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Vitamin C serves as a cofactor for Fe(II) and 2-oxoglutarate–dependent dioxygenases including TET family enzymes,
which catalyze the oxidation of 5-methylcytosine into 5-hydroxymethylcytosine and further oxidize methylcytosines.
Loss-of-function mutations in epigenetic regulators such as TET genes are prevalent in hematopoietic malignancies.
Vitamin C deficiency is frequently observed in cancer patients. In this review, we discuss the role of vitamin C and TET
proteins in cancer, with a focus on hematopoietic malignancies, T regulatory cells, and other immune system cells.
(Blood. 2020;136(12):1394-1401)

Introduction
Vitamin C is an essential dietary supplement for humans.1-4 Al-
though plants and other organisms use several pathways for
synthesis of vitamin C from monosaccharides including man-
nose, fructose, and galactose, most vertebrates and mammals
synthesize vitamin C primarily from glucose, through a pathway
whose final step is catalyzed by the enzyme L-gulonolactone
oxidase (GULO; Figure 1). Humans and higher primates lack a
functional form of GULO, and hence vitamin C must be supplied
through the diet. Vitamin C deficiency results in scurvy (scor-
butus), a disease characterized by bleeding gums and poor
wound healing, which was once common in sailors at sea whose
diet was lacking in fresh fruits (especially citrus fruits) and veg-
etables. In the most recent National Health and Nutritional
Examination Survey,5 fully 7% of the US population was found to
be vitamin C deficient, with serum vitamin C concentrations
approaching scorbutic levels (,11.4 mM). In contrast, in healthy
adults ingesting adequate amounts of vitamin C a day, plasma
levels of vitamin C ranged between 50 and 80 mM.1-5 There was
no correlation of vitamin C deficiency with increasing age, be-
cause the highest serum vitamin C concentrations were found in
children (6-11 years), followed by older individuals (.60 years), a
metric that may correlate with taking supplemental vitamins.5

The implications of these estimates for clonal hematopoiesis and
cancer susceptibility are considered below.

Vitamin C can exist in both reduced and oxidized forms.1-4 The
reduced form of vitamin C is called ascorbic acid (ascorbate); this
name originated from Latin with the meaning of “without scurvy.”
Ascorbate enters the cells mainly through sodium-dependent vi-
tamin C transporters (SVCTs, encoded by Slc23a1 and Slc23a2;
Slc23a1 is not expressed in hematopoietic cells).4 The oxidized
form of ascorbate, dehydroascorbic acid (DHA), enters cells
through facilitated glucose transporters (Glut1, 3, and 4) that
primarily transport glucose and are not specific for transporting
DHA (Figure 1). Ascorbate is present in the plasma of healthy

humans atmuch higher concentrations thanDHA; it is taken up and
concentrated by cells, so that intracellular ascorbate concentra-
tions are in the millimolar range.1 In patients with hematologic
malignancies and other cancers, however, plasma ascorbate levels
tend to be exceedingly low,4,6-9 potentially because of decreased
gut absorption.

Among its other biochemical functions,2,3 vitamin C facilitates
the activity of Fe(II) (reduced iron, Fe21) and 2-oxoglutarate
(2OG)-dependent dioxygenases, whose catalytic activity re-
quires the presence of reduced iron at the active site.10,11 The
requirement of these enzymes for ascorbate is not strict,11 and
ascorbate is rarely needed in the first cycles of catalysis in vitro12;
rather, it appears to counter various side reactions that result in
irreversible oxidation of iron, thus promoting reductive re-
generation of Fe(II) at the enzymatic active site.3 The prototypical
member of the Fe(II)-2OG–dependent dioxygenase family is
collagen proly-4-hydroxylase10,11; decreased function of this
enzyme because of vitamin C deficiency leads to incomplete
hydroxylation of proline residues in collagen and the consequent
development of scurvy.1-4 Vitamin C also potentiates the ac-
tivities of several Fe(II)-2OG–dependent dioxygenases involved
in gene transcription and epigenetic regulation, including his-
tone demethylases that contain Jumonji C (JmjC) domains
(members of the JHDM1, 2, and 3 families) and members of the
TET family of 5-methylcytosine (5mC) oxidases.3,4,10,11 TET en-
zymes catalyze the sequential oxidation of 5mC in DNA to
5-hydroxymethylcytosine (5hmC)12-14 and the further oxidation
products 5-formylcytosine and 5-carboxylcytosine15,16; these
oxidized methylcytosines are well established as essential in-
termediates in DNA demethylation12-20 (Figure 2A).

