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Abstract

Biological functions depend on the spatiotemporal distribution of 
proteins within cells. Key cellular activities such as signal transduction, 
metabolism, cell cycle and cell death are driven by the interactions of 
proteins that are localized in multiple cellular compartments. Such 
multilocalization can even allow protein with identical sequences to 
display multifunctionality, a phenomenon known as moonlighting. 
Despite its biological importance, the relationship between protein 
localization and function remains underexplored. In this Review, we 
discuss the known mechanisms of protein localization (including 
RNA transport, role of proteoforms and molecular interactions) 
and how subcellular localization controls protein function. Proper 
regulation of protein localization is crucial for specialized cell and 
tissue functions, including cell differentiation, polarization and 
the epithelial–mesenchymal transition. Protein mislocalization 
can also have important roles in pathological processes, such as 
in cancer, neurodegeneration and autoimmunity. We end with a 
discussion of current technological and conceptual challenges in 
the field of subcellular proteomics and spatial biology. Addressing 
these challenges will allow us to link the dynamic nature of protein 
localization and function across biological scales and contexts, with 
great impact on fundamental cell biology and clinical applications.
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the proteome and contribute to the control of biological functions. 
We begin by discussing the pretranslational localization of mRNAs by 
RNA-binding proteins (RBPs) and organelles. We then consider mecha-
nisms which facilitate the cotranslational or post-translational localiza-
tion of proteins, including but not limited to those that are directed by 
the presence of specific protein sequence motifs and structures. We 
highlight the role of PTMs and proteoforms (distinct molecular forms 
of a protein) in defining and dynamically altering protein localization, 
and the interplay of various localization mechanisms.

RNA localization and local translation
The control of subcellular localization begins even before protein syn-
thesis. Protein-coding mRNAs contain cis-acting RNA elements known 
as RNA ‘zipcodes’, which are recognized and bound by a myriad of RBPs 
and form messenger ribonucleoprotein (mRNP) granules (a type of 
biomolecular condensate)6. Examples of mRNP granules contributing 
to localized translation include neuronal granules7 and germ granules8,9. 
RBPs regulate the translation, degradation and localization of mRNAs 
to spatiotemporally regulate protein synthesis10–12.

RBPs can limit the availability of ribosome-binding sites in 
mRNAs to repress their translation and can interact with motor pro-
teins to facilitate active mRNA transport. A well-studied example is 
ZBP-1 (also known as IGF2BP1), which binds the 3′ untranslated region 
of ACTB mRNA (encoding β-actin) and interacts with the microtubule 
motor protein KIF11 (ref. 13) to move the resulting mRNP to the lead-
ing edge of motile fibroblasts14–16, axonal growth cones17–19 and den-
dritic filopodia20 (Fig. 1a). Phosphorylation of ZPN121,22 results in mRNA 
release and localized synthesis of β-actin to facilitate directional move-
ment and growth23,24. This localization mechanism can be further regu-
lated by RNA modifications and structures, such as N6-methyladenosine  
(m6A) switches25, and there is increasing evidence that these features 
regulate mRNA interactions with RBPs to control their recruitment 
to cellular compartments25–28. Nevertheless, the full impact of RNA 
modifications and structure on mRNA localization, protein localiza-
tion and protein function remains underexplored. In addition to direct 
interactions between mRNAs and RBPs, recent studies have demon-
strated that organelles can also control mRNA localization and local 
translation. Both mRNA and ribosomes are transported across the cell 
by endosomes and lysosomes29–33. The FERRY complex preferentially 
binds both mRNAs of nuclear-encoded mitochondrial proteins and the 
endosomal GTPase RAB5, thereby recruiting the transcripts to early 
endosomes in proximity of mitochondria32,33 (Fig. 1a).

Despite an increased appreciation of the importance of mRNA 
localization in supporting localized protein synthesis and function, 
systematic association between mRNA and protein localization for 
each gene has not yet been established. Rapid ongoing advances in in 
situ spatial transcriptomics, growing databases of RBP motifs34 and 
techniques in development for targeted relocalization of endogenous 
RNA (for example, CRISPR-TO35) are improving our understanding of 
mRNA localization and interactions in cells. This knowledge, together 
with new high resolution tools for investigating local translation36, will 
probably facilitate a transition from studying the effect of mRNA locali-
zation on the location and function of a few proteins at a time to gaining 
a systematic understanding of this mechanism and its physiological 
importance.

Sequence-guided and structure-guided localization
Following translation, the primary amino acid sequence and the folded 
structure of a protein contain localization signals and domains that bind 

Introduction
The regulation of cellular functions such as preserving genetic informa-
tion, producing energy and building blocks, and sending and receiving 
signals to and from the microenvironment is achieved through the 
subcellular compartmentalization of molecules, including proteins, 
which are involved in nearly every biological process. Spatially sepa-
rated cellular niches combined with temporally regulated expression 
allow the cell to isolate and concentrate local molecular interactions 
that facilitate protein function.

Proteins display a remarkable degree of multilocalization across 
the cell, with over 50% of all annotated human proteins currently 
reported to be multilocalizing1,2. The estimates for other model 
organisms are somewhat lower, possibly owing to lower subcellular 
complexity, fewer systematic studies and more reliance on computa-
tional predictions rather than experimental evidence. Nevertheless, 
multilocalization has been reported for at least 30% of proteins in 
Saccharomyces cerevisiae (yeast)3, 27% in Mus musculus (mouse), 14% 
in Drosophila melanogaster (fruitfly), 12% in Arabidopsis thaliana (thale 
cress) and 9% in Oryza sativa (rice)4. Thus, protein multilocalization 
appears to be a common phenomenon across the tree of life.

Multilocalization can dramatically expand the interaction land-
scape and the resulting cellular function(s) of a protein. Whereas the 
functionality of differential localization is well studied for protein 
groups such as transcription factors and metabolic enzymes, the 
functions of most proteins in their non-canonical locations remain 
unknown. There is a large disparity between the number of proteins 
annotated as multilocalizing and the number which are considered 
multifunctional (Supplementary Fig. 1a). The number of described 
functions tends to be higher for the proteins that have been studied 
for a longer time (Supplementary Fig. 1b). It is important to note that 
different experimental and conceptual methodologies for studying 
protein localization and its relation to protein function have resulted in 
varying definitions of protein multilocalization and multifunctionality, 
as discussed in Box 1. Regardless of the definitions used, the prevalence 
of both protein multilocalization and multifunctionality and the con-
nection between the two are drastically underestimated. Therefore, our 
understanding of cellular behaviours and functions will benefit from 
systematic large-scale mechanistic studies of proteins at the subcel-
lular level. The state-of-the-art methods used to identify and control 
subcellular protein localization are discussed in a complementary 
Review paper5.

In this Review, we discuss the functionality and mechanisms of 
subcellular protein localization. First, we describe what is known about 
the mechanisms underlying protein localization, ranging from pre-
translational localization of mRNAs to the active relocation of proteins. 
We discuss the importance of localization for protein function and the 
ways in which localization changes can fine-tune functionality and pro-
mote the evolution of multifunctional proteins. We provide examples 
of the effects of protein localization on establishing distinct cell types 
and phenotypes and discuss the growing body of literature describing 
protein mislocalization in disease. Finally, we outline future research 
directions that will advance our understanding of correct subcellular 
protein localization and its importance for protein function.

