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Modulating epigenetic memory
through vitamins and TET: implications
for regenerative medicine and cancer
treatment

Vitamins A and C represent unrelated sets of small molecules that are essential to the
human diet and have recently been shown to intensify erasure of epigenetic memoryin
naive embryonic stem cells. These effects are driven by complementary enhancement
of the ten-eleven translocation (TET) demethylases — vitamin A stimulates TET
expression, whereas vitamin C potentiates TET catalytic activity. Vitamin A and C
cosupplementation synergistically enhances reprogramming of differentiated cells to
the naive state, but overuse may exaggerate instability of imprinted genes. As such,
optimizing their use in culture media will be important for regenerative medicine and
mammalian transgenics. In addition, mechanistic perception of how these vitamins
interact with the epigenome may be relevant for understanding cancer and improving
patient treatment.
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Vitamins A and C represent distinct sets
of dietary micronutrients (Figure 1A), and
both are associated with a long recorded his-
tory. Nightblindness, an early symptom of
vitamin A deficiency, and its cure through
liver consumption, was known to Egyptians
in the prehistoric period 1. Equally, the
debilitating effects of scurvy (vitamin C defi-
ciency) among sailors, and its treatment with
oranges, was registered as far back as 1498 [2].
Vitamins A and C also have a lengthy and
rich history in scientific literature; in 1753
James Lind described the first controlled
clinical trial where various antiscorbutic
treatments were tested on British seamen and
in 1929, Frederick Gowland Hopkins was
co-awarded the Nobel Prize in Medicine for
the ‘discovery of vitamins’ following milk
supplementation experiments in vitamin A
deficient mice [3]. Eventual isolation of the
respective compounds underlying both vita-

mins led to Nobel Prizes in Chemistry and
Medicine in 1937 [4]. Since this time, a con-
siderable amount of scientific progress (and
at times conjecture) has been associated with
vitamins A and C, and their respective bio-
logical effects touch disciplines as divergent
as development and dermatology.

One of the most recently discovered fields
that vitamins A and C impact upon is epi-
genetics [5-7]. New research has shown that
both vitamins drive active removal of DNA
methylation in embryonic stem cells (ESCs)
by enhancing the same family of ten-eleven
translocation (TET) enzymes, and in doing
s0, help erase DNA methylation and the epi-
genetic memory encoded by it to improve
the reprogramming of differentiated cells to
an embryonic-like state. Here I review the
effects of vitamins A and C on DNA methyl-
ation and epigenetic memory in stem cells,
and outline their significance for the fields
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Figure 1. Vitamin A, Vitamin C and DNA demethylation. (A) The most common form of vitamin A in the body is
retinol (top left), a lipid soluble molecule which can be metabolized into retinoic acid (bottom left), a signaling
factor and powerful developmental morphogen. The hydrophilic ascorbate ion (right) is the most common

form of vitamin C at physiological pH, and is well known for its antioxidant effects in cells. (B) The ‘life-cycle’ of
cytosine variants is depicted, whereby cytosine can first be methylated by members of the DNA methyltransferase
(DNMT) family of enzymes to produce 5-methylcytosine (5mC). Although this is the predominant form of
modified cytosine, oxidation of 5mC can occur to create 5-hydroxymethylcytosine (5ShmC) and further oxidized
derivatives 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). This iterative oxidation is due to the TET family
of Fe?*- and oxoglutarate-dependent enzymes. Once oxidized to 5hmC, 5fC or 5caC, cytosine derivatives can be
returned to the original unmodified state through either base-excision repair pathways or as yet uncharacterized
decarboxylation (indicated with a question mark). Alternatively, because DNA methylation maintenance
machinery cannot recognize 5hmC-5caC, methylation marks can effectively be removed by an ‘active-passive’
mechanism following replication. When naive pluripotent stem cells are subjected to conventional cell culture (C),
an equilibrium for cytosine variants is determined by the rates of conversion between them. When culture media
is supplemented with vitamins A and C (D), oxidation and production of 5hmC is promoted relative to 5mC. This
is caused by increased TET protein levels driven by vitamin A, and enhanced Fe?* recycling driven by vitamin C;
ultimately resulting in exaggerated DNA demethylation.

