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Abstract

Vitamin C is an essential dietary requirement for humans. In addition to its known role as an anti-
oxidant, vitamin C is a cofactor for Fe2* and a-ketoglutarate-dependent dioxygenases, which
comprise a large number of diverse enzymes, including collagen prolyl hydroxylases and
epigenetic regulators of histone and DNA methylation. Vitamin C can modulate embryonic stem
cell (ESC) function, enhance reprogramming of fibroblasts to induced pluripotent stem cells
(iPSCs) and hinder the aberrant self-renewal of hematopoietic stem cells (HSCs) through its ability
to enhance the activity of either Jumonji-C-domain containing histone demethylases or ten-eleven
translocation (TET) DNA hydroxylases. Given that epigenetic dysregulation is a known driver of
malignancy, vitamin C may play a novel role as an epigenetic anti-cancer agent.
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Main Text

Vitamin C — a novel epigenetic regulator

Vitamin C is an essential dietary requirement for humans, most well known for its role in
protection against scurvy, a disease caused by severe vitamin C deficiency that if left
untreated can be fatal and characterized by hemorrhages and poor wound healing, [1].
Vitamin C replenishment in the diet reverses the symptoms of scurvy, largely attributed to
vitamin C-mediated restoration of the activity of collagen proly hydroxylases, a family of
Fe2* and a.-ketoglutarate-dependent dioxygenases (a-KGDDs) that regulate collagen
synthesis [2]. Many other a-KGDDs also depend on vitamin C as a cofactor to maintain
their enzymatic activity, including key epigenetic regulators of histone demethylation and
DNA hydroxymethylation that play pivotal roles in the epigenetic reprogramming of stem
cells and cancer. Recent studies have shown that vitamin C can protect hematopoietic stem
cells from epigenetic alterations that drive leukemia progression and, therefore, the ability of
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vitamin C to modulate the epigenome has re-ignited interest in the potential therapeutic
benefits of vitamin C. Pharmacological doses of vitamin C have also been show to synergize
with standard chemotherapy in the treatment of both solid and hematopoietic cancer cells. In
this review we summarize the known biological functions of vitamin C, its homeostatic
regulation in the body and role as a cofactor of a-KGDDs to modify the epigenome of stem
cells. In addition, we highlight the potential benefits of high-dose vitamin C treatment as an
anti-cancer therapy.

Vitamin C biosynthesis and uptake.

Most mammals are capable of synthesizing vitamin C de novo in the liver from glucose via
the enzymatic action of L-gulono-y-lactone oxidase (GULO). However, in humans and
other primates, in addition to guinea pigs, bats and fish, the GULO gene is mutated,
rendering its product inactive and making vitamin C an essential dietary requirement [1]. In
order to maintain optimal physiological levels of vitamin C, the recommended daily intake is
200mg/day, which results in a plasma concentration of approximately ~70-80uM and can be
readily sustained from the consumption of dietary supplements or a variety of fruits and
vegetables [1, 3]. Prolonged periods of low dietary vitamin C intake (<10mg/day), leading to
plasma levels below ~10uM, manifests in its most severe form as scurvy. However, milder
vitamin C deficiency may be underreported owing to its non-specific symptoms such as
fatigue, irritability, dull aching pains, and weight loss [4, 5]. In the United States, it is
estimated that more than 7% of the population (>20 million people) are deficient in vitamin
C [5].

Vitamin C transport and homeostasis.

Vitamin C is water soluble and absorbed in the diet through the intestinal lumen for whole
body distribution via the bloodstream. In the gastro-intestinal tract, the ionized form of
vitamin C, ASC, and its oxidized counterpart, DHA, are absorbed by luminal cells through
different mechanisms, including passive diffusion, facilitated diffusion and active transport
[3]. Passive diffusion is limited by the low hydrophobicity of ASC and DHA, and only
contributes to a fraction of the overall regulation of vitamin C homeostasis in the body [6].

Transport of DHA, but not ASC, occurs by facilitated diffusion through a number of glucose
transporters (GLUT1-4) with varying tissue distributions and affinities for vitamin C, and is
competitively inhibited by glucose [3]. Facilitated diffusion of DHA through GLUT1 is the
primary mode of vitamin C uptake by erythrocytes, Once inside the cell, DHA is reduced to
ASC by glutathione (GSH), thus maintaining a concentration gradient that favors DHA
uptake but only to the equivalent of plasma concentrations (See Box 1) [3]. In contrast to
erythrocytes, the intracellular concentration of vitamin C in other cells can range from 1-
4mM in white blood cells, up to as high as 10mM in brain cells [7]. The ability of cells to
achieve such high (mM) intracellular concentrations of vitamin C from low (uM) plasma
levels is attributed to the action of two sodium-dependent vitamin C transporters (SVCTS)
that utilize the sodium gradient across plasma membranes to transport ASC but not DHA.
SVCT1 is primarily expressed in epithelial cells and regulates gastrointestinal absorption
and renal re-absorption, whereas SVCT2 is expressed in most tissues and is thought to be
responsible for systemic cellular uptake [3, 7].
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Plasma levels of vitamin C are tightly controlled by the two SVCTs, which in turn exhibit
characteristics of substrate-dependent regulation. Following oral administration of very high
doses of vitamin C (>500 mg/day), maximal plasma concentrations do not exceed 150uM,
due to homeostatic down-regulation of SVCT1, which impedes intestinal absorption and
kidney re-absorption, leading to urinary excretion of excess vitamin C [8]. Conversely,
vitamin C deficiency can also promote the upregulation of both SVCT1 and SVCT2 mRNA
expression in various tissues including the liver and intestine [3], highlighting the
importance of these transporters in regulating vitamin C homeostasis.

The anti-oxidant role of vitamin C.

