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Abstract

The “instructive model” of aberrant DNA methylation in human tumors is based on the
observation that CpG islands prone to hypermethylation in cancers are embedded in
chromatin enriched in H3K27me3 in human embryonic stem cells (hESC). Recent studies
also link methylation of CpG islands to the methylation status of H3K4, where H3K4me3
is inversely correlated with DNA methylation. To provide insight into these conflicting
findings, we generated DNA methylation profiles for acute myeloid leukemia samples
from patients and leukemic cell lines and integrated them with publicly available Chlp-
seq data, containing H3K4me3 and H3K27me3 CpG island occupation in hESC, or
hematopoietic stem or progenitor cells (hHSC/MPP). Hypermethylated CpG islands in
AML samples displayed H3K27me3 enrichments in hESC and hHSC/MPP; however,
Chlp analysis of specific hypermethylated CpG islands revealed a significant reduction in
H3K4me3 signal with a concomitant increase in H3K4meO levels as opposed to a
nonsignificant increase in H3K27me3 marks. The integration of AML DNA methylation
profiles with the Chlp-seq data in hESC and hHSC/MPP also led to the identification of
Iroquois homeobox 2 (IRX2) as a previously unknown factor promoting differentiation of
leukemic cells. Our results indicate that in contrast to the “instructive model,” H3K4me3
levels are strongly associated with DNA methylation patterns in AML and have a role in
the regulation of critical genes, such as the putative tumor suppressor /RX2.

Introduction

Epigenetic modifications sustain onset and progression of various human pathologies
including carcinogenesis. Modification of established DNA methylation patterns is a
common feature in all types of tumors, including leukemia, and is considered an event
that intrinsically, or in association with genetic lesions, feeds carcinogenesis.

In tumors, DNA hypomethylation mainly affects tandem centromeric satellite a,
juxtacentromeric (centromere-adjacent) satellite 2, interspersed Alu and long interspersed
elements (LINE)-1 repeats (1). These events promote genomic instability (2-6) and
reactivation of transposons (7-8). DNA hypermethylation is also observed at sequences
with regulatory functions in gene expression, such as promoter CpG islands (CpGis) and
CpG shores other than at enhancers and insulators (9-13). Aberrant DNA

hypermethylation of the above mentioned regulatory genomic regions is generally



correlated with the repression of tumor suppressor (14-16), metastasis (17), and DNA
repair genes (18-19) leading to the convincement that DNA hypermethylation is directly
responsible for the observed gene silencing (20). However, recent experimental data
obtained studying the methylome of normal tissues and derived cancer types suggested
that aberrant DNA hypermethylation represents a secondary event following gene
inactivation, as the majority of aberrantly hypermethylated genes in cancer are already
repressed in tissue of origin (21).

Aberrant DNA hypermethylation of gene regulatory regions may be the consequence of
the modified activity of DNA methyltransferases (DNMTs) (22, 23), aberrant recruitment
of mutated transcription factors (24), mutations in demethylating enzymes, such as ten-
eleven-translocation enzymes (TETs) and their associated co-factor pathways (isocitrate
dehydrogenase; IDH1/2) (25), and changes in chromatin architecture depending on
histone posttranslational modifications.

Specific, global and local, histone modifications are often associated with distinctive
DNA methylation patterns (26). Several studies investigating the molecular basis of DNA
hypermethylation propose an “instructive mechanism” of aberrant DNA methylation in
tumors that relies on the histone modifications characterizing chromatin in embryonic
and adult stem cells. Accordingly, CpGis prone to hypermethylation in tumors are
embedded in chromatin enriched in H3K27me3-only or H3K27me3 in association with
an H3K4me3 mark at the same locus (bivalent domain) in human embryonic and adult
stem cells (27-31). This instructive model is supported by the observation that EZH1/2, a
component of the polycomb repressive complex 2 (PRC2), is responsible for H3K27
methylation and may recruit de novo DNA methyltransferases (DNMTs) (32-33).
However, in human as well as mouse embryonic stem cells (hRESC; mESC), H3K27me3
is mainly located in bivalent domains coinciding with unmethylated CpGis (27, 29, 34-
36). This observation might indicate that H3K27me3 and DNA methylation are mutually
exclusive. However, several independent studies have observed a causal association
between PRC2 recruitment, H3K27me3 and DNA hypermethylation during
carcinogenesis (29, 31, 37-40). A possible explanation for this apparent contradiction
arises from the observation that TET1 and TET2 have been found to be associated with

the PRC2 complex at CpGis in mESC (41) and in cell lines overexpressing TETs (42).



TET enzymes catalyze hydroxylation of 5-methylcytosine and the active demethylation
process, thus maintaining the unmethylated state of CpGis.

Recent studies also indicate that methylation of CpGis is related to the methylation status
of H3K4; the levels of methylated H3K4 (H3K4me3) tend to be inversely correlated with
DNA methylation (43-45). This mutually exclusive nature of the association of
H3K4me3 with CpGi methylation might be related to its role in regulating
methyltransferase activity. The ATRX-DNMT3-DNMT3L domain (ADD) in the de novo
DNA methyltransferase (DNMT) DNMT3a, for example, recognizes the unmethylated
form of H3K4 (H3K4me0), which stimulates methyltransferase activity (46-47). Through
structural and biochemical analyses, the ADD domain of DNMT3a has been shown to
also interact with its catalytic domain (CD), but in the presence of H3K4me3, which
results in the loss of the ability of DNMT3a to bind and methylate DNA (47). Thus,
H3K4me0 and H3K4me3 have opposite effects on DNMT3a activity (48).

However, there is no evidence that an H3K4me3 protective effect against aberrant
methylation exists or is lost in tumor models. Here, we generated DNA methylation
profiles in acute myeloid leukemia (AML) samples from patients and several AML cell
lines. These methylation profiles were integrated with publicly available chromatin
immunoprecipitation-sequencing (Chlp-seq) data for H3K4me3 and H3K27me3
promoter CpGis occupation in hESC or hematopoietic stem and/or progenitor cells
(hHSC/MPP). We observed that, in most cases, hypermethylated CpGis in AML display
H3K27me3 occupancy in hESC and hHSC/MPP. Chlp analyses of specific
hypermethylated CpGs in AML samples also showed a significant reduction in
H3K4me3 signal with a concomitant increase in H3K4meO levels as opposed to a
nonsignificant increase in the H3K27me3 mark particularly in AML patient samples. The
integration of AML DNA methylation profiles with Chlp-seq data in hESC and
hHSC/MPP also led to the identification of Iroquois homeobox 2 (IRX2) as a previously
unknown factor promoting differentiation in leukemia. Our data suggest that H3K4me3

levels underlie critical gene regulating DNA methylation patterns in AML.

