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Abstract—Spatial organization of protein biosynthesis in the eukaryotic cell has been studied for more than
fifty years, thus many facts have already been included in textbooks. According to the classical view, mRNA
transcripts encoding secreted and transmembrane proteins are translated by ribosomes associated with endo-
plasmic reticulum membranes, while soluble cytoplasmic proteins are synthesized on free polysomes. How-
ever, in the last few years, new data has emerged, revealing selective translation of mRNA on mitochondria
and plastids, in proximity to peroxisomes and endosomes, in various granules and at the cytoskeleton (actin
network, vimentin intermediate filaments, microtubules and centrosomes). There are also long-standing
debates about the possibility of protein synthesis in the nucleus. Localized translation can be determined by
targeting signals in the synthesized protein, nucleotide sequences in the mRNA itself, or both. With RNA-
binding proteins, many transcripts can be assembled into specific RNA condensates and form RNP particles,
which may be transported by molecular motors to the sites of active translation, form granules and provoke
liquid-liquid phase separation in the cytoplasm, both under normal conditions and during cell stress. The
translation of some mRNAs occurs in specialized “translation factories,” assemblysomes, transperons and
other structures necessary for the correct folding of proteins, interaction with functional partners and forma-
tion of oligomeric complexes. Intracellular localization of mRNA has a significant impact on the efficiency
of its translation and presumably determines its response to cellular stress. Compartmentalization of mRNAs
and the translation machinery also plays an important role in viral infections. Many viruses provoke the for-
mation of specific intracellular structures, virus factories, for the production of their proteins. Here we review
the current concepts of the molecular mechanisms of transport, selective localization and local translation of
cellular and viral mRNAs, their effects on protein targeting and topogenesis, and on the regulation of protein
biosynthesis in different compartments of the eukaryotic cell. Special attention is paid to new systems biology
approaches, providing new cues to the study of localized translation.
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INTRODUCTION
The eukaryotic cell has a complex ultrastructure,

including the nucleus, membrane organelles, cyto-
skeleton elements, and numerous types of protein and
nucleoprotein granules. All this provides for the com-
partmentalization and spatial regulation of most intra-
cellular processes. Biogenesis and the functioning of
organelles require the synthesis of new proteins and
each of them needs to occupy the right niche in order

to function properly. Due to the huge structural and
functional diversity of polypeptides and the high
energy consumption of their production, diverse
mechanisms for addressing proteins to the places of
their localization and functioning have been devel-
oped in the eukaryotic cell. Decades of research have
uncovered the bases of these processes. Depending on
the stage at which the delivery of the polypeptide to the
desired organelle occurs, two localization pathways
are distinguished—post-translational and co-transla-
tional. The first one is undoubtedly very important,
and sometimes even irreplaceable—for example, in the
case of nuclear proteins that are imported from the
cytoplasm into the nucleus. However, in this review,
we will focus on the second pathway, when the protein

Abbreviations: ER, endoplasmic reticulum; SRP, signal recogni-
tion particle; SP, signal peptide; TMD, transmembrane domain;
MTS, mitochondria targeting sequences; PTS, peroxisome tar-
geting sequences; UTR, untranslated region; NAC, nascent
polypeptide-associated complex; UPR, unfolded protein response;
SG, stress-granule; PB, processing body; RNP, ribonucleoprotein.
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is placed in the right location immediately after the
end of its synthesis.

A classic example of such a pathway is the synthesis
of secreted and membrane proteins, which mainly
occurs on the membrane of the endoplasmic reticu-
lum (ER). For a long time, it was considered to be the
only example of localized translation. However, recent
data reveal a much more complex spatial organization
of protein biosynthesis in eukaryotic cells. Many alter-
native mechanisms have been found, including the
selective translation of mRNA on the surface of other
intracellular organelles: on the outer membranes of
mitochondria, plastids and other membrane organ-
elles, in specialized granules and on elements of the
cytoskeleton. All these processes have been studied
much less than the classical ER-coupled translation,
but it is clear that they are based on the recognition of
special signals either in the sequence of the mRNA, or
in the structure of the synthesized product. Quite
often these two mechanisms act in combination. In
rare cases, particular properties of specialized ribo-
somes may also play a role.

Many studies indicate the widespread existence of
cases when mRNA is first transported to the desired
compartment in the form of inactive ribonucleopro-
tein (RNP) complexes, and only then the active trans-
lation phase begins, leading to the synthesis of proteins
in a strictly defined area of the cell. This mode has a
number of advantages over the delivery of a mature
protein, since it reduces energy costs for transporta-
tion and competition with other sorting mechanisms,
and also gives an advantage in the assembly of multi-
component systems and the organization of local reg-
ulatory “hubs.”

The diversity and accuracy of mechanisms for
addressing proteins and localizing the process of their
synthesis is ensured by the effective cooperation of
various cellular systems, including the cytoskeleton,
the translocation complexes built into membranes, as
well as networks of specific RNA–protein and pro-
tein–protein interactions. Disruption of the normal
targeting of proteins leads to their incorrect localiza-
tion and inactivation, and in the worst cases, to the
development of toxic effects, the formation of aggre-
gates and other consequences harmful to the cell and
the organism, including severe pathologies.

Here we review various strategies for protein target-
ing to eukaryotic cell compartments, which are based
on mRNA localization and co-translational mecha-
nisms. In addition to the well-known classical models,
we discuss alternative or auxiliary, less studied path-
ways that significantly expand our understanding of
the spatial organization of protein biosynthesis process
in the cell.
TRANSLATION ASSOCIATED
WITH ER MEMBRANES

Hypotheses concerning spatially differentiated
translation pathways in eukaryotes were put forward
back in the 50s of the previous century, when G. Pal-
ade, using electron microscopy, discovered several
populations of cellular ribosomes (then still “Palade
granules”), which were either bound to the ER mem-
brane or freely distributed in the cytoplasm [1]. The
distinct functional roles of these ribosomes were con-
firmed in subsequent studies on the mechanism of
synthesis of secreted and cytoplasmic proteins. A
question arose: if there is a distinction between ribo-
somes according to the type of produced protein, then
how is it determined whether the synthesis occurs on
the ER membrane or in the cytoplasm? Subsequent
studies have revealed the existence of a special popula-
tion of ER-associated mRNA [2–5], most of which
encoded secreted or membrane proteins. However, it
is now known that soluble cytosolic proteins can also
be synthesized on the ER [6–11], and there are sev-
eral ways to address mRNA to the ER membranes
[12–14]. In addition, the existence of an entire cellular
compartment, the TIGER domain, associated with the
ER and organizing specific mRNA–protein interactions
near the membrane, was recently announced [15].

Product-dependent mechanisms of ER-localized
translation: the classical SRP-dependent pathway and
other modes. The first attempt to explain the localized
synthesis of secreted and membrane proteins was the
“signal hypothesis” proposed by G. Blobel [16, 17].
According to it, a special amino acid sequence at the
N-terminus of a nascent protein, a signal peptide
(SP), carries information that allows establishing a
connection between the translating ribosome and the
membrane of the ER. Later, in the early 80s, a soluble
mediator that recognizes SP was identified—it turned
out to be an RNP called SRP (Signal Recognition
Particle) [18]. The second component of this system
was also found—the SRP receptor (SR) on the mem-
brane of the ER [19]. As a result, a classical model of
SRP-dependent membrane localization of ribosomes
synthesizing membrane and secreted proteins was
proposed (Fig. 1, I).

The mechanism of selective recognition of mRNA
by the SRP particle is based on a special amino acid
“message” contained in the SP and includes positively
charged N-terminal amino acids, a hydrophobic core
(which plays the main role in binding) and subsequent
polar residues [20]. Transmembrane domains
(TMDs) of membrane proteins are recognized in a
similar manner [21]. Recognition and binding of SP or
TMD occurs co-translationally, as the synthesized
peptide is released from the ribosomal tunnel. Other
proteins may be involved in this process [22]. After
recognition, one of the SRP domains blocks the elon-
gation cycle, and the mRNA/ribosome/nascent pep-
tide/SRP complex is transported to the ER mem-
MOLECULAR BIOLOGY  Vol. 55  No. 4  2021
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Fig. 1. Diversity of mechanisms for protein targeting to the ER and localization of mRNA on the ER membrane. (I) The classic
SRP-dependent pathway: the SRP particle, pre-associated with the ribosome, recognizes the signal peptide (SP) or transmem-
brane domain (TMD) emerging from the ribosomal tunnel, and arrests elongation, after which the transport of the mRNA/ribo-
some/nascent peptide/SRP complex onto the ER membrane (M) occurs, where SRP binds to its membrane receptor, SR. The
translocon (Sec-complex) is involved in the binding of the ribosome on the ER and the translocation of the peptide across the
membrane into lumen (L), with the help of proteins associated with the translocon (TRAP, TRAM, OST, etc.). (II) Post-trans-
lational mechanism of protein import into the ER mediated by chaperones and other proteins. (III) Localization through the
interaction of the synthesized product with the ER resident protein. (IV) Retention of mRNA on the ER membrane in complex
with the polysome. (V) Translation-independent mRNA localization mediated by 3'-untranslated region (3'-UTR). Some of the
known mRNA-binding proteins involved in various mRNA localization pathways are shown. (VI) Association of the translation
complex with the ER through membrane receptors of the ribosome and mRNA-binding proteins.
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brane, where SRP binds to its membrane receptor, SR.
A special multisubunit protein complex—the translo-
con (Sec61-complex), which forms a channel in the
ER membrane, participates in the binding of the ribo-
some to the ER and in the translocation of the peptide
across the membrane [23, 24]. After attachment of the
ribosome to the translocon, SRP dissociates, elonga-
tion resumes, and subsequent translocation of the
nascent peptide into the lumen or incorporation into
the ER membrane occurs [25, 26].

