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Abstract

This review provides a summary of recent discoveries in choline transport and the proteins

mediating it with a specific focus on the choline transporter-like proteins (CTL)/solute car-

riers 44 A (SLC44A) and their role in phospholipid metabolism. Since its initial cloning,

particularly, the CTL1/SLC44A1 transporter has been investigated further and its ubiquitous expression characterized in various

cells and tissues of mouse, rat, and human origin. We describe the role of this choline transporter both in the plasma membrane

and in the mitochondria and summarize novel aspects of choline transport regulation in the muscle, nervous system, and cancer.
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Introduction and purpose

In our review published in EBM in 2006,1 we outlined the
importance of choline as a nutrient that is crucial for the
synthesis of the membrane building blocks phosphatidyl-
choline and sphingomyelin and as methyl group donor in
the homocysteine-methionine cycle. Our review followed
shortly after the initial cloning of the ubiquitous choline
transporter solute carrier 44A1 (SLC44A1)/choline
transporter-like protein (CTL1). The intent of this review
is to provide an update on choline transport research
since then, with a focus on discoveries related to the pro-
teins mediating it.

Importance of choline

Choline cannot be synthesized by the human body and is
therefore an essential nutrient. Adequate daily choline
intake is recommended at 550mg/day for men and
425mg/day for women by the Institute of Medicine and
400mg/day for all adults by the European Food Safety
Authority. These recommendations are often not met,
with a worldwide range in the daily intake from 284mg/
day to 468mg/day for men and 263mg/day to 374mg/day
for women.2 Data obtained from the National Health and

Nutrition Examination Survey between 2013 and 2014 also
indicate lower than recommended choline intakes for
North American men (402mg) and women (278mg),3 and
a food questionnaire in Canada revealed similar levels for
Canadian men (372mg/day) and women (292mg/day).4

In Europe, choline intake ranged from 269 to 468mg/day
in adults as determined in national food panels of seven
European countries.5 Pregnant and lactating women
appear to often not meet the recommendations, which is
of important as adequate choline intake may prevent neural
tube defects and preeclampsia in this population group and
is particularly important for the growth and development
of the breastfed neonate.

If choline supply is deficient, dietary fats accumulate
in the liver causing non-alcoholic steatohepatitis due
to the lack of phospholipids that are building blocks of
lipoproteins. This liver disease resulting from choline defi-
ciency has been extensively characterized in animal models
and human subjects.6–9 At the molecular level, choline defi-
ciency causes DNA strand breaks,10 which is the conse-
quence of impaired DNA methylation due to the lack of
methyl groups, altered mitochondrial membrane composi-
tion and hence leakage of reactive oxygen species,
and diminished thymidylate synthesis due to the lack
of folate.11
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The choline transporter family of
SLC44A proteins

As a charged molecule, choline cannot freely cross
the membrane lipid bilayer and depends on protein trans-
porters to enter the cell. Three different choline transport
systems have been identified (Figure 1). The high-affinity
choline transporter CHT1 is structurally closely related
to the SGLT-sodium glucose cotransporter family and
mediates Naþ-dependent choline transport across the
plasma membrane in neuronal tissuesThe purpose of this
transport is to provide choline for the synthesis of the
neurotransmitter acetylcholine. Choline can also be trans-
ported by the members OCT1 and OCT2 of the organic
cation transporter (OCT) family with a low affinity. These
polyspecific transport proteins have a binding affinity for
choline in the high micromolar range and depend on the
membrane potential for choline transport.

The SLC44A family was only characterized in recent
years and comprises five proteins termed SLC44A1 to
SLC44A5, which are all proteins of approximately 70 kDa.
Based on sequence homology, SLC44A1 and SLC44A3 form
a subgroup, while SLC44A2, SLC44A4, and SLC44A5 share
sequence identity between them.12 Of these proteins, only
SLC44A1 has been firmly established as a choline trans-
porter (Figure 1), yet some data indicate that SLC44A2
might transport choline as well.13,14 SLC44A4 appears to
be involved in non-neuronal acetylcholine synthesis.15

The function of SLC44A3 and A5 remains still unclear to
date. In recent years, particularly SLC44A1 has been fur-
ther studied.

