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Vitamin C-induced epigenomic remodelling in IDH1 mutant

acute myeloid leukaemia

M Mingay', A Chaturvedi?, M Bilenky®, Q Cao’, L Jackson', T Hui', M Moksa', A Heravi-Moussavi’, RK Humphries*, M Heuser?

and M Hirst'3

The genomes of myeloid malignancies are characterized by epigenomic abnormalities. Heterozygous, inactivating ten-eleven

translocation 2 (TET2) mutations and neomorphic isocitrate dehydrogenase (IDH) mutations are recurrent and mutually exclusive in
acute myeloid leukaemia genomes. Ascorbic acid (vitamin C) has been shown to stimulate the catalytic activity of TET2 in vitro and
thus we sought to explore its effect in a leukaemic model expressing IDH1%'*2", Vitamin C treatment induced an IDH1%"32"-

dependent reduction in cell proliferation and an increase in expression of genes involved in leukocyte differentiation. Vitamin C
induced differentially methylated regions that displayed a significant overlap with enhancers implicated in myeloid differentiation
and were enriched in sequence elements for the haematopoietic transcription factors CEBPB, HIF1a, RUNX1 and PU.1. Chromatin

immunoprecipitation sequencing of PU.1 and RUNX1 revealed a significant loss of PU.1 and increase of RUNX1-bound DNA
elements accompanied by their demethylation following vitamin C treatment. In addition, vitamin C induced an increase in
H3K27ac flanking sites bound by RUNX1. On the basis of these data we propose a model of vitamin C-induced epigenetic

remodelling of transcription factor-binding sites driving differentiation in a leukaemic model.
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INTRODUCTION

Efforts to characterize genetic lesions in haematopoietic malig-
nancies have revealed recurrent gain and loss-of-function muta-
tions to epigenetic modifiers. Genomes of acute myeloid
leukaemia (AML) patients frequently harbour recurrent mutations
in the coding sequences of the genes ten-eleven translocation 2
(TET2) and isocitrate dehydrogenase 1 and 2 (IDH1/2) at diagnosis
(85% for TET2 and 19.5% for IDH1/2) with recent studies
suggesting such mutations may be among ‘founder’ mutations
that exist in pre-leukaemic cells." Both of these enzymes are
reported to have a role in DNA methylation homeostasis via
perturbation of an as yet not fully characterized DNA demethyla-
tion pathway. One unifying notion is that de novo neomorphic IDH
mutations promote aberrant DNA methylation by increased
production of 2-hydroxyglutarate (2HG),”> which inhibits the
hydroxylation of 5-methylcytosine (5mC), a reaction catalysed by
TET2. In support of this notion, multiple reports have shown that
the R-2-hydroxyglutarate initiates leukaemogenesis in a reversible
manner* AML patient genomes also demonstrate mutual
exclusivity in mutations to IDH and TET2; and TET2-mutant AMLs
show an overlapping promoter hypermethylation signature with
IDH1/2-mutant AMLs.> Survival data associated with TET2 and
IDH1/2 mutations in AML patients are inconsistent and no
prognostic significance to these mutations has been conclusively
established.®’

The homeobox protein HOXA9 contributes to haematopoiesis
and is frequently overexpressed in human AMLs?® notably in
patients harbouring the IDH1%"3?" mutation.® Immortalization of

murine bone marrow cells by retroviral HOXA9 expression leads to
the expansion of myeloid progenitors resistant to terminal
differentiation into monocytes and granulocytes via granulo-
cyte—macrophage colony-stimulating factor and interleukin-3,'%"
and in vivo transplantation experiments have shown that the
overexpression of HOXA9 dysregulates MAPK signalling and
collaborates with IDH1%'*?" to induce a short-latency AML in
mice.’

Ascorbic acid (vitamin C) is a water-soluble, essential nutrient
and common medium supplement shown to enhance cellular
proliferation.'? Intracellular vitamin C is highly concentrated in
immune and brain cells where it maintains iron in the Fe(ll) state, a
requirement for the catalytic activity of 2-oxoglutarate-dependent
dioxygenases.'” In addition to its requirement as a cofactor,
in vitro studies have provided evidence of a physical interaction
between vitamin C and the catalytic domain of TET2 that
enhances the enzymatic oxidation of 5mC to 5-hydroxy-
methylcytosine (5hmC)."*> The biological significance of the
epigenetic modulation induced by vitamin C is illustrated through
its ability to improve induced pluripotent stem cell generation'*
and induce a blastocyst-like state in mouse embryonic stem cell”
by promoting the demethylation of H3K9 and 5mC, respectively.
Multiple lines of evidence have suggested that vitamin C, in its
native form, is toxic in culture through the formation of
extracellular H,0, "* 1817 notentially masking its more biologi-
cally relevant epigenetic effects. 2-phosphate ascorbic acid (vitC) is
an oxidatively stable form of vitamin C that does not contribute
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extracellular H,0, formation and is converted to ascorbic acid
during transport across the cell membrane.'®

The potential dichotomous effects of vitamin C versus IDH1%132H
on haematologically relevant epigenetic regulators led us to
leverage HOXA9-immortalized bone marrow cells expressing
IDH1R132% a5 a model to explore the phenotypic and epigenomic
effects of vitamin C treatment in a leukaemic model. Here we
provide a survey of the chromatin landscape of HOXA9-IDH1/'32H
AML and new findings supporting a role for vitamin C in
facilitating the epigenetic remodelling that occurs during differ-
entiation of haematopoietic progenitors.

