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Abstract. Recently accumulated evidence has indicated that 
the nucleomembrane shuttling of cellular proteins is common, 
which provides new insight into the subcellular translocation 

and biological functions of proteins synthesized in the cyto‑
plasm. The present study aimed to clarify the trafficking of 
proteins between the plasma membrane and nucleus. These 
proteins primarily consist of transmembrane receptors, 
membrane adaptor proteins, adhesive proteins, signal proteins 
and nuclear proteins, which contribute to proliferation, 
apoptosis, chemoresistance, adhesion, migration and gene 
expression. The proteins frequently undergo cross‑talk, such as 
the interaction of transmembrane proteins with signal proteins. 
The transmembrane proteins undergo endocytosis, infusion 
into organelles or proteolysis into soluble forms for import into 
the nucleus, while nuclear proteins interact with membrane 
proteins or act as receptors. The nucleocytosolic translocation 
involves export or import through nuclear membrane pores by 
importin or exportin. Nuclear proteins generally interact with 
other transcription factors, and then binding to the promoter 
for gene expression, while membrane proteins are responsible 
for signal initiation by binding to other membrane and/or 
adaptor proteins. Protein translocation occurs in a cell‑specific 
manner and is closely linked to cellular biological events. The 
present review aimed to improve understanding of cytosolic 
protein shuttling between the plasma membrane and nucleus 
and the associated signaling pathways.
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1. Introduction

Proteins are synthesized in the cytosol by free ribosomes 
or by endoplasmic reticulum  (ER)‑bound ribosomes using 
mRNA as a template, ribosomal RNA (rRNA) as an assem‑
bler and transfer RNA as a carrier. However, all types of 
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single‑stranded RNA are created based on a DNA template 
in the nucleus and exported into the cytoplasm after chemical 
modification, including alternative splicing, 3' cap addition 
and 5'  polyadenylation. Therefore, small mRNAs become 
structurally simple due to modification processes and carry the 
genetic information from nuclear DNA. Translation proceeds 
in three phases: Initiation, elongation and termination (1). In 
the co‑translational translocation of eukaryotes, the entire 
ribosome/mRNA complex binds to the rough ER in order to 
synthesize new signal‑peptide‑containing proteins, which are 
anchored to the ER membrane for externalization to the plasma 
membrane and other organelles, or stored in the ER for future 
vesicle transport and secretion outside the cell (Fig. 1) (1).

For proteins to be transported into the nucleus, their 
nuclear localization sequence (NLS) or other specific space 
structure needs to be recognized by the importin‑karyopherin 
nuclear transport receptors. These proteins dock at the nuclear 
pore complex by interacting with the phenylalanine‑glycine 
domain, and are then moved into the nucleus by importin, while 
exportin has the opposite function targeting nuclear export 
sequence (NES). Importin and exportin are hypothesized to be 
involved in protein shuttling between the nucleus and the cyto‑
plasm (2). During this process, the transport receptors bind to 
nucleoporins and the small GTPase, Ran, which influences 
the interaction of transport receptors with cargo, adaptors and 
nucleoporins independently of GTP hydrolysis by Ran (2). 
Reportedly, a linker that is >120 amino acids long is needed 
for the interaction between NLS‑carrying membrane proteins 
and transport factors, such as karyopherin‑α (2).

After translation, new proteins then undergo post‑trans‑
lational modifications to form mature products in the ER 
and Golgi apparatus, including enzyme cleavage, chemical 
repertoire, phosphorylation, glycosylation, lipidation, acyla‑
tion, alkylation, butyrylation, biotinylation, sumoylation and 
ubiquitination. Such chemical modifications alter the spatial 
structure that is necessary for the interaction with transport 
factors or their partner proteins (1‑6). Transmembrane and 
receptor proteins undergo endocytosis via an adaptor protein 
and clathrin or are hydrolyzed and released into the cytosol. 
The membrane adaptor proteins are separated from them 
upon signal activation (1‑6). The cytosolic proteins, especially 
chemically modified ones, enter the nucleus by simple diffu‑
sion, facilitated diffusion via nuclear pore action proteins and 
signal‑mediated nuclear input via importin (Fig. 2). Meanwhile, 
the nuclear proteins can be exported out of the nucleus via 
signal‑mediated nuclear output, facilitated diffusion or simple 
diffusion, and relocalize to membranes for signal transduc‑
tion (5,6). The present review summarizes which cytosolic 
proteins shuttle between the plasma membrane and nucleus 
and how this occurs. The main nucleomembrane shuttling 
proteins include a variety of receptors of growth factors and 
cytokines, membrane adaptor proteins, adhesive proteins and 
nuclear proteins. The nuclear export and import proteins differ 
in features including their original localization, amino acid 
sequence (NLS or NES) and biological functions (Table I).

2. Transmembrane proteins

Epidermal growth factor receptor (EGFR). EGFR is a trans‑
membrane protein that binds to extracellular ligands [such as 

EGF and transforming growth factor (TGF)]. Upon activation, 
the EGFR monomers polymerize into an active homodimer 
that stimulates downstream protein kinases, resulting in its 
autophosphorylation at Y992,  1045, 1068,  1148 and  1173 
in its carboxyl terminal. These downstream transduction 
signal cascades principally include mitogen activated protein 
kinase (MAPK), phosphatidylinositol 3‑kinase (PI3K)/Akt 
and JNK pathways for the regulation of cell migration, adhe‑
sion and proliferation. The mutation and amplification of 
EGFR causes its upregulation in lung cancer, glioblastoma, 
and head and neck squamous carcinoma. Therefore, antibodies 
targeting it (such as cetuximab, panitumumab, zalutumumab, 
nimotuzumab and matuzumab) and tyrosine kinase inhibitors 
(such as gefitinib, erlotinib, brigatinib, lapatinib, osimertinib, 
gefitinib, erlotinib and brigatinib) are used for target therapy in 
clinical practice. EGFR principally initiates two distinct path‑
ways according to its subcellular localization. On one hand, 
EGFR activates canonical kinases at the plasma membrane, 
and then induces an intracellular phosphorylation cascade via 
MAPK and PI3K. On the other hand, it has been previously 
revealed that EGFR acts as a transcriptional co‑activator for 
c‑myc and cyclin D1 genes in the nucleus  (7). Full‑length 
EGFR can associate with the sec61β translocon for its nuclear 
translocation via the ER (7). Packham et al (8) indicated that 
small ubiquitin‑like protein‑1‑modified EGFR at K37 was 
almost exclusively localized in the nucleus. Using dynamin 
and clathrin labeling, De Angelis Campos et al (9) demon‑
strated that EGF stimulation results in a peak of nuclear EGFR 
expression after 10 min. In addition, Reif et al (10) reported 
that phosphorylated Erb‑B2 receptor tyrosine kinase 3 (ErbB3) 
enters the nucleus via clathrin‑independent endocytosis after 
heregulin stimulation, and importin  β1 drives the nuclear 
import of ErbB3, which interacts with transcription complexes 
to regulate gene expression. Gururaj et al (11) revealed that the 
accumulation of nuclear ΔEGFR promotes tumorigenicity by 
regulating transcription via the formation of chromatin‑bound 
and transcription complexes (c‑myc and ΔEGFR).

