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Abstract

The phospholipase C (PLC) enzymes are important regulators of membrane phospholipid
metabolism. PLC proteins can be activated by the receptor tyrosine kinases (RTK) or G-protein
coupled receptors (GPCR) in response to the different extracellular stimuli including hormones
and growth factors. Activated PLC enzymes hydrolyze phosphoinositides to increase the
intracellular level of Ca®* and produce diacylglycerol, which are important mediators of the
intracellular signaling transduction. PLC family includes 13 isozymes belonging to 6 subfamilies
according to their domain structures and functions. Although importance of PLC enzymes for key
cellular functions is well established, the PLC proteins belonging to the €,  and n subfamilies were
identified and characterized only during the last decade. As a largest known PLC protein, PLCt is
involved in a variety of signaling pathways and controls different cellular properties. Nevertheless,
its role in carcinogenesis remains elusive.

The aim of this review is to provide a comprehensive and up-to-date overview of the experimental
and clinical data about the role of PLCt in the development and progression of the different types

of human and experimental tumors.

Key words: Phospholipase Ce, cancer development, intracellular signaling, oncogene, tumor suppressor

Introduction

Phospholipase C (PLC) family, consisting of 6
subgroups - PLCB, vy, §, &, 1), &, is a group of proteins
able to hydrolyze membrane phosphoinositol
4,5-bisphosphates (PIP2) to inositol-1,4,5-phosphate
(IP3) and diacylglycerol (DAG) - both important
second messengers - in response to extracellular
stimuli including hormones and growth factors
through activation of the different receptor tyrosine
kinases (RTK) or G-protein-coupled receptors (GPCR)
[1]. IP3 stimulates Ca?* signaling and DAG acts
through protein kinase C (PKC) leading to different
cellular events, such as proliferation, growth and
migration. Phosphoinositide signaling is important
for normal functions of cells as well as for

development of different pathological conditions
including cancer [2].

PLCe homologue in C. elegans, PLC210 protein
was first discovered in 1998 by Kataoka and
coworkers by using a yeast two-hybrid system with
Ras homologous protein LET-60 as the bait [3].
Shortly after, mammalian homologues of PLC210
have been independently identified by three groups
by screening of rat and human expressed sequence
tag databases [4-6].

Since then, PLCe has been further extensively
studied to reveal its role in the regulation of different
cellular functions. PLCe protein has the biggest size
among all PLC family members - 230 kDa and
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consists of several functional domains including core
domain (consisting of EF, X and Y subdomains) which
possesses an  ability to  hydrolyze PIP2,
pleckstrin-homology PH and C2  domains,
GTP-exchanging (CDC25-like) domain at the
C-terminus and two Ras-associating domains at
N-terminus [4-6]. Two splice variants have been
described for PLCe: PLCela and PLCelb, which are
expressed differently in different tissues [7].
However, the distinct roles which these splice
variants might play are not described yet.

Due to its complex structure, PLCe is involved in
the different signaling pathways (Figure 1). Core
domain of PLCe is responsible for the hydrolysis of
membrane phosphoinositides into second messengers
inositol-1,4,5-phosphate and diacylglycerol (DAG)
[4-6, 8]. This leads to the activation of protein kinase C
and D and subsequent downstream signaling: PKC
induces phosphorylation of multiple transcription
factors and along with DAG takes part in Ca2+
signaling (Figure 1). The first studies of the biological
functions of PLCe demonstrated that H-Ras directly
binds to the RA domains of PLCe in a GTP-dependent
manner leading to PLCe association with the plasma
membrane and activation of its PIP2 hydrolyzing
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Figure 1. A schematic overview of the PLCt signaling pathways.
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activity [4]-6]. According to Bunney et al., PLCe is
localized in cytoplasm in self-inhibited mode, while
binding of Ras stimulates it to change its
conformation and to translocate to the membrane [8].
However, targeting of PLCe to the membrane is not
the only mechanism regulating its activity.
Overexpressing the mutant form of PLCe with a
C-terminal CAAX sequence led to the constitutive
membrane localization and increased activity of PLCe
as compared to the wild type of PLCe. Nevertheless,
even this membrane targeted PLCe still can be further
activated by the EGF stimulation suggesting
additional mechanisms regulating PLCe enzymatic
activity beside interaction with Ras proteins and other
activators [9].

Lopez et al. revealed that N terminus of PLCe
has a RasGEF domain. They demonstrated that
mutant form of PLCe that lost its PIP2 hydrolyzing
properties still can activate Ras-MAPK kinase
pathway suggesting that this activation is due to Ras
binding and GEF domain rather than to PIP2
hydrolysis [5]. Song and co-workers used cell
stimulation with epidermal growth factor (EGF) as an
example of the physiological stimulus which may
trigger PLCe activation. This study revealed that

A\
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EGFR activation can direct PLCe to the different
subcellular regions depending on the activated
upstream regulators. In the cells overexpressing
H-Ras, EGF stimulation led to the PLCe translocation
to the plasma membrane, although upon
EGF-dependent RaplA activation PLCe was localized
in the perinuclear region [6]. The same group
described similar mechanisms of PLCe activation in
response to PDGF stimulation of hematopoietic BaF3
cells expressing PDGF receptor mutant that can
activates Ras and Rapl but not other types of PLC
such as PLCy . The activity of PLCe was induced by
PDGF treatment and abrogated by disruption of the
Rap and Ras pathways with overexpression of the
Rap GAP, Spal protein and dominant negative Ras,
respectively. Notably, PDGF stimulation led to the
proliferation of these cells only if they express PLCe
[10].

