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Abstract

The de novo biosynthesis of two major glycerophospholipids, phosphatidylethanolamine and
phosphatidylcholine, occurs through the Kennedy pathway. In this process, ethanolamine or
choline is initially phosphorylated to phosphoethanolamine or phosphocholine, respectively,
and subsequently converted by cytidylyltransferases into CDP-ethanolamine and CDP-choline.
Dysregulation of this pathway has been implicated in various diseases. This review provides
a comprehensive overview of the enzymatic components of the Kennedy pathway and their
physiological roles. Furthermore, it explores the involvement of these enzymes in diseases,
with particular emphasis on cancer, while also considering other conditions such as type II
diabetes, obesity, and liver disorders. To assess potential links between Kennedy pathway
enzymes and cancer, a bioinformatics analysis was conducted using data from the GEPIA
portal, covering 33 different cancer types.

Keywords: phospholipids; Kennedy pathway; phosphatidylcholine; phosphatidylethanolamine;
cancer
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linked to fatty acids, a phosphate group, and, in some cases, additional molecules such as
choline, serine, or ethanolamine [1]. Among them, phosphatidylethanolamine (PE) and

Copyright: ©2026 by the authors phosphatidylcholine (PC) are synthesized de novo via the Kennedy pathway (Figure 1) [2].
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Figure 1. Biosynthesis of PE and PC via the Kennedy pathway. This pathway consists of three
enzymatic steps. In the first step, choline or ethanolamine is phosphorylated by a specific kinase,
resulting in the formation of phosphoethanolamine or phosphocholine. These intermediates are
then converted by cytidylyltransferases into cytidine diphosphate (CDP)-ethanolamine and CDP-
choline. In the final step, a specific transferase catalyzes the transfer of phosphoethanolamine or
phosphocholine to diacylglycerol (DAG), leading to the synthesis of PE or PC.

Like all biochemical processes, the Kennedy pathway is closely integrated with other
metabolic pathways and should not be considered in isolation. It competes with diacylglyc-
erol acyltransferase (DGAT) for DAG, thereby linking glycerophospholipid biosynthesis
to triacylglycerol (TAG) synthesis [3]. Another important aspect is the interconversion of
PC and PE through reactions involving phosphatidylethanolamine N-methyltransferase
(PEMT), phosphatidylserine decarboxylase (PISD), and phosphatidylserine synthases
(PTDSS1 and PTDSS2). These processes were discussed in detail in our previous review on
the interconversion of phosphatidylserine (PS), PE, and PC [4]. Thus, the biosynthesis of
TAG, PE, and PC forms a closely interconnected metabolic network (Figure 2). Accordingly,
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the Kennedy pathway discussed in this review should be viewed within the broader context
of cellular lipid metabolism.
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Figure 2. Interconnection of the Kennedy pathway with other biochemical pathways. The Kennedy
pathway utilizes DAG as a substrate for the biosynthesis of PC and PE. However, DAG is also
required for TAG synthesis. The relationship between the Kennedy pathway and overall cellular
metabolism is even more complex because phosphatidic acid is also involved in the biosynthesis
of other phospholipids. Phosphatidic acid is converted by lipins to DAG, which can subsequently
enter the Kennedy pathway and be used for PE and PC biosynthesis. In addition, PE and PC can be
interconverted through other metabolic reactions.

This review aims to examine the relationship between the enzymes of the Kennedy
pathway and human diseases. A deeper understanding of these associations may help
identify potential therapeutic targets for various disorders.
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2. Biosynthesis of Phosphatidylethanolamine via the Kennedy Pathway
2.1. Ethanolamine Kinases

The synthesis of PE or PC occurs through the Kennedy pathway [2], comprising
three distinct reactions. In the first step, during the synthesis of PE, phosphorylation of
ethanolamine takes place, resulting in the formation of phosphoethanolamine. In humans,
two enzymes with ethanolamine kinase (ETNK) activity, ETNK1 [5] and ETNK?2 [6], are
responsible for this reaction. ETNK1 does not show choline kinase activity [5] and its expres-
sion occurs at similar levels in all organs [7]. On the other hand, ETNK2 has ethanolamine
kinase activity and may also have slight choline kinase activity [6]. The highest expression
of this enzyme is found in the testis, liver, and kidney [7]. The pathway for synthesizing
PE within the Kennedy pathway plays a crucial role in the differentiation of T follicular
helper (TFH) cells, as highlighted by Fu et al. in 2021 [8]. Particularly, PE is indispensable
for the differentiation of TFH cells and the presence of CXC motif chemokine receptor 5
(CXCR5) on their cell membrane. TFH cells play a pivotal role in the functioning of B cells.
Consequently, the de novo synthesis of PE is a vital factor in shaping humoral immunity.

Ethanolamine Kinases in Cancers

The ETNK1 gene mutations identified in tumors contribute to an increased incidence
of subsequent mutations in cancer cells, as elucidated by Fontana et al. in 2020 [9]. This
phenomenon is linked to heightened mitochondrial activity, where phosphoethanolamine
acts as an inhibitor of succinate dehydrogenase (SDH), also known as mitochondrial
complex II. Mutations in ETNK1 diminish phosphoethanolamine production, consequently
elevating mitochondprial activity and reactive oxygen species (ROS) production. The ensuing
ROS inflict damage to DNA, perpetuating a cycle of mutagenesis [9].

ETNKSs emerge as pivotal players in various cancer types. Studies on gastric cancer
underscore the downregulation of ETNK1 expression by miR-708-3p [10] and miR-199a-3p [11],
which is crucial for the proliferation and migration of gastric cancer cells, as well as tumor
growth. Significantly, the opposing role of the second isoform, ETNK2, is evident in gastric
cancer, where its increased expression correlates with advanced stages and poorer prognoses [12].
Moreover, higher ETNK2 expression may contribute to hepatic metastasis in gastric cancer [12].
The two enzymes likely play distinct roles in different processes in gastric cancer and also exhibit
different expression patterns. This may account for the opposing findings reported for the two
isoforms in this type of cancer.

In renal clear cell carcinoma, the downregulation of ETNK1 expression may be modu-
lated by LncRNA FEZf1-asl [13]. Consequently, the reduced expression of ETNK1 in renal
clear cell carcinoma, as observed by Lou et al. in 2023 [13], contradicts the data on the Gene
Expression Profiling Interactive Analysis (GEPIA) portal [14]. Meanwhile, the expression of
the second isoform, ETNK?2, is also diminished in renal clear cell carcinoma [14,15]. Lower
expression of both ETNKs in renal clear cell carcinoma correlates with unfavorable patient
outcomes, indicative of their potential anti-tumor role [14,15].