Fibroblast growth factor receptor  (FGFR). FGFR is a 
transmembrane glycoprotein that is activated by interaction 
with its ligand, FGF. FGFR consists of three extracellular 
immunoglobulin‑like domains responsible for FGF‑binding, 
a single transmembrane helix domain and an intracellular 
domain (12). So far, five distinct membrane FGFRs have been 
discovered and shown to display tyrosine kinase activity (12); 
they are responsible for angiogenesis, limb outgrowth, and 
the growth and differentiation of various cell types. FGFRs 
undergo internalization by endocytosis and access the 
nucleus via β‑importin, or are alternatively hydrolyzed into a 
soluble form for nuclear import (12). Nuclear FGFRs interact 
with chromatin remodelers to change the epigenetic status 
for gene expression (13). Zhou et al (14) reported that FGFR3 
is highly expressed in the nucleus of pancreatic cancer cells. 
Nuclear FGFR3 expression has been indicated to be posi‑
tively correlated with a high N stage and poor prognosis of 
pancreatic cancer. Moreover, Narla et al (15) revealed that 
the expression of α7 nicotinic acetylcholine receptors results 
in the nuclear accumulation of FGFR1, and subsequently 
inhibits the proliferation of neural stem and progenitor cells 
in the subventricular zone.
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c‑Met (mesenchymal epithelial transition). c‑Met is a receptor 
tyrosine kinase and is also known as hepatocyte growth factor 
receptor; it is composed of a post‑translationally cleaved and 
disulfide‑linked extracellular α‑subunit and a transmembrane 

β‑subunit. Phosphorylated c‑Met docking sites at both 
Y1349  and  Y1356 serve as docking sites for downstream 
adaptor molecules, such as scaffolding protein growth 
factor receptor bound protein 2 (GRB2)‑associated binding 

Figure 1. Biosynthesis of transmembrane and secretory proteins. The ribosome is composed of 18S and 28S rRNA, in the middle of which mRNA binds to 
rRNA via the KOZAK sequence. In the ribosome, mRNA guides the biosynthesis of the signal peptide, which interacts with SRPs to anchor to the rough ER 
via docking protein. When the translation of transmembrane and secretory proteins is finished, the signal peptide is digested and left in the ER. SRP, signal 
recognition particle; ER, endoplasmic reticulum; rRNA, ribosomal RNA.

Figure 2. Nuclear redistribution of the membrane proteins. Transmembrane and receptor proteins undergo endocytosis via adaptor protein and clathrin, and 
are degraded into cytosol. Some adaptor proteins generally bind to transmembrane proteins, but are separated from them upon signal activation. Additionally, 
some receptors interact with ligand and are hydrolyzed into cytosol by other proteases. The cytosolic proteins, especially chemically modified proteins, enter 
the nucleus by simple diffusion, facilitated diffusion via nuclear pore action protein or signal‑mediated nuclear input via importin. M, molecular weight; 
D, diameter.

https://www.spandidos-publications.com/10.3892/mmr.2021.12530


ZHENG  and  JIANG:  PROTEIN TRANSLOCATION BETWEEN MEMBRANE AND NUCLEUS4

protein 1 (Gab1), Src and Src homology 2 domain containing 
protein (SHC); while phosphorylation at only Y1356 induces 
the interaction with GRB2, phospholipase C γ, p85 and SHC 
tyrosine phosphatase 2 (16).

The phosphorylation of c‑Met at S985 inhibits the receptor 
kinase activity, while phosphorylation at Y1003 contributes 
to its polyubiquitination, endocytosis and degradation via 
ubiquitin ligase casitas B lineage lymphoma proto‑oncogene. 
Subsequently, HGF activates Ras‑MAPK, PI3K/Akt, signal 
transducer and activator of transcription 3, Wnt/β‑catenin 
and Notch pathways during carcinogenesis, angiogenesis and 
metastasis. Cancer cells and, notably, cancer stem cells overex‑
pressing c‑Met have a greater ability to proliferate and invade 
in either an autocrine or a paracrine manner (16). However, 
HGF can activate c‑Met transcription via the interaction of 
telomere elongation protein and hypoxia‑inducible factor 1 
with erythroblast transformation‑specific transcription factor, 
activator protein‑1 and hypoxia response element components 
of its promoter (16). Gomes et al (17) reported that exposure 
to HGF enhanced the rapid translocation of c‑Met into the 
nucleus, where calcium‑induced plasma membrane intrinsic 
protein 2 hydrolysis and inositol trisphosphate (IP3) formation 
took place. The nuclear translocation of c‑Met was revealed to 
principally result from Gab1, importin β1 and calcium signals.

Insulin receptor (IR). IR is a transmembrane tyrosine kinase 
receptor that can be activated by insulin, insulin‑like growth 
factor (IGF)‑I and IGF‑II. Biochemically, subunits α and β 
of IR are encoded via either the A or the B isoform due to 
alternative splicing, and are composed of a leucine‑rich repeat 
domain, a cysteine‑rich region, and three fibronectin type III 

domains; they form homo‑ or heterodimers via disulfide 
linkages. The interaction of IR with its ligand mediates the 
autophosphorylation of its tyrosine residues within the intra‑
cellular tyrosine kinase domain and recruits adaptor proteins, 
including IR substrate  (IRS) proteins, Src homology 2  B 
adaptor proteins 1 and 2 and protein phosphatases such as 
protein tyrosine phosphatase 1B.