In 2000, CTL1 (now termed SLC44A1) was cloned from
Torpedo marmorata and rat,16 followed by cloning of the
human17 and we cloned a mouse18 transporter. The first
available antibody we used for the CTL1/CDw92 human
antigen17 recognized a protein smaller than the predicted

size of CTL1. Therefore, we developed two new antibodies
termed LV-58 and EN-627, referring to the amino acid from
which the peptide sequence starts in the protein. Peptide
sequences were chosen, which are conserved across mouse,
human, and rat CTL1/SLC44A1.19 Under native condi-
tions, both LV-58 and EN-627 recognize a protein of approx-
imately 70 kDa, which is close to the predicted 72 kDa size
of CTL1/SLC44A1. These antibodies also allowed for
immunostaining experiments on cultured cells and
potentially hint on the alignment of CTL1 protein in the
membrane. Prediction programs yield a protein with 9 or
10 transmembrane (TM) domains and give varying results
on the localization of the N- and C-terminal ends. In our
first review,1 we showed a model for the 10 TM domain
variants using a prediction program and the mouse CTL1
sequence. Judging from our immunostaining experiments
with the new antibodies, it appears that the N-terminus is
located intracellularly and the C-terminus extracellularly,
since both LV-58, which binds in the predicted first extra-
cellular loop, and the C-terminal antibody EN-627, which
binds at the very end of the C-terminus, recognize the pro-
tein in live cells with an unpermeabilized plasma mem-
brane. These observations would agree with the nine TM
models of mouse and human CTL1.19 Here, we compared
CTL1 protein structure with the structure of other family
members (SLC44A 1–5) and with better characterized
choline proteins, choline kinase and neuronal choline trans-
porter CHT1. Figure 2 shows the CTL1 membrane
topology, which includes features we identified to be
highly conserved among different species and within the
SLC44A family. CTL1 protein is composed of nine TM
domains, the intracellular N-terminus and the extracellular
C-terminus. The sequence alignment of rat, mouse, and
human SLC44A proteins establishes protein homology
for four TM domains (2, 6, 8, and 9) with the highest con-
servation in TM8 and TM9, suggesting that they are

Figure 1. Choline transporters for betaine, acethylcholine, and phospholipid synthesis. CTLs (SLC44A1 and -2) and OCTs are widely expressed while choline

transporter CHT1 in neuron-specific. Functions proposed but not confirmed are indicated (?). CDP: cytidine diphosphate; CDP-choline: citidyldiphosphocholine;

CHT1: choline transporter CHT1 in neuron-specific; OCT: organic cation transporter; SLC44A: solute carriers 44 A.

656 Experimental Biology and Medicine Volume 244 May 2019
...............................................................................................................................................................



surrounded with the most critical functional domains,
perhaps including the substrate-choline binding site(s) in
the entire family. It is also highly likely that the negatively
charged Asp (D) and Glu (E) residues abundant at the
C-terminus are involved in the binding and transport of
positively charged choline and protons. This information
was based on the protein sequence homology, and it could
be used as a reference point in future research since no
further experimental information on the membrane organi-
zation or substrate biding mechanism for CTL1 or other
family members is currently available.

Both the dietary requirements for choline and therefore
choline metabolism are influenced by single nucleotide
polymorphisms (SNPs).10,20–22 CTL1/SLC44A1 SNPs
(rs7873937, rs2771040, rs6479313, and rs3199966) were
identified in those individuals that developed muscle
damage on a choline-deficient diet.22 These alleles varied
among the ethnic groups analyzed in the study: rs7873937
was present in approximately one-quarter of study partic-
ipants of African descent, Mexican Americans, and
European Americans, while it was entirely absent in
Asian Americans. Interestingly, the Asian American popu-
lation had none of the SLC44A1 alleles that were discov-
ered to be linked to muscle disease in choline deficiency.
Furthermore, both the distribution of rs2771040 and
rs3199966 was at around 71% in those study participants
of African descent, while approximately a quarter of the
European Americans featured these alleles and a third of
those of Mexican descent. These polymorphisms render
carriers to a particular sensitivity to choline efficiency
in the muscle. The rs3199966, which results in a serine to
alanine substitution genotype, was further evaluated in a
recent study,20 where participants with this genotype as
well as those with the rs7873937 SNP were linked to greater

turnover of betaine to methionine on a subgroup receiving
high choline supplementation.