Several studies have shown that vitamin C promotes DNA
demethylation by increasing TET-mediated oxidation of 5mC.21-24

The addition of vitamin C, but not other antioxidants, to cultures of
mouse embryonic stem (ES) cells resulted in a rapid and global
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increase in 5hmC, which was not observed in ES cells lacking Tet1
and Tet221,23; the increase in 5hmC was followed by DNA deme-
thylation at germline gene promoters.21 Addition of vitamin C to
mouse fibroblasts increased 5hmC generation in a dose- and time-

dependent manner.22 Similarly, addition of vitamin C to cultures of
differentiating mouse and human regulatory T cells (Treg cells)
maintained global 5hmC levels during differentiation without al-
tering TET mRNA levels and promoted DNA demethylation at
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Figure 1. Vitamin C biosynthesis pathway and transportation in animals. Vitamin C is synthesized from D-glucose in most mammals. Through multiple enzymatic reactions,
D-glucose is first oxidized to D-glucuronate, which is then reduced to L-gluconate and further into L-gulonolactone. In the final step, the enzyme GULO oxidizes L-gulonolactone
to 2-keto-L-gulonolactone, which is then spontaneously converted into vitamin C (ascorbic acid). Humans, higher primates, guinea pigs, and fruit bats lack a functional form of
GULO and therefore require dietary supplement. The reduced form of vitamin C, ascorbic acid, is transported into the cells through SVCT1/2 (sodium-dependent vitamin C
transporters, encoded by Slc23a1 and Slc23a2), whereas its oxidized form, DHA, is transported into the cells through GLUT1/3/4 (glucose transporters). Slc23a1 is not expressed
in hematopoietic cells; Slc23a2 is expressed at higher levels in HSPCs and multipotent progenitor cells compared with other, more committed hematopoietic progenitors and
differentiated cell types.
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critical regulatory regions of Treg-specific genes; demethylation
was not observed in mouse Treg cells lacking Tet2 and Tet3, in-
dicating that vitamin C acted through TET proteins to achieve
enhanced demethylation.24 Vitamin C interacted directly with the
catalytic domain of Tet2, as shown by the ability of vitamin C to
quench the intrinsic fluorescence of recombinant Tet2 catalytic
domain.23

In this article, we discuss the potential roles of vitamin C and TET
proteins in cancer, with a focus on hematopoietic malignancies.
For related reviews please see references 3, 4, 19, and 20. In the
context of immune responses to cancer, we also briefly discuss
the importance of TET enzymes and vitamin C in regulating
immune function.

TET enzymes and vitamin C in
leukemogenesis
Loss-of-function mutations in TET genes, especially TET2, are
prevalent in hematopoietic malignancies.25-28 Two studies have

illustrated the connections between vitamin C and TET function
in leukemia progression.29,30 The first study29 reported that ex-
pression of the vitamin C transporter gene Slc23a2, as well as the
levels of vitamin C itself, were high in hematopoietic stem/
precursor cells (HSPCs) and multipotent progenitor cells (MPPs)
compared with other more committed hematopoietic progen-
itors and differentiated cell types. Like Tet2-deficient mice,31

vitamin C-depleted Gulo2/2 mice had increased HSPC fre-
quencies, higher levels of lineage reconstitution capacity in
competitive transplantation assays, and reduced levels of
5hmC.29 In humans, TET2 mutations cooperate with FLT3ITD

mutations to induce acute myeloid leukemia (AML). Strikingly,
vitamin C depletion accelerated the development of AML from
Flt3ITD Tet21/2 and Flt3ITD Tet22/2 cells, and this phenomenon
was reversed by dietary repletion of vitamin C.29 The second
study30 used a short hairpin RNA transgenic mouse to reversibly
knock down and restore endogenous Tet2 expression. Loss of
Tet2 resulted in an aberrant increase in self-renewal of hema-
topoietic stem/precursor cells (HSPCs), associated with in-
creased DNA methylation, aberrant differentiation toward the
myeloid lineage, and increased cell death. Restoration of Tet2
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Figure 2. Vitamin C functions as a cofactor for TET
family dioxygenases. (A) TET family dioxygenases use
2-oxoglutarate, reduced iron (Fe21), and oxygen to
oxidize 5mC into 5hmC, with CO2 and succinate as
byproducts. Vitamin C functions as a cofactor for TET
enzymes by facilitating the reduction of Fe31 back
to Fe21. (B) Summary of the effects of TET deficiency
in tumor-infiltrating immune cells, including tumor-
associated macrophages, CD81 T cells, and Treg
cells. (C) iTregs differentiated in the presence of
transforming growth factor b (TGFb), retinoic acid (RA),
and vitamin C have enhanced TET activity, which results
in DNA demethylation at Foxp3 CNS2 region and in-
creased iTreg stability.
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reversed these phenomena, and treatment with vitamin C
pharmacologically mimicked the effects of Tet2 restoration in
HSPCs and blocked the progression of myeloid disease. The
effects of vitamin C were TET dependent because they dis-
appeared when both Tet2 and Tet3 were absent. In human AML
cells, vitamin C increased TET activity and induced DNA
demethylation; gene set enrichment analysis showed that vita-
min C-induced genes were enriched in genes upregulated on
Tet2 restoration. Furthermore, vitamin C treatment increased the
sensitivity to polyADP ribose polymerase (PARP) inhibition in a
panel of human myeloid leukemia cells, leading the authors to
conclude that vitamin C treatment, alone or combined with
PARP inhibitors, could be novel therapeutic strategies for pa-
tients with hematologic cancers.30