The interaction of IR with an agonistic ligand triggers 
tyrosine autophosphorylation of the subunits, which generates 
a binding site for IRS‑1. Subsequently, phosphorylated IRS‑1 
initiates the PI3K/Akt and GRB2/son of sevenless/Ras/MAPK 
pathways for glucose transporter type 4 translocation to the 
plasma membrane, glucose influx, glycogen biosynthesis, 
glycolysis and fatty acid biosynthesis  (18). The insulin‑IR 
complex is recycled back to the plasma membrane or degraded 
in lysosomes, although a small amount can enter the nucleus via 
rapid internalization (18). Kesten et al (19) demonstrated that 
the insulin‑induced translocation of IR to the nucleus requires 
an NLS, which is suppressed by treatment with an inhibitor 
of nuclear import. Additionally, anti‑IR antibodies block IR 
tyrosine phosphorylation and decrease the import of protein 
kinase C δ in the nucleus. However, mutated IR insulin‑induced 
glucose uptake and protein kinase B phosphorylation. The 
addition of insulin into isolated nuclei increases IR phos‑
phorylation but does not impact nuclear IR protein levels (19). 
Kabuta et al (20) indicated that GFP‑IRS‑3 is distributed to 
both the plasma membrane and the nucleus due to the presence 
of unique amino acid residues 192‑223 in the phosphotyrosine 
binding domain responsible for nuclear localization. A protein 
involving the fusion of the Gal4 DNA binding domain and 
IRS‑3 C‑terminal region has been revealed to upregulate the 

Table I. Classification of nucleomembrane shuttling proteins.

A, From membrane to nucleus	

Type of protein	 Protein name

Transmembrane proteins 	� Epidermal growth factor receptor, fibroblast growth factor receptor, hepatocyte growth 
factor receptor, insulin receptor, CD95/Fas, TNF‑related apoptosis‑inducing ligand‑receptor, 
C‑X‑C motif chemokine receptor 4, angiotensin II receptor, CD38, sodium‑calcium exchangers

Cell adhesion proteins	� T‑cadherin, zonula occluden‑2, connexin 43, β‑catenin, APC, Zyxin, dystroglycan, neural cell 
adhesion molecules

Cell mobility proteins	 α‑adducin, focal adhesion kinase, IQ‑domain GTPase‑activating protein 1
Chemoresistant proteins	 P‑glycoprotein, ATP‑binding cassette sub‑family B member 2
Intracellular signal proteins	� Mechanistic target of rapamycin kinase, Ca2+/calmodulin‑dependent protein kinase II, regulator 

of G protein signaling, SH2 domain‑containing inositol polyphosphate 5‑phosphatase type 2, 
phospholipase C, protein kinase C, SH2B adaptor protein 1, insulin receptor substrate, phos‑
pholipid scramblase 1, casein kinase 2 interacting protein‑1, TNF receptor‑associated factor 4, 
tyrosine‑protein kinase 6, protease‑activated receptor 2, Eps 15 homology domain protein, 
WD repeat domain 20

B, From nucleus to membrane	

Type of protein	 Protein name
Nuclear protein	N ucleolin, histone deacetylase 3
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activity of Gal4‑binding‑site‑containing reporter gene, indi‑
cating that IRS‑3 can be used as a transcriptional activator 
in the nuclear counterpart  (20). Moreover, Kim et  al  (21) 
reported that the phosphorylation of Tub by insulin at Y464 is 
responsible for its translocation into the nucleus.

CD95. CD95 (also named Fas) has been discovered to have 
both apoptosis‑inducing membrane‑bound and soluble 
forms, which are produced via alternative splicing. The Fas 
receptor belongs to the type 1 transmembrane proteins and 
forms the death‑inducing signaling complex upon its ligand 
binding (22). Fas receptor complex is internalized through the 
endosome, which allows the death domain of Fas to interact 
with the adaptor Fas‑associated via death domain (FADD) for 
the induction of apoptosis (22). Garofalo et al (23) reported 
that membrane Fas/FasL complex localizes in lipid rafts to 
form raft‑like microdomains, which are detectable in dynamic 
and subcompartmentalized mitochondria. Moreover, Sheikh 
and Huang (24) revealed that FADD is primarily distributed 
in the nucleus by shuttling between the nucleus and plasma 
membrane and is involved in genomic surveillance.

TNF‑related apoptosis‑inducing ligand receptor (TRAIL‑R). 
The interaction of TRAIL with the transmembrane 
TRAIL‑R1/2 has the potential to kill cancer cells as an anti‑
tumor therapy via induction of apoptosis. However, a number 
of different types of cancer cells are resistant to TRAIL, 
and the loss of TRAIL‑R1/R2 can promote cancer progres‑
sion (25). It was previously revealed that nuclear TRAIL‑R2 
may speed up tumor development as a modulator of let‑7 
maturation (25). Mert et al (26) demonstrated that TRAIL‑Rs 
were rapidly trafficked from the membrane to the cytosol via 
clathrin‑dependent and TRAIL‑dependent endocytosis, and 
subsequently to the nucleus via exportin 1/chromosome region 
maintenance 1 (CRM‑1). In the nucleus, TRAIL‑Rs have been 
revealed to be constitutively localized to chromatin for the 
regulation of gene expression (26).

C‑X‑C motif chemokine receptor 4  (CXCR4). CXCR4 (also 
known as fusin or CD184) is an α‑chemokine receptor specific 
for C‑X‑C motif chemokine ligand 12  (CXCL12), which is 
needed for potent chemotaxis, wound repair and regeneration, 
and the bone marrow homing and quiescence of hematopoietic 
stem cells (27). Ubiquitin binds to CXCR4 for its degradation 
in the proteasome. CXCR4 is upregulated in breast, ovarian and 
prostate cancer, and CXCR4‑upregulating cancer cells are prone 
to distant metastasis to the lung, liver and bone marrow, which has 
a high level of CXCL12 (27). Don‑Salu‑Hewage et al (28) discov‑
ered that CXCR4 protein is localized in the nucleus of advanced 
types of prostate cancer due to the interaction with transportin β1 
via a putative NLS (‘RPRK’). In the nucleus, CXCR4 functionally 
mediates the G‑protein signaling pathway (28).