Results



DNA methylation analysis of AML samples by RLGS.

Using restriction landmark genome scanning (RLGS), we analyzed the methylation status
of ~ 3000 CpGis in 19 AML samples from 19 patients and 7 AML cell lines, classified
according to FAB criteria. The distribution of AML samples and cell lines was as
follows: for patient samples, 5 M1, 5 M2, 2 M3, 3 M4, and 4 MS5; for cell lines, HL-60,
M2; Kasumi-1, M2; NB-4, M3; ML-2, M4; AML-193, M5; MONOMAC-1, M5; HEL,
M6. RLGS was performed using the methylation sensitive enzyme Notl as previously
described (49-50). Aberrant methylation of target CpGis was identified comparing the
methylation profiles of every single AML sample with a normal master profile. The
normal master profile was generated considering CpGis that were present and
concomitantly unmethylated in 1 peripheral blood sample, in 2 CD34+ hHSC/MPP
samples and in 2 CD34- mature cell samples co-purified from umbilical cord blood from
2 healthy donors (to diminish the contribution of common restriction-site polymorphism
to apparent spot loss). All CpG analyzed nucleotides were included in canonical CpGis
that did not include or were part of repetitive sequences. This allowed the analyses of
976 CpGis for patient AMLs and 1188 CpGs for AML cell lines.

284 and 534 CpGis sites were found to be hypermethylated at least once in AML patient
samples (Figure 1) and AML cell lines, respectively (data not shown). Although the
analysis was performed on a limited number of samples, the percentage of DNA
methylation events did not depend on the stage of differentiation block (FAB
classification). However, as expected, the percentage of DNA methylation events in

AML cell lines was significantly higher than in AML patient samples (data not shown).

Integration of AML DNA methylation data with histone posttranslational
modifications detected in hESC and hHSC/MPP.

To explore the possibility of an instructive model of aberrant DNA methylation in AML,
we integrated the methylation data of every methylated CpGi with the corresponding
histone marks in hESC. We referred to 3 different publicly available databases,
containing annotated genome wide H3K4me3 and H3K27me3 enrichments in hRESC (51-
53). We considered only those hypermethylated CpGis which were reported to be



associated with the same histone mark in all 3 datasets in hESC. This restricted the
analyses to 131 loci for AML patient samples (Figure 2) and 223 for AML cell lines (data
not shown).

Our analysis revealed that 28,7% of aberrantly methylated CpGis in AML patient
samples were marked by a bivalent domain, 30,3% by H3K27me3 and 40,1% by
H3K4me3 in hESC (Figure 3 panel A, columns A, B, and C, respectively). We grouped
data according to the frequency of hypermethylation, which we defined as the number of
AML samples presenting the same methylated CpG island. In this analysis, frequently
methylated CpGis were mainly marked by a domain containing H3K27me (only or as a
bivalent domain) when compared to hypermethylated CpGis marked by H3K4me3 in
hESC (n =9+7 vs n = 4; Figure 3 panel A column B).

Similarly, in AML cell lines, 34,1% of aberrantly methylated CpGis were marked by
H3K4me3, 22.9% by H3K27me3 and 43% by a bivalent domain (Figure 3 panel B
columns A, B, and C, respectively) in hESC. When data were grouped according to the
frequency of hypermethylation, frequently methylated CpGis were mainly marked in
hESC by a domain containing H3K27me (only or as a bivalent domain) when compared
to hypermethylated CpGis marked by H3K4me3 (Figure 3 panel B columns B and C).
Importantly, AML patient samples and also AML cell lines contained a discrete number
of hypermethylated sites (n = 11) marked by H3K4me3-only in hESC (Figure3 panel B
column C). This finding might be due to a switch from H3K4me3 to H3K27me3 (only or
as bivalent domain) at these CpGis during differentiative restriction of hESC to

hHSC/MPP, making them sensitive to aberrant hypermethylation in AML.

Histone modifications distinguish the 5’ promoter region of JRX2 in AML samples
relative to CD34+ hHSC/MPP and mature CD34- cells.

In order to investigate the possibility that the hypermethylation of DNA sequences
marked by the presence of H3K4me3 in hESC might be due to an enrichment in
H3K27me3 during differentiative restriction of hESC to hHSC/MPP, we selected 5 target
genes marked in hESC by H3K4me3-only or in association with H3K27me3 (as a
bivalent domain) among CpGis with the highest frequency of hypermethylation in AML
patient samples and cell lines. The following 5 genes were examined: IRX2, NKX6-1,



FOXEI, CABYR and NRG1. RLGS provides DNA methylation analysis for only one CpG
dinucleotide within its restriction sequence. To validate hypermethylation of selected
targets, corresponding CpG islands were analyzed using bisulfite sequencing in the 19
AML patient samples. We analyzed the following CpGis:

1. CpG #689 (UCSC Genome Browser GRCh38/hg38) corresponding to /RX2 gene
marked by a bivalent domain in hESC;

2. CpG #242 (UCSC Genome Browser GRCh38/hg38) corresponding to NKX6-1 gene
marked by a bivalent domain in hESC;

3. CpG #253 (UCSC Genome Browser GRCh38/hg38) corresponding to FOXE! gene
marked by a bivalent domain in hESC;

4. CpG #58 (UCSC Genome Browser GRCh38/hg38) corresponding to CABYR gene
marked by H3K4me3 only in hESC

5. CpG #169 (UCSC Genome Browser GRCh38/hg38) corresponding to NRGI gene
marked by H3K4me3 only in hESC.

Bisulfite sequencing revealed that all target CpGis were characterized by heavy and
frequent hypermethylation in AML patient samples (Figure 4).

