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Myo-inositol belongs to one of the sugar alcohol groups known as cyclitols. Phosphatidylinositols are one of the

derivatives of Myo-inositol, and constitute important mediators in many intracellular processes such as cell growth, cell

differentiation, receptor recycling, cytoskeletal organization, and membrane fusion. They also have even more functions

that are essential for cell survival. Mutations in genes encoding phosphatidylinositols and their derivatives can lead to

many disorders. 
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1. Introduction

Myo-inositol (MI) is the most common stereoisomer of inositol in eukaryotic cells . MI was discovered by Scherer in

1850, and to this day its properties are still being investigated . The physiological pool of myo-inositol is derived from

diet, catabolism of phosphatidylinositols (PIs), phosphatidylinositol phosphates (PIPs)—inositol phosphates (IPs), and

form various glucose-included enzymatic reactions . The main physiological role of myoinositol stands as the

precursor of the inositol phospholipids, which after modification by the hormone-stimulated inositol-phospholipid-specific

phospholipase C (PLC), generate inositol 1,4,5-trisphosphate (Ins(1,4,5)P3), diacylglycerol (DAG), PI, PIP, IP,

glycosylphosphatidylinositols (GPIs), Inositol trisphosphate (IP3), and inositol-phosphoglycans (IPGs) . These

molecules are used as the ubiquitous second messengers, conveying signals derived by various hormones, e.g., thyroid

stimulating hormone (TSH), luteinizing hormone (LH), follicle-stimulating hormone (FSH), and insulin . The

interconversions between this group of molecules are conducted by crucial enzymes, whose dysfunction can lead to

severe abnormalities, disorders, and illnesses .

2. The Family of Phosphoinositol and Phosphoinositides

Phosphatidylinositol (PtdIns), the starting point of PIP metabolism, is a ubiquitous phospholipid in eukaryotic cells present

in various proportions according to the type of membrane. PIPs are all metabolized directly or sequentially from PIs .

The structural formulas of phosphoinositol and phosphoinositides are shown in Table 1.

Table 1. Structural formulas of phosphoinositol and phosphoinositides.
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Phosphatidylinositol
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PI3P
Phosphatidylinositol 3-phosphate

PI(3,5)P
Phosphatidylinositol 3,5-bisphosphate

PI4P
Phosphatidylinositol 5-phosphate

PI(3,4)P
Phosphatidylinositol 3,4-bisphosphate

PI(3,4,5)P
Phosphatidylinositol 3,4,5-

trisphosphate
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PI5P
Phosphatidylinositol 5-phosphate

PI(4,5)P
Phosphatidylinositol 4,5-bisphosphate

3. Routes and Interconversions of PIs

As previously mentioned, PI is a key compound and precursor of PIPs, which are all metabolized directly or sequentially

from PI . The scheme below presents detailed metabolic routes and interconversions of the PIPs family. The detailed

analysis of genes and encoded enzymes is described in the table below Figure 1.

Figure 1. Metabolic interconversions of PIPs with their linkage to carcinogenesis, neurodegenerative diseases, and

myotubular myopathies, with highlighted important intracellular secondary messengers [solid lines—phosphorylation,

dashed lines—dephosphorylation, CDP-DAG—Cytidine diphosphate diacyloglycerol, CMP—Cytidine monophosphate,

DAG—Diacylglycerol, P—phosphate group, PI—Phosphatidylinositol, PI3P—Phosphatidylinositol 3-phosphate, PI4P—

Phosphatidylinositol 4-phosphate, PI5P—Phosphatidylinositol 5-phosphate, PI(3,5)P —Phosphatidylinositol 3,5-

bisphosphate, PI(3,4)P —Phosphatidylinositol 3,4-bisphosphate, PI(4,5)P —Phosphatidylinositol 4,5-bisphosphate,

PI(3,4,5)P —Phosphatidylinositol 3,4,5-trisphosphate, PIS—PI synthase, PLC—Phospholipase C].

PI itself is a product of the synthesis of cytidine diphosphate diacylglycerol (CPD-DAG) and MI. The reaction is conducted

by PI synthase, also called phosphatidylinositol synthase 1 (PIS1) . Then, PI phosphorylates are converted into

phosphatidylinositol 3-phosphate (PI3P/PtdIns3P) . The conversion is catalyzed by phosphatidylinositol 3 kinase (PI3K)

and class III PI 3-kinase—vacuolar protein sorting 34 (Vps34) .