MATERIALS AND METHODS

Retroviral vectors and preparation of mouse bone marrow cells
Retroviral vectors MSCV-HoxA9-PGKneo, pSF91-IRES-eGFP, pSF91-
IDHTmut-IRES-eGFP and pSF91-IDH1wt-IRES-eGFP have been described
previously.” C57BL/6J mice were injected intraperitoneally —with
5-fluorouracil (Medac, Hamburg, Germany) at a dose of 150 mg/kg. Five
days later, bone marrow cells were collected and transduced first by
co-cultivation with a HoxA9 viral producer cell line followed by either
IDH1wt or IDH1mut viral producer GP+E86 cells.® Cells were then sorted for
green fluorescent protein (GFP) expression and maintained in Dulbecco’s
modified Eagle’s medium (Stem Cell Technologies, Vancouver, BC, Canada)
supplemented with 10% heat-inactivated fetal bovine serum (Life
Technologies, Burlington, ON, Canada) and 6 ng/ml murine interleukin-3,
10 ng/ml human interleukin-6 and 20 ng/ml murine stem cell factor
(Peprotech, Hamburg, Germany).

In vitro proliferation assay

Cells were plated at a density of 5x10° cells/ml in flat-bottom 24-well
plates and incubated under light-protective conditions. Vitamin C in the
form of L-ascorbic acid 2-phosphate sesqui-magnesium salt hydrate (vitC;
A8960; Sigma-Aldrich, Steinheim, Germany) was added to the culture
medium daily at a concentration of 100 pg/ml (0.345 mm). Live cells were
counted at the specified days with trypan blue.

Lineage staining and fluorescence-activated cell sorting
antibodies

Cells were plated at a density of 5 x 10° cells/ml in flat-bottom 6-well plates
(5 ml/well) under light-protective conditions and vitC was added at the
specified concentrations. Monoclonal antibodies for lineage staining used
were Gr1-PE (clone-RB6-8CS), Scal1-PE (D7), ckit-APC (2B8; BD Biosciences,
Heidelberg, Germany), CD11b-APC (M1/70) and F4/80-PE (BMSg;
eBioscience, Frankfurt, Germany). Lineage distribution was determined
by fluorescence-activated cell sorting analysis (FACSCalibur, Becton
Dickinson, Heidelberg, Germany) as previously described.’

RNA-sequencing

Briefly, RNA was extracted from untreated and vitamin C-treated (0.345 mm
added daily) IDH17"3?" cells 72 h after initial treatment and subjected to
RNA-seq library construction according to standard operating procedures
(http://www.epigenomes.ca/protocols-and-standards).

Immunofluorescence staining

Untreated and vitC-treated (0.345 mm; 12 h) IDH1%3%" cells were fixed in
4% paraformaldehyde for 15 min. After washing three times with
phosphate-buffered saline (PBS), cells were blocked with 5% fetal bovine
serum in PBS+0.5% Tween 20 for 2 h at room temperature (20-25 °C).
Primary antibody for 5hmC (1:100, Active Motif, Carlsbad, CA, USA) was
diluted in blocking solution and incubated with cells overnight at 4 °C.
Cells were then washed three times in PBS and incubated for 2 h at room
temperature with secondary antibodies diluted in blocking solution. Cells
were washed three times in PBS and mounted (ProLong Diamond Antifade
Mountant with 4,6-diamidino-2-phenylindole, Molecular Probes, Eugene,
OR, USA) before imaging with Alexa Fluor 568-conjugated goat anti-mouse
(1:1 000, Life Technologies) secondary antibody.

Leukemia (2018) 11-20

Methylated and hydroxyl-methylated DNA immunoprecipitation
sequencing

Genomic DNA was collected from untreated and vitamin C-treated
(0.345 mm added daily) IDH1%'3? cells 72 h after initial treatment and
subjected to low-input methylated DNA immunoprecipitation sequencing
(meDIP-seq) and hydroxyl-meDIP-seq (hmeDIP-seq) as previously
described' (Supplementary Methods).

