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Abstract

Calcium (Ca%*) is a highly versatile intracellular messenger that regulates several cellular
processes. Although it is unclear how a single-second messenger coordinates various effects
within a cell, there is growing evidence that spatial patterns of Ca2* signals play an essential role
in determining their specificity. Ca2* signaling patterns can differ in various cell regions, and Ca%*
signals in the nuclear and cytoplasmic compartments have been observed to occur independently.
The initiation and function of Ca2* signaling within the nucleus are not yet fully understood.
Receptor tyrosine kinases (RTKs) induce Ca2* signaling resulting from phosphatidylinositol
4,5-bisphosphate (P1P2) hydrolysis and inositol 1,4,5-trisphosphate (InsP3) formation within the
nucleus. This signaling mechanism may be responsible for the effects of specific growth factors
on cell proliferation and gene transcription. This review highlights the recent advances in RTK
trafficking to the nucleus and explains how these receptors initiate nuclear calcium signaling.
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1. Introduction

Intracellular Ca2* signaling can regulate several cellular processes such as gene
transcription, cell death, and proliferation (Dhaouadi et al., 2023; Lu et al., 2023; Thiel
etal., 2021). A wide range of Ca2* signaling systems transmit precise spatial and temporal
signals that are essential for the regulation of specific functions within a cell (Berridge,
2007). Ca?* signaling in the nuclear and cytoplasmic compartments may be independently
regulated (Bootman et al., 2009). The precise mechanisms that lead to localized increases in
free calcium levels within the nucleus are yet to be fully elucidated.

Studies have reported that receptor tyrosine kinases (RTKSs) translocate to the nucleus in

a ligand-dependent manner (Chen et al., 2020; Faria et al., 2016). These receptors can
activate phospholipase C (PLC), which hydrolyzes phosphatidylinositol 4,5-bisphosphate
(PIP2) to generate two intracellular products: diacylglycerol, an activator of protein kinase
C, and inositol 1,4,5-trisphosphate (InsP3), a universal Ca2*-mobilizing second messenger
(de Miranda et al., 2019; Irvine, 2016; Michell, 1995). The interior of the nucleus contains
all the Ca2* signaling molecules required to generate nuclear Ca2* signaling (Gomes et al.,
2021). The translocation of RTK to the nucleus indicates a mechanism to increase Ca?*

in the nucleus and a new paradigm to explain the pathways that promote nuclear-specific
Ca?* signals. A better understanding of how nuclear Ca2* signals originate and whether they
can be separated from cytosolic increases is demonstrated by the fact that nuclear Ca2* and
cytoplasmic Ca?* can have distinct functions, such as controlling gene transcription and cell
proliferation (Li et al., 2014; Rodrigues et al., 2007). This review offers a concise overview
of recent advances in the route of RTK to the nucleus and elucidates how these receptors can
initiate nuclear calcium signaling.
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2. InsP3 mediates nuclear calcium signaling via the nucleoplasmic

reticulum.

The nuclear envelope (NE) is a structure comprising the outer nuclear membrane (ONM)
and inner nuclear membrane (INM), which are both lipid bilayers. Nuclear envelope
invaginations have been observed in various cell types since the 1960s (Bourgeois et

al., 1979) and have been classified into two main types (Malhas et al., 2011). Type |
invaginations involve invaginations of only the INM into the nucleoplasm, whereas type

Il invaginations implicate both the NE membranes (Figure 1). These invaginations are
observed under both normal and pathological cellular conditions (Bourgeois et al., 1979;
Malhas et al., 2011; Schoen et al., 2017). The NE lumen is contiguous with the endoplasmic
reticulum (ER). Therefore, Ca2* can freely diffuse from the ER lumen to the lumen of the
nuclear envelope. The demonstration that these two organelles are interconnected calcium
stores can be observed using low-affinity fluorescent CaZ* probes (Gerasimenko et al., 1995;
Petersen et al., 1998). In the context of nuclear calcium signaling, NE invaginations are
referred to as nucleoplasmic reticulum (NR). Notably, the NR is not a distinct organelle but
rather a term that emphasizes the role of NE in calcium release. This term has also been used
to highlight the processes by which NE invaginations are formed (Drozdz et al., 2017).

The most extensively studied mechanism of nuclear Ca2* release involves activation of
inositol 1,4,5-trisphosphate receptors (ITPRs). Vertebrate genomes encode three distinct
isoforms of ITPRs (Prole and Taylor, 2016). All ITPR isoforms are present in both NE
membranes of many cell types (Echevarria et al., 2003; Huh and Yoo, 2003; Yoo et al.,
2005). The role of NR in InsP3-mediated Ca?* signaling was characterized in experiments
performed in the SKHep1 cell line by Echevarria et al. (2003), who demonstrated that

local photo-release of caged-InsP3 in the nucleus resulted in a small increase in Ca%*

in the nucleoplasm. This observation suggests that the nucleus contains ITPRs but raises
the question of whether endogenous nuclear PIP2 hydrolysis occurs in a ligand/receptor-
dependent manner. Robin Irvine and colleagues demonstrated that insulin-like growth factor
I (IGF-1) treatment induces a rapid reduction in PIP2 mass within Swiss 3T3 cell nuclei
(Divecha et al., 1991; Michell, 1992). Subsequently, studies showed that hepatocyte growth
factor, insulin and epidermal growth factor (EGF) can induce nuclear PIP2 hydrolysis and
InsP3 generation (de Miranda et al., 2019; Gomes et al., 2008; Rodrigues et al., 2008).