Lung adenocarcinoma exhibits an intriguing profile with increased de novo synthesis
of PE but reduced PC synthesis compared with healthy lung tissue. This is substantiated by
the distinct expression patterns of enzymes involved in the de novo phospholipid synthesis
pathways [14,16]. Specifically, heightened expressions of ETNK2 and selenoprotein I
(SELENOI—another name for ethanolaminephosphotransferase 1 (EPT1)) are observed [16].
SELENOI exhibits CDP-ethanolamine:1,2-diacylglycerol ethanolaminephosphotransferase
activity and catalyzes the third step of the Kennedy pathway for PE biosynthesis. Thus,
in lung adenocarcinoma tumors, PE production via the Kennedy pathway appears to be
enhanced at two of the three steps of this pathway.

https://doi.org/10.3390/ijms27177519


https://doi.org/10.3390/ijms27177519

Int. J. Mol. Sci. 2026, 27, 7519

50f29

Elevated ETNK1 or SELENOI expression in tumors is linked to poorer prognoses
for lung adenocarcinoma patients [14]. Conversely, higher expression of choline kinase o
(CHKA), a gene encoding the enzyme responsible for the initial step in PC biosynthesis,
correlates with improved patient outcomes [14]. This suggests a pivotal role for the PE
synthesis pathway in lung adenocarcinoma tumorigenesis, while the PC synthesis pathway
may exert anti-tumor effects.

Papillary thyroid carcinoma highlights the involvement of ETNK2 in tumorigenic
processes [17]. Increased ETNK2 expression in papillary thyroid carcinoma tumors is
associated with poorer prognoses. This elevated expression is linked to the stimulation
of proliferation and migration of cancer cells through activation of Hippo and epithelial—-
mesenchymal transition (EMT) pathways [17].

ETNKSs are also implicated in hematolymphoid tumors, particularly myeloid neo-
plasms, such as myelodysplastic syndrome, myelodysplastic/ myeloproliferative neoplasm,
and acute myeloid leukemia (AML), where ETNK1 gene mutations are prevalent [18].
Around 16% of atypical chronic myeloid leukemia (aCML) cases exhibit mutations in
the ETNK1 gene [19]. These mutations result in reduced PE production, suggesting their
significant role in aCML tumorigenesis. Ex vivo experiments on aCML cells have shown
that phosphoethanolamine reduces the growth of colonies of these cells, pointing towards
potential therapeutic applications [9].

The PE synthesis pathway emerges as a crucial factor in skin cancers, particularly in
basal cell carcinomas [20]. Notably, Gorlin syndrome mutations in the Patched 1 (PTCH1)
gene lead to the formation of basal cell carcinomas. The resistance observed in targeted
drugs within the hedgehog pathway is linked to basal-to-squamous cell carcinoma transi-
tion (BST). This transition can be induced by mutations in the PE synthesis pathway genes,
such as PCYT2 or ETNK1 [20].

These studies collectively underscore the intricate involvement of ETNKSs in tumorige-
nesis. Depending on the specific tumor type, a given ETNK may exhibit pro- [17] or anti-
tumor effects [19]. Tumors with ETNK mutations or decreased expression, where decreased
enzyme activity correlates with poorer prognoses, may benefit from therapeutic interven-
tions involving intermediates in the Kennedy pathway, such as phosphoethanolamine.
The ex vivo studies on aCML suggest promising therapeutic potential in this regard [19].
In cases where ETNKs are implicated in tumorigenesis, and higher expression correlates
with worse prognoses, the development of ETNK inhibitors becomes a potential avenue
for therapeutic exploration. Presently, these inhibitors are not known and warrant further
investigation and development.

2.2. Phosphoethanolamine Cytidylyltransferase

Phosphoethanolamine is converted to CDP-ethanolamine by phosphate cytidylyl-
transferase (PCYT)2, also known as cytidine triphosphate (CTP):phosphoethanolamine
cytidylyltransferase (ECT) [2,21,22]. This enzyme demonstrates a high degree of specificity
for phosphoethanolamine and exhibits modest activity towards phosphocholine [23].

PCYT2 is predominantly localized in the cytoplasm [24], although some sources also
report its localization in the endoplasmic reticulum [25]. PCYT2 has not been detected in the
nucleus, mitochondria, or peroxisomes [25]. Through alternative splicing, PCYT2 generates
diverse isoforms [26-28], each characterized by distinct catalytic parameters and regulatory
features. Notably, in mice, PCYT2f displays twofold higher activity than PCYT2«x [26].
Moreover, the identification of PCYT2y in mice reveals its interaction with other PCYT2
isoforms, resulting in reduced overall activity [28]. The isoforms may exist as homo- or
heterodimers, suggesting a potential mechanism for regulating their activity [27]. Further
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modulation occurs through phosphorylation, where protein kinase C (PKC)c, PKCI, and
PKCBII phosphorylate PCYT2a at Ser?'> and Ser???, augmenting its activity [28].

The biosynthesis of PE assumes paramount importance in muscular physiology. My-
oblast differentiation prompts an increase in the expression of the aforementioned enzyme,
thereby facilitating muscular development [29]. Conversely, the aging process induces a de-
cline in PCYT?2 activity within muscles, culminating in muscle weakness [30]. Beyond its role
in muscle biology, the metabolic fate of phosphoethanolamine holds pivotal significance in the
development and sustenance of the nervous system. Mutations in the PCYT2 gene instigate
disruptions in etherphospholipid metabolism, contributing to congenital neurological disor-
ders categorized as complex hereditary spastic paraplegia or axonal polyneuropathy [31,32].

2.2.1. Phosphoethanolamine Cytidylyltransferase in Cancers

PCYT2 may exert a crucial role in oncogenic processes. When faced with nutrient
deficiencies, particularly in glutamine, the expression of this enzyme diminishes in can-
cer cells [33]. This becomes particularly significant due to tumor regions experiencing
chronic hypoxia, situated far from blood vessels, resulting in the accumulation of phospho-
ethanolamine in cancer cells. This compound facilitates the growth of cancer cells under
conditions of nutrient scarcity. PCYT2 also has the capacity to biosynthesize CDP-glycerol
from glycerol-3-phosphate and CTP [34]. CDP-glycerol, in turn, reduces the glycosylation
of a-dystroglycan [35], a cell-surface protein, ultimately weakening cell adhesion [36]. This
phenomenon is observed in tumors, particularly in colorectal cancer, contributing to cancer
cell migration and metastasis.

Meclizine has been shown to be a potential PCYT2 inhibitor (Figure 3) [37]. Widely
used to treat motion sickness due to its antihistamine properties, meclizine is currently being
explored as a potential anticancer drug [38]. Particularly when combined with PFK158, an
inhibitor of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3), in vitro and
in vivo experiments have demonstrated efficacy against hepatocellular carcinomas and in vitro in
acute myeloid leukemia [39]. Additionally, recent findings reveal another PCYT inhibitor present
in Citrus sinensis peel, although its potential anticancer properties remain unexplored [40].
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Figure 3. PCYT inhibitors. (A) Meclizine and compounds isolated from Citrus sinensis peel: (B) ethyl
a-d-glucopyranoside, (C) 3',5'-dimethoxyacetophenone, and (D) methoxy-4-vinylphenol.
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2.2.2. Phosphoethanolamine Cytidylyltransferase in Other Diseases

PCYT2 is also implicated in type II diabetes. Research conducted on mice revealed a
decrease in PCYT2 expression in the liver during diabetes [41]. Consequently, this leads to
mitochondrial dysfunction and liver cell damage. Notably, CDP-ethanolamine emerges as
a potential therapeutic compound mitigating the impact of diabetes on the liver.

