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Abstract Phosphoinositide-specific phospholipases C (PI-
PLCs) are involved in signaling pathways related to critical
cellular functions, such as cell cycle regulation, cell differen-
tiation, and gene expression. Nuclear PI-PLCs have been
studied as key enzymes, molecular targets, and clinical
prognostic/diagnostic factors in many physiopathologic pro-
cesses. Here, we summarize the main studies about nuclear
PI-PLCs, specifically, the imbalance of isozymes such as
PI-PLCB1 and PI-PLCL, in cerebral, hematologic, neuro-
muscular, and fertility disorders. PI-PLCB1 and PI-PLCyl
affect epilepsy, depression, and bipolar disorder. In the
brain, PI-PLCp1 is involved in endocannabinoid neuronal
excitability and is a potentially novel signature gene for sub-
types of high-grade glioma. An altered quality or quantity of
PI-PLC{ contributes to sperm defects that result in infertil-
ity, and PI-PLC1 aberrant inositide signaling contributes to
both hematologic and degenerative muscle diseases.Hl
Understanding the mechanisms behind PI-PLC involvement
in human pathologies may help identify new strategies for
personalized therapies of these conditions.—Ratti, S., M. Y.
Follo, G. Ramazzotti, I. Faenza, R. Fiume, P-G. Suh, J. A.
McCubrey, L. Manzoli, and L. Cocco. Nuclear phospholi-
pase C isoenzyme imbalance leads to pathologies in brain,
hematologic, neuromuscular, and fertility disorders. J. Lipid
Res. 2019. 60: 312-317.
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Nuclear phosphoinositide-specific phospholipases C
(PI-PLCs) are a group of enzymes that hydrolyze phos-
phatidylinositol 4,5-biphosphate [PI(4,5)P2] to inositol
1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) that, in
turn, are key second messengers involved in the activation
of several signaling pathways related to many critical cellu-
lar functions (1, 2). Indeed, nuclear PI-PLCs play pivotal
roles in cell cycle regulation (3, 4), cell proliferation, cell
differentiation, membrane trafficking, and gene expres-
sion (5, 6). Recent evidence on the role of nuclear PI-PLC
signaling in cell cycle regulation and cell proliferation
paved the way to new fields of research related to different
strategic physiopathological mechanisms in many cellular
systems and diseases. This is the case of PI-PLCB1, which
plays a role in the physiopathology of brain disorders
(along with PI-PLCyl), hematological malignancies, and
neuromuscular diseases, but also of PI-PLC-{, which has
been associated with fertility disorders. All in all, the imbal-
ance of nuclear PI-PLC isoenzymes, such as PI-PLCB1 and
PI-PLC-(, can lead to pathology (7).

Abbreviations:  2sAG, 2-arachidonyl-glycerol; AML, acute myeloid
leukemia; AZA, azacitidine; CUGBP1, CUG triplet repeat RNA-binding
protein 1; DAG, diacylglycerol; DAGLa, diacylglycerol-lipase o; del(5q),
deletion of the long arm of chromosome 5; GBM, glioblastoma multi-
forme; DM, myotonic dystrophy; elF2, eukaryotic initiation factor 2;
IP;, inositol-1,4,5-triphosphate; MDS, myelodysplastic syndrome; NT,
neurotransmitter; PI3K, phosphoinositide 3-kinase; P1(4,5)P2, phos-
phatidylinositol 4,5-bisphosphate; PI-PLC, phosphoinositide-specific
phospholipase C; PKC-a, protein kinase C-o; PN, proneural.
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CEREBRAL DISORDERS

PI-PLCs are very expressed in different brain areas and
have been related to many brain disorders (8). PI-PLCB1
localizes at high concentration in the hippocampus, amyg-
dala, lateral septum, olfactory bulb, and cerebral cortex (9).
Indeed, PI metabolism has been related to neurotrasmis-
sion, cortical development, and synaptic plasticity (10, 11).
PI-PLC has been linked to epilepsy and to schizophrenia in
PI-PLCR1 knocked-out mice (12). Losses of PI-PLCB1 were
also detected in patients with epileptic encephalopathies,
schizophrenia, and bipolar disorders (13-15). Specific neu-
rotransmitters (NTs) and hormones trigger PI-PLC path-
ways, resulting in different activities in distinct brain regions
(12). Another PI-PLC, PI-PLCy1, has been correlated to
neuronal cell migration and synaptic plasticity, and its ac-
tivity has been suggested to be of some relevance in epi-
lepsy, Huntington disease, depression, bipolar disorders,
and Alzheimer disease (12).