Now, which nuclear PLCs can mediate nuclear PIP2 hydrolysis? In mammals, the PLC
family is comprised of 13 isozymes: PLC (1, 2, 3, and 4), PLCy (1 and 2), PLCS (1, 3,
and 4), PLCe, PLCn (1 and 2), and PLCC (Kanemaru and Nakamura, 2023). Interestingly,
certain PLC isoforms such as PLCB1 (Cocco et al., 1999; Manzoli et al., 1997; Martelli
etal., 1992), PLCy1 (Bertagnolo et al., 1995; Ferguson et al., 2007), PLC61 (Yagisawa,
2006) and PLC&4 (de Miranda et al., 2019; Kunrath-Lima et al., 2018) are localized

within the cell nucleus. After calcium is released from the ER or NR, the restoration of
calcium homeostasis is crucial. Sarco/Endoplasmic Reticulum Ca2*-ATPase (SERCA) plays
a pivotal role in the active transport of Ca?* within the ER. These Ca%* pumps are also
present in NE (Collado-Hilly et al., 2010; Lanini et al., 1992).
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Remarkably, all signaling cascade components that lead to Ca2* mobilization are present

in the nucleus (Gomes et al., 2021). This enables autonomous regulation of nuclear Ca?*.
Nonetheless, a significant point of contention in the field of nuclear Ca2* signaling revolves
around whether Ca2* transients originate independently within the nucleoplasm and whether
they can be differentiated from cytosolic Ca2* fluctuations. The presence of RTKs within the
nucleus is a crucial factor to investigate when examining whether nuclear calcium can be
autonomously generated. Recent studies have highlighted that RTKs can be transported from
the plasma membrane to the nucleus to initiate calcium signaling (de Miranda et al., 2019;
Faria et al., 2016; Gomes et al., 2008; Rodrigues et al., 2008). In this review, we summarize
the routes of RTK transport to the nucleus and its role in nuclear calcium signaling.

3. RTKs trafficking to the nucleus.

Nuclear trafficking of EGF receptor (EGFR) family members has been the most extensively
studied. In this context, we highlight EGFR nuclear transport as the primary illustration of
RTK trafficking. We focused on the nuclear transport mechanisms of full-length receptors
that contain a transmembrane domain.

Tyrosine kinase receptors are predominantly activated on the cell surface (Carpenter and
Liao, 2009). These receptors undergo conformational changes upon ligand binding, leading
to dimerization and autophosphorylation of their cytoplasmic tyrosine kinase domains
(Schlessinger, 2014). Autophosphorylation significantly enhances the kinase activity of
RTKs and the endocytic process begins. The internalization of ligand-activated RTKSs
depends on either clathrin-dependent or - independent endocytosis.

Nuclear EGFR accumulation is attenuated by the downregulation of caveolin and clathrin
(Bazzani et al., 2018; De Angelis Campos et al., 2011; Lo et al., 2006). Several studies have
reported that nuclear EGFR accumulation is abrogated in cells that experience inhibition of
dynamin, a key protein involved in membrane fission during clathrin-coated pit formation
(Bazzani et al., 2018; De Angelis Campos et al., 2011). However, exceptions to the caveolin-
and clathrin-mediated endocytosis pathways have been reported (Dunham-Ems et al., 2006;
Myers et al., 2003; Porebska et al., 2018).

Internalized EGFR is transported to the Golgi apparatus by syntaxin 6 (Du et al., 2014;
Zhang et al., 2019), a protein that mediates retrograde endosome-to-trans-Golgi transport
(Laufman et al., 2011). Moreover, disturbances in the Golgi apparatus caused by brefeldin
A reduce nuclear transport of EGFR (Wang et al., 2010; Zhang et al., 2019). Subsequently,
EGFR destined for the nucleus is transported from the Golgi to the ER. Mutation of

the Golgi-to-ER retrograde transport coat protein | (COP-1) complex disrupts the nuclear
translocation of EGFR (Wang et al., 2010), suggesting that EGFR remains in membranous
vesicles during transport to the ER.

Two main mechanisms have been reported to contribute to the nuclear trafficking of EGFR
family receptors from the ER to the nucleus (Carpenter and Liao, 2009; Chen et al., 2020).
First, EGFR localized in the ER is extracted from the lipid layers into the cytoplasm via
the ER-associated protein degradation (ERAD) pathway (Carpenter and Liao, 2009). While

Adv Biol Regul. Author manuscript; available in PMC 2025 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Armijos et al.

Page 5

there is currently no well-established RTK trafficking mechanism that directly removes
transmembrane receptors from their lipid bilayer, a protein translocon and Hsp70 are
involved in facilitating this process. In particular, the Sec61 translocon, situated within the
ER, is recognized for its role in orchestrating the transport of specific extracellular toxins
from the cell surface to the cytoplasm as an integral component of the ERAD pathway
(Carpenter and Liao, 2013). The knockdown of a Sec61 abrogates nuclear localization of
EGFR. Furthermore, Hsp70 is necessary for the retro-translocation process by interacting
with the receptor transmembrane domain, thereby maintaining the receptor in a soluble
state following its extraction from the ER membrane. Subsequently, cytoplasmic EGFR is
transported to the nucleus via the nuclear pore complex (Figure 2) (Carpenter and Liao,
2013). Second, the nuclear transport of EGFR can occur via a mechanism called integral
trafficking from the ER to NE (INTERNET), which refers to the INM-targeting process for
the ER-to-NE transport of integral membrane proteins (Chen et al., 2020). This pathway
may be an important transport mechanism utilized by full-length RTKSs to reach NR. The
mechanism governing the localization of integral membrane proteins to the INM depends
on several factors, including the dimensions of the extraluminal domains, the presence of
nuclear localization signals (NLSs), and the binding affinity of NLSs for importin nuclear
transport factors (Lusk et al., 2007).

Proteins containing NLS are transported into the nucleus by forming complexes with either
importin a/f or importin B (Jans et al., 2000; Weis, 2003). EGFR translocates to the
nucleus via importin B-dependent mechanisms (Giri et al., 2005; Lo et al., 2005; Reilly
and Mabher, 2001). It has been shown that EGFR has a tripartite NLS (Hsu and Hung,
2007) and that importin-g interacts with it (Giri et al., 2005; Lo et al., 2005). Furthermore,
the colocalization of importin-p and EGFR in INM has been demonstrated using electron
microscopy (Lo et al., 2005; Wang et al., 2010). In addition, EGFR interacts with the
translocon Sec61-p at the INM (Carpenter and Liao, 2009; Wang et al., 2010). It is
important to note that full-length EGFR colocalizes with Sec61-p (Carpenter and Liao,
2009). The transport of EGFR from the ER to the INM remains membrane-bound and then
is released by translocon Sec61 into the nucleoplasm (Figure 2) (Wang et al., 2010).

4. RTKSs can activate PLCs.

Receptor tyrosine kinases play an important role in the activation of nuclear PLCs.

The mechanism by which these receptors stimulate this reaction involves tyrosine-
phosphorylation-dependent activation (Schlessinger, 2014). RTKSs can trigger nuclear PLCs
through two distinct mechanisms: indirectly or directly. Regarding these processes, four
isoforms of PLC are localized within the nucleus: PLCB1 (Cocco et al., 1999; Manzoli et al.,
1997; Martelli et al., 1992), PLCy1 (Bertagnolo et al., 1995; Ferguson et al., 2007), PLC81
(YYagisawa, 2006) and PLC&4 (de Miranda et al., 2019; Kunrath-Lima et al., 2018).

