR-PLISH signal 

Fig. 4  A Schematic of the MR-PLISH technique. Representative 3D 
confocal images of adult cardiac myocytes showing B total mRNA 
(RNAScope), C sites of active translation (MR-PLISH), and D results 
from negative control MR-PLISH experiments. E Cumulative dis-
tribution functions of total and ribosome-associated mRNA vs. dis-
tance from the nucleus. p values indicated are from two-sample Kol-
mogorov–Smirnov tests. Dashed and dotted black lines, respectively, 
show CDFs for all voxels located in the cytosolic space and voxels 
located at the cell periphery. F Summary plots showing abundance of 
total mRNA and active translation sites. * Wilcoxon’s test: p < 0.01. 
(RNAScope: n = 15 cells from 3 hearts; MR-PLISH: n = 12 cells from 
3 hearts)

◂
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abundance throughout the cytosol (Fig. 5A-D). Signal 
abundance was especially enhanced at cell end sites, con-
sistent with intercalated disks (IDs; Fig. 5B, Supplemen-
tary Fig. 13). In contrast, pharmacological mTOR activa-
tion did not appreciably alter the abundance or cellular 

distribution of total Atp2a2 mRNA (encoding SERCA2a; 
Fig. 5E-G). These data provide further validation of MR-
PLISH as a means to selectively and specifically detect 
ribosome-associated mRNA.

Fig. 5  A Representative 3D confocal images of adult cardiac myo-
cytes showing ribosome-associated Atp2a2 mRNA under control 
conditions (top) and following mTOR activation (bottom). B Abun-
dance of ribosome-associated Atp2a2 mRNA (encoding SERCA2a) 
throughout the cytosol and at IDs. * Wilcoxon’s test: p < 0.01 Inset: 
Representative image showing segmentation of myocyte (gray) and 
IDs (pink). Inset panel illustrates segmentation of ID regions. C 
Cumulative distributions and D distance from nucleus to 50% sig-
nal for ribosome-associated Atp2a2 mRNA (MR-PLISH signals). E 

Cumulative distributions, F abundance, and G distance from nucleus 
to 50% signal for Atp2a2 mRNA (RNAScope signals). Results dur-
ing mTOR activation are shown in yellow with control data in black. 
Dashed and dotted black lines, respectively, show CDFs for all voxels 
located in the cytosolic space and voxels located at the cell periphery 
in C and E. p value indicated in panels C and E are from two-sample 
Kolmogorov–Smirnov tests while those in D, F, and G are from Wil-
coxon tests. (n = 21 cells / group from 3 hearts)
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Distribution of sarcolemmal (SL) and sarcoplasmic 
reticulum (SR) membrane protein mRNA in human 
myocardium

To test whether the murine findings are evolutionarily con-
served, we assessed the distribution of membrane protein 
mRNA in human myocardium. Consistent with our results 
from murine myocardium and isolated myocytes, we 
observed RYR2 (RyR2), ATP2A2 (SERCA2A), and SCN5A 
 (NaV1.5) mRNA throughout the cytosolic space in both 
non-failing and failing human myocardium (Supplementary 
Fig. 14). These observations suggest that distributed synthe-
sis of membrane proteins may play an important role in the 
human heart in both health and disease. Quantitative analy-
sis revealed a significant increase in the density of SCN5A 
 (NaV1.5) mRNA puncta in failing myocardium in compari-
son to non-failing controls (Supplementary Fig. 14D). These 
data extend our findings regarding distributed synthesis from 
the murine heart to human.

Discussion

In this study, we examined how protein synthesis is spatially 
organized within cardiac myocytes for membrane proteins 
with key roles in electrical excitability and contractility 
localized to both the sarcolemma (SL; namely  CaV1.2, and 
 NaV1.5) and sarcoplasmic reticulum (SR; namely SERCA2a 
and RyR2). It is commonly held that all membrane proteins 
in cardiac myocytes are synthesized and processed in ER/
Golgi, in the perinuclear regions, and then transported to 
locations of deployment in the SL and SR membranes (i.e., 
the SPT pathway) [3, 20, 25]. In contrast to such centralized 
mechanisms, we present evidence for membrane protein syn-
thesis occurring throughout the cardiac myocyte cytosolic 
space, providing on-site supply of membrane proteins for 
local use. We dub this new type of decentralized membrane 
protein synthesis “distributed” to highlight its differences 
not only from centralized synthesis (as per canonical SPT) 
but also potentially from ‘local’ synthesis as occurs within 
structurally distinct niches in cells like neurons [24, 26].

Distributed synthesis of key cardiac membrane 
proteins

In support of the distributed protein synthesis mechanism, 
we observed that, in the mouse heart, mRNA and the req-
uisite molecular machinery for synthesis of the aforemen-
tioned membrane proteins, including the translocon, SR-
embedded ribosomes and cis and trans-Golgi, exist not only 
around the nuclei, but are distributed throughout the entire 
cytosolic space in a striated pattern consistent with sarcom-
eric organization. We further demonstrate that microtubule 

trafficking provides mRNA for distributed protein synthe-
sis. We applied a novel in situ hybridization assay, which 
we term MR-PLISH, to directly visualize individual ribo-
some-associated mRNA (which identify potential sites of 
active translation). This technique indicated the presence 
of ribosome-associated Atp2a2 (SERCA2a protein) and 
Cacna1c  (CaV1.2 protein) mRNA throughout the cardiac 
myocyte. Moreover, in the case of the most abundant species 
we studied, Atp2a2 (SERCA2a), mRNA were preferentially 
localized in a striated pattern, matching sarcomeric spac-
ing, at sites consistent with network SR. Taken together, our 
results suggest that sarcomeric units within myocytes may 
include membrane protein synthesis machinery as integral 
components, making them modular units of cardiac myocyte 
biology as well as physiology. Finally, we found that distrib-
uted mRNA pools are present in both normal and pathologi-
cally hypertrophied (failing) human myocardium, extending 
our findings from the mouse to human. These results show, 
for the first time, that synthesis of SL and SR membrane 
proteins in cardiac myocytes occurs on-site from dedicated 
mRNA pools with potential roles in both health and disease.