Using chromatin immunoprecipitation (Chlp), we verified H3K4me3 and H3K27me3
enrichments in the 5’ promoter regions of our selected target genes in CD34+ hHSC/MPP
and in the corresponding CD34- mature cells (containing 70-80% mature granulocytes)
purified from cord blood. Bivalent domains are located at gene promoters centered
around the canonical TSS over a region within 1-1.5 kb upstream or downstream the TSS
itself. In our Chlp experiments, for each target, we amplified a DNA sequence (= 250bp
long) within a region of -1kb from the TSS (Figure 5). We also analyzed a region at least
+2kb away from the TSS (intragenic) where bivalent domains and H3K4me3 and
H3K27me3 enrichments are not expected (Figure 5). The 5’ promoter regions of FOXE!
and NKX6-1 in hHSC/MPP and CD34- mature cells were clearly marked by a bivalent
domain as reported for hESC (51-53), and for CABYR and NRGI by H3K4me3
modification also as in hESC (51-53). The only exception was represented by the 5’
promoter region of /RX2 called as a bivalent domain in hESC (51-53) but marked by

H3K4me3-only in hHSC/MPP and CD34 mature cells (Figure 5).

Our results indicated that no substantial change in the histone modification pattern that



could fit in the instructive model of DNA hypermethylation occurred at the promoter
regions of these target genes during differentiative restriction from hESC to hHSC/MPP
and CD34- mature cells. Moreover, the 5° IRX2 promoter region revealed a change in

histone modifications, from a bivalent domain in hESC to H3K4me3-only in hHSC/MPP

and CD34 mature cells. These results contradicted our explanation for the association of
the relatively high number of hypermethylated CpGis, in AML samples, with a switch
toward H3K27me3 modification during differentiative restriction from hESC to CD34+
hHSC/MPP and to mature CD34- cells.

H3K4me3, H3K27me3 and H3K4me0 enrichments at selected targets in AML
samples relative to normal hematopoietic cell types.

Several studies have identified an association between PRC2 activity, H3K27me3
enrichment and DNA hypermethylation in tumors (29, 31, 36-40). To investigate the
increased DNA methylation in our selected target genes (IRX2, NKX6- I, FOXEI,
CABYR and NRGI), we analyzed H3K4me3 and H3K27me3 enrichment in their
promoter regions using Chlp. AML patient samples and cell lines were examined and
compared to the respective enrichments in CD34+ hHSC/MPP cells and mature CD34-
cells. The results from Chlp demonstrated that H3K27me3 levels were increased in target
gene promoter regions both in AML patient samples and cell lines when compared to the
H3K27me3 levels in CD34+ hHSC/MPP cells and CD34- mature cells (Figure 6).
However, nonparametric Wilcoxon Rank Sum Test analysis revealed that H3K27me3
enrichments were not significant in patient samples, except in the case of /RX2. In
contrast, H3K27me3 levels were significantly increased in all target gene promoters,
except for NKX6-1, in AML cell lines. Surprisingly, the opposite tendency was observed
for H3K4me3 enrichment. H3K4me3 levels in the target genes were significantly
decreased in all AML patient samples when compared to H3K4me3 enrichment in
CD34+ hHSC/MPP cells and CD34- mature cells. However, such changes were only
observed in 2 genes, CABYR and IRX2, in AML cell lines. Thus, the results indicated that
in AML patient samples, H3K4me3 levels on hypermethylated promoter regions of the
target genes were significantly decreased whereas H3K27me levels did not change

significantly.



These results corroborate several studies indicating that H3K4me3 levels are a critical
regulator of DNMTase activity (43-47). H3K4me3 has been shown to bind the ADD
domain of de novo DNMTs causing the inhibition of their activity. Thus, H3K4me3
would protect underlying DNA sequences from methylation. In contrast, H3K4me0,
which is the unmethylated form of H3K4, would not bind to the ADD domain, thus
allowing de novo DNMT activity and consequently hypermethylation of the underlying
DNA sequences. Using Chlp, we therefore investigated H3K4me0O and H3K4me4 levels
at the 5’ promoter regions of our target genes in AML patient samples and compared
them with the enrichment observed in control CD34+ hHSC/MPP and CD34- mature
cells. Chlp results revealed that H3K4meO levels were significantly higher in the AML
patient samples than in control CD34+ hHSC/MPP and mature CD34- cells. Moreover,
H3K4me0 were also significantly higher when compared to H3K4me3 enrichment within
the AML patient cohort (Figure 7). In contrast, changes in H3K4me3 levels were not
statistically significant, relative to H3K4me0 enrichment in control CD34+ hHSC/MPP
and mature CD34- cells.

In conclusion, our data indicate that CpGi hypermethylation observed for our target genes
in AML patient samples might be associated with an increase in H3K4me0 levels, and
consequently a decrease in H3K4me3, rather than a significant change in H3K27me3

levels.

Aberrant expression of critical histone methylases and demethylases in AML.

Our data indicated that H3K27me3, H3K4me3 and H3K4me0 enrichments, on specific
hypermethylated target genes were significantly modified in AML differentiation block
when compared to their levels in normal CD34+ HSC/MPP and mature CD34- cells.
These changes might correlate with aberrant function of H3K27 and H3K4 histone
methylases and demethylases. We therefore quantified the expression of epigenetic
writers and erasers critical in controlling H3K4me3, H3K27me3 and h3K4meO0 levels in
normal mature CD34- cells and in AML patient samples and cell lines.

Our data indicated that Jumonji/ARID domain-containing protein 1A (JARID1A) and B
(JARIDI1B), involved in demethylation of H3K4me3 and me2, and lysine-specific histone
demethylase 1 (LSD1), involved in H3K4mel demethylation, were significantly over-



expressed. Enhancer of zeste homolog 2 (EZH2), which underlies H3K27 trimethylation,
was also significantly over-expressed, while Jumonji domain-containing protein 3
(JMJD3), which demethylates H3K27me3, was also significantly down-regulated (Figure
8). However, these two last enzyme activities, which facilitate H3K27me3 enrichment,
were possibly balanced by a significant increase in expression of JARID2 in AML patient
samples. JARID2 lacks demethylase activity but inhibits trimethylation of H3K27 (54).
This result might also explain the apparent discrepancy observed for the significant
increase in H3K27me3 levels in AML cell lines where JARID2 was found to be down-
regulated. Therefore, these data support the alteration of H3K27me3, H3K4me3 and
H3K4me0 enrichments detected in Chlp analysis of our selected target genes in AML

samples.