PLCP1, PLCy1 and PLC&4 are reported to be activated by RTKSs, but only PLC-y is
directly phosphorylated by various RTKSs such as the vascular endothelial growth factor
receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), and EGFR (Mandal
etal., 2021). Two mammalian isoforms of PLCy have been identified: PLCy1, which is
ubiquitously expressed, and PLC-y2, primarily expressed in hematopoietic cells (Kanemaru
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and Nakamura, 2023). Similar to other PLC isoforms, PLCy1 is a Ca2*-dependent
phosphodiesterase with a core structure consisting of an N-terminal PH domain, an array of
EF-hands, an N-terminal PH domain, a catalytic TIM domain divided into X- and Y-boxes,
and a C-terminal C2 domain (Mandal et al., 2021). The uniqueness of the PLCy isoform
lies in the fact that this enzyme is characterized by the insertion of a motif consisting of a
split PH domain flanked by two tandem SH2 and SH3 domains between the X and Y halves
of the catalytic TIM domain (Kanemaru and Nakamura, 2023). Upon activation by external
stimuli, RTKs undergo dimerization and autophosphorylation. This process allows RTKSs to
specifically interact with the SH2 domain of PLCy (Mandal et al., 2021).

PLC+y1 has been observed in the nuclei of rat liver cells and various other cell lines,
including REF52 (rat embryo fibroblasts), HCT116 (human colon carcinoma cells), SaOS-2
(human osteosarcoma) and PC12 (rat adrenal pheochromocytoma cells) (Bertagnolo et al.,
1995; Ferguson et al., 2007; Mazzoni et al., 1992; McBride et al., 1991; Santi et al.,

1994; Ye et al., 2002). Despite the lack of a recognizable nuclear localization signal,

the PLC+y1 isoform primarily resides in the cytoplasm but dynamically shuttles to the
nucleus upon receiving mitogenic stimuli (Ferguson et al., 2007). PLCy1 was detected in
isolated nuclei of rat liver cells by western blotting and immunoprecipitation. Moreover, a
phosphoinositidase activity assay demonstrated that PLCy1 was active in rat liver nuclei
(Bertagnolo et al., 1995).

Confocal microscopy and immunocytochemical analysis revealed an increase in PLCy1
nuclear content in both tissue sections and isolated nuclei after partial hepatectomy of

the rat liver. These alterations have been associated with InsP3 synthesis, resulting from
phosphodiesterase activity and PIP2 restoration under conditions that enhance PIP kinase
activity (Neri et al., 1997). In rat liver nuclei, PLC+y1 is tightly associated with the

nuclear matrix and lamina (Bertagnolo et al., 1995). The tight association of this PLC
isoform with the nuclear matrix is consistent with the evidence that this enzyme can

bind cytoskeletal proteins. (Neri et al., 1997). Researchers have demonstrated that the
SH3 domain is essential for PLCy1 to function as a nucleotide exchange factor (GEF)

for nuclear phosphatidylinositol-3-OH kinase enhancer (PIKE). This mechanism enables
PIKE to activate nuclear phosphatidylinositol-3-OH kinase (P13K), thereby promoting cell
proliferation (Ye et al., 2002). Nuclear PIK3 localizes to both the nuclear envelope and
internal nuclear matrix, which fits with the localization of its substrate PIP2 (Ye, 2006).
Interestingly, the mitogenic activity of PLCy1 is not dependent on its phospholipase activity
but requires its SH3 domain (Huang et al., 1995; Smith et al., 1994; Ye et al., 2002).

Another PLC isoform activated by RTKSs is PLCy1. This PLC isoform exists as two
isoenzymes: 150 kDa (PLC-y1la) and 140 kDa (PLC-y1b), which differ only in a short region
of their carboxyl-termini (Bahk et al., 1994). The NLS of this enzyme is common to both
isoforms and is determined by a cluster of lysine residues (between positions 1055 and
1072) (Kim et al., 1996). PLCvy1b exists almost entirely in the nucleus, whereas PLC-yla
localizes to the nucleus and plasma membrane (Bahk et al., 1998). Activation of PLCy1

by IGF-1-dependent stimulation in Swiss 3T3 cells occurs via nuclear translocation of
extracellular regulated kinase (ERK) 1/2, which phosphorylates PLCB1 at serine 982 (Xu
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et al., 2001). PLCB1 knockdown abrogated IGF-I mitogenic response in Swiss 3T3 cells,
indicating a role for this enzyme in cell proliferation (Manzoli et al., 1997).

New evidence suggests that phosphorylated receptors, such as the hepatocyte growth factor
receptor (HGFR/c-Met), insulin receptor and EGFR, can translocate from the cytoplasm to
the nucleus to activate InsP3-mediated calcium signals (de Miranda et al., 2019; Gomes

et al., 2008; Rodrigues et al., 2008). It has been demonstrated that HGFR can hydrolyze
PIP2 and generate InsP3 within the nucleus, which in turn can release calcium in the
nucleoplasm (Gomes et al., 2008). This mechanism differs from Ca2* signaling induced

by G protein-coupled receptors (GPCRs). Specifically, Ca2* signaling triggered by HGFR
reached its peak after approximately 200 s, whereas GPCRs achieved this response in

less than a second. The peak of HGFR nuclear translocation also occurred after 200
seconds. Furthermore, biotinylated HGFR on the cell surface before stimulation with HGF
is recovered from the nucleus after stimulation. These findings suggested that HGFR
translocates from the plasma membrane to the nucleus and may play a role in direct nuclear
InsP3 formation (Gomes et al., 2008). Live cell studies conducted on SKHep1 cells revealed
that EGFR reached its peak within the nucleus after 10 min of exposure to EGF (De Angelis
Campos et al., 2011).

