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Hydroxycarbamide (HC, hydroxyurea) is a cytoreductive drug inducing cell cycle blockade. However, emerging evidence
suggests that HC plays a role in the modulation of transcription through the activity of transcription factors and DNA meth-
ylation. Examining the global mechanism of action of HC in the context of myeloproliferative neoplasms (MPNs), for which
HC is the first-line treatment, will provide a better understanding of its molecular effects. To explore the effects of HC ge-
nome-wide, transcriptomic analyses were performed on two clinically relevant cell types at different stages of differentiation
treated with HC in a murine MPN model. This study was replicated in MPN patients by profiling genome-wide gene expres-
sion and DNA methylation using patient blood samples collected longitudinally, before and following HC exposure. The
effects of HC on the transcriptome were not only associated with cell cycle interruption but also with hematopoietic func-
tions. Moreover, a group of genes were restored to normal expression levels in murine hematopoietic stem cells (HSCs) fol-
lowing drug treatment, including the master regulator of hematopoiesis, RUNXI. In humans, HC significantly modifies DNA
methylation levels in HSCs at several distal regulatory regions, which we show to be associated with SPII binding sites and at
the SPIf locus itself. We have identified novel targets of HC that include pivotal transcription factors involved in hematopoi-
esis, and for the first time we report abnormal methylation patterns in MPN patients at the master regulator gene SPI/and its
distal binding sites, which HC is able to restore to normal levels.

[Supplemental material is available for this article.]

Myeloproliferative neoplasms (MPNs) are a heterogenous group
of hematological disorders characterized by uncontrolled prolif-
eration of hematopoietic stem and progenitor cells in the
bone marrow and peripheral blood. The so-called “Philadelphia
Chromosome negative” MPNs include polycythemia vera (PV), es-
sential thrombocythemia (ET), and primary myelofibrosis. MPN
patients have a heterogeneous clinical phenotype with many
developing disease-related symptoms, such as splenomegaly or
constitutional symptoms, and have an increased risk of both
thrombotic and hemorrhagic events (McMahon and Stein 2013).
Collectively, mutations in the JAK2, MPL, or CALR genes are the
most frequent disease-initiating driver mutations in these disor-
ders. These mutations are normally mutually exclusive and result
in constitutive activation of the JAK-STAT pathway that promotes
cellular proliferation (Lu et al. 2008). A minority of patients with
classical MPN do not present any detectable mutations in these
genes, so-called “triple negative” (TN) MPN. Within MPNs, a range
of concomitant somatic mutations have additionally been de-
scribed including genes that regulate DNA methylation (e.g.,
TET2, DNMT3A) and chromatin modification (e.g., ASXLI,
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EZH2) (Tefferi et al. 2009; Stegelmann et al. 2011; Brecqueville
et al. 2012).

Hydroxycarbamide (HC, also called hydroxyurea) remains a
first-line therapy of choice for high-risk PV and ET patients, depen-
dent on phenotype, age, and patient/physician choice. The prima-
ry mechanism is the inhibition of the ribonucleotide reductase
(RNR) enzyme that catalyzes the reduction of ribonucleotide di-
phosphates into their corresponding deoxyribonucleotide tri-
phosphates (dNTPs) used in DNA synthesis and repair. RNR
inhibition depletes dNTPs during the synthesis phase causing
cell cycle arrest (Young and Hodas 1964; Krakoff et al. 1968).

HC also induces transcription of fetal hemoglobin (HbF),
which explains its therapeutic use in sickle cell anemia. Several
mechanisms have been proposed to illuminate the clinical effect
of HC, including the induction of DNA methylation changes
(Walker et al. 2011) and influences on transcription factor (TF) reg-
ulation that ultimately increase HBG1 expression after HC expo-
sure in sickle cell anemia patients (Chondrou et al. 2018).

Although this drug has been used for more than 30 years in
the MPN clinical area, effects on DNA methylation have not
been comprehensively studied genome-wide in relevant cell types,
and currently there is a limited understanding about the global
mechanistic effects of this agent. To gain insight into the effects
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of HC, gene expression analysis of hematopoietic stem and differ-
entiated cells was performed in a well-characterized MPN mouse
model carrying the Jak2V617F mutation (hereinafter referred to
as Jak2VF) (Mullally et al. 2010; Chen et al. 2015) and treated
with HC. This study was replicated in MPN patients, for which
we conducted a longitudinal study over a period of 9 mo. DNA
and RNA samples from patients’ hematopoietic stem and differen-
tiated cells were taken before and at 3-mo intervals following HC
treatment, and these were assayed for gene expression and DNA
methylation. We present a comprehensive analysis of the effects
of HC treatment genome-wide in both species and report novel ef-
fects on both gene expression and DNA methylation.

Results

HC significantly decreases blood cell counts and spleen size
in Jak2VF mouse

To investigate the effect of HC treatment on gene expression we
treated a previously described heterozygous Jak2VF mouse that
closely recapitulates the MPN phenotype found in patients
(Mullally et al. 2010; Chen et al. 2015). Groups of Jak2VF and
wild-type (WT) mice were treated with a starting dose of HC at
50 mg/kg/d or vehicle (Fig. 1A). After 2 wk, no noticeable changes
in the hematocrit were observed in either of the mouse genotypes
(Fig. 1B), so the dose was increased to 100 mg/kg/d for 4 wk. A sig-

nificant reduction in white blood cells and platelets occurred at
week 4 in both genotypes (Fig. 1B). The platelet compartment of
Jak2VF mutant mice showed a greater sensitivity to the treatment
compared to WT mice, showed by a severe reduction in platelet
counts. Because Jak2VF mutant mice are known to develop spleno-
megaly, at the study end point spleens were isolated and we ob-
served a significant decrease in size and weight in HC-treated
mice compared to controls (Fig. 1C,D). These results show the effi-
cacy of HC treatment in Jak2VF mutant mice and mimic the re-
sponse seen in MPN patients treated with this drug.