Choline uptake studies have established CTL1/
SLC44A1 as an Naþ-independent choline transporter at
the plasma membrane of various cells and tissues.18,23,24

CTL1/SLC44A1-mediated choline transport appears to be
linked to both phospholipid and betaine synthesis but
might also mediate choline transport for non-neuronal ace-
tycholine synthesis25–27 (Figure 1). CTL1/SLC44A1 has an
intermediate affinity for choline, with a Km in the low
micromolar range. Similar to the high-affinity choline trans-
porter CHT1, CTL1 is selectively inhibited by the choline
analogue hemicholinium-3 (CH-3), yet with a much lower
sensitivity. In recent years, further choline uptake studies
confirmed the expression and choline transporter function
of CTL1/SLC44A1 in human lung alveolar cells,28 mouse
bone marrow-derived macrophages,42 rat renal tubule epi-
thelial cells,30 human keratinocytes,31 human brain micro-
vascular endothelial cells,14 rheumatoid arthritis synovial
fibroblasts,40 mouse muscle and liver cell lines,32,33 and
numerous cancer cell lines26,28,34–39,41 as summarized in
Table 1.

Mitochondrial choline transporters

Despite the fact that the conversion of choline to betaine is
long known to take place in the mitochondrial matrix of
liver and kidney, it was unclear how the charged molecule
choline can cross the mitochondrial membrane. Using sub-
cellular fractionation and immunostaining techniques, we
discovered that SLC44A1 is also present in the mitochon-
drial membrane of mouse and human tissues.32 Organelle
preparations of isolated mitochondria showed that radio-
labeled 3H-choline (HC3) is transported into the mitochon-
dria, and that this transport is selectively inhibited by

Figure 2. CTL1 protein structure. The CTL1 membrane topology and features identified to be highly conserved among different species and within the SLC44A family.

SLC44A: solute carriers 44 A.
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micromolar concentrations of HC3 and by an excess of cho-
line. Incubation of isolated mitochondria with CTL1/
SLC44A1-specific antibodies also significantly blocked
mitochondrial choline transport, demonstrating the func-
tion of the transporter in the mitochondrial membrane.
Overexpression of a His-tagged CTL1/SLC44A1 in cul-
tured mouse muscle cells resulted in the localization of
His-tagged protein in the mitochondria and a doubling of
mitochondrial choline transport. An obvious explanation
for the necessity of a choline transporter in liver and
kidney mitochondria is the oxidation of choline to betaine
inside the mitochondrial matrix of these tissues (Figure 1).
Nevertheless, mitochondrial CTL1/SLC44A1 could be
detected in murine heart tissue and cultured mouse
muscle and human breast cancer cells mitochondria as
well. In choline-deficient skin fibroblast from the postural
orthostatic tachycardia syndrome (POTS) patient men-
tioned above, CTL1/SLC44A1 protein is reduced, and at
the same time, oxygen consumption, mitochondrial poten-
tial, and glycolytic activity are diminished and mitochon-
drial function therefore impaired.43 Recent studies could
also localize CTL2/SLC44A2 protein to the mitochondria
of human esophageal cells,41 renal tubule epithelial cells,30

human tongue carcinoma cells,39 and human brain micro-
vascular epithelial cells.14 The purpose of a widely
expressed choline transporter in the mitochondrial mem-
brane is not clear yet, but it is likely that there is a link
between CTL1/SLC44A1-mediated choline transport and
mitochondrial phospholipid metabolism. Furthermore,
the presence of a choline transporter in the mitochondrial
membrane might link choline transport to phospholipid
synthesis in the endoplasmic reticulum (ER) because free
choline can be generated from phosphatidylcholine in the
mitochondria and become available for the synthesis of
phospholipids in the ER. An interesting question to
answer in the future is whether mitochondrial CTL1/
SLC44A1 could function as a shuttle to transport choline

both ways across the mitochondrial membrane and poten-
tially serve as a transporter for other substrates as well
(Figure 1).