Confocal microscopy was employed to validate the nuclear localization of the EGF/EGFR
complexes within these cells. Subsequently, this technique was used to monitor the
trajectory of labeled EGF. The acquired images revealed that the ligand/receptor complex
was present in both the cytoplasm and nucleus. These observations demonstrate that both
total and activated EGFR translocate to the nucleus upon EGF stimulation, suggesting that
EGF can migrate with its receptor to the nucleus (De Angelis Campos et al., 2011). It was
later demonstrated that EGF-induced Ca2* signaling was inhibited when EGFR translocation
was compromised. Additionally, nuclear Ca2* signals were attenuated by selective buffering
of InsP3 within the nucleus. Notably, EGF triggered the hydrolysis of nuclear PIP2, a
process facilitated by intranuclear PLC84 rather than PLC+y1. Furthermore, protein kinase
C, a downstream target of EGF, exhibits activity in the nuclei of stimulated cells. PLC&4

and InsP3 also modulate cell cycle progression by regulating the expression of cyclins A and
B1 (de Miranda et al., 2019). These findings support the notion that EGF-induced nuclear
signaling is mediated by nuclear PLC&4.

5. Conclusions

Receptor Tyrosine Kinases play a crucial role in the regulation of various cellular
processes including metabolism, motility, differentiation and proliferation (Schlessinger,
2014). Dysregulation of RTK signaling is associated with human diseases, notably cancer
(Chen et al., 2020). The mechanism by which RTKs activate nuclear PLC involves direct
or indirect modulation (Gomes et al., 2021). Among the 13 PLC isoforms, PLC+y1 is the
only one that can be directly activated by RTKs (Kim et al., 2000). However, this isoform
is primarily localized in the cytoplasm. After activation, PLCy1 translocates to the nucleus
(Ferguson et al., 2007). The best-known mechanism for direct nuclear PLC activation is via
PLCP1, which undergoes phosphorylation due to nuclear translocation of ERK following
stimulation by IGF-1 (Cocco et al., 2002). Recent evidence suggests that phosphorylated
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receptors, such as insulin, epidermal growth factor, and hepatocyte growth factor receptors,
can also translocate to the nucleus (de Miranda et al., 2019; Gomes et al., 2008; Rodrigues
et al., 2008). Therefore, InsP3-mediated nuclear calcium signaling is activated. The presence
of RTKs within the nucleus implies that these receptors may directly mediate nuclear

PLC activation. Although evidence, such as the kinetics of c-Met and EGFR translocation
coinciding with the peak of calcium levels, suggests that these receptors could play a

role in nuclear PLC activation, direct activation of nuclear PLCs by RTKSs remains to be
conclusively demonstrated (de Miranda et al., 2019; Gomes et al., 2008).

The cytoplasm and nucleus exhibit similarities in InsP3-mediated calcium signaling, which
stems from the molecules involved. Research has demonstrated that insulin receptors and
EGFR are initially homogeneously distributed on the cell surface and these receptors can
aggregate into patches on the cell membrane (Schechter et al., 1979; Schlessinger et al.,
1978b, 1978a). Notably, EGFR and its ligand also aggregate within the nucleus (Faraco

et al., 2018). The aggregation and internalization of hormone-receptor complexes have
been associated with specific aspects of hormone action (Schlessinger et al., 1978b), which
may be crucial for the nuclear actions of RTKSs. To gain deeper insights into the calcium
signaling process in the nucleus, it is essential to scrutinize each molecule involved in this
pathway from a novel perspective. For instance, nuclear EGFR can leave the inner nuclear
envelope membrane and function as a transcription factor (Chen et al., 2020). Interestingly,
PIP2, which is also involved in gene expression, is present in nuclear compartments that
are not bound to membranes (Boronenkov et al., 1998). Therefore, further investigations
are necessary to determine whether nuclear RTKs directly participate in nuclear PI1P2
hydrolysis.

In summary, our understanding of how RTKs govern nuclear PLCs has grown substantially.
As we explored how RTKs affect nuclear PLC regulation, intriguing questions emerged.

For example, how does RTK-mediated InsP3 signaling influence chromatin organization
within the nucleus? Understanding this interplay may reveal the novel mechanisms of

gene regulation. Additionally, how does the spatial distribution of PLCs within the nucleus
affect their function? Is there preferential localization near certain genomic regions? As we
continued our scientific journey, these questions motivated us toward exciting breakthroughs
in understanding PLC-driven nuclear processes. Unraveling the specific role of RTKs in
nuclear PLC activation remains a captivating challenge for future research.

Acknowledgments

The authors would like to thank National Institutes of Health (NIH; grant 1R03TW008709), Fundacéo de Amparo
a Pesquisa do Estado de Minas Gerais (FAPEMIG; APQ-03132-18), Coordenagdo de Aperfeigoamento de Pessoal
de Nivel Superior (CAPES), Rede Mineira de Engenharia de Tecidos e Terapia Celular (REMETTEC; FAPEMIG;
REDO00213-23), Rede Mineira de Pesquisa Translational em Oncologia (RED00059-23; FAPEMIG) and Conselho
Nacional de Desenvolvimento Cientifico e Tecnologico (CNPg; 307998/2022-3; 442098/2023-5) to support this
work.

6. References

Bahk YY, Lee YH, Lee TG, Seo J, Ryu SH, Suh PG, 1994. Two forms of phospholipase C-beta
1 generated by alternative splicing. J Biol Chem 269, 8240-5. 10.1016/S0021-9258(17)37185-5
[PubMed: 7510682]

Adv Biol Regul. Author manuscript; available in PMC 2025 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Armijos et al.

Page 9

Bahk Y'Y, Song H, Baek SH, Park BY, Kim H, Ryu SH, Suh P-G, 1998. Localization of two forms of
phospholipase C-p1, a and b, in C6Bu-1 cells. Biochimica et Biophysica Acta (BBA) - Lipids and
Lipid Metabolism 1389, 76-80. 10.1016/S0005-2760(97)00128-8 [PubMed: 9443606]

Bazzani L, Donnini S, Giachetti A, Christofori G, Ziche M, 2018. PGE2 mediates EGFR
internalization and nuclear translocation via caveolin endocytosis promoting its transcriptional
activity and proliferation in human NSCLC cells. Oncotarget 9, 14939-14958. 10.18632/
oncotarget.24499 [PubMed: 29599917]

Berridge MJ, 2007. Calcium signalling, a spatiotemporal phenomenon, in: New Comprehensive
Biochemistry. pp. 485-502. 10.1016/S0167-7306(06)41019-X

Bertagnolo V, Mazzoni M, Ricci D, Carini C, Neri LM, Previati M, Capitani S, 1995. Identification of
PI-PLC B1, y1, and 81 in rat liver: Subcellular distribution and relationship to inositol lipid nuclear
signalling. Cell Signal 7, 669-678. 10.1016/0898-6568(95)00036-0 [PubMed: 8519596]