Mechanisms of protein localization
Many cellular processes control protein localization (Fig. 1), usually 
through tightly regulated molecular interactions that actively guide 
proteins to locations of specific activities within the cell. Here, we dis-
cuss such interactions and the mechanisms that compartmentalize 
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to the molecules required to guide them to their final destination(s) in 
the cell. Classic examples of such sequences include nuclear localiza-
tion signals (NLSs) and nuclear export signals, which recruit importin 
and exportin proteins, respectively, to facilitate transport across the 
nuclear membrane37–39. Similarly, mitochondrial localization signals are 
bound by proteins such as TOM40 for import into mitochondria40,41, 
and membrane localization signals lead to binding with signal recogni-
tion particle proteins before their import to the endoplasmic reticu-
lum and vesicular export to the cell membrane42,43 (Fig. 1b). Although 
localization signals are widely used and commonly conserved across 
the tree of life (Box 2), they often appear to be functionally redundant 
and ambiguous (containing overlapping sequences that target multiple 
compartments). In addition, organelle targeting seems to be permis-
sive, as a large proportion (20–30%) of randomly generated peptides 
can act as localization signals that drive protein translocation44.

Discovering and searching for localization signals with experi-
mental and machine-learning methodologies has greatly improved 

our understanding of protein localization. However, there is increas-
ing evidence that other physicochemical characteristics of the amino 
acid sequences (for example, isoelectric point, hydrophobicity)45 also 
affect subcellular localization of proteins. Moreover, many localization 
signals need to be recognized by an adaptor protein for translocation, 
and specific adaptors might not be available in the cell. The cellular 
context becomes more important for artificial proteins or proteins 
coming from different species. For example, whereas NLSs are gener-
ally conserved across the tree of life, certain yeast NLSs are functional 
in plants, but not in mammalian cells46. Moreover, a protein can contain 
conflicting localization signals of varying strength that are exposed 
or shielded in different subcellular environments. Therefore, pro-
teins that contain localization signals are not always present in the 
designated compartment and those without a known localization 
signal may localize to a specific compartment, as is the case for the 
69% of proteins annotated as nuclear in UniProt, which do not contain 
a known NLS45.

Box 1 | Defining multilocalizing, multifunctional and moonlighting proteins
 

Proteome-wide studies of subcellular localization have identified 
a large proportion of multilocalization1,2. Meanwhile, an increasing 
number of studies have demonstrated the capacity of proteins to 
carry out multiple cellular functions93,94. Here, we reflect on what it 
truly means to be a multilocalizing or multifunctional protein and 
define key nomenclature.

Proteins can be annotated as multilocalizing for a number of 
reasons. Some proteins, including glycolysis enzymes, tricarboxylic 
acid cycle enzymes and transport proteins occupy multiple locations 
within a single cell at a given time. Other proteins, such as those 
involved in the cell cycle, can be found at different locations within 
the same cell at different points in time. Multilocalization can 
occur on a larger scale with proteins displaying variable spatial 
distributions in different cell types or tissues. Here, we consider 
a protein to be ‘multilocalizing’ when the same protein has been 
identified in two or more discrete cellular compartments in any scale 
of space or time. The notion of discrete cellular compartments, often 
imposed by the scale and limited resolution of current experimental 
methods, hampers the classification of protein distribution gradients 
within compartments. In reality, niches exist even within cellular 
compartments, and protein gradients across these niches have an 
important role in cellular function218.

The question of multilocalization naturally extends to consider how 
the cell regulates changes in protein localization. Proteins exhibiting 
variable cellular localization in different conditions can be described 
as ‘differentially localized’. Differential localization can be caused by 
proteins moving from one location in the cell to another (‘relocalization’) 
or by local changes in protein turnover219. In both cases, differential 
localization can occur without any change in total protein abundance.

Next, the concept of protein function warrants attention as the 
definition of a multifunctional protein differs across the literature. 
We define ‘protein function’ based on the hierarchy imposed by 
the Gene Ontology consortium, in which ‘molecular function’ 
represents the molecular-level activity of a protein, and ‘biological 
process’ is the higher-level biological role achieved by the molecular 
function220. Thus, a ‘multifunctional protein’ should carry out two 
or more molecular functions, and proteins that carry out the same 

molecular function in different biological processes (for example, 
enzymes using different substrates for the same reaction) would not 
be considered multifunctional. This definition of multifunctionality 
does not mean that the protein has to perform different molecular 
functions at the same time, within the same cell — or even within 
the same cell type — as demonstrated by the example of crystallins, 
which are classical multifunctional proteins221.

To define a protein as multilocalizing or multifunctional, there 
must be a clear definition of what we consider to be a single protein 
entity. Indeed, a single gene can give rise to multiple proteoforms 
through alternative splicing and post-translational modifications 
(PTMs), and proteoforms can oligomerize to provide further 
molecular and functional diversity55. Therefore, we broadly define a 
‘protein’ as including all proteoforms resulting from a single gene, 
that is, a proteoform family222. Protein homologues are encoded by 
separate genes and are therefore considered to be independent 
proteins; these proteins may have similar sequences and structures 
if gene duplications were recent or followed by minimal sequence 
divergence. The molecular diversity of proteins is important to define 
in the present context, because although multilocalization and 
multifunctionality are affected by proteoform diversity, the current 
methods to interrogate these characteristics are often unable to 
distinguish between proteoforms5.

Finally, in this Review, we also discuss examples of ‘moonlighting 
proteins’. Such proteins represent an extreme subset of multi
functional proteins, in which multiple functions are reported for 
identical polypeptide sequences, thus excluding protein homologues 
and proteoforms generated by alternative splicing, gene fusions 
or proteolysis93,125. Although multilocalization is not a prerequisite 
for being a moonlighting protein, the two are often discussed 
together as multilocalization is one of the main ways in which 
moonlighting functions can evolve126,128. It is important to point out 
that, as we are learning more about the ways in which a protein can 
be multifunctional, the original definition of moonlighting proteins 
begins to be challenged by the research community223. We might 
need to refine our nomenclature for multifunctional and moonlighting 
proteins to better reflect the underlying biological complexity.
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There is an increasing number of transformer-based protein lan-
guage models that use multimodal protein information, including 
protein sequences, to better predict protein folding47,48 and subcellular 
localization45. So far, none of these models have been entirely success-
ful in predicting protein localization, with performance varying for 
different organelles and especially for smaller compartments and for 
multilocalizing proteins. The performance of such language models 
will improve as they capture sequence information beyond localiza-
tion signals, including intrinsically disordered regions (IDRs), charge 
patterns and structural motifs such as interaction domains. For more 
in-depth discussion of the advances in this field, we refer the reader to 
a complementary review5.

Sequence and structure features contribute to localization by 
influencing the molecular interactions of proteins. Homodimeriza-
tion of ZNT1 (also known as SLC30A1) results in canonical localization 
to the plasma membrane, where ZNT1 exports zinc to protect the cell 
from zinc toxicity, whereas heterodimers of ZNT1 with ZNT3 localize to 
intracellular vesicles49 (Fig. 1b). Similar differences in subcellular locali-
zation were also shown for other combinations of ZNT homodimers 
and heterodimers. In some cases, the effects of molecular interactions 
go beyond relocalization of the protein and lead to the formation of 
a subcellular compartment. Indeed, interactions between proteins, 
RNA molecules and other molecules can lead to phase separation and 
the formation of biomolecular condensates50,51 (Fig. 1b). The propen-
sity of a protein to contribute to such condensates is heavily influ-
enced by its properties, including specific amino acid composition, 
PTMs and the presence of IDRs or other polymerization-promoting 
domains52. The functional importance of dynamic condensates is 
increasingly recognized and it is currently thought that up to 20% of 
the proteome can be dynamically localized to mesoscale biomolecular 
condensates51. Importantly, the same sequence and structure features 
that can drive the formation of larger condensates, also regulate the 
recruitment of proteins to smaller complexes that do not undergo 
phase separation53,54, thereby regulating protein localization across 
a multitude of scales.