Whole-genome bisulfite sequencing

Genomic DNA was collected from untreated and vitamin C-treated
(0.345 mm added daily) IDH17"32" cells 72 h after initial treatment. Bisulfite
conversion was performed using the MethylEdge Kit (Promega, Madison,
WI, USA) according to the manufacturer recommendations and subjected
to ¢cDNA synthesis followed by lllumina (Hayward, CA, USA) library
preparation (Supplementary Methods), pooling and sequencing on the
HiSeq 2500 sequencing platforms (v3 chemistry).

Histone mark chromatin immunoprecipitation sequencing
Chromatin immunoprecipitation sequencing (ChIP-seq) was performed on
chromatin collected from untreated and vitC-treated (0.345 mm added
daily) IDH17"32" cells. Standard operating procedures for native ChIP-seq”®
library construction (Supplementary Methods) are also available (http:/
www.epigenomes.ca/protocols-and-standards) or by request.

Transcription factor ChIP-seq

Formaldehyde crosslinked transcription factor ChIP-seq library construc-
tion was performed on chromatin collected from untreated and vitC-
treated (0.345 mm added daily) IDH1R"32 cells 72 h after initial treatment
using RUNX1 (Abcam, Cambridge, MA, USA; ab23980) and PU.1 (SCBT,
Dallas, TX, USA; sc-22805) antibodies as previously described?’ with minor
modifications (Supplementary Methods). Libraries were pooled on the
NextSeq 500 sequencing platform.

Bioinformatics

See Supplementary Methods for detailed, library-specific computational
methods.

RESULTS

Vitamin C reduces cell proliferation and increases mature
haematopoietic populations

To explore the effect of vitamin C in a leukaemic context we
utilized a previously established model in which murine bone
marrow cells were immortalized by the overexpression of
HOXA9"" 19 and subsequently transfected with a retroviral
vector expressing either IDH1"Tor IDH17'32H? Consistent with the
notion that IDH1%"*?" inhibits TET activity through the production
of 2-hydroxyglutarate (data not shown), IDH17"3*"_expressing cells
showed an overall reduction in 5hmC compared to IDH1"" cells
(Figure 1a; Supplementary Figure S1a). We utilized 2-phosphate
L-ascorbic acid (vitC), which, unlike native ascorbic acid, remains
oxidatively stable under standard cell culture conditions.?* VitC
treatment (0.345 mwm; throughout unless otherwise indicated)
induced a marked increase in 5hmC signal in IDH1?"32" cells,
but not in IDH1" cells (Figure 1a; Supplementary Figure S1a).
Daily vitC treatment over the course of 10 days induced a dose-
dependent reduction in the proliferation rate of IDH1?"3?" cells
and to a lesser extent IDH1"T cells (Figure 1b; Supplementary
Figure S1b). Morphological assessment following vitC treatment
revealed an increase in apoptosis (Supplementary Figure S1d) with
the remaining viable cells differentiated into monocytes and
macrophage cells (Supplementary Figure S1c) in IDH1%"3?H but not
in IDH1"" cells. Further examination of cell phenotype by
fluorescence-activated cell sorting reveals that vitC treatment
increased the Mac1*F4/80" (+13%) and Mac1*Gr1* (+34%)
populations and decreased the Scal* (-4%) and cKit* (—30.8%)
populations in IDH1%'3?" but not in IDHI™T cells (Figure 1c;
Supplementary Figure S1e). Furthermore, colony-forming cell
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Figure 1. Vitamin C reduces cell proliferation and modulates gene expression in IDH1R132H-expressing cells. (@) Mean fluorescence values

from 5hmC immunofluorescence experiments +s.e.m. (b) A growth curve represented as mean cell count+s.d., for untreated (grey) or
vitamin C-treated (orange; 0.345 mm) IDH1" and IDH1”"*?" cells over 9 days. (c) The proportion of fluorescence-activated cell sortin392 sorted
cells with each indicated marker alone or in combination. Untreated (grey) or vitamin C-treated (orange; 72 h) IDH1VT or IDH1R"32" cells;
represented by mean proportion +s.e.m. (d) RNA-seq expression values, represented as log10(RPKM), for each gene in mm10 Ensembl v71
(RPKM>0.01) in untreated (x axis) and vitamin C-treated (y axis) cells. Upregulated (up), downregulated (down) and unaffected genes (false
discovery rate < 0.05) are represented by orange, blue and black dots, respectively. (e) The top 10 GO results, represented by hyper-geometric

fold enrichment, for upregulated genes upon vitamin C treatment. RPKM, reads per kilobase million.

assays revealed a vitC-induced, dose-dependent reduction in
colony-forming cells, an effect that was more pronounced in
IDH1R'32" compared to IDH1"T cells (Supplementary Figure S1f).
Taken together these findings suggest that IDH1%'*2" promotes a
more primitive phenotype and that vitC reduces proliferation and
promotes the differentiation of myeloid progenitor cells in the
context of our model.