Since then, some other members of Ras family
were described as the upstream regulators of PLCe
including Rap2 and TC21, which activate PLCe in
RA2-dependent manner in response to cell
stimulation with EGF and activation of EGFR tyrosine
kinase [11]. In addition to the RTK-mediated
activation, PLC PIP2 hydrolyzing activity can be also
induced by the transmembrane spanning GPCR
receptors [12]. Mutation of RA2 domain of PLCe only
partially inhibited this stimulation suggesting that
GPCR can stimulate PLCe in RA2-dependent and
RA2-independent way [11]. GPCR agonists such as
lysophosphatidic ~ acid  (LPA), sphingosine-1-
phosphate (S1P) and thrombin enhance PLCe activity
through the GPCR-associated Gal2/13 and Py
subunits of the heterotrimeric G proteins [13]. This
activation is at least in part mediated by the RhoGEF
proteins which stimulate activation of Rho GTPase
that consequently binds and activates PLCe
independently on RA2 binding [11, 14]. PLCe has no
specific domain to bind RhoA, but this GTPase can be
bound directly to the small site within core domain of
PLCe [15]. In the experiments with stimulation of PIP2
hydrolysis in the presence of RA2 mutant forms of
PLCe, Kelley and coworkers identified additional
GTPases that stimulate PLCe independently on RA2
binding including RalA and Rac [11]. Interestingly,
that not only Ras family proteins have the ability to
bind RA domains of PLCe: Siah proteins (E3
ubiquitine protein ligase) also can bind RA2 domain,
but the region is distinct from that binding Ras,
leading to the proteasomal degradation of PLCe after
epidermal growth factor (EGF) stimulation [16].

Development and characterization of PLCe
knockout mice models revealed an important
physiological role of this protein in the maintaining of
cardiac and pancreatic functions by regulation of Ca?*

mobilization in 3 cells and cardiomyocytes [17-19].

Because of its involvement in the different
signaling pathways, PLCe plays pivotal role in
development of many human diseases including
childhood nephrotic syndrome [20, 21] and different
types of cancers. Analysis of the PLCEl gene
alterations using The Cancer Genome Atlas (TCGA)
database demonstrates that PLCE1 is frequently
mutated gene in the different types of tumors (Figure
2A). Nevertheless, the contribution of PLCE1 in the
carcinogenesis remains controversial, and it can swap
the role from tumor suppressor to oncogene
depending on the type of cancer (Figure 2BCD) that
will be discusses in detail below.

Skin cancer

One of the most interesting examples of PLCe
involvement in cancer development is skin cancer.
Because of the fact that PLCe has the ability to interact
with Ras family proteins it has been postulated that it
can also play a role in Ras-triggered cancers, one of
which is skin cancer.

In 2004 Kataoka’s group generated transgenic
mice lacking a part of the catalytic domain and EF
subdomain of PLCe (PLCe &/4%) to study the role of
PLCe in development of two-stage chemically
induced carcinogenesis [22]. For this carcinogenesis
model, single application of dimethylbenzanthracene
(DMBA) led to the initiating of the oncogenic
mutation of the HRAS gene. Subsequent weekly
application of 12-O-tetradecanoyl-phorbor-13-acetate
(TPA) for 20 weeks results in the clonal expansion of
the initiated cells in the form of benign squamous
tumors. Study of Bai and coworkers showed that
PLCe 2x/2x mice developed much less tumors (mostly
papillomas) compared to PLCe*/* and PLCe*/- (mostly
adenocarcinomas) mice. According to authors’
conclusions, PLCe may act as an oncogene for
Ras-triggered skin cancer. Later the same group
showed that PLCe plays crucial role in skin
inflammation induced by phorbol ester, linking the
initial inflammation to the subsequent skin cancer
development [23]. Interestingly that more recent
study of Martins et al., which is also based on the
characterization of the PLCe knockout mice
demonstrated completely opposite results [19]. In
contrast to the Kataoka’s mice model where PLCe was
expressed in a shortened and catalytically inactive
form, the knockout models described by Martins and
coauthors either have a complete loss of the PLCe
expression (PLCe”/-) or have expression of the mutant
form of PLCe with mutant RA domains enable to bind
to Ras (PLCeRAm/RAm) - According to their findings,
PLCe cannot be considered as an oncogene for
Ras-triggered skin cancers, but rather as tumor
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suppressor, because this study revealed that PLCe”/-
and to a lesser degree PLCeRAM/RAm mice possessed
increased susceptibility to tumor development as
compared to the mice with PLCe*/* and PLCe*/-
genotype. Difference in the observed data shows that
PLCe may be involved in the process of skin tumor
development but the exact mechanisms determining
the role of PLCe in these mechanisms should be
investigated more deeply.