Proteoform-level regulation of localization
Protein localization can be regulated by controlling the generation and 
expression of proteoforms with differential localization. A single gene 
can give rise to proteoforms55 owing to PTMs, sequence variations, 
alternative splicing and proteolysis. The mechanisms discussed above 

can result in differential localization of these proteoforms. Alternative 
splicing of mRNAs can produce proteoforms with different localization 
signals, leading to different subcellular localization (Fig. 1c). A recently 
discovered example is CDK5RAP2, which has a centrosome localization 
signal in exon 17 that is missing from its shorter splicing isoform. The 
proteoform produced from this alternatively spliced transcript has 
cytoplasmic localization and contributes to microtubule formation 
in developing neurons56. Alternative splicing can generate proteo-
forms that interact with sets of factors as different as those of proteins 
encoded by independent genes57, which also probably contributes to 
pleiotropy and differential localization. Similarly, the protein-sequence 
variation introduced by proteolytic cleavages can control proteoform 
localization by removing localization signals or influencing protein 
interactions. In some cases, cleavage of one protein can cause a change 
in localization of another protein. For example, proteolysis of the acety-
lated N-terminal tail of histone H4, a process referred to as ‘histone 
clipping’, reduces the interaction of this histone with phosphorylated 
NF-κB inhibitor-α (IκBα) during intestinal cell differentiation (Fig. 1c). 
Consequently, IκBα dissociates from the chromatin and remains in the 
nucleoplasm, which is required for differentiation58.

A second layer of proteoform-level regulation of subcellular locali-
zation is PTMs, which alter protein conformation and interactions 
and regulate the accessibility of localization signals. For example, 
the phosphorylation of STAT transcription factors promotes their 
nuclear import upon cytokine stimulation59. Modifications such as 
Arg methylation regulate protein recruitment to and assembly of 
ribonucleoprotein granules and other membraneless organelles60 
(Fig. 1c). Inclusion into membranes can be directed by lipid modifi-
cations such as S-palmitoylation61 (Fig. 1c), whereas the secretion of 
extracellular proteins often depends on complex glycosylation pat-
terns and crosstalk with other modifications, for example in the case 
of beta-glucuronidase62,63. Hence, the addition or removal of PTMs can 
act as a regulatory switch linking cell signalling pathways to protein 
localization and function.

Together, these examples provide motivation to study proteo-
forms, specifically, the precise roles of proteoform variation in localiza-
tion and functionality across the proteome and pleiotropy across the 
genome. The extent of proteoform variation, however, remains largely 
uncharacterized64. Current technology often does not allow robust 
detection of different proteoforms, measuring their abundance or 
interrogating their localization. Spatial proteomics methods typically 

Fig. 1 | Cellular mechanisms of protein localization. a, mRNA localization. 
mRNAs can specifically interact with RNA-binding proteins (RBPs) that target them 
to a specific cellular compartment for localized protein synthesis. ZBP-1 binds 
ACTB mRNA and interacts with the microtubule motor protein KIF11 to move the 
resulting mRNP granule to the motile edge of the cell. mRNAs can also interact with 
adaptor proteins, such as the RNA/ribosome intermediary (FERRY) complex on 
the surface of organelles — in this case, endosomes — and are transported together 
with these organelles. b, Localization through protein interactions. A protein 
can contain multiple localization signals of different strength, which might be 
shielded or exposed in specific conditions, resulting in interactions with different 
adaptor proteins. Endoplasmic reticulum (ER) localization sequences found in the 
nascent polypeptide are recognized by signal recognition particles, which trigger 
interaction with an ER import complex and subsequently cotranslational import 
into the ER matrix or insertion into its membrane. Some resident ER proteins, 
such as the transcription factor NRF1 (ref. 217), can be cleaved and exported 
back to the cytoplasm, exposing nuclear localization sequences recognized by 

importins, which facilitate the entry of NRF1 into the nucleus. Other protein–
protein interactions, such as oligomerization, can affect protein localization. 
Homodimerization of ZNT1 results in plasma-membrane localization, whereas 
ZNT1–ZNT3 heterodimers localize to intracellular vesicles. The assembly of 
biomolecular condensates is often controlled by interactions between intrinsically 
disordered regions (IDRs) of proteins in the subcellular microenvironment. 
c, Proteoform localization. One gene can produce multiple proteoforms with 
differing subcellular localizations. Alternative splicing can result in loss or gain of 
localization signals. Proteins can undergo various post-translational modifications 
affecting localization. For example, proteolysis of the acetylated (Ac) N-terminal 
tail of histone H4 (‘histone clipping’) reduces the interaction of this histone with 
phosphorylated (P) IκBα, triggering dissociation of IκBα from the chromatin 
during intestinal cell differentiation. Arg methylation and demethylation of RBPs 
control the assembly of stress granules. S-palmitoylation can promote protein 
localization to the plasma membrane. The dashed arrows represent translocation. 
NPC, nuclear pore complex.
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rely on antibodies designed to be broadly specific to a gene, target-
ing as many protein isoforms as possible, and shotgun proteomics 
workflows rely on peptide identifications that neither address the full 
combinatorial nature of PTMs within a protein nor accurately map 
splicing variants64,65. Although some studies have begun to predict 
and experimentally map the subcellular distribution of PTMs66–68, the 
phenotypic consequences of such distributions, the effects of PTM 
localization and the crosstalk between different PTMs remain under-
studied. Furthermore, proteoforms have largely been analysed in bulk 
samples that pool thousands of individual cells and provide informa-
tion in averages. Advances in cell fractionation69, large-scale isolation 
of cell types70 and single-cell proteoform detection71–73 will make iden-
tifying the precise subcellular localizations of specific proteoforms a 
promising area of future research.

Interplay of protein localization mechanisms
The wide range of mechanisms available to the cells to control protein 
localization raises the question: How do these mechanisms interact with 
each other? The accessibility of various localization signals to transport 
proteins can be irreversibly modulated by alternative splicing56,74 or 
reversibly modulated by PTMs75,76. Moreover, the local availability of 
interaction partners for translocation (of both proteins and mRNA) 
or, conversely, molecules that mask localization signals, might change 

the preferred localization. Subcellular localization of a specific protein 
molecule is clearly a result of the interplay between various targeting 
mechanisms. For example, β-actin, discussed above as a protein with 
mRNA-driven localization, is not exclusively located at the cellular 
leading edge and similar regions, and has important functions in the 
nucleus. However, β-actin does not possess an NLS and is cotransported 
into the nucleus with cofilin77.

Perhaps the best characterized examples of subcellular locali-
zation facilitated by multiple targeting mechanisms are membrane 
proteins trafficked through the endomembrane system. The endo-
membrane system comprises the endoplasmic reticulum, Golgi com-
plex, endosomes, lysosomes, peroxisomes and lipid droplets. This 
orchestra of organelles is responsible for the synthesis, processing 
and trafficking of membrane proteins, which are estimated to account 
for approximately one-third of the proteome78. The passage of a pro-
tein through the endomembrane system involves mRNA targeting, 
cotranslational and post-translational protein localization. These 
mechanisms are largely dependent on interactions between the target 
protein and organelle-specific proteins; a number of excellent reviews 
have been dedicated to the role of the endoplasmic reticulum79, Golgi 
complex80 and intracellular vesicles81–83 in protein targeting, sorting 
and recycling. Apart from being irreplaceable for correct localization 
of integral-membrane proteins, endomembrane-assisted trafficking 

Box 2 | Protein multilocalization and multifunctionality across the tree of life
 

The compartmentalized distribution of biomolecules is a 
fundamental feature of life. Even the simplest prokaryotes contain 
intracellular domains enriched in specific molecules to perform 
specific functions. As in eukaryotic cells, these domains include 
membraneless224 and membrane-bound compartments225,226. 
Bacterial encapsulin proteins can form shells that isolate certain 
parts of the cytoplasm but that have pores that permit the exchange 
of molecules227. Similarly, viruses in cells create protein-enclosed 
compartments (capsids) with controlled molecular import and 
export228. Viral capsid proteins and bacterial encapsulin proteins are 
possibly evolutionary connected229.