The occupancy of JARID1B and LSD1 at the 5’ promoter region of selected target
genes increases significantly in AML cell lines.

In order to give a functional role to the over-expression and down-regulation of the
critical writers and erasers affecting the levels of H3K27 and H3K4 methylation in AML
samples, Chlp experiments were carried out to determine the presence of EZH2, IMJD3,
JARIDIB and LSD1 proteins at the 5’ promoter region (proximal) and at a control region
(distal) of our target genes. These experiments were performed on mature CD34- cells
and on the AML cell lines HL60, ML-2 and AML193. Compared to the mature CD34-
cells, ChIP (Figure 9) and expression data (Figure 8) from AML cell lines suggest the
following key issues: a) the overexpression of the H3K27 methylase EZH2 did not result
in any significant increase in its occupancy at the selected target genes, with the
exception of IRX2, where EZH2 binding signal was increased; b) the downregulation of
the H3K27me3 demethylase JMJD3 correlated to a reduced signal of its occupancy on
the CABYR, FOXE1 and NRGI1 genes, but not on IRX2 and NKX6-1 genes. c) the
overexpression of the H3K4me2/3 demethylase JARID1b and of the H3K4mel
demethylase LSD1 was associated with an increase in their occupancy at the promoter
region of all gene targets, with the exception of NRG1 gene. Overall, these data suggest
that in AML cell lines the increase of H3K27me3 on specific gene promoters may

depends on a reduced expression and recruitment of JIMJD3 (as for CABYR, FOXE1 and



NRGI1 genes) rather than on an increased expression and binding of EZH2 (as for IRX2
gene). To note, comparable levels of H3K27me3 matched comparable binding signals for
both EZH2 and JMJD3 at the NKX6-1 gene promoter between CD34- cells and AML
cell lines. On the other hand, the increased expression and binding of JARID1b and
LSD1 support and explain the reduction of H3K4me3 and the increase of H3K4me0
signals observed on the promoters of the CABYR, FOXE1, IRX2, NKX6-1 genes,
whereas no significant accumulations of JARIDIB and LSD1 were observed on NRG1

promoter region.

Ectopic expression of IRX2 promotes differentiation in AML cells.

CpGis hypermethylation is often associated with transcriptional inhibition of the
corresponding gene. qRT-PCR demonstrated that many of the hypermethylated targets
(IRX2, NKX6-1, FOXEI, CABYR and NRGI) in AML patient samples were silenced in
most leukemic samples (Figure 10). Loss of expression was particularly prevalent among
samples for /RX2. Interestingly, IRX2 has been suggested to function in lineage-specific
epithelial cell differentiation in the breast tissue, and to act as a tumor suppressor or
oncogene depending on the cellular and tissue context (55-62). Therefore, we used
infection with lentiviral expression constructs to restore /RX2 in HL60 and AML-193 cell
lines to determine the gene’s impact on differentiation block in AML. We also infected
AML cells with a normal karyotype obtained from a new patient. All cells were collected
after 48 hours, and /RX2 cDNA expression was quantified and compared with the
expression in control cells, parental cells or cells infected with the empty vector. /RX2
expression was successfully restored in cell lines, as observed in qRT-PCR (Figure 11A).
Morphologic analyses of HL60- and AML-193-IRX2 cell lines compared to control cells,
displayed signs of cell maturation such as chromatin condensation with nuclear
segmentation, increased granulation and reduced cytosolic basophilia (Figure 11B).
These characteristics were also visible in the patient sample AML-IRX2 (Figure 11B). In
this case, the blast number was dramatically reduced: 45% blasts in AML- IRX2 vs 58%
in AML-EV and 73% in AML-uninfected.

We further investigated ectopic expression of IRX2 in HL60 cell lines by analyzing the

expression of key cytokines involved in the proliferation and differentiation of



hematopoietic precursor cells (Figure 11C), the percentage of CDI11b positive cells
(Figure 11D) and the effect of retinoic acid (RA) treatment (Figure 11E). IRX2
expression in HL60 cells (HL60-IRX2) compared with controls (HL60- uninfected and
HL60-EVcells), had no effect on the expression of macrophage colony stimulating factor
1 (CSF1) but did promote CSF2 and CSF3 expression, which are implicated in the
differentiation of granulo-macro and granulocytic cells respectively (Figure 11C). In
addition, 4 days after infection, HL60-IRX2 cells exhibited a significant, even if not
quantitatively relevant, increase in CD11b positive cells (Figure 11D), and an increased

sensitivity to RA particularly in the first 12 hours of treatment (Figure 11E).

Discussion.

Several authors have used genome wide approaches, such as ChlP-seq, to study histone
modifications associated with 5’ promoter CpGis in hESCs and in tumor cells (27-31; 34-
36). The main evidence produced by these studies is that the chromatin domains of
promoter CpGis are characterized by a surprising variability in histone modifications.
Nonetheless, two main different histone modifications seem to occur in promoter CpGis,
H3K4me3 and H3K27me3, which are associated with active and inactive promoters,
respectively. However, several promoter CpGis are characterized by the concomitant and
partially overlapping presence of H3K4me3 and H3K27me3. These chromatin areas are
defined as “bivalent domains” and associated promoters are considered to be maintained
in a poised transcriptional status. During cell differentiation, the resolution of the bivalent
domain in favor of H3K4me3 or H3K27me3 modification, would assure the complete
activation or definitive repression of the corresponding gene, in such a way that specific
cell differentiation programs could be activated. The study of the same chromatin
domains in tumor cell models demonstrated that when CpGi promoters are enriched in
H3K27me3-only or in association with H3K4me3, they are very often hypermethylated.
This observation has yielded the “instructive model” of aberrant DNA methylation, in
which H3K27me3 gene promoters would have a high probability for aberrant
hypermethylation during tumor transformation. The integration of our DNA methylation
data, obtained using RLGS of AML patient samples and cell lines, with Chlp-seq data of

the same sites in hESC, reveals the presence of H3K27me3-only or in association with



H3K4me3 thus confirming the tendency of promoter CpGis to be hypermethylated in the
presence of H3K27me3 modification in AML samples.