Novel importance of choline in the muscle

Research of recent years indicates that the lack of choline
does not only affect hepatic lipid metabolism but disturbs
skeletal muscle lipid homeostasis as well. Choline-deficient
muscle cells have fragile membranes caused by an inappro-
priate phospholipid ratio and by apoptosis.44,45 We33 have
shown that in cultured mouse C2C12 muscle cells, choline
deficiency alters intracellular lipid metabolism by reducing
phosphatidylcholine synthesis, modifying phosphatidyl-
choline fatty acid side chains, and slowing down triglycer-
ide metabolism resulting in lipid droplet accumulation
inside the muscle cells. This lipid accumulation is distinct
from that observed in the liver because skeletal muscles do
not produce lipoproteins to shuttle lipids away from the
organ and neither do they have the ability to methylate
phosphatidylethanolamine to phosphatidylcholine.
Choline-deficient muscle rather has impaired Kennedy
pathway for phosphatidylcholine synthesis (Figure 1) and
therefore lipid precursors accumulate inside the muscle
cells. In this pathway, choline entering the cell is rapidly
phosphorylated by choline kinase to phosphocholine,
which is then activated to CDP-choline by CDP-choline:
DAG (diacylglycerol) cholinephosphotransferase. The syn-
thesis of phosphatidylcholine results from the addition of
diacylglycerol to CDP-choline and the removal of the CDP
group, a reaction catalyzed by CTP (cytidine triphosphate):
phosphocholine cytidyltransferase. If this reaction is
impaired, diacylglyerols remain unincorporated and are
stored inside the cell, leading to storage lipid droplet accu-
mulation in the muscle cells.

We have recently established that muscle choline trans-
port is regulated by fatty acids, implicating a correlation
between glycerolipid metabolism and choline availability.46

Table 1. Studies assessing choline uptake in cells with SLC44A1 as the main choline transporter.

Cell type Origin Organelle References

THP-1 monocytes Human Plasma membrane Fullerton et al.23

Lung adenocarcinoma A549,

H1299, and SPC-A-1

Human Plasma membrane Wang et al.29

A549 lung alveolar cells Human Plasma membrane Ishiguro et al.28

Alveolar type II Rat Plasma membrane Ishiguro et al.28

NG108-15 neuroblastoma�glioma cell line Mouse Plasma membrane Machova et al.36

Keratinocytes Human Plasma membrane Uchida et al.31

C2C12 myotubes Mouse Mitochondria Michel and Bakovic32

FL83B hepatocytes Mouse Mitochondria Michel and Bakovic32

Liver Mouse Mitochondria Michel and Bakovic32

MCF7 breast cancer cells Human Mitochondria Michel and Bakovic32

C2C12 myotubes Mouse Mitochondria, plasma membrane Michel et al.33

SH-SY5Y and LA-N-2 neuroblastoma cells Human Plasma membrane Yamada et al.37

MCF7 breast cancer cells Human Plasma membrane Ward et al.

NCI-H69 small-cell lung carcinoma cells Human Plasma membrane Inazu et al.26

A-172 and U-251MG glioblastoma cell lines Human Plasma membrane Taguchi et al.38

C2C12 myotubes Mouse Mitochondria, plasma membrane Schenkel and Bakovic46

Skin fibroblasts Human Plasma membrane Schenkel et al.43

hBMEC brain microvascular epithelial cells Human Plasma membrane Iwao et al.14
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In this study, treatment of mouse myotubes with palmitic
acid reduced total SLC44A1 protein content and SLC44A1
at the plasma membrane, while this SLC44A1 fraction was
unaffected by oleic acid treatment. In turn, oleic acid
reduced the amount of SLC44A1 protein in the mitochon-
drial membrane, while palmitic acid treatments had no
effect on this fraction. Consequently, palmitic acid reduced
choline uptake across the plasma membrane by 50%.