Lung cancer

The knockout models described by Martins et al.
which have a complete loss of the PLCe expression
(PLCe /-) or express the mutant form of PLCe (PLCe
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RAm/RAm) were also used to investigate potential role of
PLCe in KRAS-driven lung tumor development. For
this study, Martins and coworkers used conditional
LSL-KrasG12PNSCLC mouse model where lung tumor
development is induced by a single infection with an
AdCre virus which results in the removal of the
transcriptional termination Stop element and
activation of the KrasG?P oncogene expression [19].
PLCe /- and PLCe RAm/RAm mijce were crossed with
LSL-KrasG12D mice and expression of KrasG?P was
induced by AdCre infection. Analysis of the tumor
burden revealed no significant differences in the mice
with different phenotypes. Interestingly, analysis of
the LSL-KrasG12P MEF cells revealed a rapid reduction
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Figure 2. PLCe expression and mutations in different types of human cancer. (A) Frequency of PLCEI genetic alterations in different types of tumors. NEPC -
neuroendocrine prostate cancer. (B-D) Analysis of PLCE] mRNA expression from Oncomine data sets for lung, esophagus and colorectal normal and tumor tissues,

correspondingly [73-75].
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of PLCe expression after KrasG?P induction with
AdCre. This Kras¢1?P mediated converting wild type
cells into the cells lacking PLCe can explain similar
features of KrasG? mice models with or without PLCe
knockout [19]. The tumor suppressor role of PLCe for
human lung tumor development was confirmed by
comparative analysis of cDNA level in the 21 pairs of
tumor and normal tissues derived from the same
patients. The results of this study demonstrated that
PLCe was decreased in about 73% of tumors [19]. The
same study also documented downregulation of PLCe
expression in several non-small lung cancer cell lines.
Notably that PLCe expression in these cells can be
induced by the histone deacetylase inhibitor (TSA)
and DNA methylation inhibitor [24] suggesting
epigenetic mechanism of PLCe regulation in human
tumors [19].

In contrast to the results of Martins and
coworkers, the study conducted by Luo and
colleagues showed that the expression of PLCe at
mRNA level was higher in non-small cell lung
carcinoma (NSCLC) cells derived from 36 patients
than in non-cancerous cells obtained from adjacent
lung tissues [25]. Treatment of NSCLC cells with PLC
inhibitor U-73122 resulted in upregulation of p53 level
and induced cell apoptosis. According to these
results, authors hypothesized that the high levels of
PLCe protein decrease the expression of p53 in
NSCLC and thus inhibit apoptosis, but the exact
mechanism warrants further investigation.

Interestingly, analysis of the datasets from
Oncomine cancer microarray database confirmed a
lower PLCe expression in the lung adenocarcinoma
tissues as compared to the respective normal tissues
suggesting rather tumor suppressor role of this
protein for lung tumor development [26](Figure 2B).

Digestive tract cancers

Esophageal cancer

A host of recent investigations demonstrated a
substantial impact of PLCe on the development of the
digestive tract cancers. Meta-analysis conducted by
Cui and coauthors which included 761 esophageal
and gastric cancer cases and 457 controls
demonstrated a strong association of PLCEI
expression with tumor progression in esophageal
squamous cell carcinoma (ESCC) and gastric cancer
(GCQ) [27].

However, not only the level of PLCE1 expression
but also single nucleotide polymorphism (SNP) of
PLCE1 gene is associated with ESCC and GC
carcinogenesis. In 2010, Abnet and coworkers
performed the genome-wide association study
(GWAS) which first identified susceptibility loci for

ESCC in PLCE1 gene. This study was conducted for
more than 2,000 GC and ESCC cases and more than
3,000 control cases, and identified five SNPs on 1023
that are mapped to the PLCEl gene and have
significant association to the risk of ESCC and GC
development. Two of these SNPs, rs2274223 and
rs3765524 result in missense mutations in the coding
region of PLCE1 gene and cause the amino acid
substitutions His1927Arg in the C2 domain and
Thr17771le in the catalytic domain, respectively [28].
Interestingly, association of rs2274223 with CG was
different for the different anatomical sites with a
strongest association for tumors located in cardia.
These results might suggest that the role of PLCe in
tumor development is tissue type dependent [29].

In parallel, a large GWAS study has been
conducted in China in 2010, having genotyped over
1,000 patients with ESCC and compared with DNA
from more than 1,700 control individuals. The most
promising SNP signatures were validated in
additional large cohort study. This study confirmed
association of rs2274223 with ESCC [30]. Further
analysis of DNA from more than 2,700 gastric cardia
adenocarcinoma (GCA) patients and over 11,000
control individuals demonstrated that this SNP is also
associated with GCA susceptibility [30]. The
immunohistochemical analysis also showed that GC
and ESCC tissues have a higher level of PLCe
expression as compared to normal gastric and
esophageal epithelium, respectively, which support
an idea that PLCe might contribute to the GCA and
ESCC carcinogenesis [30]. Later study of Wu and
coworkers for more than 2,000 ESCC patients and
over 2,000 control individuals also confirmed that this
152274223 signature in PLCE1 gene is associated with
ESCC risk [29, 31].

