The Journal of Nutrition (‘\
Recent Advances in Nutritional Sciences AS

Mechanistic Target of Rapamycin Is a Novel
Molecular Mechanism Linking Folate
Availability and Cell Function

Elena Silva,! Fredrick J Rosario,! Theresa L Powell,> and Thomas Jansson'

Departments of 'Obstetrics and Gynecology and *Pediatrics, University of Colorado, Anschutz Medical Campus, Aurora, CO

Abstract

Folate deficiency has been linked to a wide range of disorders, including cancer, neural tube defects, and fetal growth
restriction. Folate regulates cellular function mediated by its involvement in the synthesis of nucleotides, which are needed for
DNA synthesis, and its function as a methyl donor, which is critical for DNA methylation. Here we review current data showing
that folate sensing by mechanistic target of rapamycin (MTOR) constitutes a novel and distinct pathway by which folate modulates
cell functions such as nutrient transport, protein synthesis, and mitochondrial respiration. The mTOR signaling pathway responds
to growth factors and changes in nutrient availability to control cell growth, proliferation, and metabolism. mTOR exists in 2
complexes, MTOR complex (MTORC) 1 and mTORC2, which have distinct upstream regulators and downstream targets. Folate
deficiency in pregnant mice caused a marked inhibition of MTORC1 and mTORC2 signaling in multiple maternal and fetal tissues,
downregulation of placental amino acid transporters, and fetal growth restriction. In addition, folate deficiency in primary human
trophoblast (PHT) cells resulted in inhibition of MTORC1 and mTORC2 signaling and decreased the activity of key amino acid
transporters. Folate sensing by mTOR in PHT cells is independent of the accumulation of homocysteine and requires the proton-
coupled folate transporter (PCFT; solute carrier 46A1). Furthermore, mTORC1 and mTORC2 regulate trophoblast folate uptake
by modulating the cell surface expression of folate receptor a and the reduced folate carrier. These findings, which provide a
novel link between folate availability and cell function, growth, and proliferation, may have broad biological significance given the
critical role of folate in normal cell function and the multiple diseases that have been associated with decreased or excessive
folate availability. Low maternal folate concentrations are linked to restricted fetal growth, and we propose that the underlying
mechanisms involve trophoblast mTOR folate sensing resulting in inhibition of MTORC1 and mTORC2 and downregulation of

placental amino acid transporters. J Nutr 2017;147:1237-42.
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Introduction

Folate, formerly known as folacin, is an essential B vitamin that is
highly present in green vegetables, legumes, egg yolk, liver, and citrus
fruit. Folate dietary supplements typically contain folic acid, which
is the synthetic oxidized monoglutamate form of the vitamin (1). For
full biological activity, folate must be reduced to produce L-5-
methyltetrahydrofolate (5-MTHF), which is the predominant form
of folate that is taken up by cells and enters cellular metabolism (1).

Folate deficiency has been linked to a wide range of disorders,
including neural tube defects (NTDs), fetal growth restriction, and
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cancer. Pregnant women have increased folate demands, and folate
deficiency in the periconceptional period is associated with NTDs.
Conversely, women who receive folate supplementation during the
weeks around conception and in early pregnancy have lower risks of
NTDs such as spina bifida and anencephaly, providing evidence
for a critical role of folate for normal closure of the neural tube (2—4).
Low maternal serum folate is also linked to a range of pregnancy
complications associated with placental dysfunction, including pre-
eclampsia, placenta abruption, preterm delivery, and fetal growth
restriction (5), suggesting that folate is important in normal placental
development and function (6, 7). In general agreement with this
concept, folate has been reported to regulate trophoblast invasion,
angiogenesis, and secretion of matrix metalloproteinases (8).
Folate deficiency or impaired folate metabolism has been
associated with cancer in a range of tissues, including the cervix,
breast, pancreas, and colon (9-12). A multitude of mechanisms
may link low folate to carcinogenesis. For example, folate acts
as a cofactor for enzymes involved in DNA biosynthesis, repair,
and stability (7, 13, 14). Furthermore, folate is important for the

Manuscript received February 2, 2017. Initial review completed March 16, 2017. Revision accepted May 11, 2017. 1237

First published online June 7, 2017; doi: https://doi.org/10.3945/jn.117.248823.


https://doi.org/10.3945/jn.117.248823

conversion of methionine to S-adenosylmethionine (SAM), a
universal donor of methyl groups for DNA methylation (13, 15),
which is a critical regulator of gene silencing. Indeed, aberrations
of DNA methylation are associated with cancer development (16).