An interesting variation of the classic pathway is
employed by an unusual mRNA coding for the animal
transcription factor XBP1 (as well as its plant and yeast
analogs, bZIP60 and HAC1). It is an important ele-
ment of the cellular stress response to the accumula-
tion of unfolded proteins in the ER, UPR (Unfolded
Protein Response) [27]. XBP1u protein, encoded by
an unspliced form of this mRNA, co-translationally
recruits the translation complex to the ER membrane
via the SRP-dependent pathway [28]. However, the
end of the synthesis and release of XBP1u is prevented
by its C-terminal region: it contains a special amino
acid sequence that causes ribosome stalling [29, 30].
Complexes of ribosomes with peptide and mRNA are
MOLECULAR BIOLOGY  Vol. 55  No. 4  2021
tightly bound on the membrane due to the highly con-
served hydrophobic domain of XBP1u, which inter-
acts with the translocon; however, full translocation
does not occur in this case [28, 31, 32]. The details of
this phenomenon are not fully understood and are
controversial: for example, some studies have shown
the release of the XBP1u protein and its active role in
the stress response regulation (see discussion in [33]),
while others claim the destruction of XBP1u by the
ribosomal quality control (RQC) system, which rec-
ognizes stalled translational complexes [34]. In the
case of UPR, non-canonical splicing of XBP1 mRNA
occurs by the specific nuclease IRE1, which is localized
in the ER membrane near the translocon and is activated
by this type of stress. Excision of the 26-nucleotide
intron leads to a shift in the open reading frame in
mRNA and the production of active XBP1s protein,
which is directed to the nucleus and activates the
expression of genes involved in the UPR [27].

Subsequent studies have revealed additions and
exceptions to the classical model. It turns out that
inactivation of SRP and/or SR in yeast [35], trypano-
somes [36] and human cells [37] does not lead to fatal
consequences, while some proteins continue to inte-
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grate into membranes or translocate into the ER
lumen, although not as efficiently as in the control.
This gave rise to the idea of the existence of alternative,
SRP-independent mechanisms of protein delivery to
the ER [38–40]. Post-translational mechanisms play
an important role (Fig. 1, II): classic GET/TRC40-
dependent import and the recently discovered SND
pathway (from SRP-iNDependent targeting), which
description is beyond the scope of this review [41].
However, in addition, product-independent co-trans-
lational mechanisms based on the localization of
mRNA have been described (discussed in detail in the
next section). There are also cases when localized
translation on the ER is nevertheless determined by
the properties of the polypeptide, but does not depend
on SP and SRP. For example, the mRNA of the mam-
malian and avian cytosolic protein DIAPH1/Dia1
lacking SP is localized on the membranes of the peri-
nuclear ER during translation; however, this occurs
not due to the binding of the growing protein to the
translocon, but through the interaction of its N-termi-
nal part with a membrane-associated protein of the
Rho GTPase family (Fig. 1, III) [42].

Finally, we would like to call attention to a not very
obvious issue. It is clear that a long mRNA encoding a
large membrane or secreted protein can be translated
simultaneously by several ribosomes. In this case, such
mRNA will be continuously retained near the mem-
brane due to the fact that at any given time there is at least
one ribosome associated with translocon (Fig. 1, IV),
even if the other components of the polysome are not
associated with the membrane [8, 10]. This is a rather
important circumstance, since it gives rise to the idea
of the existence of a certain permanent pool of mem-
brane-associated transcripts. Moreover, it cannot be
ruled out that some ribosomes may also have a “mem-
brane” specialization. Polysomes on the ER mem-
brane are often circular [43], which implies repeated
cycles of translation of a specific mRNA by the same
ribosomes, passing from a stop codon to a start codon
by CLAR (closed-loop assisted re-initiation) [44].
Thus, the concept of some specialized translational
apparatus, which is engaged in the synthesis of mem-
brane and secreted proteins, appears already at this
stage.

Translation product-independent localization of
mRNA and ribosomes on the ER membrane. The
mechanisms of localized translation of mRNA
described above are associated with the structure or
function of the encoded protein products. However, in
many cases, neither SP nor TMD is found in the poly-
peptide sequences, but the mRNAs encoding them are
nevertheless found associated with the ER; sometimes
they code for soluble cytosolic proteins unrelated to
any membrane organelle [3–14]. The binding of such
mRNAs to the membrane can occur independently of
translation (Fig. 1, V) and is due to the presence of
special localization signals in its nucleotide sequence
(cis-elements), most often located in the 3'-UTR [14,
45]. An example is the Saccharomyces cerevisiae yeast
PMP1 mRNA, which contains a UG-rich motif in the
3'-UTR, which forms a specific hairpin structure and
provides interaction with the ER [46]. These interac-
tions can be mediated by some RNA-binding proteins
(see below). The yeast mRNAs USE1 and SUC2,
encoding membrane-anchored ER and secreted pro-
teins, respectively, also remain on the ER when SRP is
inactivated and translation is blocked [12]. Recently, a
special motif, SECReTE, was discovered in the
mRNAs encoding secretory and membrane proteins
(including the aforementioned SUC2 mRNA), which
promotes the retention of mRNA on the ER mem-
brane, enhances its stability, and increases the secre-
tion of encoded proteins [47]. Many mRNAs encoding
membrane-associated proteins contain AU-rich ele-
ments (ARE) in their 3'-UTRs, bound by the TIS11B
protein, and aggregate into special TIS-granules on
the ER membrane, then forming a separate subcellu-
lar compartment, the TIGER domain (for “TIS gran-
ule-ER”) [15, 48]. According to some reports, mRNA
can also bind to ER nonspecifically due to the interaction
of the poly (A)-tail with membrane receptors [9, 49].

The mRNA receptors on the ER membrane are the
subject of active research. Thus, a large role in this
field is assigned to the multifunctional membrane pro-
tein RRBP1/p180, which is involved in maintaining
the integrity of the ER network inside the cell, inter-
acts with microtubules, nonspecifically binds mRNA
on the ER surface due to the presence of a lysine-rich
domain, regulates the stability of transcripts, and pro-
motes assembly and retention of polysomes on the
membrane [49–51]. Another RNA-binding protein,
MTDH/AEG-1, is known to preferentially associate
with mRNAs encoding transmembrane and secreted
proteins [52]. Interestingly, AEG-1 binding sites are
found mainly in the coding regions of mRNA, to a
lesser extent in the 5'-UTR, and they are almost
absent in the 3'-UTR. Recently, the ability to bind
ER-associated mRNAs, ribosomes, and tRNAs with
high affinity has also been shown for IRE1 [53]. In
yeast, the association of mRNA with the ER mem-
brane is likely provided by a number of non-mem-
brane proteins: SHE2, WHI3, KHD1, and others
[54–56]. Modern high-throughput methods identify
dozens of potential RNA-binding proteins among ER
residents [9, 57–59], however, their role in mRNA
localization requires careful verification. Many of
them lack the canonical RNA-binding domains,
therefore, the mechanisms of their interaction with
RNA are poorly understood. Another difficulty is that
these proteins often turn out to be multifunctional,
which complicates their study.

In the study performed by C. Nicchitta’s group, the
list of ER membrane proteins with potential RNA-
binding properties has been expanded to two dozen
representatives [9]. Cytosolic and secretory protein-
encoding mRNAs displayed similar RNA-binding
protein compositions, which were distinct from those
MOLECULAR BIOLOGY  Vol. 55  No. 4  2021
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utilized by endomembrane protein-encoding mRNAs.
In another study [11], the authors analyzed a reper-
toire of transcripts bound to ribosomes associated with
either SEC61B/Sec61β (a translocon subunit) or
LRRC59 (an ER resident protein). They revealed both
shared mRNA targets (in particular, mRNAs of solu-
ble cytosolic proteins) and specific ones: e.g. tran-
scripts encoding ER proteins were predominantly
associated with SEC61B, while mRNAs of integral
plasma membrane proteins—with LRRC59. This sup-
ports the above hypothesis of different binding mech-
anisms of mRNAs encoding membrane and secreted
proteins.

A particular, extremely intriguing question con-
cerns the membrane receptors of the ribosomes them-
selves. In the above-mentioned study [11] four poten-
tial ribosome receptors on the ER membrane were
examined: LRRC59, RPN1/ribophorin I (a subunit of
the ER oligosaccharyltransferase complex, OST) and
two components of the translocon, SEC61B and
SEC62. The ability of SEC61B, LRRC59, and, to a
lesser extent, ribophorin I to bind ribosomes in living
cells has been proven. Apart from the Sec translocon
and OST, other ER-localized proteins are also the
candidates for this role, e.g. the heterotetrameric
TRAP complex and the membrane protein TRAM.
These ER components interact with the ribosome
during the stages of its binding to the translocon and
subsequent translocation of the polypeptide into the
lumen (Fig. 1, VI) [9, 11, 60–62]. In addition, the
aforementioned membrane RNA-binding protein
RRBP1/p180 was originally identified precisely as a
ribosome receptor on the ER membrane [50].

Thus, in the case of the ER, both modes to ensure
localized translation of mRNA are implemented: co-
translational recruitment through product recognition
and translation-independent mRNA targeting. Most
likely, these two mechanisms act cooperatively.

TRANSLATION ASSOCIATED
WITH THE OUTER MITOCHONDRIAL 

MEMBRANE
The processes of translation on the membranes of

another important organelle—the mitochondrion, are
less studied. A mitochondrion has two membranes—
the outer and inner, and translation can occur in the
immediate vicinity or on the surface of both, depend-
ing on where the transcript is encoded: in the nuclear
or mitochondrial genome [63]. Mitochondria inde-
pendently synthesize only a small number of proteins
(components of the respiratory chain). For this, a bac-
terial type mitochondrial translational apparatus is
used; biosynthesis and incorporation of such proteins
into the inner membrane, most likely, occurs co-
translationally. Other mitochondrial proteins, of
which there are more than a thousand, are encoded in
the nuclear genome, produced by cytosolic ribosomes,
and need to be imported into the mitochondria [64].
MOLECULAR BIOLOGY  Vol. 55  No. 4  2021
The main mechanism of this import is considered to
be post-translational translocation (Fig. 2, I), based
on the recognition of special mitochondrial targeting
peptides at the N-terminus—MTS (mitochondrial
targeting sequence) by chaperones and translocations
across the outer and inner membranes with the partic-
ipation of mitochondrial pore complexes TOM/TIM
[65]. As in the case of ER, description of the post-
translational transport of proteins into mitochondria is
beyond the scope of this review, thus we refer the
interested readers to specialized articles [63–65] for
further details.