HC treatment perturbs gene expression more prominently in LSK
cells compared to neutrophils, but immune system pathways are
affected in both cell types

The effect of HC treatment on gene expression was assayed in
Lin~Sca*cKit* (LSK) cells, which are enriched for hematopoietic
stem cells (HSCs) and in neutrophils using RNA-sequencing. The
rationale underlying the choice of these two study populations is
that (1) HSC are the disease-initating cell population in MPN,
and (2) neutrophils are involved in the inflammatory response
and have also been linked to thrombosis in MPN patients (Marin
Oyarzan et al. 2016; Mesa et al. 2017; Barbui et al. 2018; Stone
et al. 2018). Principal component analysis of the resulting expres-
sion profiles revealed a strong effect of HC in LSK cells (Fig. 2A),
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Figure 1.

Treatment response to HC between Jak2VF mutant and wild-type mice. (A) Mouse study design: wild-type (WT) and JAK2VF mice were treated

with HC or VEH for 6 wk, 5 d a week. Dose was maintained at 50 mg/kg/d for 2 wk and then increased to 100 mg/kg/d. After 6 wk, peripheral blood, spleen,
and bone marrow were collected for further analyses. Spleens were measured for weight and size. Neutrophils were isolated from peripheral blood and LSK
cells from bone marrow to perform RNA-sequencing on both cell types. (B) Mean blood cell counts per mouse group (Jak2VF-HC =4, Jak2VF-VEH =4, WT-
HC =7, WT-HC =8), including white blood cells, platelets, and hematocrit. Data represent the mean +SD. Statistical analysis performed in HC versus VEH.
(*) P<0.05, (**) P<0.01, (***) P<0.001 and (****) P<0.0001; analysis of variance (ANOVA). (C) Spleen weight and length following 6 wk of HC or VEH
treatment. Nonparametric, unpaired Mann-Whitney U test. Error bars indicate mean with SD. (D) Representative examples of spleens (preserved in 10%
formaldehyde) for each group. Length given corresponds to measurements on fresh tissue.
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Figure 2. Gene expression analysis of LSK cells and neutrophils in mice. (A) Principal component analysis of gene expression profiles of LSK cells and
neutrophil samples included in their analyses. Heatmap of DEGs and most significantly enriched terms for LSK cells (B) and neutrophils (C). (D)
Heatmap plot of hierarchically clustered DEGs between WT-VEH versus Jak2VF-VEH and Jak2VF-HC versus Jak2VF-VEH and the top significant enriched
terms of clusters identified. Clusters 2 and 4 (in the red square) correspond to genes that are differentially expressed between Jak2VF-VEH versus WT-
VEH and that change their expression when treated with HC. TF name in bold indicates that its coding gene is differentially expressed. (E) Correlation
plot of DEGs from Clusters 2 and 4 and their log,-fold change expression. Genes with the highest fold change are labeled. Linear regression.

shown by two separated populations defined by the treatment (HC
or vehicle).

In LSK cells, hierarchical clustering grouped samples from the
same genotype, suggesting that the response to the treatment was
influenced by the genotype (Fig. 2B). The differentially expresed
genes (DEGs, Q-value<0.05) were divided into six main clusters
and enrichment analysis performed. Down-regulated genes (Fig.
2B, Clusters 1 and 2) were enriched for gene expression pathways
associated with transcription regulation. Mouse phenotype en-
richment analysis identified abnormal hematopoietic phenotypes
revealing that a large proportion of down-regulated genes are in-
volved in hematopoiesis. This was also shown in TF enrichment

analysis, in which down-regulated genes were controlled mainly
by RUNX1 and the Runx1 gene itself was differentially expressed
and down-regulated (Supplemental Fig. S1). Conversely, up-regu-
lated genes (Fig. 2B, Clusters 3, 4, 5, and 6) were enriched for
four main pathways, including the citric acid cycle, the cell cycle,
the immune system, and RNA metabolism.

In neutrophils, only down-regulated genes (Cluster 2) were
significantly enriched (Fig. 2C) mainly in pathways involved in in-
terleukin signaling and neutrophil degranulation. Comparative
mouse phenotype enrichment analysis identified terms related
to abnormal hematopoietic system physiology and TF enrichment
analysis identified the hematopoietic regulators RUNX1 and SPI1.
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Mouse LSK cells experienced more extensive changes with
HC treatment than the more differentiated neutrophils, and treat-
ment perturbs many pathways including the immune system and
cell cycle. Thus, HC not only affects the cell cycle but it also influ-
ences hematopoietic functions along with master regulators of he-
matopoiesis, such as RUNX1 and SPI1.

HC partially reverts dysregulation of gene expression in Jak2VF
mutant mice

The advantage of this MPN mouse model is that it carries the
Jak2V617F mutation in every hematopoietic cell, whereas in hu-
man, MPN has a wide range of JAK2V617F allelic burden
(Takahashi et al. 2013). Therefore, we examined the effect of the
Jak2V617F mutation on gene expression in untreated mice to in-
vestigate the effect of HC on the genes affected by the mutation.
To obtain a global view of how gene expression is affected by geno-
type and by treatment, all DEGs between Jak2VF mutant versus
WT mice and between Jak2VF HC-treated versus untreated mice
were analyzed (1596 genes). DEGs were hierarchically clustered ac-
cording to their expression and enrichment analysis performed
(Fig. 2D). Clusters 2 and 4 showed that the expression levels of mis-
expressed genes in Jak2VF mutant mice were partially restored to
WT expression levels after treatment. These genes were enriched
for immune system pathways and mouse phenotypes related to
B cell development (Cluster 4). Furthermore, the TFs RUNXI1,
SPI1, and MYC were again identified as the main regulators of
these genes (Supplemental Fig. S1).

The changes observed in Jak2VF compared to WT and in
Jak2VF treated and nontreated (Fig. 2E) were examined and con-
firmed the negative correlation. One hundred ten genes were
down-regulated in the Jak2VF mutant and up-regulated after treat-
ment (Group 1), and 176 genes were up-regulated in Jak2VF com-
pared to WT and down-regulated after treatment (Group 2). In
Group 2, genes encoding immunoglobin proteins (Igll1, Ighv11-2,
Igkv14-126, and Vpreb1) have the highest fold changes. Members
of the JAK-STAT pathway, which is overactivated in MPN (Lu
et al. 2008), were also down-regulated upon HC treatment (Jak3
and Stat3). These genes, which were identified as potential targets
of RUNX1 (Fig. 2D), also included the Runx1 gene itself with an ex-
pression profile restored by HC treatment, highlighting a role for
this transcription factor in HC response.