TET: Ten-eleven translocation.
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of regenerative medicine, mammalian transgenics and
cancer.

Epigenetic memory and its removal in
developmentally potent cells

DNA methylation is an essential component of verte-
brate development [8-10], and exists predominantly at
cytosines within CG dinucleotides. The reason why
CG is favored over other nucleotide contexts relates
to its palindromic nature. During replication, meth-
ylation maintenance machinery can recognize CG
on a template strand and copy its methylation signal
to the complementary CG on the newly synthesized
strand [1112]. In this way, CG can harbor molecu-
lar memory long term using a stable, but malleable,
encoding system. In contrast, except following genetic
manipulation [13,14], other epigenetic modifications
(such as histone methylation or acetylation) do not
have an equivalent capacity to maintain specific marks
in long term [1s].

High levels of CG methylation (70-85%) are
found throughout the somatic tissues of humans and
mice [1617]. However, earlier in development, naive
‘pluripotent’ cells within the blastocyst (which go on
to form all cells and tissues of the body) display only
20-30% CG methylation [18]. Equally low levels of
methylation are also seen in cultured cells recently
found to recapitulate the naive pluripotent character-
istics of the early embryo [19-24]. Rapid increases in
DNA methylation occur when naive cells exit pluri-
potency and commit to various developmental trajec-
tories around the time of implantation (reviewed [25]).
By imparting unique methylation patterns at enhanc-
ers and gene promoters (thus reflecting equally unique
gene expression profiles), de novo methyltransferases
have the ability to drive and consolidate early develop-
mental decisions. In this way, CG methylation and the
epigenetic memory it encodes provides a mechanism
for cells to faithfully maintain a uniquely differenti-
ated identity in the absence of the cues that defined
them.

Reversal of the differentiation process and creation
of cells with high developmental potency appears to
be intimately linked with the removal of DNA meth-
ylation. Inhibition of DNA methylation maintenance
machinery, using RNA interference or small molecules
such as 5-azacytidine, has been known for some time to
dramatically improve the efficiency at which induced
pluripotent stem cells (iPSCs) can be reprogrammed
from differentiated cells [26.27). Indeed, the UHRF1
protein, which is essential for maintenance of methyla-
tion following replication, is significantly downregu-
lated (and at times loses nuclear localization) during
iPSC reprogramming, primordial germ cell definition

and in the naive pluripotent state [28-30], a process
likely responsible for the majority of demethylation in
these systems [31].

Nevertheless, active removal of DNA methylation
makes a significant contribution to epigenetic repro-
gramming events. The TET proteins are Fe**- and
oxoglutarate-dependent enzymes that demethylate
DNA by oxidizing methylated cytosine (i.e., 5-meth-
yleytosine, or 5SmC short) to 5-hydroxymethylcyto-
sine (5hmC) and further oxidized derivatives [32,33].
In similar fashion to suppressors of DNA methylation
maintenance machinery, forced expression of the TET
proteins profoundly improves iPSC derivation [34-37].
At least part of TET function in this capacity appears
to be related to removal of DNA methylation from plu-
ripotency related genes, and as a consequence, greater
activation of the pluripotency network [38-40]. While
there is some redundancy between members of the
TET family, the presence of at least one TET para-
log is essential for the production of iPSCs and normal
mouse development [41-44].

Both vitamin A and vitamin C enhance DNA
demethylation in naive ESCs by acting on the TET
family of proteins [37.45]. This convergence in function
is somewhat surprising given the vastly different physi-
cal and biological characteristics of these molecules.
The most common form of vitamin A in the body is
retinol. This lipid-soluble molecule metabolizes into
retinoic acid (Figure 1A), a powerful developmental
morphogen responsible for activating many genes in
the ‘retinoic acid signaling pathway’ [46]. In contrast,
the most common form of vitamin C is ascorbate, a
water-soluble compound that functions predominantly
as a reducing agent. Nevertheless, by complemen-
tary mechanisms they synergistically enhance DNA
demethylation through the TET proteins, and in turn,
help drive reprogramming to pluripotency.