Co-translational import of proteins into mitochondria.
The binding of cytoplasmic ribosomes and polysomes
to the outer membrane of mitochondria was discov-
ered back in the 70s of the previous century [66, 67]. A
little later, the enrichment of these polysomes with
transcripts encoding mitochondrial proteins was
shown [68], as well as their ability to synthesize these
proteins and integrate them into the organelle [69].
The existence of co-translational import of proteins
into mitochondria, when translation is coupled with
translocation across the membrane (Fig. 2, II), was
proved in the 90s. In experiments with yeast, it was
shown that inhibition of post-translational import is
unable to completely inhibit protein translocation into
the mitochondria, while inactivation of cytoplasmic
ribosomes blocks the import [70]. Over time, the the-
ory began to be supported by new experimental data.
In one of the studies [71], an artificial construct
encoding the f luorescent protein EGFP with two dif-
ferent targeting sequences was expressed in cultured
human cells: the localization signal to the mitochon-
dria was located at the N-terminus of the protein, and
the ER-targeting sequence—at the C-terminus.
Observations showed that the product was found
exclusively in mitochondria, which means that the
localization of the protein is determined even before
the completion of translation. Nevertheless, for most
mitochondrial proteins, the two import pathways
seem to complement each other, but in some cases (for
example, for the fumarase enzyme, as was shown in
another study [72]), the co-translational pathway is
strictly dominant. New methods, including ribosome
profiling, revealed that the translocation of about 30%
of mitochondrial proteins is most likely coupled with
translation [73]. This is especially true for proteins of
the inner mitochondrial membrane [73].

The nature of ribosome binding to mitochondria
was studied by both biochemical and microscopic
methods. The important role of the interaction of
outer membrane proteins with components of the
ribosome has been shown [74]. Later, using cryoelec-
tron tomography, it was possible to visualize this bind-
ing [75] and reveal the decisive role of the interaction
of the target peptide with the translocon of the outer
membrane TOM, by analogy with the interaction of
SP or TMD with the Sec complex of the ER translo-
con. The importance of TOM components for MTS
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Fig. 2. Diversity of mechanisms for proteins targeting in mitochondria. (I) Chaperone-mediated post-translational targeting.
(II) Co-translational targeting of the complex consisting of mRNA, ribosome and MTS-containing nascent peptide to the
TOM/TIM pore, mediated by NAC (Nascent polypeptide-Associated Complex). (III) Direct binding of NAC to proteins of the
outer mitochondrial membrane. (IV) Binding of transcripts to the outer mitochondrial membrane through mRNA-binding pro-
teins. (V) ER-SURF pathway: DJP1-mediated insertion of proteins synthesized on the ER membrane into the mitochondrial
membrane. Details are in the text.
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recognition in co-translational import has been shown
in another study [76]. It was also found that ribosomes
on the mitochondrial membrane are located in a spe-
cial way—they form clusters in specific areas where the
outer and inner membranes are close together and
form the contact regions of the TOM and TIM trans-
locons [75].

The precise mechanism of the cytosolic ribosome
recruitment to the outer membrane of mitochondria is
not yet clear, but it is known that the NAC protein
complex (Nascent polypeptide–Associated Complex)
interacts with the nascent peptide on the ribosome and
plays an important role in this process [77, 78].
Removal of NAC in Caenorhabditis elegans nematodes
causes erroneous relocalization of ribosomes synthe-
sizing mitochondrial proteins to the ER membrane,
which leads to disruption of the proteostasis of both
organelles and to a reduction in the life span of ani-
mals [79]. A complementary observation has also been
made in yeast: removal of SRP from cells leads to erro-
neous targeting of ER proteins to mitochondria [21].
These data allow to conclude that NAC interferes with
the binding of ribosomes on the ER translocon. This
conclusion is consistent with early observations of
competition between NAC and SRP for interaction
with the growing chain of the synthesized polypeptide
and/or to the ribosome [80, 81]. Later studies made
additional adjustments to this idea: according to the
current model, both complexes can be located on the
ribosome at the same time, while the presence of NAC
causes structural rearrangements in the SRP that affect
the activity of the particle (see discussion in [82]).

Although NAC is usually assigned only the role of a
“competitor” to SRP, there is evidence for its active func-
tion in protein targeting to mitochondria (Fig. 2, III).
For example, direct participation of yeast NAC in co-
translational import has been shown in an in vitro sys-
tem [83]. It was also demonstrated in yeast that OM14,
a protein of the outer membrane of mitochondria,
functions as a NAC receptor, and the knockout of its
gene leads to a decrease in the proportion of ribosomes
associated with the outer membrane of mitochondria,
and to a disturbance of the import of proteins into the
organelle [84]. Another mitochondrial protein,
SAM37, a component of the yeast membrane protein
sorting and assembly complex (SAM-complex), dynam-
ically associated with the TOM translocon, was also
reported to be a NAC partner [85].

More recently, the picture has become even more
complicated due to the emergence of a new player—
the HEL2/ZNF598 protein, a component of the RQC
system [22]. In yeast, this protein is probably capable
of additional control of SP recognition by the SRP
particle and delivery of the corresponding mRNA to
the translocon. Thus, a full understanding of the
mechanisms of co-translational import of proteins
MOLECULAR BIOLOGY  Vol. 55  No. 4  2021
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into mitochondria, the role of NAC and SRP in this
process are still lacking, the data are rather limited
both in terms of depth and the set of model organisms
used—therefore, interest in this topic is constantly
growing [64, 86, 87].

Localization of mRNA on the mitochondrial mem-
brane. Using various methods and different model sys-
tems, it was reliably shown that many transcripts of
nuclear genes encoding mitochondrial proteins are
localized on the outer membrane of mitochondria [4,
5, 73, 88–92]. This points to a large contribution of
local translation to the targeting of mitochondrial pro-
teins [93]. As in the case of ER, both nucleotide sequence
motifs in the encoding transcript and signals in the syn-
thesized polypeptide can be responsible for the mRNA
delivery to the mitochondrial surface (Fig. 2, IV). The
former mode is exemplified by the OXA1 mRNA of
both humans and yeast, containing a functionally con-
served cis-acting element in its 3'-UTR, which is nec-
essary for the localization of this mRNA on mitochon-
dria and the correct targeting of the corresponding
protein [94]. The latter, translation-dependent mode
can be mediated by MTS (interacting with the compo-
nents of the TOM translocon) or by other signals in
the encoded polypeptide [95, 96]. For mRNA of the
yeast protein ATM1, the ABC-transporter of the inner
membrane of mitochondria, independent contribu-
tion of both mechanisms has been shown [97].

Recently Poulsen et al. [98] analyzed the common
properties of yeast mRNAs associated with mitochon-
dria, and came to the unexpected conclusion that such
transcripts usually have features that prevent effective
translation initiation and a lower ribosome coverage.
As a result, they proposed a model according to which
mitochondrial localization of mRNA is determined by
slow initiation and greater mobility, while actively
translated mRNAs are less mobile and rarely reach the
mitochondrial surface. Another recent finding [99]
links the special translational properties of mRNAs
encoding mitochondrial and membrane proteins with
the involvement of the initiation factor eIF3 in a num-
ber of first elongation cycles. The lack of eIF3 led to a
defect in mitochondrial biogenesis in the muscles of
mice due to the difficulty in the synthesis of mito-
chondrial proteins at the stage of incorporation of the
first several tens of amino acids [99].

The repertoire of the characterized RNA-binding
proteins of the outer membrane of mitochondria is still
very limited, but their role in the localization and fate
of mitochondrial protein transcripts, in biogenesis and
maintenance of the organelle functions is undeniable
[59, 100]. This is supported, for example, by the detec-
tion of certain nucleotide motifs in mRNAs encoding
mitochondrial proteins in yeast [101]. The function of
mRNA receptors on the outer membrane of mito-
chondria in yeast can probably be performed by some
members of the Puf family of proteins (for example,
PUF3), which direct the localization of such mRNAs
MOLECULAR BIOLOGY  Vol. 55  No. 4  2021
to the organelle surface, regulate their stability and
translation [102–108]. Another RNA-binding protein
that can act as a mitochondrial anchor for a number of
mRNAs in human cells is SYNJ2BP [109]. Knockout
of the SYNJ2BP gene showed that this protein is nec-
essary for the rapid resumption of translation of such
mRNAs after stress.

In drosophila, PINK1 and Parkin proteins are
implicated in binding of mRNAs encoding respiratory
chain components to the mitochondrial surface,
orchestrating their local translation and import of pro-
tein products. Membrane-associated mitochondrial
kinase PINK1 recruits E3 ubiquitin ligase Parkin,
which displaces translational repressors (in particular,
Dcp1, POP2, Pum-1, and Glorund/hnRNP-F/H)
from localized mRNAs and promotes recruitment of
translation activators (eIFG4A and eIF4A) [110]. On
the other hand, in oocytes PINK1 is predominantly
localized on defective mitochondria and, through
local phosphorylation of Larp, ensures their “block-
ade” by preventing the synthesis of new proteins on their
surface [111]. This contributes to the rejection of mito-
chondria with defective genomes from the intracellular
population so that they are not passed on to the offspring.
Another conserved protein, AKAP1/MDI, which con-
trols local translation at the outer mitochondrial
membrane by attracting the mRNA-binding protein
Larp, is also necessary for selective inheritance of
non-mutant mtDNA in heteroplasmic f lies [111, 112].

The mRNA-binding cytosolic protein CLUH,
which is present in all eukaryotes from yeast to mam-
mals, binds predominantly to transcripts encoding
mitochondrial proteins, including components of oxi-
dative phosphorylation complexes and the tricarbox-
ylic acid cycle [113]. CLUH deficiency causes serious
dysfunctions of cellular respiration and energy metab-
olism, which are brought on by changes in the stability
and translation of associated mRNA [114]. The
CLUH homologue in drosophila (Cluless) is also
found in the mitochondrial fraction, where it is asso-
ciated with mitochondrial membrane proteins
(Tom20), as well as in a complex with ribosomes [115,
116]. Taken together, these data indicate a functional
model in which CLUH of higher eukaryotes, like yeast
Puf3p, participates in the binding and localization of
nuclear transcripts of mitochondrial proteins on the
outer mitochondrial membrane and regulates their
stability and translation.