In neutrophils, a total of 497 genes were differentially ex-
pressed (Supplemental Fig. S2A,B). Hierarchical clustering con-
firmed that the main differences were at the genotype level rather
than treatment level (Supplemental Fig. S2A). Nevertheless,
Clusters 1 and 3 show that HC restored to WT expression levels, a
subset of genes like in LSK cells (Supplemental Fig. S2B).

The effect of HC treatment is largely independent of the geno-
type. However, the restored expression to WT levels identified in
Cluster 4 affecting the immune system reveals a novel aspect of
HC in mutated cells that could contribute to changes in hematopoi-
esis through regulation of RUNX1. These observations may reflect
the increasing awareness that inflammation may be as important
in the pathogenesis and clinical features of MPN as JAK/STAT activa-
tion (Koschmieder et al. 2016; Lussana and Rambaldi 2017).

HC treatment effectively controls clinical parameters in MPN
patients without affecting JAK2VF allele burden after 9 mo of
treatment

The effect of HC was assayed in MPN patients using a longitudinal
study to minimize inter-subject variance. In this group of patients,

no side effects from the HC treatment were documented, and
blood cell counts decreased throughout the study period to within
the desired ranges (Fig. 3A; Supplemental Table S1; Harrison et al.
2010; McMullin et al. 2019). In a single patient (P011) the hemat-
ocrit increased, which was confounded by the influence of on-go-
ing phlebotomy, whereas the remainder of the parameters
decreased as expected.

The JAK2V617F allele burden was quantified in neutrophils
at two time points: pretreatment and at 9 mo of treatment. We ob-
served a modest decrease of the JAK2V617F allele burden (1%-9%)
after HC treatment, indicating that the changes occurring after
treatment are not linked with a reduction in the proportion of mu-
tant cells (Supplemental Fig. S3). Additionally, all patients were se-
quenced to identify common mutations using a “myeloid gene
panel.” We identified two patients (P002 and P008) with muta-
tions in the DNMT3A gene and one (PO11) with mutations in
the TET2 gene (Supplemental Table S1).

HC treatment of MPN patients affects the SPIf and RUNXI genes
in the same way as in the mouse model

Human CD34" cells, as a comparable population to LSK cells, and
human neutrophils were isolated and RNA-sequenced before and
following 9 mo of HC treatment.

In CD34" cells, six main clusters were identified (Fig. 3B).
Enrichment analysis showed that down-regulated genes were en-
riched for protein translation terms and up-regulated genes for im-
mune system terms, including cytokine signaling and neutrophil
degranulation. TF enrichment identified SPI1 and RUNX1 as the
principal regulators of most clusters (Fig. 3B). SPI1 and RUNX1 were
alsoup-and down-regulated, respectively (Supplemental Fig. S4), cor-
relating with the pathways and TFs identified in mouse LSK cells.

In neutrophils, there was variability between PV and ET pa-
tients, whereby individuals with PV have fewer expression chang-
es compared to ET patients (Fig. 3C). As seen in CD34" cells, gene
clustering analysis identified that down-regulated genes were en-
riched for protein translation terms, and up-regulated genes were
enriched forimmune system-related terms. Enrichment for poten-
tial TFs in up-regulated genes identified SPI1, ZBTB7A, and CEBPD,
for which the encoding genes themselves were differentially ex-
pressed (Supplemental Fig. S5). Compared to mouse neutrophils,
more genes were affected by HC in human neutrophils, but similar
pathways involved in immune system functions were identified in
both species. Thus, there are common pathways modulated by HC
treatment in differentiated cells that are independent of cell cycle
arrest, the main described mechanism of action of HC.

Enrichment analysis of up-regulated DEGs shared between
CD34" cells and neutrophils revealed the same terms as in mouse
(Fig. 3D). TFs identified as regulators of these genes are RUNXI1,
SPI1, and TCF3. Other genes encoding TFs involved in hematopoi-
esis such as RARA, SPI1, CEBPB, and ZBTB7A were up-regulated in
both cell types (Supplemental Figs. S4, S5). Significant terms in
down-regulated DEGs shared between the two cell types included
pathways related to protein translation (Fig. 3D). Thus HC regulates
a subset of genes at two developmental stages, with a greater effect
on up-regulation of genes mostly controlled by RUNX1 and/or SPI1.

Several TFs involved in hematopoiesis are commonly regulated in
human and mouse, and RUNXT is one of the major mediators of HC
treatment in both species

The extent of the conservation of the treatment response was in-
vestigated by comparing all conserved DEGs in the two species.
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Figure 3.

Blood cell counts through the course of the study and gene expression results of MPN patients. (A) Blood cell counts of clinical parameters

monitored at four time points from each patient. The diagnostic criteria levels (Arber et al. 2016) and target level of the pharmacological treatment
(Harrison et al. 2010; McMullin et al. 2019) are indicated. Hierarchical clustering of DEGs and the top significantly enriched terms for each cluster from
CD34" (B) and neutrophil cells (C). DEGs were clustered according to their log,-fold change expression over pretreatment samples (Euclidean correlation
distance and ward.D2 agglomeration method). Clusters were divided at the same branch heights and numbered. Enrichment analyses for pathways and
transcription factors were performed in each cluster. The top significantly enriched results from each cluster are represented as a heatmap plot in which
color scale indicates significance. TF name in bold indicates that the gene is differentially expressed. (D) Venn diagram of common DEGs among CD34" cells
and neutrophils and results of enrichment analysis performed in the shared genes. Enrichment analysis was performed separately for up-regulated and

down-regulated genes.

In neutrophils, only a few shared DEGs were identified
(21 genes), so no enrichment analysis was performed. The log,-
fold changes per patient (after vs. before HC treatment) and per
mouse group comparison were plotted for these shared genes (Fig.
4A,C). Some DEGs in human have similar expression patterns to
their counterparts in mouse treated with HC (ITGAL and CEBPE).