Both cell compartmentalization and protein multifunctionality 
pose a challenge for protein targeting, which in various organisms 
has been solved in multiple non-exclusive ways. mRNA localization 
has been described from bacteria and yeast to plants and vertebrates11,12,  
as well as in over 500 human cell lines230,231. On the one hand, mRNA 
localization has intuitive energetic advantages, as a single localized 
mRNA transcript can be translated into thousands of copies of 
protein, eliminating the need to individually transport each of the 
protein molecules. On the other hand, relocalization of existing 
proteins owing to changes in localization-signal accessibility permits 
highly dynamic shifts in protein distribution, possibly enabling 
better temporal control of the process. A disadvantage of protein 
localization signals is that they are often hijacked by pathogens, 
including by viruses232,233 and fungi234. Localization signals are 
typically not very specific: a wide range of unrelated sequences can 
promote protein translocation to a specific compartment44. This 
property not only makes localization signals robust to mutations 
but also allows proteins to explore new subcellular locations and 
interaction partners, possibly conferring an evolutionary advantage. 
Translocation of existing proteins between membrane-bound 

compartments is usually facilitated by protein transport complexes 
such as the nuclear pore complex, which was already present in 
the last eukaryotic common ancestor235 and is similar to transport 
structures of certain bacteria with membrane-encapsulated 
DNA236. Specific protein import machinery is not necessarily highly 
conserved; for example, the general structure of the eukaryotic 
mitochondrial import complex is preserved, but its individual 
proteins evolved independently and converged in function237.

Another way to control and change protein distributions in the cell 
relies on having several similar proteins with distinct subcellular 
localizations, either encoded by one gene and resulting from 
alternative splicing238 or originating from gene duplication and 
subsequent evolution of the paralogs. Whereas (alternative) splicing 
is not present in prokaryotes, gene duplication is and can result in 
long-term gene preservation and independent evolution of similar, 
yet distinct, proteins. Duplication of a gene encoding a moonlighting 
protein can either lead to the complete specialization of the paralogs239  
or to the partial preservation of moonlighting activity240. One 
example of gene duplication leading to divergent subcellular 
localization is malate dehydrogenase (MDH). Most animals express 
two MDH isoforms: cytosolic MDH, which is encoded by MDH1, 
and mitochondrial MDH, which is encoded by MDH2 and has a 
mitochondrial import sequence241. Land plants have evolved at least 
six MDH isoforms that variably localize in the cytosol, mitochondria, 
peroxisomes and plastids242. In both cases, MDH isoforms catalyse 
the same reaction but contribute to different biological processes.

Subcellular localization controls protein function throughout the 
tree of life and in viruses. Many mechanisms of protein localization 
have arisen through both parallel and convergent evolution, 
highlighting the importance of subcellular localization for protein, 
cell and organism function.
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allows cells to distribute proteins faster and on a larger scale compared 
with the transport of individual molecules, and it contributes to spatial 
organization of signalling pathways.

Whether all protein targeting mechanisms are used in equal meas-
ure for all proteins remains unknown. There may be an evolutionary 
pressure for using some localization mechanisms over others, depend-
ing on the intrinsic properties of the proteins, such as their structure, 
abundance, turnover rates, size, shape, as well as their function, target 
location and the timescale on which relocalization needs to occur. Bet-
ter characterization of the role of different localization mechanisms 
in subcellular targeting of particular proteins requires simultaneous 
analysis of the different mechanisms by which protein localization is 
controlled, from sequence to local molecular interactions. Methods 
for identifying subcellular protein localization are briefly summarized 
in Box 3 and are discussed in detail, together with the corresponding 
resources and databases, in the complementary Review paper5.

Protein localization dynamically fine-tunes 
protein function
The evolution of diverse mechanisms that control protein subcellular 
localization and the conservation of these mechanisms across the tree 
of life (Box 2), points to the importance of location for protein function. 
Two main factors explain this strong relationship. Firstly, the subcel-
lular localization of a protein determines its interactions with other 
proteins and with nucleic acids, lipids and substrates for enzymatic 
reactions. Secondly, subcellular localization can directly influence the 
stability, structure and, consequently, behaviour of a protein through 
changes in pH and salt concentration84,85, redox state86,87, molecular 
crowding88–90 and solvating properties91. This change may be of par-
ticular importance for proteins with IDRs as they have the potential 
to adopt different structures and functions depending on cellular 
conditions85,92. Hence, proteins correctly localized to specific subcel-
lular compartments have access to the necessary physicochemical 

Box 3 | Methods to study protein localization
 

There is a wide range of techniques used to determine the subcellular 
location of a protein, which differ in resolution and certainty, samples 
used, speed, throughput and automation. The currently used 
methodologies can be broadly classified into the following categories:
(1)	 Computational predictions: the amino acid sequence of a protein can 

be directly used to assign localization, traditionally by identifying or 
predicting localization signals for various organelles, including the 
nucleus243, nucleolus244,245, endoplasmic reticulum and secretory 
pathway246,247, mitochondria248,249 and peroxisomes250. More complex 
machine-learning models can deduce subcellular localization 
information from protein sequences even in the absence of known 
localization signals45,251,252.

(2)	Proximity labelling: these methods use nonspecific enzymes 
to covalently label and identify proteins within a small physical 
radius of known subcellular marker proteins (for example, 
structural components of mitochondria). The marker proteins 
(‘baits’) are genetically fused to a labelling enzyme, typically a 
peroxidase or biotin ligase253–258. Following treatment of the cell 
with the necessary substrate (hydrogen peroxide or biotin, 
respectively), proteins near the bait are covalently labelled 
(‘preys’), thus allowing pull down and identification by mass 
spectrometry. Given the limited labelling distance, prey proteins 
are classified as localizing to the subcellular compartment 
represented by the marker bait protein200. A protein complex with 
sterically competing, mutually exclusive components probably 
has differential localization or performs different functions. 
Recently, a large-scale integrated map of protein complexes259 
demonstrated such differential composition for hundreds of 
protein complexes.

(3)	Isolation and enrichment of compartments: subcellular 
fractionation can be used to physically separate organelles 
including the nucleus260, mitochondria261,262, lysosomes263 
and peroxisomes264, as well as membraneless compartments 
(condensates)51,265. Similarly, laser capture microdissection 
can extract from cells specific subcellular regions based on 
microscopic visualization266–268. In both cases, proteins in the 
different samples can then be detected by mass spectrometry to 
define the proteome of a given compartment.

(4)	Protein correlation profiling: these methods use differential 
centrifugation, density centrifugation or sequential detergent 
treatment of cell lysate to separate proteins into multiple  
fractions without organelle isolation or purification2,67,201,205,269,270.  
Protein subcellular localization is predicted by comparing the 
abundance profiles of proteins with unknown localization to those 
of established marker proteins, thereby generating cell-wide 
proteome maps.

(5)	Imaging-based techniques: antibodies or genetic tags are 
used to label proteins of interest and visualize them in situ. 
Optical confocal microscopy is most commonly used to detect 
the labels, but other modalities, such as mass cytometry or 
electron microscopy, can be suitable for specific applications. 
Protein subcellular localization is then deducted from the 
staining patterns of easily recognizable organelles (with the 
recognized-pattern repertoire drastically expanded by the use 
of image-to-location deep learning models such as CytoSelf271, 
Subcell208 and DINO272) or the overlap between signals from the 
protein(s) of interest and marker proteins or chemical dyes with 
known subcellular localization.