Vitamin C is

Vitamin C plays an important role in protecting cells from oxidative stress by maintaining
intracellular redox balance. Acting as an electron donor, vitamin C can reduce reactive
oxygen species (ROS), including superoxide anions, hydroxyl radicals, singlet oxygen, and
hypochlorous acid generated during normal metabolic respiration/mitochondrial oxidative
phosphorylation (aerobic ATP generation). By quenching free radicals, vitamin C can
therefore protect against mutations induced by oxidative DNA damage, lipid peroxidation,
and the oxidation of amino acid residues to maintain protein integrity [1].

a key cofactor for Fe2* and a-KG-dependent dioxygenases.

In addition to the anti-oxidant role of vitamin C, its ability to act as an electron donor to
reduce ferric iron (Fe3*) to ferrous iron (Fe2*) is a key mechanism by which vitamin C acts
as a cofactor for a-KGDDs. Diverse families of a-KGDDs are regulated by vitamin C,
including prolyl hydroxylases [9], and epigenetic regulators such as the Jumonji-C (JmjC)
domain-containing histone demethylases (JHDMs) [10], DNA and RNA demethylases of the
AlkB homolog (ALKBH) family [11, 12] and the ten-eleven translocation (TET) family of
DNA hydroxylases [13, 14] (see Box 2).

The a-KGDDs have relatively high K;s for vitamin C (140-300uM), and for this reason
may require above 1 mM intracellular levels for optimal activity [8]. Vitamin C is often
essential for maximal a-KGDD activity and cannot be substituted in the reaction by other
anti-oxidants such as spermidine, vitamin B1, vitamin E, glutathione, NADP, dithiothreitol
or L-cysteine, indicating a specific need for vitamin C as a cofactor for these enzymes [2, 14,
15]. Furthermore, vitamin C has been shown to bind directly to certain a-KGDDs such as
the TET proteins [14]. However, there is also evidence that vitamin C may act simply as a
reducing agent to maintain iron in the ferrous state, independently of any direct cofactor
activity given that, under certain reaction conditions, it has been shown that other anti-
oxidants in addition to vitamin C can reduce ferric iron (Fe3*) to ferrous iron (Fe2*) to
maintain the activity of the TET enzymes (new ref). Vitamin C may therefore play an
indirect role in maintaining the activity of a-KGDDs through the regulation of redox active
iron (see Box 3).

Epigenetic reprogramming of stem cells by vitamin C.

In 2010, two independent studies showed that vitamin C could promote DNA demethylation
in ESCs [16] and enhance the reprogramming of somatic cells into induced pluripotent stem
cells (iPSCs) [17]. Vitamin C is necessary to maintain ESC proliferation /n vitro [16] and it
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was originally added to the media of somatic cells to counteract the ROS generated during

reprogramming in an attempt to improve the efficiency or quality of iPSCs generated [17].

However, vitamin C proved to be substantially more efficient at enhancing iPSC generation
than other anti-oxidants. Moreover, inhibitors of a-KGDDs impaired reprogramming [10],
implicating these enzymes in the mechanism of vitamin C-mediated reprogramming.

Jumoniji histone demethylases in vitamin C-mediated reprogramming.—
JHDMs were initially proposed to be key effectors of iPSC reprogramming downstream of
vitamin C. Vitamin C has been shown to enhance the activity of JHDM1a/1b (KDM2a/2b) to
promote H3K36me2/3 demethylation in mouse embryonic fibroblasts in culture and during
reprogramming [10]. Consistent with these observations, overexpression of Jaidmlia/1b
potently enhanced reprogramming, whereas knockdown impaired iPSC generation [10].

H3K9 methylation has been shown to be a barrier during somatic cell reprogramming into
iPSCs [18]. Vitamin C, acting via JIMJDa/1b (KDM3a/3b) induces a specific loss of
H3K9me2 in ESCs [19], and can drive pre-iPSC-to-iPSC transition by enhancing both
JMID1 (KDM3) and IMJD3 (KDM4)-mediated H3K9me2/3 demethylation at core
pluripotency gene loci [18]. Interestingly, vitamin C also enhances iPSC generation at least
in part by delaying cell senescence [17], through JHDM1b-mediated removal of
H3K36me2/3, which leads to silencing of the senescence-inducing CaknZa (Ink4/Arf) locus
[10].

TET proteins in vitamin C-mediated reprogramming.—Recent studies have shown
that enhanced iPSC reprogramming and DNA demethylation induced by vitamin C is also
TET-dependent. 7etZ or 7etZ-depleted MEFs are unable to generate iPSC colonies, whereas
overexpression of TET proteins enhances reprogramming [20-22]. Vitamin C can
dramatically increase 5ShmC production in ESCs and during the reprogramming of mouse
and human fibroblasts to iPSCs [13, 15, 23]. The rapid increase in 5hmC observed in ESCs
treated with vitamin C accumulates at transcriptional start sites (TSSs), and is followed by
DNA demethylation at the promoters of germ line genes normally expressed during
formation of a blastocyst-like state [13, 14]. Notably, 100uM vitamin C is sufficient to
increase 5hmC by up to ~4-fold above basal levels in ESCs within 24hrs of treatment. Even
larger effects are seen on the levels of 5fC (10-fold increase) and 5caC (20-fold increase),
the successive oxidation products of 5hmC catalyzed by TET proteins that trigger active
DNA demethylation [14]. The effects of vitamin C on 5hmC, gene expression and DNA
demethylation are lost in 7etZ/~ Tet2/~ ESCs [13, 14] highlighting the importance of TET
proteins as downstream targets of vitamin C-mediated DNA demethylation. Vitamin C
supplementation also increases reprogramming efficiency by activating the expression of
several microRNAs [10] and by preventing the aberrant DNA hypermethylation and
silencing of imprinted genes at the D/k1-Dio3 gene cluster [24] that could be mediated by a
combination of increased JHDM and TET activity.

Vitamin C-mediated epigenetic regulation of hematopoietic stem cells.

A role for vitamin C in maintaining physiological levels of 5hmC and fully functional TET
enzymatic activity in hematopoietic stem cells (HSCs) has recently gained attention. TET
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proteins are known tumor suppressors of the hematopoietic lineage (reviewed in Guillamot
et al., 2016) [25]. Of the three TET genes, TETZ-inactivating mutations are the most
prevalent, occurring in up to 30% of patients with myelodysplasia (MDS), acute myeloid
leukemia (AML) and clonal hematopoiesis of indeterminate potential (CHIP), a pre-
malignant state seen in approximately 10% of healthy elderly individuals that increases their
risk of progression to AML [26, 27].