Since then, a growing number of studies have
been performed to validate association between PLCe
gene polymorphism and ESCC or GC development,
but the results of these studies were inconsistent.
Malik and coauthors studied the polymorphisms
(rs2274223 A>G, rs3765524C>T and rs7922612C>T) in
135 patients with esophageal cancer [21] and 195 age
and gender matched control patients from Kashmir
valley, where the incidence of esophageal cancer is
reported to be higher than 40% of all cancers.
Researchers have showed that these SNPs did not
have independent association with development of
esophageal cancer, but the Gur23T3765524T7920612
haplotype was significantly associated with increased
risk of EC [32]. Interestingly that similar research
conducted in South Africa showed no correlation
between studied PLCe SNPs and development of

ESCC_[33]. Recent studies of Qu et al. that included
550 patients with ESCC and 550 control individuals
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demonstrated that GA genotype of rs10882379 was
significantly correlated with decreased ESCC risk,
whereas AA genotype of rs829232 was significantly
associated with a high ESCC risk in Chinese
population as compared to GG genotype [34]. In
attempt to obtain a more comprehensive conclusion
about the possible link between PLCe rs2274223A
gene polymorphism and risk of ESCC or GC
development, Xue and coauthors conducted a
meta-analysis of 22 published studies including 13188
cancer cased and 14666 controls [35]. This study
concluded that rs2274223A>G correlates with an
increased risk of both types of cancer, especially
ESCC, However, the authors acknowledge that due to
the retrospective character of the most of the data and
high heterogeneity across the studies, which is
attributed to a small number of participants and
ethnic variations, their analysis might not be
conclusive and needs the data from additional
prospective studies for confirmation [35], One of the
further reason for the discrepancy between the
Chinese and African GWAS studies is a lower linkage
disequilibrium (LD) which is an index of the
non-random association between alleles at the
different loci. According to this hypothesis, the PLCe
SNPs described in the Chinese GWAS studies are not
directly associated with carcinogenesis, but rather
tagging with a high LD some other SNPs which are
driving this association [33]

Analysis of the potential correlation between
PLCe gene polymorphism and carcinogenesis fueled
interest in the functional studies underlying the role
of PLCe gene and described PLCe SNPs in tumor
development. Bye and coauthors examined 10
polymorphic variants of PLCe which results in amino
acid substitutions for their potential functional
consequences by analysis of the evolutionary
conservation across different species. Six of ten
examined SNPs were predicted to lead to the loss of
functionality for the different PLCe domains
including Ras-GEF domain (rs17417407), catalytic
domain (rs3765524) or C2 domain (rs2274223) [33].

The other attempt to shed light on the role of
PLCe in ESCC development has been done by the
group of Chinese researchers who studied the
correlation between PLCe expression and NF-kB
signaling in ethnic Kazakh patients with ESCC.
Authors demonstrated a strong positive correlation
between the expression of PLCe and proteins from
NF-kB signalling such as IKKp and p50 [36]. Similarly
to the function of PLCe in lung cancer, Li et al. showed
that PLCe suppresses p53 expression in esophageal
tumor cells [37]. Two ESCC cell lines, OE33 and CP-C
have been analyzed in this study, and both cell lines
express PLCe at a high level. Knockdown of PLCe

markedly increased the expression of p53 in these cell
lines. Authors suggest that PLCe can modulate p53
expression via its promoter methylation; however,
there are no experimental data supporting this
hypothesis. Interesting data has been obtained by Han
et al. who showed that microRNA-328 (miR-328) can
reduce the expression of PLCe at both mRNA and
protein levels in ESCC cell lines EC109 and EC9706
[38]. Not only miR-328, but also miR-145 can have the
same impact on PLCe expression in ESCC cells, as
shown by Cui et al. [39]. Cui and coauthors
demonstrated that PLCe expression level was
elevated in tumor tissues compared to normal, and
upregulation of PLCe significantly correlated with
low overall survival rate in ESCC patients. The
authors showed that PLCe contribute to ESCC
migration and resistance to the apoptosis induced by
the chemotherapeutic drugs. PLCe expression in
ESCC cells is negatively regulated by tumor
suppressor miR-145 [39]. Authors suggest that use of
miRNAs targeting PLCe expression can be a potential
therapeutic approach for esophageal cancer. These
results are also supported by the analysis of the
datasets from Oncomine cancer microarray database
confirming a high PLCEI1 gene expression in the
esophageal adenocarcinoma tissues as compared to
the respective normal tissues (Figure 2C). Analysis of
the TCGA dataset for esophageal carcinoma suggests
that frequent (10,9%) mutations of PLCE1 are
associated with upregulation of the different
pro-survival mechanisms such as PI3K, RAS/MAPK,
WNT and calcium signaling pathways (Figure 3).

Gastric cancer

As it has been mentioned before, GWAS
described by Wang et al. revealed that a
non-synonymous SNP 2274223 A/G at 10923 in
PLCE1 gene is a shared susceptibility locus for gastric
cancer and ESCC [30].

In 2011 it has been shown by Luo et al. that the
presence of this SNP influences patients’ survival.
PLCE1 1rs2274223 A/G SNP analysis in 940 gastric
cancer patients from China demonstrated that
patients with AA genotype survived better that those
with AG and GG genotypes [40]. Later the other
group of Chinese researchers showed that PLCe
expression was upregulated in tumor tissues (n=74)
and downregulated in non-cancerous inflammation
(n=799), suggesting that PLCe can be a biomarker to
distinguish between chronic gastric inflammation,
normal and cancer tissue during gastric cancer
development [41].

Interestingly, in 2012, Palmer et al. have found
that the same genetic variants of PLCE1 gene in
Caucasian population were not associated with
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gastric cancer [42]. For this study, authors genotyped
290 gastric cancer cases and 376 controls for the first
study followed by the second study which included
306 gastric cancer, 107 esophageal adenocarcinoma, 52
esophageal squamous cancer, 376 control cases. These
results might potentially suggest different association
between = PLCe  gene  polymorphism  and
carcinogenesis in Chinese and Caucasian populations.