(6)	Multiple measurements: multiplexed and multimodal 
measurements can extract multiple layers of information on 
molecule localization from a single sample. Multiplexed imaging 
technologies273 such as those used for protein localization274–276, 
for single-molecule RNA localization277 or for both278, allow one 
to overlay and compare the distributions of multiple molecules 
of interest. A recently introduced systematic framework allows 
simultaneous mapping of the subcellular transcriptome and 
proteome in a single sample279: cells are gently lysed and 
fractionated by density equilibrium centrifugation to separate 
organelles. The resulting fractions undergo phase separation, 
with RNA in the aqueous phase further analysed by RNA 
sequencing and proteins in the organic phase measured by mass 
spectrometry.

For a detailed discussion and comparison of the existing methods 
for determining and manipulating subcellular protein localization, we 
refer the reader to a complementary Review5.
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environment and interactors to carry out their function. Importantly, 
although an extension of the ‘one gene, one protein’ hypothesis could 
cause a misconception that a protein resides in a single location to carry 
out a single function, many proteins have been shown to be multilo-
calizing and multifunctional1,93,94. Here, we discuss how multilocaliza-
tion and its temporal regulation expands the functional repertoire 
of proteins.

Multilocalization regulates protein function
Multilocalization contributes to protein function in several ways 
(Fig. 2). For some proteins, multilocalization arises as a direct con-
sequence of the translocation required to carry out their function. 
Classical examples include, but are not limited to transcription fac-
tors and transport proteins, which respectively undergo or facilitate 
nucleo-cytoplasmic shuttling95–99. For example, stimulation of the cell 
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by interferon or interleukin results in transphosphorylation of STAT 
family transcription factors by receptor-associated Janus kinases100–102 
(Fig. 2a). Phosphorylated STATs undergo dimerization in the cyto-
sol before their binding to importin α-5, which transports them into 
the nucleus through the nuclear pore complex103–105. Once inside 
the nucleus, STATs directly bind to specific sites in the promoters of 
cytokine-responsive genes to trigger an immune response106,107. Given 
the importance of subcellular localization for the function of transcrip-
tion factors, their intracellular distribution is tightly regulated through 
multiple mechanisms, including protein synthesis and degradation108, 
nuclear import109 and export59, and retention inside110 or outside of the 
nucleus111. The dynamic interplay between these mechanisms can create 
complex oscillating systems, with transcription factor concentrations 
changing across different cellular compartments over relatively short 
time periods112 to fine-tune gene expression in response to internal or 
external stimuli113.

Other proteins reside in multiple subcellular compartments sim-
ply because their function is utilized separately in these locations. For 
example, humans express two isoforms of fumarate hydratase, the 
enzyme responsible for the reversible interconversion of fumarate and 
l-malate (Fig. 2b). These proteoforms are generated from a single gene 
through use of alternative translation initiation sites. The canonical, 
longer isoform localizes to the mitochondria, where it contributes 
to the tricarboxylic acid cycle, whereas the shorter isoform, which 
lacks a mitochondrial localization signal, resides in the cytosol and 
regulates the levels of fumarate generated by the urea cycle and amino 
acid catabolism114–116. Following DNA damage, the cytosolic fumarate 
hydratase isoform is phosphorylated and translocated to the nucleus, 
where it catalyses the production of fumarate to inhibit the activity of 
histone denethylase KDM2B117. Hence, the same molecular function of 
a protein can be utilized for different biological processes in different 
locations in the cell.

Even when a protein’s function is limited to a single location, 
changes in subcellular localization can be exploited to alter the pro-
tein activity in response to internal or external stimuli. In the case of 
the m6A reader YTHDC1, recognition and binding of a heat-stress-
induced m6A modification at the long non-coding RNA HSATIII results 
in sequestration of the protein from the nucleoplasm to nuclear stress 
bodies, thereby suppressing m6A-dependent splicing of hundreds 
of pre-mRNAs118,119 (Fig. 2c). Other membraneless organelles includ-
ing nuclear speckles, paraspeckles, P-bodies, Cajal bodies and stress 

granules have also been shown to act as sponges that sequester pro-
teins from their action locations and repress their functionality50. 
The dynamic formation and dissolution of these phase separated 
condensates facilitates many spatiotemporally defined processes52,120.  
For example, a recent study determined that 1,910 proteins in HeLa cells 
are involved in condensate formation in response to oxidative stress121. 
Mounting evidence suggests that the dynamic and transient forma-
tion of such condensates occurs during many core cellular responses, 
including transcription activation122 and signal transduction123. Indeed, 
the formation of biomolecular condensates not only physically con-
centrates or sequesters proteins but also alters the proximal chemical 
environment and resulting solvation, charge, folding and reactivity of 
constituent proteins54,91. In the case of signal transduction, dynamic 
signalling complexes often consist of proteins with multiple similar 
domains connected by IDRs. Interactions between these domains 
allow the proteins to assemble into dynamic helical filaments, form-
ing biomolecular condensates known as signalosomes124. This process 
creates transient clusters of signalling molecules, thereby increasing 
their local concentrations and enabling rapid cellular responses to 
activation signals.

Multilocalization facilitates multifunctionality
An increasing number of proteins are now recognized as having mul-
tiple distinct functions when differently localized within the cell93. 
The extreme manifestation of this phenomenon are ‘moonlighting 
proteins’ — proteins with identical sequences (that is, not the product 
of gene fusions or alternative splicing) that carry out diverse cellu-
lar functions93,125–127. Unsurprisingly, multilocalization is considered 
one of the main factors driving the evolution of such moonlighting 
properties, as the protein is exposed to different chemical spaces with 
alternative interacting partners126,128. One well-documented example 
is glyceraldehyde-3-phosphate dehydrogenase (GAPDH), an enzyme 
that contributes to glycolysis in the cytoplasm, but has additional roles 
including extracellular vesicle formation129 and iron transport at the 
plasma membrane130,131, and the regulation of apoptosis genes in the 
nucleus132,133 (Fig. 2d). These moonlighting functions depend on the 
protein’s PTM and oligomerization status134,135. In normal cellular condi-
tions, antioxidant proteins such as glutaredoxins maintain a state of 
redox balance, in which GAPDH remains in the cytosol136. However, 
in conditions of oxidative stress, the oxidation or S-nitrosylation of 
GAPDH results in nuclear translocation, which triggers apoptosis and 

Fig. 2 | Multilocalization is crucial for protein function. a, A single protein 
function can be driven by translocation. For example, activation of STAT 
transcription factors by kinase receptors of cytokines, such as interferons 
(IFN) at the cell membrane, involves their phosphorylation and dimerization. 
STAT homodimers or heterodimers bind to importin α-5 and are imported 
to the nucleus, where they activate cytokine-responsive genes. b, A single 
protein function may contribute to multiple processes in a cell, for example, 
interconversion of fumarate and l-malate by fumarate hydratase (FH). Two 
proteoforms of fumarate hydratase exist that catalyse the reversible conversion 
of fumarate and l-malate. The canonical mitochondrial isoform (FHm) 
contributes to the tricarboxylic acid (TCA) cycle in mitochondria, whereas 
the non-canonical cytoplasmic isoform (FHc) drives regulation of fumarate 
levels in the cytoplasm following its generation by the urea cycle and amino 
acid metabolism. Additionally, FHc inhibits the histone demethylase activity of 
KDM2B in the nucleus following DNA damage. c, The level of protein function can 
be regulated by changes in its subcellular localization, for example, sequestration 
of the N6-methyladenosine (m6A)-reader YTHDC1 from the nucleoplasm into 