Summing up this section, we would like to once
again draw attention to the similarity of the principles
of localized translation on the outer membrane of the
mitochondria and on the ER membranes. In fact,
these organelles have much closer interactions than is
commonly believed. The places of close contact
between the membranes of mitochondria and the ER
play a key role in maintaining lipid and calcium
homeostasis, in the initiation of autophagy, mito-
chondrial division, and other processes [117, 118]. A
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significant proportion of the transcripts localized on
these two organelles turns out to be associated with
both of them, which suggests their translation at the
sites of contact between the two organelles [5]. OSM1
is an example of a dual-localized mRNA; this is based
on the use of alternative translation starts, which give
different signal sequences in the protein [73]. The phe-
nomenon of double localization of the polypeptides is
not a rarity [119]. A new mechanism for the import of
proteins into mitochondria has recently been discov-
ered in yeast—ER-SURF (ER surface-mediated pro-
tein targeting): mitochondrial proteins are initially
incorporated into the ER, but then are redirected to
the mitochondria using the ER-localized chaperone
DJP1 (Fig. 2, V) [120].

THE ROLE OF LOCALIZED TRANSLATION 
IN THE IMPORT OF PROTEINS 

INTO PEROXISOMES AND OTHER 
MEMBRANE ORGANELLES

Peroxisomes are single-membrane organelles
responsible for the oxidation of fatty acids, detoxifica-
tion of hazardous oxygen and nitrogen forms, as well
as a number of other important functions and have an
important structural and functional relationship with
the ER and mitochondria [121, 122]. The only known
way of importing proteins into peroxisomes is post-
translational: unlike mitochondrial and ER proteins,
most peroxisome-targeted polypeptides are imported
in a completely folded form, often as oligomers [121].
Targeting is mediated by special amino acid motifs,
PTS (peroxisomal targeting sequences), which are
located either at the C- (PTS1) or at the N-terminus
(PTS2) of the proteins. Nevertheless, a special trans-
lation-coupled import mechanism has been described
for some peroxisomal proteins [123]—however, in this
case, the initial incorporation of polypeptides occurs
into the ER membrane, after which the proteins are
delivered to the peroxisomes by directed vesicular
transport. This ER-mediated topogenesis of peroxiso-
mal proteins serves as the basis for de novo peroxisome
formation and biogenesis of their membrane [121].
Another translation-related feature of some peroxiso-
mal proteins is their dual localization, in which some
isoforms are targeted to peroxisomes, while others
remain in the cytosol [124]. In a number of cases,
these isoforms, characterized by the presence of PTS1
at the C-terminus, are synthesized from the same
mRNA due to an unusually high level of stop codon
read-through [125, 126].

A significant role in the targeting of proteins to per-
oxisomes is assigned to the localization of the tran-
scripts encoding them in the immediate vicinity of
these organelles or directly on their surface. There are
still very few studies on the mRNA localization on
peroxisomes, but this line of research is rapidly devel-
oping [127]. In 2009, the localization of 50 yeast
mRNAs encoding peroxisomal proteins was analyzed
[128], 12 of them (including mRNA of eight peroxins
and four matrix enzymes) showed a high level of co-
localization with peroxisomes—from 50 to 80% of
mRNA molecules. Then, a large-scale analysis of per-
oxisome-associated transcriptome in mice [129]
revealed an enrichment in representatives encoding
peroxisomal proteins, including peroxins and matrix
enzymes involved in β-oxidation of fatty acids and bile
acid biosynthesis. The peroxisomal fraction contained
also mRNAs encoding mitochondrial and secreted
proteins.

Rare data on the relationship between translation
and other membrane organelles, as well as on the spe-
cific localization of mRNA on them, can be found in
the literature. Thus, in a recent screening, selective
localization of mRNA of several genes at once on
endosomes, the Golgi apparatus and on the outer side
of the nuclear envelope was found [130]. In addition,
localized translation of septin mRNA on endosomes
was shown in fungal hyphae [131, 132]. In Xenopus
neurons, late endosomes, often associated with mito-
chondria, serve as a platform for translation of many
mRNAs and are necessary for efficient protein synthe-
sis from lamin B2 mRNA [133].

TRANSLATION IN THE NUCLEUS?
Perhaps the most controversial subject in the topic

of localized translation is associated with the discovery
of 80S ribosomal complexes and, presumably, trans-
lating ribosomes in the cell nucleus. The history of
these studies is a chain of attempts to confirm or dis-
prove these observations [134–136]. First reports
about “nuclear translation” originate in the 50s of the
previous century, when in the studies of Allfrey and
Mirsky [137, 138] the inclusion of labeled amino acids
in the isolated nuclei of calf thymocytes was shown.
However, the presence of ribosomes on the outer
nuclear membrane (which directly passes into the ER
membrane) is well known, and the degree of purifica-
tion of nuclei from the cytoplasmic fraction at that
time was clearly insufficient to draw unambiguous
conclusions. Nevertheless, in the future, experiments
on the incorporation of labeled amino acids into the
nuclei of different cells were repeated many times
using various purification methods; the energy depen-
dence of this process, sensitivity to protein synthesis
inhibitors, DNase and RNase were shown (a detailed
analysis of these numerous studies of the 50-70s can
be found in the review [139]). It was possible to isolate
actively translating polysomes from the purified nuclei
[140]. Isolated nucleoli also efficiently incorporated
amino acids [134, 141], which looks especially plausi-
ble given the presence of maturing ribosomal subunits
in this structure.

However, as data accumulated, it became clear that
the “legitimate” place for the synthesis of both cytoso-
lic and nuclear proteins is exclusively the cytoplasm. It
turned out that maturation and nuclear export of large
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and small ribosomal subunits occurs separately, and
the final stages of their biogenesis and “quality con-
trol” take place outside the nucleus [142], while up to
this point, the subunits are associated with special
inactivating factors that prevent translation initiation
[143]. On the other hand, it is surprising that many
tRNAs, translation factors, and auxiliary enzymes can
be found in the nucleus (although some of these data
are disputable) [144]. The absence of 80S ribosomes in
the nucleus was also questioned: Al-Jubran and co-
authors [145] applied the method of bimolecular f lu-
orescent complementation, attaching different parts of
the f luorescent protein to the components of the small
and large subunits, and observed f luorescence in the
nucleus. It is also intriguing that a small number of
mRNA species are found exclusively in the nucleus yet
produce proteins [130].

In addition, over time, evidence of various “non-
canonical” translational events in the cell began to
appear—and they almost immediately were linked to
putative “nuclear translation” [146]. At the moment,
this topic is mainly associated with the still poorly
understood process of synthesis of hypothetical
“defective ribosomal products” (DRiPs), or “pioneer
translation products” (PTPs), which are the result of
translation of unspliced pre-mRNAs and serve as one
of the sources of peptides for presentation in the class I of
the major histocompatibility complex (MHC I) [147–
149]. Another branch of research links “nuclear trans-
lation” with some manifestations of the nonsense-
mediated mRNA decay (NMD)—an important
mechanism of mRNA quality control that eliminates
transcripts with premature stop codons, including
products of aberrant splicing [150–152]. The main
argument in favor of this relationship is that many
NMD factors have nuclear or perinuclear localization
[153, 154]. Both of these concepts can coexist with
each other, since the production of PTPs can be asso-
ciated with the “pioneer round” of translation of
incorrectly spliced transcripts from which some
introns have not been removed—the only question is
whether these events actually occur in the nucleus.

The emergence of these arguments triggered a new
wave of research by proponents of “nuclear transla-
tion,” which used modern techniques of protein label-
ing in combination with electron and confocal micros-
copy. A significant contribution to the formation of
the updated concept was made by the studies of
P. Cook’s laboratory [150, 152, 155], in which differ-
ent types of pulse-labeling of the nascent polypeptides
were used followed by their microscopic detection.
Another group, using a method based on the incorpo-
ration of puromycin into the growing polypeptide
chain (followed by visualization of the product using
puromycin-specific antibodies) showed an intense
accumulation of the label in the nucleus [156]. This
fact has long been considered a very strong argument
in favor of “nuclear translation.” However, in two
recently published studies [157, 158] the puromycin
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labeling approach was heavily criticized: the authors
found that under the conditions that are regularly used
during the reaction, the puromycilated products leave
the ribosome and quickly diffuse from the site of syn-
thesis, often ending up in the nucleus as well. It is pos-
sible that other types of labeling are not devoid of sim-
ilar artifacts. Thus, today it is hardly possible to say
with confidence that there are any irrefutable argu-
ments in favor of the existence of “nuclear transla-
tion.”

CYTOSOLIC RIBONUCLEOPROTEIN 
GRANULES AND “TRANSLATION 

FACTORIES” AS A PLATFORM FOR mRNA 
LOCALIZATION AND TRANSLATION

Stress granules, processing bodies and other types of
RNP granules. In addition to constitutively present
organelles, temporary non-membrane-bound assem-
blies can be observed in the cytoplasm of a cell under
various conditions—in particular, RNP granules, rela-
tively large condensates, which represent multicom-
ponent multifunctional complexes. The most well-
known and studied types of such assemblies are stress
granules (SGs) and processing bodies (P-bodies, PBs).
[159, 160]. PBs (Fig. 3, I) present in the cell under
both normal and stress conditions, and are enriched
with factors involved in RNA degradation. However,
according to current views, the mRNA decay is not the
main purpose of PBs. Unlike PBs, SGs (Fig. 3, II) are
predominantly formed under certain types of stress;
they contain mRNA in a complex with small ribo-
somal subunits, translation initiation factors, and a
variety of RNA-binding proteins [159]. The main
function of both SGs and PBs is now considered to be
the regulation of RNA metabolism: first of all, selec-
tive translation repression, as well as controlled degra-
dation and other processes [159, 160]. It is generally
accepted that the phenomenon of liquid–liquid phase
separation (LLPS), associated with the peculiar prop-
erties of RNA and proteins with unstructured or repet-
itive regions, has an important role in the formation of
PBs, SGs, and other large RNP-condensates and
non-membrane-bound organelles [161–164]. Most
likely, the “seeds” of SGs—high molecular weight
RNPs (pre-SGs) and RNA–RNA condensates, which
are in a dynamic equilibrium between growth and dis-
assembly—are present in the cell under normal condi-
tions [165, 166]. Under stress, they serve as a focus for
the condensation of mRNAs and proteins to form
mature SGs due to LLPS.