At the stem cell level, 435 genes were commonly regulated in
both species. Commonly up-regulated genes were enriched for
neutrophil degranulation and innate immune system pathways
(Fig. 4B), like individually observed in MPN patients and mice.
SPI1 and GATA1 were shown by enrichment analysis to act as reg-
ulators for up- and down-regulated genes, respectively. No path-
ways were identified in down-regulated genes, but there was
enrichment for “transcription regulation,” with several TF encod-
ing genes, such as HOXB4 and BCL11A (Supplemental Table S2).
Other DEGs encoding TFs such as RUNX1, ZBTB7A, ETS1, and
ATF3 were identified as regulators of the common DEGs between

human and mouse as well as genes involved in epigenetic regula-
tion, KDM5B, a H3K4 demethylase, and TET1, which is involved in
DNA demethylation (Iwase et al. 2007; Guo et al. 2011).

In mouse a subset of genes was partially restored back to WT
expression levels by HC (Clusters 2 and 4) (Fig. 2). Homologous
genes between human and mouse (Clusters 2 and 4) (Fig. 2) were
compared to all DEGs from human CD34" cells, and 56 genes
were conserved (Fig. 4C). A subset of genes in human show similar
expression patterns to WT or Jak2VF mice treated with HC (Fig. 4C,
in bold), which included RUNX1 pointing to its important role in
the therapeutic mechanism of HC.

In human neutrophils, DNA methylation levels are not affected
by HC treatment

The effect of HC on DNA methylation has been documented in
sickle cell anemia patients; however, the effects on MPN patients,

Genome Research 1385

www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.270066.120/-/DC1

Contreras Castillo et al.

Neutrophils B Stem cells
Human Mouse Human
Mouse
86 21 1424 3638 435 1544

Up-regulated: 5
Down-regulated: 16
Patients Mouse

[ 1 -

Up-regulated: 252
Down-regulated: 183

Pathways (Reactome)
[ ] Neutro?hn degranulation
Innate Immune System
Immune System
RHO GTPase Effectors
Interleukin—12 signaling
Transcription factors
UBTF_ENCODE
SPI1_ENCODE

=

[TTTTTTT]

GATA2_CHEA

—Iogm(pval)
L 1
downreg. (0 upreg.

ZYX
CDC42SE1

Mouse
Clusters 2.&4 Human

238 56 1923

Patients Mouse
]

=

5031439G07RIK
PB41L3
IN 1

CEBPE
NLRP12
ENTPD1
cLict
PPT1

[TTTTETTTTITT

&
&

22X
@o\%@

-log, (fold change) & XL,
]

B
-2 0

oE
NG
HIVEP3

MIPOLT
TGFBR2
HBDF2
P1
B,
Y

ING1
1 g§44
PlKE
q
7
ZEBZ
EEE S
TA
1F
i
RS
5 é%
L1C
o
ggKAzrs
{:E
s
SMAD7

PAXS

PLAC:
INRNPF
LAMF7

IE]

M

A

7IUN 3B1

B

RID5A
AM1
1

INPP4A
3

?DLHA D4

2
2
N

N
3

=)
A
S
S
S

v
&
s

S @U

-log, (fold change)

X
W

B i
-2 0 2

»
/bv

Figure 4. Comparison of homologous differentially expressed genes between human and mouse. Venn diagrams show the total number of DEGs com-
monly regulated in human and mouse in neutrophils (A) and stem cells (CD34* and LSK cells in human and mouse, respectively) (B). (C) Venn diagram
shows the total number of genes identified in Clusters 2 and 4 from mouse LSK cells that overlap the DEGs from human CD34" cells. (4,C) Heatmap plots
represent the log,(fold change) of treated samples per patient versus pretreatment samples, along with pairwise comparison of each mouse condition
(Jak2VF VEH vs. WT-VEH, WT-HC vs. WT-VEH, and Jak2VF-HC vs. Jak2VF-VEH). Bold is used to indicate the genes with similar expression between human

and WT-HC or Jak2VF-HC mice.

in which abnormal gene expression and DNA methylation pat-
terns can be expected as observed in other types of cancer
(Hinoue et al. 2012; Sproul et al. 2012; Maupetit-Mehouas et al.
2018), have not been investigated. DNA methylation genome-
wide was investigated in human CD34" cells and neutrophils as
a mediator of the HC effect. Differential methylation was mea-
sured at individual CpGs and at regions (1 kb) containing CpGs
with consistent methylation changes, referred to as differentially
methylated regions (DMRs).

In neutrophils, DNA methylation was measured at four time
points for eight patients. A relatively low number of differentially
methylated CpGs were identified at 6 and 9 mo of treatment com-
pared to pretreatment (Fig. 5A), and no DMRs were identified by
any of the time point comparisons. DNA methylation in neutro-
phils is therefore highly stable throughout the course of HC treat-
ment, and after 9 mo of treatment no significant changes were
detected.

In CD34™* cells, HC modulates DNA methylation at regulatory
regions of genes involved in hematopoiesis

Owing to limited amounts of DNA from CD34" cells, two of the
nine patients (PO03 and P004) were assayed at two time points:
pretreatment and following 9 mo of treatment. Differential meth-
ylation testing identified 60,828 significant differentially methyl-
ated CpGs (P-value <0.05) with >10% of DNA methylation
change, and 690 DMRs (Q-value<0.15) containing at least four
differentially methylated CpGs (Figs. 5SB,C, 6A).

Genomic context of DNA methylation changes is important
and at distal regulatory regions some TFs can be affected by DNA
methylation at one CpG in their binding site (Rahman et al.
2012; Mann et al. 2013). TF enrichment analysis at intergenic re-
gions containing differentially methylated CpGs (5 bp, Fig. SC)
was performed using the online resource i-cisTarget. The CpGs
were divided into CpGs within CpG islands (CGIs) and non-CGI
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Figure 5. DNA methylation analysis of neutrophils and CD34" cells CpGs. (4,B) Scatter plots show the mean of DNA methylation level (B-value) from
pretreated samples (y-axis) and after 6 and 9 mo of HC treatment in neutrophils and 9 mo of HC treatment in CD34" cells (x-axis). Red dots correspond
to significantly differentially methylated CpGs according to each time point comparison. (C) Workflow of differentially methylated CpGs analyzed in CD34*
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CpGs using ChlIP-seq data from healthy CD34" cells.