Angiotensin  II receptor (AGTR). AGTRs are members of 
the G‑protein‑coupled receptor family and can bind to 
angiotensin II , which mediates vasoconstriction via the 
renin‑angiotensin system (RAS) (29). AGTRs also mediate the 
entry of COVID‑19 into human target cells and blood pres‑
sure regulation. Bundalo et al (30) demonstrated that a FRD 
decreases levels of nuclear AGTRs, while higher angiotensin II 

receptor type 1 and lower angiotensin II receptor type 2 levels 
are be detected in the cell membrane.

CD38. CD38 is a type II transmembrane glycoprotein that 
is expressed on numerous immune cells (such as leukocytes) 
and that hydrolyzes cyclic ADP‑ribose to regulate intracel‑
lular calcium. CD38 upregulation is considered to be an 
unfavorable marker for chronic lymphocytic leukemia due 
to its positive correlation with advanced disease progression, 
and as a target in the treatment of multiple myeloma using 
daratumumab (31). In a recent study, nuclear CD38 was also 
revealed to be present in cells without membrane CD38 (31). 
Orciani et al (32) revealed nuclear CD38 expression in the 
cells of distinct lineages and during different stages of hema‑
topoietic differentiation, independent of the plasma membrane 
pool. This nuclear distribution was revealed to be responsible 
for calcium homeostasis and the level of NAD in the nucleus.

Sodium‑calcium exchangers  (NCXs). NCXs are antiporter 
membrane proteins in the plasma membrane, mitochondria 
and ER; they pump calcium from cells and allow sodium into 
cells via an electrochemical gradient, finally exchanging them 
for each other in order to maintain calcium homeostasis (33). 
NCXs bind to monosialotetrahexosylganglioside  (GM1) 
with high affinity, which is required for optimal Ca2+/Na+ 
exchange activity  (33). Ledeen and Wu (34) demonstrated 
that the NCX‑GM1 complex localizes at the inner membrane 
of the nuclear envelope for calcium transfer into the nucleus. 
Nuclear NCX‑GM1 expression is increased during the differ‑
entiation and axonal outgrowth of neuronal cells. Cells from 
NCX‑GM1‑knockout mice exhibit a weaker ability to main‑
tain the calcium concentration in the nucleus than wild‑type 
mice, as a similar deficit was observed in kainite‑induced 
seizures (34).

3. Cell adhesion

T‑cadherin. T‑cadherin is present in the apical cell membrane 
and mediates the functions of cell junctions and lipid rafts; it 
also functions as a low‑density lipoprotein receptor to activate 
ERK 1/2 and promote the nuclear distribution of NF‑κB. 
In addition, it enhances cell migration and the stress fiber 
formation of endothelial cells by activating small G‑proteins, 
along with promoting actin reorganization. The expression 
of T‑cadherin suppresses subcutaneous tumor growth in 
nude mice, and cell proliferation via p21 CDK‑interacting 
protein 1 (CIP1)/WAF1 production and G2 arrest. The loss of 
T‑cadherin from allelic loss or promoter hypermethylation is 
closely associated with the invasiveness and metastasis of basal 
cell carcinoma, cutaneous squamous carcinoma, and ovarian, 
pancreatic and colorectal cancer. T‑cadherin facilitates 
vascular proliferation and tumor‑associated angiogenesis, but 
attenuates the aggressiveness of gastric, colorectal and breast 
cancer (35). It binds to the plasma membrane via interactive 
partners (such as glycosylphosphatidylinositol anchor) due to 
the lack of a transmembrane domain (35). Andreeva et al (36) 
made the unexpected discovery that some T‑cadherins are 
distributed to both the nucleus and centrosomes. In addition, 
the consistent co‑localization of T‑cadherin and the centro‑
somal marker γ‑tubulin has been observed throughout the 
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cell cycle in endothelial cells. T‑cadherin transiently accumu‑
lates in the midbody at the telophase and is then degraded. 
T‑cadherin increases nuclear mitosis with a higher number 
of multinuclear cells. It has been suggested that the deregula‑
tion of T‑cadherin may disturb cytokinesis and centrosomal 
replication in endothelial cells (36).

Zonula occluden (ZO)‑2. ZOs are tight junction (TJ) proteins 
that belong to the membrane‑associated guanylate kinase 
family and are involved in the organization of epithelial and 
endothelial intercellular junctions. ZO proteins contain several 
PDZ, SH‑3 and guanylate kinase‑like domains, as well as NLS 
and NES; they can function as scaffolds that are attracted to 
transmembrane TJs, the cytoskeleton and signal transduction 
proteins. Additionally, ZOs shuttle from the TJ to the nucleus, 
where they may regulate gene expression (37). The cytonuclear 
relocalization of ZO‑1 from the adherens junctions and TJs 
underlies epithelial‑mesenchymal transition‑associated inva‑
sion, as it regulates vimentin or matrix metalloproteinase 
(MMP)‑14 expression  (37). Traweger et al  (38) previously 
reported that nuclear ZO‑2 directly interacts with a heteroge‑
neous nuclear ribonucleoprotein, scaffold attachment factor 
B, which contributes to chromatin organization and gene 
expression. The accumulation of nuclear ZO‑2 upregulates 
M2 pyruvate kinase expression in epithelial and endothelial 
cells, increases their proliferation and decreases the stability 
of intercellular junctions.

Connexin 43 (Cx34). Cx43 is a gap junction transmembrane 
protein responsible for intercellular communication in addi‑
tion to cell proliferation, death and differentiation. The 
carboxyl terminal of Cx43 includes binding sites for transcrip‑
tion factors, cytoskeleton elements and other proteins, while 
its amino terminal includes gating channels and its trans‑
membrane domain includes the gap junction channel, and the 
extracellular loops are used for appropriate channel docking. 
TGF‑β1 may induce Cx34 expression via Smad and ERK1/2, 
and may mediate the differentiation of trophoblast cells into 
the placenta (39). Cx43 modulates the microtubule network, 
cell migration and polarity in the cytosol, and also suppresses 
apoptosis in mitochondria  (39). Dang et al  (40) expressed 
the carboxyl‑terminal of Cx43 in the nucleus of HeLa cells 
and cardiomyocytes, and revealed that cell proliferation was 
inhibited. In addition, Chen et al (41) demonstrated that Cx43 
interacted with AKAP95 from late  G1 to metaphase, and 
from anaphase to late G1. Cx43 translocated to the nucleus via 
AKAP95 in late G1 phase.