In light of these findings, it would be interesting to examine the
role of vitamin C deficiency in the development of clonal he-
matopoiesis (CH).32-35 The predominant mutations in CH involve
loss-of-function mutations in DNMT3A, TET2, and ASXL1, the
regulatory component of the ASXL1-BAP1 histone H2A deub-
quitinase complex.36 Vitamin C deficiency inGulo-deficient mice
is associated with increased numbers of HSPCs,29 but whether
vitamin C deficiency contributes to CH in humans by decreasing
TET activity in HSPCs has not been formally tested. Recent
findings indicate an unexpected link between CH and cardio-
vascular disease,37 and experiments in mouse models of
hypercholesteremia suggest that expanded myeloid cells in
Tet2-deficient mice are the source of high levels of inflammatory
mediators (interleukin-1b, interleukin-6), which are almost in-
variably observed in the blood of persons with CH.38,39 It would
be useful to investigate whether certain cases of CH, especially
those without the 2 major CH-associated mutations (DNMT3A
and TET2), are linked to low plasma levels of vitamin C. Indeed,
in the European Prospective Investigation into Cancer (EPIC)-
Norfolk study involving almost 20 000 individuals, low plasma
vitamin C levels were associated with an overall increased risk of
mortality from all causes, including cardiovascular disease, is-
chemic heart disease, and cancer.40 This finding may stimulate
future clinical trials of high-dose vitamin C supplementation,
whether oral or intravenous (see below), in individuals with CH,
with the hope of diminishing the risks of malignant progression
and cardiovascular disease.

Vitamin C deficiency in cancer and the
debate over supplementation with
vitamin C
Cancer patients are significantly depleted of plasma vitamin C
compared with healthy individuals,4,6-9 but the jury is still out on
whether vitamin C deficiency is directly responsible for, or
merely correlates with, an increased risk of malignancy. Because
TET deficiencies, TET loss-of-function mutations, and TET loss-
of-function caused by hypoxia and various regulatory and
metabolic derangements are associated with many types of
cancers,4,25-27,31,41-45 dietary supplementation with vitamin C
might in fact be beneficial in preventing cancers with TET in-
volvement in the long term. However, the field was mired in
controversy until quite recently.2,46-51 In an early nonrandomized
trial, Cameron and Pauling46 treated 100 terminal cancer pa-
tients with intravenously administered high-dose vitamin C at
10 g/day for about 10 days, with treatment continued orally

thereafter; the authors concluded that high-dose vitamin C had
beneficial effects on the survival time of the cancer patients.
Shortly afterward, 2 randomized double-blinded clinical trials
were conducted at the Mayo Clinic, in which patients with ad-
vanced cancer were given placebo or high-dose vitamin C at
10 g/day orally; these studies showed no beneficial effects with
high-dose vitamin C therapy.47,48 The discrepancies were later
explained by pharmacokinetic studies in healthy volunteers,
showing that plasma vitamin C concentrations differed markedly
depending on whether the route of administration was oral or
intravenous.2,49 When vitamin C was orally administered, plasma
concentrations were tightly controlled: the maximum oral dose
tested, 3 g every 4 hours, yielded plasma levels in the sub-
millimolar range (;200 mM), whereas intravenous administration
of 3 g of vitamin C yielded plasma concentrations that were
30- to 70-fold higher, in the millimolar to tens of millimolar
range.2,49-51 In all cases, the high doses were well tolerated,
without any safety issues. These findings suggested that the
high plasma concentrations attained in the Cameron and Pauling
study46 might indeed have had antitumor effects that were not
observed in the follow-up trials in which only oral dosing was
used.47,48 In fact, several groups have nowadvocated reopening the
possibility of supplementation with high-dose vitamin C for the
clinical treatment of cancer.1,2,4,49-51