SGs and PBs are traditionally considered to be
translationally inactive compartments (if only because
ribosomes are not found in PBs, and 60S subunits in
SGs). However, according to some data, both struc-
tures can sometimes also act as a “platform” for local-
ized mRNA translation. For example, it has been
shown that in drosophila oocytes, gurken mRNA is
translated directly on the surface of PBs [167]. This
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Fig. 3. Translation associated with non-membrane cell organelles. Shown schematically: P-bodies (I); stress granule (II); “rans-
lation factory” (III); transperon (IV); assemblysome (V); ribosomes and nucleoprotein complexes associated with elements of the
cytoskeleton (centrosome and microtubules) (VI). Details are in the text.
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mRNA is synthesized in trophocytes and, in complex
with translational repressors, is transported into
oocytes, where it binds to the PB surface and is acti-
vated. Another mRNA, bicoid, is localized in the core
of PBs in the early stages of oocyte development, and
as it matures, the mRNA moves to their periphery,
where it is translated [168]. Localization of translation
initiation factors and polysomes on the near periphery
of PBs was also found in mammalian cells [169]. Prob-
ably, such proximity is important for the rapid
resumption of translation of mRNA immediately after
its release from a PB. Thus, this structure, which was
initially considered a storage site for transcripts com-
mitted to degradation, can actually play a role in the
dynamic regulation of protein biosynthesis.

The issue of translational activity associated with
SGs is also highly controversial. According to classical
model, mRNAs are stored in the SGs in a completely
repressed state and their translation is resumed only
after SG disassembly [159]. However, it was showed
that translated mRNAs can temporarily interact with
SGs [170]. Moreover, recent studies have revealed the
possibility of active mRNA translation directly within
the SGs [171], as well as in some kind of SG-like gran-
ules located in cell protrusions [172, 173]. These facts
may indicate the need to revise the established model.

In addition to PBs and SGs, other types of RNA
granules can be found in cells under different condi-
tions, which can be tissue- and mRNA-specific [172,
174–177]. For example, granular high molecular
weight RNA-protein complexes are widely present in
nerve cells [178, 179], where they serve as a transport
form of inactive polysomes during the traffic of
mRNA along neurites [180, 181]. Active translation
can take place directly in such granules [182]. Some
neuronal granules are likely to be single polysomes
“frozen” in an inactive state [183] and able to quickly
resume elongation upon synapse activation [181]. In
the cells of the germ line of animals, another type of
RNP condensates is widely represented—the so-called
germinal granules. Depending on the organism and
the type of cells (gametes or their precursors, cells of
surrounding tissues or embryonic germ line cells), this
term can mean slightly different structures—polar
granules, P-granules, sponge and chromatoid bodies,
Balbiani bodies, granules in “mitochondrial clouds”
or a specific perinuclear compartment, termed nuage
[184]. It is believed that these granules, among their
other functions, serve as a repository of untranslated
parental transcripts that will be activated during meio-
sis, after fertilization or at a certain stage of early
embryogenesis [185, 186]. In some cases, the dynam-
ics of these granules is closely related to the unusual
perturbations that mitochondria undergo during mei-
osis [184]. Localization of many coding and non-cod-
ing RNA, components of these granules, demon-
strates complex dynamics [187, 188]. It is curious that
the granules are also associated with the mitochon-
drial ribosomal RNA, which is found at this moment
in the cytoplasm [189, 190] and can be translated
[191]. The complex pattern and dynamics of mRNA
distribution seem to provide regulation of translation
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during the maturation of germ cells and in the early
stages of embryogenesis [185].

“Translation factories,” assemblysomes, transper-
ons and other translationally active mRNA condensates.
New data indicates that actively translated transcripts can
also form certain condensates in the cell, sometimes
referred to as “translation factories” (Fig. 3, III). Thus,
in yeast, mRNAs of some glycolysis enzymes under
normal conditions form translationally active gran-
ules, which, in case of stress, serve as the basis for PB
formation [192, 193]. This feature is apparently also
characteristic of human cells [193]. This new struc-
tures are named “CoFe-granules” (from “Core Fer-
mentation”). The same group in a new study showed
the existence of another type of translationally active
mRNP condensates in yeast, in which transcripts
encoding a number of translation factors are concen-
trated [194]. These granules are specifically inherited
by daughter cells and appear to play a role in focusing
of protein synthesis activity in the region of polarized
growth. Co-localization of several mRNA molecules
encoded by the same gene was also shown in human
cells: visualization of transcripts from which the heavy
chain of dynein was translated revealed that a signifi-
cant proportion of them were co-localized into clus-
ters of 3–7 copies [195]. In the recently published
results of a large-scale (more than 500 mRNA) screen-
ing, it was shown that approximately 6% of the human
mRNA species are clearly localized in the cell [130]. In
most cases, this is granular localization or concentra-
tion of mRNA in certain cellular compartments and
organelles, although condensation into a uniformly
distributed network is also possible, as in the case of
the already mentioned membrane-associated TIS
granules [15, 48].

Thus, RNP granules can not only act as negative
regulators of translation, “masking” mRNA tran-
scripts with the help of RNA-binding proteins, but
also serve as a platform for active translation. The
mechanism of their formation and the principles of
mRNA recruitment are still poorly understood. It is
possible that mRNA condensates can form partly due
to the interaction of RNAs themselves—especially
their long unstructured regions [48, 161]. In addition,
the effects of nuclear events on the co-localization of
functionally similar mRNAs are discussed in litera-
ture. It could be that the proximity of genes in the
nucleus and their cooperative transcription subse-
quently ensures the proximity of mRNA in the cyto-
plasm, mediated by nuclear-cytoplasmic RNA-bind-
ing proteins [196]—such mRNA groups are called
“transperons” (Fig. 3, IV), by analogy with prokary-
otic operons.

However, at least in some cases, the formation of
cytoplasmic mRNA condensates is mediated by pro-
tein–protein interactions of the encoded products.
Co-translational binding of the synthesized protein
with its future functional partners has long been
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known for polycistronic mRNAs of prokaryotes—
however, it also turned out to be quite common in the
eukaryotic world [197]. This is true not only for the
products synthesized by neighboring ribosomes from
the same transcript [198], but also, more importantly,
for the products encoded by different mRNAs. This
was shown for the first time for several hetero-oligo-
meric complexes in yeast [199–201], then it was con-
firmed for membrane [202], nuclear [203] and cyto-
plasmic [204–206] protein complexes in human cells.
Co-translational interaction of products cannot but
influence the localization of mRNA. 

In the case of such large multimeric complexes as
the proteasome, co-translational condensates of
mRNAs and their products can even form special
compartments called assemblysomes (Fig. 3, V) [204].
The proteasome-synthesizing assemblysome is
formed not only due to the interaction of translation
products with each other, but also using a special tran-
script-specific mechanism of mRNA segregation
mediated by the NOT1 protein, a component of the
Ccr4-Not complex. The Ccr4-Not complex is also
involved in the formation of other co-translational
condensates [201, 207]. Interestingly, soon after start-
ing the synthesis of two components of the protea-
some, RPT1 and RPT2, the ribosomes synthesizing
them stop. This stalling occurs at well-defined posi-
tions of the coding regions, allowing the protein sub-
domains emerging from the ribosomal peptide tunnel
to bind to each other. Translation resumes only after
the establishment of the protein-protein interaction and
the transfer of mRNAs to the assemblysome [204]. This
scenario strongly resembles the SRP-mediated con-
trol of the synthesis of secreted or membrane proteins
described in the first chapters of the review, and once
again emphasizes that nature can use the same princi-
ple in the regulation of similar processes. Moreover,
the principle of “freezing” mRNA-ribosome com-
plexes and their subsequent activation “on demand” is
probably used in other cases as well, for example, when
transporting inactive mRNAs in neurons, as described
below.

LOCALIZATION OF TRANSLATION FACTORS 
IN THE CELL

Discussion of localized translation, hypothetical
“translation factories” and transperons would not be
complete without viewing the issue of intracellular
localization of the translation machinery components
themselves. It is well known that in stressed cells 40S
ribosomal subunits, many initiation factors and
mRNA-binding proteins are relocated into special
non-membrane structures, SGs, described above.
However, some data indicate that the translational
machinery components are non-randomly distributed
in the cytoplasm under normal conditions as well.
Thus, both fractionation- and immunocytochemis-
try-based studies reveal a specific distribution of the



518 LASHKEVICH, DMITRIEV
translation initiation factors eIF4E and eIF4G in
mouse fibroblasts: in addition to the diffuse localiza-
tion in the cytoplasm, they were enriched in the region
of the ER, Golgi apparatus, as well as the leading edge
and protrusions of cells [208, 209]. This localization
coincided with the distribution of ribosomal proteins
and was observed only during active protein synthesis
[209]. Poly(A)-binding protein PABP also demon-
strates complex and dynamic localization [210]. The
yeast initiation factor eIF2B, a guanine nucleotide
exchange factor for eIF2, has the most striking distri-
bution pattern [211]: under conditions of active pro-
tein synthesis, a significant proportion of eIF2B mol-
ecules are located in specific granules, called “eIF2B
bodies”, through which eIF2 is cycled. In neurons,
translation machinery can be locally concentrated in
synapses or associated with receptors of stimulating
ligands, which is necessary for the timely local activa-
tion of translation of certain mRNAs [212–214]. In
addition, it is known that many components of the
translational apparatus (for example, eIF3, eIF4G,
eEF1A, eEF2, eRF3 and, possibly, the ribosomes)
interact with elements of the cytoskeleton – microtu-
bules, intermediate and actin filaments, as well as with
the corresponding motors [215, 216], participating in
active transport of translation complexes.