Specifically at nuclear level, PI.PLCB1 seems to be piv-
otal in the control of endocannabinoid neuronal excitability
in most of the brain areas (14). As Fig. 1 shows, it is essen-
tial in the synthesis of DAG, for which hydrolysis catalyzed
by DAGlipase o (DAGL«) leads to 2-arachidonyl-glycerol
(2-AG), the most represented CB1 cannabinoid recep-
tor endogenous agonist. Released from the postsynaptic
neuron, 2-AG can activate CB1 cannabinoid receptors
on the presynaptic sites repressing other NT release (16).
Moreover, PIPLCB1 can respond to two separate signals:
depolarization and receptor activation, maintaining the
brain inhibitory circuits through 2-AG (17). Interestingly,
this pathway related to PI-PLCB1/DAGLa/2-AG seems
to be specifically localized at neuronal nuclear level. In
the adult rat brain, double immunofluorescence staining
and confocal laser scanning showed an overlapping pat-
tern of both PI-PLCB1 and DAGL«a with nuclear speckles
marker SC-35 and NeuN/Fox3. In addition, PI-PLC31
was also highly expressed in neuronal nuclear regions full

(o)

2-AG

Fig. 1. Nuclear PI-PLC B1 is essential in the synthesis of nuclear
DAG. Possibly, this nuclear DAG is hydrolyzed by DAGLa to pro-
duce 2-AG. Released from the postsynaptic neuron, 2-AG can in
turn activate cannabinoid receptor type 1 (CB1-R) on the presynap-
tic sites, repressing other NT release.

of PI(4,5)P,. The colocalization with nuclear pore com-
plex and lamin Bl was instead not found (16). There is
also evidence of the relation between 2-AG and nuclear
PPARYy as a receptor or a prostaglandin precursor (17).
Furthermore, considering the pivotal role of nuclear
PI-PLCB1 in cell cycle regulation and the controversial
and the complicated role of the cell cycle in several CNS
insults and pathologies, it would be very fascinating to
study nuclear PI-PLCB1 functions during diverse brain
injuries (17).

Also, in glioma, the two isoforms of PI.PLCB1 localize
differently, in the cytosol and in the nucleus of C6 glioma
cells, respectively (18). PI-PLCB1 was also shown to be
transited into the nucleus among C6 glial cell and Neu-
ro2A cell (mouse neuroblastoma cell line) under stimuli
(19). Glioblastoma multiforme (GBM), also known as
grade IV glioma, is the most common and most aggres-
sive form of astrocytic cancer among primary brain tu-
mors. It has a documented molecular heterogeneity and
is rapidly fatal (20). The incidence of GBM is about
6 cases per 100,000 people/year. This type of malignancy
often has a rapid progression (about 2-3 months) (21).
The therapy is still based on a neurosurgical, chemother-
apeutical, radiotherapeutical approach without any suc-
cessful targeted therapeutic strategy to date (22, 23).
Many pieces of evidence suggest a role of inositide me-
tabolism in GBM tumorigenesis due to the interactions
of several molecules such as diacylglicerol kinases, PI-
PLCs, and phosphoinositide 5-phosphatase (24-26). In-
deed, at both the cytoplasmic and nuclear level, the
lipid signaling molecules control several pivotal mecha-
nisms of cell proliferation, cell migration, cell cycle, and
apoptosis (27). New data analyses of The Cancer Genome
Atlas (TCGA) and four independent Gene Expression
Omnibus datasets revealed a correlation between differ-
ential expression of PI-PLCB1 and glioma pathological
grades. PI-PLCB1 is a potential novel signature gene
for proneural (PN) subtypes in molecular classification
of high-grade glioma, because its gene expression corre-
lates with known PN subtype signature genes (25). Kaplan-
Meier survival curves based on differential PI-PLCR1
gene expression from the Repository for Molecular Brain
Neoplasia Data (REMBRANDT) and TCGA cohorts also
demonstrate that a high level of PI-PLCB1 expression is
associated with patient’s long-term survival. More specifi-
cally, PI-PLCB1 gene expression level correlates the best
with PN glioma signature gene receptor tyrosine-protein
kinase erbB-4 (ERBB4) (25). ERBB4 protein is a tyrosine-
protein kinase and a member of the epidermal growth
factor receptor subfamily, which contributes to glioma
pathogenesis. However, PI-PLCB1 microarray probes
only target and bind to common cDNA region of both
“a” and “b” isoforms. Considering that these two iso-
forms are different in their C terminals, microarray
data based on current PI-PLCB1 probes could not differ-
entiate the two isoforms. If the transcription of one
PI-PLCB1 isoform is the predominant isoform, the mi-
nor component of overall PI-PLCB1 signal may change
the conclusion reached in this study: the higher the