It is still unclear how vitamin C exerts its effects on cancer cells. At
physiologic levels, vitamin C is an antioxidant, but at high
pharmacologic concentrations, it may promote oxidative stress
and subsequent cell death. In cell culture studies, vitamin C
selectively killed cancer cells but not normal cells by promoting
hydrogen peroxide formation.52 Moreover, human colorectal
cancer cells carrying KRAS or BRAF mutations were selectively
killed when cultured with high dose vitamin C, because of
accumulation of reactive oxygen species that inactivated
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) by
glutathionylation of the active site cysteine and depletion of its
substrate NAD1(the oxidized form of NAD, nicotinamide ad-
enine dinucleotide), leading to metabolic crisis with decreased
glycolysis and adenosine triphosphate and death of cancer
cells, which rely more on glycolytic metabolism than their active
counterparts.53 This study also proposed that the active agent
for vitamin C toxicity was actually DHA, which entered cancer
cells as a result of their high expression of GLUT1.53 A later
study on non–small-cell lung cancer (NSCLC) and glioblastoma
multiforme (GBM) cell lines suggested that the selective toxicity
of high-dose ascorbate in these cell lines over normal cells was
caused by vitamin C itself, because it was not reduced by
competitive inhibition of GLUT1 and other glucose transporters
with 2-OG.54 Rather, the toxicity was attributed to increases in
intracellular redox-active labile iron pools, mediated by per-
turbations in cancer cell oxidative metabolism and increased
steady-state levels of reactive oxygen metabolites including
superoxide and hydrogen peroxide; pool sizes could be de-
creased and survival could be improved by knockdown of the
transferrin receptor, which showed increased expression in
cancer compared with normal cell lines. High-dose ascorbate
combined with standard radio-chemotherapy led to the longest
survival in mouse models of NSCLC and GBM, which was
further demonstrated in phase 1 and phase 2 clinical trials of
patients with GBM and advanced NSCLC.54 It is as likely,
however, that vitamin C suppresses oncogenesis by potenti-
ating the activity of Fe(II)-2OG–dependent dioxygenases,
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including TET DNAmethylcytosine oxidases and JmjC domain-
containing histone demethylases, as described above.21-24

Therapies that target epigenetic regulators, particularly the DNA
methyltransferase inhibitors 5-azacytidine and decitabine (also
known as hypomethylating agents [HMAs]), have been used
successfully to treat patients with myelodysplastic syndrome (MDS),
a condition that often progresses to myeloid malignancy.9,55 This
clinical success story has prompted the question of whether vitamin
C supplementation could also be used to improve antitumor re-
sponses in patients with frank hematopoietic and other malig-
nancies. Vitamin C at physiologic levels clearly synergized with
5-azacytidine to decrease proliferation and increase apoptosis of
several cancer cell lines in culture. The cells showed a striking in-
crease in TET activity as judged by increased levels of 5hmC and
upregulated the expression of endogenous retroviruses and con-
comitantly the expression of interferon-stimulated genes.9 As-
suming that these features are maintained in vivo, increased TET
activity and enhanced immune responses after treatment with
combined 5-azacytidine and vitamin C might yield improved out-
comes in MDS and other neoplastic diseases.

There have been several efforts to determine whether specific
mutations in MDS could be predictive markers for responses to
5-azacytidine and decitabine. An early study with only a few
patients showed no significant association of TET2 mutational
status with response to 5-azacytidine: 46% (5 of 11) TET2-
mutated patients but only 24% (5 of 21) TET2 wildtype pa-
tients responded to epigenetic treatment, but because of the
relatively small sample size, this difference did not reach sta-
tistical significance (P 5 .2).56 In a parallel study published in the
same volume, the authors sequenced TET2 in 86 MDS and AML
patients treated with 5-azacytidine and found a significantly
higher response rate in patients with TET2 mutations (82%)
compared with patients without TET2mutations (45%); however,
this failed to translate into a beneficial response duration or
overall survival.57 A later study of 213 MDS patients screened for
mutations in 40 candidate MDS-associated genes and sug-
gested that patients with TET2 mutations showed the highest
responses to 5-azacytidine and decitabine, particularly if they
lackedmutations in ASXL1.55 Two years later, yet another paper58

examined the mutational status of 26 candidate MDS genes in
107 patients with MDS and found that no single mutation or
combination of mutations was significantly associated with re-
sponses to HMAs. In short, there is still no widely accepted con-
sensus on whether individual mutations might be used as
biomarkers to predict responses toHMA treatment inMDS or AML.

Hypomethylating agents cause reactivation of endogenous
retroviruses and enhanced interferon responses,59,60 which in
turn lead to increased production of proinflammatory cytokines
and enhanced immune responses that are thought to be pro-
tective inMDS and AML. However, there are 2 caveats to keep in
mind. Reactivation of endogenous retroviruses has been asso-
ciated with increased mutational burden in cancer and auto-
immune disease.61,62 Second, microbial signals elicit increased
production of some of the same proinflammatory cytokines,
which promote preleukemic expansion and eventually the ma-
lignant transformation of TET2-mutant myeloid-lineage cells in
mice.63 The detailed underlying mechanisms are clearly different
in the 2 scenarios (response to microbial signals vs responses to
hypomethylating agents) and the preleukemic myeloproliferation

observed in TET2-mutant mice reflects initiation of myeloid ma-
lignancies rather than slower disease progression in response to
HMAs. Further research is needed to establish whether HMA
treatment might have long-term deleterious effects.