In the opposite direction, dephosphorylation occurs, which is conducted by PI3 phosphatases: Yeast myotubularin-related

1 (Ymr1) and Synaptojanin-like proteins 2-3 (Sjl2-3) . Next, PI3P is phosphorylated into phosphatidylinositol 3,5-

bisphosphate (PI(3,5)P ) by PI3P 5-kinase encoded by the Saccharomyces cerevisiae FAB1/PIKfyve genes .

On the other hand, dephosphorylation is conducted by Phosphoinositide 5-phosphatase—FIG4 . Then, PI(3,5)P  can

transform into PtdIns5P by dephosphorylation conducted by PI3-phosphatase, MTM1/MTMR1-4, 6-8 . Subsequently,

phosphatidylinositol (3,4)-bisphosphate (PI(3,4)P ) can turn into PI3P by dephosphorylation catalyzed by PI4-

phosphatase: phosphatidylinositol 4,5-bisphosphate 5-phosphatase A and B (INPP4A, INPP4B) .
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Afterward, PI can also be metabolized into PtdIns4P during phosphorylation conducted by PI4-kinases: Pik1/Stt4 and

PI4Kalfa/PI4Kbeta . In dephosphorylation, enzymes such as PI4-phosphatases take part: Sjl2-3/Sac1 and SAC1 are

similar to the domain of synaptojanin 1 .

Finally, PtdIns4P can turn into phosphatidylinositol 4,5-bisphosphate PI(4,5)P  during phosphorylation conducted by PI4P

5-kinase: PIP5K α, β, and γ . As for dephosphorylation, it is conducted by PI5-phosphatases: Sjl1-3, INPP5B, and

OCRL1 .

4. Myotubular Myopathy

Centronuclear myopathy (CNM) is one of the disorders affecting the nervous and muscular systems characterized by two

main criteria: symptoms of clinically congenital myopathy and multiple centrally located nuclei in muscle cells confirmed by

biopsy .

Myotubularin 1 (MTM1) is an enzyme involved in the regulation of phosphoinositides, which are important molecules in

cell signaling and membrane trafficking. Mutations in the myotubularin gene MTM1 which cause human myotubular

myopathy dramatically reduce the phosphatase’s ability to dephosphorylate PI3P, affecting the levels of inositol lipid PI3P

in myogenesis. In addition, it inhibits the transport of EGFRs to lysosomes, causing the formation of large endosomal

vacuoles through the effects of myotubular phosphatase and its interaction with PI(3,5)P . In most patients, mutations in

the MTM1 gene are associated with the recessive X chromosome form (Xq28) , while autosomal dominant and

recessive forms primarily involve mutations in the dynamin 2 (DNM2) gene on chromosome 19p13.2 and the amphisin 2

gene (BIN1) on chromosome 2q14 .

XLMTM is a specific subtype of myotubular myopathy, which is a rare genetic neuromuscular disorder characterized by

severe muscle weakness and hypotonia (low muscle tone) caused by mutations in the MTM1 gene. As a result, the

condition is X-linked, and therefore mainly affects males (2/100,000 male births) . The symptoms of XLMTM are

generally similar to those of other myotubular myopathy subtypes, but they tend to be more severe in males. Newborn

males with XLMTM often have profound muscle weakness, leading to severe respiratory difficulties and respiratory failure.

The weakened muscles can affect an individual’s ability to breathe, swallow, and move, which makes it essential for

affected infants to receive immediate medical attention and respiratory support.

BIN1 modulation as well as DMN2 reduction may also be an effective treatment strategy for XLCNM, as it restores

adequate myofibrillar integrity .

Normal cell function is regulated by myotubularins belonging to the phosphatidylinositol 3-phosphate phosphatase family

PI3P, identified by positional cloning of the MTM1 gene in patients suffering from X-chromosome-associated myotubular

myopathy (with reported specificity toward PI3P) and the myotubularin-related protein 2 (MTMR2) gene (hydrolyzes both

PI3P and PI(3,5)P  together with myotubularin-related protein 3 (MTMR3) in patients suffering from CMT4B) .