Vitamin C induces the expression of a myeloid-specific gene
signature

To investigate the molecular changes induced by vitC we
performed mRNA-seq on IDH1R"3?" cells and observed 450
upregulated and 221 downregulated genes upon vitC treatment

(Figure 1d). Upregulated genes were significantly enriched in
Gene Ontology (GO) terms (47, Bonferroni P < 0.01). The top
enriched GO terms for upregulated genes included terms for
positive regulation of leukocyte differentiation, chemotaxis and
migration, negative regulation of cell proliferation (Figure 1e) and
Kyoto Encyclopedia of Genes and Genomes terms for haemato-
poietic cell lineage, cytokine—cytokine interaction and Toll-like
receptor signalling (Supplementary Figure S2a). In contrast, genes
downregulated upon vitC treatment revealed no significantly
enriched GO terms. Further examination revealed significant
upregulation (false discovery rate < 0.05) of multiple genes
expressed in differentiated myeloid cells, including CSF2RA*
ITGAM (Mac1), CEBPE** and ELANE,* and increased expression of
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Table 1. Description of differentially methylated genomic regions defined in this study.

Name Number Genomic Method of Description

of regions occupancy (kb) detection

deMR 6496 1283 WGBS Regions losing 5mC upon vitC treatment in IDH1%'32" cells

iMR 8374 2159 WGBS Regions gaining 5mC upon vitC treatment in IDH1%"32" cells

iHR 7829 4531 hmeDIP Regions gaining 5hmC upon vitC treatment in IDH1%3?" cells
deHR 6179 3548 hmeDIP Regions losing 5hmC upon vitC treatment in IDH17"32" cells

DxMR 712 233 medIP/hmeDIP deMRs within 1.5 kb of an iHR

IDH1R'32H MR 4182 2580 meDIP Regions gaining 5mC in IDH1 R132H cells compared to IDH1"" cells
IDH1R'32H deMR 4519 2685 meDIP Regions losing 5mC in IDH1 R132H cells compared to IDH1"* cells
meDIP deMR 3789 2242 meDIP Regions losing 5mC upon vitC treatment in IDH1?'3?H cells

meDIP iMR 4564 2755 meDIP Regions gaining 5mC upon vitC treatment in IDH1%'32" cells
Abbreviations: hmeDIP, hydroxyl-methylated DNA immunoprecipitation; IDH1, isocitrate dehydrogenase 1; meDIP, methylated DNA immunoprecipitation;
WGBS, whole-genome shotgun bisulfite sequencing.

genes encoding cell surface markers that define mature myeloid
cells (Supplementary Figure S2b, upper). We validated the
observed differential expression on a subset of genes by
quantitative PCR (Supplementary Figure S2c).

The catalytic activity of all three TET family members (TET1, 2
and 3) are induced by vitC,'*? and both TET2 and TET3 are highly
expressed in our model and in human AML?" (Supplementary
Figure S2d). To determine the extent to which 5hmC gains and
transcriptional alterations induced by vitC were dependent on
TET2 activity we performed TET2 knockdown in IDH17"32" cells,
TET2 knockdown was confirmed at the protein level by western
blot analysis (Supplementary Figure S2e). As expected vitC
treatment induced 5hmC gain in IDH1%32" cells treated with
scrambled small interfering RNA but this effect was significantly
reduced in cells treated with small interfering RNA targeting the
TET2 transcript (Supplementary Figures S2f and g). To confirm
whether the vitC-induced transcriptional alterations were depen-
dent on TET2 we performed quantitative PCR on a set of genes
upregulated following vitC treatment and observed reduced
upregulation in all five targets tested (Supplementary
Figure S2h; Supplementary Table 1). These results support a role
for TET2 in mediating 5hmC gain and expression changes in
response to vitC treatment.

Vitamin C modulates DNA methylation at genomic regions
associated with myelopoiesis and AML

To explore qualitative changes in DNA methylation upon vitC
treatment, genomic DNA was extracted from untreated and vitC-
treated IDH1?"*?" and IDH1"T cells, and subjected to meDIP-seq
or hmeDIP-seq, respectively. MACS®® was used to identify
differentially methylated regions (DMRs; P < 1e™%, and the
MEDIPS R package®® was used to calculate significant changes
(P < 0.01) in meDIP-seq and hmeDIP-seq signal in 500 bp windows
genome wide (Table 1). Genomic regions that lost 5mC in
IDH1R32% cells upon VvitC treatment (deMRs; 3789 regions)
showed an increased 5hmC signal flanking the centre of deMRs
(Figure 2a, top panel), a pattern consistent with the notion that
TET-mediated hydroxylation of 5mC to 5hmC drives site-specific
demethylation. We observed a similar 5hmC pattern flanking the
centre of regions that gained methylation in IDH1?'32H cells
compared to IDHIWT cells (IDH1?'*2" iMRs; 4182 regions;
Figure 2a, lower).