INTRACELLULAR TRANSPORT OF mRNAs 
AND THEIR INTERACTION 

WITH CYTOSKELETAL ELEMENTS

Localization of mRNAs for their subsequent com-
partmentalized translation is not necessarily associ-
ated with organelles or granules. Often, some zones of
the cell represents the site of localization: for example,
lamellipodia of fibroblasts and areas of focal contacts
are enriched in mRNAs encoding β-actin and actin-
binding proteins [217–219], yeast mRNA ASH1 is
localized exclusively in the bud of the mother cell pre-
paring for the division [220], and the transcripts of
morphogens and homeotic genes oskar, nanos, bicoid,
and gurken, after transportation from trophocytes, are
located at certain poles of the drosophila oocyte,
which further determines the dorso-ventral and ante-
rior-posterior polarity of the embryo [221, 222]. These
models can be called classical, they are described in
textbooks and in many reviews. Another popular
object of such studies is neurons: in these cells local-
ization of mRNA largely determines the proteomes of
neurites and soma [223]. In the axons of neurons, even
local synthesis of ribosomal proteins has evolved for
the “repair” of ribosomes in situ, since the transport of
new ribosomes from the nucleus located far in the
soma takes too long in these cells [224]. Systematic
analysis of mRNA localization in cultured human cells
[130] and drosophila embryos [225, 226] shows that a
well-defined subcellular mRNA location is more often
the rule, rather than the exception.
In most cases, the localization of mRNA deter-
mines the subcellular positioning of the polypeptide
product, but sometimes it is needed for some interme-
diate stages of its maturation or functioning. For
example, mammalian RAB13 GTPase is synthesized
from mRNA localized in cell protrusions, and
although the final product itself has a perinuclear
localization, its local synthesis is important for
GTPase activation, since during the production the
nascent RAB13 chain interacts with its GDP/GTP
exchange factor, RABIF, anchored in that specific
location [205]. In mesenchymal-like human cells,
LARP6-mediated localization of mRNAs encoding
ribosomal proteins at the leading edge is likely to play
an important role in the regulation of their translation
and in the control of cell migration [227]—although,
in order to perform their function, these proteins,
most likely, must first enter the nucleolus; however,
participation in the local “repair” of ribosomes, as in
neurons [224], cannot be ruled out either.

Nevertheless, the meaning of mRNA localization
in certain areas of cells is not always obvious [130]. It
is possible that the spatial arrangement of translation
complexes relative to other cell structures can serve as
a factor that sets the desired orientation of higher-
order protein complexes. Recently, such a mechanism
was reconstituted in a cell lysate [228]: the authors
were able to organize the structure of actin filaments
in a certain way by localizing the transcripts encoding
actin-binding protein using magnetic nanoparticles.

The transport of mRNA to the localization site is
usually accomplished as part of RNP complexes, in
which translation is inhibited by specific repressors
(Fig. 3, VI). The delivery address is encoded in the
mRNA sequence—in cis-acting localization elements,
sometimes figuratively called “zipcodes.” Most often,
these sequences are located in the 3'-UTR of mRNA,
but they are also found in the coding region or 5'-
UTR; they can vary significantly both in length (from
a few nucleotides to several hundred) and in structure
[220, 229, 230]. Various protein factors interact with
the localization elements of mRNAs, forming RNP
complexes. Such particles are transported along the
elements of the cytoskeleton—as a rule, through directed
active transport along microtubules or, less often, inter-
mediate or actin filaments, with the participation of
molecular motors [218, 231, 232].

ZBP1/IGF2BP1/IMP1 is a classic example of an
mRNA-binding protein that provides targeting of
transcripts with zipcodes. It recognizes a region in the
3'-UTR of β-actin mRNA (as well as in a number of
other transcripts) and simultaneously forms a complex
with the kinesin-like motor protein KIF11 [219, 233,
234]. This RNP particle also includes other mRNA-
binding proteins, as well as 40S ribosome subunits and
a number of components of “pioneer round of transla-
tion” [235]. This suggests that the mRNAs are
engaged in transport immediately after export from
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the nucleus, even before the first round of translation
occurs. Similar principles underlie the transport
mechanism of the aforementioned mRNAs from dro-
sophila oocytes (based on a complex of the RNA-
binding protein Egalitarian and the dynein cargo
adaptor, Bicaudal, or their functional analogs, Staufen
and kinesin-1), as well as the yeast ASH1 mRNA (a
complex of SHE2 RNA-binding protein and myosin
motor MYO4). Numerous studies on the identifica-
tion of these components can be found in the special-
ized reviews [221, 236]. Apparently, many different
mRNA-binding proteins are involved in the transport
of mRNA in vertebrate neurons, including STAU1 and
STAU2 (homologues of Staufen), FMRP, TDP-43, and
an important SG component, G3BP1 [236, 237].
Some RNA-binding proteins are known to combine
several mRNA species into specialized transport
aggregates [238, 239]. The identity of the motor pro-
tein in the case of neuronal transport is still less clear.
However, recent studies have identified the key role of
the APC protein and the KIF3A/B/KAP3 kinesin
complex in the specific transport of mRNA along
axons [173, 240].

In addition to transportation as part of an individ-
ual RNP and a frozen translation complex, mRNA
can also move along the elements of the cytoskeleton
as part of large structures (SGs, PBs, or other gran-
ules), as well as on membrane organelles (mitochon-
dria, endosomes, lysosomes, etc.). In axons, the latter
mRNA transport mode seems to be quite common
and has been figuratively termed “hitchhiking” [133,
236, 237].

At the final location, mRNA is released from com-
plexes with transport and repressor proteins and
becomes available for the translational apparatus
[241–243]. For example, in the case of the already
mentioned mRNAs encoding human β-actin and
yeast ASH1, this release is regulated by phosphoryla-
tion of some RNP components that interact with
translation factors and prevent initiation of protein syn-
thesis during transportation [234, 244]. For neurons, two
additional unusual mechanisms of mRNA activation has
been shown: by cutting the 3'-UTR [245] and by releas-
ing inactive mRNA-ribosomal complexes from specific
aggregates with transmembrane receptors of neuron-
stimulating ligands [212, 213]. The rule of “silent” trans-
portation is not always fulfilled: for example, in the case
of APC-dependent transport, mRNAs can be translated
during delivery [246].

Localization of mRNA can also be accomplished
as a result of passive diffusion and “anchoring” onto
certain cellular structures [247]. Much less often, the
asymmetric distribution of mRNA in the cell can be
achieved using local protection against degradation
[248]. Interestingly, the localization of mRNA in the
cytoplasm can be influenced by events that happened
to it back in the nucleus—for example, it can depend
on the type of promoter from which the transcript was
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synthesized [242], or on belonging of the gene to a cer-
tain transperon [196].

In addition to the transport “highway” function,
elements of the cytoskeleton can act as sites of perma-
nent residence of mRNA and non-coding transcripts
[130, 249, 250], thereby providing local synthesis of
transport proteins and other functions [251–254].
Thus, localized translation of cyclin B mRNA on the
mitotic spindle in rapidly dividing cells of amphibian
embryos helps to coordinate the production of this
regulator with the cycles of cell division [255]. Local-
ized translation of axonemal dynein mRNA at the base
of the cilia (cellular antenna) is critical for spermato-
genesis in drosophila [256]. The centrosomes seem to
be an important translational “hub” (Fig. 3, VI): they
accumulate various translational components [257–
260] and specific RNAs [130, 226, 250, 255, 260, 261],
although the meaning and significance of such local-
ization are still unclear. It is only known that during
cell division, some mRNAs are directed along micro-
tubules into the pericentriole matrix, and then redis-
tributed between daughter cells via actin transport,
thus providing asymmetric segregation of transcripts
[261]. Disruption of the centrosomal localization of
only one mRNA (cen) leads to errors in the assembly
of the division spindle and genome instability in the
drosophila embryo model [262]. It is interesting that
the synthesis of a number of proteins of the centro-
somes also occurs directly on these organelles, which
is due to the product-dependent localization of the
corresponding mRNA [263]. This localization is regu-
lated in the cell cycle and is conserved from drosophila
to humans.

SPECIAL CASES OF LOCALIZATION
AND TRANSLATION OF VIRAL

AND TRANSPOSON mRNA
mRNA of many viruses (especially those, whose

entire life cycle takes place in the cytoplasm) are trans-
lated in special structures—as part of particles, gran-
ules or in membrane compartments that viruses form
during infection and where certain stages of their life
cycle occur [264]. Cellular mRNAs transcribed from
DNA copies of some retrotransposons can also form
similar structures. Although a detailed description of
this topic would require writing a separate review, we
will touch on some of its aspects, illustrating them with
examples.

The ER membrane, in particular, serves as a plat-
form for the translation of mRNA of the Flaviviridae
family viruses, including Zika viruses, dengue, hepati-
tis C and others [265–267]. Throughout most of the
life cycle of these RNA viruses, their plus and minus
strands are associated with ER membranes and with
special membrane structures, “replication factories.”
As the infection progresses, the ER and the Golgi
apparatus are reorganized, and the translational prop-
erties of membranes change in such a way that they
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become the site of preferential translation of viral
mRNAs, usurping resources from the host cell tran-
scripts. Due to spatial isolation, all this occurs without
significant activation of the interferon response, UPR,
and other signaling pathways aimed at suppressing
viral infection. Complex membrane structures, some-
times two-layered, necessary for replication and origi-
nating from the ER, the Golgi apparatus, lysosomes
and, less often, mitochondria, are also formed by
other animal and plant (+)RNA-containing viruses—
picornaviruses, coronaviruses, togaviruses, calicivi-
ruses and many others [264]. In particular, in cells
infected with coronaviruses, from two to six new types
of membrane structures were found, of which “convo-
luted membranes” and “double-membrane vesicles”
(DMVs) are the best characterized [268, 269]. The
transcripts of many RNA viruses contain multiple
copies of the SECReTE motif [270]. For example, in
the genome of the SARS-CoV-2 coronavirus, which
causes COVID-19, 40 such regions are found, as well
as signals of possible mitochondrial RNA localization
[270, 271]. In the case of genomic mRNA of the
human immunodeficiency virus HIV-1, localization
on mitochondria was shown experimentally [272].