Studies involving mice with induced defects in the PCYT2 gene underscore the signifi-
cance of phosphoethanolamine metabolism in overall metabolic function. This observation
was observed in mice with only one functional copy of the PCYT2 gene [42]. The absence
of functional PCYT?2 alleles proved embryonically lethal. Diminished PCYT?2 activity led
to accumulation of substrates catalyzed by this enzyme, resulting in an accumulation of
phosphoethanolamine—an inhibitor of mitochondrial respiration [37].

Reduced PCYT?2 activity also contributed to increased utilization of DAG for TAG
production and an elevated de novo fatty acid production [43]. These metabolic alterations
contributed to obesity and insulin resistance, as shown in studies of obese individuals [44].
Adipose tissue exhibited a negative correlation between PCYT2 expression and Body Mass
Index (BMI) and waist-to-hip ratio, implying that reduced PCYT2 activity may contribute
to obesity [45]. Animal studies further demonstrated that diminished PCYT2 activity in
males led to hypertension and cardiac hypertrophy. In older mice, altered metabolism
resulted in nonalcoholic steatohepatitis [46].

The ramifications of reduced PCYT2 activity offer insights into anticipating potential
side effects of drugs targeting this enzyme. Furthermore, they may illuminate the genetic
underpinnings of certain diseases, such as type II diabetes, obesity, cardiovascular dis-
eases, and nonalcoholic steatohepatitis, where diminished enzyme activity could heighten
susceptibility to these conditions.

2.3. Ethanolaminephosphotransferases

In the third reaction of the Kennedy pathway, PE is synthesized from CDP-
ethanolamine and DAG [2]. The enzyme catalyzing this reaction possesses CDP-
ethanolamine:1,2-diacylglycerol ethanolaminephosphotransferase activity. These enzymes
are choline/ethanolaminephosphotransferases (CEPT1) [47,48] and SELENOI [49]. It
should be noted that CEPT1 also exhibits cholinephosphotransferase activity, which is
more prominent than in the synthesis of PE, thus enabling its involvement in PC synthesis
as well [47]. CEPT1 exhibits the highest activity toward 1-palmitoyl-2-oleyl-glycerol when
the substrate is CDP-ethanolamine [48]. CEPT1 is a membrane protein located in the
endoplasmic reticulum and nuclear membranes [50,51]. On the other hand, SELENOI is an
ethanolaminephosphotransferase enzyme that produces PE [49].

SELENOI and CEPT1 differ in terms of the type of PE produced. SELENOI is respon-
sible for synthesizing PE with longer fatty acid chains, such as PE 36:1 and PE 40:5 [51].
CEPT1, on the other hand, is responsible for synthesizing PE with shorter fatty acid chains,
such as PE 32:1 and PE 34:2 [51]. SELENOI also shows greater activity toward 1-alkyl-2-
acylglycerol [52,53], which leads to the production of plasmanyl-PE. Therefore, this enzyme
is involved in the synthesis of ether glycerophospholipids, such as plasmalogens.

SELENOI is more important than CEPT1 in the synthesis of plasmanyl-PE [51]. In
contrast to CEPT1, SELENOI does not exhibit cholinephosphotransferase activity [49].
In the cell, SELENOI is located in the Golgi apparatus [51], in a different location than
CEPT1. The highest expression of SELENOI is found in the brain, particularly in the
cerebellum, as well as in the liver and pancreas. In the brain, SELENOI plays an important
role in lipid synthesis [52]. Mutations in the gene encoding this enzyme lead to brain
neurodegeneration, including hereditary spastic paraplegia [53,54]. This protein is also
important in T-cell differentiation [55,56].
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2.3.1. Ethanolaminephosphotransferases in Cancers

To date, the role of ethanolaminephosphotransferases in cancer remains insufficiently
explored. In high-grade serous ovarian cancer, CEPT1 appears to be linked to heightened tu-
mor aggressiveness, with evidence indicating that increased gene expression correlates with
tumor recurrence [57]. However, the precise relationship between CEPT1 and treatment
resistance in high-grade serous ovarian cancer remains elusive.

The expression of CEPT1 shows an increase in non-Hodgkin lymphoma (NHL) tumors
compared to healthy lymph node tissue [58]. Nevertheless, the contribution of this enzyme
to the oncogenic processes of NHL has yet to be thoroughly investigated.

Additionally, a study highlights a higher expression level of SELENOI in melanoma
cells compared to normal melanocyte cells [59]. However, again, the exact role of this
enzyme in the oncogenic mechanisms of melanoma remains unknown.

As previously discussed, lung adenocarcinoma exhibits heightened expression of
enzymes in the Kennedy pathway involved in PE biosynthesis, specifically ETNK2 and
SELENOJ, in comparison to healthy lung tissue [16]. The elevated expression of these genes
is correlated with a less favorable prognosis for patients with lung adenocarcinoma [14].
This implies that the PE synthesis pathway in lung adenocarcinoma significantly influences
oncogenic processes.

2.3.2. Ethanolaminephosphotransferases in Other Diseases

Research on mice has demonstrated that CEPT1 expression in muscles increases during
obesity [60]. Elevated expression of this gene results in muscle insulin resistance, while
reduced CEPT1 expression enhances insulin responsiveness in skeletal muscles. These
findings have been corroborated in human studies [60]. There exists a negative correlation
between the level of CEPT1 expression in muscles and insulin sensitivity. Consequently,
CEPT1 emerges as an intriguing therapeutic target for addressing obesity and insulin
resistance associated with obesity.

Variants of the CEPT1 gene have been identified as risk factors for male-pattern hair
loss (MPHL) [61]. However, the details of this association remain unclear.

3. Biosynthesis of Phosphatidylcholine via the Kennedy Pathway
3.1. Choline Kinase

We recently published a review on choline kinase, which provides a detailed explo-
ration of this enzyme [62]. Readers seeking an in-depth understanding are encouraged
to consult that article. In this paper, we present a concise overview of choline kinase,
summarizing its function and its relevance to various diseases.

The first step in PC biosynthesis involves the phosphorylation of choline to phospho-
choline, a reaction catalyzed by choline kinase o (CHK«x) and choline kinase 3 (CHKf) [63].
These two enzymes play distinct roles in metabolism: CHKJ is primarily involved in PE
synthesis, whereas CHK« contributes to both PC and PE biosynthesis [64]. Additionally,
alternative splicing of the CHKA gene gives rise to two isoforms, CHK o1 and CHK a2 [65].
In mice, CHK 2 is 18 amino acids longer than CHK«1 [63]. While both isoforms exhibit
similar tissue expression patterns, their functional differences remain unclear [65].