However, our data also show that CpGis labeled by H3K4me3-only in hESC, are not
immune to aberrant methylation in AML.. This event was particularly prominent in AML
patient samples. This result might be explained by the instructive model of DNA
hypermethylation, if during restrictive differentiation from hESC to HSC/MPP, these
promoter CpGis could have acquired the H3K27me3 modification. Our Chlp experiments
showed that this was not the case. Our selected hypermethylated targets maintained the
same histone modifications observed in hESC in HSC/MPP progenitor cells (CD34+
cells), except for /IRX2. For IRX2, the three datasets used in our analysis were in
agreement for a bivalent domain in hESC that appeared to be resolved into mono-label
H3K4me3 in hematopoietic progenitors (CD34+ cells). Despite this result, the IRX2 CpG
island appeared highly methylated in AML samples as indicated by our RLGS and
bisulfite data. Chlp experiments, analyzing the presence of H3K27me3, H3K4me3 and
H3K4me0 on selected hypermethylated promoter CpGis in control HSC/MPP CD34+
and mature CD34- cells, demonstrated that despite nonsignificant enrichment in
H3K27me3, we detected a significant decrease in H3K4me3 levels (especially in AML
patient samples) and a significant increase in H3K4me0 enrichment in AML samples. We
also showed that alterations in the expression of the principal writers and erasers of
H3K4me3 and H3K27me3 modifications are well correlated with their occupancy at the
promoter region of our target genes in AML cell lines (Figure 9). These data also agreed
with the changes of H3K27me3, H3K4me3 and H3K4me0 enrichments observed at the
same regions (Figure 6 and 7). For instance: a non significant occupancy of EZH2
(Figure 9, see CABYR, FOXE1 and NRG1) corresponded to a significant occupancy of
JMID3, thus explaining the significant increase in H3K27me3 levels observed in AML
cell lines (Figure 6); on the contrary, EZH2 accumulation was significant at IRX2
promoter region and this was correlated with a non-significant diminution of JMJD3, thus
the relative occupancies of these two chromatin effectors might explain the increased
levels of H3K27me3 levels at IRX2 promoter region. This suggests that gene promoter
H3K27me3 levels in AML cells may depend on the deregulated expression of EZH2 and

JMIJID3 and on a gene-specific control of their recruitment on chromatin. As regard



NKX6-1 both the accumulation of EZH2 and JMJD3 were not significant if compared to
CD34- cells and this seemed in agreement with the levels of H3K27me3 observed in
AML cell lines (Figure 6), but, more importantly, the over-expression of H3K4me2/3
demethylase JARID1b and H3K4mel demethylase LSD1 (Figure 8) resulted in a
significant increased occupancy of the promoter region of all targets except for NRGI
(Figure 9), still this was in agreement with the non significant diminution of H3K4me3
diminution in AML cell lines. Overall our data support the results of several studies
indicating H3K4me3 and H3K4me0 levels as a critical regulator of DNMTase activity
(43-47).

Among our selected target genes, we chose to further examine /RX2 in functional studies.
Although characterized by a bivalent domain in hESC, the /RX2 promoter acquired an
H3K4me3 mark in hHSC/MPP, indicating that its expression and function may contribute
to cell lineage specification. In AML samples, the /RX2 promoter was heavily
hypermethylated, and exhibited high levels of H3K4me0O and low levels of H3K4me4.
Above all, IRX2 was not expressed in all AML patient samples. Finally, ectopic /RX2
expression in 2 AML cell lines and 1 patient sample demonstrated a role for the gene in
overcoming the block in hHSC differentiation in the disease. Expression of specific
granulo-macro growth factors was concomitantly increased, and HL60 cells exhibited
increased sensitivity to RA treatment. In conclusion, our data suggest that there is a
strong link between H3K4me3 levels and DNA methylation, and therefore, bring into
question the relevance of the “instructive model” through which DNA hypermethylation
is guided by H3K27me3, at least in AML. In addition, we unmasked a role for the loss of
IRX?2 in the onset of AML.

Materials and Methods

Reagents.

Reagents included all-trans-retinoic acid Ara-C (cytosine-1-f-D- arabinofuranoside), and

RNase-A (Sigma-Aldrich; St. Louis, MO, USA).



Human AML samples, AML cell lines and immunophenotyping.

Normal CD34+ HSC/HPC and mononuclear CD34— cell fractions were purified from the
cord blood of 3 healthy donors using immunomagnetic column separation (Miltenyi
Biotec Inc.; Auburn, CA; and STEMCELL Technologies; Cambridge, MA, USA) as
previously described (63-64). Cord blood was provided by the UOS Regional Bank of
Cord Blood (Dr. Maria Screnci, Rome, Italy). The purity of column-selected CD34+ cells
(> 95%) was assessed by flow cytometric (FACS) analysis. Cells were labeled with anti-
CD34-APC human (Miltenyi Biotech Inc.) and sorted with the FACSAria III (Becton
Dickinson, BD Biosciences; Franklin Lakes, NJ, USA). Acute myeloid leukemia (AML)
samples (n = 19) were provided by Division of Hematology Department of Cellular
Biotechnologies and Hematology (University of Rome “Sapienza”) and were obtained
from the peripheral blood of newly diagnosed leukemia patients showing more than 60%
leukemic infiltration. Cytogenetic analyses were performed as previously reported (63-
64). Cases were classified according to the French-American-British (FAB) classification
scheme (65). Peripheral blood lymphocytes were isolated from the peripheral blood of a
single healthy donor. HL-60 (ECACC-Sigma-Aldrich cat#98070106), NB-4 and HEL
cell lines were cultured in RPMI 1640 supplemented with 10% FBS and 1% penicillin-
streptomycin. Kasumi-1 and ML-2 cell lines were maintained in RPMI 1640
supplemented with 20% FBS and 1% penicillin-streptomycin. The AML-193 cell line
was cultured in Iscove's MDM supplemented with 10% FBS, 1% penicillin- streptomycin
and 20% conditioned medium from the cell line 5637 (DSMZ ACC 35). The MONO-
MAC-1 cell line was cultured in RPMI supplemented with 10% FBS, 1% penicillin-
streptomycin, 2 mM L-glutamine, 1x non-essential amino acids and 1 mM sodium
pyruvate. Immunophenotyping of the HL60 cell line was performed using direct
immunofluorescence staining of cells with APC-conjugated mouse anti-human CD11b
(clone ICRF44) and CD14 (clone M5E2; Becton Dickinson Pharmingen). A minimum of
50,000 events was recorded for each sample in a FACSAria III (Becton Dickinson, BD
Biosciences). NB-4, HEL, Kasumi-1, ML-2, AML-193 and Mono- Mac-1 were kindly
prvided by Prof. Pier Giuseppe Pelicci (Director of Molecular Mechanisms of Cancer and

Aging Unit of European Institute of Oncology-IEO Milan.)