CpGs, which are outside of CGIs (Fig. 6B,C; Sandoval et al. 2011).
Non-CGI CpGs were enriched for TFs binding sites, such as
GATA1, GATAZ2, and SPI1 (Supplemental Table S3). The TFs associ-
ated with the highest number of DEGs, such as CEBPB, BCL11A,
and SPI1, were themselves differentially expressed (Supplemental
Table S3, in bold). CpGs overlapping CGIs were enriched for two
members of the polycomb repressive complex 2 responsible for
H3K27m3 deposition (SUZ12 and EZH2).

Because the analysis of DNA methylation at intergenic CpGs
identified TF binding sites at distal regulatory regions, we investi-
gated their function using publicly available ChIP-seq data
from healthy control CD34" cells (Huang et al. 2016). Peaks were
identified around differentially methylated CpGs for H3K27ac
and H3K4mel (enhancer-associated histone modifications),
H3K4me3 and H3K27me3 (CGI-associated histone modifications),
and hematopoietic TFs (SPI1, RUNX1, and GATA1) (Fig. 5D). As ex-
pected, CGI CpGs were enriched for H3K4me3 and H3K27me3,
confirming i-cisTarget prediction of polycomb repressive complex
2 proteins binding to these regions. Non-CGI CpGs were linked
with enhancer-associated histone modifications (H3K27ac and
H3K4mel) and, as predicted by i-cisTarget, these were highly en-
riched for SPI1 binding sites and to a lesser extent RUNX1 and
GATA1 binding sites, confirming that non-CGI CpGs are likely to

be found in enhancer regions in normal CD34" cells, which are
bound by SPI1 and reveal a role for them in hematopoiesis. To
determine whether the differential methylation of non-CGI
CpGs was correlated with changes in gene expression, genes near
potential regulatory regions were assayed (Kaikkonen et al. 2013;
Lametal. 2013; Lietal. 2013). Weidentified 251 genes with nearby
non-CGI CpGs that were differentially expressed (Supplemental
Table S4) in CD34" cells; in each case, differential expression could
be linked to changes in DNA methylation at their enhancer regions
(Supplemental Fig. S6).

Similarly, DMRs were investigated at intergenic CGIs, which
can act as distal regulatory regions (Illingworth and Bird 2009).
One intergenic hypermethylated CGI was identified as a binding
site for RUNX3 (also differentially methylated and up-regulated)
(Supplemental Tables S5, S6; Supplemental Fig. S7A). This region
is linked to the IRF8 gene, which was up-regulated and differen-
tially expressed (Supplemental Fig. S7B). Both of these genes are
involved in hematopoiesis: Runx3 deletion leads to a myeloprolifer-
ative phenotype (Wang et al. 2013), and Irf8 deletion perturbs the
self-renewal of HSCs in mouse (Qiu et al. 2015). This could be im-
portant for the regulation of the IRF8 gene and again shows that
HC can regulate TFs involved in hematopoiesis, here linked to
DNA methylation.
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DNA hypermethylation on gene promoters returns to normal
levels after HC treatment

At promoter regions, DNA methylation is associated with repres-
sion only if the promoter is associated with a CGI (Weber et al.
2007). Although rare in normal tissue (Auclair et al. 2014; Dahlet
et al. 2020), repression of expression by DNA methylation at
CGl-associated promoters is a hallmark of cancer (Esteller et al.
2000). DMRs overlapping with promoter regions were investigated
(Fig. 6A). DMRs associated with non-CGI promoters or low CpG
content promoters (214) were identified and among these, 35
DMRs were associated with DEGs. From these, 16 have a negative
correlation with gene expression (hypomethylated and up-regulat-
ed), whereas 19 were positively correlated (hypermethylated and
up-regulated) (Fig. 6B), confirming previous findings with low
CpG content promoters, in which a negative correlation with
gene expression is not observed but some active promoters may
be methylated (Weber et al. 2007). On the other hand, 35 DMRs
overlapping CGI promoters were associated with DEGs (Fig. 6C;
Supplemental Table S7). Thirteen genes showed loss of DNA meth-
ylation and decreased gene expression including HOXB4 and
HOXAS, explained by DNA methylation changes focused in small
areas within the CGI, but not always localized into the promoter
region (Supplemental Fig. S8A). Loss of DNA methylation in the
promoter and increased gene expression occurred in 22 genes,
which included kinases (FGR, CDKN1C, MAP4K4) and TFs (SPI1,
RARA, JMJDIC). These regions were compared to publicly availa-
ble DNA methylation data from healthy CD34*CD15 cells
(Maupetit-Mehouas et al. 2018). Pretreatment samples were most-
ly hypermethylated compared to healthy samples, and during HC
treatment, methylation was restored to healthy levels (Fig. 6D;
Supplemental Fig. S8B). In addition, these promoters were en-
riched for permissive histone marks, such as H3K4me3 and
H3K27ac, and depleted for the repressive mark H3K27me3 in nor-
mal CD34" cells (Supplemental Fig. S8C), suggesting that these
genes are normally expressed and that HC is able to restore their
expression in association with loss of DNA methylation.

SPI1 was the most differentially expressed gene and had the
highest number of differentially methylated CpGs at the promoter
(Fig. 6C). Its regulatory region, located —17 kb away from the pro-
moter (Okuno et al. 2005), was also differentially methylated
(Fig. 6E). Comparison of these regions with healthy individual sam-
ples (Maupetit-Mehouas et al. 2018) revealed that they were aber-
rantly methylated in MPN patients. HC can restore the DNA
methylation state to a level similar to healthy individuals. HC likely
modulates DNA methylation and is correlated with gene expres-
sion changes at a subset of gene loci, although whether one is a
downstream effect of the other is unclear. To investigate this, we
used two hematopoietic cells lines (Jurkat and MT-4) that are meth-
ylated at the SPI1 promoter region. After optimization of the treat-
ment conditions (Supplemental Fig. S9), we measured gene
expression through RT-qPCR and DNA methylation using
COBRA (Bilichak and Kovalchuk 2017). We observed that HC treat-
ment increases gene expression of SPI1 across time (Supplemental
Fig. SI0A). We confirmed that SPI1 targets were also activated after
HC treatment (CCR1 and PTGER4) (Supplemental Fig. S10B) and
that RUNX1 was down-regulated (Supplemental Fig. S10C). The in-
crease in SPI1 expression was not associated with changes in DNA
methylation at its promoter region (Supplemental Fig. S10D), sug-
gesting that the earliest consequence of the treatment is the activa-
tion of SPI1 expression. Of clinical relevance, and in line with a
recent investigation that shows that SPI1 expression under inflam-

matory stress is required to restrict hematopoietic stem cell expan-
sion (Chavez et al. 2021), our findings present SPII as a potential
target for myeloproliferative diseases.