The activity and expression of choline kinases are tightly regulated, particularly
through phosphorylation, which enhances their enzymatic activity. CHK 2, for instance, is
phosphorylated by c-Src, while CHK is regulated by protein kinase A (PKA) [66,67].

Both CHK« and CHKJ fulfill essential physiological functions, though their roles
vary across tissues. CHK is particularly important in neural tissue, and mutations in the
CHKA gene are associated with neurodevelopmental disorders, including epilepsy and micro-

https://doi.org/10.3390/ijms27177519


https://doi.org/10.3390/ijms27177519

Int. J. Mol. Sci. 2026, 27, 7519

9 of 29

cephaly [68-70]. In contrast, CHKf plays a crucial role in bone and muscle function [71-73].
Mutations in the CHKB gene result in megaconial congenital muscular dystrophy [72,73].

Choline Kinase in Cancer

CHKu is widely recognized as an oncogene in various cancers, whereas CHKf is
considered a tumor suppressor. Elevated CHKx expression in tumors is correlated with
poor prognosis in several malignancies, including esophageal squamous cell carcinoma [74],
hepatocellular carcinoma [75], non-small-cell lung cancer [76], and prostate cancer [77].

The oncogenic role of CHK« is linked to multiple mechanisms. As a key enzyme in
PC biosynthesis, CHKo provides essential structural components for rapidly proliferating
cells, including cancer cells. This may explain why Ras proteins upregulate choline kinase
activity [78,79]. Additionally, CHK« localizes to the nucleus, where it participates in PC
production, influencing chromatin organization and gene expression [80,81].

Beyond its role in phospholipid metabolism, CHK« contributes to cancer progression
through kinase-independent mechanisms. It enhances EGFR signaling by promoting its
interaction with mechanistic target of rapamycin complex (mTORC)2 [66,82] and can
directly phosphorylate protein kinase B (PKB)/Akt [83], leading to Akt activation and
increased cell proliferation. Moreover, CHK« functions as a chaperone for the androgen
receptor (AR), stabilizing it and promoting its expression [84]. This is particularly significant
in prostate cancer, where AR plays a key role in tumor growth.

A broad range of CHK « inhibitors has been identified, with several extensively studied
compounds, including EB-3D [85], MN58b [86], ICL-CCIC-0019 [87], RSM932A [86], and
PL48 [88]. However, these represent only a fraction of the known CHKw inhibitors, as
numerous additional candidates have been investigated. Many of these inhibitors exhibit
potent in vitro activity at submicromolar concentrations, demonstrating anticancer effects,
though they have not yet advanced to clinical trials.

Examples of promising CHK« inhibitors include the following:

e  5-[(4-methyl-14-diazepan-1-yl)methyl]-2-[4-[(4-methyl-1,4-diazepan-1-yl)methyl]phe

nyl]benzenecarbonitrile [89];

e 1,1'-(((ethane-1,2-diylbis(oxy))bis(4,1-phenylene))bis(methylene))-bis(7-chloro-4-(pyrr

olidin-1-yl)quinolinium) bromide [90];

e  1-({4-[(3-aminophenoxy)methyl]biphenyl-4-yl}methyl)-4-(dimethylamino)pyridinium

bromide [91] (Figure 4).

However, the inhibitors described above have not yet undergone clinical evaluation
as anticancer agents. One important limitation is that CHK« plays an essential role in
normal cellular and physiological functions, and its inhibition may therefore result in
adverse effects [62]. Moreover, analysis using the GEPIA database shows that higher
CHKo expression is associated with poorer prognosis in only 3 of 33 cancer types [14].
These findings suggest that the therapeutic potential of CHK« inhibitors may be limited to
selected malignancies rather than extending across a broad spectrum of cancers.
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Figure 4. Selected CHK« inhibitors: (A) EB-3D, (B) MN58b, (C) ICL-CCIC-0019, (D) RSM932A,
(E) PL48, (F) 5-[(4-methyl-1,4-diazepan-1-yl)methyl]-2-[4-[(4-methyl-1,4-diazepan-1-yl)methyl]phenyl]
benzenecarbonitrile, (G) 1,1'-(((ethane-1,2-diylbis(oxy))bis(4,1-phenylene))bis(methylene))-bis(7-chloro-
4-(pyrrolidin-1-yl)quinolinium) bromide, (H) 1-({4-[(3-aminophenoxy)methyl]biphenyl-4-yl}methyl)-4-
(dimethylamino)pyridinium bromide.

3.2. Phosphocholine Cytidylyltransferases

In the second step of the Kennedy pathway, analogous to PE synthesis, phospho-
choline undergoes conversion to CDP-choline catalyzed by CTP:phosphocholine cytidy-
lyltransferase (CCT)ot/PCYT1A [92] and CCTR/PCYT1B [93]. Studies on CCTx reveal
autoinhibition, wherein both enzymes possess a lipid-binding domain and a phosphory-
lation region inhibiting their activity [94-96]. These enzymes sense membrane curvature
strain in the endoplasmic reticulum induced by elevated levels of DAG or unsaturated
PE [97]. Dephosphorylation of the enzymes enhances their binding to lipid membranes in
the cell [98,99]. Subsequently, CCTx and CCT} associate with lipid membranes in the cell,
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allowing for PC biosynthesis, leading to an elevation in the PC levels within cell membranes
and the maintenance of homeostasis.

Factors influencing the activity of CCT« include sphingosine, which reduces CCTx ex-
pression [100]. Ceramides also exhibit this effect as they are transformed into sphingosine,
consequently diminishing CCT activity [101]. This is dependent on cytosolic phospholipase
Aj (cPLAj) activation and lysophosphatidylcholine (IysoPC) generation. Another factor
enhancing CCT activity is glucosylceramide [102]. Pathological accumulation of glucosyl-
ceramide in cells, including neuronal cells, occurs in Gaucher disease. The mentioned effect
of glucosylceramide may play a role in pathological mechanisms of this disease [102].

CCT« is localized in both the endoplasmic reticulum and the nucleus, specifically the
nuclear envelope and nuclear lipid droplets [99,103]. The nuclear localization signal (NLS)
and monoubiquitination at Lys®, which is in close proximity to the NLS, are responsible
for CCT« localization [104]. Monoubiquitination of CCT« leads to its export from the
cell nucleus to the cytoplasm and proteolytic degradation of the enzyme [105]. Calpain
can degrade CCT«, but calmodulin binding to CCT« protects it from calpain-mediated
degradation [105]. Tumor necrosis factor-« (TNF-«) increases CCT« protein degradation,
which is relevant in inflammatory reactions [106].