The findings of Luo et al. have been confirmed
by Wang and coauthors who demonstrated that 2
SNPs, rs2274223 and 1s11187870, are significantly
associated with a higher risk of gastric cancer in Han
Chinese patients (cancer: n=1059; control n=1240) [43].
Later, Zhang et al. performed the meta-analysis for

the eligible case-control studies which included 8281
cases and 10532 controls and showed that Asian
patients, but not Europeans carrying PLCE1 rs2274223
A>G polymorphism are under the higher risk of
digestive tract cancer development (particularly
gastric and esophageal cancer) [44]. In 2014 the same
SNPs were proved to be associated with gastric cancer
development in Korean population (cancer: n=3245;
control n=1700) [32, 45]. Finally, as it was above
discussed, Cui et al and then Xue and coauthors
conducted a large meta-analysis and summarized that
PLCe could be a biomarker for ESCC and gastric
adenocarcinoma [27, 35].

Esophageal Carcinoma (TCGA, Provisional)

All Complete Tumors (183 samples)

DAB2IP

CAMK2B

Total Alteration 10.9%
Up-regulation 6.0%
Down-regulation 0.0%
Mutation B 5.5%

Type of interaction:
State change
Transport
Phosphorylation
Catalysis precedes
In complex with

Figure 3. A high frequency of the alteration in the level of PLCE] mRNA in esophageal carcinoma and its functional interaction with other genes which expression
is also frequently altered in esophageal carcinoma. Data were analyzed using cBioPortal for Cancer Genomics. PIK3CB - Phosphatidylinositol-4,5-Bisphosphate
3-Kinase Catalytic Subunit Beta; SOS1 — son of sevenless homolog 1, a guanine nucleotide exchange factor for RAS proteins; RASA2 - RAS p21 protein activator 2;
CAMK2B - calcium/calmodulin dependent protein kinase Il beta; DAB2IP - disabled 2 (DAB2) interacting protein; NF1 - neurofibromin I; PI3KC3 -
phosphatidylinositol 3-kinase catalytic subunit type 3; PI3KCA - phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha; PI3KCG -
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit gamma; DVL3 - dishevelled segment polarity protein 3; GRB2 - growth factor receptor bound protein
2; TPTE2 - transmembrane phosphoinositide 3-phosphatase and tensin homolog 2.
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Intestine cancer

Not so many experiments have been done to
reveal the role of PLCe in development of intestine
cancer. In 2009 the group of Japanese researchers used
intestine cancer mouse model (Min/- mice) and
showed that Min/- PLCe/- mice developed
significantly smaller number of intestine tumors
during their lifetime compared to Min-/- PLCe*/* mice
[24]. Also authors showed that PLCe deletion
contributed to the lack of transition from low-grade
adenoma to high-grade sarcoma. Blood vessel
formation was decreased in low-grade PLCe”/-
adenomas compared to PLCe*/* ones; however, no
such difference was observed in high-grade
adenomas, indicating that PLCe expression can
augment blood vessel formation in tumors of
intestine. Authors propose the following model of
PLCe-mediated intestine cancer development: stem
cells first undergo neoplastic transformation and
begin to express more PLCg, and then this leads to the
expression of angiogenic factors, which drives further
tumor development.

Colorectal cancer

Study of Danielsen and coauthors was one of the
first findings demonstrating the role of PLCE1 as
tumor suppressor. PLCEl gene expression was
significantly downregulated in colorectal cancer
samples (n=137) as compared to normal colonic
mucosa specimens (n=10), and low levels of PLCe
expression were strongly associated with mutations in
KRAS gene [46]. Due to the decreasing of PLCe levels
during cancer progression, it has been postulated that
PLCe downregulation is important for this process.
Interestingly that PLCe level rose when tumors
reached the metastatic stage, but PLCe promotor
showed no signs of methylation suggesting that the
other mechanisms underlying this phenomenon could
exist. According to these findings authors suggest that
PLCe can play a tumor suppressor role for colon
cancer.

In 2012 Wang et al. analyzed 100 colon cancer
samples and found the downregulation of PLCe
expression in 46% of them, which also correlated with
patients’ age and tumor stage [47]. The
overexpression of full-length PLCe in colon cancer cell
lines resulted in higher apoptosis rate, slower growth
rate and decreased migration ability; cells
overexpressing PLCe formed smaller tumors in
xenograft mice.

A tag SNP (tSNP) analysis of 203 colorectal
cancer samples and 296 controls showed that PLCE1
gene had one of the SNPs believed to be responsible
for cancer development [48]. Further analysis [49]
conducted in European population (controls: n=382,

colorectal tumor: n=192) showed the common genetic
variants of PLCE1 identified earlier in GWAS study
[30] were not associated with colorectal cancer
development. However, the study conducted by Ezgi
et al. (controls: n=210, colorectal tumor: n=200) clearly
showed that rs2274223 SNP was associated with
higher risk of colorectal cancer development in
Turkish and Caucasian people [50]. Interestingly, the
study of Wang and coauthors demonstrated that
rs2274223 A>G change might decrease level of PLCE1
expression and the variant G phenotype is associated
with a high susceptibility to colorectal cancer in
Chinese population (controls: n=416, colorectal
tumor: n=417) [51]. Later, Zhang et al. performed a
study of multiple PLCE1 SNPs for their potential
correlation with a high risk of colorectal cancer
development in Han Chinese population (controls:
n=385, colorectal tumor: n=276). This study
demonstrated that 1s753724 and 1rs11187842
polymorphisms significantly differ between cancer
patients and healthy individuals [52].