TET enzymes and vitamin C in immune
function
The recent heightened interest in cancer immunotherapy has
brought up the question of whether vitamin C supplementation
could be used to enhance antitumor activity by potentiating
immune responses in cancer patients. Although TET deficiency
promotes oncogenesis in cancer cells, TET deficiency in nu-
merous tumor-infiltrating immune cells has the opposite effect of
directly or indirectly opposing tumor growth (Figure 2B). In CD81

T cells, TET deficiency has cell-intrinsic effects: after transfer into
recipient mice, Tet2-deficient CD81 T cells,64 and CD81 T cells
treated briefly with the enantiomer S-2-HG (aka L-2HG), a potent
inhibitor of Fe(II)- and 2OG-dependent dioxygenases,65 showed
increased proliferation and an enhanced ability to combat in-
fection64 and slow tumor growth65 compared with wild-type
CD81 T cells. This feature was even more striking in a patient
with B cell chronic lymphocytic leukemia, who achieved com-
plete remission after treatment with CD81 T cells bearing a
chimeric antigen receptor (CAR) against CD19.66 This patient
bore a hypomorphic mutation in 1 TET2 allele; serendipitously,
in the most highly expanded CAR T-cell clone, the CAR lentivirus
had become integrated into the other TET2 allele. Presumably,
the resulting profound decrease in TET function in this clone led
to its massive expansion and superior antitumor efficacy.66 In
contrast, the effects of TET deficiency in tumor-associated mac-
rophages andmyeloid-derived suppressor cells are not cell intrinsic:
these myeloid cell types normally exert potent immunosuppressive
effects on tumor-infiltrating T cells,67,68 but in Tet2fl/fl LysM-Cre
mice, in which Tet2 deficiency is confined to myeloid cells, the
intratumoral Tet2-deficient tumor-associated macrophages were
considerably less immunosuppressive, thus promoting CD81

T-effector function and inhibiting tumor growth.69

Several recent studies in mouse models have shown that high-
dose vitamin C is a promising agent to potentiate the antitumor
effects of immune checkpoint therapy. High-dose vitamin C
increased infiltration of CD41 and CD81 T cells and macro-
phages into the tumor microenvironment; increased production
of granzyme B by CD81 T cells and natural killer cells and
production of interleukin-12 by macrophages; decreased tumor
growth in a T cell–dependent manner; and synergized with
immune checkpoint therapy (anti-PD1 with or without anti-
CTLA4) in several cancer types.70,71 Vitamin C acted on immune
cells in these models, because its administration did not affect
tumor growth (including growth of the B16 melanoma) in im-
munocompromised mice.70 However, vitamin C was also shown
to enhance Tet2 catalytic activity in B16-OVA melanoma cells,
markedly improving chemokine and PD-L1 expression in re-
sponse to interferon-g in a mechanism involving Tet2 re-
cruitment to promoters through interaction with nuclear STAT1.
This increase in chemokine and PD-L1 expression was associated
with increased numbers of tumor-infiltrating lymphocytes and
improved antitumor immunity, as well as enhanced efficacy of
anti-PD-L1 immune therapy.72
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Treg cells are a distinct lineage of CD41 T cells needed to
maintain immune homeostasis and prevent autoimmune dis-
eases; they also counter the functions of several immune cell
types in the tumor microenvironment.73 The effects of TET
proteins and vitamin C on Treg cells have been extensively
studied at the molecular level (Figure 2C). Profound TET de-
ficiency caused by double deletion of either Tet1 and Tet2 or Tet2
and Tet3 genes with CD4Cre resulted in increased DNA meth-
ylation at 2 intronic enhancers, CNS1 and CNS2 (conserved
noncoding sequences 1 and 2)24,74; in both humans and mice, the
methylation status of CNS2 controls the stability of Foxp3
expression.75,76Micewith Tet2 and Tet3 deficiency in T cells (using
CD4Cre) displayed normal frequencies of Foxp31 cells in the
thymus but considerably reduced frequencies in the periphery,
with a concomitant decrease in Treg stability and function.24

Deletion of Tet2 and Tet3 genes at a later developmental stage
using Foxp3-Cre resulted in the appearance of “ex-Treg” cells
that acquired effector function.77,78 By augmenting TET activity,
vitamin C promoted the optimal differentiation and function of
induced regulatory T cells (iTregs) generated by stimulation of
naı̈ve CD41 T cells with antigen, transforming growth factor b and
retinoic acid in vitro, resulting in DNA demethylation at the Foxp3
CNS2 enhancer and increased Foxp3 stability.24,79 Thus, from a
therapeutic perspective, enhancement of TET activity using vi-
tamin C could be used to stabilize iTreg cells generated in vitro
and endogenous Treg cells expanded in vitro with interleukin-280

to counter autoimmunity,81 allograft rejection,82 and graft-versus-
host disease.83