Bootman MD, Fearnley C, Smyrnias I, MacDonald F, Roderick HL, 2009. An update on nuclear
calcium signalling. J Cell Sci 122, 2337-2350. 10.1242/jcs.028100 [PubMed: 19571113]

Boronenkov 1V, Loijens JC, Umeda M, Anderson RA, 1998. Phosphoinositide signaling pathways in
nuclei are associated with nuclear speckles containing pre-mRNA processing factors. Mol Biol Cell
9, 3547-60. 10.1091/mbc.9.12.3547 [PubMed: 9843587]

Bourgeois CA, Hemon D, Bouteille M, 1979. Structural relationship between the nucleolus and
the nuclear envelope. J Ultrastruct Res 68, 328-340. 10.1016/S0022-5320(79)90165-5 [PubMed:
490761]

Carpenter G, Liao H-J, 2013. Receptor Tyrosine Kinases in the Nucleus. Cold Spring Harb Perspect
Biol 5, a008979-a008979. 10.1101/cshperspect.a008979 [PubMed: 24086039]

Carpenter G, Liao H-J, 2009. Trafficking of receptor tyrosine kinases to the nucleus. Exp Cell Res 315,

1556-1566. 10.1016/j.yexcr.2008.09.027 [PubMed: 18951890]

Chen M-K, Hsu JL, Hung M-C, 2020. Nuclear receptor tyrosine kinase transport and functions in
cancer, pp. 59-107. 10.1016/bs.acr.2020.04.010

Cocco L, Martelli AM, Vitale M, Falconi M, Barnabei O, Stewart Gilmour R, Manzoli F. a, 2002.
Inositides in the nucleus: regulation of nuclear PI-PLCbetal. Adv Enzyme Regul 42, 181-93.
10.1016/S0065-2571(01)00030-9 [PubMed: 12123715]

Cocco L, Rubbini S, Manzoli L, Billi AM, Faenza |, Peruzzi D, Matteucci A, Artico M, Gilmour
RS, Rhee SG, 1999. Inositides in the nucleus: presence and characterisation of the isozymes of
phospholipase p family in NIH 3T3 cells. Biochimica et Biophysica Acta (BBA) - Molecular and
Cell Biology of Lipids 1438, 295-299. 10.1016/S1388-1981(99)00061-X [PubMed: 10320812]

Collado-Hilly M, Shirvani H, Jaillard D, Mauger J-P, 2010. Differential redistribution of Ca2+-
handling proteins during polarisation of MDCK cells: Effects on Ca2+ signalling. Cell Calcium
48, 215-224. 10.1016/j.ceca.2010.09.003 [PubMed: 20932574]

De Angelis Campos AC, Rodrigues MA, de Andrade C, de Goes AM, Nathanson MH, Gomes DA,
2011. Epidermal growth factor receptors destined for the nucleus are internalized via a clathrin-
dependent pathway. Biochem Biophys Res Commun 412, 341-346. 10.1016/j.bbrc.2011.07.100
[PubMed: 21821003]

de Miranda MC, Rodrigues MA, de Angelis Campos AC, Faria JAQA, Kunrath-Lima M, Mignery
GA, Schechtman D, Goes AM, Nathanson MH, Gomes DA, 2019. Epidermal growth factor (EGF)
triggers nuclear calcium signaling through the intranuclear phospholipase C6-4 (PLC64). Journal
of Biological Chemistry 294, 16650-16662. 10.1074/jbc.RA118.006961 [PubMed: 31537645]

Dhaouadi N, Vitto VAM, Pinton P, Galluzzi L, Marchi S, 2023. Ca2+ signaling and cell death. Cell
Calcium 113, 102759. 10.1016/j.ceca.2023.102759 [PubMed: 37210868]

Divecha N, Banfi¢ H, Irvine RF, 1991. The polyphosphoinositide cycle exists in the nuclei of Swiss
3T3 cells under the control of a receptor (for IGF-1) in the plasma membrane, and stimulation of
the cycle increases nuclear diacylglycerol and apparently induces translocation of protein kinase C
to the nucleus. EMBO J 10, 3207-14. 10.1002/j.1460-2075.1991.th04883.x [PubMed: 1655412]

Drozdz MM, Jiang H, Pytowski L, Grovenor C, Vaux DJ, 2017. Formation of a nucleoplasmic
reticulum requires de novo assembly of nascent phospholipids and shows preferential
incorporation of nascent lamins. Sci Rep 7, 7454. 10.1038/s41598-017-07614-w [PubMed:
28785031]

Adv Biol Regul. Author manuscript; available in PMC 2025 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Armijos et al.

Page 10

Du Y, Shen J, Hsu JL, Han Z, Hsu M-C, Yang C-C, Kuo H-P, Wang Y-N, Yamaguchi H, Miller
SA, Hung M-C, 2014. Syntaxin 6-mediated Golgi translocation plays an important role in nuclear
functions of EGFR through microtubule-dependent trafficking. Oncogene 33, 756-770. 10.1038/
onc.2013.1 [PubMed: 23376851]

Dunham-Ems SM, Pudavar HE, Myers JM, Maher PA, Prasad PN, Stachowiak MK, 2006. Factors
Controlling Fibroblast Growth Factor Receptor-1’s Cytoplasmic Trafficking and Its Regulation as
Revealed by FRAP Analysis. Mol Biol Cell 17, 2223-2235. 10.1091/mbe.e05-08-0749 [PubMed:
16481405]

Echevarria W, Leite MF, Guerra MT, Zipfel WR, Nathanson MH, 2003. Regulation of calcium signals
in the nucleus by a nucleoplasmic reticulum. Nat Cell Biol 5, 440-446. 10.1038/nch980 [PubMed:
12717445]

Faraco CCF, Faria JAQA, Kunrath-Lima M, de Miranda MC, de Melo MIA, Ferreira A. da E,
Rodrigues MA, Gomes DA, 2018. Translocation of Epidermal Growth Factor (EGF) to the nucleus
has distinct kinetics between adipose tissue-derived mesenchymal stem cells and a mesenchymal
cancer cell lineage. J Struct Biol 202, 61-69. 10.1016/j.jsb.2017.12.007 [PubMed: 29277356]

Faria JAQA, de Andrade C, Goes AM, Rodrigues MA, Gomes DA, 2016. Effects of different
ligands on epidermal growth factor receptor (EGFR) nuclear translocation. Biochem Biophys Res
Commun 478, 39-45. 10.1016/j.bbrc.2016.07.097 [PubMed: 27462018]