Therefore, a number of studies have shown
evidence to support the tumor suppressor role of
PLCe in colorectal cancer development. This is also
consistent with a higher PLCE1 gene expression in the
normal colorectal tissues as compared to the
colorectal adenocarcinoma in the Oncomine cancer
microarray dataset (Figure 2D). However, the
molecular mechanisms behind this tumor suppressor
role of PLCe warrant further investigation.

Head and neck cancer

It has been shown that PLCe may contribute to
the development of head and neck cancer. Ma et al.
have analyzed three potentially functional SNPs of
PLCE1in 1,098 patients with head and neck squamous
cell carcinoma (HNSCC) and 1,090 controls matched
by age and sex in non-hispanic whites [53]. It has been
shown that PLCE1 variants may have an effect on risk
of HNSCC associated with tobacco and alcohol
exposure (particularly for those tumors aroused at
non-oropharyngeal sites). Bourguignon et al. showed
that in head and neck cancer cell line HSC-3 PLCe
activation through RhoA-GTP can be blocked by
overexpression of PZD domain of leukemia Rho-GEF
(LARG) protein, suggesting that PZD domain of
LARG can be a ©potential inhibitor of
RhoA/PLCe-mediated production of
inositol-3-phosphates, release of Ca?* from internal
storages and thus starting the cascade of signaling
events involved in development of head and neck
cancer [54].

Bladder cancer

Recent works devoting to the involvement of
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PLCe in bladder cancer development have been
focused mainly on the experiments on bladder cancer
cell lines. In 2010 Ou et al. studied the effect of PLCe
gene silencing with small hairpin sh RNA on the
invasive properties of T24 cells and showed the
significant decrease of the invasive cell potential and
downregulation of BCL2, MMP2 and MMP9 gene
expression suggesting that PLCe may act as an
oncogene for bladder cancer [55]. Using the same
approach for BIU-87 cells, Ling et al. demonstrated
that knockdown of PLCe expression led to the
inhibition of cell proliferation and accumulation of the
cells in GO/G1 phase of cell cycle [56]. In addition,
Cheng and coauthors showed the cyclin D
downregulation in xenograft tumors derived from
cells with knocked down PLCe [57]. Recent data
obtained by Yang et al. links PLCe expression to
inflammatory-associated pathways, particularly to the
phosphorylation of STAT3 transcription factor in
transitional cell carcinoma of bladder (TCCB) [58].
Taken together these data suggest that PLCe may
have an impact on bladder cancer development,
although these experimental results need to be
explained by investigation of the molecular
mechanisms of PLCe signaling.

Gallbladder cancer

Interesting research has been carried out by the
group of Indian researchers who studied the
association of some genetic variants of PLCe with
susceptibility to gallbladder cancer in North Indian
population. Gallbladder cancer is a relatively rare
disease which is mostly abundant in populations from
South America, Central and Eastern Europe and
Northern India. Authors genotyped 641 patients (416
with gallbladder cancer and 225 controls) and proved
that PLCe polymorphisms previously found in GWAS
study can be associated with gallbladder cancer [30];
moreover, authors suggest the involvement of
inflammation process in PLCe-mediated gallbladder
cancer development [59].

Prostate cancer

The role of PLCe in prostate cancer has not been
studied till recently, when the first article on this topic
by Wang et al. has been published [60]. Authors
investigated the expression of PLCe in 37 prostate
cancer samples derived from cancer patients
compared to 10 benign prostatic hyperplasia (BPH)
specimens and also studied the relations among PLCe,
androgen receptor AR and Notchl. This study
showed that PLCe expression was elevated in prostate
cancer samples, and targeted silencing of PLCe
inhibited cell growth and proliferation of LNCaP and
PC3 cells, decreased the expression levels of androgen

receptor, Hes-1 and Notch, and blocked AR
translocation to the nucleus. The authors concluded
that PLCe may contribute to the development of
prostate cancer through the independent regulation of
both Notch-1 and AR pathways.

PLCe: a critical but controversial player in
carcinogenesis

There is considerable evidence that metabolome
changes induced in response to microenvironmental
stimuli e.g. inflammation, hypoxia, nutrient
deficiency, cancer therapy such as chemo- or
radiotherapy may lead to the development of various
diseases including malignant tumors [61, 62].
Metabolic reprogramming is one of the common
cancer hallmarks [63]. A high biosynthetic and
energetic demand of cancer cells drives the broad
disregulation of the metabolic pathways that enable
tumor cells to survive and grow in the harsh
microenvironmetal conditions. Fast growing tumors
have considerable alterations in the lipid metabolism
including de novo lipogenesis. This not only serves as
additional energetic resource, but also generates a
number of biologically active molecules such as
diacylglycerol, cholesterol, ceramide, sphingosine,
PIP2, IP3 which are involved in the activation of a
variety of signaling pathways associated with cancer
progression, metastases and therapy resistance e.g.
GPCR, AKT/PI3K, PKC, PLC [1, 63, 64].

Being the largest member of phospholipase C
enzyme family, PLCe has unique features enabling it
to be involved in the different signaling pathways and
thus to play a role in different tumor entities. Up to
now the functions of PLCe within the cell is not
absolutely clear. It is known that PLCe can be
activated by EGF, through GPCR receptors and via
Rho pathway. Within the cell PLCe has not only
classical phospholipase C function, but is also able to
interact with Ras family GTPases and activate
different signaling pathways leading to the changes in
cell proliferation, survival etc.