Several study participants consuming a diet low in
choline presented with muscle damage rather than liver
damage in a recent study,22 which further supports the
notion that functional choline metabolism is crucial for
normal skeletal muscle function. Interestingly, there was
an association between muscle dysfunction and polymor-
phisms of the choline transport protein SLC44A1, which is
abundant in skeletal muscle18 and is upregulated in numer-
ous myopathies.47 In mice lacking one allele of CTP:
phosphoethanolamine cytidylyl transferase (Pcyt2þ/�

mice), choline supplementation was able to restore lipid
metabolism and therefore alleviate the disturbances in glu-
cose metabolism in the skeletal muscle of these mice.48

Choline reduced triglyceride accumulation by decreasing
fatty acid synthesis and lipogenesis in the muscle of these
mice, increased fatty acid oxidation, and improved insulin
signaling. In summary, these recent data show that choline
is not only important for lipid metabolism in the liver, but
that choline deficiency may alter phosphatidylcholine
metabolism and in consequence all glycerolipid metabo-
lism in muscle cells.

In addition to phospholipid synthesis, CTL1/SLC44A1
and CTL2/SLC44A2 may mediate choline transport for
non-neuronal cholinergic systems, as both proteins were
recently found to be the major choline transporters in mac-
rophages and fibroblasts of the synovium and cartilage of
the hip joint in arthritis patients.49 Rheumatoid arthritis
appears to be linked to the cholinergic anti-inflammatory
system and the choline transporters in the hip joint appear
to mediate choline transport for acetylcholine synthesis.

The importance of functional choline transport in fibro-
blasts was further obviated by analysis of skin fibroblasts
from a patient with POTS and apparent choline deficien-
cy.43 CTL1/SLC44A1 expression was reduced in these cells,
and hence choline transport was diminished. Membrane
homeostasis was disturbed in the fibroblasts, as reflected
by reduced phosphatidylcholine:phosphatidylethanol-
amine and sphingomyelin:cholesterol ratios and altered
phospholipid fatty acid composition. This study presented
the first known case of reduced CTL1/SLC44A1 expression
in a patient and the resulting mitochondrial dysfunction,
reduced choline transport, and impaired membrane
homeostasis.

Link between CTL1/SLC44A1 and cancer

Fast-growing cells such as cancerous cells depend on a
rapid phospholipid synthesis to provide building blocks
for their plasma membrane assembly and consequently
their proliferation. Brain, breast, prostate, and colon
cancer cells have been characterized by elevated choline
and phosphocholine levels and abnormal choline

metabolism, which correlates with malignancy of the
cancer. In recent years, CTL/SLC44A protein overexpres-
sion was detected in various cancer cell lines25,39,41,50, and
the proteins are involved in choline transport in these
cells.15 For example, expression of CTL1/SLC44A1,
CTL2/SLC44A2, and CTL4/SLC44A4 messenger RNA is
higher in cancerous MCF7 breast epithelial cells than in
the MCF10A non-cancerous comparative cell line.25 At
the same time, the ratio of phosphocholine to glycerophos-
phocholine as well as the total choline-containing metabo-
lites is elevated in these breast cancer cells compared to
non-cancerous cells lines.51 In human esophageal cancer
cells, both CTL1/SLC44A1 and CTL2/SLC44A2 are
expressed and apparently mediate an Naþ-independent,
HC3-inhibitable choline transport in these cells.41 The
increased expression of the choline transporter in cancer
cells has been shown to be accompanied by a high expres-
sion of the Naþ/Hþ exchanger protein to elevate Hþ levels
inside the cell and Naþ outside.26,37 The acidification of the
extracellular milieu by inhibition of the exchanger was
shown to block choline transport in human colon carcino-
ma cells34 and small cell lung carcinoma cells.26 Hence,
CTL1/SLC44A1 apparently requires a proton gradient to
drive choline transport inside the cell. The inhibition of
CTL1/SLC44A1-mediated choline transport with HC3
appears to inhibit the growth of small cell lung carcino-
ma,26 human leukemic T-cells,25 and colon cancer25,34 cell
lines. In all of these cells, CTL1/SLC44A1 has been linked
to non-neuronal acetylcholine synthesis. The mechanism
for cancer cell death following CTL1/SLC44A1 inhibition
is not yet clear, but the activity of caspase-3/7 is increased
and apoptosis ensues. When choline transport inside the
cell is limited and intracellular choline is deficient, cells
increase alternative pathways to generate phospholipids.
The side effect of these pathways is an elevated ceramide
production, which is a promoter of apoptosis.52 The inhibi-
tion of choline transport in cancer cells should be further
elucidated as a target for cancer therapy in the future.