nuclear stress bodies. Sequestration occurs during heat stress, owing to YTHDC1 
binding of m6A at the long non-coding RNA HSATIII instead of at m6A-dependent 
splice sites, and results in intron retention in hundreds of mRNAs. d, A protein may 
carry out distinct molecular functions in different subcellular compartments, 
for example, the moonlighting protein GAPDH. This protein can be controlled by 
post-translational modification (not shown) and oligomerization to function in 
glycolysis in the cytoplasm, extracellular vesicle formation (not shown) and iron 
transport at the cell membrane, and acetylation (Ac)-mediated apoptosis in the 
nucleus. e, Multilocalization contributes to spatiotemporal regulation of protein 
function, for example, to the multifunctionality of CDH4 and ISWI throughout the 
eukaryotic cell cycle. During interphase, CDH4 and ISWI localize to the nucleus, 
where they regulate transcription through their chromatin remodelling activities. 
During mitosis, disintegration of the nuclear envelope results in the release 
of CDH4 and ISWI into the cytoplasm, where they contribute to microtubule 
assembly and stability. The dashed arrows represent translocation. H3K36me2, 
dimethylated histone H3 Lys36; NPC, nuclear pore complex; Tf-Fe2, iron-binding 
transferrin; OAA, oxaloacetic acid.
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a switch from glycolysis to the pentose phosphate pathway136–139. The 
pentose phosphate pathway allows rerouting of carbohydrates into 
metabolic reactions which produce reducing equivalents in the form 
of NADPH that counteract oxidative stress137. Interestingly, the dif-
ferent functions of GAPDH appear to have a biologically meaningful 
connection. Whether such a functional connection is common for all 
moonlighting proteins remains an open question.

With the number of recognized moonlighting proteins on the 
rise and a large proportion of multilocalizing proteins having only 
one annotated function (Supplementary Fig. 1a), there is a clear need 
to functionally characterize proteins at their non-canonical subcel-
lular location. Although several databases have been generated to 
collate moonlighting proteins (MoonProt93, Multitasking Proteins 
DataBase140, PlantMP141 and MoonDB142), there is not yet a systematic 
method for identifying protein multifunctionality and moonlight-
ing on a subcellular level. Instead, protein functionality is typically 
studied protein-by-protein and the discovery of moonlighting tends 
to be serendipitous.

Spatiotemporal dynamics of protein function
Given the strong relationship between protein localization and 
function, it is important to understand how protein localization is 
temporally regulated. A key biological process that relies on the spa-
tiotemporal regulation of proteins is the eukaryotic cell cycle, and 
both multilocalization and multifunctionality have been extensively 
reported for cell cycle-associated proteins143 (Fig. 2e). The chromatin 
remodellers CDH4 and ISWI, for example, localize to the nucleus to 
regulate transcription during interphase, but are released following 
the dissipation of the nuclear envelope during mitosis, which allows 
them to localize to and regulate the assembly and stability of the mitotic 
spindle144,145. Ki-67 localizes to the nucleolus in interphase, but relo-
cates to and facilitates the generation of the chromosome periphery 
during mitosis owing to the hyperphosphorylation of its disordered 
repeat domains, which creates alternating charge blocks and increases 
their tendency to undergo liquid–liquid phase separation146. Another 
temporal process, the circadian rhythm, can also affect protein locali-
zation. Proteins that drive circadian rhythms — cryptochrome and 
Period proteins — as well as proteins under circadian regulation such 
as CNT2, change their localization based on the time of day, often with-
out changes in mRNA or protein abundance147,148. It is important to 
emphasize that asynchronous cyclical processes in a cell population 
manifest as subpopulations in different phases. Bulk, single time-point 
measurements provide only an averaged snapshot of all cell states in 
a population; they cannot be used to distinguish between temporally 
regulated variation in protein localization within an asynchronous cell 
population and differential protein localization between stable sub-
sets of the cell population. It is thus possible that a larger portion than 
currently described of the reported multilocalizing proteins change 
their subcellular localization periodically over the course of some 
cyclical cellular processes.

Overall, protein subcellular localization provides a means to regu-
late the structure, interactions and subsequent function of a protein 
and, thus, is a key factor contributing to the ‘Goldilocks principle’ 
whereby conditions must be just right for a protein to conform to its 
necessary structure and function. In turn, protein differential localiza-
tion allows functionality to be regulated over space and time by altering 
the activity level of a given function or permitting a change of function. 
Importantly, protein differential localization can and often does occur 
in the absence of a change in total protein abundance149,150, meaning 

that abundance-focused studies potentially miss a large portion of the 
changes in protein behaviour. In addition, as mentioned in Box 1, much 
of the existing literature on protein localization and function does not 
include proteoform-specific evidence. Therefore, the extent to which 
alternative splicing, PTMs, oligomerization, conformational changes or 
other yet unknown mechanisms contribute to the widespread phenom-
ena of protein localization, multilocalization and multifunctionality is 
largely unknown.

Protein localization is instrumental for cell 
differentiation and identity
Cell differentiation is achieved through spatiotemporal changes in 
protein localization and abundance, which are often triggered by the 
translocation of transcription factors151. Some transcription factors 
are known moonlighting proteins152, such as β-catenin (also known as 
catenin beta-1). In normal epithelial cells, β-catenin is part of the adhe-
rens junctions, helping maintain the integrity of epithelial layers; free 
cytoplasmic β-catenin in these cells is ubiquitylated and degraded by 
the proteasome (Fig. 3a). However, as the cell disassembles its junctions 
during the epithelial–mesenchymal transition, β-catenin is released 
into the cytoplasm, where it escapes degradation, and translocates 
to the nucleus, where it acts as a transcription factor that promotes 
the transition153.

Cell type-specific protein localization is not limited to transcrip-
tion regulators. Despite organelles performing similar core functions 
in different cells, even closely related cell types can exhibit substan-
tially variable organellar proteomes154. Approximately one-fifth of all 
mitochondrial proteins show differential abundance in astrocytes and 
neurons155, and half of centrosome-interacting proteins in neural cells 
localize to the centrosome only at certain stages of cell differentiation, 
without changing the total abundance levels156. Cell type-specific orga-
nellar proteomes are thought to contribute to cell identity by perform-
ing cell type-specific functions154. For example, the multilocalizing RBP 
PRPF6 is generally ubiquitous in nuclear spliceosome complexes157.  
In neural stem cells (but not in mature neurons), it additionally localizes 
to centrosomes, together with other RNA-binding and RNA-processing 
proteins156 (Fig. 3b). Mutating the RNA-targeting function of PRPF6 
results in neurodevelopmental disorders, suggesting that pre-mRNA 
splicing is a brain-specific function of PRPF6 and is probably performed 
at the centrosome. Despite the importance of correct protein localiza-
tion for specific cell and tissue functions in multicellular organisms, 
cell type-specific protein localization remains underexplored.

Certain cell types, such as epithelial cells and neurons, rely on 
establishing specialized domains within a single compartment. Exam-
ples include the apical and basal membranes of epithelial cells (parts 
of the plasma membrane compartment)158, outer segments of photo-
receptors (parts of the cytoplasm, cilia and plasma membrane)159,160 
and presynaptic active zones of neurons (parts of the cytoplasm and 
plasma membrane)161. As we discuss in Box 1, different patterns of pro-
tein distribution within compartments are not considered to represent 
multilocalization but instead are termed protein gradients. These gra-
dients are often overlooked during protein localization studies but can 
be a fundamental part of the cell identity. For example, epithelial cell 
polarization depends on the correct localization of so-called polarity 
factors that control the recruitment and exclusion of domain-specific 
proteins. The endomembrane system has an important role in this 
process158,162,163, as membrane proteins are sorted into the vesicles that 
are subsequently transported to either apical or basolateral mem-
branes. Once at their destination, the vesicles undergo selective and 
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controlled fusion with the plasma membrane and deliver polarity 
factors and their targets to the required location. One of the key api-
cal polarity factors is the atypical protein kinase C (aPKC), a protein 
that phosphorylates other membrane-associated polarity factors to 
exclude them from the apical domain of epithelial cells158 (Fig. 3c).  
In non-epithelial cells, disturbed epithelial cells or cancer cells, certain 
aPKC isoforms change their subcellular localization and can be found 
in other parts of the membrane, cytoplasm, or nucleus164–167. These 
isoforms regulate cell proliferation, cell cycle and glucose metabolism, 
especially in the context of cancer166,168, and atypical nuclear expression 
of aPKC has been suggested as a cancer prognostic marker164,166,168, yet 
the exact relationship between subcellular localization and function 
of aPKC isoforms is not clear. Hence, we need to reassess the granu-
larity of annotations and take into account local minima and maxima 
when characterizing the spatial distribution of proteins and their 
functional impact.