Vitamin A enhances TET expression,

vitamin C potentiates TET activity

Despite their requirement in the human diet, vitamins
A and C are only sporadically included in defined
cell culture formulations [47]. A comparison of media
types commonly used to culture naive ESCs revealed
that vitamin A in the form of retinyl acetate, retinol
or retinoic acid can support up to 27% more 5ShmC
in the genome, and reduces 5mC by a similar propor-
tion [37]. By utilizing multiple knockout ESC lines,
it was shown that this demethylation was specific to
transcriptional activation of TET2, and to a lesser
extent TET3. Analysis of chromatin immunoprecipita-
tion and sequencing (ChIP-seq) data (48] revealed that
although 7ezl and 7Tet3 do not appear to be targeted
directly by retinoic acid signaling, the first intron of
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the 7et2 gene possesses a retinoic acid receptor-binding
site that is conserved throughout eutherian evolution.
Deletion of this site rendered TET2 mRNA insensitive
to activation by retinoids [37].

Ascorbate has been shown on numerous occasions
to increase ShmC and decrease 5SmC in ESCs, how-
ever, in contrast to vitamin A, this occurs without any
change in TET expression [37.45,49-51]. Ascorbate is a
well-characterized reducing agent which acts on Fe*
ions, and given that Fe?* is essential for TET activity,
it was implicitly assumed that the antioxidative capac-
ity of ascorbate is what accounts for increased 5ShmC
deposition in its presence [52]. Under this scenario,
ascorbate would be better thought of as a salvager of
TET catalysis following ‘uncoupled’ oxidation in the
absence of substrate (which results in the production
of Fe?*), rather than a cofactor intrinsically required
for its activity. Nevertheless, initial biochemical stud-
ies did not support this contention; reducing agents
other than ascorbate were apparently insufficient to
enhance TET activity iz vitro [45.50.51,53]. Subsequent
cell culture experiments using quinones as reducing
agents (54,55], and further 77 vitro experiments at phys-
iological pH [37] have now challenged this conclusion.
Ascorbate has been found not to enhance TET activ-
ity when in the presence of sufficient Fe?*, demon-
strating it is not an obligatory cofactor [37]. Moreover,
with sufficient reaction time, TET activity can be
rescued in vitro by antioxidants other than ascorbate
(including hydroquinone) through reduction of Fe*
to Fe?*.

Interestingly, vitamin C appears to also exert an
effect upon other epigenetic modifications. Histone
demethylases, such as those within the Jumonji C
(JmjC) family, function in an analogous manner to the
TET proteins — hydroxylation by JmjC proteins simi-
larly initiates histone methylation removal, and like the
TET family, JmjC enzymes are Fe?* and oxoglutarate
dependent [56]. Vitamin C is essential for the activity of
the JmjC demethylase in vitro, and was recently shown
to drive expression of IL17 following vitamin C supple-
mentation, not TET [57]. As such, it is likely important
to use model systems where the TET or JmjC proteins
can be specifically attenuated in order to grasp the true
effect of vitamin C supplementation for a given gene.
Indeed, this may also be true for vitamin A which has
been reported to affect histone methylation by as yet
unexplored mechanisms [s8].

Vitamins A & C in regenerative medicine &
mammalian transgenics: is tuning required?
Naive pluripotent stem cells, particularly those which
are patient derived (such as iPSCs), hold great promise
for the field of regenerative medicine because they can

be grown in culture and have unrivaled developmental
capacity [59]. Equally, naive stem cells from nonrodent
models could revolutionize mammalian transgenics in
a similar fashion to classically grown ESCs and the
knockout mouse, allowing complex genetic modi-
fication techniques to be applied to a wide range of
mammalian systems, including those more effectively
modeling human physiology. Both vitamins A and C
are known to improve the efficiency at which iPSCs
can be generated from differentiated cells [37.60.61], and
when cosupplemented, display additive and enhanced
synergistic effects upon demethylation and repro-
gramming, respectively [37]. As such, it is likely that
pluripotent cell media formulations developed in the
future for regenerative medicine and mammalian
transgenics will include optimized amounts of both
vitamins.