Conclusions
TET proteins and vitamin C exert a major influence in vivo on
cancer cell themselves and anticancer immune responses. The

finding that low plasma vitamin C levels are associated with an
increased risk of mortality from both hematopoietic malignan-
cies and cardiovascular disease should prompt an increased
investigation into the role of vitamin C deficiency in clonal he-
matopoiesis, a premalignant condition whose links to both these
conditions have become increasingly clear. It would also be
worthwhile to revisit the potential beneficial effects of high-dose
vitamin C therapy in the clinical management of cancer, adoptive
cell therapies for cancer, and autoimmune disease.
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24. Yue X, Trifari S, Äijö T, et al. Control of Foxp3
stability through modulation of TET activity.
J Exp Med. 2016;213(3):377-397.

25. Huang Y, Rao A. Connections between TET
proteins and aberrant DNA modification in
cancer. Trends Genet. 2014;30(10):464-474.

26. Ko M, An J, Rao A. DNA methylation and
hydroxymethylation in hematologic differen-
tiation and transformation.Curr Opin Cell Biol.
2015;37:91-101.

27. GuillamotM, Cimmino L, Aifantis I. The Impact
of DNA Methylation in Hematopoietic Ma-
lignancies. Trends Cancer. 2016;2(2):70-83.

28. Lio CJ, Yuita H, Rao A. Dysregulation of the
TET family of epigenetic regulators in lym-
phoid and myeloid malignancies. Blood.
2019;134(18):1487-1497.

29. Agathocleous M, Meacham CE, Burgess RJ,
et al. Ascorbate regulates haematopoietic
stem cell function and leukaemogenesis.
Nature. 2017;549(7673):476-481.

30. Cimmino L, Dolgalev I, Wang Y, et al.
Restoration of TET2 function blocks aberrant
self-renewal and leukemia progression. Cell.
2017;170(6):1079-1095.

31. Ko M, An J, Pastor WA, Koralov SB, Rajewsky
K, Rao A. TET proteins and 5-methylcytosine
oxidation in hematological cancers. Immunol
Rev. 2015;263(1):6-21.

32. Jaiswal S, Fontanillas P, Flannick J, et al. Age-
related clonal hematopoiesis associated with
adverse outcomes. N Engl J Med. 2014;
371(26):2488-2498.

33. Genovese G, Kähler AK, Handsaker RE, et al.
Clonal hematopoiesis and blood-cancer risk
inferred from blood DNA sequence. N Engl
J Med. 2014;371(26):2477-2487.

34. Xie M, Lu C, Wang J, et al. Age-related mu-
tations associated with clonal hematopoietic
expansion and malignancies. Nat Med. 2014;
20(12):1472-1478.

35. Jan M, Ebert BL, Jaiswal S. Clonal hemato-
poiesis. Semin Hematol. 2017;54(1):43-50.

36. Balasubramani A, Larjo A, Bassein JA, et al.
Cancer-associated ASXL1 mutations may act
as gain-of-function mutations of the ASXL1-
BAP1 complex.Nat Commun. 2015;6(1):7307.

37. Jaiswal S, Natarajan P, Ebert BL. Clonal he-
matopoiesis and atherosclerosis. N Engl
J Med. 2017;377(14):1401-1402.

38. Fuster JJ, MacLauchlan S, Zuriaga MA, et al.
Clonal hematopoiesis associated with TET2
deficiency accelerates atherosclerosis devel-
opment in mice. Science. 2017;355(6327):
842-847.

39. Ebert BL, Libby P. Clonal hematopoiesis
confers predisposition to both cardiovascular
disease and cancer: a newly recognized link

between two major killers. Ann Intern Med.
2018;169(2):116-117.

40. Khaw KT, Bingham S, Welch A, et al. Relation
between plasma ascorbic acid and mortality in
men and women in EPIC-Norfolk prospective
study: a prospective population study. Euro-
pean Prospective Investigation into Cancer
and Nutrition. Lancet. 2001;357(9257):
657-663.

41. Pfeifer GP, Kadam S, Jin SG. 5-
hydroxymethylcytosine and its potential roles
in development and cancer. Epigenetics
Chromatin. 2013;6(1):10.

42. Thienpont B, Steinbacher J, Zhao H, et al.
Tumour hypoxia causes DNA hyper-
methylation by reducing TET activity. Nature.
2016;537(7618):63-68.

43. Raffel S, Falcone M, Kneisel N, et al. BCAT1
restricts aKG levels in AML stem cells leading
to IDHmut-like DNA hypermethylation [cor-
rection in Nature. 2018;560:E28]. Nature.
2017;551(7680):384-388.