Myotubularin-related protein 1 (MTMR1) was shown to use PI3P and/or PI(3,5)P  as substrates. The overall structure was

very similar to the previously described structure of MTMR2 . It turns out that MTMR2, whose abnormal function is

revealed in the neurodegenerative Charcot-Marie-Tooth disease type 4B2, is also highly specific for PI3P as a substrate.

In addition, the myotubularin-related phosphatases MTMR1, MTMR3, and myotubularin-related protein 6 (MTMR6) also

dephosphorylate PI3P .

MTMR3 and myotubularin-related protein 4 (MTMR4) are protein tyrosine phosphatases that dephosphorylate position 3

in PI and generate PI5P from PI(3,5)P  as well as PI from PI3P. These regulate the production of PI3P, which plays a key

role in inhibiting the DNA immune response by regulating the transport of STING, which is an activator of the protein tank-

binding kinase (TBK1) that catalyzes the phosphorylation of interferon regulatory factor 3 (IRF3) . Myotubularin-related

protein 4 (MTMR4) present in endosomes and regulating their recirculation process has been identified as a novel factor

interacting with the ubiquitin ligase neural precursor cell expression protein 4 (Nedd4), which is downregulated during

development. MTMR4 expression decreased in atrophied muscles, while Nedd4 expression increased, and MTMR4 was

ubiquitinated by Nedd4, indicating that this new relationship between MTMR4 and Nedd4 may underlie the biological

process of muscle degradation . MTMR8/R9 complex controls a cellular pool of PI3P that has been proposed to

be essential in autophagy, a conserved intracellular process for the degradation of cytoplasmic proteins or organelles.

Overexpression of both MTMR8 and MTMR9 resulted in a significant increase in the level of p62, a protein that is

degraded in autophagosomes and is used to monitor autophagy. Mutations in both active and inactive myotubularins

(which may play a regulatory role) are associated with diseases such as myotubular myopathy, Charcot-Marie-Tooth

(CMT), and others .

[21][22]

[21][23]

2
[24]

[25][26][27][28]

[29]

2
[30][31][32][33]

[29]

[29][33][34]

[35][36]

2
[37]

2
[38][39]

[39]

2;

[40]

[41][42][43]

[44][45]



CMT4B is a large group of heterogeneous diseases that are inherited in an autosomal recessive manner and have a

progressive sensorimotor neuropathy. The etiopathological basis of MTMR2 and MTMR13, which affect vesicular

transport in Schwann cells, is one where the loss of these proteins can lead to uncontrolled myelin folding and, ultimately,

to the development of CMT4B disease. Among them, CMT4B is distinguished as having three forms associated with

myotubularin family genes: CMT4B1 (MTMR2 located on chromosome 11q22), CMT4B2 (MTMR13/SBF2 located on

chromosome 11p15) and CMT4B3 (MTMR5/SBF1) .

5. Neurodegenerative Diseases

Neurodegenerative diseases are still a significant problem in our aging society . Their occurrence is associated with

many factors, such as genetic defects and disturbances in immunological processes. Many neurodegenerative diseases

have their cause in the accumulation of extra- and intracellular deposits in the nervous system .

Abnormalities in PIP metabolism and their linkage to neurodegenerative disorders has, to date, been mentioned by many

authors. Researchers have described the influence of PIPs on the incidence of central nervous system (CNS) diseases

through changes in the levels of selected PIPs as well as the enzymes catalyzing their interconversions. The vacuole 14

protein homolog (Vac14) is a frequently mentioned protein, also known as the Associated Regulator of PIKfyve

(ArPIKfyve) .

Zhang et al. postulate that PI(3,5)P  is critical to neuronal health. Vac14 protein is a regulator of the signaling lipid

PI(3,5)P  synthesis. The loss of Vac14 results in neurodegeneration processes in the midbrain and peripheral sensory

neurons of mice models . Other proteins, such as Fab1/PIKfyve and Fig4/Sac3, also have a regulatory role in the

PI(3,5)P  biosynthesis and its relationship with PI5P. Mutations in the genes encoding these proteins lead to the

occurrence of neurological diseases, including amyotrophic lateral sclerosis (ALS) and CMT syndrome . For example,

Fab1 binds the PI3P and allows it to be converted to PI(3,5)P , and consequently, the appropriate levels of PI(3,5)P

affect the proper functioning of cells in the nervous system. The complex responsible for the Fig1 activity consists of

Vac14, Vac7, Fig4, and Atg18 proteins.