Unfortunately, little is usually known about the
role of such structures in translation. In some cases
(for example, during infection with the Sindbis virus),
these foci have been shown to be enriched with some
translation factors (eIF3, eEF2) and depleted in oth-
ers (eIF2, eIF4G) [273]. Orthoreoviruses have a spe-
cial mechanism for actively attracting components of
the translational apparatus to the border and inside
their virus factories [274]; with coronavirus infection,
enrichment of membrane structures with translational
components is also observed [275]. In the case of
poliovirus, membrane localization of mRNA can con-
fer additional translation stability due to CReP-medi-
ated recruitment of eIF2 [276].

Many DNA viruses are characterized by an even
more impressive reorganization of the cell membrane
compartments. For example, in poxviruses, their
complex reproductive cycle is carried out in special
perinuclear cytoplasmic loci of the host cell (viro-
somes, or Guarnieri bodies), in which translation ini-
tiation factors (eIF4E, eIF4G, PABP) and other
important translational components are concentrated
[277]. At the same time, a special gel-like compart-
ment (ATI bodies) containing numerous copies of the
ATI protein is used to assemble virions. It is interesting
that the translation of the mRNA encoding ATI
occurs in these bodies, and not in the virosomes [278],
and for its localization, apparently, the same principle
is used as in the cellular assemblysomes: ATI peptides
growing from the ribosome interact with other ATI
protein molecules already localized in this structure,
which provides the anchoring of the ATI mRNA and
targeting of the products.
Simultaneously with the remodeling of membrane
structures, viruses can have a strong effect on the for-
mation of cellular RNP granules—SGs and PBs.
Interestingly, some viruses (for example, influenza
and vesicular stomatitis viruses, Zika virus or picorna-
viruses) actively prevent the formation of SGs, while
others (like the rabies virus), on the contrary, stimu-
late their formation, using this mechanism to suppress
cell translation or to regulate own replication cycle
[279–281]. Coronavirus SARS-CoV-2, upon infec-
tion of cells, induces disassembly of PBs and interferes
with the assembly of SGs, which impede productive
infection [282, 283]. At the same time, the virus uses
LLPS to create its own RNP condensates (see [284,
285] and references therein). The literature on the
relationship of viruses with SGs and PBs is so exten-
sive that we recommend readers to refer to specialized
reviews on this topic [286, 287].

The yeast retrotransposon Ty1 uses an even more
sophisticated pathway, inextricably linked with the
ER, to assemble virus-like particles in which its
genome is replicated [288]. During translation, Ty1
RNA is recognized by the SRP particle of the host cell
and delivered to the ER membrane, while the Gag
envelope protein synthesized from this RNA enters the
ER lumen. In this case, Gag is found in the cytoplasm
in association with the complex of Ty1 RNA and SPR,
although in the absence of translocation in the ER,
Gag is synthesized, but is rapidly degraded. According
to the proposed model, upon translocation into the
ER lumen, Gag acquires a stable conformation, then
returns to the cytoplasm and binds to the RNA–SRP
complex, initiating the nucleation of the virus-like
particles [288].

RNAs of other known retrotransposons can also
exhibit characteristic localization patterns in the cell.
For example, the unique bicistronic mRNA of the
autonomous retrotransposon LINE-1 (L1) is local-
ized in special nucleoprotein particles that are
enriched in proteins—the products of its translation
(ORF1p and ORF2p) required for transposition, as
well as markers of stress granules [289, 290]. In addi-
tion, the composition of these particles changes
depending on the life cycle of LINE-1 and on the
localization in the cell—cytoplasmic or nuclear [291].
Interestingly, RNAs of non-autonomous retrotrans-
posons that use LINE-1 reverse transcriptase for
transposition (Alu-repeats and SVA-elements) are
found in other structures (see discussion in [292])—
however, the localization of non-coding RNAs,
including transcripts of these elements, are beyond the
scope of this review.

PECULIARITIES OF LOCALIZED 
TRANSLATION REGULATION

The question of whether there are any differences
in the mechanisms of regulation of protein biosynthe-
sis depending on the localization and translation of
MOLECULAR BIOLOGY  Vol. 55  No. 4  2021
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encoding mRNAs is of great interest in the study of
local translation. In particular, it is unclear whether
translation by free cytoplasmic ribosomes and ribo-
somes associated with organelle membranes is equally
regulated, whether there are any peculiarities in the
functioning and circulation of ribosomes, translation
factors, and mRNA within and between different
compartments. The set of hypotheses assumed in this
regard is quite extensive and includes contrary state-
ments. Some authors argue that localized translation
is characterized by a special, compartment-dependent
mode of control, which can differ significantly from
the classic intracellular mechanisms of protein biosyn-
thesis regulation. Polysomes localized on the mem-
brane differ from cytosolic ones in dynamics and
structure: for example, it was shown that these poly-
somes are much less mobile [10], and the number of
ribosomes in them is, on average, greater than in the
composition of free polysomes [7, 10]. This suggests
that such separate regulation may well take place.
However, other authors insist that there are no signif-
icant differences. The truth is probably somewhere in
between, but investigation is complicated by the lack
of experimental data on this topic, ambiguous inter-
pretation, as well as the presence of publications with
conflicting data. Below we propose to look at the argu-
ments of both parties.

Arguments in favor of the hypothesis of compart-
ment-dependent translation regulation. An ardent sup-
porter of the compartment-specific translation
hypothesis is C. Nicchitta. In a number of his studies,
it is argued that mRNA can go through the entire
translational cycle, from initiation to termination and
recycling, on the ER membrane without exchange of
ribosomes and mRNA with the cytosol [293–296].
This may occur due to the fact that ribosomes associ-
ated with the ER translocon or other ribosomal recep-
tors on the ER, after termination, are able to remain
on the membrane and initiate the translation of neigh-
boring mRNAs, which can also be associated with the
membrane through various mechanisms described
earlier (Fig. 1). Moreover, this mechanism encom-
passes mRNAs encoding not only secreted or mem-
brane proteins, but also cytosolic proteins [7, 8, 45],
released after synthesis into the cytoplasm and in no
way associated with the translocon. Thus, in fact, it is
argued that translation processes in the cytosol and on
the ER membrane can proceed independently of each
other, which, in turn, creates the possibility of their
compartment-dependent regulation.

Facts demonstrating such differentiated control
have been provided by Nicchitta and co-authors. For
example, they showed that in the case of certain
stresses (stress of the ER and viral infection), transla-
tion in the cytosol was suppressed, while on the ER
membrane it remained stable or even stimulated [297,
298]. In another study [299], selective relocalization of
mRNA of membrane and secreted proteins from the
ER membrane to the cytoplasm during ER stress was
MOLECULAR BIOLOGY  Vol. 55  No. 4  2021
shown, while the mRNA of cytosolic proteins on ER,
as well as mRNA of proteins participating in the stress
response, did not change localization. This happened
in the first half hour after stress, and by the end of the
first hour, the mRNA that left the ER membrane
returned. This way of decreasing the rate of protein
entry into the ER by selective relocalization of mRNA
has been proposed as an alternative or additional
mechanism to the degradation of membrane-associ-
ated mRNA during the stress response [299]. The
authors of these studies put forward a new paradigm,
according to which the ER membrane is assigned a
primary role in the localization of translation of most
mRNAs (including those encoding cytosolic proteins)
and in creating special conditions for the regulation of
its translation [296]. Under stress, the ER membrane
can serve as a platform for the synthesis of anti-stress
proteins, even if these proteins are cytosolic.

This idea finds support in the studies of other sci-
entific groups. The study by Staudacher et al. [300]
demonstrates the selective relocalization of a number
of mRNAs on the ER membrane and the stimulation
of its translation on the membrane under hypoxic con-
ditions. These mRNAs included transcripts encoding
elements of an adaptive response to hypoxia, glycolysis
enzymes, and other targets of the HIF1A transcription
factor. At the same time, conservative motifs were
found in their 5'- and 3'-UTRs, which are necessary
for localization on the ER and facilitate translation on
ER-associated ribosomes.

The specific localization of mRNA can also deter-
mine the rapid resumption of translation after the end
of stress. For example, in the absence of the “mito-
chondrial anchor” SYNJ2BP, some mRNAs associ-
ated with the outer membrane of mitochondria are
involved in translation much later [109].

When analyzing the differentiated effects of stress
on translation in different compartments, one cannot
ignore their different enrichment with translation fac-
tors. Thus, in a recent study by the Gromeier group, it
was stated that the key initiation factor eIF2 is retained
on the ER membranes through interaction with the
CReP protein. According to the authors, this provides
the selective resistance of translation of some tran-
scripts (for example, mRNA of poliovirus or mRNA of
the ER resident chaperone BiP) to stresses causing
inactivation of eIF2 or eIF4F [276]. In addition, one
should not forget that the localization of individual com-
ponents can vary greatly depending on conditions—for
example, the relocalization of a number of translation
factors in stress granules can lead to a change in their
distribution between compartments during stress.

From a historical point of view, the ideas of spa-
tially-mediated regulation of protein synthesis are not
new: similar questions were raised by the pioneers of
localized translation, including Palade. However, in
modern science, these ideas find both positive
responses and criticism.
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Arguments against compartment-dependent regula-
tion and conflicting data. The issue of translation of
mRNA encoding cytosolic proteins on the ER mem-
brane remains controversial, since different studies
give different estimates of the proportion of such tran-
scripts. According to ribosome profiling of yeast and
mammalian cells [8], they make up no more than 7–
15%, adjusted for possible contamination. However,
in [7] it is stated that at least 20% of “cytosolic”
(according to the official annotation) proteins are syn-
thesized by ER-associated ribosomes. Using another
methodological approach based on the visualization
of translation of single mRNA molecules, the authors
of study [10] counted about 7–8% of the mRNA of a
reporter protein with cytoplasmic localization, trans-
lated on the ER membrane. For another, secreted
reporter, 60% of the encoding mRNA was associated
with ER, indicating the dynamic nature of mRNA
binding to the ER and the possibility of its circulation
between the membrane and the cytoplasm.