Wnt signaling pathway. Wnt signaling is composed of 
the canonical and non‑canonical planar cell polarity and 
Wnt/calcium pathways, which are activated by the interac‑
tion of Wnt ligand with the Frizzled receptor via Lrp‑5/6 and 
receptor tyrosine kinase‑like orphan receptor 2. In the plasma 
membrane, the formation of a complex consisting of β‑catenin, 
p120‑catenin and E‑cadherin mediates cell adhesion and 
mobility. The destruction complex for β‑catenin ubiquitination 
and degradation contains serine/threonine protein phospha‑
tase 2A, glycogen synthase kinase 3 (GSK3), casein kinase Iα, 
adenomatous polyposis coli (APC) and Axin. Phosphorylated 
Dsh inhibits GSK3 activity and causes nuclear β‑catenin 

accumulation, while β‑catenin phosphorylated at S552 by 
Akt can cause cells to disassociate from each other and accu‑
mulate in the cytosol (42,43). 14‑3‑3ζ binds to β‑catenin for 
nuclear translocation, where β‑catenin can target transcription 
factor 7‑like/anthrax toxin lethal factor promoter for tran‑
scriptional coactivation and then regulate the expression of 
c‑myc, Cyclin D1 and interleukin‑7 (42,43). Johnson et al (44) 
indicated that some β‑catenins could rapidly shuttle from the 
nucleus to the plasma membrane in NIH 3T3 cells with a high 
turnover, but poor turnover was observed at adherens junctions 
of Madin‑Darby canine kidney epithelial cells.

APC contains two classical NLSs and two NESs for its 
translocation between the nucleus and cytoplasm. In the 
nucleus, APC can block β‑catenin‑mediated transcription via 
the dissociation of β‑catenin from the transcription complex 
and the interaction of APC with transcriptional corepressors, 
such as C‑terminal‑binding protein (45). p120‑catenin may 
control Rho GTPase activity and E‑cadherin stability in both 
the plasma membrane and the cytoplasm. Moreover, it can 
enter the nucleus and attach to Kaiso in order to regulate its 
transcription (46).

Zyxin. Zyxin is a zinc‑binding phosphoprotein with one 
N‑terminal proline‑rich and SH3‑binding domain and three 
LIM domains in its carboxyl terminal (47). As a messenger, it is 
involved in adhesion‑stimulated alteration in gene expression, 
and regulates the organization of actin bundles in lamel‑
lipodia (47). Nix et al (48) demonstrated that its proline‑rich 
region binds to α‑actinin and Ena/vasodilator‑stimulated 
phosphoprotein (VASP) in lamellipodial extensions and focal 
adhesions, and that its LIM region targets focal adhesions. Upon 
the mislocalization of full‑length zyxin, at least one member 
of the Ena/VASP family was also revealed to be displaced, and 
the actin cytoskeleton organization was perturbed. Zyxin was 
also revealed to shuttle between the nucleus and focal adhe‑
sion sites via NLS and NES. Once nuclear export is inhibited 
by leptomycin B treatment, zyxin accumulation occurs in the 
nucleus.

Dystroglycan. The dystroglycan complex mediates the link 
between the intracellular cytoskeleton and the extracellular 
matrix (ECM). Extracellular α‑dystroglycan (DG) interacts 
with merosin α‑2 laminin in the basement membrane, while 
transmembrane β‑DG interacts with cytoskeletal dystrophin 
for cytoskeletal remodeling and cell adhesion. In the cytosol, 
DG has been revealed to interact with caveolin‑3,  c‑Src, 
tyrosine‑protein kinase FYN, Grb2, NCK adaptor protein 1 
and SH2 domain protein C1 (SHC1), indicating its involve‑
ment in signal transduction (49). β‑DG has also revealed to 
be localized in the nuclear envelope via the interaction of 
importin α/β with its NLS (49). Gracida‑Jiménez et al (50) 
demonstrated that β‑DG is released from the ER membrane 
by the translocon complex Sec61 and undergoes nuclear 
import via its phosphorylation at  Y890 by the importin 
translocation system.

Neural cell adhesion molecules (NCAMs). After post‑trans‑
lational modification, NCAM undergoes polysialylation by 
polysialic acid  (PSA), making it negatively charged  (51). 
Westphal et al  (52) indicated that PSA‑binding NCAM is 
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generated at the plasma membrane by MMPs and transferred to 
the nucleus via endosomal machinery. An NCAM fragment is 
imported into the nucleus after treatment with a function‑trig‑
gering NCAM antibody and peptide comprising the effector 
domain of myristoylated alanine‑rich C  kinase substrate, 
which interacts with PSA within the plasma membrane.

4. Cell mobility

α‑adducin. Adducins are a unique family of actin filament 
barbed‑end capping proteins that recruit spectrin to actin fila‑
ments and promote the formation of an extended spectrin‑actin 
network, thereby contributing to cell membrane stability, 
motility and junctions (53). Chen et al (54) observed nuclear 
α‑adducin in sparsely cultured epithelial cells and its membra‑
nous counterpart in confluent cell junctions. The disruption 
of cell adhesion causes the nuclear distribution of adducin, 
while its re‑establishment causes its membranous and cyto‑
plasmic distribution due to the NLS at its carboxyl terminal 
and the NES at its neck region. Moreover, the phosphorylation 
of α‑adducin at S716 inhibits its nuclear translocation. The 
depletion of α‑adducin leads to disordered cell adhesion and 
weakened proliferation with mitotic spindles, chromosomal 
segregation and disorganized centrosomes.

Focal adhesion kinase (FAK). FAK is a protein kinase that 
plays a notable role in adhesion and migration by interacting 
with v‑Src and linking the ECM to the cytoskeleton. In 
focal adhesion, actin, filamin, paxillin, talin, tensin, Ras 
suppressor protein 1 and vinculin are present. Growth factor, 
integrin engagement and mitogenic neuropeptides induce the 
phosphorylation of FAK and the formation of focal adhe‑
sions (55). In endothelial cells, FAK is cleaved into ~90‑kDa 
(termed ‘killer FAT’) and 130‑kDa fragments by Caspase 3 
at N772  (55). In RBL‑2H3 cells, Jones and Stewart  (56) 
demonstrated that the activation of FcεRI receptor mediates 
the nuclear translocation of N‑terminal FAK fragments, which 
was enhanced by exposure to leptomycin B.