TET loss of function has also been modeled genetically in mice. 7etZ-deficiency leads to
aberrant self-renewal and expansion of HSCs with a B-cell lineage bias [28, 29], whereas
Tet2-deficiency causes aberrant self-renewal with a myeloid lineage bias [30-32]. In
addition, the combined loss of 7et1/2restricts malignancy to the B cell lineage whereas
TetZ/3 deficiency causes an accelerated acute myeloid leukemia [28, 33]. In these mouse
models, deficiency of TET proteins causes loss of 5hmC in the genome of HSCs and DNA
hypermethylation that is associated with lineage-specific gene expression changes and
genomic instability. Given the history of claims that vitamin C is important for maintaining a
healthy immune system [34], the potential for vitamin C to modulate HSC function through
the regulation of epigenetic factors had been surprisingly overlooked until recently.

Vitamin C deficiency and leukemia progression.—Recently, Agathocleous et al.,
using a metabolomic screening approach, found that vitamin C levels are highest in human
and mouse HSCs, compared with more differentiated hematopoietic cell types [35]. The
vitamin C transporter Svct2 (Slc23a2) was also expressed most abundantly on HSCs,
compared with lineage-restricted progenitors and mature immune cells. Using Gulo™~ mice
[36], the authors showed that vitamin C deficiency led to increased HSC frequency and
caused a loss of 5ShmC in the genome. These effects could be reversed upon dietary vitamin
C intake, implicating deficient TET activity as the cause for an aberrant HSC expansion
[35]. In addition, vitamin C deficiency modeled systemically (Gulo™'-) or using cell-intrinsic
vitamin C transporter knockout mice (S/c23a27~) [37] was shown to cooperate with the
FIt3'"D oncogene to accelerate leukemogenesis in bone marrow transplantation studies.
Vitamin C deficiency exacerbated 5ShmC loss in HSCs with heterozygous or homozygous
loss of 7et2, suggesting that a vitamin C-depleted micronutrient environment could globally
impair the activity of TET proteins, including TET1 and/or TET3 [35].

Restoration of TET function by vitamin C treatment.— 7E£72 mutations found in
patients are almost exclusively heterozygous and affect the ability of the enzyme to bind
FeZ* or a-KG in the catalytic domain, leading to impaired hydroxylation of 5mC and DNA
hypermethylation [38, 39]. We hypothesized that enhancing the activity of residual wild-type
protein encoded by the non-mutated allele, or potentially increasing the activity of mutant
TET2 proteins to restore normal levels of TET2 activity, could benefit patients with 7£72-
deficient diseases. Indeed, using genetic mouse models of reversible RNA interference, we
found that restoration of endogenous 7et2expression levels in 7et2-knockdown cells is
sufficient block aberrant HSC self-renewal, increase 5ShmC, promote DNA demethylation
and upregulate the expression of genes important for myeloid cell differentiation [40].
Vitamin C treatment of 7et2-deficient HSPCs could mimic 7et2 restoration, causing
increased 5hmC formation, a block in aberrant self-renewal of human or mouse HSPCs and

Trends Cell Biol. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cimmino et al.

Page 6

suppression of disease progression /1 vivo [40]. Similar to studies of ESCs and iPSCs,
sensitivity to vitamin C and 5hmC induction was dependent on the amount of total TET
expression. 7et2and 7et3account for >95% of 7et mRNA expressed in mouse HSPCs.
Combined loss of 7et2 and Tet3 rendered HSPCs resistant to vitamin C treatment and
severely deficient in their ability to generate 5hmC [40], suggesting that a threshold of TET
expression is required for vitamin C to modulate HSPC self-renewal.

High-dose vitamin C as an anticancer agent.

Vitamin C levels are tightly regulated in human plasma to maintain physiological
concentrations of 50-70uM, limiting the ability to achieve high cellular uptake by oral
consumption alone [3, 8]. The concentration of vitamin C used /n vitro (250uM) in our study
exceeded normal plasma levels in mice or maximum achievable levels following dietary
administration (~150uM) [5, 41]. Pharmacokinetic studies in humans have shown that
intravenous (1) administration of sodium L-ascorbate can generate up to 30mM peak
plasma levels, 100-fold higher than the levels produced by high-dose oral administration,
with minimal toxicity [42—44]. The first documented studies using high-dose 1V vitamin C
in cancer therapy were published by Linus Pauling and Ewan Cameron in the 1970s with
reports of some efficacy [45]. Subsequent clinical trials of high-dose vitamin C, however,
failed to show any benefit, most likely because these studies used oral administration only
[46, 47]. Recent clinical trials and case studies have shown efficacy of vitamin C as an
anticancer agent when administered at high-dose IV to treat patients with a variety of solid
tumors, including breast, ovarian, prostate, kidney, lung and liver cancer [42-44, 48].
Exactly why only some tumors respond remains unclear, although the Cantley group has
implicated RAS-pathway induced upregulation of GLUTZ, followed by increased uptake of
DHA and consequent redox stress, as a potential mechanism.

The ability of vitamin C to suppress leukemia progression by enhancing TET enzymatic
activity [35, 40] suggests that TET deficiency might be a response biomarker for vitamin C
therapy. Future clinical trials could target diseases of TET2 deficiency, including CHIP,
MDS and AML, and lymphoid malignancies such as Diffuse Large B-cell Lymphoma
(DLBCL) and Angioimmunoblastic T-cell Lymphoma (AITL), where 7E72loss-of-function
mutations are also prevalent [25].

Vitamin C as a hypomethylating agent.