Due to the complex domain structure and ability
to interact with multiple signaling molecules PLCe
can play role in cancer development. Interestingly,
that PLCe can act either as an oncogene or as a tumor
suppressor for different tumor entities (Table 1,
Figure 4). One of the possible reasons for such
differences in functions might be hidden behind the
complex structure of PLCe and thus its involvement in
the different signaling pathways. For some types of
cancer distinct pathways can be more important than
others, that could be in part attributed to the
oncogenic addiction e.g. in the KRAS driven lung
tumors or to the tumor microenvironment. Thus,
depending on the tissue context, PLCe can be critical
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molecule that enhances or suppresses cancer
development [65]. The study of Song and coauthors
which demonstrated that changes in the subcellular
localization of PLCe in response to EGFR activation
depend on the activated upstream regulators, H-Ras
or RaplA, in a nice example of the contextual
physiological role of this protein in cancer cells [6]. An
interesting example of another metabolic protein
which serves as contextual oncogene of tumor

suppressor is the adenosine monophosphate (AMP)
activated protein kinase (AMPK), which maintains
energy homeostasis and promotes cell survival under
bioenergetics stress conditions. However, when it is
highly activated, it might lead to the inhibition of
tumor growth [66]. The reported conflicting role of
AMPK in regulating carcinogenesis might at least
partially depend on other oncogenes driving tumor
growth such as Myc and H-Ras [67, 68].

Table 1. The role of PLCk in the different tumor entities.

Oncogene

Tumor suppressor

Tumor entity
Gastric cancer

Esophageal cancer

Colorectal cancer
(rs2274223A >G
transition)

Head and neck
cancer

Lung (NSCLC cells)

Bladder cancer

Gallbladder cancer
Prostate cancer

Skin cancer

Intestine cancer

Model Ref Tumor entity Model Ref
Gastric cancer tissue samples from Chinese patients (N=2766) and healthy [30] Colorectal cancer ~Transcriptome datasets [46]
controls (N=11013) from colorectal cancer
Gastric cancer tissue samples from Chinese patients (N=1059) and healthy [43] samples (N=137) and
controls (N=1240) normal mucosa (N=10)
Meta-analysis where gastric and esophageal cancer cases (N=8281) and [44]
healthy controls (N=10532) were compared
Gastric cancer cell lines AGS, SGC7901, MGC803; tissue samples from [41] Colorectal cancer tissue [47]
patients with gastric cancer (N=74), tissue samples from patients with samples obtained from
chronic atrophic gastritis (N=799) patients and their
Meta-analysis where gastric and esophageal cancer cases (N=761) and [27] pair-matched normal
healthy controls (N=457) were compared tissues (N=50)
Tissue samples from gastric cancer patients (N=940) [40]
Tissue samples from patients with gastric cancer (N=108) and healthy [32]
controls (N=195) from Kashmir Valley
Tissue samples from Korean patients with gastric cancer (N=3245) [45]
ESCC tissue samples (N=222) and controls (N=326); Ecal09, TE-1, [27,39] Skin cancer Transgenic PLCe-/- mice [19]
KYSE-150, KYSE-450 human ESCC cell lines developed by authors
ESCC cell lines EC109 and EC9706, [38]
Tissue samples from ESCC patients and pair-matched controls (N=132) [37]
Tissue samples from patients with ESCC (N=135) and age and gender [32]
matched controls (N=195)
Tissue samples obtained from patients with ESCC and their age and [34]
gender-matched controls (N=550)
GWAS performed on ESCC patients (N=1077) and healthy controls [30]
(N=1733), and then repetition of 18 promising SNP on additional number
of ESCC patients (N=7673) and healthy controls (N=11013)
Colorectal cancer samples obtained from patients (N=203) and normal [48] Lung cancer Tissue samples obtained [26]
tissue samples (N=296); from patients with lung
adenocarcinoma -
microarray data from
Oncomine database
tSNPs in PLCe gene analyzed in colorectal cancer samples from European [49]
patients (N=192) and non-cancerous tissues (N=382)
Human oral squamous cell carcinoma HSC-3 cell line [54]
Tissue samples from patients with HNSCC (N=1098) and normal tissue ~ [53]
(N=1090)
NSCLC cells obtained from patients with lung cancer (N=36) [25]
Transgenic PLCe-/- mice developed by authors [19]
Xenograft tumors obtained from cells with knockdown of PLCe; human  [57]
bladder cancer cell lines BIU-87
Human bladder cancer cell line BIU-87 [56]
Human bladder cancer cell line T24 [55]
Bladder cancer cell lines BIU-87, T24; bladder carcinoma tissue samples [58]
(N=48) and adjacent normal tissue (N=21)
Gallbladder tissue samples from patients (N=416) and controls (N=225)  [59]
Prostate cancer tissue samples (N=37) and benign prostatic hyperplasia  [60]
(N=10)
Transgenic PLCe-/- mice developed by authors [22]
23]

Transgenic mouse model of intestine cancer (Min/-PLCe/-, Min-/- PLCe*/+) [24]
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Colorectal cancer

Low levels of PLCe are
associated with KRAS
mutations [45].

Skin cancer

PLCe interacts with Ras;
complete loss of PLCE1
gene results in increased
tumor susceptibility [18].

Lung cancer
PLCe interacts with Ras;
PLCe expression is
decreased in lung tumors
and some NSCLC lines

[1€]

SNP rs2274223 and
rs3765524;
inflammation as a first
“step in further cancer

development [58].