44. Xiao M, Yang H, Xu W, et al. Inhibition of
a-KG-dependent histone and DNA demeth-
ylases by fumarate and succinate that are
accumulated in mutations of FH and SDH
tumor suppressors. Genes Dev. 2012;26(12):
1326-1338.

45. Figueroa ME, Abdel-Wahab O, Lu C, et al.
Leukemic IDH1 and IDH2 mutations result in a
hypermethylation phenotype, disrupt TET2
function, and impair hematopoietic differen-
tiation. Cancer Cell. 2010;18(6):553-567.

46. Cameron E, Pauling L. Supplemental ascor-
bate in the supportive treatment of cancer:
reevaluation of prolongation of survival times
in terminal human cancer. Proc Natl Acad Sci
USA. 1978;75(9):4538-4542.

47. Creagan ET, Moertel CG, O’Fallon JR, et al.
Failure of high-dose vitamin C (ascorbic acid)
therapy to benefit patients with advanced
cancer. A controlled trial.N Engl J Med. 1979;
301(13):687-690.

48. Moertel CG, Fleming TR, Creagan ET, Rubin J,
O’Connell MJ, Ames MM. 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. 1985;312(3):
137-141.

49. Padayatty SJ, Sun H, Wang Y, et al. Vitamin C
pharmacokinetics: implications for oral and
intravenous use. Ann Intern Med. 2004;140(7):
533-537.

50. Fritz H, Flower G, Weeks L, et al. Intravenous
vitamin C and cancer: a systematic review.
Integr Cancer Ther. 2014;13(4):280-300.

51. Nauman G, Gray JC, Parkinson R, Levine M,
Paller CJ. Systematic review of intravenous
ascorbate in cancer clinical trials.Antioxidants.
2018;7(7):E89.

52. Chen Q, Espey MG, Krishna MC, et al.
Pharmacologic ascorbic acid concentrations
selectively kill cancer cells: action as a pro-
drug to deliver hydrogen peroxide to tissues.
Proc Natl Acad Sci USA. 2005;102(38):
13604-13609.

53. Yun J, Mullarky E, Lu C, et al. Vitamin C se-
lectively kills KRAS and BRAF mutant

colorectal cancer cells by targeting GAPDH.
Science. 2015;350(6266):1391-1396.

54. Schoenfeld JD, Sibenaller ZA, Mapuskar KA,
et al. O2(-) and H2O2-mediated disruption of
fe metabolism causes the differential sus-
ceptibility of NSCLC and GBM cancer cells to
pharmacological ascorbate. Cancer Cell.
2017;31(4):487-500.

55. Bejar R, Lord A, Stevenson K, et al. TET2
mutations predict response to hypo-
methylating agents in myelodysplastic syn-
drome patients. Blood. 2014;124(17):
2705-2712.

56. Voso MT, Fabiani E, Piciocchi A, et al. Role of
BCL2L10 methylation and TET2 mutations in
higher risk myelodysplastic syndromes treated
with 5-azacytidine. Leukemia. 2011;25(12):
1910-1913.

57. Itzykson R, Kosmider O, Cluzeau T, et al;
Groupe Francophone des Myelodysplasies
(GFM). Impact of TET2 mutations on response
rate to azacitidine in myelodysplastic syn-
dromes and low blast count acute myeloid
leukemias. Leukemia. 2011;25(7):1147-1152.

58. Jung SH, Kim YJ, Yim SH, et al. Somatic
mutations predict outcomes of hypo-
methylating therapy in patients with myelo-
dysplastic syndrome. Oncotarget. 2016;7(34):
55264-55275.

59. Roulois D, Loo Yau H, Singhania R, et al. DNA-
demethylating agents target colorectal cancer
cells by inducing viral mimicry by endogenous
transcripts. Cell. 2015;162(5):961-973.

60. Chiappinelli KB, Strissel PL, Desrichard A,
et al. Inhibiting DNA methylation causes an
interferon response in cancer via dsRNA in-
cluding endogenous retroviruses [correction
in Cell. 2017;169(2):P361 and Cell. 2016;
164(5):P1073]. Cell. 2015;162(5):974-986.

61. Bannert N, Hofmann H, Block A, Hohn O.
HERVs new role in cancer: from accused
perpetrators to cheerful protectors. Front
Microbiol. 2018;9:178.

62. Treger RS, Pope SD, Kong Y, et al. The lupus
susceptibility locus Sgp3 encodes the sup-
pressor of endogenous retrovirus expression
SNERV. Immunity. 2019;50(2):334-347.

63. Meisel M, Hinterleitner R, Pacis A, et al.
Microbial signals drive pre-leukaemic myelo-
proliferation in a Tet2-deficient host. Nature.
2018;557(7706):580-584.

64. Carty SA, Gohil M, Banks LB, et al. The loss of
TET2 promotes CD81 T cell memory differ-
entiation. J Immunol. 2018;200(1):82-91.