Although the link between folate deficiency and carcinogen-
esis is accepted, some studies have also suggested that a high
folate intake promotes the progression of an already established
cancer; however, the underlying molecular mechanism remains
elusive (9, 17, 18). Folate excess may promote cancer prolifer-
ation by providing an abundance of building blocks for DNA
synthesis, which is required for rapid cell division (19-21). In
addition, it is believed that hypermethylation of specific CpG
islands with subsequent transcriptional silencing of tumor
suppressor genes contributes to cancer development (15, 22,
23), and it is therefore possible that increased folate availability
promotes cancer by causing increased methylation and de-
creased expression of these genes (19). However, the link
between increased folate availability and cancer progression
remains contested because other studies have been unable to
confirm this association (24, 25).

Although the critical role of folate availability in neural tube
closure, fetal growth, and carcinogenesis is well recognized, the
underlying molecular mechanisms are not fully understood. The
current review discusses new evidence that shows that folate
sensing by mechanistic target of rapamycin (mTOR) signaling
constitutes a novel and distinct pathway by which folate
modulates cellular nutrient transport, protein synthesis, and
mitochondrial respiration (Figure 1). This review particularly
emphasizes folate sensing by the mTOR signaling pathway in
trophoblasts as a mechanistic link between maternal folate
concentrations and fetal growth.

mTOR Signaling

mTOR is an evolutionarily conserved serine/threonine protein
kinase that senses nutrient availability, resulting in the regula-
tion of several cell functions including cell growth, proliferation,
survival, and metabolism (26-28). It consists of 2 protein
complexes with distinct physiologic functions, mMTOR complex
(mTORC) 1 and mTORC2. Both complexes contain the pro-
teins mMTOR, mammalian lethal with Sec13 protein 8 (mLST8), and
DEP-domain—containing mTOR-interacting protein (Deptor). In
addition, mTOR associates with regulatory-associated protein
of mTOR (Raptor) and proline-rich protein kinase B substrate
40 kDa (PRAS40) to form mTORC1 and with rapamycin-
insensitive companion of mTOR (Rictor), mammalian stress-
activated protein kinase interacting protein (mSIN1), and protein
observed with Rictor-1 (Protor-1) to form mTORC2. Deptor
negatively regulates both mTORC1 and mTORC2 activity (29).
The 2 mTOR complexes differ in both their upstream regulators
and downstream targets.

mTORCT regulates cell metabolism by promoting mitochon-
drial biogenesis and the synthesis of proteins, lipids, and
nucleotides and by inhibiting autophagy (26). mTORCI1 is
regulated by growth factor signaling and senses the cellular
concentrations of energy, oxygen, and nutrients, in particular
amino acids. Tuberous sclerosis complex 1 and 2 (TSC1/2) is an
upstream regulator of mTOR activity via inhibition of Ras
homolog enriched in brain (Rheb) (26). Downstream effectors
of mTORC1 are the 70-kDa ribosomal protein S6 kinase 1
(p70S6K1) and the eukaryotic translation initiation factor 4E
binding protein 1 (4E-BP1). Rapamycin is a specific inhibitor of
mTORCI1, and rapamycin analogs have been introduced clin-
ically as a treatment for various disorders, in particular certain
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cancers. mTORC2 is largely rapamycin insensitive and regulates
the actin cytoskeleton through Rho GTPases (30) and cellular
metabolism. Downstream targets of mTORC2 are protein
kinase B (AKT), protein kinase C (PKC), and serum- and
glucocorticoid-regulated protein kinase 1 (SGK1) (31).