Discussion

HC s a frequently used cytoreductive therapy for high-risk PV and
ET patients, and it inhibits the RNR enzyme leading to cell cycle
arrest (Krakoff et al. 1968). However, this mechanism does not ex-
plain its therapeutic effects in sickle cell anemia (Platt et al. 1984),
and the modulation of DNA methylation and TF expression fol-
lowing HC treatment in this disease has been investigated by oth-
ers (Chondrou et al. 2018). Among MPN patients very limited
evidence exists with regard to these potential effects. In granulo-
cytes derived from chronic myeloid leukemia (CML) patients,
the increased expression of RARA has been shown to reach healthy
levels after 1 wk of HC treatment (Bruchova et al. 2002). However,
a limited number of genes were differentially expressed because of
the short duration of the study. Genome-wide DNA methylation
in MPN patient neutrophils has been used to classify MPN pa-
tients, but the consequence of HC treatment has not been evaluat-
ed (Nischal et al. 2013). To understand the effects of HC treatment
in MPN, we investigated for the first time two clinically relevant
cell types from an epigenomic and transcriptomic point of view us-
ing an established MPN mouse model and MPN patients’ samples
from a longitudinal study.

In mouse LSK cells, HC restores expression of a subset of genes
abnormally expressed in the Jak2VF mutant mouse model. These
genes are enriched for RUNX1 binding sites, which itself is among
the HC down-regulated genes. These observations suggest a rela-
tionship between the expression profile linked with Jak2V617F
mutation and Runx1 overexpression. High expression of RUNX1
in MPN patients compared to controls has been reported in gran-
ulocytes and erythroid precursor cells derived from CD34" cells
(Wang et al. 2010). Moreover, as in mouse, RUNX1 is down-regu-
lated following HC treatment in human CD34" cells, suggesting
that it can contribute to the HC therapeutic effect in humans. In
general, the effects of the Jak2V617F mutation on the transcrip-
tome of LSK cells is small compared to the effects of HC treatment.
LSK cells are highly affected by the treatment independently of the
mutation, confirming previous findings that HC is not able to
significantly reduce the JAK2V617F allele burden, but rather has
a nonpreferential effect on mutant and non-mutant cells
(Antonioli et al. 2010; Kubovcakova et al. 2013).

In mouse neutrophils, a strong effect of the Jak2V617F muta-
tion is revealed in their transcriptome and is hardly modified by
HC. Although gene expression in human neutrophils is affected
by HC to a similar extent as in CD34" cells, the lack of plasticity
is manifested by DNA methylation levels whereby HC-mediated
modulation of DNA methylation at any of the time points could
not be detected. These findings need to be taken into account
when selecting cell type populations for time-course experiments
and additionally shows the importance of using paired samples
from the same individual (Chatterjee et al. 2015). The striking dif-
ferences in DNA methylation following HC treatment in human
CD34" cells support the importance of selecting the correct cell
population for DNA methylation studies. These hematopoietic
stem and progenitor cells are able to respond to physiological
needs to maintain hemostasis (Ruf 2016). The DNA methylation
machinery, including the DNMT enzymes, such as DNMT3A
which is commonly mutated/comutated in MPN, play an impor-
tant role during both development and differentiation. The lack
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of DNMT3B and DNMT3A, necessary for de novo methylation, in-
creases self-renewal of HSCs and impairs differentiation (Challen
etal. 2012, 2014; Jeong et al. 2018). These enzymes are highly ex-
pressed in early progenitor cells and their expression declines
with differentiation (La Salle et al. 2004). Therefore, the ability of
HC to affect DNA methylation in CD34" cells and not in neutro-
phils is not surprising. The biological importance of these findings
is shown by their correlation with gene expression. HC treatment
modulates DNA methylation at non-CGI CpGs that are associated
with DEGs and show characteristics of distal regulatory regions.
Other studies have shown that demethylation at enhancers is asso-
ciated with gene reactivation during differentiation (Mahé et al.
2017). However we do not know whether DNA methylation
changes at enhacers is simply the readout of transcription factor
availability or the mechanisms restricting transcription factor
binding. Our results suggest that loss of DNA methylation upon
HC treatment in distal regions, enriched for H3K27ac and
H3K4mel in healthy CD34" cells, could be linked to gene reactiva-
tion. DNA methylation levels at these regions is dynamic during
hematopoiesis and neoplastic transformation (Blattler et al. 2014;
Ronnerblad et al. 2014; Agirre et al. 2015; Bell et al. 2016).
Moreover, we identified enrichment for SPI1 in these regions, in-
creasing the relevance of this TF. A dramatic loss of methylation oc-
curred at the SPI1 promoter and its regulatory region following HC
treatment and is negatively correlated with SPI1 expression. SPI1
expression is also impaired in chronic myeloid leukemia (CML),
in which it can be recovered following drug treatment with interfer-
on alpha and the tyrosine kinase inhibitor imatinib (Albajar et al.
2008). Aberrant methylation has also been identified at the SPI1
promoter in whole blood from CML patients (Baylin and Herman
2000). Altogether our study proposes a novel mechanism to under-
stand MPN pathogenesis, in which RUNX1 down-regulation after
HC treatment, which acts upstream of SPI1, could mediate the
ability of HC to reduce myeloproliferation. Understanding these
mechanisms can facilitate the development of more specific treat-
ments to bypass undesired side effects of HC. Although several
changes in DNA methylation were observed, not all the DEGs iden-
tified are associated with differentially methylated CpGs in the cell
types studied. Therefore, other mechanisms are likely involved in
the ability of HC to affect gene expression. The effects of HC at
the SPI1 locus are proposed as a dynamic model showing that ex-
pression reactivation could precede DNA demethylation at CGIs
promoters in hematopoietic malignancies. Further investigation
in the SPI1 locus in MPN patients could lead to the use of DNA
methylation and/or gene expression as markers of HC treatment
efficiency.