Intestine cancer

PLCe deletion in Min-/-
“mice leads to the decrease
of intestine tumor numbers
“and blood vessel formation
in low-grade, but not high-
grade intestine adenomas
[24].

Gastric cancer
r$2274223 and

Bladder cancer

Head and neck cancer

PLCe activation through
RhoA-GTP can be blocked by
PZD domain of LARG = no
Ca?* release, no downstream
signaling [53].

Esophageal cancer

SNP rs2274223: His1927Arg
substitution in C2 domain of PLCk,
SNP rs3765524: Thr1777lle
substitution in catalytic domain of
PLCe [28];
high levels of PLCe decreased the
expression of p53 [37]; miR-328
[38] and miR-145 [39] reduce the

expression of PLCt.

Lung cancer

High levels of PLCe
decrease the
expression of p53 [25].

Skin cancer
Prostate cancer

Disrupted catalytic

. Independent regulation
domain = oncogene A
- of PLCe functions
activity of PLCe [22]. o i

receptor (AR) and
Notch1 signaling [59].

rs3765524 are PLCe gene silencing -
associated with GC in downregulation of BCL2,
inese Han [30], but not MMP2 and MMPS - oncogene

Caucasian population
[42] ‘

expression, inhibition of
cell proliferation [54];
PLCe expression is linked
to STAT3 signaling [57].

- tumor suppressor
- mechanisms are not known

Figure 4. The controversial role of PLCet in carcinogenesis and associated signaling mechanisms.

Currently the most studied tumor entities where
the role of PLCe has been clearly shown include
esophageal squamous cell carcinoma and gastric
cancer. The large GWAS analysis discovered 3 SNPs
in PLCE1 gene that are significantly correlating with
development of ESCC in Chinese Han population and
some other populations. It has been shown that
patients with ESCC bearing those SNPs have
significantly lower survival rate compared to the
patients lacking them. Interestingly, this correlation
has not been shown for the South African
populations. There are some potential reasons for
these controversy including small sample size,
unavailability of some patient-related data including
smoking and drinking status, age and sex, and finally,
a lower linkage disequilibrum (LD) in African
population compared to Chinese population [35].

On the other hand, SNP polymorphism in one
gene might have a little impact on cancer
development and therefore be loosely related to the
tumorigenesis. For example, instead of one-by-one
SNP analysis, Tan and coworkers employed analysis
of GWAS data for 54 genes involved in the inositol
phosphate metabolic pathway in eight different types
of tumors that could potentially pave the way for the
GWAGS-based analysis of the metabolism-related

biomarkers [69]. Interestingly, this study confirmed
the highly significant association of PLCEI as an
individual gene with ESCC and GC development. The
pathway-based analysis demonstrated that inositol
phosphate metabolism is significantly associated with
lung cancer, ESCC, GC and renal cell carcinoma. This
study illustrates distinct metabolic demands for the
different tumor types and might at least in part
explain reported discrepancy in the role of PLCe for
the development of different tumor types.

Despite ESCC and GC can be considered as the
most studied tumor entities where PLCe plays
oncogenic role, the biological function of PLCE1 SNPs
which correlate with cancer risk is not yet clear. On
one hand, the high level PLCE1 expression correlates
with ESCC and GC progression. However, on the
other hand most of the examined SNPs might lead to
the loss of functionality of the different PLCe domains
including the core domain and therefore potentially
disrupt downstream signaling pathways [33]. But this
hypothesis has to be supported by further
experimental data.

Interesting questions have been raised during
the investigation of PLCe role in development of skin
cancer. A major part of work in this field has been
done by Kataoka’s group showing that PLCe acts as
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oncogene for skin cancer [6]. However, the findings
obtained by Martins et al. were completely opposite,
raising the discussion about the real role of PLCe in
skin cancer [19]. Both groups agree that inflammation
mechanisms can be important triggers of skin cancer.
The idea of inflammation as an intermediate
mechanism that can lead to further tumor
development has been given by authors who studied
PLCe involvement in intestine cancer [24] and
prostate cancer [60]. The other studies support this
idea, showing that PLCe is significantly involved in
neuroinflammation (through the activation of NF-kB
signaling) [70] and inflammatory response of
epithelial cells during bronchial asthma (through the
upregulation of inflammatory cytokines) [71]. The
hypothesis of the link between PLCe, inflammation
and cancer has been also confirmed by Yang et al,,
who showed that knockdown of PLCe by shRNA
decreased not only PLCe expression itself, but also the
expression of inflammatory cytokines IL-6, TNF-a,
IL-2B and inflammation-associated genes TLR-4,
MyD88 and phosphorylated STAT-3 [58]. This can be
the other way of how PLCe can be involved in
development of different cancers. In addition to its
potential contribution to the development of a
number of solid tumors, our previous protein-protein
interaction studies demonstrated that PLCe can bind
to the PH domain of Bcr-Abl oncogene that
potentially indicates its involvement in the Bcr-Abl
mediated leukemogenesis [72].

Taken together, the current experimental and
clinical data suggest that PLCe might play a pivotal
role in regulation of cancer development and
progression However, there is a long way ahead
before PLCe could be potentially employed as
diagnostic marker and therapeutic target. Additional
functional studies and more clinical investigations are
needed with larger sample size and improved study
design to verify PLCe association with cancer risk.
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