Having established specific qualitative differences in 5mC and
5hmC levels in IDH1%'3?" cells we sought to quantitatively assess
5mC changes in response to vitC by whole-genome shotgun
bisulfite sequencing of genomic DNA extracted from untreated
and vitC-treated IDH1%"**" cells. We identified 6496 deMRs and
8374 iMRs (Table 1; Materials and Methods) induced by vitC in
IDH1R"32H cells. Consistent with the meDIP-seq results, intersection
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of whole-genome shotgun bisulfite sequencing vitC deMRs with
hmeDIP-seq and meDIP-seq data revealed increased hmC and
decreased mC levels within deMRs (Supplementary Figure S3a). A
majority of vitC deMRs and iMRs were distal (>5kb) to gene
transcription start sites and iMRs were enriched at CpG islands
(Supplementary Figure S3b).

Functional enrichment of genes associated with vitC deMRs>°
and regions that gained 5hmC upon vitC treatment in IDH1?132H
cells (vitC iHRs; n=7829) revealed statistically significant (g < 0.01)
enrichment for gene sets related to haematopoiesis (Figure 2b),
including the MAPK (g=6.47e”% and the CXCR4 (q=6.8¢°)
signalling pathways and GO terms related to myeloid cell
differentiation (g=5.7e”'%). We identified a set of vitC deMRs
that were within 1kb of both an IDH1%'*?" iMR and a vitC iHR
(deMR/iHR/mut iMR; n=23). Strikingly, these regions were found
to be in association with genes annotated as downregulated in
primitive haematopoietic cells overexpressing either NUP98—
HOXA9 (g=0.003) or RUNX1-RUNX1T1 (AMLT-ETO; g=0.009;
Figure 2b, blue). To identify regions likely undergoing TET-
dependent, active demethylation (via 5hmC) we defined a set of
regions comprised of the union of deMRs identified by meDIP-seq
and whole-genome shotgun bisulfite sequencing that were within
1.5 kb of an iHR (DxMRs; n=712; Table 1). Functional enrichment
analysis of the genes associated with DxMRs using GREAT*°
confirmed previously identified pathways with increased enrich-
ment for genes downregulated upon expression of NUP98—
HOXA9 (+3.7 hyperFE vs deMR alone) and AML-ETO9a (+1.64
hyperFE vs deMR alone). This pattern of co-occurring gain of
5hmC and loss of 5mC is exemplified at the promoter of CSF2RA, a
gene that is involved in myeloid differentiation and upregulated
upon vitC treatment (Figure 2c). Reduced fractional methylation
following vitC treatment within the deMR at the CSF2RA promoter
was confirmed by targeted bisulfite sequencing in biological
triplicates, along with six other selected gene-associated deMRs
(Supplementary Figure S3c; Supplementary Table 2).

Functional annotation of genes associated with vitC iMRs show
little association to haematopoiesis but reveal various terms
related to nervous system function and development
(Supplementary Figure S3d). Gains in 5mC would not be expected
to be a direct consequence of vitC-induced TET activation but
rather the consequence of indirect action. Interestingly, MEIS1, a
gene previously described to increase expression in the presence
of IDH2R'993T showed an increased promoter methylation and
downregulated expression (1.8-fold) in response to vitC. GREAT?®
functional enrichment analysis of genes with promoter CpG
islands containing iMRs revealed an enrichment for regions
marked by H3K27me3 and H3K4me3 in embryonic stem cells
and the ‘adult tissue stem module’ (false discovery rate
g=1.72e”*9), which represents a set of genes that are coordi-
nately upregulated in somatic stem and leukaemic cells, including
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Figure 2. Vitamin C induces methylome remodelling in IDH1R132H-expressing cells. (a) Average normalized 5hmC (hmeDIP) signal for
untreated (black) and vitamin C-treated (orange) IDH1%'3?" cells + 2.5 kb from the centre of regions hypermethylated in IDH1""32 cells vs
IDH1** cells (IDH1R"32" iMRs; top) and regions demethylated upon vitamin C treatment in IDH1%">?" cells (deMRs; bottom). (b) Top five GREAT
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(myeloid) or haematopoietic progenitors (progenitor).

MEIST" 32 and CDK1,* both of which are downregulated by vitC.
Together, these observations suggest that in IDH17*?"-expressing
cells, vitC treatment leads to a specific loss of DNA methylation at
regulatory regions implicated in the control of haematopoiesis,
which are associated with genes that are repressed in AML and
upregulated in mature myeloid populations.

Vitamin C induces demethylation at haematopoietic transcription
factor-binding sites

DNA methylation has been shown to influence the binding
affinities of transcription factors®* and thus we sought to examine
the link between vitC deMRs and transcription factors by
identifying enriched motifs within vitC deMRs. Consistent with
the observed GO associations, the top de novo motifs identified by
HOMER>® were for PU.1 (34%), CEBPB (15%), HIF1a (68%) and
RUNX1 (30%; Figure 2d). Restricting our analysis to DxMRs
increased the proportion of regions with de novo motifs for PU.1
(41%) and CEBPP (41%) motifs while the proportion containing a
RUNX1 motif decreased to 5%. In contrast, no de novo motifs were
present in >1% of our iMR regions, suggesting vitC-induced

increases in methylation are not associated with transcription
factor-binding motifs.