Methods

Jak2Vé17F and control mice

Jak2V617F-knock-in mice were generated as previously described
(Mullally et al. 2010; Chen et al. 2015). All mouse experiments
were approved by the institutional ethic committee of Brigham
and Women’s Hospital, Boston (Protocol #2017N000025) and
maintained in pathogen-free facilities at the Brigham and
Women'’s Hospital, Boston.

Murine HC treatment

Hydroxycarbamide (HC, Sigma-Aldrich H8627) was diluted
with injectable 0.9% NacCl solution (Baxter). HC solution was
prepared fresh upon administration under sterile conditions.

Intraperitoneal injections (IP) were administered to Jak2V617F
and wild-type mouse groups 5 d a week for 6 wk. For the first
2 wk, 50 mg/kg/d was administered and for the following 4 wk,
100 mg/kg/d was used. Similarly, control groups per genotype re-
ceived vehicle only on the same days.

Clinical parameters for murine study

Peripheral blood was sampled from the retro-orbital sinus using a
micro-hematocrit capillary tube, sodium heparinized. Blood was
collected in K,EDTA-coated tubes (BD Microtainer) to measure
blood cell counts on an Advia 2120i Hematology System
(Brigham and Women'’s Hospital). Blood cell counts and weight
were controlled weekly for dose adjustment and monitoring
toxicity.

LSK cell isolation from mouse

Whole bone marrow was obtained by crushing the femur, tibia,
and spinal column. Erythocytes were removed using erythrocyte
lysis buffer (10x BD-lysis-buffer, BD Bioscience). CD117 enrich-
ment was performed using the Miltenyi CD117 microbeads
(MACS Miltenyi Biotec). The CD117 enriched fraction was stained
with CDS5, Grl, B220, CD3, CD11b, Ter119, CD117, and Sca-1
(Supplemental Table S8). LSK cells were sorted on a BD FACSAria
cell sorter (BD Biosciences) and collected in RLT-plus buffer
(Qiagen) with 1% of B-mercaptoethanol and stored at —80°C
until use.

Neutrophil isolation from mouse

Peripheral blood was obtained from the retro-orbital venous plex-
us. Erythocytes were removed using 1x erythrocyte lysis buffer (BD
Bioscience). The cells were stained with the Miltenyi Neutrophil
Microbeads (MACS Miltenyi Biotec) following the manufacturer’s
instruction. The fraction containing the enriched neutrophils was
washed and resuspended in 75 pL of RLT-plus buffer (Qiagen)
with 1% of B-mercaptoethanol. The samples were stored at
—80°C until use.

Human sample collection

This study was developed in collaboration with the Department of
Hematology, Guy’s and St Thomas’ NHS Foundation Trust. Ethical
approval was obtained from the NRES Committee London—City
Road and Hampstead, REC reference 15/L0O/0265. Male and female
patients (>18 yr old) with a confirmed diagnosis of MPN according
to the World Health Organization 2016 criteria and who planned
to start HC treatment as a first-line therapy were recruited to the
study. Peripheral blood was collected at baseline and at 3, 6, and
9 mo after starting HC treatment. Clinical and hematological pa-
rameters were sequentialy collated. Patients’ characteristics are
summarized in Supplemental Table S1.

Neutrophil isolation from human samples

Neutrophils were purified from 10 mL of peripheral blood as de-
scribed previously (Heit et al. 2002). Neutrophil purity was as-
sessed with flow cytometry by staining with CD16b, CD14, CD3,
and CD19 (Supplemental Table S8).

CD34* cell isolation from human samples

Peripheral blood was diluted in ice-cold PBS, and gradient centrifu-
gation was performed using Histopaque-1077 (Sigma-Aldrich) to
separate the peripheral blood mononuclear cells (PBMCs). Cells
were resuspended with RPMI 1640 (Thermo Fisher Scientific)
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supplemented with 10% FBS and 5% Penicillin/Streptomycin.
Cells were frozen with FBS+10%DMSO and stored in liquid nitro-
gen. Frozen PBMC aliquots, were thawed and resuspended in com-
plete RPMI 1640 media. The cells were washed, resuspended as
single cells, and stained with Miltenyi CD34 microbeads (MACS
Miltenyi Biotec) following the manufacturer’s instructions.
Double column separation was performed to increase purity.
DNA and RNA were isolated from the CD34" fraction as described.

JAK2VEI7F allele burden

JAK2V617F allele burden was quantified in DNA isolated from
neutrophils using the ipsogen JAK2 MutaQuant Kit (Qiagen) fol-
lowing the manufacturer’s instructions. Samples from pretreat-
ment and 9 mo of treatment were used to assess changes in the
variant allelic frequency.

Myeloid gene panel

Neutrophil DNA samples were sequenced for 33 genes or gene mu-
tation hotspots (Rio-Machin et al. 2020) on an Illumina MiSeq us-
ing TruSeq Custom Amplicon reagents at King’s Haematological
Malignancy Diagnostic Centre. Genes with mutations are reported
in Supplemental Table S1.

DNA and RNA purification

DNA and RNA were simultaneously purified using AllPrep DNA/
RNA Micro Kit (Qiagen) for mouse samples and AllPrep DNA/
RNA Mini Kit (Qiagen) for human samples, according to the man-
ufacturer’s instructions. For RNA only extraction from CD34" cells
(patients PO07, PO08, PO09, PO10, and PO11), the PicoPure RNA
isolation kit (Thermo Fisher Scientific) was used.

Bisulfite conversion

Three hundred nanograms of DNA from human neutrophils or up
to 50 ng of DNA from human CD34" cells were processed using the
EZ DNA Methylation Kit (Zymo Research), following the manufac-
turer’s instructions for Infinium assays. Samples were stored at
—20°C for up to 1 wk until use.