The intracellular localization of CCTw plays a crucial role in its functions. In quiescent
cells, CCTa is located in the cell nucleus [107], while in dividing cells, especially during
exit from the Gy phase and in the G; phase, it is found in the cytoplasm [107,108]. However,
another study indicates that CCT« is located in the cell nucleus in S phase and in the
cytoplasm in Gy phase [109]. In the nucleus, CCT« participates in the Kennedy pathway
biosynthesis of PC, which is crucial for chromatin structure associated with PC and for the
functioning of the nucleoplasmic reticulum [110,111]. CCTx expression increases in the
S phase due to specificity protein 1 (Sp1) [109,112], phosphorylated by cyclin-dependent
kinase 2 (CDK2) [109]. This phosphorylated Sp1 binds to the promoter of the PCYT1A gene,
enhancing CCTx expression. The highest CCT activity occurs in the G phase of the cell
cycle, ensuring elevated CCT« expression in the S phase and preparing cellular metabolism
for structural component synthesis post-mitosis [108]. Caspase 3-mediated removal of the
N-terminal portion containing NLS during apoptosis increases CCTo activity [113], but
this process reduces PC synthesis in the Kennedy pathway by limiting choline uptake [114].

CCT o expression is observed in all organs, and alterations in its expression or activities
lead to changes in various organs [115]. CCT« serves multiple physiological functions,
including regulating lipid droplet size, participating in autophagy [116], and contributing to
PC production in the liver, influencing blood PC, high-density lipoprotein (HDL), and very
low-density lipoprotein (VLDL) levels [117]. Decreased liver CCT« activity leads to TAG
accumulation. CCTe is crucial for B cell function [118] and plays a role in lipid absorption
in the intestinal epithelium during a high-fat diet [119]. Reduced CCT« expression in
the intestines results in barrier function disturbances and loss of goblet cells, potentially
relevant in obesity treatment [120].

CCTa is significant in human development. The PCYT1A SNP rs939883 genotype AA
in women is associated with increased spina bifida risk [121]. Mutations in the PCYT1A
gene lead to congenital lipodystrophy, severe fatty liver disease with diabetes [122], spondy-
lometaphyseal dysplasia with cone-rod dystrophy [123,124], and isolated retinal dystro-
phy [125]. The E280del mutation in CCT« is linked to increased activity and leads to
congenital lipodystrophy and severe fatty liver disease with diabetes [122]. Other muta-
tions reducing CCTo activity are also associated with this disease. Mutations in other genes
encoding enzymes in the PC synthesis pathway lead to different genetic disorders.

The gene PCYT1B produces three CCTf protein variants via alternative splicing:
CCTp1,CCTR2[103], and CCTPR3 [115]. CCTf is located in the endoplasmic reticulum [103].
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CCTp3 is essential for autophagy induced by cellular starvation [126]. This enzyme
synthesizes PC, contributing to autophagosome membrane formation. CCT(33 is crucial for
starvation-induced lipid droplet function, enabling further autophagy by utilizing lipid
droplet components for PC synthesis.

CCTp exhibits the highest expression in the brain, with lower expression in the
testis [115]. Organ-specific localization of these enzymes is significant for the consequences
of changes in their expression or disruptions in enzyme activity. Studies on mice show that
CCTp2 is essential for proper ovarian and testicular function, with decreased expression
leading to reduced fertility. CCTp2 is also necessary for the proper functioning of the
nervous system, contributing to PC synthesis in distal axons [127] and participating in
neurite outgrowth and branching [128].

3.2.1. Phosphocholine Cytidylyltransferases in Cancers

CCT assumes a noteworthy role in various neoplastic conditions. CCT«’s influence on
genome stability is exemplified by its involvement in Bcl-2-mediated tetraploidization
of cells [129]. This phenomenon, independent of the catalytic attributes of CCT«, is
particularly pertinent in the context of tumorigenesis. Tetraploid cells serve as a transitional
state between normal and cancer cells [130,131]. Throughout tumorigenesis, normal cells
undergo distinct pathological events, such as cell fusion or mitotic aberrations, leading to
the transformation into tetraploid cells. This precarious state culminates in chromosomal
alterations, ultimately facilitating the conversion of these cells into cancerous entities.

In diverse tumor types, heightened expression of CCTo and CCT}} is discerned, or-
chestrated by various factors. Notably, Ha-Ras-induced elevation of CCTa and CCT(2 in
cancer cells is contingent upon the activation of extracellular signal-regulated kinase (ERK),
mitogen-activated protein kinase (MAPK), and specificity protein 3 (Sp3) [113,132]. Con-
currently, Ha-Ras exerts regulatory effects on CCT activity, suppressing it while fostering
the activity of choline kinase and choline phosphotransferase [132,133]. Consequently, this
dual influence results in either diminished [133] or unaltered [113] PC levels in comparison
to cells devoid of H-ras overexpression. Furthermore, in detached cells, CCT« activation
enhances PC synthesis, thereby promoting the proliferation and anchorage-independent
growth of ras-transformed cells [113].

The regulatory impact on CCT o expression extends to RNA methylation processes, as
evidenced by the upregulation induced by 5-methylcytosine (m5C) RNA methyltransferase
NSUN?2, particularly in gastric cancer cells [134].

The significance of CCTa and CCTf in cancer has undergone only cursory examina-
tion, and the precise role of each enzyme in tumorigenesis remains nuanced. CCT«’s impact
can sway between an anti-oncogenic and pro-oncogenic influence, contingent upon the spe-
cific cancer type. Enhanced CCT« expression in bladder cancer post-cystectomy [135] and
in lung adenocarcinoma [136] aligns with more favorable prognoses, while its heightened
presence in gastric cancer correlates with adverse outcomes [134]. Bioinformatic analysis
on the GEPIA platform suggests a potential pro-oncogenic character of CCT«, as elevated
expression associates with worse prognoses in five cancer types (breast invasive carcinoma,
kidney chromophobe, liver hepatocellular carcinoma, pancreatic adenocarcinoma, prostate
adenocarcinoma) and better prognoses in one cancer type (kidney renal clear cell carci-
noma) [14]. Conversely, increased CCT[3 expression in hepatocellular carcinoma is linked
with improved prognoses [137], with GEPIA indicating worse prognoses in four cancer
types (bladder urothelial carcinoma, colon adenocarcinoma, stomach adenocarcinoma,
thyroid carcinoma) and better prognoses in two types (adrenocortical carcinoma, sarcoma),
emphasizing a prevailing pro-oncogenic nature of CCT{3 [14].
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The exact involvement of CCTx and CCTp in tumorigenesis has received focused
attention in specific cancer types. In lung adenocarcinoma, CCTo demonstrates anti-tumor
responses, impeding the proliferation and migration of cancer cells [136], substantiated by
a reduction in mTORC1 activation [107]. Consequently, heightened CCT« expression in
lung adenocarcinoma correlates with improved prognoses [136], mirroring observations
for other Kennedy pathway enzymes in PC synthesis, such as CHK« [16].