Despite strong evidence for the importance of subcellular protein 
distribution in establishing cell identity, routine cell phenotyping is 
still based almost exclusively on transcript or protein abundance and 
does not include protein localization. This bias is an understandable 
consequence of technical limitations, higher cost and lower through-
put of subcellular spatial analysis, and of general lack of well-validated 
baseline datasets. Nevertheless, a growing body of evidence highlights 
the clinical importance of specific and correct subcellular protein 
localization, which we discuss below.

Protein mislocalization in disease
Various diseases with a genetic component have been shown to 
involve protein mislocalization169–171. As illustrated by the example of 
PRPF6, multilocalizing and moonlighting proteins can perform cell 
type-specific functions in one of their possible subcellular locations. 
In some cases, a mutation might affect localization at only one of the 
possible locations, leading to a loss of only one of the protein func-
tions. If this happens in a cell type-specific manner, such a specific 
mislocalization might affect only a subset of cells in the organism, lead-
ing to the development of a tissue-specific pathology. However, most 
clinical evidence remains anecdotal and does not provide systematic 
analysis of the links and the causal relationship between mutations, 
protein mislocalization and pathological consequences. Neverthe-
less, hundreds of pathogenic variants associated with diseases such 
as cancer, immunodeficiencies, metabolic diseases and neurological 
and neuromuscular disorders, have been directly linked to protein 
mislocalization172. Intriguingly, variants of the same gene known to 
cause different diseases tended to show differential localization pat-
terns. Subcellular targeting of proteins can be disrupted by a number 
of different factors, affecting the protein localization mechanisms 
discussed above. Protein mislocalization, misfolding, incorrect PTMs 
and incorrect interactions with other molecules can negatively affect 
protein function, resulting in pathology. These processes are inter-
dependent, and each of them can be either the cause or the conse-
quence of the other. Table 1 summarizes some examples of pathological 
changes of function caused by protein mislocalization.

Mislocalized pathogenic protein variants are over-represented in 
the organelles of the secretory pathway172, and disrupted endomem-
brane trafficking is known to be implicated in the development of neu-
rodegenerative conditions173,174, cancer162 and metabolic disorders175. 
Furthermore, pathogenic variants that undergo mislocalization most 
often carry mutations in the domains involved in protein folding or 
insertion into the membrane172. Protein folding relies on controlled 

chemical conditions and on interactions with chaperones that assist 
in the process. Proteins can be misfolded owing to mutations, PTMs 
affecting the interactions between amino acids or unwanted protein 
interactions. Misfolded proteins often aggregate, although the pres-
ence of stable soluble misfolded proteins with altered activity176 and 
interactions177 might be a widespread phenomenon178. Aggregation 
starts a vicious cycle, where one misfolded molecule triggers aggrega-
tion of otherwise normal polypeptide chains. Aggregated proteins fail 
to both correctly localize and to perform their function. Conversely, 
protein mislocalization may result in misfolding owing to the lack of 
correct binding partners, failure to be inserted into a membrane or 
altered folding environment, possibly leading to proteotoxicity, as 
seen in amyotrophic lateral sclerosis179. Protein mislocalization accom-
panied by misfolding is one of the hallmarks of neurodegenerative 
conditions such as Parkinson’s disease or Alzheimer’s disease (Table 1).

In addition to changes in protein folding and membrane inser-
tion, mutations that change the solubility of a protein may also trigger 
changes in the ability of proteins to dynamically and reversibly associate 
with biomolecular condensates, with pathological consequences45,180,181. 
Indeed, 36,777 pathological mutations in 1,745 human proteins were 
shown to be involved in biomolecular condensate dysregulation in 
disease182. For example, mutations in the tumour suppressor SPOP 
can interfere with phase separation and prevent the protein from cor-
rectly functioning as a substrate adaptor of the cullin–RING E3 ubiq-
uitin ligase in nuclear speckles, thus contributing to the formation of 
solid tumours183. By contrast, deacetylation of HP1γ promotes nuclear 
condensation, which results in drug resistance in myeloma184.

Protein mislocalization can also be triggered by environmen-
tal stresses. Viruses can protect themselves from nuclear restriction 
enzymes (such as IFI16) by triggering their relocalization to the cyto-
plasm of the infected cell and subsequently to the extracellular space185. 
Relocalization exposes IFI16 to different interaction partners, including 
cytoplasmic viral-RNA sensor RIG-I186. These new interactions promote 
inflammation and, in the case of extracellular IFI16, can contribute to 
the development of autoimmune disorders, with the mislocalized 
protein acting as an autoantigen185. Similar unwanted interactions, 
both inside and outside of the cell, have been shown to contribute to 
the role of moonlighting proteins in cancer progression187. Therefore, 
protein mislocalization can directly cause pathology through both loss 
and gain of function in the new molecular context (Table 1).

Protein mislocalization can directly lead to the breakdown of cor-
rect molecular interactions. In Usher syndrome, usherin (also known 
as USH2A), a cilium-associated scaffold and transport protein, is trun-
cated and loses its localization signal. Mislocalization of usherin to the 
cytoplasm of cochlear hair cells188 and photoreceptors189 results in a 
congenital disorder characterized by hearing and vision loss. Moreover, 
mutant usherin in photoreceptors promotes the mislocalization of its 
interaction partners189. Proteins localized to the wrong compartment 
can engage in unwanted interactions, as is the case of the chromatin 
remodeller and tumour suppressor ARID1B. Mutant ARID1B lacking 
functional NLS is localized to the cytoplasm, where it interacts with the 
RAF–ERK signalling pathway and promotes oncogenesis, in contrast to 
its canonical function190. Similar switches can explain the contradictory 
functions that have been described for other proteins.

Mislocalized proteins can also be exposed to new protein- 
modifying enzymes and PTMs, which often change their conformation, 
activity and ability to interact with other molecules. Certain PTMs 
change the protein propensity for aggregation and might influence 
the development of neurodegenerative disorders191. PTMs can directly 
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regulate protein localization, for example, reversible S-palmitoylation, 
which allows cells to dynamically control protein localization through 
the enzymes that add and remove palmitate residues to their sub-
strates. S-palmitoylation has a key role in neurons, and unsurprisingly, 
many neurodegenerative conditions characterized by protein mislo-
calization are also associated with reduced activity of palmitoylat-
ing and de-palmitoylating enzymes192. Finally, mislocalization of the 
protein-modifying enzymes themselves can lead to aberrant patterns 
of PTMs and atypical activation of downstream signalling pathways, 
which seems to drive certain forms of Cushing syndrome193.

Owing to the important role of protein mislocalization in various 
diseases, new therapeutics that aim to correctly relocalize proteins of 
interest are emerging194–197. The efficiency of other extremely promising 
therapeutics, such as selective protein degradation using molecular 
glue degraders or proteolysis-targeting chimeras (PROTACs)198, is 
also influenced by the subcellular localization of the target199. In some 
clinical contexts it might be necessary to induce protein degradation 
only in one specific subcellular location, and out-of-place degrader 
activity can lead to inadvertent negative effects, especially in the case 
of multilocalizing and multifunctional proteins. It is, therefore, impera-
tive that we continue to work on mapping subcellular protein distribu-
tion patterns, understanding how they are established, regulated and 
disrupted in various biological contexts, and determine the functional 
consequences of changing subcellular protein localization.