Emerging role of CTL1/SLC44A1 in the
nervous system

The importance of choline for adequate phospholipid
supply in the brain is reflected in the benefits of choline
intake on cognition. The brains of Alzheimer disease patients
have reduced phosphatidylcholine and phosphatidyletha-
nolamine levels and increased levels of their metabolites,
glycerophosphocholine, and glycerophosphoethanol-
amine.53 What is more, additional phosphatidylcholine
could be synthesized through methylation of phosphatidyl-
ethanolamine by the enzyme phosphatidylethanolamine-
N-methyltransferase (PEMT). This enzyme is primarily
expressed in the liver, but there is also PEMT activity in
the brain which is highest in the perinatal period. The
methyl groups for this reaction originate from S-adenosyl-
methionine (SAM), which is generated through the
methylation of homocysteine to methionine followed
by adenylation of methionine to form SAM.
Methyltetrahydrofolate and betaine can provide methyl
groups for this pathway. Hence, choline supply to the
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brain is crucial to ensure adequate phospholipid synthesis in
this organ.

While CHT1 is the mediator of high-affinity choline
transport for acetylcholine synthesis in cholinergic nerve
endings, the ubiquitous CTL1/SLC44A1 choline transport-
er is also expressed in human47 and mouse18 brain, in neu-
rons and oligodendrocytes,54 and in cultured astrocytes,24

neurons,55 as well as brain microvascular endothelial cells14

(see Michel and Bakovic19 for summary of CTL1/SLC44A1
nervous system expression profile). Of the SLC44A pro-
teins, only CTL1 is significantly expressed in the nervous
system, while SLC44A2 is barely detectable and SLC44A3-5
are not expressed. In 2009, CTL1/SLC44A1 knockdown
was shown to prevent the growth of a cholinergic neuro-
blastoma cell line.36 This cell line does not express CHT1
yet features a high-affinity choline transport mediated by
CTL1/SLC44A1, pointing further to a role of the transport-
er in the nervous system. We are currently further investi-
gating the role of CTL1/SLC44A1 in the brain. Judging
from our results, the choline transporter is linked to neuro-
generative disease and its lack in the brain results in dis-
turbance of phospholipid metabolism and in consequence
very long chain fatty acid homeostasis.

Gene transcription and regulation with
choline availability

CTL1/SLC44A1 is a choline/Hþ-antiporter, the function
that could be particularly relevant in the electrogenic
tissues such as skeletal muscle and heart. We produced
evidence showing that CTL1/SLC44A1 is differently regu-
lated with muscle cell differentiation33 and choline avail-
ability.43 Choline supplementation restores the level
of CTL1/SLC44A1 mRNA and protein and improve cho-
line transport at the plasma membrane and mitochondria
in CTL1/SLC44A1-deficient cells43 and in the skeletal
muscle of obese mice.48 CTL1/SLC44A1 protein is a bio-
marker of monocytic cell differentiation and is elevated
in differentiated dendritic cells.17 Deregulated choline
biochemistry is a hallmark of malignant transformations
and CTL1/SLC44A1 gene became activated by anomalous
cell-cycle regulators.25 Based on the microarray data,
CTL1/SLC44A1 is transcriptionally upregulated during
myoblast to myotube differentiation, and the cell differen-
tiation to a cardiac lineage substantially induces CTL1/
SLC44A1 transcription during later stages of differentiation
period when beating cardiomyocytes appear (GEO data-
base, ID:68413151). In the first and the most essential step
in studying transcriptional regulation, we have identified
and isolated the regulatory promoter of the human CTL1/
SLC44A1 gene.47 There is a high structural conservation
among mammalian CTL1/SLC44A1 genes, and they
share a strong promoter immediately upstream from the
transcriptional start site. The initiator of transcription is
the transcription factor Sp1 bound to a longer stretch of
guanosine-cytosine (GC) rich elements. The most con-
served regions include the binding sites for the ubiquitous
factors Sp1, E2F, and NF1 and the cell-specific zinc finger
transcription factor GATA (immune cells and heart muscle)
and MyoD-class I myosine (skeletal muscle).47 The