Nuclear PI-PLCs in disease 313

0202 ‘€T Arenuer uo “eubojog Ip eusIaAIuN Te 610 | mmm wol) papeojumoq


http://www.jlr.org/

SASBMB

JOURNAL OF LIPID RESEARCH

glioma grade, the lower the PI-PLCB1 expression. It will
be possible for one isoform to gain its signal strength
along with pathological grades. Further investigations
are, therefore, required to better understand these stud-
ies: the neuronal nuclear localization and the mecha-
nisms of PI-PLCB1 and its related molecules in different
pathophysiological brain functions could open new re-
search perspectives.

HEMATOLOGICAL DISORDERS

Among the hematological disorders, both MDSs and
acute myeloid leukemia (AML) have been related to nu-
clear inositide signaling (28-30). Specifically, MDSs have
been associated with nuclear PI-PLC pathways (31-33).
MDSs are a group of pathologies characterized by he-
matopoietic stem cell alteration with heterogeneous char-
acteristics and different clinical effects. Thirty percent of
MDS patients can evolve into AML. The International
Prognostic Scoring System and the World Health Organi-
zation Classification-Based Scoring System, mainly based
on the blast number and karyotype, divide MDS patients
into higher and lower risk of AML progression. The evi-
dence of a correlation between the presence of a PI-PLCB1
monoallelic gene deletion and the progression of MDS
to AML opened new perspectives of research (34). The
gene encoding for PI-PLCB1 is on chromosome 20p12.
Higher-risk MDS patients should undergo allogeneic he-
matopoietic stem cell transplantation, but for those who
are not candidates, hypomethylating agents (HMAs), such
azacitidine (AZA), are now the first therapeutic choice
(35). HMAs can also be used in lower-risk MDS patients
to reduce anemia or other cytopenias. AZA is indeed
both a hypomethylating and a direct cytotoxic agent for
abnormal hematopoietic cells. MDS patients with a higher
risk of AML evolution show a reduction in the expression
of the nuclear PI-PLC@B1 variant. PI-PLCB1b can physio-
logically regulate the cell cycle G1 phase progression;
therefore, the drastic reduction of nuclear PI-PLCB1 ex-
pression could alter the normal cell cycle in MDS patients.
Nuclear PI-PLCB1 in MDS is also epigenetically relevant
(36, 37). Several studies have shown that PI-PLCB1 is a
molecular target for AZA (38, 39). Higher- and lower-risk
patients that respond to the treatment have shown an
early increase of nuclear PI-PLCB1 expression, a reduc-
tion of PI-PLCB1 promoter methylation, an induction of
normal myeloid differentiation, and a better prognosis
(40). Moreover, the increase of PI-PLCB1 expression and
the reduction in PI-PLCB1 promoter methylation are
not only related to a favorable clinical response, but also
to a durable response to the treatment and a myeloid in-
duction (Fig. 2). This effect is particularly interesting,
because, as AZA treatment needs several cycles to observe
a clinical response, the molecular response could specifi-
cally and rapidly predict the future patients’ outcome
during hypomethylating therapies. In this way, it would
be possible to personalize MDS patients’ therapies in or-
der to differentiate the ones who would benefit from the
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Fig. 2. Nuclear PI-PLC B1 expression, increased by AZA sensitiv-
ity on PI-PLCB1 promoter methylation (CHj3), induces myeloid dif-
ferentiation in MDS cells.