Three types of membrane protein mRNA 
distribution

It is commonly assumed that the perinuclear synthesis 
and trafficking of membrane proteins in cardiac myo-
cytes follows the classical secretory pathway (rough ER/
SR → Golgi → trafficking to membrane) determined from 
typical mammalian cells, while cytosolic proteins can be 
synthesized throughout the cell [3, 20, 25, 33]. A handful 
of studies examining trafficking of sarcolemmal proteins 
including Cx43 [49, 51],  CaV1.2 [3, 28, 29], and  NaV1.5 [9, 
36, 46] have indeed suggested that these proteins originate 
in the perinuclear region, from which they are transported 
to the surface membrane including intercalated disks (IDs). 
Consistent with this notion, we report perinuclear localiza-
tion of Gja1 mRNA [corresponding to Cx43 protein]. How-
ever, Cx43 may be the exception to the rule, given that we 
found other membrane protein mRNA distributed through-
out the cytosolic space. Through both experimental disrup-
tion of microtubules as well as mathematical modeling, we 
demonstrate a role for active bio-transport in maintaining 
local mRNA pools. Overall, our results suggest that there 
are at least three schemes for the distribution of membrane 
protein mRNA in cardiac myocytes: (i) perinuclear reten-
tion of mRNA, consistent with centralized synthesis (Cx43); 
(ii) cell-wide distribution of mRNA, consistent with distrib-
uted protein synthesis (SERCA2a, RyR2), and (iii) a mixed 
arrangement combining features of both aforementioned 
schemes  (CaV1.2,  NaV1.5). Notably, as detected by MR-
PLISH, the distribution of ribosome-associated mRNAs for 
SERCA2a and  CaV1.2 were ~ tenfold lower in abundance 
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than total mRNAs with distributions shifted further toward 
the myocyte periphery. These results suggest that a signifi-
cant fraction of observed mRNA transcripts are stored near 
nuclei or captured en route to on-site translation. These 
results may suggest that centralized synthesis is reserved by 
the cell for ID membrane proteins such as Cx43, whereas 
distributed protein synthesis is utilized for the production 
of SR/T-tubule proteins such as RyR2 and SERCA2a. The 
mixed type of protein synthesis may apply to proteins local-
ized to both ID and T-tubule membranes. Further experi-
ments are needed to test these possibilities.

Membrane protein mRNA trafficking involves 
microtubules

Whereas centralized protein synthesis requires cytoskel-
etal trafficking of synthesized proteins (as demonstrated 
for Cx43,  NaV1.5, and  Kir2.1 [15, 36, 42, 49, 50, 57]), dis-
tributed protein synthesis utilizes cytoskeletal transport to 
distribute mRNAs to sites of translation [33, 48]. We dem-
onstrate that microtubule inhibition (but not acto-myosin 
disruption) shifted the distribution of membrane protein 
mRNA toward the nucleus. Thus, our work suggests that 
microtubule mRNA transport, previously demonstrated for 
cytosolic proteins [48], is also important for distributed 
synthesis of membrane proteins. Intriguingly, mRNA for 
SR proteins were found cell-wide with distributions shifted 
further away from nuclei than predicted by simple diffu-
sion–advection. Indeed, our analyses revealed preferential 
enrichment of these mRNA at the cell periphery, indica-
tive of more complex, multi-modal transport mechanisms. 
Recently, He and colleagues [25] showed that virally trans-
fected SERCA is synthesized in the perinuclear region and 

then spreads cell-wide via microtubule trafficking of vesi-
cles along the SR network. However, they only examined 
localization of SERCA protein (and not mRNA); thus, it 
is unclear whether their observations reflect trafficking of 
synthesized protein or of mRNA, with subsequent on-site 
translation. Equally, any apparent divergence between their 
results and ours could be attributed to differences in process-
ing of virally transferred DNA vs. native nuclear DNA in 
the heart. For example, targeting and trafficking of native 
mRNA involve untranslated regions (UTRs) of mRNA [7, 
41] absent in exogenously derived mRNA. Future work and 
further technological innovation will be necessary to address 
such questions through domain-swap studies, which are cur-
rently not feasible in adult cardiac myocytes.

Distributed vs local membrane protein synthesis

We demonstrate here for the first time that several membrane 
proteins in cardiac myocytes are synthesized in a decen-
tralized manner (Fig. 6). However, decentralized synthesis 
of membrane proteins is not unique to cardiac myocytes. 
In neurons, key ion channel and receptor proteins are syn-
thesized locally in axon end segments and dendrites with 
direct relevance to functions such as synaptic plasticity and 
learning [30, 31]. Moreover, analogous to our demonstra-
tion of mTOR-dependent increase in ribosome-bound (but 
not total) Atp2a2 mRNA (encoding SERCA2a) abundance 
in cardiac myocytes, membrane protein synthesis in neu-
ronal dendrites is regulated through the MAPK–mTOR 
pathway [43]. Despite these similarities, distributed protein 
synthesis in cardiac myocytes bears important differences 
from local synthesis in neurons. Whereas in neurons, on-
site protein synthesis is truly local to specialized cellular 

Fig. 6  Schematic illustrating distributed protein syntehsis mechanisms in the cardiac myocyte
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outgrowths, such as dendrites or axon heads, in cardiac myo-
cytes membrane protein synthesis is distributed throughout 
the entire myocyte volume, albeit localized to functional 
units (sarcomeres). Distributed synthesis in the large but 
modular cardiac myocytes and local synthesis in neurons 
with structurally heterogeneous domains may represent the 
same decentralized mechanism viewed through the dis-
tinct morphological prisms of these cell types. However, 
the possibility cannot be presently excluded that these are 
two disparate mechanisms involving different proportions 
of central vs. local control. Should further work point to 
the latter scenario, it will need to be determined whether 
neuron-like local protein synthesis occurs in more peripheral 
cardiac myocyte domains such as the ID and if cardiac-like 
distributed membrane protein synthesis occurs throughout 
the neuronal space. Future research into the mechanisms that 
regulate distributed synthesis will be necessary to answer 
these questions.