Ferguson BJ, Dovey CL, Lilley K, Wyllie AH, Rich T, 2007. Nuclear phospholipase C gamma:
Punctate distribution and association with the promyelocyte leukemia protein. J Proteome Res 6,
2027-2032. 10.1021/pr060684v [PubMed: 17419608]

Gerasimenko OV, Gerasimenko JV, Tepikin AV, Petersen OH, 1995. ATP-dependent accumulation and
inositol trisphosphate- or cyclic ADP-ribose-mediated release of Ca2+ from the nuclear envelope.
Cell 80, 439-444. 10.1016/0092-8674(95)90494-8 [PubMed: 7859285]

Giri DK, Ali-Seyed M, Li L-Y, Lee D-F, Ling P, Bartholomeusz G, Wang S-C, Hung M-C, 2005.
Endosomal transport of ErbB-2: mechanism for nuclear entry of the cell surface receptor. Mol Cell
Biol 25, 11005-18. 10.1128/MCB.25.24.11005-11018.2005 [PubMed: 16314522]

Gomes DA, de Miranda MC, Faria JAQA, Rodrigues MA, 2021. The basis of nuclear phospholipase
C in cell proliferation. Adv Biol Regul 82, 100834. 10.1016/j.jbior.2021.100834 [PubMed:
34710785]

Gomes DA, Rodrigues MA, Leite MF, Gomez MV, Varnai P, Balia T, Bennett AM, Nathanson MH,
2008. c-Met Must Translocate to the Nucleus to Initiate Calcium Signals. Journal of Biological
Chemistry 283, 4344-4351. 10.1074/jbc.M706550200 [PubMed: 18073207]

Huang PS, Davis L, Huber H, Goodhart PJ, Wegrzyn RE, Oliff A, Heimbrook DC, 1995. An SH3
domain is required for the mitogenic activity of microinjected phospholipase C-y1. FEBS Lett
358, 287-292. 10.1016/0014-5793(94)01453-8 [PubMed: 7843417]

Huh YH, Yoo SH, 2003. Presence of the inositol 1,4,5-triphosphate receptor isoforms in the
nucleoplasm. FEBS Lett 555, 411-418. 10.1016/S0014-5793(03)01273-0 [PubMed: 14644452]

Irvine RF, 2016. A short history of inositol lipids. J Lipid Res 57, 1987-1994. 10.1194/jIr.R071712
[PubMed: 27623846]

Jans DA, Xiao CY, Lam MH, 2000. Nuclear targeting signal recognition: a key control point
in nuclear transport? Bioessays 22, 532—44. 10.1002/(SIC1)1521-1878(200006)22:6<532::AlD-
BIES6>3.0.CO;2-0 [PubMed: 10842307]

Kanemaru K, Nakamura Y, 2023. Activation Mechanisms and Diverse Functions of Mammalian
Phospholipase C. Biomolecules 13, 915. 10.3390/biom13060915 [PubMed: 37371495]

Kim CG, Park D, Rhee SG, 1996. The Role of Carboxyl-terminal Basic Amino Acids in G q
a-dependent Activation, Particulate Association, and Nuclear Localization of Phospholipase C-
B1. Journal of Biological Chemistry 271, 21187-21192. 10.1074/jbc.271.35.21187 [PubMed:
8702889]

Kim MJ, Kim E, Ryu SH, Sun PG, 2000. The mechanism of phospholipase C-y1 regulation. Exp Mol
Med. 10.1038/emm.2000.18

Kunrath-Lima M, de Miranda MC, Ferreira A. da F., Faraco CCF, de Melo MIA, Goes AM, Rodrigues
MA, Faria JAQA, Gomes DA, 2018. Phospholipase C delta 4 (PLC84) is a nuclear protein

Adv Biol Regul. Author manuscript; available in PMC 2025 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Armijos et al.

Page 11

involved in cell proliferation and senescence in mesenchymal stromal stem cells. Cell Signal 49,
59-67. 10.1016/j.cellsig.2018.05.011 [PubMed: 29859928]

Lanini L, Bachs O, Carafoli E, 1992. The calcium pump of the liver nuclear membrane is identical
to that of endoplasmic reticulum. Journal of Biological Chemistry 267, 11548-11552. 10.1016/
S0021-9258(19)49945-6 [PubMed: 1317870]

Laufman O, Hong W, Lev S, 2011. The COG complex interacts directly with Syntaxin 6 and positively
regulates endosome-to-TGN retrograde transport. Journal of Cell Biology 194, 459-472. 10.1083/
jcb.201102045 [PubMed: 21807881]

Li B, Jie W, Huang L, Wei P, Li S, Luo Z, Friedman AK, Meredith AL, Han M-H, Zhu X-H, Gao T-M,
2014. Nuclear BK channels regulate gene expression via the control of nuclear calcium signaling.
Nat Neurosci 17, 1055-1063. 10.1038/nn.3744 [PubMed: 24952642]

Lo H, Ali-Seyed M, Wu Y, Bartholomeusz G, Hsu S, Hung M, 2006. Nuclear-cytoplasmic transport
of EGFR involves receptor endocytosis, importin p1 and CRM1. J Cell Biochem 98, 1570-1583.
10.1002/jch.20876 [PubMed: 16552725]

Lo H-W, Hsu S-C, Ali-Seyed M, Gunduz M, Xia W, Wei Y, Bartholomeusz G, Shih J-Y, Hung M-C,
2005. Nuclear interaction of EGFR and STAT3 in the activation of the INOS/NO pathway. Cancer
Cell 7, 575-89. 10.1016/j.ccr.2005.05.007 [PubMed: 15950906]

Lu T-Y, Hanumaihgari P, Hsu ET, Agarwal A, Kawaguchi R, Calabresi PA, Bergles DE,

2023. Norepinephrine modulates calcium dynamics in cortical oligodendrocyte precursor
cells promoting proliferation during arousal in mice. Nat Neurosci 26, 1739-1750. 10.1038/
$41593-023-01426-0 [PubMed: 37697112]

Lusk CP, Blobel G, King MC, 2007. Highway to the inner nuclear membrane: rules for the road. Nat
Rev Mol Cell Biol 8, 414-20. 10.1038/nrm2165 [PubMed: 17440484]