Similar to the initial studies in ESCs that showed widespread DNA hypomethylation upon
vitamin C treatment [16], we have also shown that vitamin C drives DNA hypomethylation
and expression of a TET2-dependent gene signature in human leukemia cell lines [40]. DNA
hypermethylation is a hallmark of aberrant HSCs from MDS and AML patients with 7E72
mutation [49, 50], and DNA hypomethylating agents, such as 5-azacytidine (5-aza) and 5-
aza-2-deoxycytidine (decitabine), elicit a higher response rate in patients with 7TE72
mutations [51]. Vitamin C has been shown to synergize with decitabine in a TET2-
dependent manner to increase 5hmC and enhance DNA hypomethylation and upregulate the
expression of endogenous retroviral genes, triggering an innate viral mimicry response that
promotes apoptosis of several human cancer cells lines [52]. In the latter study, physiological
concentrations of vitamin C were used that are achievable by oral administration (57uM
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daily doses) suggesting that vitamin C supplementation in the diet could enhance therapeutic
responses in patients treated with DNA hypomethylating agents.

Vitamin C as an adjuvant for cancer therapy.

Patients with hematopoietic malignancy or other cancers are often markedly vitamin C-
deficient [52-54], and restoring or maintaining physiological levels has been shown to slow
malignant cell growth in multiple settings, including leukemia [35, 52, 55]. However,
pharmacological doses of vitamin C, administered 1V, are receiving increasing attention in
cancer research due to the ability to exploit multiple therapeutic mechanisms of action. At
low doses, vitamin C acts as an anti-oxidant and maintains sufficient levels of iron in the
ferrous state to promote the activity of dioxygenases. However, at higher doses, vitamin C
can behave as a pro-oxidant causing oxidative stress and depletion of GSH that leads to the
accumulation of reactive oxygen species (ROS) (see Box 4). Recently, high-dose vitamin C
was shown to be selectively toxic to KRAS or BRAF mutant colorectal cancer cells [56]. In
that study, increased cellular uptake of oxidized vitamin C (DHA) via upregulated GLUT
transporters led to GSH depletion and lethal levels of ROS [56]. High-dose vitamin C also
enhances the sensitivity of multiple hematopoietic malignancies to arsenic trioxide [54, 57]
and increases chemosensitivity and radiosensitivity of various cancer cells including ovarian
[58], pancreatic [59] glioblastoma and non-small cell lung carcinoma cells [60]. Increased
labile iron and GSH depletion are hallmark effectors of ferroptosis, a form of non-apoptotic
cell death caused by lethal lipid peroxidation [61]. Given that high-dose vitamin C can
promote increased redox-active iron mobilization and GSH depletion [56, 60], the ability to
induce ferroptosis could be an additional mechanism by which vitamin C can exert its
function as an anti-cancer therapy.

We have shown that Tet2 restoration in murine HSPCs, or vitamin C treatment of human
leukemia cell lines, induces a base excision repair (BER) gene expression signature
including the upregulation of poly-ADP ribose polymerase (PARP) genes [40]. Increased
TET activity, mediated by vitamin C treatment, can potentially mimic oxidative DNA
damage by catalyzing the formation of 5fC and 5caC. These modifications are a trigger for
BER and active DNA demethylation that is dependent on PARP proteins [62, 63]. PARP
inhibition can increase tumor sensitivity to DNA damage induced by chemotherapy, and
results in synthetic lethality in cells lacking intact BER or harboring homologous
recombination (HR) defects [64]. We showed that the combination of vitamin C treatment
with the PARP inhibitor, Olaparib, enhances the killing of human AML cells greater than
either agent alone, in the absence of elevated ROS [40]. TET-mediated DNA oxidation
induced by vitamin C can therefore potentially mimic a DNA damage response in AML
cells, making them hypersensitive to PARP inhibition and providing a novel therapeutic
strategy for combination therapy.

Closing remarks.

Vitamin C has recently emerged as an important regulator of stem cell biology and cancer
progression through its ability to modulate the epigenome. Despite tight control in whole-
body distribution upon dietary intake, pharmacological levels of vitamin C can be achieved
parenterally, with minimal toxicity to patients, and have the potential for broad efficacy in
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the treatment of cancer. Maintaining a diet proficient in vitamin C could help prevent or
suppress cancer progression, and pharmacological doses might synergize with DNA
hypomethylating or DNA damaging therapies to improve outcomes in cancer patients.

Whether the primary anti-cancer mechanism of high-dose vitamin C action is through its
role as a pro-oxidant is unclear, given that the contribution of enhanced dioxygenase activity
in sensitization to standard therapies upon vitamin C treatment has not been widely studied.
Identifying biomarkers of sensitivity will be important to stratify patients that could benefit
the most from vitamin C treatment. In addition, improving upon the bioavailability of
vitamin C and understanding the structural basis by which vitamin C can act as a specific
cofactor for a-KGDDs may help in developing targeted therapies to treat patients with
deficiencies in epigenetic regulators such as the TET proteins (see Outstanding Questions).
Loss of function in epigenetic regulators is a hallmark of cancer and in the case of
hematopoietic malignancy, a driver of disease progression. The potential for vitamin C to
modulate the epigenome as a natural, non-toxic epigenetic therapy for cancer prevention and
treatment has further expanded the role of this essential vitamin in human biology.

Prolyl hydroxylation, peptide hormone and lipid biosynthesis.—In the absence of
vitamin C, collagen prolyl-4-hydroxylase (C-P4H) cannot catalyze proline hydroxylation in
collagen, leading to defective collagen production and the systemic tissue breakdown
characteristic of scurvy [3]. Vitamin C is also required for prolyl hydroxylation of the
hypoxia-inducible factor (HIF), which targets HIF-1 for degradation [66] and enhances the
activity of the asparaginyl hydroxylase factor inhibiting HIF-1 (FIH-1), an important
suppressor of the transcriptional activity of HIF [67]. Vitamin C is also required for the
conversion of dopamine to noradrenaline, and to enhance the activity of enzymes involved in
the a-amidation of numerous pro-hormones and L-carnitine biosynthesis [2].