Oral squamous cell carcinoma exhibits elevated CCTo expression compared to adja-
cent non-tumor tissue [138], with the expression level positively correlating with tumor
size and lymph node metastasis.

In diffuse large B-cell lymphoma, CCT« expression surpasses that in reactive hyper-
plasia. Frequent MYC overexpression in diffuse large B-cell lymphoma leads to increased
CCTo expression, pivotal for tumor growth, as evidenced by in vivo experiments [139].

CCTp, on the other hand, displays lower expression in hepatocellular carcinoma
tumors compared to healthy liver tissue [137]. Its heightened presence in the tumor is
associated with improved prognoses, indicating an anti-tumor characteristic in hepatocel-
lular carcinoma. These properties hinge on the catalytic capabilities of CCTf3, impacting
lipid droplet coalescence in the liver. Consequently, this diminishes fatty acid release from
organelles by hormone-sensitive lipase (HSL), leading to reduced mTORC1 activation and
diminished cancer cell proliferation.

3.2.2. Phosphocholine Cytidylyltransferases in Other Diseases

The synthesis of PC through the Kennedy pathway, involving CCT, is implicated in
various neurological disorders. CCTs are implicated in drug dependence, with reduced
CCT activity observed in the putamen of individuals addicted to cocaine (but not metham-
phetamine) [140]. Studies in rats reveal a decline in CCT( expression in the Purkinje
cell layer due to cocaine, bearing significant implications for addiction progression and
treatment [141]. Administration of CDP-choline (citicoline), a product of this enzyme,
demonstrates potential in alleviating cocaine craving [142], underscoring the significance
of reduced CCT[} expression in cocaine addiction.

Patients with Parkinson’s disease exhibit elevated activity of enzymes involved in phos-
pholipid biosynthesis (PE, PC, and phosphatidylserine (PS)) in the substantia nigra [143].
Despite no differences in the activity of other enzymes in de novo phospholipid synthesis
between Parkinson’s disease patients and those without the condition, increased CCT
activity corresponds to higher PC levels in the brains of affected individuals. Consequently,
elevated PC levels in cerebrospinal fluid compared to healthy individuals suggest a compen-
satory mechanism for neural tissue damage during Parkinson’s disease progression [144].
The involvement of phospholipids in a-synuclein aggregation and Parkinson’s disease
progression, particularly the fatty acid composition in PC, underscores the role of increased
CCT activity in the substantia nigra in contributing to disease development [145,146].

CCTo'’s significance extends to heart diseases, where ischemia, especially hypoxia and
glucose deprivation, diminishes choline kinase and CCT activity in cardiomyocytes [147].
This results in reduced PC production through the Kennedy pathway, leading to lower
levels of specific PC species in the heart during ischemia [148]. The consequent disturbance
in cell membrane function leads to cardiomyocyte necrosis, emphasizing the potential
therapeutic effects of normalizing PC levels in cardiomyocytes for certain heart diseases.

CCT«’s involvement in obesity is marked by a positive correlation between PCYT1A
expression and body mass index (BMI) and waist-to-hip ratio in adipose tissue [45]. In obe-
sity, adipocyte breakdown leads to the formation of crown-like structures in adipose tissue,
where macrophages accumulate [149]. The released TAGs are taken up by macrophages,
triggering inflammatory reactions in adipose tissue macrophages [150]. Lipids and in-
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creased PC production in these cells contribute to inflammation, involving an upregulation
of enzymes in the Kennedy pathway for PC production, including CCTx and CEPT1,
and the choline transporter SLC44A1 [45]. This pathway indirectly affects PC turnover,
leading to decreased polyunsaturated fatty acid (PUFA) levels in macrophage membrane
phospholipids, resulting in endoplasmic reticulum (ER) stress and inflammatory reactions
that contribute to the consequences of obesity in adipose tissue and other organs [45].

CCTs play a role in liver diseases, with reduced CCT« activity linked to non-alcoholic
steatohepatitis (NASH) [151]. This association arises from the enzyme’s involvement in
VLDL secretion and hepatic fatty acid uptake. Conversely, reduced CCT[3 expression in
choline deficiency can inhibit the development of liver diseases, as evidenced by increased
CCTp expression in the liver. This p53-dependent process increases PC synthesis, reduc-
ing lipid droplet coalescence, ultimately protecting the liver from hepatic steatosis and
positioning CCTf as an anti-oncogene in hepatocellular carcinoma [137].

CCT o plays a pivotal role in the progression of hepatitis B virus (HBV) infection [152-154].
Hepatocyte infection by HBV results in an upregulation of CCTo expression, along-
side other enzymes involved in PC synthesis, including CHK« and cholinephospho-
transferase 1 (CHPT1) [152]. Simultaneously, there is a downregulation of phospho-
ethanolamine/phosphocholine phosphatase 1 (PHOSPHO1), the enzyme responsible for
phosphocholine breakdown [152,153]. This molecular cascade leads to an augmented
production of PC [152-154]. The indispensability of CCTo in HBV replication is evident,
as a reduction in its expression hampers the replication of HBV [153]. Consequently, the
strategic targeting of CCT« holds promise for therapeutic interventions against HBV.

3.3. Cholinephosphotransferase

In the third reaction of the Kennedy pathway, CDP-choline and DAG are converted
into PC [2]. Enzymes catalyzing this reaction are cholinephosphotransferases. Such activity
is exhibited by CEPT1 [47] and CHPT1 [155]. It is worth noting that CEPT1 also displays
ethanolaminephosphotransferase activity [47,48], while CHPT1 does not [50,155]. However,
the differences between these enzymes do not end there. CEPT1 is a membrane protein
located in the endoplasmic reticulum and nuclear membranes [50,51], while CHPT1 is
located in the Golgi apparatus [50]. CHPT1 exhibits the highest activity toward 1-palmitoyl-
2-oleyl-glycerol [50], whereas CEPT1 exhibits the highest activity toward dioleyl-glycerol
and dipalmitoleoylo-glycerol when CDP-choline is the substrate [48]. Increased expression
of lysophosphatidylcholine acyltransferase 1 (LPCAT1) leads to ubiquitination and degra-
dation of CEPT1 protein [156]. That is, PC production by the Kennedy pathway is reduced
by PC resynthesis in Lands cycles.

Cholinephosphotransferase in Diseases

CHPT1’s involvement in tumorigenic processes reveals its pro-tumor properties in a
breast cancer model. The expression of CHPT1 experiences a reduction in breast cancer tu-
mors compared to healthy tissue [157]. Estrogen receptor o (ERo) heightens the expression
of this enzyme, fostering cancer cell proliferation and enabling anchorage-independent
growth [158]. Interestingly, heightened CHPT1 expression in breast invasive carcinoma
correlates with more favorable prognoses, suggesting that this enzyme may not actively
contribute to tumorigenic processes in breast cancer [14].