Implications for normal biology and disease

Sarcomeric compartmentalization along with local signaling 
is recognized principles of structure–function organization 
in cardiac myocytes. Our data suggest that membrane pro-
tein synthesis may be an intrinsic part of this compartmen-
talized arrangement. In particular, we show that distributed 
pools of mRNA for SERCA2a (Atp2a2) are localized at sites 
consistent with network SR along with pools of mRNA for 
myosin VI (Myh6). In general, distributed protein synthesis 
confers some of the same advantages as localized synthesis 
does for neurons [24]. On-site control of protein synthesis 
obviates the need to transport each protein molecule to its 
site of deployment. Rather, a few mRNA molecules deliv-
ered to a site can be translated at locally determined rates 
to match functional protein expression to local demands. 
Moreover, proteins synthesized on-site can be put to imme-
diate use, minimizing chances of degradation or undesirable 
post-translational modifications. The advantages of distrib-
uted membrane protein synthesis may be especially evident 
under conditions of physiological and pathological stresses 
when cardiac myocytes undergo hypertrophy. Hypertrophic 
myocyte growth involves genesis of new sarcomeres through 
new protein synthesis, resulting in up to 3–fourfold increase 
in cellular volume in human end-stage HF [19, 40]. The bio-
logical efficiency of distributed protein synthesis is expected 
to ease energetic demands associated with centralized syn-
thesis and distribution of membrane proteins throughout 
the growing/enlarged myocyte. Consistent with this notion, 
we found mRNAs for key SR (RyR2, SERCA2a) and SL 
 (NaV1.5,  CaV1.2) membrane proteins distributed throughout 
the myocyte space in both non-failing and failing (drastically 
hypertrophied) human myocardium.

Limitations

Using cutting-edge methods, we visualized mRNA for 
proteins such as SERCA2a with sarcomeric resolution. 
However, spatial resolution of in situ hybridization-based 
methods (RNAScope, MR-PLISH) is limited by signal 
amplification, which adds multiple fluorophore molecules 
at each detected molecular site. This limits the ability to 
localize these signals to precise nano-scale neighborhoods. 
MR-PLISH detects ribosome-associated mRNA, which 
may not directly correlate with active translation sites 
under certain conditions. However, currently, no methods 
are available to directly verify active translation occurring 
at sites where ribosome-associated mRNA are detected for 
a specific protein species. Additionally, we provide multi-
ple control experiments demonstrating the specificity and 
selectivity of MR-PLISH. The ability of Fourier transform 
analysis to detect periodic distribution of RNAScope/MR-
PLISH signals is proportional to their abundance. Thus, the 
apparent lack of periodic distribution for signals with low 
abundance may be due to insufficient spatial sampling of 
patterns present. Finally, our data implicate microtubules in 
trafficking of membrane protein mRNA. However, the prin-
ciples of selective targeting mRNA are poorly understood 
with available data, indicating that they are more complex/
elaborate than simple encryption in the liner sequence of 
mRNA UTR regions [26]. Precise delineation of these mech-
anisms is precluded by limitations of current technology. 
For instance, domain-swap studies or expression of hybrid 
mRNA requires large-scale manipulations with genomic 
DNA in adult myocytes, which are beyond current techni-
cal capabilities.

Summary

In conclusion, we provide the first evidence that key SL 
and SR membrane proteins in cardiac myocytes are syn-
thesized on-site at locations of functional deployment from 
distributed mRNA pools maintained by microtubule traf-
ficking. Compared to the classical centralized view of pro-
tein synthesis and its regulation, the demonstrated decen-
tralized mechanism provides previously unanticipated 
flexibility for regulation of membrane protein expression 
and biological self-organization in cardiac myocytes dur-
ing development, health, and disease. In particular, this 
concept is relevant to understanding adaptations such as 
hypertrophy, which are predicated on new protein synthe-
sis. Furthermore, distributed synthesis of membrane pro-
teins hints at an unexpected level of diversity in arrange-
ments for membrane protein synthesis between different 
cell types and possibly within specific cell types such as 
cardiac myocytes and neurons [24, 26], and motivates fur-
ther research in other specialized cell types. Future studies 
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are also needed to define the specific components of feed-
back loops that regulate distributed protein synthesis in 
the heart, the biological and physiological cues that drive 
them, and the implications for health and disease.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00395- 021- 00895-3.

Acknowledgements The authors wish to thank Ivan Andreev and 
Marina Ivanova for their assistance with mouse cardiac myocyte 
experiments.

Author contributions VB: performed the majority of the experiments 
and assisted with interpretation of results and manuscript preparation. 
AMS: performed image analyses, developed and implemented custom 
image analysis tools, and assisted with interpretation of results and 
manuscript preparation. NM: performed computational modeling stud-
ies and assisted with manuscript preparation. GS: assisted with experi-
mental studies, interpretation of results, and manuscript preparation. 
BHO: assisted with experimental studies, interpretation of results, and 
manuscript preparation. PMJ: assisted with collection, processing, and 
preservation of human myocardial samples. S.H. Weinberg performed 
computational modeling studies and assisted with interpretation of 
results and manuscript preparation. JPD: assisted with experimental 
studies, and performed interpretation of results and manuscript prepa-
ration (co-corresponding author). RV: assisted with image analysis 
including algorithm development, and performed interpretation of 
results and manuscript preparation (co-corresponding author). SG: 
assisted with experimental studies, and performed interpretation of 
results and manuscript preparation (co-corresponding author).