To further explore the relationship between vitC DMRs and
transcription factor binding we intersected PU.1 and CEBPf3 ChIP-
seq peaks and DNase | hypersensitive sites (DHSs) identified in
haematopoietic progenitors and macrophages,*® and included
embryonic stem cell enhancers®” and NANOG>® and RAD21 e 39
transcription factor-binding sites as negative controls (Figure 2e).
VitC deMRs significantly overlapped mature myeloid (macro-
phage) DHSs (1019; 16%) and PU.1 (1846; 28%)- and CEBPf
(1428; 22%)-binding sites individually, with 768 deMRs (12%)
overlapping regions bound by both transcription factors in
macrophages. Furthermore, the average 5mC level was
decreased in response to vitC treatment at macrophage PU.1-
binding sites (t-test; P=3.7e” '%%), CEBPB-binding sites (t-test;
P=1.35e~""%) and DHS (t-test; P=7.95e~*’), but not progenitor
DHS (t-test; P=0.447; Supplementary Figure S3e). VitC iMRs
shared minimal overlap with myeloid transcription factor
binding sites (Figure 2e). A significant proportion (226; 31%) of
iMR containing CpG islands overlap haematopoietic progenitor
DHSs, 95% of which become condensed during differentiation to
macrophages. These results support a model of vitC-dependent
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Figure 3.

Vitamin C treatment leads to demethylation at enhancers that become active in the myeloid lineage specifically. A depiction of the

hierarchical haematopoietic differentiation pathway from HSC into mature cells of the erythroid (top), myeloid (middle) and lymphoid
(bottom) lineages; (a) a linear representation of mean H3K4me?1 signal during lineage commitment; and (b) a boxplot representing log10
(H3K4me1 signal) at enhancers in mature cell types of each lineage at previously identified enhancers overlapping deMRs (orange), iMRs

(blue) or a random set (n=1000; grey). HSC, hematopoietic stem cells.

demethylation preferentially at binding sites of transcription
factors implicated in myeloid development.

Vitamin C-induced demethylation is enriched at myeloid-specific
enhancers

Dynamic epigenetic remodelling at enhancer regions is a crucial
step in cell fate determination of haematopoietic progenitor cells,
a process that is often disturbed in haematological malignancies.
Hypermethylation at enhancer elements coincides with leukae-
mogenesis in haematopoietic progenitor cells of TET2™/~ mice
expressing the AML-ETO9a fusion.* In addition, the presence of
DNA methylation has been shown to negatively correlate with
enhancer activity*' and alters the ability of tissue-specific DNA-
binding proteins to bind their target sites.>* Enhancer activity,
represented by H3K4me1 signal, becomes established at the root
of lineage commitment and increases as lineage-specific progeni-
tor cells mature. H3K4me1 signal at 48415 haematopoietic
enhancers in 16 unique cell types®” was leveraged to explore
the relationship between vitC-induced demethylation and enhan-
cer dynamics during haematopoiesis. Strikingly, intersection of
48 415 haematopoietic enhancers with vitC deMRs revealed a
significant overlap (1584; 24.4%; t-test P~0), 43% of which
contained PU.1-binding sites. Plotting the mean H3K4me1 signal
at vitC deMR-containing enhancers during lineage commitment
from short term haematopoietic stem cells (ST-HSC) to the
myeloid granulocyte-monocyte, common lymphoid and mega-
karyocyte-erythrocyte progenitor lineage progenitors revealed an
increase in H3K4me1 signal at deMR associated enhancers during
the progression from ST-HSC towards committed myeloid
precursors granulocyte-monocyte, but not common lymphoid or
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megakaryocyte-erythrocyte progenitor cells (Figure 3a). Enhancers
overlapping iMRs became less active, losing H3K4me1 signal in
committed progenitors of all three lineages (Figure 3a). In mature
haematopoietic cell types H3K4me1 signal increased at vitC deMR
enhancers (K-S test; p~0) and decreased at vitC iMR containing
enhancers (K-S test; P=1.25e ~ '?) compared to random enhancers
(n=1000) in the myeloid lineage (Figure 3b and Supplementary
Figure S3f). These results suggest that vitC-induced demethylation
occurs at enhancers that become active as haematopoietic
progenitor cells differentiate into mature cells of the myeloid
lineage.