Malhas A, Goulbourne C, Vaux DJ, 2011. The nucleoplasmic reticulum: form and function. Trends
Cell Biol 21, 362—73. 10.1016/j.tch.2011.03.008 [PubMed: 21514163]

Mandal S, Bandyopadhyay S, Tyagi K, Roy A, 2021. Recent advances in understanding the molecular
role of phosphoinositide-specific phospholipase C gamma 1 as an emerging onco-driver and novel
therapeutic target in human carcinogenesis. Biochimica et Biophysica Acta (BBA) - Reviews on
Cancer 1876, 188619. 10.1016/j.bbcan.2021.188619 [PubMed: 34454048]

Manzoli L, Billi AM, Rubbini S, Bavelloni A, Faenza I, Gilmour RS, Rhee SG, Cocco L,

1997. Essential role for nuclear phospholipase C betal in insulin-like growth factor I-induced
mitogenesis. Cancer Res 57, 2137-2139. [PubMed: 9187110]

Martelli AM, Gilmour RS, Bertagnolo V, Neri LM, Manzoli L, Cocco L, 1992. Nuclear localization
and signalling activity of phosphoinositidase Cp in Swiss 3T3 cells. Nature 358, 242-245.
10.1038/358242a0 [PubMed: 1321347]

Mazzoni M, Bertagnolo V, Neri LM, Carini C, Marchisio M, Milani D, Manzoli FA,

Capitani S, 1992. Discrete subcellular localization of phosphoinositidase C B, y and & in
PC12 rat pheochromocytoma cells. Biochem Biophys Res Commun 187, 114-120. 10.1016/
S0006-291X(05)81466-4 [PubMed: 1325785]

McBride K, Rhee SG, Jaken S, 1991. Immunocytochemical localization of phospholipase C-gamma in
rat embryo fibroblasts. Proceedings of the National Academy of Sciences 88, 7111-7115. 10.1073/
pnas.88.16.7111

Michell B., 1995. Early steps along the road to inositol-lipid-based signalling. Trends Biochem Sci 20,
326-329. 10.1016/S0968-0004(00)89061-1 [PubMed: 7667893]

Michell RH, 1992. Nuclear PIPs. Current Biology 2, 200-202. 10.1016/0960-9822(92)90533-G
[PubMed: 15335976]

Myers JM, Martins GG, Ostrowski J, Stachowiak MK, 2003. Nuclear trafficking of FGFR1: A role
for the transmembrane domain. J Cell Biochem 88, 1273-1291. 10.1002/jch.10476 [PubMed:
12647309]

Neri LM, Ricci D, Carini C, Marchisio M, Capitani S, Bertagnolo V, 1997. Changes of Nuclear PI-
PLC y1 During Rat Liver Regeneration. Cell Signal 9, 353-362. 10.1016/S0898-6568(96)00178-7
[PubMed: 9376214]

Adv Biol Regul. Author manuscript; available in PMC 2025 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Armijos et al.

Page 12

Petersen OH, Gerasimenko OV, Gerasimenko JV, Mogami H, Tepikin AV, 1998. The calcium store
in the nuclear envelope. Cell Calcium 23, 87-90. 10.1016/S0143-4160(98)90106-3 [PubMed:
9601603]

Porebska N, Latko M, Kucifiska M, Zakrzewska M, Otlewski J, Opaliniski £, 2018. Targeting Cellular
Trafficking of Fibroblast Growth Factor Receptors as a Strategy for Selective Cancer Treatment. J
Clin Med 8, 7. 10.3390/jcm8010007 [PubMed: 30577533]

Prole DL, Taylor CW, 2016. Inositol 1,4,5-trisphosphate receptors and their protein partners as
signalling hubs. J Physiol 594, 2849-2866. 10.1113/JP271139 [PubMed: 26830355]

Reilly JF, Maher PA, 2001. Importin beta-mediated nuclear import of fibroblast growth factor receptor:
role in cell proliferation. J Cell Biol 152, 1307-12. 10.1083/jcb.152.6.1307 [PubMed: 11257130]

Rodrigues MA, Gomes DA, Andrade VA, Leite MF, Nathanson MH, 2008. Insulin induces calcium
signals in the nucleus of rat hepatocytes. Hepatology. 10.1002/hep.22424

Rodrigues MA, Gomes DA, Leite MF, Grant W, Zhang L, Lam W, Cheng Y-C, Bennett AM,
Nathanson MH, 2007. Nucleoplasmic Calcium Is Required for Cell Proliferation. Journal of
Biological Chemistry 282, 17061-17068. 10.1074/jbc.M700490200 [PubMed: 17420246]

Santi P, Marmiroli S, Falcieri E, Bertagnolo V, Capitani S, 1994. Inositol lipid phosphorylation and
breakdown in rat liver nuclei is affected by hydrocortisone blood levels. Cell Biochem Funct 12,
201-207. 10.1002/cbf.290120308 [PubMed: 7955130]

Schechter Y, Hernaez L, Schlessinger J, Cuatrecasas P, 1979. Local aggregation of hormone-
receptor complexes is required for activation by epidermal growth factor. Nature 278, 835-8.
10.1038/278835a0 [PubMed: 220539]

Schlessinger J., 2014. Receptor Tyrosine Kinases: Legacy of the First Two Decades. Cold Spring Harb
Perspect Biol 6, a008912—-a008912. 10.1101/cshperspect.a008912 [PubMed: 24591517]

Schlessinger J, Shechter Y, Cuatrecasas P, Willingham MC, Pastan |, 1978a. Quantitative
determination of the lateral diffusion coefficients of the hormone-receptor complexes of insulin
and epidermal growth factor on the plasma membrane of cultured fibroblasts. Proc Natl Acad Sci
U S A 75, 5353-7. 10.1073/pnas.75.11.5353 [PubMed: 214784]

Schlessinger J, Shechter Y, Willingham MC, Pastan I, 1978b. Direct visualization of binding,
aggregation, and internalization of insulin and epidermal growth factor on living fibroblastic cells.
Proc Natl Acad Sci U S A 75, 2659-63. 10.1073/pnas.75.6.2659 [PubMed: 307249]

Schoen I, Aires L, Ries J, Vogel V, 2017. Nanoscale invaginations of the nuclear envelope: Shedding
new light on wormholes with elusive function. 10.1080/19491034.2017.1337621