Recently, it was reported that mTORC1 induces purine
synthesis through the control of the mitochondrial tetrahydro-
folate cycle (32) and that mTOR promotes the generation of
SAM (33), a key intermediate in one-carbon metabolism.
However, previous information on folate regulating mTORC1
and mTORC 2 activity is limited. Folic acid has been shown to
promote muscle cell differentiation via activation of the AKT
pathway, phosphorylation of mTOR, and downstream activa-
tion of p70S6K1 and 4E-BP1 (34).

mTORC1 and mTORC2 Function as Folate
Sensors In Vivo

Rosario et al. (35) established an experimental model of folate
deficiency in which female mice were fed a folate-free diet for
6 wk, which decreased their serum folate concentrations by
60%. Subsequently, mice were mated and studied at the end of
pregnancy. Folate deficiency resulted in a pronounced inhibition
of mTORC1 and mTORC2 signaling in maternal skeletal
muscle, heart, and liver and fetal liver and heart. These findings
are consistent with the possibility that both mTOR complexes
are markedly inhibited in a wide range of tissues by decreased
maternal folate availability.

Maternal folate deficiency was associated with decreased
fetal weights at embryonic day 18.5 (35), recapitulating the
clinical observations of an association between low maternal
folate concentrations and fetal growth restriction (35, 36). Folate
deficiency inhibited phosphorylation of mTOR at serine 2448 and
the downstream mTOR targets p70S6K1, S6 ribosomal pro-
tein, and 4E-BP1 (mTORCT targets) and PKCa, SGK1, and AKT
(mTORC2 targets) in placental homogenates. Importantly,
whereas phosphorylation of placental AKT at serine 473 (a
functional readout of mTORC2 signaling) was markedly de-
creased in response to maternal folate deficiency, Thr-308 AKT
phosphorylation [the target for insulin/insulin-like growth factor I
(IGF-I) signaling] was unchanged, suggesting that the effect of
folate deficiency was specific to the mTOR signaling pathway.

Placental mTORC1 and mTORC2 inhibition in folate-
deficient dams was associated with decreased protein expression
and activity of the amino acids transporters solute carrier (SLC)
38A2 [also known as sodium coupled neutral amino acid
transporter 2 (SNAT2), an isoform of the system A amino acid
transporter] and SLC7AS [also known as large neutral amino
acid transporter 1 (LAT1), a system L amino acid transporter]| in
isolated trophoblast apical plasma membranes (35).

It is now well established that mMTORCI1 is recruited to the
lysosomal surface in response to amino acids, and it is believed
that mTORC1 amino acid sensing occurs at the outer lysosomal
surface (37). Interestingly, Rosario and coworkers (35, 38) used a
proximity ligation assay and confocal microscopy to provide
evidence to suggest that mTOR trafficking to the lysosomes is
required for mTOR folate sensing in cultured primary human
trophoblast (PHT) cells and in the mouse placenta in vivo. Thus, it
is possible that folate sensing by mTORCI requires translocation
of mTOR to the lysosomal surface, thereby sharing some common
basic mechanisms with mTOR amino acid sensing. However, the
question of which complexes (mMTORC1, mTORC2, or both) were
involved in mTOR folate sensing was not specifically addressed.
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Whereas mTORCI1 trafficking to the lysosome in amino acid
sensing is well established, a lysosomal localization of mTORC2
was only recently reported (39). Thus, mMTORC2 trafficking to the
lysosome in mTOR folate sensing remains speculative (Figure 1).

In support of their findings in mice, Rosario et al. (35) also
reported that maternal folate serum concentrations were posi-
tively correlated with placental mTORCT1 signaling, amino acid
transporter expression and activity, and fetal weights in a group
of baboons fed a control or calorie-restricted diet. To explore the
clinical relevance of the findings in mice and nonhuman primates,
the relation between maternal serum folate and placental micro-
villous plasma membrane system L activity was studied in term
placentas from a cohort of healthy women undergoing cesarean
delivery at term. Indeed, maternal folate serum concentrations
were also positively correlated with placental mTORC1 and
mTORC2 signaling, amino acid transporter activity, and birth
weights in humans (35, 38). To our knowledge, mTOR folate
sensing regulating placental nutrient transport constitutes a novel
specific molecular link between maternal folate availability and
fetal growth.

mTORC1 and mTORC2 Function as
Folate Sensors in Human Primary
Trophoblast Cells

In the human placenta, the syncytiotrophoblast cell layer repre-
sents the interface between the maternal and fetal circulations and
plays a critical role in mediating nutrient transport to the fetus
(40). To investigate the mechanistic link between folate and
mTOR signaling, Rosario et al. (38) used PHT cells isolated from
term placentas. These cells form syncytial islands in culture, which
is regarded as a relevant model for the in vivo syncytiotrophoblast.