H3K4 methylation and H3K27ac changes at vitamin C DMRs

In addition to the absence of 5mC, the presence of H3K4me1
and H3K27ac are hallmarks of active enhancers. To explore
changes in the distribution of histone modifications and
enhancer activity upon vitC treatment we performed
H3K27ac, H3K4me1 and H3K4me3 ChIP-seq on IDH1R"32H cells
grown in the presence and absence of vitC. We first examined
the distribution of histone marks in 500 bp regions surrounding
the centre of vitC-induced DMRs and observed an increase in
H3K27ac at deMRs, iHRs and DxMRs (t-test; P < 1.34e %), but
not at iMRs (t-test; P=0.472; Figure 4a). We also observed
increased H3K4me1 at all DMRs (t-test; P<3.37e”%) and
increased H3K4me3 signal at deMRs (t-test; P=1.34e” % and
DxMRs (t-test; P=0.03) but not at iHRs (t-test; P=0.42) or iMRs
(t-test; P=0.81). This pattern of change in H3K4me1/me3 and
H3K27ac occupancy was validated in an independent biological
replicate (Supplementary Figure S3g). These results support the
notion that deMRs, DxMRs and iHRs, unlike iMRs, overlap with
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are included as a control (n=1000; grey).

regulatory elements that undergo multifaceted epigenetic
remodelling during vitC treatment.

We next examined the link between changes in histone
modifications and gene expression upon vitC treatment. The
majority of up- (373/450; 83%) and downregulated (165/221;
75%) genes are associated with one or more haematopoietic
enhancers®” within 20kb of their transcription start sites.
Enhancers associated with genes that were transcriptionally
induced upon vitC treatment showed a significant increase in
H3K27ac signal (K-S test; P=0.0086; Figure 4b), suggesting that
increased enhancer activity, represented by the acquisition of
H3K27ac, coincides with increased expression of nearby genes.
We next identified enhancers within IDH1%'*?" cells as those
regions marked by H3K4me1 and H3K27ac (MACS2; P < 1e”>) in
either untreated or vitC-treated cells, removing those present in
both cell types. This produced a set of 4389 and 3650 enhancers
in untreated and vitamin C-treated cells, respectively. We
observed significant loss of 5mC (t-test; P=7.94e”°) at

cells. Random enhancers

enhancers active in vitC-treated but not in those specific to
untreated IDH1%'32" cells (t-test; P=0.8357; Figure 4c). To
explore the activity of IDH1R™?" cell enhancers during
haematopoiesis we intersected them with the catalogue
of haematopoietic enhancers®’ A significant fraction of
IDH1732H cell enhancers overlapped the catalogue of haema-
topoietic enhancers (1358/4389 (30%) and 1276/3650 (35%)
for untreated and vitC-treated, respectively). Interestingly,
although the majority of vitC-specific enhancers did not
show a vitC-responsive loss of 5mC (1138/1276; 89.2%), they
displayed a pattern of activation similar to deMR-containing
enhancers during linage myeloid commitment (Figure 4d,
centre panel) and had higher H3K4me1 signal in mature myeloid
cells compared to random regions (K-S test; P~0; Figure 4e).
These results suggest that changes in histone modifications
upon vitC treatment, like changes in DNA methylation, occur at
regulatory elements that become activated during the
myelopoiesis.
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Vitamin C alters the binding patterns of PU.1 and RUNX1

PU.1 is a pioneering transcription factor that is essential for
haematopoiesis and, unlike most transcription factors, can bind
chromatin  in the presence of restrictive epigenetic
modifications.*> Reduced PU.1 expression in haematopoietic cells
leads to reduced growth and transformative capability in several
leukaemic mouse models including AML** In addition, PU.1 has
been implicated in the control of the expression of several genes
that were differentially expressed upon vitC treatment (for
example, KIT, CSF1 and CSF2RA). RUNXT is a critical regulator of
haematopoiesis that frequently participates in leukaemia-
associated gene aberrations, including the RUNXT-RUNXTTI1
(AML1-ETO9a) fusion recurrent in myeloid malignancies.**

To explore the effect of vitC treatment on the binding of these
key haematopoietic transcription factors we performed ChIP-seq
using antibodies against RUNX1 and PU.1 (transcription factor-
ChIP) on IDH1R13?H cells grown in the presence or absence of vitC.
We identified enriched regions using MACS2"" 28 (narrow peaks;
P < 1e™%) and observed 62 770 and 23 781 PU.1-enriched regions
in untreated and vitC-treated cells, respectively. Interestingly, the
majority of PU.1-binding sites in vitC-treated cells were also found
in untreated cells (22 646/23 781; 95%) suggesting a significant
loss of PU.1 binding upon vitC treatment. We found that a
significant proportion of vitC DMRs (30%; Figure 5a) and IDH1?'32H
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enhancers (1252/3650, 34% vitC; and 1651/4389, 38% untreated)
were located within 1kb of PU.1-binding sites. These results
suggest that PU.1 may guide the epigenomic remodelling events
that occur upon vitC treatment.