Conversely, lung adenocarcinoma exhibits lower CHPT1 expression than healthy lung
tissue [14,16]. In this cancer type, PC synthesis through the Kennedy pathway is linked
to anti-tumor effects, as higher CHKx expression, the first enzyme in PC synthesis in the
Kennedy pathway, correlates with better patient outcomes for lung adenocarcinoma [16].
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CHPT1 plays a significant role in prostate cancer. The expression of CHPT1 is dimin-
ished in prostate cancer tumors compared to healthy tissue [159]. Moreover, the expression
of this enzyme in prostate cancer tumors increases with Gleason score and is elevated in
tumors with lymph node metastasis [159-161]. CHPT1 expression is upregulated by AR,
both in an androgen-dependent and androgen-independent manner [160]. The heightened
CHPT1 expression by androgen-independent AR leads to therapy resistance to enzalu-
tamide, a next-generation antiandrogen used in treating castration-resistant prostate cancer.
Therefore, CHPT1 inhibitors or drugs targeting other enzymes in the PC synthesis pathway
could potentially overcome drug resistance in castration-resistant prostate cancer.

The discussed enzyme may also be implicated in alcohol-related liver disease (ALD).
Chronic alcohol consumption diminishes CHPT1 activity [162], resulting in decreased PC
levels in the liver, as evidenced in rat experiments [163]. However, the precise impact of
reduced PC production on the liver in ALD remains unclear.

PC biosynthesis undergoes changes during sepsis. In blood cells during sep-
sis, there is an increase in CHPT1 expression, leading to elevated PC production
through the Kennedy pathway [164]. Serum during sepsis also exhibits increased acyl-
CoA:lysophosphatidylcholine acyltransferases (LPCATSs) activity, contributing to PC pro-
duction in the Lands cycle [165]. Newly produced PC plays a role in sepsis, being essential
for the secretion of proinflammatory cytokines such as TNF-o and interleukin-6 (IL-6), as
demonstrated in macrophage experiments [166]. Consequently, these cells produce PC in
response to lipopolysaccharide (LPS) [167]. However, not all tissues experience increased
PC production during sepsis—in organs like the lungs [168], spleen, and thymus [169],
there is reduced PC production under LPS influence. The composition of fatty acids in
the spleen and thymus also changes, with a higher proportion of unsaturated fatty acids,
particularly arachidonic acid C20:4n-6 [169]. This alteration is crucial in the excessive
pro-inflammatory response in sepsis.

CHPT1 also participates in kidney ischemia—reperfusion injury. The expression of
CHPT1 and PCYT2 decreases in this organ under ischemia-reperfusion conditions [170],
leading to reduced levels of PE and PC 34:6 in the kidneys, as demonstrated in mouse
studies [171]. Additionally, there is a decrease in plasmanyl-PC and plasmanyl-PE in the
kidneys after ischemia-reperfusion injury. The exact role of these enzymes and changes in
lipid composition in kidney ischemia-reperfusion injury is not fully understood.

4. Regulation of the Kennedy Pathway by SLC49A1-Mediated Choline
and Ethanolamine Transport

The activity of the Kennedy pathway depends not only on the catalytic activity of its
individual enzymes but also on the efficient uptake of pathway substrates. In particular, the
availability of choline and ethanolamine is regulated by feline leukemia virus subgroup C
cellular receptor 1 (FLVCR1), also known as SLC49A1 or MFSD7B [172-174]. The FLVCR1
gene encodes two protein isoforms: FLVCR1a, which is localized to the plasma membrane,
and FLVCR1b, which is localized to mitochondria [175].

Pathogenic variants in FLVCR1 are associated with posterior column ataxia with retinitis
pigmentosa (PCARP) and with severe developmental disorders characterized by developmen-
tal delay, microcephaly, brain malformations, and epilepsy [176,177]. FLVCRI1 also functions
as a heme exporter. Accordingly, defects in FLVCR1 may contribute to Diamond-Blackfan ane-
mia [175,178], consistent with its important role in erythroid precursors. Moreover, FLVCR1
expression is induced by hypoxia in an HIF-2-dependent manner [179].

FLVCR1 has also been implicated as an oncogenic factor in hepatocellular carcinoma [180],
synovial sarcoma [181], and esophageal squamous cell carcinoma [182]. In esophageal squa-
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mous cell carcinoma, its oncogenic activity has been linked, at least in part, to a physical
interaction between FLVCR1 and chromosome segregation 1-like protein (CSE1L) [182].

5. Bioinformatics Analysis of the Role of Kennedy Pathway Enzymes
in Cancer

To explore the relationship between Kennedy pathway enzymes and cancer-related
processes, a bioinformatics analysis was conducted using the GEPIA portal (http://gepia.
cancer-pku.cn/detail.php, accessed on 27 December 2024) [14]. GEPIA is based on raw
data from The Cancer Genome Atlas (TCGA) [183]. The analysis examined the correlation
between the expression levels of Kennedy pathway enzymes and overall survival (OS) in
patients with 33 different cancer types. This correlation provides insight into the significance
of these enzymes in tumor progression. Additionally, the roles of PEMT and PISD were
analyzed. PEMT catalyzes the conversion of PE to PC [184], while PISD converts PS to
PE [185], representing alternative biosynthetic routes for PE and PC production.

The association between gene expression levels and prognosis was analyzed using
the GEPIA portal. For each gene, patients in the lowest and highest quartiles of expression
were compared. Statistical significance was assessed directly in GEPIA using the log-rank
test (Mantel-Cox test). Separate analyses were performed for each cancer type available in
GEPIA and for each gene discussed in this review. No correction for multiple testing was
applied. Results with p < 0.05 were considered statistically significant and are presented in
the figures. Results with 0.05 < p < 0.10 were considered potentially informative and are
therefore included in the tables.

The resulting survival analyses should be interpreted with caution and regarded primar-
ily as a basis for further investigation. In particular, they are based on mRNA expression data,
which may not directly reflect protein abundance or enzymatic activity. Enzyme activity may
also be regulated independently of expression levels, for example through post-translational
modifications. Such multiple analyses may also generate false positive results due to the lack
of available correction for multiple testing. For all these reasons, the presented bioinformatics
analysis is illustrative and can only be used to outline certain patterns and processes. All
conclusions from this analysis should be replicated experimentally.

In 16 out of 33 cancer types, at least one of the Kennedy pathway genes was correlated
with poor prognosis. In six cancers, at least one enzyme from each of the two Kennedy
pathways (for PC and PE synthesis) was linked to unfavorable survival outcomes. These
findings suggest that in some cancers, the biosynthesis of both phospholipids via the
Kennedy pathway plays a key role in tumor progression, while in others, either PE or PC
synthesis alone is more relevant (Tables 1 and 2).