Ethical Statement.
Human AML samples were obtained from patients after informed consent and the study

was conformed to the standards set by the Declaration of Helsinki.

Restriction Landmark Genome Scanning (RLGS).

Briefly, RLGS was performed according to published protocols using the enzyme
combination of Notl-EcoRV-Hinfl (49-50). Nonspecific sheared ends AML genomic
DNA (1 to 3 pg) were blocked in a 10-uL reaction by the addition of nucleotide
analogues (aS-dGTP , aS-dCTP , ddA TP , and ddTTP) and DNA polymerase 1 (2 U;
37°C, 20 minutes), followed by enzyme inactivation (65°C, 30 minutes). We adjusted the
buffer and digested DNA (37°C, 2 hours) with Notl (20 U; Promega, Madison, WI),
which is sensitive to methylation. Sequenase (version 2.0; U.S.B., Cleveland, OH, USA)
was used to fill in the Notl ends with [a-32P]dGTP and [0-32P]dCTP (Amersham GE
Healthcare Europe, Freiburg, Germany) for 30 minutes at 37°C. We digested the labeled
DNA (37°C, 1 hour) with EcoRV (20 U; Promega) and separated a portion by
electrophoresis through a 60-cm-long, 0.8% agarose tube gel (first-dimension
separation). The agarose gel was next equilibrated in Hinfl digestion buffer, and the DNA
was digested in the gel with Hinfl (700 U; Promega) at 37°C for 2 hours. The agarose gel
was placed horizontally (rotated 90° relative to the first direction of electrophoresis)
across the top of a nondenaturing 5% polyacrylamide gel, stabilized with molten agarose,

and subjected to electrophoresis.

Bisulfite sequencing
Bisulfite sequencing assay was performed as described (66) on bisulfite treated
genomic DNA (5 pg) using the following primer pairs:
IRX2
F5’-TGATGATGGTTAGTATGATTTTTT-3’
R5’-CACAAACTCTTATTAATTCCAAAAC-3’
NKX6-1
F5’-GTTGGGGTTGAAGTAGAGTT-3’
R5’-TCTAAACACCCACAACCCAAA-3’



FOXE-1

F5’-GTTTAGTTTAGAGTTGGGGTT-3’
R5’-ATTAAATCCTCTCTCCATTCC-3’

CABYR
F5’-GTTTAGATTTAGTTAGAAAAGGGGAA-3’
R5’-AACTCCCTAAAACATAATAATCTCC-3’
NRG-1

F: 5’-GTTTAGAGTTTAGGGTAAGGGATA-3’

R: 5’-CTAACACTAAACTAAATTTCATCTACTTC-3’

Chromatin Immunoprecipitation (Chlp)

AML cell lines were immunoprecipitated using the following antibodies for histone
modifications: mouse monoclonal anti-human H3K4me3 (Abcam #ab8580; Cambridge,
MA, USA), mouse monoclonal anti-human H3K27me3 (Abcam #ab6002; Cambridge
MA, USA), mouse monoclonal anti- human H3KmeO (Merck-Millipore #17-675;
Burlington, MA, USA), mouse monoclonal anti-human H3K4me3 (Merck Millipore #17-
678); rabbit polyclonal anti-human H3 (Abcam #ab1791; Cambridge MA,USA), and for
histone modifiers: rabbit monoclonal anti-human LSD1 (Cell Signaling Technology
#2148; Danvers, MA, USA), polyclonal rabbit anti-human JARIDIB (Cell Signaling
Technology #3273; Danvers, MA, USA), polyclonal rabbit anti-human EZH2 (Abcam
#ab186006; Cambridge, MA, USA) polyclonal rabbit anti-human JMJD3 (Abcam
#ab85392; Cambridge MA, USA). We used mouse anti-human IgG1, mouse anti-human
IgG2a/b antibodies and rabbit anti-human (Merck Millipore) as immunoprecipitation
controls. 5’ promoter genomic regions, within 1kb from the putative TSS, of FOXEI,
IRX2, NKX6- 1, NRGI, and CABYR genes were amplified from immunoprecipitated
DNAs using the following primers:

IRX2:

F5’-CTCCTCTTTCAGA TTTGTGTTGT-3’

R5’-TCACCTGAGCTACCTGTAATG3;

NKX6-1:

F5’CAGCCTTTGACTCTCCTCTC-3,



R5’-GTGACGTCCCTCAAAGTTCT-3’;

CABYR:

F5’-TCCCAGGTTCAAGCAA TTCT-3’

R5’-A TCACGAGGTCAGGAGTTCA-3’;

FOXE-1I:

F5’-GGTACAGTCGAGGGACCTGG-3’

R5’-CCCCAA TCGTGGCTGCCACA-3’;

NRG-1:

F5’-ACTCGGCAGAACTGAGTGAC-3’

R5’-GTGCCTGTTAGAAATCTTCAGC -3’

For each target we also amplified an intragenic region where bivalent domains are not
expected to be found. In this case primer pairs used were:

IRX2:

F5’-AGGAATCGCTCGCTCAAAT-3’

R5’-GTCTCGGGGCGCTTTCTT-3’;

NKXG6-1:

F5’-GAAGCTGTCTAACTGGCCTGA-3’,
R5’-AAGGAGGGTGGGGACTACAAAG-3’;

CABYR:

F5’-ATTCCTGCAGGTACAAAGCA-3’

R5’-ACAGGGTTTCACCATCTTGG-3’;

FOXE-1I:

F5’-GCTGGTTTTCCCTGTCTCTG-3’

R5’-CCACCATTGCTGCCAAATAC-3’;

NRG-1:

F5’-TGCCAGTATTTTGGGTGAGT-3’

R5’-CATTGTATGTACCTTAGTGG-3’

All primers pairs were designed with Primer express Version 3.0 software (Applied
Biosystems; Foster City, CA, USA):

RT-PCR quantitation was performed in triplicate using the SYBR Green dye detection

method. Values obtained for each immunoprecipitated sample were quantified versus the



respective input and calculated following the 2" *“"method.