Funding This work was supported by National Institutes of Health 
R01 grants (HL063043, HL074045 awarded to S. Györke, HL138579 
awarded to S. Györke and J. P. Davis, and HL148736 awarded to 
R. Veeraraghavan) as well as an American Heart Association grant 
(20TPA35460040) awarded to R. Veeraraghavan.

Availability of data and materials Raw experimental data are backed 
up on OSU servers and will be shared freely on request.

Code availability Image analysis and simulation code will be shared 
via open forums such as Matlab Central File Exchange.

Declarations 

Conflict of interest None.

Ethics approvals All animal procedures were approved by Institutional 
Animal Care and Use Committee at The Ohio State University and per-
formed in accordance with the Guide for the Care and Use of Labora-
tory Animals published by the U.S. National Institutes of Health (NIH 
Publication No. 85–23, revised 2011). Human heart tissue research was 
approved by The Ohio State University Institutional Review Board in 
accordance with all relevant ethical regulations.

Consent for publication Informed consent for human tissue collection 
for research use was obtained from transplant patients and families of 
donors. Human heart samples used in this study were deidentified and 
labeled with 6-digit random reference codes. No identifying informa-
tion is included in the manuscript.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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 licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence 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 licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Ackers-Johnson M, Li PY, Holmes AP, O’Brien SM, Pavlovic 
D, Foo RS (2016) A simplified, langendorff-free method for 
concomitant isolation of viable cardiac myocytes and non-
myocytes from the adult mouse heart. Circ Res 119:909–920. 
https:// doi. org/ 10. 1161/ CIRCR ESAHA. 116. 309202

 2. Arakel EC, Brandenburg S, Uchida K, Zhang H, Lin YW, Kohl 
T, Schrul B, Sulkin MS, Efimov IR, Nichols CG, Lehnart SE, 
Schwappach B (2014) Tuning the electrical properties of the 
heart by differential trafficking of KATP ion channel complexes. 
J Cell Sci 127:2106–2119. https:// doi. org/ 10. 1242/ jcs. 141440

 3. Basheer WA, Shaw RM (2016) Connexin 43 and CaV12 ion 
channel trafficking in healthy and diseased myocardium. Circ 
Arrhythmia Electrophysiol. https:// doi. org/ 10. 1161/ CIRCEP. 
115. 001357

 4. Bers DM (2002) Cardiac excitation-contraction coupling. 
Nature 415:198–205

 5. Bonilla IM, Belevych AE, Baine S, Stepanov A, Mezache L, Bod-
nar T, Liu B, Volpe P, Priori S, Weisleder N, Sakuta G, Carnes 
CA, Radwanski PB, Veeraraghavan R, Gyorke S (2019) Enhance-
ment of cardiac store operated calcium entry (SOCE) within novel 
intercalated disk microdomains in arrhythmic disease. Sci Rep 
9:10179. https:// doi. org/ 10. 1038/ s41598- 019- 46427-x

 6. Burke KS, Antilla KA, Tirrell DA (2017) A fluorescence in situ 
hybridization method to quantify mRNA translation by visual-
izing ribosome-mrna interactions in single cells. ACS Cent Sci 
3:425–433. https:// doi. org/ 10. 1021/ acsce ntsci. 7b000 48

 7. Buxbaum AR, Haimovich G, Singer RH (2015) In the right 
place at the right time: visualizing and understanding mRNA 
localization. Nat Rev Mol Cell Biol 16:95–109. https:// doi. org/ 
10. 1038/ nrm39 18

 8. Caporizzo MA, Chen CY, Prosser BL (2019) Cardiac micro-
tubules in health and heart disease. Exp Biol Med (Maywood) 
244:1255–1272. https:// doi. org/ 10. 1177/ 15353 70219 868960

 9. Chen-Izu Y, Shaw RM, Pitt GS, Yarov-Yarovoy V, Sack JT, 
Abriel H, Aldrich RW, Belardinelli L, Cannell MB, Catterall 
WA, Chazin WJ, Chiamvimonvat N, Deschenes I, Grandi E, 
Hund TJ, Izu LT, Maier LS, Maltsev VA, Marionneau C, Mohler 
PJ, Rajamani S, Rasmusson RL, Sobie EA, Clancy CE, Bers 
DM (2015) Na+ channel function, regulation, structure, traf-
ficking and sequestration. J Physiol 593:1347–1360. https:// doi. 
org/ 10. 1113/ jphys iol. 2014. 281428

 10. Cheng H, Lederer WJ (2008) Calcium sparks. Physiol Rev 
88:1491–1545. https:// doi. org/ 10. 1152/ physr ev. 00030. 2007

 11. Chung JH, Martin BL, Canan BD, Elnakish MT, Milani-Nejad N, 
Saad NS, Repas SJ, Schultz JEJ, Murray JD, Slabaugh JL, Gear-
inger RL, Conkle J, Karaze T, Rastogi N, Chen MP, Crecelius W, 
Peczkowski KK, Ziolo MT, Fedorov VV, Kilic A, Whitson BA, 
Higgins RSD, Smith SA, Mohler PJ, Binkley PF, Janssen PML 
(2018) Etiology-dependent impairment of relaxation kinetics in 

https://doi.org/10.1007/s00395-021-00895-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1161/CIRCRESAHA.116.309202
https://doi.org/10.1242/jcs.141440
https://doi.org/10.1161/CIRCEP.115.001357
https://doi.org/10.1161/CIRCEP.115.001357
https://doi.org/10.1038/s41598-019-46427-x
https://doi.org/10.1021/acscentsci.7b00048
https://doi.org/10.1038/nrm3918
https://doi.org/10.1038/nrm3918
https://doi.org/10.1177/1535370219868960
https://doi.org/10.1113/jphysiol.2014.281428
https://doi.org/10.1113/jphysiol.2014.281428
https://doi.org/10.1152/physrev.00030.2007


Basic Research in Cardiology (2021) 116:63 

1 3

Page 15 of 16 63

right ventricular end-stage failing human myocardium. J Mol Cell 
Cardiol 121:81–93. https:// doi. org/ 10. 1016/j. yjmcc. 2018. 07. 005