IQ‑domain GTPase‑activating protein 1 (QGAP1). IQGAP1 
is a Ras GTPase‑activating‑like scaffold protein that is 
involved in actin cytoskeleton organization, transcription, 
cellular adhesion and the cell cycle. IQGAP1 contains the 
following domains: i) A  calponin homology domain for 
binding to actin and calponin; ii)  a WW or poly‑proline 
protein‑protein domain for interaction with other proline‑rich 
regions; iii) an IQ domain for binding to calmodulin; iv) a 
RasGAP‑related domain responsible for interaction with 
Rho GTPases cell division cycle 42 (CDC42) and Rac family 
small GTPase 1 (RAC1); and v) a carboxyl‑terminal domain 
for binding E‑cadherin and β‑catenin. IQGAP1 has been 
demonstrated to interact with S100 calcium‑binding protein B, 
RAC1, protein kinase cAMP‑activated catalytic subunit α, 
CAP‑Gly  domain‑containing linker protein  1, CDC20 
homolog  1  (CDH1), CDC42 and calmodulin  1. IQGAP1 
integrates Ras‑Raf‑MEK to MAPK, which is stimulated by 
EGF, IGF‑1, platelet‑derived growth factor, B polypeptide and 
nerve growth factor (NGF) during apoptosis, cell differentia‑
tion and proliferation. IQGAP1 is a plasma membrane protein 
that is needed for the actin cytoskeleton, migration, polarity 

and adhesion (57). Johnson et al (58) indicated that nuclear 
IQGAP1 is observed in early S‑phase, that the import into 
the nucleus is performed via the CRM1 export receptor and 
that GSK‑3β inhibition promotes the progression of the cell 
cycle after DNA replication arrest. In addition, this study also 
revealed that the nuclear IQGAP1 in G1/S‑arrested cells is 
associated with DNA replication complex factors, replication 
protein A2 and proliferating cell nuclear antigen (58).

5. Chemoresistance

P‑glycoprotein (P‑gp). P‑gp (also termed MDR1 or ABCB1) 
belongs to the membrane ABC transporters, which are 
responsible for the pumping of chemotherapeutics and other 
medications out of cells and causing chemoresistance. P‑gp is 
expressed in the intestinal epithelium where it pumps xeno‑
biotics back into the intestinal lumen, in liver cells where it 
pumps xenobiotics into bile ducts, in renal proximal tubule 
cells where it pumps xenobiotics into urinary filtrate and in 
capillary endothelial cells where it pumps xenobiotics into 
capillaries. P‑gp contains 12  transmembrane domains, a 
large cytoplasmic domain and two ATP‑binding sites (59). 
The GTPase Rab5 suppresses the endocytotic trafficking of 
P‑gp, while the converse is true for the GTPase Rab4 (59). 
Tome et al (60) revealed that brain microvessels have high 
P‑gp activity and low drug delivery to the central nervous 
system in rats suffering from acute peripheral inflammatory 
pain. P‑gp was also detected in the nucleus and luminal 
membrane of endothelial cells of control rats in this study. 
Moreover, peripheral inf lammatory pain strengthened 
luminal Pg‑p immunostaining, but attenuated its nuclear 
expression.

ATP‑binding cassette sub‑family  B member  2  (ABCG2). 
ABCG2 is a superfamily member of the ABC transporters 
that acts as a xenobiotic transporter in chemoresistance. 
ABCG2 protects absorption at the intestinal apical membrane, 
blood‑testis and blood‑brain barriers, as well as the membranes 
of progenitor and stem cells; in addition, it also excretes 
xenobiotics at the apical membranes of both the liver and 
kidney, vitamins into milk in the mammary gland and urate 
in the gastrointestinal tract (61). Liang et al (62) indicated that 
nuclear ABCG2 protein interacted with the E‑box of the CDH1 
promoter and subsequently upregulated E‑cadherin expression 
to reduce migration.

6. Intracellular signal pathways

Mechanistic target of rapamycin kinase (mTOR). mTOR is a 
member of the PI3K‑related serine/threonine kinase family 
and regulates various cellular events, including proliferation, 
migration, invasion and autophagy. mTOR also mediates the 
activation of IRs and IGF‑1 receptors after growth factor 
binding, and maintains the actin cytoskeleton. mTOR can 
be inhibited by rapamycin via interaction with its receptor 
FK506‑binding protein 12, and is activated by PI3K and PTEN 
loss; eventually this initiates carcinogenesis and subsequent 
progression via the oxygen and nutrient supply through the 
upregulation of HIF1α expression and promotion of angiogen‑
esis (63,64). Zhang et al (64) observed mTOR expression in the 
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cytoplasm of cancer cell lines, fibroblasts and myoblasts and 
the nucleus and cytoplasm of HEK293 cells.

Ca2+/calmodulin‑dependent protein kinase  II  (CaMKII). 
CaMKII is required for calcium homeostasis and reuptake, 
neurotransmitter secretion and glycogen metabolism; it 
has a catalytic domain for ATP and a substrate anchor, an 
autoinhibitory domain for the interaction of pseudosubstrate 
and a self‑association domain (65). CaMKII is activated via 
phosphorylation at T286, and then phosphorylates adhesion 
modulation protein A (AMPA) receptors at S831 to sensitize 
the GluA1 channel conductance of AMPA receptors  (65). 
Ma et al (66) reported that calcineurin triggers the nuclear 
translocation of γCaMKII, which induces Ca2+/CaM to acti‑
vate CaMKK and its substrate CaMKIV, a cAMP‑response 
element‑binding protein kinase.

Regulator of G‑protein signaling (RGS). During G‑protein 
signaling, transmembrane G‑protein‑coupled receptor is 
stimulated by an extracellular ligand to realize the recip‑
rocal transformation of GTP and GDP. RGS (also known as 
GAP) can facilitate GTP hydrolysis in order to switch off 
G‑protein‑coupled receptors (67). Hepler (68) revealed that 
palmitate can assist the movement of the complex of R7BP and 
the RGS protein, R7‑Gβ5, to the plasma membrane. However, 
the absence of palmitate leads to the nuclear distribution of the 
R7BP‑R7‑Gβ5 complex.