treatment from the ones who would be refractory to the
treatment and thus could avoid it (41). Furthermore,
several studies showed that in higherrisk MDS patients,
there is an inverse correlation between PI-PLCB1 and
protein kinase B, also known as Akt (42). The constitu-
tive activation of Akt, through phosphorylation, deter-
mines a decrease in MDS cell apoptosis that can be
reverted after PI-PLCB1 increase due to the hypometh-
ylating therapies. Indeed PI-PLCB1 increase could reduce
the level of p-Akt, inducing a higher level of apoptosis
(43). This mechanism is not fully understood, but a pos-
sible explanation could be that, as PI(4,5)Py is a com-
mon substrate of both PI-PLCB1 and PI3Ks, the alterations
in PI-PLCB1 levels could cause PI(4,5)P, hydrolysis, re-
ducing its availability for PI3K. This could eventually in-
hibit Akt activation (44).

More recently, a study on the effect of lenalidomide on
16 patients with lower-risk MDS and deletion of the long
arm of chromosome 5 [del(5q)], as well as del(5q) and
nondel(5q) hematopoietic cell lines, focused on erythro-
poiesis, cell cycle, and PI-PLCB1/protein kinase C-o
(PKC-a) signaling (45). Indeed, nuclear PI-PLCBI is a
negative regulator of erythroid differentiation (46), and
it specifically targets PKC-a, which, in turn, has been as-
sociated with proliferation and differentiation of human
erythroleukemia cells (47). In this new study, in MDS,
lenalidomide induced PI-PLCB1a to localize primarily
in the cytoplasm, where it is not directly associated with
inhibition of erythroid differentiation. The data on the
cell lines showed that lenalidomide specifically induced
the expression of PI-PLCB1 in the cytoplasm of Namalwa
CSN.70 [i.e., del(5q) cells]. In these cells, a nuclear trans-
location of PKC-a, associated with erythropoiesis, was
also detected. These results better explain the role of
PI-PLCB1/PKC-a signaling in erythropoiesis and lead
to a better comprehension of the lenalidomide effect
on del(5q) MDS, opening the way to innovative, targeted
therapies (45). These mechanisms underline the poten-
tial of nuclear PI-PLCB1 to become a prognosis stratifi-
cation marker and a treatment-predictive outcome marker
in patients with MDS.
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NEUROMUSCULAR DISORDERS