 12. Ciocanel MV, Sandstede B, Jeschonek SP, Mowry KL (2018) 
Modeling microtubule-based transport and anchoring of mRNA. 
SIAM J Appl Dyn Syst 17:2855–2881. https:// doi. org/ 10. 1137/ 
18m11 86083

 13. De Bundel D, Fafouri A, Csaba Z, Loyens E, Lebon S, El Ghouzzi 
V, Peineau S, Vodjdani G, Kiagiadaki F, Aourz N, Coppens J, 
Walrave L, Portelli J, Vanderheyden P, Chai SY, Thermos K, 
Bernard V, Collingridge G, Auvin S, Gressens P, Smolders I, 
Dournaud P (2015) Trans-Modulation of the Somatostatin Type 
2A Receptor Trafficking by Insulin-Regulated Aminopeptidase 
Decreases Limbic Seizures. J Neurosci 35:11960–11975. https:// 
doi. org/ 10. 1523/ JNEUR OSCI. 0476- 15. 2015

 14. Drechsler M, Giavazzi F, Cerbino R, Palacios IM (2017) Active 
diffusion and advection in Drosophila oocytes result from the 
interplay of actin and microtubules. Nat Commun 8:1520. 
https:// doi. org/ 10. 1038/ s41467- 017- 01414-6

 15. Dun W, Danilo P Jr, Mohler PJ, Boyden PA (2018) Microtubular 
remodeling and decreased expression of Nav1.5 with enhanced 
EHD4 in cells from the infarcted heart. Life Sci 201:72–80. 
https:// doi. org/ 10. 1016/j. lfs. 2018. 03. 024

 16. Eichel CA, Rios-Perez EB, Liu F, Jameson MB, Jones DK, 
Knickelbine JJ, Robertson GA (2019) A microtranslatome coor-
dinately regulates sodium and potassium currents in the human 
heart. Elife. https:// doi. org/ 10. 7554/ eLife. 52654

 17. Forssmann WG, Richter R, Meyer M (1998) The endocrine 
heart and natriuretic peptides: histochemistry, cell biology, and 
functional aspects of the renal urodilatin system. Histochem 
Cell Biol 110:335–357. https:// doi. org/ 10. 1007/ s0041 80050 295

 18. Franker MA, Hoogenraad CC (2013) Microtubule-based trans-
port - basic mechanisms, traffic rules and role in neurological 
pathogenesis. J Cell Sci 126:2319–2329. https:// doi. org/ 10. 
1242/ jcs. 115030

 19. Gerdes AM (2002) Cardiac myocyte remodeling in hypertrophy 
and progression to failure. J Card Fail 8:S264-268. https:// doi. 
org/ 10. 1054/ jcaf. 2002. 129280

 20. Glembotski CC (2012) Roles for the sarco-/endoplasmic reticu-
lum in cardiac myocyte contraction, protein synthesis, and pro-
tein quality control. Physiology (Bethesda) 27:343–350. https:// 
doi. org/ 10. 1152/ physi ol. 00034. 2012

 21. Guillaud L, El-Agamy SE, Otsuki M, Terenzio M (2020) Anter-
ograde axonal transport in neuronal homeostasis and disease. 
Front Mol Neurosci 13:556175. https:// doi. org/ 10. 3389/ fnmol. 
2020. 556175

 22. Guo C, Chi Z, Jiang D, Xu T, Yu W, Wang Z, Chen S, Zhang L, 
Liu Q, Guo X, Zhang X, Li W, Lu L, Wu Y, Song BL, Wang D 
(2018) Cholesterol homeostatic regulator SCAP-SREBP2 inte-
grates NLRP3 inflammasome activation and cholesterol biosyn-
thetic signaling in macrophages. Immunity 49(842–856):e847. 
https:// doi. org/ 10. 1016/j. immuni. 2018. 08. 021

 23. Gyorke S, Belevych AE, Liu B, Kubasov IV, Carnes CA, Rad-
wanski PB (2017) The role of luminal Ca regulation in Ca 
signaling refractoriness and cardiac arrhythmogenesis. J Gen 
Physiol 149:877–888. https:// doi. org/ 10. 1085/ jgp. 20171 1808

 24. Hafner AS, Donlin-Asp PG, Leitch B, Herzog E, Schuman EM 
(2019) Local protein synthesis is a ubiquitous feature of neu-
ronal pre- and postsynaptic compartments. Science. https:// doi. 
org/ 10. 1126/ scien ce. aau36 44

 25. He W, Huang D, Guo S, Wang D, Guo J, Cala SE, Chen Z 
(2020) Association with SERCA2a directs phospholamban 
trafficking to sarcoplasmic reticulum from a nuclear envelope 
pool. J Mol Cell Cardiol 143:107–119. https:// doi. org/ 10. 1016/j. 
yjmcc. 2020. 04. 025

 26. Holt CE, Martin KC, Schuman EM (2019) Local translation 
in neurons: visualization and function. Nat Struct Mol Biol 
26:557–566. https:// doi. org/ 10. 1038/ s41594- 019- 0263-5

 27. Hong T, Shaw RM (2017) Cardiac T-tubule microanatomy and 
function. Physiol Rev 97:227–252. https:// doi. org/ 10. 1152/ 
physr ev. 00037. 2015

 28. Hong TT, Smyth JW, Chu KY, Vogan JM, Fong TS, Jensen BC, 
Fang K, Halushka MK, Russell SD, Colecraft H, Hoopes CW, 
Ocorr K, Chi NC, Shaw RM (2012) BIN1 is reduced and Cav1.2 
trafficking is impaired in human failing cardiomyocytes. Heart 
Rhythm 9:812–820. https:// doi. org/ 10. 1016/j. hrthm. 2011. 11. 
055