Nevertheless, naive stem cell culture conditions
are associated with risks that are not yet fully under-
stood. Reprogramming of conventional mouse and
human ESCs (which are ‘primed’ for differentia-
tion) to naive pluripotency involves global reduction
of CG methylation from 70-75% to 20-30% [19-21],
and with vitamin supplementation this can get even
lower [62]. Imprinting control regions (ICRs) which
orchestrate parent specific gene expression of approxi-
mately 100 mammalian genes (including growth fac-
tors) are generally resistant to demethylation in naive
ESCs [19.63]. Nevertheless, activation of normally
silenced imprinted alleles can occur under naive con-
ditions due to excessive demethylation, and once lost
from an ICR, parent-specific methylation cannot be
recovered [62]. Given that loss of imprinting is a known
driver of developmental disease and cancer (64,65, its
occurrence in naive cells would render them unsafe for
clinical and transgenics applications. ICR erasure in
primordial germ cells is thought to involve TET pro-
tein action [66-69], and as such, it is not unreasonable to
expect that loss of imprinting in naive ESCs could be
exacerbated by supplementation of vitamins A and C.
This means that in order to strike a balance between
imprinting fidelity in naive pluripotent stem cells and
the efficiency at which they are derived, fine-tuning
of vitamin levels and TET activity may be required
(Figure 2).

Vitamins, TET & cancer treatment

Many tumors and cultured cancer cell lines are sub-
jected to global hypomethylation that is superficially
similar to demethylation in pluripotent stem cells and
the germline [17.70,71]. Currently it is unclear how global
hypomethylation of a cell may contribute to tumori-
genesis, with genomic instability, oncogene activa-
tion and increased recombination all predicted to be
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Figure 2. Tuning TET function for the efficient and safe production of naive pluripotent stem cells. (A) Increased
TET levels and activity enhance reprogramming of differentiated cells to the naive pluripotent state by removing
DNA methylation (black lollipops) from promoters and other cis-elements allowing increased expression of
pluripotency genes (large black arrows). Nevertheless, this same process may also increase the likelihood of

loss of methylation from both maternal (red) and paternal (blue) alleles at imprinted genes, an outcome which
would preclude affected pluripotent cells from being used in regenerative medicine and mammalian transgenics.
Accordingly, ‘tuning’ TET levels and activity (B) by modulating vitamins A and C supplementation (black control
dial) may be an important step in exploiting the full potential of naive pluripotent cells.

Safety Efficiency

involved [71]. Irrespective of the mechanism, like plu-
ripotent stem cells, cancers have an increased capac-
ity for proliferation and transforming into divergent
cell types; an ability, which may be further enabled by
global hypomethylation of the genome.

Despite these parallels, there is one striking differ-
ence between the epigenome of pluripotent cells and
cancer cells. Many gene promoters become hypermeth-
ylated in cancer, causing silencing of tumor suppressor
genes [72]. TET proteins are thought to drive a signifi-
cant number of these hypermethylation events through
at least two mechanisms. First, genetic mutation of
TET is a common feature of many cancers, especially
hemarological malignancies [73]. Indeed, TET derives
its name from translocations between chromosomes
10 and 11, which are associated with acute myeloid
leukemia subtypes [74]. Alternatively, in solid tumors,
TET can be indirectly affected by hypoxic conditions
(<0.5% O,), essentially choking catalytic activity by
removal of the obligate oxygen substrate [75.76]. Con-
sidering this, and the observation that low 5ShmC pro-
duction is a marker of many cancers and particularly

poor clinical outcome, TET proteins are considered to
be genuine tumor suppressor genes [73].