Histone demethylation.—Vitamin C has been shown to be required for the optimal
activity and demethylation capacity of several JHDMs [68], which include over 20 proteins
in humans that hydroxylate and remove mono-, di- or trimethyl-lysines in histones [69].
Histone demethylation is catalyzed by the JmjC-domain to produce a highly reactive
oxoferryl species that hydroxylates the methylated substrate, allowing spontaneous loss of
the methyl group as formaldehyde [70]. JHDM1 (KDM2) specifically demethylates H3K36,
JHDM2A (JMJD1A, KDM3A) demethylates H3K9 and JHDM3A (JMJD2A, KDM4)
demethylates both trimethylated H3K9 and H3K36 to regulate chromatin state and gene
expression [69].

DNA and RNA repair.—The mammalian ALKBHSs are a family of nine dioxygenases
(ALKBH1-8 and FTO) that oxidize the alkyl groups on alkylation-damaged nucleic acid
bases, acting as DNA/RNA repair enzymes or direct demethylases that remove cytotoxic 1-
methyladenine (1-meA), 3-methylcytosine (3-meC) and etheno-adenine (eA) [71]. The
oxidized alkyl groups are subsequently released as aldehydes, regenerating the undamaged
bases. Both FTO (fat mass and obesity associated) and ALKBHS5 repair primarily N6-
methyl-adenine (m6A) in RNA [71]. Interestingly, human variants of the FTO are associated
with an increased body mass index and predisposition to diabetes [72, 73]. The potential for
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vitamin C to modulate body weight through the activity of FTO however has not been
explored.

DNA hydroxymethylation.—TET proteins (TET1-3) catalyze the hydroxylation of 5-
methylcytosine (5mC) residues in DNA to 5-hydroxymethylcytosine (5hmC), which, in turn,
can be oxidized further to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). The
oxidative products of 5mC catalyzed by TET proteins can be stable modifications in the
genome or transient modifications that provide a trigger for DNA demethylation [74-76].
Vitamin C directly enhances the catalytic activity of TETs leading to increased oxidation of
5mC to enhance 5hmC, 5fC and 5caC formation, and at physiological concentrations of
FeZ* (10uM) vitamin C treatment at concentrations ranging from 50-500uM increases TET
activity in a dose-dependent manner and accelerates their reaction rate by up to 8-fold [14].

Ascor bate (ASC).
The reduced form of vitamin C that participates as an electron donor and maintains the
activity of Fe2* and a-ketoglutarate dependent dioxygenases.

Dehydroascor bate (DHA).
The oxidized form of vitamin C that enters cells via glucose transporters and can be reduced
back to ascorbate.

L -gulono-y-lactone oxidase (GUL O).
An enzyme that catalyzes the final step of vitamin C biosynthesis in the liver of mice but is
non-functional in humans.

Sodium-dependent vitamin C transporters (SVCTS).
One of two molecules (SVCT1/2) that use a sodium gradient to actively transport ascorbate,
generating high intracellular concentrations of vitamin C.

Glucosetransporters (GLUTS).
Facilitate the transport of dehydroascorbate in competition with glucose.

a-ketoglutar ate dependent dioxygenases (a-K GDDs).
A diverse family of enzymes that are also iron-dependent and utilize vitamin C as a cofactor.

Jumonji-C-domain containing histone demethylases (JHDM/KDM).
Vitamin C-dependent a-KGDDs catalyze lysine demethylation and regulate epigenetic
reprogramming of fibroblasts into iPSCs.

Ten-eleven trandocation (TET) proteins.

Vitamin C-dependent a-KGDDs that catalyze the oxidation of 5-methylcytosine in the
genome to regulate DNA methylation, reprogramming, stem cell pluripotency and act as
tumor suppressors of hematopoietic malignancy.

5-methylcytosine (5mC).
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methylated base modification generated by the activity of DNA methyltransferase
zymes to regulate gene expression and gene silencing.

5-hydroxymethylcytosine (5ShmC).

A
ab

DNA modification generated by TET hydroxylase activity that protects cells from
errant DNA hypermethylation and regulates gene expression.

Base Excision Repair (BER).

A

mode of DNA repair involved in active DNA demethylation in response to TET activity,

whereby a nucelotide is removed and replaced by a new base via a mechanism involving
DNA glycosylases, endonucleases and ligases.

References
1.

10.

11.

12.

13.

14.

15.

16.

17.

Padayatty SJ and Levine M (2016) Vitamin C: the known and the unknown and Goldilocks. Oral Dis
22 (6), 463-93. [PubMed: 26808119]

. Kuiper C and Vissers MC (2014) Ascorbate as a co-factor for fe- and 2-oxoglutarate dependent

dioxygenases: physiological activity in tumor growth and progression. Front Oncol 4, 359.
[PubMed: 25540771]

. Lindblad M et al. (2013) Regulation of vitamin C homeostasis during deficiency. Nutrients 5 (8),

2860-79. [PubMed: 23892714]

. Prinzo Z (1999) Scurvy and its prevention and control in major emergencies, World Health

Organization.

. Schleicher RL et al. (2009) Serum vitamin C and the prevalence of vitamin C deficiency in the

United States: 2003-2004 National Health and Nutrition Examination Survey (NHANES). Am J
Clin Nutr 90 (5), 1252-63. [PubMed: 19675106]

. Wilson JX (2005) Regulation of vitamin C transport. Annu Rev Nutr 25, 105-25. [PubMed:

16011461]

. May JM (2011) The SLC23 family of ascorbate transporters: ensuring that you get and keep your

daily dose of vitamin C. Br J Pharmacol 164 (7), 1793-801. [PubMed: 21418192]

. Young JI et al. (2015) Regulation of the Epigenome by Vitamin C. Annu Rev Nutr 35, 545-64.

[PubMed: 25974700]

. Gorres KL and Raines RT (2010) Prolyl 4-hydroxylase. Crit Rev Biochem Mol Biol 45 (2), 106-24.