 29. Hong TT, Smyth JW, Gao D, Chu KY, Vogan JM, Fong TS, Jensen 
BC, Colecraft HM, Shaw RM (2010) BIN1 localizes the L-type 
calcium channel to cardiac T-tubules. PLoS Biol 8:e1000312. 
https:// doi. org/ 10. 1371/ journ al. pbio. 10003 12

 30. Jung H, Gkogkas CG, Sonenberg N, Holt CE (2014) Remote con-
trol of gene function by local translation. Cell 157:26–40. https:// 
doi. org/ 10. 1016/j. cell. 2014. 03. 005

 31. Kapur M, Monaghan CE, Ackerman SL (2017) Regulation of 
mRNA translation in neurons-A matter of life and death. Neuron 
96:616–637. https:// doi. org/ 10. 1016/j. neuron. 2017. 09. 057

 32. Lederer WJ, Niggli E, Hadley RW (1990) Sodium-calcium 
exchange in excitable cells: fuzzy space. Science 248:283

 33. Lewis YE, Moskovitz A, Mutlak M, Heineke J, Caspi LH, Kehat 
I (2018) Localization of transcripts, translation, and degradation 
for spatiotemporal sarcomere maintenance. J Mol Cell Cardiol 
116:16–28. https:// doi. org/ 10. 1016/j. yjmcc. 2018. 01. 012

 34. Lin SJ, Chang KP, Hsu CW, Chi LM, Chien KY, Liang Y, Tsai 
MH, Lin YT, Yu JS (2013) Low-molecular-mass secretome profil-
ing identifies C-C motif chemokine 5 as a potential plasma bio-
marker and therapeutic target for nasopharyngeal carcinoma. J 
Proteomics 94:186–201. https:// doi. org/ 10. 1016/j. jprot. 2013. 09. 
013

 35. Lipp P, Niggli E (1994) Sodium current-induced calcium sig-
nals in isolated guinea-pig ventricular myocytes. J Physiol 
474:439–446

 36. Marchal GA, Jouni M, Chiang DY, Perez-Hernandez Duran M, 
Podliesna S, Yu N, Casini S, Potet F, Veerman CC, Klerk M, Lod-
der EM, Mengarelli I, Guan K, Vanoye CG, Rothenberg E, Char-
pentier F, Redon R, George A Jr, Verkerk AO, Bezzina CR, Mac-
Rae CA, Burridge P, Delmar M, Galjart NJ, Portero V, Remme 
CA (2021) Targeting the Microtubule EB1-CLASP2 Complex 
Modulates NaV1.5 at Intercalated Discs. Circ Res. https:// doi. 
org/ 10. 1161/ CIRCR ESAHA. 120. 318643

 37. Marra P, Maffucci T, Daniele T, Tullio GD, Ikehara Y, Chan EK, 
Luini A, Beznoussenko G, Mironov A, De Matteis MA (2001) 
The GM130 and GRASP65 Golgi proteins cycle through and 
define a subdomain of the intermediate compartment. Nat Cell 
Biol 3:1101–1113. https:// doi. org/ 10. 1038/ ncb12 01- 1101

 38. Martin KC, Ephrussi A (2009) mRNA localization: gene expres-
sion in the spatial dimension. Cell 136:719–730. https:// doi. org/ 
10. 1016/j. cell. 2009. 01. 044

 39. Mezache L, Struckman HL, Greer-Short A, Baine S, Gyorke 
S, Radwanski PB, Hund TJ, Veeraraghavan R (2020) Vascular 
endothelial growth factor promotes atrial arrhythmias by inducing 
acute intercalated disk remodeling. Sci Rep 10:20463. https:// doi. 
org/ 10. 1038/ s41598- 020- 77562-5

 40. Olivetti G, Melissari M, Balbi T, Quaini F, Cigola E, Sonnenblick 
EH, Anversa P (1994) Myocyte cellular hypertrophy is responsi-
ble for ventricular remodelling in the hypertrophied heart of mid-
dle aged individuals in the absence of cardiac failure. Cardiovasc 
Res 28:1199–1208. https:// doi. org/ 10. 1093/ cvr/ 28.8. 1199

 41. Patel VL, Mitra S, Harris R, Buxbaum AR, Lionnet T, Brenowitz 
M, Girvin M, Levy M, Almo SC, Singer RH, Chao JA (2012) 
Spatial arrangement of an RNA zipcode identifies mRNAs under 

https://doi.org/10.1016/j.yjmcc.2018.07.005
https://doi.org/10.1137/18m1186083
https://doi.org/10.1137/18m1186083
https://doi.org/10.1523/JNEUROSCI.0476-15.2015
https://doi.org/10.1523/JNEUROSCI.0476-15.2015
https://doi.org/10.1038/s41467-017-01414-6
https://doi.org/10.1016/j.lfs.2018.03.024
https://doi.org/10.7554/eLife.52654
https://doi.org/10.1007/s004180050295
https://doi.org/10.1242/jcs.115030
https://doi.org/10.1242/jcs.115030
https://doi.org/10.1054/jcaf.2002.129280
https://doi.org/10.1054/jcaf.2002.129280
https://doi.org/10.1152/physiol.00034.2012
https://doi.org/10.1152/physiol.00034.2012
https://doi.org/10.3389/fnmol.2020.556175
https://doi.org/10.3389/fnmol.2020.556175
https://doi.org/10.1016/j.immuni.2018.08.021
https://doi.org/10.1085/jgp.201711808
https://doi.org/10.1126/science.aau3644
https://doi.org/10.1126/science.aau3644
https://doi.org/10.1016/j.yjmcc.2020.04.025
https://doi.org/10.1016/j.yjmcc.2020.04.025
https://doi.org/10.1038/s41594-019-0263-5
https://doi.org/10.1152/physrev.00037.2015
https://doi.org/10.1152/physrev.00037.2015
https://doi.org/10.1016/j.hrthm.2011.11.055
https://doi.org/10.1016/j.hrthm.2011.11.055
https://doi.org/10.1371/journal.pbio.1000312
https://doi.org/10.1016/j.cell.2014.03.005
https://doi.org/10.1016/j.cell.2014.03.005
https://doi.org/10.1016/j.neuron.2017.09.057
https://doi.org/10.1016/j.yjmcc.2018.01.012
https://doi.org/10.1016/j.jprot.2013.09.013
https://doi.org/10.1016/j.jprot.2013.09.013
https://doi.org/10.1161/CIRCRESAHA.120.318643
https://doi.org/10.1161/CIRCRESAHA.120.318643
https://doi.org/10.1038/ncb1201-1101
https://doi.org/10.1016/j.cell.2009.01.044
https://doi.org/10.1016/j.cell.2009.01.044
https://doi.org/10.1038/s41598-020-77562-5
https://doi.org/10.1038/s41598-020-77562-5
https://doi.org/10.1093/cvr/28.8.1199