65. Tyrakis PA, Palazon A, Macias D, et al. S-2-
hydroxyglutarate regulates CD81

T-lymphocyte fate. Nature. 2016;540(7632):
236-241.

66. Fraietta JA, Nobles CL, Sammons MA, et al.
Disruption of TET2 promotes the therapeutic
efficacy of CD19-targeted T cells. Nature.
2018;558(7709):307-312.

67. Ostuni R, Kratochvill F, Murray PJ, Natoli G.
Macrophages and cancer: from mechanisms
to therapeutic implications. Trends Immunol.
2015;36(4):229-239.

68. Marvel D, Gabrilovich DI. Myeloid-derived
suppressor cells in the tumor

1400 blood® 17 SEPTEMBER 2020 | VOLUME 136, NUMBER 12 YUE and RAO

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/136/12/1394/1758065/bloodbld2019004158c.pdf by guest on 02 June 2024



microenvironment: expect the unexpected.
J Clin Invest. 2015;125(9):3356-3364.

69. Pan W, Zhu S, Qu K, et al. The DNA methyl-
cytosine dioxygenase Tet2 sustains immuno-
suppressive function of tumor-infiltrating
myeloid cells to promote melanoma pro-
gression. Immunity. 2017;47(2):284-297.

70. Magrı̀ A, Germano G, Lorenzato A, et al. High-
dose vitamin C enhances cancer immuno-
therapy. Sci Transl Med. 2020;12(532):
eaay8707.

71. Luchtel RA, Bhagat T, Pradhan K, et al. High-
dose ascorbic acid synergizes with anti-PD1 in
a lymphomamouse model. Proc Natl Acad Sci
USA. 2020;117(3):1666-1677.

72. Xu YP, Lv L, Liu Y, et al. Tumor suppressor
TET2 promotes cancer immunity and immu-
notherapy efficacy. J Clin Invest. 2019;
129(10):4316-4331.

73. Togashi Y, Shitara K, Nishikawa H. Regulatory
T cells in cancer immunosuppression - impli-
cations for anticancer therapy. Nat Rev Clin
Oncol. 2019;16(6):356-371.

74. Yang R, Qu C, Zhou Y, et al. Hydrogen
sulfide promotes Tet1- and Tet2-mediated
Foxp3 demethylation to drive regulatory
T cell differentiation and maintain immune
homeostasis. Immunity. 2015;43(2):
251-263.

75. Toker A, Huehn J. To be or not to be a Treg
cell: lineage decisions controlled by epige-
netic mechanisms. Sci Signal. 2011;4(158):
pe4.

76. Zheng Y, Josefowicz S, Chaudhry A, Peng XP,
Forbush K, Rudensky AY. Role of conserved
non-coding DNA elements in the Foxp3 gene
in regulatory T-cell fate. Nature. 2010;
463(7282):808-812.

77. Yue X, Lio CJ, Samaniego-Castruita D, Li X,
Rao A. Loss of TET2 and TET3 in regulatory
T cells unleashes effector function. Nat
Commun. 2019;10(1):2011.

78. Nakatsukasa H, OdaM, Yin J, et al. Loss of TET
proteins in regulatory T cells promotes ab-
normal proliferation, Foxp3 destabilization
and IL-17 expression. Int Immunol. 2019;31(5):
335-347.

79. SasidharanNair V, SongMH, Oh KI, Vitamin C.
Vitamin C facilitates demethylation of the
Foxp3 enhancer in a Tet-dependent manner.
J Immunol. 2016;196(5):2119-2131.

80. Webster KE, Walters S, Kohler RE, et al. In vivo
expansion of T reg cells with IL-2-mAb com-
plexes: induction of resistance to EAE and
long-term acceptance of islet allografts with-
out immunosuppression. J Exp Med. 2009;
206(4):751-760.

81. Raffin C, Vo LT, Bluestone JA. Treg cell-based
therapies: challenges and perspectives. Nat
Rev Immunol. 2020;20(3):158-172.

82. Nikolouli E, Hardtke-Wolenski M, Hapke M, et al.
Alloantigen-induced regulatory T cells generated
in presence of vitamin C display enhanced sta-
bility of Foxp3 expression and promote skin al-
lograft acceptance. Front Immunol. 2017;8:748.

83. Kasahara H, Kondo T, Nakatsukasa H, et al.
Generation of allo-antigen-specific induced
Treg stabilized by vitamin C treatment and its
application for prevention of acute graft ver-
sus host disease model. Int Immunol. 2017;
29(10):457-469.

TETs AND VITAMIN C blood® 17 SEPTEMBER 2020 | VOLUME 136, NUMBER 12 1401

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/136/12/1394/1758065/bloodbld2019004158c.pdf by guest on 02 June 2024