regulation of CTL1/SLC44A1 promoter with those and
other factors in the context of the cell type, differentiation,
and choline availability needs to be further elucidated.

Methylation plays a central role in development, gene
imprinting, and gene silencing, and there is an adaptive
epigenetic response to choline availability. Choline oxida-
tion product betaine is a direct methyl group donor for
the formation of SAM, the principal histone, and DNA
methylation agent.56 Mounting evidence suggest that cho-
line exposure during pregnancy alters histone and DNA
methylation in placenta and embryo that persist postnatal-
ly and have life-time effects. Maternal choline intake affects
the epigenetic state of fetal cortisol regulated genes in
humans.57 Human intergenerational studies showed that
maternal methyl donors influence infant DNA methylation
in genes related to metabolism, growth, andmaintenance of
DNA methylation. Betaine specifically increases methyla-
tion of human DNMT1-DNA methyltransferase 1, POMC-
proopiomelanocortin, and RXRA-retinoic acid receptor
alpha.58,59 Gestational choline deficiency upregulates
Dnmt1 demethylase and causes global and Igf2 (insilin-
like growth factor 2) DNA hypermethylation.60 Igf2 is an
imprinted gene and maternal choline and betaine
decreased the Igf2 expression and fetal adiposity.61 On
the other hand, gestational choline supply increases the
histone methylation by simultaneously activating Kmt1c
and Kmt1a methyltransferases and increasing the concen-
tration of SAM.62 Therefore, choline has a long-term epige-
nomic impacts on human health as presented in numerous
benefits of prenatal choline supplementation on neurogen-
esis, gestational diabetes, and non-alcoholic liver disease.63

CTL1/SLC44A1 regulation by methylation is not estab-
lished. The CTL1/SLC44A1 promoter is rich in CpG
sequence, and they could be hypo–hypermethylated at
some stages of development and/or by choline availability.
The global CpG-methylation and degree of methylation at
specific CpG sites in CTL1/SLC44A1 promoter need to be
established. The methylation status of the CTL1/SLC44A1
gene segments for which we already established to contain
several functional CpG islands47 could be monitored
together with the methylation of the insulin-like growth
factor (Igf2) gene as a choline sensitive control since the
Igf2 regulation by methylation is well characterized and
known to be regulated by choline.60–62

Conclusions and prospects

Since the initial cloning, particularly the CTL1/SLC44A1
protein has been characterized as an Naþ-independent,
HC3-sensitive choline transporter that is ubiquitously
expressed. It mediates choline transport both across the
plasma membrane and the mitochondrial membrane and
is linked to all aspects of choline metabolism, e.g. betaine,
phospholipid, and acetylcholine synthesis. In addition to its
role in classical organs of phospholipid metabolism such as
the liver, exciting emerging data elucidate novel roles of
the protein in the muscle and the nervous system. The
observed overexpression of CTL1/SLC44A1 in cancer
cells could be linked to the high demand for phospholipids
of these cells, and future research should elucidate a
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potential for manipulation of this choline transporter to
diminish cancer cell growth. Future epigenetic studies
should complement the promoter/transcription factor
analyses and to give more insights about the regulation of
CTL1/SLC44A1 expression according to strict demands for
choline during the cell growth, differentiation, and
development.
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