Conclusion and future perspective
Subcellular localization of proteins has emerged as an important mech-
anism for the control of protein function. The development of diverse 
methodologies for the study of protein subcellular localization has led 
to the generation of high-quality spatial maps and revealed that most 
proteins display complex spatiotemporal distributions1,2,67,150,200–205. The 
ways in which the cell establishes and regulates these distributions are 
largely independent of protein abundance149,150 and extremely relevant 
for cell function.

Unfortunately, large-scale mechanistic studies that link protein 
localization to function are still lacking. One reason is inability to 
achieve location-specific manipulation of protein abundance using 
established gene-centric methods, such as CRISPR tools. Hence, 
although CRISPR and similar technologies have been extremely pow-
erful in elucidating gene functions, they fall short from disentangling 
protein multilocalization, multifunctionality and genetic pleiotropy. 
Our understanding of the link between protein localization and func-
tion would greatly benefit from the development of robust tools for 
controlling and transiently modifying subcellular protein distributions. 

Some of the advances in this area are discussed in a complementary 
Review paper5.

Several other major challenges remain in our understanding of 
the relationship between protein subcellular location and function. 
Nearly all published reports of localization or function refer only to 
a single protein entity without providing proteoform information 
of PTMs, oligomerization, alternative splicing or sequence variants. 
This shortcoming is partly owing to the challenges associated with 
measuring proteoforms, especially when they are rare, transiently 
expressed or context specific. As the dynamic range and sensitivity 
of mass spectrometry-based proteomics continues to increase and 
validated proteoform-specific antibodies become widely available for 
imaging-based experiments, our ability to distinguish proteoforms 
is also expected to improve and reveal an additional layer of regula-
tory complexity in the relationship between protein localization and 
function.

Protein localization and function also need to be studied 
in a wider range of contexts. Even different human cell lines show 
substantial changes in mRNA expression, protein abundance and 
phosphorylation206, protein localization1 and protein–protein 
interactions207. Cell type-specific and tissue-specific variation in sub-
cellular proteomes is likely to be even more pronounced and underex-
plored, particularly for proteins localized to specialized cell structures 
that only exist in certain cell types or at specific times. Similar blind 
spots probably exist for protein localizations that change in response to 
internal or external stimuli. Varying penetrance of protein localization 
phenotypes complicates the efforts to classify proteins as multilocal-
izing and/or multifunctional. The number of both multilocalizing and 
multifunctional proteins is likely substantially higher than current 
estimates. It is possible that proteins present in different locations at 
the same time in the same cell have a different chance of being multi-
functional than proteins present in different locations in different cell 
types. Substantially more data are needed to answer these intrigu-
ing questions with certainty. New machine-learning models208 could 
speed up the annotation of imaging data for both cell-specific and 
tissue-specific localizations. Moreover, large language models should 
be improved to accurately predict protein localization, as well as the 
potential for protein multilocalization and multifunctionality, based 
on the protein sequence and multimodal data representing cellular 
context (transcriptomes, interactomes).

Finally, the subcellular study of proteins must move away from 
treating subcellular compartments as discrete, uniform and constant. 
Such an approach not only limits the discovery of functional hetero-
geneity between cell types but also prevents the consideration of 

Fig. 3 | Examples of cell type-specific protein relocalization. a, In healthy 
epithelia, β-catenin is localized at cell adherens junctions, thereby connecting 
them to the cytoskeleton. In these cells, cytoplasmic β-catenin undergoes 
proteasomal degradation. During epithelial–mesenchymal transition, β-catenin 
is removed from the junctions, is no longer marked for degradation and can enter 
the nucleus, where it acts as a transcription regulator that promotes the transition. 
b, The RNA-binding protein PRPF6 is a ubiquitously expressed component of 
nuclear spliceosome complexes. However, in neural stem cells it is additionally 
localized to centrosomes, where it exhibits RNA-processing activity. Mutations 
disrupting this activity lead to neurodegenerative disorders but have no pro
nounced effects in other cell types and tissues, highlighting the tissue-specific 
and location-specific function of centrosomal PRPF6. c, Apical–basal polarity in 
epithelia is maintained by proteins that recruit or prohibit other proteins from 

accumulating at a respective side of the cell. One of these proteins, atypical 
protein kinase C (aPKC), phosphorylates (P) basal and lateral polarity factors 
(BPF; for example, LLGL2 or EPB41L5), thereby preventing them from entering the 
cellular apical domain; by contrast, apical polarity factors (APF) can accumulate 
there. Moreover, trafficking of polarity factors is often facilitated by the endo
membrane system, with cargo proteins sorted into the vesicles targeting the apical 
or the basal membrane. These vesicles are transported to the corresponding side 
of the cell, where they undergo controlled and specific fusion with the plasma 
membrane, thereby delivering the polarity factors and their targets. Mutations 
in aPKC (denoted by the asterisk) result in aPKC redistribution to the cytoplasm, 
nucleus and other membrane domains, where its off-site phosphorylating activity 
has negative effects on the distribution and function of other proteins. The dashed 
arrows represent translocation. ER, endoplasmic reticulum.
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variation between and within organelles of the same cell across space 
and time209–211. A clear example is the transient and dynamic formation 
of membraneless organelles and biomolecular condensates. In addi-
tion, various intracellular vesicles often have similar morphology, 
despite being a heterogeneous population with vastly different molecu-
lar composition and functions. This heterogeneity poses a problem 
for image-based localization classification models, which might not 
be able to differentiate between biologically meaningful organelle 
classes and subclasses. Proteins can also localize to organelle contact 
sites212,213 and display distinct sub-organellar distributions. Recently, for 
example, nucleolar proteins were shown to reside in three sub-phases 
of nucleoli based on the sequence of their IDRs214. New computational 
tools focusing on the integration of different experimental modalities, 
such as microscopy images and protein–protein interaction data, can 
capture smaller and more transient subcellular protein assemblies, 
while still identifying conventional organelles, thereby recapitulating 
the hierarchical architecture of the cell, and, importantly, provid-
ing separate lines of evidence for protein localization and putative 
function215. Exploring and classifying protein localization across mul-
tiple scales and in different biological contexts216 could reveal tighter 
co-localization patterns and facilitate the annotation of functionally 
related proteins.

Overall, the landscape of subcellular protein distributions, inter-
actions and functions is incredibly complex, and exploring it fully 
will require integrated data-driven methodologies. We will need to 
map subcellular protein and proteoform distributions in a variety 
of contexts, including perturbations at the level of specific proteins, 
cells, tissues and entire organisms. It will be necessary to develop new 
detection techniques with increased sensitivity, selectivity and spatial 

resolution, and new bioinformatics methods and pipelines to process, 
combine and analyse the massive datasets. It is crucial that the com-
munity continues to make cell and tissue maps publicly available to 
accelerate the construction of models that would be able to capture 
the connection between protein location and function. Guidelines on 
data collection, reporting and accessibility would permit more efficient 
resource allocation and better integration of the data coming from dif-
ferent sources into more complex, larger-scale models. New insights 
from this research will help refine our nomenclature for multifunctional 
and moonlighting proteins to better reflect the underlying biological 
reality. Fully understanding the relationship between protein localiza-
tion and function is a monumental task that will undoubtedly require 
concerted community effort and cooperation, yet can reward us with 
new avenues for both fundamental and clinical research.

Published online: xx xx xxxx
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