Smith MR, Liu YL, Matthews NT, Rhee SG, Sung WK, Kung HF, 1994. Phospholipase C-y1 can
induce DNA synthesis by a mechanism independent of its lipase activity. Proc Natl Acad Sci U S
A 91, 6554-6558. 10.1073/pnas.91.14.6554 [PubMed: 8022819]

Thiel G, Schmidt T, Réssler OG, 2021. Ca2+ Microdomains, Calcineurin and the Regulation of Gene
Transcription. Cells 10, 875. 10.3390/cells10040875 [PubMed: 33921430]

Wang Ying-Nai, Wang H, Yamaguchi H, Lee H-J, Lee H-H, Hung M-C, 2010. COPI-mediated
retrograde trafficking from the Golgi to the ER regulates EGFR nuclear transport. Biochem
Biophys Res Commun 399, 498-504. 10.1016/j.bbrc.2010.07.096 [PubMed: 20674546]

Wang Y-N, Yamaguchi H, Hsu J-M, Hung M-C, 2010. Nuclear trafficking of the epidermal growth
factor receptor family membrane proteins. Oncogene 29, 3997-4006. 10.1038/onc.2010.157
[PubMed: 20473332]

Weis K., 2003. Regulating access to the genome: nucleocytoplasmic transport throughout the cell
cycle. Cell 112, 441-51. 10.1016/s0092-8674(03)00082-5 [PubMed: 12600309]

Xu A, Wang Y, Xu LY, Gilmour RS, 2001. Protein Kinase C a-mediated Negative Feedback
Regulation Is Responsible for the Termination of Insulin-like Growth Factor I-induced Activation
of Nuclear Phospholipase C 1 in Swiss 3T3 Cells. Journal of Biological Chemistry 276, 14980—
14986. 10.1074/jbc.M009144200 [PubMed: 11278470]

Yagisawa H., 2006. Nucleocytoplasmic shuttling of phospholipase C-deltal: a link to Ca2+. J Cell
Biochem 97, 233-43. 10.1002/jch.20677 [PubMed: 16240320]

Ye K., 2006. PIKE GTPase-mediated nuclear signalings promote cell survival. Biochimica et
Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids 1761, 570-576. 10.1016/
j.bbalip.2006.02.012 [PubMed: 16567124]

Adv Biol Regul. Author manuscript; available in PMC 2025 May 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Armijos et al. Page 13

Ye K, Aghdasi B, Luo HR, Moriarity JL, Wu FY, Hong JJ, Joseph Hurt K, Sik Bae S, Suh PG,

Snyder SH, 2002. Phospholipase C-y1 is a physiological guanine nucleotide exchange factor for
the nuclear GTPase PIKE. Nature 415, 541-544. 10.1038/415541a [PubMed: 11823862]

Yoo SH, Nam SW, Huh SK, Park SY, Huh YH, 2005. Presence of a nucleoplasmic complex composed
of the inositol 1,4,5-trisphosphate receptor/Ca2+ channel, chromogranin B, and phospholipids.
Biochemistry 44, 9246-9254. 10.1021/bi047427t [PubMed: 15966749]

Zhang M, Sun H, Deng Y, Su M, Wei S, Wang P, Yu L, Liu J, Guo J, Wang X, Han X, He Q, Shen L,
2019. COPI-Mediated Nuclear Translocation of EGFRvIII Promotes STAT3 Phosphorylation and
PKM2 Nuclear Localization. Int J Biol Sci 15, 114-126. 10.7150/ijbs.28679 [PubMed: 30662352]

Adv Biol Regul. Author manuscript; available in PMC 2025 May 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Armijos et al.

Page 14

Ca?" is a highly versatile intracellular messenger that orchestrates several cellular
processes.

Ca?* signaling patterns vary across different cell regions, and signals in the nuclear and
cytoplasmic compartments can occur independently.

Receptor tyrosine kinases (RTKs) induce Ca2* signaling by triggering
phosphatidylinositol 4,5-bisphosphate (PIP2) hydrolysis and inositol 1,4,5-trisphosphate
(InsP3) formation within the nucleus.

This signaling mechanism likely mediates the effects of specific growth factors on cell
proliferation and gene transcription.

This review highlights recent breakthroughs in understanding how RTKs traffic to the
nucleus to initiate nuclear calcium signaling, shedding light on this critical cellular
process.
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Figure 1. Types of membrane invaginations in the nucleoplasmic reticulum.
The nuclear envelope (NE) intermembrane space is contiguous with the endoplasmic

reticulum (ER). Therefore, Ca2* can freely diffuse between ER lumen and nuclear
membrane lumen. The nuclear envelope can form invaginations. These invaginations, in
the context of nuclear calcium signaling, are termed the nucleoplasmic reticulum (NR)
and have been classified into two types: Type | invaginations, in which the inner nuclear
membrane (INM) invaginates the nucleoplasm. Type Il invaginations occur when both the
INM and outer nuclear membranes propagate into the nucleoplasm. Ca?* is represented by

red spheres. NPC = Nuclear Pore Complex.
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Figure 2. Pathways regulating nuclear RTK translocation and PLC Activation.
Receptor tyrosine kinases (RTKSs) translocate to the nucleus. Two main mechanisms have

been reported to contribute to the nuclear trafficking of EGFR. (1) First, the EGFR localized
in the ER is extracted from the lipid layers into the cytoplasm via the ER-associated

protein degradation (ERAD) pathway. Sec61 translocon and Hsp70 are involved in this
process to transport receptors from the ER membrane to the cytoplasm and to stabilize

the transmembrane domain of the receptors, respectively. Subsequently, cytoplasmic EGFR
is transported to the nucleus via the nuclear pore complex (NPC). (2) Second, nuclear
trafficking of EGFR can occur via a mechanism called integral trafficking from the ER to the
NE (INTERNET). The transport of EGFR from the ER to INM remains membrane-bound
and the receptors are released by Sec61 into the nucleoplasm. (3) PLCs can translocate to
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the nucleus to generate InsP3 or nuclear PLCs could be directly activated. For example,
ERK can translocate to the nucleus to phosphorylate PLCB1 (4) Nuclear PLCs can
hydrolyze PIP2 to generate InsP3 to release calcium from NR. InsP3 receptors (ITPRs) are
found in both the outer nuclear membrane (ONM) and inner nuclear membrane (INM). (5)
Nuclear calcium levels can also be mediated by InsP3 diffusion through NPC, which in turn
activates nuclear ITPRs. (6) Nuclear calcium mediates transcription and cell proliferation.
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