SH2 domain‑ conta in ing inos i tol  polyphosphate 
5‑phosphatase type  2  (SHIP2). SHIP2 has a proline‑rich 
PXXP at both N‑ and C‑terminals that is recognized by 
the SH3 domain of Abl, Grb2, intersectin and Ras homolog 
family member A, and a single NPXY site for tyrosine phos‑
phorylation at its C‑terminal (69). SHIP2 is capable of binding 
to phosphorylated tyrosine of Shc, the immunoreceptor 
tyrosine‑based inhibitory motif of the FcγRIIB receptor and 
Crk‑associated substrate (69). Filamin binds to the C‑terminal 
of SHIP2 in order to localize at membrane ruffles. Elong 
Edimo et al (70) revealed that serum‑stimulated SHIP2 moved 
from a perinuclear and cytoplasmic localization to the plasma 
membrane and focal contacts in polarized cells; here, SHIP2 
mediated the change of PIP3 into PIP2, or cell adhesion and 
migration. However, SHIP2 phosphorylated at S132 was 
detected in the nucleus and nuclear speckles, where it likely 
interacts with lamin A/C and controls the level of nuclear PIP2.

Phospholipase C (PLC). PLC is a membrane enzyme that 
hydrolyzes phospholipids, classified into isotypes β, γ, δ, ε, ζ 
and η, and is activated by protein tyrosine kinases, G‑proteins, 
phospholipids and calcium. Structurally, PLC includes a 
translocation‑induced circling mutation barrel containing an 
active site, catalytic residues, calcium‑binding site, PH domain, 
four EF hand domains and a C2 domain (71). PLC selectively 
hydrolyzes PIP2 into IP3 and diacylglycerol DAG by cleaving 
a phosphodiester bond, while histidine residues and calcium 
are essential for its acid/base catalysis  (71). Pan et al  (72) 
revealed that OSBP‑related protein 4L (ORP4L) mediated the 
membrane translocation of PLCβ3 from the nucleus. First, 
ORP4L activates Ras‑related nuclear protein, which interacts 
with exportin 1 for the extranuclear transport of PLCβ3. Next, 

ORP4L binds to vesicle‑associated membrane protein‑associ‑
ated protein A in the nucleus and follows the movement to the 
plasma membrane via the cytoplasm.

Protein kinase C (PKC). PKC is activated by DAG, calcium 
or phorbol ester, and is responsible for the phosphorylation of 
hydroxyl‑containing serine and threonine. Upon its activation, 
PKC is translocated to the plasma membrane by the receptor 
for activated c kinase proteins. Low PKC is sufficient to 
reverse cell chirality through PI3K/Akt and alter junctional 
protein organization, resulting in inflammation and carci‑
nogenesis (73). Divecha et al (74) reported that nuclear PKC 
facilitates the intranuclear production of DAG (a key physi‑
ological activator of enzyme as a secondary messenger) in 
inflammation, liver regeneration and osteosarcoma.

SH2B adaptor protein 1 (SH2B1). The adaptor protein SH2B1 is 
a member of the SH2‑domain family, which binds to Grb2, IR, 
Janus kinase 2 and TrkA; it can be recruited to the ligand‑activated 
tyrosine kinase receptor and cytokine receptor‑associated Janus 
kinase for downstream cascades (75). Maures et al (76) revealed 
that the nucleocytoplasmic shuttling of NLS‑containing SH2B1β 
promotes NGF‑dependent neurite outgrowth and the expres‑
sion of NGF‑responsive genes, such as urokinase plasminogen 
activator receptor, MMP‑3 and MMP‑10.

Phospholipid scramblase  1 (PLSCR1). PLSCR1 is a 
calcium‑binding and endofacial plasma membrane protein that 
is involved in the transbilayer movement of phosphatidylserine 
for calcium influx. PLSCR1 expression is markedly induced 
by interferon, and LSCR1‑/‑ bone marrow cells exhibit defec‑
tive myeloid proliferation and differentiation after stimulation 
by cytokines  (77). PLSCR1 is principally palmitoylated, 
localizes in membrane lipid rafts and binds to cleavage and 
polyadenylation‑specific factor 6, EGFR, neuraminidase 4, 
SHC1, secretory leukocyte protease inhibitor and TRK‑fused 
gene  (77). Wiedmer  et  al  (78) identified that a Cys‑rich 
sequence is necessary for PLSCR1 palmitoylation and that 
mutation in five cysteines or exposure to a palmitoylation 
inhibitor (2‑bromo‑palmitate) results in its translocation from 
the plasma membrane to the nucleus.

Casein kinase 2‑interacting protein‑1 (CKIP‑1). PH 
domain‑containing CKIP‑1 can interact with various partners 
(such as pro‑inflammatory mTNF) and, therefore, contributes 
to cell differentiation, mobility and death, and bone forma‑
tion (79). Xi et al (79) observed that the isolated PH domain of 
CKIP‑1 was localized in the nucleus, which was determined by 
the net charge of its basic residues and a serine‑rich motif, while 
this localization was counteracted by its carboxyl terminal. 
Therefore, the N‑terminal PH domain and carboxyl‑terminal 
auto‑inhibitory region synergistically contribute to the 
nuclear/plasma membrane shuttling of CKIP‑1.

TNF receptor‑associated factor 4 (TRAF4). TRAF4 (also 
known as RING finger protein  83) belongs to the TNF 
receptor‑associated factor family. TRAF4 links IL‑1R 
and TNFR to signaling proteins that activate NF‑κB and 
MAPK. The complex of TRAF and neurotrophin receptor, 
p75 (NTR/NTSR1), inhibits NTR‑induced cell death and 
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NF‑κB activation  (80). TRAF4 interacts with NOD‑like 
receptors to negatively inhibit NF‑κB activation  (80). 
Kédinger et al (81) revealed that TRAF4 assembles TJs in 
confluent epithelial cells, but is distributed in the cytoplasm 
and/or nucleus when TJs are broken. TRAF4 was detectable 
at the TJs of normal mammary epithelia and well‑differenti‑
ated in situ adenocarcinoma, but observed in the cytoplasm 
and/or nucleus of poorly differentiated invasive adenocarci‑
noma.