Consistent with the in vivo mouse model of maternal folate
deficiency, culturing PHT cells in folate-deficient media caused a
marked inhibition of both mTORC1 and mTORC2 signaling, as
evidenced by decreased phosphorylation of p70S6K1, Sé ribo-
somal protein, 4E-BP1, and AKT (Ser-473). As in the previous
in vivo studies, AKT phosphorylation at Thr-308 was unaffected
by folate deficiency, suggesting the insulin/IGF-I signaling
pathway does not respond to changes in folate availability.
Folate deficiency also resulted in the downregulation of Raptor
and Rictor protein expression in PHT cells. By using a proximity
ligation assay and confocal microscopy, Rosario et al. (38)
showed that the mTOR protein colocalized with lysosomes in
cells cultured in normal folate concentrations but not in folate-
deficient cells, suggesting that folate regulates the subcellular
localization of mTOR in PHT cells.

Because folate is required for the metabolic conversion of
homocysteine to methionine, folate deficiency results in the
accumulation of homocysteine (41). It is therefore possible that
the inhibition of mTOR signaling in response to folate deficiency
is mediated by the accumulation of homocysteine. However,
culturing PHT cells in various concentrations of homocysteine
had no effect on mTOR signaling, suggesting that mTORC1 and
mTORC2 are modulated directly by low folate concentrations
rather than indirectly by high homocysteine (38). In addition,
the proton-coupled folate transporter (PCFT) was shown to be
required for mMTORC1 and mTORC2 folate sensing (38).
Although PCFT is critical in mediating intestinal folate uptake
(42), PCFT is unlikely to mediate cellular uptake of folate in
most cells, including trophoblast cells, because of the lack of
inwardly directed proton gradient in vivo. However, PCFT is
localized in lysosomes where the transporter mediates the efflux
of folate from the acidic lysosome interior to the cytoplasm (43).
Therefore, it was proposed that PCFT may function as the actual
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FIGURE 2 A proposed model of mTORC1 folate sensing is shown. (1) When intracellular folate concentrations are low, mTORC1 is
predominantly localized in the cytosol and inactive. (2) Increased intracellular folate concentrations are sensed by PCFT in the lysosome, which
(by unknown mechanisms) promotes the trafficking of mTORC1 to the lysosome surface where it interacts with GTP-bound RHEB, initiating
mTORC1 signaling. (3) Activation of mTORC1 stimulates mitochondrial respiration, protein synthesis, aa (LAT1 and SNAT2), and folate (RFC and
FRa) transporters trafficking to the plasma membrane, which increases aa and folate uptake. aa, amino acid; FRa, folate receptor ; LAT1, large
neutral amino acid transporter 1; mTORC1, mechanistic target of rapamycin complex 1; PCFT, proton-coupled folate transporter; RFC, reduced
folate carrier; RHEB, Ras homolog enriched in brain; SNAT2, sodium-dependent neutral amino acid transporter 2.

folate sensor, linking folate concentrations to mTOR signaling  receptor a (FR-a), and PCFT (44, 45). These transporters are all
at the surface of the lysosome (Figure 2). expressed and active in the human placenta and are believed to
mediate the transfer of folate from the maternal circulation to
the fetus (44, 46). RFC has high affinity for 5S-MTHF and

mTORC1 and mTORC2 Are Positive exchanges folate with organic anions (47). RFC is localized in

Regulators of Folate Transporters the microvillous plasma membrane, facing the maternal circu-
lation, and it has been shown to be involved in placental folate

Cellular folate uptake is mediated by specific transport mech-  uptake in association with FR-« (48). FR-a mediates transport
anisms, in particular the reduced folate carrier (RFC), folate  via internalization of the receptor-folate complex, and it is