 Basic Research in Cardiology (2021) 116:63

1 3

63 Page 16 of 16

post-transcriptional control. Genes Dev 26:43–53. https:// doi. org/ 
10. 1101/ gad. 177428. 111

 42. Perez-Hernandez M, Matamoros M, Alfayate S, Nieto-Marin P, 
Utrilla RG, Tinaquero D, de Andres R, Crespo T, Ponce-Balbuena 
D, Willis BC, Jimenez-Vazquez EN, Guerrero-Serna G, da Rocha 
AM, Campbell K, Herron TJ, Diez-Guerra FJ, Tamargo J, Jalife 
J, Caballero R, Delpon E (2018) Brugada syndrome trafficking-
defective Nav1.5 channels can trap cardiac Kir2.1/2.2 channels. 
JCI Insight. https:// doi. org/ 10. 1172/ jci. insig ht. 96291

 43. Pernice HF, Schieweck R, Kiebler MA, Popper B (2016) mTOR 
and MAPK: from localized translation control to epilepsy. BMC 
Neurosci 17:73. https:// doi. org/ 10. 1186/ s12868- 016- 0308-1

 44. Ponce-Balbuena D, Guerrero-Serna G, Valdivia CR, Caballero 
R, Diez-Guerra FJ, Jimenez-Vazquez EN, Ramirez RJ, Monteiro 
da Rocha A, Herron TJ, Campbell KF, Willis BC, Alvarado FJ, 
Zarzoso M, Kaur K, Perez-Hernandez M, Matamoros M, Valdivia 
HH, Delpon E, Jalife J (2018) Cardiac Kir2.1 and NaV1.5 chan-
nels traffic together to the sarcolemma to control excitability. Circ 
Res. https:// doi. org/ 10. 1161/ CIRCR ESAHA. 117. 311872

 45. Ralston E, Lu Z, Ploug T (1999) The organization of the Golgi 
complex and microtubules in skeletal muscle is fiber type-depend-
ent. J Neurosci 19:10694–10705

 46. Rhett JM, Ongstad EL, Jourdan J, Gourdie RG (2012) Cx43 Asso-
ciates with Na(v)1.5 in the Cardiomyocyte Perinexus. J Membr 
Biol 245:411–422

 47. Sanz E, Yang L, Su T, Morris DR, McKnight GS, Amieux PS 
(2009) Cell-type-specific isolation of ribosome-associated mRNA 
from complex tissues. PNAS 106:13939–13944. https:// doi. org/ 
10. 1073/ pnas. 09071 43106

 48. Scarborough EA, Uchida K, Vogel M, Erlitzki N, Iyer M, Phyo 
SA, Bogush A, Kehat I, Prosser BL (2021) Microtubules orches-
trate local translation to enable cardiac growth. Nat Commun 
12:1547. https:// doi. org/ 10. 1038/ s41467- 021- 21685-4

 49. Smyth JW, Hong TT, Gao D, Vogan JM, Jensen BC, Fong TS, 
Simpson PC, Stainier DY, Chi NC, Shaw RM (2010) Lim-
ited forward trafficking of connexin 43 reduces cell-cell cou-
pling in stressed human and mouse myocardium. J Clin Invest 
120:266–279

 50. Smyth JW, Shaw RM (2010) Forward trafficking of ion channels: 
what the clinician needs to know. Heart Rhythm 7:1135–1140. 
https:// doi. org/ 10. 1016/j. hrthm. 2010. 05. 030

 51. Smyth JW, Vogan JM, Buch PJ, Zhang SS, Fong TS, Hong TT, 
Shaw RM (2012) Actin cytoskeleton rest stops regulate antero-
grade traffic of connexin 43 vesicles to the plasma membrane. 
Circ Res 110:978–989. https:// doi. org/ 10. 1161/ CIRCR ESAHA. 
111. 257964

 52. Struckman HL, Baine S, Thomas J, Mezache L, Mykytyn K, 
Gyorke S, Radwanski PB, Veeraraghavan R (2020) Super-
resolution imaging using a novel high-fidelity antibody reveals 
close association of the neuronal sodium channel NaV1.6 with 

ryanodine receptors in cardiac muscle. Microsc Microanal. https:// 
doi. org/ 10. 1017/ S1431 92761 90152 89

 53. Tanai E, Frantz S (2015) Pathophysiology of heart failure. Compr 
Physiol 6:187–214. https:// doi. org/ 10. 1002/ cphy. c1400 55

 54. Valdivia CR, Chu WW, Pu J, Foell JD, Haworth RA, Wolff MR, 
Kamp TJ, Makielski JC (2005) Increased late sodium current 
in myocytes from a canine heart failure model and from failing 
human heart. J Mol Cell Cardiol 38:475–483. https:// doi. org/ 10. 
1016/j. yjmcc. 2004. 12. 012

 55. Vasile E, Oka T, Ericsson M, Nakamura N, Krieger M (2006) 
IntraGolgi distribution of the Conserved Oligomeric Golgi (COG) 
complex. Exp Cell Res 312:3132–3141