Could activation of TET and restoration of normal
S5hmC levels and DNA methylation patterns using
vitamin supplementation provide some value in the
treatment of cancer? The benefit of high doses of ascor-
bate in broad-spectrum cancer treatment was initially
reported by Cameron and Pauling [77]; however, sub-
sequent trials have either shown promising benefits in
certain circumstances, or have provided no detectable
advantages at all [78-84]. Nevertheless, it remains possi-
ble that vitamin C supplementation can reverse global
loss of 5ShmC (6] and hypermethylation of tumor-sup-
pressor genes [75,76]. In support of this proposition, it has
been found that a high proportion of cancer patients
are actually deficient in vitamin C [84]. Interestingly,
in vitro modeling experiments have shown that vita-
min C amplifies the anticancer effects of decitabine,
a drug commonly used in treatment of hematologi-
cal malignancies and well-described driver of DNA
demethylation [ss]. It will be important to explore this
initial work with mechanistic understanding of how
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vitamin C (and decitabine) interact with cancer cells,
and ultimately, advanced testing in a clinical setting
where ascorbate delivery and pharmacokinetics can be
effectively controlled.

In contrast to vitamin C, it is well accepted that
vitamin A in the form of retinoic acid is an effective
component of certain cancer treatments, in particular,
those for acute promyelocytic leukemia (APL) 86]. APL
is characterized by production of a fusion oncoprotein
between PML and retinoic acid receptor o, the cause
of which is a chromosomal translocation detectable in
>98% of patients [87]. The PML-retinoic acid receptor
o oncoprotein represses many of the canonical genes
targeted by retinoic acid signaling, and in doing so,
blocks myeloid differentiation. Pharmacological doses
of retinoic acid can reverse this silencing and when
used in combination with arsenic trioxide, differentia-
tion treatment of APL using retinoic acid can provide
5-year event-free survival rates of >90% [88], a stunning
outcome for what was in the 1970s, a most deadly form
of acute leukemia.

Despite these successes, some patients are resistant
to differentiation therapy using retinoic acid. Given
that mutations in TET2 are well-known for their
ability to suppress differentiation of myeloid lineages
and drive malignancy [73.89], and TET2 is a direct tar-
get of the retinoic acid signaling pathway [37], it seems
possible that instances of retinoic acid insensitivity in
APL patients are due to TET2 mutation. Support-
ing this hypothesis is the finding that 4.5% of APL
patients possess TET2 mutation, and along with dis-
ruption of several other epigenetic modifiers predicts
poor treatment outcome [90]. If proven by further
experimentation, diagnostic testing of TET2 muta-
tion profiles in APL patients could assist treatment
management.

Future perspective

Vitamins A and C are well-known dietary components
that have recently been shown to impact upon the era-
sure of epigenetic memory in pluripotent cell types by
modulating TET protein abundance and potentiat-
ing its activity. While it is unclear what impact these
vitamins have on the epigenetic status of differentiated
cells, optimizing their effects in order to efficiently
produce and maintain naive pluripotent cell types
which are safe for regenerative medicine and mam-
malian transgenics will be a future challenge. Further-
more, elucidation of the effects that vitamins A and C
have on malignant cell types could have far-reaching
implications for understanding the biology of cancer
and enhancing its treatment.
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Executive summary

pathway.

differentiated cell types.

e Vitamins A and C reduce epigenetic memory in naive embryonic stem cells (ESCs) in a manner that is
dependent upon the demethylating ten-eleven translocation (TET) proteins.
e Vitamin A (retinol, retinoic acid) enhances TET2 expression in naive ESCs via the retinoic acid signaling

e Vitamin C (ascorbate) enhances TET activity by potentiating TET catalytic activity.
e Vitamins A and C act synergistically to enhance production of induced pluripotent stem cells from

e Optimizing appropriate TET levels and activity will be important for the efficient and safe production/
maintenance of naive pluripotent cells used for regeneration medicine and mammalian transgenics.

e A greater understanding of how vitamins A and C impact upon TET and the epigenome may have clinical
relevance in cancer, particularly acute promyelocytic leukemia and other hematological malignancies.
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