We identified 4047 and 6587 RUNX1-enriched regions in
untreated and vitC-treated cells, respectively. In contrast to PU.1,
a large fraction of RUNX1-binding sites were specific to vitC-
treated cells (3134/6587; 48%). A majority of vitamin C-specific
RUNX1-binding events were within CBG islands (2128/3134; 68%)
with a subset localizing to IDH1?'3?" cell enhancers (214/3134;
7%). Examining DNA methylation values within vitC-specific
RUNX1-enriched regions revealed significant demethylation flank-
ing RUNX1-enriched summits (100 bp) within enhancers (K-S
test; P=0.0024), but not at CpG islands (K-S test; P=0.2372;
Figure 5b).

RUNX1 acts in concert with epigenetic modifiers, most notably
histone acetyl-transferases, and perturbation of this ability can
facilitate transformation.*> We examined the relationship between
H3K27ac and H3K4mel and vitC-induced RUNX1 binding by
plotting the difference in signal in the presence and absence of
vitC  (vitC—untreated). VitC-specific RUNX1-enriched regions
showed a significant gain in H3K4me1 and H3K27ac signal (K-S
test; P~0) in the 500 bp flanking the centre of RUNX1-binding
sites (Figure 5c). In contrast, we observed a significant loss of



H3K4me1/me3 (K-S test; P~0), and to a lesser extent H3K27ac
signal (K-S test; P=1.626e "~ °), upon vitC treatment in the region
+500bp from the centre of RUNX1-enriched regions lost in
response to vitC treatment (Figure 5¢). This pattern of change in
H3K4me1/me3 and H3K27ac relative to the position of each type
of RUNX1-binding site was validated in an independent biological
replicate (Supplementary Figure S3h). Taken together these results
suggest that vitC treatment increases RUNX1 binding and
increases H3K27ac and H3K4me1 in the flanking genomic regions.

DISCUSSION

In this study we present evidence supporting a model of vitC-
induced epigenomic remodelling that coincides with the differ-
entiation and maturation of myeloid progenitor cells, a process
frequently disrupted in myeloid malignancies. Using a murine
leukaemic model expressing IDH1%*?" we show that vitC
treatment promotes DNA demethylation and H3K4me1 deposition
at enhancers implicated in myeloid differentiation. We show that
regions demethylated upon vitC treatment are enriched in
putative regulatory elements associated with genes implicated
in haematopoiesis and leukaemic transformation, and describe
several key haematopoietic genes that show increased expression
and promoter demethylation. We observe significant overlap
between vitC-induced DMRs and PU.1-binding sites, consistent
with previously described physical association between PU.1 and
TET2.% These observations support a model in which PU.1 guides
TET2 to a specific subset of genomic regions to facilitate the
oxidation of 5mC to 5hmC, a reaction that is inhibited by
2-hydroxyglutarate?” and enhanced by vitamin C'* (Figure 5d).
Although demethylation events were observed in association with
PU.1 sites, PU.T binding did not increase upon vitC treatment,
consistent with the ability of PU.1 to bind 5mC, unlike other E-
twenty-six family members.*®

The oncogenic t(8;21) AML—ETO9a translocation is recurrent in
AML and fuses RUNXT to RUNXITI leading to aberrant HDAC2
recruitment and histone deacetylation.** We observe a relation-
ship between vitC-induced DMRs and genes known to be
dysregulated by this fusion protein and show that H3K27ac and
H3K4me1 signal increases in the regions flanking vitC-induced
RUNX1-binding sites. Interestingly, many regions that acquire
H3K4mel and H3K27ac upon vitC treatment overlap with
previously described enhancers that become activated during
myeloid development, but are devoid of deMRs. This suggests
that vitC elicits multifaceted, myeloid-specific, epigenomic repro-
gramming that is not restricted to changes in 5mC and 5hmC.

While observational studies using oral and intravenous vitamin
C suggested therapeutic benefit for a subset of cancer
patients®®>? subsequent randomized, placebo-controlled trials
revealed insignificant efficacy.”>** However, these latter studies
utilized oral vitamin C, which induces transient micromolar
increases in plasma levels®> significantly below the concentration
used in our study (0.345 mwm). Interestingly, a recent report in a
small cohort of patients (n =24) with haematological malignancies
showed that >90% had decreased plasma vitamin C concentra-
tions and 58% were classified as vitamin C deficient.>® In contrast,
only 7.1% of the general US population are vitamin C deficient.>’

Our study provides mechanistic insight into a ‘first in class’
epigenetic modulator capable of re-activating an epigenetic
pathway recurrently disrupted in cancer. This mechanistic insight,
combined with our refined understanding of the role of
epigenetic disruption in leukaemia, suggests that further investi-
gation of the effects of millimolar concentrations of vitamin C in
AML patients harbouring IDH and TET2 mutations, achievable in
plasma through intravenous administration,”® is warranted.
Indeed the lack of an appropriate, genotypically stratified cohort
of patients may have contributed to the previously observed
patient dependent response to vitamin C treatment.
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