Tyrosine‑protein kinase 6 (PTK6). PTK6 (also termed breast 
tumor kinase, Brk) is a cytoplasmic non‑receptor protein 
kinase that sensitizes mammary epithelial cells to EGF for 
aggressive transformation (82). Ie Kim and Lee (83) revealed 
that Src myristoylation signal  (Myr) or SV40 T‑antigen 
NLS targets PTK6 to the plasma membrane or the nucleus 
of 293 cells, respectively. Due to the differences in cellular 
proteins phosphorylated by Myr‑PTK6 and NLS‑PTK6, 
membrane PTK6 promotes aggressive phenotypes, such as 
proliferation, survival, migration and invasion, which are 
impaired by nuclear PTK6.

Protease‑activated receptor 2 (PAR2). PAR2 belongs to the 
protease‑activated seven‑transmembrane receptors that couple 
to guanosine‑nucleotide‑binding proteins, and modulates 
inflammation, metabolism and obesity, while also functioning 
as a sensor of proteolytic enzymes during infection. Its 
activation is mediated by the proteolytic hydrolysis of its extra‑
cellular N‑terminal via house dust mite protein Der P9 (84). 
Both cleavage fragment PAR and full‑length PAR act as a teth‑
ered ligand and bind to the receptor (84). PAR2 is abundant in 
retinal ganglion cells and is associated with neovasculariza‑
tion during ischemic retinopathy (84). Joyal et al (85) revealed 
that stimulation results in the microtubule‑dependent shut‑
tling of PAR2 from the plasma membrane to the nucleus of 
retinal ganglion cells via nexin 11 sorting. In this study, PAR2 
recruited the Sp1 transcription factor to trigger VEGF‑A 
expression, followed by angiogenesis, although its membrane 
activation classically induces Ang1 expression.

Eps 15 homology domain protein  (EHD). EHD proteins 
possess a dynamin‑like structural fold, and contribute to 
endocytic trafficking, endocytosis, internalization and the 
recycling of multiple receptors internalized through both 
clathrin‑dependent and ‑independent pathways, including 
transferrin receptor, major histocompatibility complex 
class I and β1 integrins (86). Pekar et al (86) demonstrated 
that plasma‑membrane‑associated and NES‑containing 
EHD2 accumulates in the nucleus upon treatment with 
leptomycin  B. Moreover, sumoylation was demonstrated 
to be required for the nuclear accumulation of EHD2 
and, in the nucleus, EHD2 suppressed the transcription of 
p21 CIP1/WAF1.

WD repeat domain 20 (WDR20). The human deubiquitinase, 
ubiquitin‑specific peptidase  12  (USP12), acts as a tumor 
suppressor and is catalytically activated by USP1‑associated 
factor 1 (UAF1) and WDR20. WDR20 preserves and regu‑
lates the activity of the USP12‑UAF1 deubiquitinating enzyme 
complex (87). WDR20 overexpression has been reported to 

suppress the phosphorylation of Akt and ERK in renal clear 
carcinoma cells (87). Olazabal‑Herrero et al (88) revealed that 
WDR20 facilitates shuttling of the USP12/UAF1/WDR20 
complex between the plasma membrane, cytoplasm and 
nucleus via the CRM1 pathway, which requires the N‑terminal 
motif of USP12 and the novel NES of WDR20.

7. Nuclear proteins

Nucleolin. Nucleolin is a eukaryotic nucleolar phosphoprotein 
in dense fibrillar regions of the nucleolus, which promotes the 
synthesis and maturation of ribosomes (7); it also acts as a 
transcriptional coactivator with chicken ovalbumin upstream 
promoter transcription factor II and as a membrane receptor 
for the respiratory syncytial virus (89). Hovanessian et al (90) 
revealed that the membrane localization of nucleolin depends 
on the constant induction of nucleolin mRNA or environmental 
stress (cold or heat), but that inhibitors of RNA transcription 
or translation can suppress the localization of nucleolin. In 
addition, Chen et al (91) demonstrated that plasma membrane 
nucleolin functions as a receptor for DNA nanoparticles 
composed of pegylated polylysine and DNA.

Histone deacetylase 3 (HDAC3). Histones are histidine‑rich 
alkaline proteins that facilitate the packaging and ordering 
of DNA into nucleosomes; their electrostatic attraction and 
structure can be altered by the acetylation and deacetylation 
of lysine. HDAC3 is a class I member of the histone deacety‑
lase superfamily and regulates both the nuclear epigenome 
and gene expression as an enhancer (92). Longworth and 
Laimins (93) demonstrated that HDAC3 is also localized 
to the plasma membrane as a c‑Src substrate for phos‑
phorylation in human foreskin keratinocytes and J2 mouse 
fibroblasts.

8. Conclusions

The present review should help readers to understand which 
cytosolic proteins shuttle between the plasma membrane and 
nucleus and how this occurs. It should also help researchers 
to establish the signal pathways and understand the immuno‑
histochemical results regarding the subcellular localization 
of proteins, as well as to clarify more molecular mechanisms 
of therapeutic protein targets. Overall, the present study 
summarized current knowledge about the translocation 
of proteins between plasma membrane and the nucleus as 
follows: i)  Cross‑talk occurs among the aforementioned 
proteins, namely, the interaction of transmembrane proteins 
with signal proteins; ii)  these proteins are responsible for 
various biological events, including proliferation, apoptosis, 
chemoresistance, adhesion and migration; iii) transmembrane 
proteins undergo endocytosis, inclusion into organelles or 
proteolysis into soluble forms for import into the nucleus, 
while membrane‑binding adaptor proteins easily enter the 
nucleus; iv) translocation between the membrane and nucleus 
mainly occurs through export or import via nuclear membrane 
pores as a result of interaction with importin or exportin; 
v) nuclear proteins generally interact with other transcription 
factors, and then bind to the gene promoter for transcription, 
while membrane proteins are responsible for signal initiation 
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by binding to other membrane and/or adaptor proteins; 
vi) protein translocation occurs in a cell‑specific manner 
and is closely associated with cellular biological events; and 
vii)  the shuttling of only some cellular proteins between 
the plasma membrane and nucleus were described, but the 
shuttling mechanisms and the alterations in their biological 
functions have been not yet been clarified.
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