Among the neuromuscular disorders, myotonic dys-
trophies (DMs) are autosomal dominant neuromuscular
degenerative disorders characterized by a variable clini-
cal picture and a slow progressive course. The clinical
picture is characterized by myotonia, loss of muscle mass,
cataracts, defects in the cardiac conduction system, en-
docrine abnormalities, and cognitive deficits in congeni-
tal cases. These diseases are classified into DM type I
(DM1) and DM type II (DM2). Both DM are determined
by DNA tandem repeats that result in aberrant RNA ac-
cumulation in the nucleus that causes alteration in RNA-
binding protein localization. In DM1, the mutated gene
is called DM protein kinase and encodes a myosin kinase
expressed in skeletal muscles. In DM2, there is a defect
in zinc finger protein 9 (48). CUG triplet repeat RNA-
binding protein 1 (CUGBP1) plays a central role in alter-
native splicing of specific target genes and can interact
with eukaryotic initiation factor 2 (eIF2) and cyclin D3
inducing normal myogenic differentiation. Indeed, cy-
clin D3 mediates the phosphorylation of CUGBP1 (49),
thus increasing the interactions of CUGBP1 with elF2
during normal myogenesis (Fig. 3). This process can
be altered in DM, where CUGBP1-eIF2 interactions are
reduced in DM-differentiating cells, with an impaired
muscle differentiation (50). Nevertheless, in DM1, ecto-
pic expression of cyclin D3 helps the increase of the
CUGBP1-eIF2 complex, improving the myogenic differ-
entiation marker expression (49). Moreover, during the
myogenesis in DM cells, there is a decrease of PI-PLC1
expression that could be related to the reduction in
cyclin D3 transcription and induction. Interestingly,
the normalization of PI-PLCB1 expression in DM1 and
DM2 myoblasts can cause a cyclin D3 expression in-
crease, determining a partially restored phenotype of
the myotubes (50). Both PI-PLCB1 and cyclin D3 could
be investigated for future possible molecular therapies in
order to induce a correct skeletal muscle differentiation
in DM. Indeed, the role of PI-PLCB1 and cyclin D3 seem
to be pivotal in physiological myogenic differentiation

(51, 52).

[

Y Neuromuscular disorders

Myablast Myotube

Fig. 3. Nuclear PI-PLC B1 increased catalytic activity is necessary
to induce cyclin D3, which, in turn, mediates the phosphorylation
of CUGBP1 and increases the formation of CUGBP1-eIF2 complex,
thus leading to myogenic differentiation and myotube formation.

FERTILITY DISORDERS

The principal cause of infertility after intracytoplasmatic
sperm injection is considered to be the alteration of oocyte
activation mechanisms, of which sperm defects seem to be
the main cause (53). Sperm defects have been associated to
another PI-PLC isozyme related to nuclear activities: PI-
PLCE, a specific sperm protein involved in nuclear infertility
mechanisms (54). PI-PLC{ has been specifically connected
with molecular oocyte activation, but this PI-PLC nuclear
translocation mechanism still remains unknown (Fig. 4).
PI-PLC{ is essential in inducing Ca®* release via the 1P,
pathway (55). Ca” oscillations within the oocyte have been
related to many processes responsible for its activation,
such as the cortical granule exocytosis, the release of mei-
otic arrest, the gene expression regulation, the recruitment
of maternal mRNA, the pronuclear formation, and the ini-
tiating of embryogenesis (53). The specific mechanism of
these reactions is still unclear, but the central role of Ca” is
fundamental for the beginning of embryogenesis (53).
cRNA PI-PLC{ and recombinant protein microinjections
in mice and cattle oocyte determine Ca®* oscillations and
oocyte activation (55). Moreover, infertile human sperm
with an alteration in PI-PLC{ quantity and quality fail to
induce Ca” oscillations and therefore oocyte activation
(53). Therefore, for these reasons, it is possible that PI-
PLCZ could be pivotal in fertility processes and could be
considered a prognostic/diagnostic molecular marker in
order to identify male patients that could benefit of assisted
reproductive technology. Moreover, even if Ca®" iono-
phores are the main agent for artificial oocyte activation,
PI-PLC{ could be a safer potential therapeutic agent (53).
These studies could open new possibilities of research in
the field of fertility disorders in relation to the inositide
signaling world.

CONCLUSIONS

All in all, the role of PI-PLCs in nuclear signaling ap-
pears to be relevant in that the activity or expression of
imbalanced nuclear PI-PLCs is associated with control and
development of diseases. Figure 5 summarizes the involve-
ment of PI-PLCB1 and PI-PLC{ in the pathologies of mam-
mals and mainly of humans.Bl

Fertility disorders \L

7 4 Ca?

IPyR
LS

Egg

Fig. 4. Calcium oscillates and ionophores regulate fertility treat-
ments: IP; production and subsequent Ca®" oscillations are trig-
gered by a sperm-derived soluble protein, which is released to the
oocyte cytoplasm immediately after sperm-egg fusion.
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