RNA extraction and analysis.

Total RNA was extracted from cells using the TRIzol RNA isolation system
(Invitrogen/ThermoFisher Scientific; Waltham, MA, USA). cDNA was made from the
extracted total RNA (1 pg) with the High Capacity RNA-to-cDNA Kit (Applied
Biosystems). IRX2, FOXEI, NKX6-1, NRGI, CABYR, glyceraldehyde phosphate
dehydrogenase (GAPDH), JARIDI1A, JARIDIB, LSD1, JMJD3, JARID2, and EZH?2
IRX2

F5’-TACCAGAAGCAAGCACGAGA-3’

R5’-TACTTGTCCTTGCACTCCGA-3’

FOXE1

F5’-GTTCACACGTTCCCCGCAA T-3’ RS’-TGGA TCCTGGTCTCTGGTGT-3"
CABYR

F5’-TTGACAGCACTGCAAAGGCA-3’

R5’-GATCACCATCAGCAATAGGG-3’

NRG1

F5’-TACTGTCACCCAGACTCCTA-3’

R5’-TCTACAGGTGACATACGAGC-3’

NKX6-1

F5’-CTGCCACGCTTTAGCAGCCTGA-3’

R5’-TTGAGGCGCTCTGTCTCCGAG-3’

JARIDIA

F5’-TCCTCGTGCCTATCACTCT-3’

R5’-CCTTAGGCGTCGGTAATGAT-3’

JARIDI1b

F5’-A TTGCCTCAAAGGAA TTTGG-3’

R5’-CA TCACTGGCA TGTTGTTCA-3’

LSD1

F5’-GGTAACAGGTCTTGGAGGGA-3’

R5’-GGCTTCATAAAGTGGGCATT-3’



JMJD3

F5’-GGAGTACCCTGCATGGAGAT-3’
R5’-GGGTATGGATATGGGTGAGG-3’

JARID?2

F5’-CA TCCCAAGTGTCCTCCACT-3’
R5’-GAGTAGCTGGAGGGGGTAG-3’

EZH?2

F5’-TTACTGCTGGCACCGTCTGATGTG-3’
R5’-TGTCTGCTTCATCCTGAGAAATAATCTCC-3’
CSF1

F5’-CCTTGACAAGGACTGGAATA-3’
R5’-GGTACAGGCAGTTGCAATCA-3’

CSF2

F5’-CTGAACCTGAGTAGAGACAC-3’
R5’-GGCAGTGCTGCTTGTAGT-3’

CSF3

F5’-ACAGTGCACTCTGGACAGTG-3’
R5’-ACAGCTTGTAGGTGGCAC-3’

obtained for each sample were quantified versus GAPDH cDNA levels and calculated

following the 2 " method.

Plasmid constructs and lentiviral infection.

The pIRES2-DsRed2-IRX2 plasmid was generated by cloning the /RX2 coding sequence
(BamH1-Sall) into the pIRES2-DsRed2 vector. The coding sequence was amplified by an
MCF7 cell line cDNA preparation. We used the following primers:
F5’-cgggatcCACCATGTCCTACCCGCAG-3’
R5’-acgegtcgacTGCTCGGCCCTTCTATAGGTA-3’

The control plasmid was the empty vector pIRES2-DsRed2. Plasmids were verified by
sequencing. Lentivirus was produced in HEK293T cells transfected with the pIRES2-
DsRed2-IRX2 and pIRES2-DsRed2 constructs using a third-generation lentiviral system.
HL-60, AML-193 and AML patient samples were infected with lentiviral particles, and



red fluorescent protein-positive cells were sorted.
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Figure legends.

Figure 1. RLGS DNA methylation data. Each row represents a RLGS spot
corresponding to a specific CpGi listed in the far right column. Each red rectangle
represents a methylation event occurring in the corresponding spot.. PBL: peripheral
blood lymphocytes; CD34+: CD34+ hHSC/MPP; CD34-: CD34- mature cells; AML:
AML patient sample.

Figure 2. Integration of RLGS DNA methylation data with the corresponding
histone mark in hESC. Each row represents a specific RLGS spot. Annotation of the
spot and the corresponding mark are indicated in the two right columns. Each red
rectangle in the diagram represents a methylation event occurring in the corresponding
spot. Yellow rectangle indicates that the corresponding spot is marked by H3K4me3 in
hESC; orange rectangle indicates that the corresponding spot is marked by H3K27me3 in
hESC; blue rectangle indicates that the corresponding spot is marked by a bivalent
domain in hESC. AML: AML patient sample.

Figure 3. Frequency of aberrant CpG island methylation in AML samples and
relative histone marks in hESC.

A and B. Panels show the number of aberrantly methylated CpG islands and their relative
chromatin marks in hESC (yellow, H3K4me3; orange, H3K27me3; blue, bivalent
domain) in AML patient samples in panel A and AML cell lines in panel B. In each
panel, columns A, B, and C identify the number of samples presenting the same

aberrantly methylated CpG island. In panel A, column A indicates that a specific CpG



island is aberrantly methylated in at least 1 and up to 6 out of 19 AML patient samples;
column B indicates that a specific CpG island is aberrantly methylated in at least 7 and up
to 12 out of 19 AML patient samples; column C indicates that a specific CpG island is
aberrantly methylated in at least 13 and up to 19 out of 19 AML patient samples. In panel
B, column A indicates that a specific CpG island is aberrantly methylated in at least 1 and
up to 2 out of 6 AML cell lines; column B indicates that a specific CpG island is
aberrantly methylated in at least 3 and up to 4 out of 6 AML cell lines; column C
indicates that a specific CpG island is aberrantly methylated in at least 5 and up to 6 out
of 6 AML cell lines.