In the study [8], the model of stable association of
ribosomes with ER, even after translation termination,
is refuted. The authors argue that, after termination,
ribosomes rapidly dissociate from the membrane and
exchange with cytosolic ones. This study gave rise to a
controversy between two groups of scientists [301,
302], which vividly characterized the situation in the
field of studying localized translation: due to the insuffi-
cient development of the issue, there may be different
interpretations of the same results. New data brought
some clarity to the discussed theme [11], showing both
possible scenarios—under conditions of global cellular
translation inhibition, ribosomes can dissociate from the
ER membrane both quickly and slowly, depending on
the receptor to which the ribosome is bound.

Two interesting observations at once were made in
another study [303]. The authors showed that under
oxidative stress induced by sodium arsenite, ER-asso-
ciated mRNAs do not go into stress granules, as “cyto-
solic” transcripts do. The second interesting observa-
tion is that in cells exposed to oxidative stress, ER-
associated polysomes are resistant to treatment with
puromycin, while polysomes synthesizing cytosolic
proteins disassembled when puromycin is added. The
authors saw here an analogy with the “heavy” poly-
somes formed during mitosis: they are translationally
less active than polysomes in the active growth phase,
and are also insensitive to puromycin [304]. During
cell division, this is necessary to protect mRNA from
degradation and rapid resumption of translation after
the end of mitosis—in accordance with this analogy,
the authors of another study [7] showed that transla-
tion of a chimeric transcript targeted to ER recovers
faster after stress cancellation than translation of a
“cytosolic” reporter.

Structural and functional peculiarities of ribosomes
depending on the type of translated mRNA. To con-
clude this section, we will discuss the evidences of dif-
ferences in the dynamics and structure of ribosome,
associated with membranes of organelles and localized
in the cytoplasm, as well as the functional specialization
of ribosomes that translate different mRNA pools.

Dozens of different ligands and partners interact
with the ribosome at different stages of the transla-
tional cycle. In the case of two populations of ribo-
somes—free and associated with membranes—differ-
ences are found in the composition of related proteins
and other components of the translational apparatus.
The SRP particle, which interacts with the ribosome
at the stages of SP or TMD recognition and transport
of the complex to the ER membrane, is one such com-
ponent. According to classical concepts, SRP recog-
nizes SP or TMD as they emerge from the ribosomal
tunnel. However, the amount of SRP in the cell is
extremely small, and the question arises—how is the
effective scanning of all translating ribosomes for the
presence of SP or TMD ensured? In the study [305]
this paradox was elegantly resolved—SRP can be asso-
ciated with the ribosome, which synthesizes the
secreted protein, even before the appearance of the
N-terminal SP from the ribosomal tunnel. According
to this model, the primary recruitment of SPR to the
ribosome occurs independently of the signal in the
growing peptide, since it preliminarily binds to special
regions in the 3'-UTR of mRNAs.

As the peptide is synthesized and appears from the
ribosome, the above-mentioned NAC complex can
interact with it. In yeast, it has been observed that dif-
ferent NACs (heterodimers of αβ-NAC and αβ'-NAC)
may be involved in the biogenesis of different sets of
proteins through the binding of different substrates.
The αβ'-NAC complex has a specific role in the bio-
genesis of mitochondrial proteins, since it is predomi-
nantly associated with ribosomes that actively synthe-
size these proteins [85, 306].

These data are consistent with the “ribosome fil-
ter” hypothesis and the concept of “specialized ribo-
somes,” according to which ribosomes and ribosomal
complexes are heterogeneous in composition, that can
provide selective translation of various mRNA pools
[307–310]. In addition to the classic components
mentioned above, heterogeneity can also apply to
other ribosome-associated proteins. For example, the
protein PKM (muscle pyruvate kinase), was found in
ribosomes localized on the membrane, exhibiting the
activity of a non-canonical RNA-binding protein spe-
cific for transcripts localized on the ER [311]. We can-
not but mention the idea of the “ribosome code” [312,
313], according to which different paralogs of ribo-
somal proteins can regulate cellular processes in dif-
ferent ways, in particular, translation of localized
mRNAs [312]. In yeast, 59 of 79 ribosomal proteins
are encoded by paralogous gene pairs, and although
their sequences may show a high percentage of iden-
tity, the removal of different paralogs can lead to dif-
ferent phenotypes. In study [314], mRNA-specific
MOLECULAR BIOLOGY  Vol. 55  No. 4  2021
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regulation of the synthesis of mitochondrial proteins,
which is accomplished by a pool of ribosomes with a
distinct composition of paralogous proteins, was
shown. However, some authors rightly point out that
there are still not enough arguments in favor of the
concept of “specialized ribosomes” [315].

METHODS OF SYSTEMS BIOLOGY
IN STUDYING OF LOCALIZED 

TRANSLATION

A large number of discoveries in the field of local-
ized translation, made recently and resulting in explo-
sive interest in this area, would not have been possible
without the development of a number of new experi-
mental approaches based on the methods of systems
biology. These approaches allow analyzing the local-
ization of a large amount of mRNAs simultaneously
and to reveal the translation pattern as a whole. The
advent of microarrays, and then high-throughput
sequencing, made it possible to determine the set of
mRNAs associated with certain organelles. Initially,
this was done by fractionation of the cytoplasm: for
example, a genome-wide analysis of the transcriptome
associated with membranes in yeast and human cells
[2, 3], with mitochondria in the same organisms [88,
316, 317] and with peroxisomes in mice was carried out
[129], as well as a set of transcripts localized in the
pseudopodia of migrating fibroblasts [173] and in neu-
ronal processes [318–320]. In later studies, ribosome
profiling (isolation and sequencing of mRNA frag-
ments contained in translating ribosomes) was per-
formed from the membrane fraction of cells or differ-
ent parts of neurons [7, 223].

The next generation of methods is associated with
the in cellulo modification of RNA located in the com-
partment of interest, followed by its isolation and
sequencing. Such local modification (including bioti-
nylation or base oxidation) can be performed directly
in a living cell by introducing a modifying enzyme
gene (for example, APEX or miniSOG), providing its
appropriate localization [5, 321, 322]. RNA-binding
proteins can also be subjected to local biotinylation,
which, after chemical cross-linking, makes it possible
to isolate RNA-protein complexes and thus obtain
even more information [4, 323].

The method of proximal-specific ribosome profiling,
developed in the laboratory of J. Weissman [8, 73], is also
extremely interesting. It allows labeling with biotin
and isolating only those ribosomes that are currently
in the compartment of interest, and then sequencing
the mRNA fragments that are being translated by
these ribosomes. This method allowed to assess the
dynamics of translation of mRNA by ribosomes local-
ized on the membranes of the ER [8] and mitochon-
dria [73].

A methodological pinnacle of “localized transcrip-
tomics” was the recently developed method for
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sequencing RNA fragments in situ, i.e. directly on a
fixed sample of cells or tissues [324–326]. This
approach yields qualitative and quantitative informa-
tion about the distribution of transcripts on a slice or
even in 3D, although the method is limited by the res-
olution of the microscope.

A fundamentally different approach is associated
with the development of the method of f luorescent
in situ hybridization (FISH). This method, even in its
classic version, made it possible to collect information
on the subcellular localization of hundreds and even
thousands of individual transcripts [225], although
this required the production of individual fixed sam-
ples. Modern variants of FISH make use of multiplex-
ing to allow detection of hundreds and thousands of
individual transcripts simultaneously, and immedi-
ately in a large number of cells [130, 226, 327–329]. In
combination with advanced methods of f luorescence
imaging of single reporter mRNA molecules that have
appeared recently [330], they also give the opportunity
to assess the heterogeneity in the nature of the transla-
tion of individual transcripts. The disadvantage of
these methods over approaches using sequencing is
the “analog” principle of signal generation, but it is
they that allow direct visualization of the location of
transcripts in the cell.

The use of systems biology methods have provided
ample evidence that a significant proportion of
mRNA (depending on the organism, type of cells,
stage of development, conditions and the applied
method—from a few percent to ~ 3/4 of the detected
transcripts) has a clearly determined subcellular local-
ization in the cell: apical-basal, in protrusions and
places of cell contacts, associated with membranes of
organelles, with centrosome, microtubules, various
types of granules, and so on [13, 225, 331–333]. Thus,
targeted delivery of mRNA with its subsequent local-
ized translation is an extremely important mechanism
for the formation of intracellular structures, compart-
ments, and functionally distinct poles of cells.

CONCLUSIONS
The above mentioned facts allow us to conclude

that the role of intracellular localization of mRNA and
local translation in maintaining the integrity of the
proteome and in the normal functioning of a eukary-
otic cell is undoubtedly high. The study of these
aspects of protein biosynthesis is of great interest in
modern science and is progressing rapidly. This is
facilitated by an ever-expanding arsenal of various
methods. Nevertheless, there are still quite a few unre-
solved issues. For example, while the processes of co-
translational recruitment of ribosomes to the ER
membrane and translocation of the peptide into the
lumen are described in sufficient detail, similar events
on mitochondria, and even more so the co-transla-
tional events in proximity to other organelles, require
more in-depth study. The contribution of “translation
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factories” and other RNA condensates to the vital pro-
cesses of the cell is unclear, their structural properties
have not been studied, and there are practically no
data on what happens to these elements of the cell
under conditions of stress, viral infections and other
perturbations. Questions about the features of the
structure of translational complexes and the regulation
of protein biosynthesis in different subcellular com-
partments remain unresolved. Nevertheless, the ever-
increasing amount of studies in this area allows us to
hope that in the near future many of these mysteries
will be solved, and many more striking discoveries in
this exciting area await us.
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