Among the analyzed cancer types, PE biosynthesis alone was significantly associated
with overall survival (OS) in patients with AML and lung adenocarcinoma (LUAD). In contrast,
PC biosynthesis alone was particularly relevant in bladder urothelial carcinoma (BLCA), breast
invasive carcinoma (BRCA), colon adenocarcinoma (COAD), kidney chromophobe carcinoma
(KICH), kidney renal clear cell carcinoma (KIRC), skin cutaneous melanoma (SKCM), stomach
adenocarcinoma (STAD), and thyroid carcinoma (THCA). A third group of cancers, including
adrenocortical carcinoma (ACC), brain lower-grade glioma (LGG), mesothelioma (MESO),
pancreatic adenocarcinoma (PAAD), prostate adenocarcinoma (PRAD), and uveal melanoma
(UVM), showed a strong association with both Kennedy pathways, indicating the importance
of both PE and PC biosynthesis in their progression.
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Table 1. The impact of expression levels of enzymes responsible for PE synthesis on overall survival in patients with selected cancers.

Name of the Cancer

ETNK1 ETNK2

PCYT2

CEPT1

Adrenocortical carcinoma

- 1 p=0.093

Bladder urothelial carcinoma

SELENOI/EPT1

Breast invasive carcinoma

Cervical squamous cell carcinoma and endocervical adenocarcinoma

Cholangiocarcinoma

Colon adenocarcinoma

Lymphoid neoplasm diffuse large B-cell lymphoma

Esophageal carcinoma

Glioblastoma multiforme

L p=0061

1p=0014

Head and neck squamous cell carcinoma

1 p=0.062

1p=0.079

Kidney chromophobe

Kidney renal clear cell carcinoma

1p=0015

+p=0.085

1 p =0.0035

1p=0.0017

1p=0083

Kidney renal papillary cell carcinoma

Acute myeloid leukemia

Tp=0.012

Brain lower grade glioma

Liver hepatocellular carcinoma

Lung adenocarcinoma

Tp=0.062

Lung squamous cell carcinoma

Mesothelioma

Ovarian serous cystadenocarcinoma

Pancreatic adenocarcinoma

Pheochromocytoma and Paraganglioma

1 p =0.0056

Prostate adenocarcinoma

Rectum adenocarcinoma

1 p=0.047

1 p =0.0066

Sarcoma

Lp=0078

Skin cutaneous melanoma

Stomach adenocarcinoma
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Table 1. Cont.

Name of the Cancer

ETNK1 ETNK2 PCYT2

CEPT1

SELENOI/EPT1

PISD

Testicular germ cell tumors

Thyroid carcinoma

Thymoma

Uterine corpus endometrial carcinoma

Uterine carcinosarcoma

Uveal Melanoma

1, red background—higher expression is correlated with a worse prognosis for a patient with a given cancer; 1, blue background—lower expression is correlated
with a worse prognosis for a patient with a given cancer; -, gray background—expression of a particular gene is not significantly correlated with patient prognosis.

Table 2. The impact of expression levels of enzymes responsible for PC synthesis on overall survival in patients with selected cancers.

Name of the Cancer CHKA CHKB PCYTIA PCYT1B CEPT1 CHPT1 PEMT
Adrenocortical carcinoma _ - 1T p=0.031 _ = =
Bladder urothelial carcinoma - - - _ - - -
Breast invasive carcinoma - Tp=0.097 f - 1 p =0.0045 -
Cervical squamous cell carcinoma and endocervical adenocarcinoma - T - - - - -
Cholangiocarcinoma = Tp=0.099 = = = 4 p=0.058 4 p=0.085
Colon adenocarcinoma - - - _ - - -
Lymphoid neoplasm diffuse large B-cell lymphoma 1 p=0.051 = = N.A. = = =
Esophageal carcinoma - - - - - $p=0.072 -
Glioblastoma multiforme = = = = Tp=0.062 = =
Head and neck squamous cell carcinoma = = = = = = =
Kidney chromophobe = Tp=0.093 _ = = = =
Kidney renal clear cell carcinoma 1 p=0.070 _W - 1 p =0.0035 1Tp=0.017 -

Kidney renal papillary cell carcinoma

Acute myeloid leukemia

Brain lower grade glioma

1p=0078

Liver hepatocellular carcinoma

Cdpmoo2 - pe002

Lung adenocarcinoma

1 p =0.0059 - -

1p=0063
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Table 2. Cont.
Name of the Cancer CHKA CHKB PCYT1A PCYT1B CEPT1 CHPT1 PEMT

Lung squamous cell carcinoma - - - - - - _
Mesothelioma - - $p=0.092 - - Jp=0.082
Ovarian serous cystadenocarcinoma - - - - - - -
Pancreatic adenocarcinoma = = ﬁ = 1T p=0.028
Pheochromocytoma and Paraganglioma J p=0.065 1Tp=0.014 - 1 p=0.075 - -
Prostate adenocarcinoma 1 p=0.055 - _ - - -

Rectum adenocarcinoma

Sarcoma

Skin cutaneous melanoma

Stomach adenocarcinoma

Testicular germ cell tumors

Thyroid carcinoma

) ] ) +p=0.047 )

- - +p=0023 - -

_ ) _ ) +p=0.097
+p=004 tp=0070 [EEO0E - +p=0.064

Thymoma

- - +p=0.090 -

Uterine corpus endometrial carcinoma

Uterine carcinosarcoma

Uveal Melanoma

1, red background—higher expression is correlated with a worse prognosis for a patient with a given cancer; 1, blue background—lower expression is correlated
with a worse prognosis for a patient with a given cancer; -, gray background—expression of a particular gene is not significantly correlated with patient prognosis.
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The analysis revealed that no single enzyme discussed in this review serves as a
universal driver of cancer progression across a broad range of tumor types. The maximum
number of cancers in which a given gene was correlated with poor prognosis was five,
observed for PCYT1A and SELENOI. This suggests that in different cancers, specific steps
of the Kennedy pathway are more critical for tumor progression than others.

In lung squamous cell carcinoma (LUSC) and skin cutaneous melanoma (SKCM),
high PEMT expression was correlated with poor prognosis. Notably, enzymes involved in
PE synthesis via the Kennedy pathway were not linked to poor survival in these cancers,
reinforcing the idea that PC biosynthesis from PE, rather than de novo PC synthesis, is
particularly significant. However, in skin cutaneous melanoma (SKCM), both PEMT-
mediated PC production from PE and Kennedy pathway-mediated PC biosynthesis appear
to be relevant to tumor progression.

6. Limitations

In this review, we linked enzymes of the Kennedy pathway to the molecular mech-
anisms underlying a range of diseases. It should be emphasized, however, that most of
the cited studies examined the expression of these enzymes. Changes in expression alone
may not necessarily reflect their functional relevance in disease processes. Enzymatic
activity is likely to be more informative, as it is often regulated independently of expression
levels through post-translational modifications of the enzyme protein. Therefore, the data
summarized in this review should be interpreted with appropriate caution.
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