Figure 4. Genomic bisulfite sequencing of selected target genes. Bisulfite sequencing
performed on control CD34+ hHSC/MPP and CD34- mature cells and 19 AML patient
samples to assess the methylation status of specific CpG islands in the 5’ promoter
regions of FOXE1, IRX2, NKX6-1, NRG1 and CABYR genes. Each circle represents a
specific CpG dinucleotide as sequenced in 8-10 clones from the same AML sample. The
color intensity scale (from 0 to 100%) indicates the percentage methylation of each CpG
dinucleotide in the sequenced clones.

Figure 5. Profiles of H3K4me3 and H3K27me3 enrichments in normal
hematopoietic cell types. Chromatin immunoprecipitation experiments showing
H3K4me3 and H3K27me3 relative enrichments at the 5’ promoter region and at an
intragenic locus, of selected targets in normal CD34+ HSC/MPP and mature CD34-
cells, amplified region are identified by nucleotide position (nt) in the schematic
diagram. Three independent Chlp experiments were performed and gqRT-PCR
amplification was performed in triplicate on the precipitated genomic DNAs. Error
bars: SD, standard deviation.

Figure 6. Increased H3K4me3 and H3K27me3 enrichments at selected targets in
AML patient samples and cell lines. Chlp analysis assessing H3K4me3, H3K27me3
and histone 3 (H3, nucleosomal density control), enrichments in the 5’ promoter region
of the indicated target genes in 6 AML patient samples and 5 AML cell lines compared to
the relative enrichments in normal CD34+ HSC/MPP and mature CD34- cells (3 samples
from 3 independent separations). qRT-PCR was performed to detect Chlp DNAs.

Statistical analysis was performed using the nonparametric Wilcoxon rank sum test. P-



value < 0.05 =*; data were represented as a Box Wisker Plot for H3K27me3 and
H3K4me3 modifications, the ends of the box represent the upper and lower quartiles, the
median is marked by a vertical line inside the box and the whiskers represent the
minimum and maximum data values. Error bars in H3 data representation: SD, standard
deviation.

Figure 7. H3K4me3 and H3k4me0 enrichments at selected targets. Chromatin
immunoprecipitation comparing H3K4me3 and H3K4meO enrichments at the 5’
promoter region of indicated targets (FOXE1, NKX6-1, IRX2, CABYR and NRG1) in 3
independent selections of normal CD34+ HSC/MPP and mature CD34- cells from cord
blood and in 4 patient AML samples. Each qRT-PCR amplification was performed in
triplicate. Statistical analyses was performed using the non parametric Wilcoxon rank
sum test: pvalue < 0,05= *. Error bars: SD, standard deviation.

Figure 8. Expression of human histone methylases and demethylases is altered in
AML relative to normal mature CD34- cells. Panel A: qRT-PCR to detect expression
levels of JARIDIA, JARIDIB, LSDI, EZH2, JMJD3, and JARID2 in normal mature
CD34- cells and in 9 AML patient samples. Panel B: qRT-PCR to detect expression
levels of JARIDIA, JARIDIB, LSDI, EZH2, JMJD3, and JARID2 in normal mature
CD34- cells and in 5 human AML cell lines (HL60, ME-1, ML-2, AML-193, HEL). Each
sample was analyzed in triplicate. Statistical analysis was performed in triplicate using
the nonparametric Wilcoxon rank sum test. P-value < 0.05 =*; P-value < 0.01 =**. Error
bars: SD, standard deviation.

Figure 9. Histone methylases and demethylases occupancy at 5’ promoter region of
selected targets.

Chromatin immunoprecipitation experiments showing the enrichments of EZH2, IMJD3,
JARIDIB and LSDI1 at the 5’ promoter region (Proximal) and at a control region
(Distal)of CABYR, FOXE1, IRX2, NKX6-1 and NRG1. Amplified proximal and distal
DNA regions corresponds to those amplified to detect histone modifications shown in
figure 5, 6 and 7). Experiment was conducted on four different purifications of mature
CD34- cells and on four preparations of HL60, ML-2 and AML193 cell lines. Each qRT-
PCR amplification was executed in triplicate. IgG: control immunoglobulin. Statistical

analyses were performed using the non parametric Wilcoxon rank sum test; P-value <



0.05 =*; P-value < 0.01 =**; P-value < 0,001 =***_ and data were represented as a Box
Wisker Plot where the ends of the box represent the upper and lower quartiles, the
median is marked by a vertical line inside the box and the whiskers represent the
minimum and maximum data values.

Figure 10. mRNA expression analyses of selected targets in CD34-, AMLs and
AML cell lines. gqRT-PCR analyses of mRNA expression levels of the indicated targets
(IRX2, FOXE1, NKX6-1, NRG1 and CABYR) in normal control mature CD34- cells
(CD34-), patient AML samples (from #1 to #10) and in 4 AML cell lines (HL60, ME-1,
ML-2 and AML193). Error bars: SD, standard deviation.

Figure 11. Differentiation promoting effect of restored IRX2 expression in AML.
Panel A: qRT-PCR to detect expression of IRX2 in HL60-IRX2 and AML-193-IRX2,
and in one newly diagnosed AML patient sample (AML-IRX2) 48 hours after lentiviral
infection (see Methods for experimental details). Expression was compared to mRNA
levels in control samples including uninfected parental cell types as well as cells infected
with empty vector (EV). Panel B: Wright-Geimsa staining of uninfected, EV, and /RX?2
expressing cell types. Panel C: qRT-PCR to detect expression levels of CSF1, CSF2, and
CSF3 in cell types indicated. qRT-PCR analyses are the result of 3 independent
experiments performed in triplicate. Panel D: % of CD11b and CD14 positive cells in
HL60-EV and HL60-IRX2 cells 4 and 7 days following lentiviral infection. The results
presented are the average of 3 independent experiments. Panel E: % of CD11b and CD14
positive cells in HL60-EV and HL60- IRX2 after treatment with RA for the hours
indicated. Statistical analysis was performed using the nonparametric Wilcoxon rank sum

test. P-value < 0.05 =*. Error bars: SD, standard deviation.
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