DNA methylation processing

DNA methylation was measured genome-wide with the Infinium
Human MethylationEPIC BeadArray (Illumina). Raw files were
processed in R (version 3.5.1) (R Core Team 2018). Quality control
was performed using Minfi (version 1.28.4) (Aryee et al. 2014), and
RnBeads’s Greedy cut algorithm (version 2.0.1) (Assenov et al.
2014). Background correction was performed with the out-of-
band model from Enmix (Xu et al. 2015). Quantile normalization
was separately applied to each probe type and color channel to re-
duce systematic in-between array differences in the signal distribu-
tions. Beta mixture quantile normalization (BMIQ) was then used
to correct for probe design type bias affecting Infinium II probes
(Pidsley et al. 2013). Because multiple arrays were used to assess
DNA methylation in neutrophils, the batch effect was removed us-
ing ComBat (Leek et al. 2012) from the sva package (version
3.30.1). Differential methylation testing was conducted with
limma (version 3.38.3) (Ritchie et al. 2015) using a model includ-
ing the time post-treatment factor (pretreatment vs. 3, 6, and 9 mo
post-treatment) and patient as a covariant. Technical replicates
were accounted for during differential methylation testing using
the dupcorr function of the limma package (Ritchie et al. 2015).
For enrichment analysis, the coordinates of the DMRs and
differentially methylated CpGs in BED file format were submitted
to the online resource i-cisTarget (Imrichova et al. 2015) to identify

potential regulatory regions. The enrichment analyses were per-
formed separately for DMRs and differentially methylated CpGs
divided in hypo- or hypermethylated sets following HC treatment.
The configuration parameters minimum fraction of overlap, nor-
malized enrichment score (NES) threshold, and AUC threshold
were set to 0.4, 3.0, and 0.005, respectively.

The deepTools2 package (version 3.5.8) (Ramirez et al.
2016) was used to plot publicly available ChIP-seq data using
differentially methylated CpGs at intergenic regions with the
options --referencePoint center --beforeRegionStartLength 5000
--afterRegionStartLength 5000 --skipZeros. BEDTools “closest”
function (Quinlan and Hall 2010) was used to identify the closest
gene promoter to the differentially methylated CpG. The table
with gene names and transcription start sites (TSS) used with
BEDTools was retrieved from biomaRt (version 2.38.0) (Durinck
etal. 2005) in R.

Processed ChIP-seq data from healthy CD34" cells (AO) and
DNA methylation data from healthy CD34"CD25™ cells, Jurkat,
and healthy CD34" cells were obtained from the NCBI Gene
Expression Omnibus database (GEO; https://www.ncbi.nlm.nih
.gov/geo/) (accession numbers GSE70660, GSE106600, and
GSEB5525, respectively). For Jurkat and healthy CD34" cells, M-
values were converted to p-values using m2beta function of the
lumi package (version 2.42) (Du et al. 2008) in R.

RNA library preparation

Between 1 and 5 ng of RNA was used to prepare libraries with the
SMARTer Stranded Total RNA-Seqv2-Pico Input Mammalian kit
(Clontech), according to the manufacturer’s instructions. The
same amount of RNA was used for paired samples. The libraries
were diluted to equimolar concentrations, pooled, and sequenced
in an [llumina HiSeq 4000 system.

Gene expression analysis

Raw sequencing reads were processed for quality control using
FastQC (version 0.11.8). Samples with duplication rates >80%
were removed from the analysis. Adapters were trimmed with
BSTools (version 38.22) (Wang et al. 2015), and reads were pseu-
doaligned using Kkallisto (version 0.44) (Bray et al. 2016).
Differential gene expression testing was performed with Sleuth
(version 0.30) (Pimentel et al. 2017) using patient and time point
as model factors in human, and genotype and treatment as model
factors in mouse. DEGs (Q-value<0.05) were hierarchically clus-
tered using Euclidean distances and the ward.D2 agglomeration
method. Gene set enrichment analyses were performed for each
gene cluster using Enrichr (Chen et al. 2013; Kuleshov et al.
2016) database, through the R interface enrichR (https://cran
.I-project.org/web/packages/enrichR/vignettes/enrichR.html, ver-
sion 2.1), with gene sets defined by biological pathway, mouse
phenotypes, or by their regulation via common TFs. To visualize
the expression changes in patients, the log,-fold changes before
and after treatment were calculated, and these values were hierar-
chically clustered.

Cell line treatment

Jurkat and MT-4 cell lines were treated with 0, 0.06, 0.125, 0.25,
0.5, and 1 mM of HC for 24 h to identify an optimal dose.
Further experiments were performed using 0.125 and 0.5 mM of
HC for Jurkat and MT-4, respectively. HC was added fresh every
24 h. Dead cell analysis was peformed using Annexin V (APC,
Biolegend) and propidium iodide (Biolegend) as recommended
by the manufacturer. Cells were resuspended with 400 pL of
Annexin V binding buffer and analyzed using BD Accuri C6 Plus
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Flow Cytometry. Cell counts were simultaneusly obtained from
BD Accuri, using the events/pL parameter.

RT-gPCR

RNA from each time point was isolated using TRIzol Reagent
(Thermo Fisher Scientific) following the manufacturer’s instruc-
tions. A DNase treatment step was performed using the Ambion
DNA-free Kit (Thermo Fisher Scientific). cDNA was synthesized us-
ing the SuperScript VILO ¢DNA synthesis kit (Thermo Fisher
Scientific). RT-qPCR was performed on a CFX96 Touch Real-Time
PCR Detection System (Bio-Rad) in a 10 pL reaction including 1
pL ¢DNA, S pL Brilliant IIT Ultra-FAST SYBR Green QPCR Master
Mix, and 0.5 pL of 0.1 mM primers (Supplemental Table S9).

DNA methylation analysis on cell lines

DNA methylation assay was performed using Bisulfite conversion,
PCR amplification, and digestion for combined bisulfite restriction
analysis (COBRA) (Bilichak and Kovalchuk 2017). Briefly, a PCR on
SPI1 promoter (Supplemental Table S9) was performed in the bisul-
phite converted DNA. The PCR product was digested with Taqgl en-
zyme (Thermo Fisher Scientific) for 2 h at 60°C. The digested
product was loaded into a 3% agarose gel.

Data access

The raw RNA-sequencing and DNA Methylation data from human
generated in this study have been submitted to the European
Genome-Phenome Archive (EGA; https://ega-archive.org/) under
accession number EGAS00001004583. The RNA-sequencing
data from mouse generated in this study have been submitted to
the NCBI BioProject database (https://www.ncbi.nlm.nih.gov/
bioproject) under accession number PRINA613592.
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