[PubMed: 20199358]
Wang T et al. (2011) The histone demethylases JhdmZ1a/1b enhance somatic cell reprogramming in
a vitamin-C-dependent manner. Cell Stem Cell 9 (6), 575-87. [PubMed: 22100412]
Yi C et al. (2010) Iron-catalysed oxidation intermediates captured in a DNA repair dioxygenase.
Nature 468 (7321), 330-3. [PubMed: 21068844]
Gerken T et al. (2007) The obesity-associated FTO gene encodes a 2-oxoglutarate-dependent
nucleic acid demethylase. Science 318 (5855), 1469-72. [PubMed: 17991826]
Blaschke K et al. (2013) Vitamin C induces Tet-dependent DNA demethylation and a blastocyst-
like state in ES cells. Nature 500 (7461), 222—-6. [PubMed: 23812591]
Yin R et al. (2013) Ascorbic acid enhances Tet-mediated 5-methylcytosine oxidation and promotes
DNA demethylation in mammals. J Am Chem Soc 135 (28), 10396-403. [PubMed: 23768208]
Minor EA et al. (2013) Ascorbate induces ten-eleven translocation (Tet) methylcytosine
dioxygenase-mediated generation of 5-hydroxymethylcytosine. J Biol Chem 288 (19), 13669-74.
[PubMed: 23548903]
Chung TL et al. (2010) Vitamin C promotes widespread yet specific DNA demethylation of the
epigenome in human embryonic stem cells. Stem Cells 28 (10), 1848-55. [PubMed: 20687155]
Esteban MA et al. (2010) Vitamin C enhances the generation of mouse and human induced
pluripotent stem cells. Cell Stem Cell 6 (1), 71-9. [PubMed: 20036631]

Trends Cell Biol. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cimmino et al.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

Page 11

Chen J et al. (2013) H3K9 methylation is a barrier during somatic cell reprogramming into iPSCs.
Nat Genet 45 (1), 34—42. [PubMed: 23202127]

Ebata KT et al. (2017) Vitamin C induces specific demethylation of H3K9me2 in mouse
embryonic stem cells via Kdm3a/b. Epigenetics Chromatin 10, 36. [PubMed: 28706564]

Doege CA et al. (2012) Early-stage epigenetic modification during somatic cell reprogramming by
Parpl and Tet2. Nature 488 (7413), 652-5. [PubMed: 22902501]

Costa Y et al. (2013) NANOG-dependent function of TET1 and TET2 in establishment of
pluripotency. Nature 495 (7441), 370-4. [PubMed: 23395962]

Gao Y et al. (2013) Replacement of Oct4 by Tetl during iPSC induction reveals an important role
of DNA methylation and hydroxymethylation in reprogramming. Cell Stem Cell 12 (4), 453-69.
[PubMed: 23499384]

Chen Q et al. (2013) TET2 promotes histone O-GIcNAcylation during gene transcription. Nature
493 (7433), 561-4. [PubMed: 23222540]

Stadtfeld M et al. (2012) Ascorbic acid prevents loss of DIk1-Dio3 imprinting and facilitates
generation of all-iPS cell mice from terminally differentiated B cells. Nat Genet 44 (4), 398-405,
S1-2. [PubMed: 22387999]

Guillamot M et al. (2016) The Impact of DNA Methylation in Hematopoietic Malignancies. Trends
Cancer 2 (2), 70-83. [PubMed: 27019871]

Jaiswal S et al. (2014) Age-related clonal hematopoiesis associated with adverse outcomes. N Engl
J Med 371 (26), 2488-98. [PubMed: 25426837]

Delhommeau F et al. (2009) Mutation in TET2 in myeloid cancers. The New England journal of
medicine 360 (22), 2289-301. [PubMed: 19474426]

Zhao Z et al. (2015) Combined Loss of Tetl and Tet2 Promotes B Cell, but Not Myeloid
Malignancies, in Mice. Cell Rep 13 (8), 1692-704. [PubMed: 26586431]

Cimmino L et al. (2015) TET1 is a tumor suppressor of hematopoietic malignancy. Nat Immunol
16 (6), 653-62. [PubMed: 25867473]

Ko M et al. (2011) Ten-Eleven-Translocation 2 (TET2) negatively regulates homeostasis and
differentiation of hematopoietic stem cells in mice. Proc Natl Acad Sci U S A 108 (35), 14566-71.
[PubMed: 21873190]

Li Z etal. (2011) Deletion of Tet2 in mice leads to dysregulated hematopoietic stem cells and
subsequent development of myeloid malignancies. Blood.

Moran-Crusio K et al. (2011) Tet2 loss leads to increased hematopoietic stem cell self-renewal and
myeloid transformation. Cancer cell 20 (1), 11-24. [PubMed: 21723200]

An Jetal. (2015) Acute loss of TET function results in aggressive myeloid cancer in mice. Nat
Commun 6, 10071. [PubMed: 26607761]

Carr AC and Maggini S (2017) Vitamin C and Immune Function. Nutrients 9 (11).

Agathocleous M et al. (2017) Ascorbate regulates haematopoietic stem cell function and
leukaemogenesis. Nature 549 (7673), 476-481. [PubMed: 28825709]

Maeda N et al. (2000) Aortic wall damage in mice unable to synthesize ascorbic acid. Proc Natl
Acad Sci U S A 97 (2), 841-6. [PubMed: 10639167]

Sotiriou S et al. (2002) Ascorbic-acid transporter Slc23al is essential for vitamin C transport into
the brain and for perinatal survival. Nat Med 8 (5), 514-7. [PubMed: 11984597]

Ko M et al. (2010) Impaired hydroxylation of 5-methylcytosine in myeloid cancers with mutant
TET2. Nature 468 (7325), 839-43. [PubMed: 21057493]

Quivoron C et al. (2011) TET2 Inactivation Results in Pleiotropic Hematopoietic Abnormalities in
Mouse and Is a Recurrent Event during Human Lymphomagenesis. Cancer cell 20 (1), 25-38.
[PubMed: 21723201]

Cimmino L et al. (2017) Restoration of TET2 Function Blocks Aberrant Self-Renewal and
Leukemia Progression. Cell 170 (6), 1079-1095 e20. [PubMed: 28823558]