Other authors have suggested that changes in the regulation of the phosphatidylinositol-3 kinase (PI3-K) are also linked to

many neurodegenerative diseases. One of them is a Nieman-Pick type C disease (NPC), caused by mutations in the

NPC1 and NPC2 genes. This disorder results in the deposition of neurofibrillary tangles in the CNS, the occurrence of

which has been suggested to be associated with increased levels of specific kinases such as phosphatidylinositol 3-

kinase (PI3K), glycogen synthase kinase (GSK-3β), and protein kinase B (Akt/PKB). The PI3K cascade leads to the

activation of Akt and the inactivation of GSK-3β. Research on the NPC1-deficient mice model has shown major

disruptions in the PI3K cascade. The inactivated GSK-3 and phosphorylated Akt were elevated in the neuronal cells,

which indicated an unusual level of activity of PI3K in the NPC1-deficient mice brains . Cathepsin D (CD) is one of the

key lysosomal proteases. A lack of CD results in a neurodegenerative pediatric disease known as neuronal ceroid

lipofuscinosis (NCL/Batten disease). In the research on CD-deficient brains in mice by Walls et al., a decrease in PI3K

was observed .

6. Carcinogenesis

Carcinogenesis is a highly complex process involving environmental factors and gene mutations . Critical mutations

involve proto-oncogenes, tumor-suppressor genes, and DNA-repair genes. Key principles of cancer are uncontrolled

proliferation, metastasis, apoptotic loss, and angiogenesis .

Mutation of myotubularin-related protein 7 gene (MTMR7) has been described as contributing to colorectal cancer (CRC)

development. MTMR7 itself participates in decreasing insulin-mediated activation of Akt and ERK1/2 signaling, resulting in

proliferation reduction of human CRC cells. In human colorectal cancers, MTMR7 has been down-regulated, which has

been related to a poor prognosis .

PI3K mis-activation has been widely reported in cancer diseases . Its activation can be signaled via various

pathways including mTOR, JAK2/STAT5, Akt, or RTK , which gives a promising location for the development of target

drugs, but can also be responsible for therapy resistance. Phosphatidylinositol 3-kinase catalytic subunit type 3 (PIK3C3),

a subunit of the PI3K complex, takes part in the formation, initiation, and maturation of autophagosomes . It has been

shown that, in the condition of oncogenic herpesvirus KSHV infection, the expression of PIK3C3 is upregulated, and takes

part in tumor progression and metastasis . It is worth mentioning that various drugs have been developed to interfere

with the PI3K/AKT/mTOR axis.
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The PKR/PI4K2A axis, which takes part in the clearance of misfolded proteins in lysosomes, has been revealed to be a

potential drug target—inhibiting tumor growth in the lung and breast .

The phosphatase and tensin homolog (PTEN) is a commonly known cancer suppressor that acts mainly via inhibiting

PI3K/Akt activation . This molecule controls the cell cycle, driving apoptosis among pathological conditions .

Mutations of PTEN are commonly known for the link to the PTEN hamartoma tumor syndrome (PHTS), which is

characterized by a greater risk of cancer occurrence, includes Cowden syndrome (CS), Bannayan-Riley-Ruvalcaba

syndrome (BRRS), and PTEN-related Proteus syndrome (PS) . To date, there has been some effort put into

establishing PTEN as a potential drug target.

7. Conclusions

Summing up, MI is a forerunner of many derivatives, including PIs, PIPs, IPs, GPIs, and IPGs, which take part in

transmitting various signals in the eukaryotic cells. That is why gene mutations for these molecules can play a pivotal role

in the development of many widespread diseases, such as cancers or neurodegenerative disorders. Cancer diseases and

neurodegenerative disorders, such as AD, are wide-spread problems among developing countries, and the number of

patients has been increasing for many years.
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