 56. Vermij SH, Abriel H, van Veen TA (2017) Refining the molecu-
lar organization of the cardiac intercalated disc. Cardiovasc Res 
113:259–275. https:// doi. org/ 10. 1093/ cvr/ cvw259

 57. Wang Z, Yu G, Liu Y, Liu S, Aridor M, Huang Y, Hu Y, Wang 
L, Li S, Xiong H, Tang B, Li X, Cheng C, Chakrabarti S, Wang 
F, Wu Q, Karnik SS, Xu C, Chen Q, Wang QK (2018) Small 
GTPases SAR1A and SAR1B regulate the trafficking of the car-
diac sodium channel Nav1.5. Biochim Biophys Acta Mol Basis 
Dis 1864:3672–3684. https:// doi. org/ 10. 1016/j. bbadis. 2018. 09. 
003

 58. Watanabe T, Sakai Y, Koga D, Bochimoto H, Hira Y, Hosaka M, 
Ushiki T (2012) A unique ball-shaped Golgi apparatus in the rat 
pituitary gonadotrope: its functional implications in relation to the 
arrangement of the microtubule network. J Histochem Cytochem 
60:588–602. https:// doi. org/ 10. 1369/ 00221 55412 448791

 59. Weibrecht I, Leuchowius KJ, Clausson CM, Conze T, Jarvius M, 
Howell WM, Kamali-Moghaddam M, Soderberg O (2010) Prox-
imity ligation assays: a recent addition to the proteomics toolbox. 
Expert Rev Proteomics 7:401–409. https:// doi. org/ 10. 1586/ epr. 
10. 10

 60. Zacharogianni M, Aguilera-Gomez A, Veenendaal T, Smout J, 
Rabouille C (2014) A stress assembly that confers cell viability 
by preserving ERES components during amino-acid starvation. 
Elife. https:// doi. org/ 10. 7554/ eLife. 04132

 61. Zhang R, Miner JJ, Gorman MJ, Rausch K, Ramage H, White JP, 
Zuiani A, Zhang P, Fernandez E, Zhang Q, Dowd KA, Pierson 
TC, Cherry S, Diamond MS (2016) A CRISPR screen defines a 
signal peptide processing pathway required by flaviviruses. Nature 
535:164–168. https:// doi. org/ 10. 1038/ natur e18625

 62. Zhang SS, Shaw RM (2013) Multilayered regulation of cardiac 
ion channels. Biochim Biophys Acta 1833:876–885. https:// doi. 
org/ 10. 1016/j. bbamcr. 2012. 10. 020

 63. Zima AV, Bovo E, Mazurek SR, Rochira JA, Li W, Terentyev 
D (2014) Ca handling during excitation-contraction coupling in 
heart failure. Pflugers Arch 466:1129–1137. https:// doi. org/ 10. 
1007/ s00424- 014- 1469-3

https://doi.org/10.1101/gad.177428.111
https://doi.org/10.1101/gad.177428.111
https://doi.org/10.1172/jci.insight.96291
https://doi.org/10.1186/s12868-016-0308-1
https://doi.org/10.1161/CIRCRESAHA.117.311872
https://doi.org/10.1073/pnas.0907143106
https://doi.org/10.1073/pnas.0907143106
https://doi.org/10.1038/s41467-021-21685-4
https://doi.org/10.1016/j.hrthm.2010.05.030
https://doi.org/10.1161/CIRCRESAHA.111.257964
https://doi.org/10.1161/CIRCRESAHA.111.257964
https://doi.org/10.1017/S1431927619015289
https://doi.org/10.1017/S1431927619015289
https://doi.org/10.1002/cphy.c140055
https://doi.org/10.1016/j.yjmcc.2004.12.012
https://doi.org/10.1016/j.yjmcc.2004.12.012
https://doi.org/10.1093/cvr/cvw259
https://doi.org/10.1016/j.bbadis.2018.09.003
https://doi.org/10.1016/j.bbadis.2018.09.003
https://doi.org/10.1369/0022155412448791
https://doi.org/10.1586/epr.10.10
https://doi.org/10.1586/epr.10.10
https://doi.org/10.7554/eLife.04132
https://doi.org/10.1038/nature18625
https://doi.org/10.1016/j.bbamcr.2012.10.020
https://doi.org/10.1016/j.bbamcr.2012.10.020
https://doi.org/10.1007/s00424-014-1469-3
https://doi.org/10.1007/s00424-014-1469-3

	Distributed synthesis of sarcolemmal and sarcoplasmic reticulum membrane proteins in cardiac myocytes
	Abstract
	Introduction
	Methods
	Adult mouse cardiac tissue sections
	Adult mouse cardiac myocyte isolation and primary culture
	Pharmacological perturbations
	Fluorescent immunolabeling
	RNAscope in situ hybridization
	Messenger RNA–ribosomal RNA proximity-ligated in situ hybridization (MR-PLISH)
	Confocal microscopy and image analysis
	Statistics
	Mathematical modeling
	Human heart samples

	Results
	Distinct distribution of sarcolemmal (SL) and sarcoplasmic reticulum (SR) membrane protein mRNA in murine myocardium and isolated cardiac myocytes
	Molecular machinery for SLSR membrane protein synthesis is distributed throughout the cardiac myocyte
	Cell-wide distribution of membrane protein mRNA utilizes microtubule trafficking
	Mechanism of trafficking varies between different mRNA species
	Visualization of ribosome-associated mRNA with mRNA–rRNA proximity-ligated in situ hybridization (MR-PLISH)
	Distribution of sarcolemmal (SL) and sarcoplasmic reticulum (SR) membrane protein mRNA in human myocardium

	Discussion
	Distributed synthesis of key cardiac membrane proteins
	Three types of membrane protein mRNA distribution
	Membrane protein mRNA trafficking involves microtubules
	Distributed vs local membrane protein synthesis
	Implications for normal biology and disease
	Limitations
	Summary

	Acknowledgements 
	References