Kim H et al. (2012) The analysis of vitamin C concentration in organs of gulo(-/-) mice upon
vitamin C withdrawal. Immune Netw 12 (1), 18-26. [PubMed: 22536166]

Trends Cell Biol. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cimmino et al.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 12

Stephenson CM et al. (2013) Phase | clinical trial to evaluate the safety, tolerability, and
pharmacokinetics of high-dose intravenous ascorbic acid in patients with advanced cancer. Cancer
Chemother Pharmacol 72 (1), 139-46. [PubMed: 23670640]

Hoffer LJ et al. (2008) Phase I clinical trial of i.v. ascorbic acid in advanced malignancy. Ann
Oncol 19 (11), 1969-74. [PubMed: 18544557]

Padayatty SJ et al. (2006) Intravenously administered vitamin C as cancer therapy: three cases.
CMAJ 174 (7), 937-42. [PubMed: 16567755]

Cameron E et al. (1979) Ascorbic acid and cancer: a review. Cancer Res 39 (3), 663-81. [PubMed:
371790]

Creagan ET et al. (1979) Failure of high-dose vitamin C (ascorbic acid) therapy to benefit patients
with advanced cancer. A controlled trial. N Engl J Med 301 (13), 687-90. [PubMed: 384241]
Moertel CG et al. (1985) High-dose vitamin C versus placebo in the treatment of patients with
advanced cancer who have had no prior chemotherapy. A randomized double-blind comparison. N
Engl J Med 312 (3), 137-41. [PubMed: 3880867]

Raymond YC et al. (2016) Effects of High Doses of Vitamin C on Cancer Patients in Singapore:
Nine Cases. Integr Cancer Ther 15 (2), 197-204. [PubMed: 26679971]

Figueroa ME et al. (2009) MDS and secondary AML display unique patterns and abundance of
aberrant DNA methylation. Blood 114 (16), 3448-58. [PubMed: 19652201]

Figueroa ME et al. (2010) Leukemic IDH1 and IDH2 mutations result in a hypermethylation
phenotype, disrupt TET2 function, and impair hematopoietic differentiation. Cancer cell 18 (6),
553-67. [PubMed: 21130701]

Itzykson R et al. (2011) Impact of TET2 mutations on response rate to azacitidine in
myelodysplastic syndromes and low blast count acute myeloid leukemias. Leukemia : official
journal of the Leukemia Society of America, Leukemia Research Fund, U.K.

Liu M et al. (2016) Vitamin C increases viral mimicry induced by 5-aza-2’-deoxycytidine. Proc
Natl Acad Sci U S A 113 (37), 10238-44. [PubMed: 27573823]

Mayland CR et al. (2005) Vitamin C deficiency in cancer patients. Palliat Med 19 (1), 17-20.
[PubMed: 15690864]

Huijskens MJ et al. (2016) Ascorbic acid serum levels are reduced in patients with hematological
malignancies. Results Immunol 6, 8-10. [PubMed: 27014565]

Campbell EJ et al. (2015) Restoring physiological levels of ascorbate slows tumor growth and
moderates HIF-1 pathway activity in Gulo(—/-) mice. Cancer Med 4 (2), 303-14. [PubMed:
25354695]

Yun J et al. (2015) Vitamin C selectively kills KRAS and BRAF mutant colorectal cancer cells by
targeting GAPDH. Science 350 (6266), 1391-6. [PubMed: 26541605]

Noguera NI et al. (2017) High-dose ascorbate and arsenic trioxide selectively kill acute myeloid
leukemia and acute promyelocytic leukemia blasts in vitro. Oncotarget 8 (20), 32550-32565.
[PubMed: 28427227]

Ma'Y et al. (2014) High-dose parenteral ascorbate enhanced chemosensitivity of ovarian cancer
and reduced toxicity of chemotherapy. Sci Transl Med 6 (222), 222ral8.

Du J et al. (2015) Pharmacological Ascorbate Radiosensitizes Pancreatic Cancer. Cancer Res 75
(16), 3314-26. [PubMed: 26081808]

Schoenfeld JD et al. (2017) O2(-) and H202-Mediated Disruption of Fe Metabolism Causes the
Differential Susceptibility of NSCLC and GBM Cancer Cells to Pharmacological Ascorbate.
Cancer Cell 32 (2), 268.

Dixon SJ et al. (2012) Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell 149 (5),
1060-72. [PubMed: 22632970]

Shen L et al. (2014) Mechanism and function of oxidative reversal of DNA and RNA methylation.
Annu Rev Biochem 83, 585-614. [PubMed: 24905787]

Ciccarone F et al. (2012) Poly(ADP-ribosyl)ation acts in the DNA demethylation of mouse
primordial germ cells also with DNA damage-independent roles. PLoS One 7 (10), e46927.
[PubMed: 23071665]

Trends Cell Biol. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cimmino et al.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

Page 13

Morales J et al. (2014) Review of poly (ADP-ribose) polymerase (PARP) mechanisms of action
and rationale for targeting in cancer and other diseases. Crit Rev Eukaryot Gene Expr 24 (1), 15—
28. [PubMed: 24579667]

Linster CL and Van Schaftingen E (2007) Vitamin C. Biosynthesis, recycling and degradation in
mammals. FEBS J 274 (1), 1-22.