FIGURE 3 Placental mTOR folate sensing
may link low maternal folate to FGR. We
propose that the PCFT senses low maternal
folate concentrations and inhibits placental { Folate
mTOR, which results in a decrease in placen-
tal amino acid transport, protein synthesis,
and mitochondrial respiration. As a conse-
guence, fetal nutrient availability is reduced,
resulting in FGR. FGR, fetal growth restric-
tion; mTOR, mechanistic target of rapamycin;
PCFT, proton-coupled folate transporter. Amino acids
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highly expressed in cancer cells (49). Deletion of RFC or FR-a in
mice results in embryonic lethality (50, 51). PCFT has optimal
activity in a low-pH environment (52) and has been character-
ized as the major folate transporter across the apical brush
border membrane of the small intestine due to the acidic
microenvironment of this region (42).

The activation of mTOR signaling stimulates cell growth,
proliferation, and metabolism, which require an increased
supply of nutrients such as amino acids. Interestingly, mTOR
is not only an amino acid sensor but also functions as a positive
regulator of cellular amino acid uptake (53-55), thereby directly
linking amino acid availability, cellular amino acid uptake, and
cell growth and proliferation. Given that cell growth and
proliferation are also critically dependent on folate availability
and that mTOR functions as a folate sensor, Rosario et al. (56)
tested the hypothesis that mTOR regulates cellular folate
uptake. By using small interfering RNA gene silencing
approaches in PHT cells, it was shown that the inhibition of
mTORC1 or mTORC2 markedly decreased folate uptake into
PHT cells. In particular, it was shown that mTOR regulates
folate transport by influencing the plasma membrane trafficking
of RFC and FR-a, but not PCFT. In contrast to mTORC1
regulation of cellular amino acid uptake, mTOR regulation of
folate transporter trafficking does not involve the ubiquitin
ligase neuronal precursor cell-expressed, developmentally
down-regulated protein 4-2 (56).

Conclusions and Speculations

We reviewed compelling evidence that implicates mTOR
signaling as an important cellular folate sensor (35, 38, 56).
mTOR folate sensing constitutes a novel link between folate
availability and cell function, distinct from the established role
of folate in DNA synthesis and methylation reactions (Figure 1).
Given that mTOR is a key regulator of protein synthesis,
mitochondrial respiration, metabolism, and cellular nutrient
uptake, folate availability affects diverse aspects of cell biology
far beyond what has previously been recognized.

PCFT is required for mTOR-folate sensing and may represent the
actual folate sensor. Both in vivo (35) and in vitro (38) data suggest
that mTOR is recruited to the lysosome in response to increased
folate availability. This is reminiscent of the current model of the
mechanisms underlying mTOR amino acid sensing, which requires
the recruitment of mTORCI1 to the outer lysosomal surface,
mediated by Rag GTPase-dependent and independent mechanisms
and involves the vacuolar H*-ATPase (37, 57-59). Although the
molecular identity of the sensor linking amino acid concentrations
to mTORC1 signaling has remained elusive, recent reports show
that the lysosomal amino acid transporter SLC38A9 constitutes a
key component of the mTOR amino acid sensing machinery (60-62).
It is notable that SLC38A9 is an amino acid transporter mediating
the efflux of amino acids from the lumen of the lysosome energized
by the outwardly directed proton gradient. It is therefore tempting
to speculate that PCFT, a proton-coupled folate transporter, plays a
role in mTOR folate sensing similar to SLC38A9 for amino acid
sensing. Further determination of the cellular localization of mTOR,
PCFT, and other proteins involved in mTOR activation, such as
Rag and Ragulator, is necessary to clarify the specific role of these
proteins in the folate-mTOR signaling pathway.

mTOR folate sensing may have broad biological significance
given the critical role of folate in normal cell function and the
multiple diseases that have been associated to decreased or
excessive folate availability. Low maternal folate concentrations
are linked to fetal growth restriction, and the underlying

mechanisms may involve trophoblast mTOR folate sensing.
Specifically, we propose that placental mTOR is inhibited in
response to low maternal folate concentrations, which result in a
decrease in placental amino acid transport, protein synthesis,
and mitochondrial respiration. Consequently, fetal nutrient
availability is reduced, which results in restricted fetal growth
(Figure 3). In proliferating cells, including cancer cells, PCFT and
mTOR may modulate cell growth and proliferation in response
to changes in folate availability.
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