Keith B and Simon MC (2007) Hypoxia-inducible factors, stem cells, and cancer. Cell 129 (3),
465-72. [PubMed: 17482542]

Lando D et al. (2002) FIH-1 is an asparaginyl hydroxylase enzyme that regulates the
transcriptional activity of hypoxia-inducible factor. Genes Dev 16 (12), 1466—71. [PubMed:
12080085]

Tsukada Y et al. (2006) Histone demethylation by a family of JmjC domain-containing proteins.
Nature 439 (7078), 811-6. [PubMed: 16362057]

Klose RJ et al. (2006) JmjC-domain-containing proteins and histone demethylation. Nat Rev Genet
7(9), 715-27. [PubMed: 16983801]

Clifton 1J et al. (2006) Structural studies on 2-oxoglutarate oxygenases and related double-stranded
beta-helix fold proteins. J Inorg Biochem 100 (4), 644-69. [PubMed: 16513174]

Fedeles Bl et al. (2015) The AlIkB Family of Fe(ll)/alpha-Ketoglutarate-dependent Dioxygenases:
Repairing Nucleic Acid Alkylation Damage and Beyond. J Biol Chem 290 (34), 20734-42.
[PubMed: 26152727]

Dina C et al. (2007) Variation in FTO contributes to childhood obesity and severe adult obesity.
Nat Genet 39 (6), 724-6. [PubMed: 17496892]

Frayling TM et al. (2007) A common variant in the FTO gene is associated with body mass index
and predisposes to childhood and adult obesity. Science 316 (5826), 889-94. [PubMed: 17434869]
Ito S et al. (2010) Role of Tet proteins in 5mC to 5hmC conversion, ES-cell self-renewal and inner
cell mass specification. Nature 466 (7310), 1129-33. [PubMed: 20639862]

Zhang H et al. (2010) TET1 is a DNA-binding protein that modulates DNA methylation and gene
transcription via hydroxylation of 5-methylcytosine. Cell research 20 (12), 1390-3. [PubMed:
21079648]

Tahiliani M et al. (2009) Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in
mammalian DNA by MLL partner TET1. Science 324 (5929), 930-5. [PubMed: 19372391]

Lane DJ and Richardson DR (2014) The active role of vitamin C in mammalian iron metabolism:
much more than just enhanced iron absorption! Free Radic Biol Med 75, 69-83. [PubMed:
25048971]

Chen Q et al. (2007) Ascorbate in pharmacologic concentrations selectively generates ascorbate
radical and hydrogen peroxide in extracellular fluid in vivo. Proc Natl Acad Sci U S A 104 (21),
8749-54. [PubMed: 17502596]

Chelikani P et al. (2004) Diversity of structures and properties among catalases. Cell Mol Life Sci
61 (2), 192-208. [PubMed: 14745498]

Trends Cell Biol. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cimmino et al.

Page 14

Box 1.
Biologically active forms of vitamin C.

At physiological pH, vitamin C predominantly exists in its ionized form as ascorbate
(ASC) [3]. ASC undergoes one-electron oxidation to form an ascorbyl radical that is
relatively stable and can be enzymatically recycled back to ASC. However, two ascorbyl
radicals can also dismutate to one ASC and one dehydroascorbate (DHA) molecule.
DHA, which is structurally unstable, with a half-life of several minutes, irreversibly
degrades if it is not rapidly reduced back to ASC by glutathione (GSH) and nicotinamide
adenine diphosphate (NADP)-dependent enzymatic and non-enzymatic reactions [65].
Therefore, under physiological conditions, >95% of vitamin C is in the reduced ASC
form in both intracellular and extracellular body fluids [1].
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Box 2.
Dioxygenases regulated by vitamin C.

The ability of vitamin C to modulate the activity of numerous and diverse enzymes
allows it to participate in a wide variety of biological processes.
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Box 3.
Regulation of iron absorption and homeostasis by vitamin C.

Vitamin C could play an indirect role in maintaining the activity of a-KGDDs by
regulating iron homeostasis. The ability of vitamin C to reduce ferric iron (Fe3*) to
ferrous iron (Fe2*) is the mechanism by which it enhances non-heme Fe3* absorption
from the diet and increases cellular uptake of transferrin-bound Fe3* transported in
plasma (recently reviewed in Lane and Richardson, 2014). Reduction of Fe3* to Fe2*
allows it to enter cells through a divalent metal ion transporter, which can increase the
intracellular redox active labile iron pool. In addition, vitamin C can stimulate synthesis
of the cellular iron storage protein, ferritin, inhibit lysosomal ferritin degradation and
cellular iron efflux, and can induce iron uptake from low molecular weight iron-citrate
complexes [77].
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Box 4.
A pro-oxidant role for high-dose vitamin C.

Vitamin C, at low concentrations, functions as a mild reducing agent and anti-oxidant,
protecting cells from oxidative stress. At higher concentrations, however, it can act as a
pro-oxidant, increasing oxidative stress to promote cell death, which can be exploited to
target tumor cells. At high doses, vitamin C is oxidized in extracellular fluid to an
ascorbate radical (AscH™), causing iron to be reduced to the ferrous form (AscH™ + Fe3*
to Fe2* + AscH™ + H™). Ferrous iron can react with oxygen to produce a superoxide
anion (Oy7), via the so-called Fenton reaction to form toxic levels of H,O, [78]. The
enzyme catalase, under physiological conditions, can metabolize H,0, into oxygen and
water [79]. However, elevated basal levels of ROS, deficiency in catalase activity or
increased uptake of vitamin C by tumors cells can render them selectively vulnerable to
the pro-oxidant effect of high-dose vitamin C [56].
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Figure 1. Vitamin C uptake and regulation of dioxygenasesinvolved in epigenetic
reprogramming and leukemia suppression.

Vitamin C is taken up from the plasma by sodium-dependent vitamin C transporters
(SVCTs) in its reduced form (ascorbate, ASC) or can enter cells via glucose transporters
(GLUTS) in its oxidized form (dehydroascorbate, DHA). Inside the cell, DHA is rapidly
reduced back to ASC by glutathione (GSH). Vitamin C plays an important role in multiple
biological processes by acting as a cofactor or Fe2* and a.-ketoglutarate dependent
dioxygenases (a-KGDDs) including collagen prolyl hydroxylases (CP4H), JmjC-histone
demethylases (JHDMs) and ten-eleven translocation (TET) DNA hydroxylases. These
diverse enzymes regulate collagen synthesis, to maintain tissue integrity and for efficient
wound healing, drive histone and DNA demethylation to enhance iPSC reprogramming and
suppress leukemia progression. Vitamin C can also enhance the cellular uptake and
intracellular mobilization of redox active iron (FeZ*), and increase the production of reactive
oxygen species (ROS) that can be exploited in cancer therapies to promote cell death.
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