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Acute Myeloid Leukemia

Introduction

Acute myeloid leukemia (AML) has been well character-
ized as a heterogeneous disorder of normal hematopoiesis
caused by genetic impairment and epigenetic deregulation.1,2

Standard treatment of AML including induction chemothera-
py and bone marrow transplantation has achieved limited
success due to biological heterogeneity and disease evolution
of patients.3 Decitabine (DAC), a DNA hypomethylating
agent (HMA) showing therapeutic efficacy against leukemic
cells, was recently incorporated into standard treatment
mainly for intermediate- or high-risk myelodysplastic syn-
dromes (MDS),4 and was also suggested for treatment of eld-
erly AML patients ineligible for intensive chemotherapy.5

However, molecular markers predictive for decitabine treat-
ment response remain largely unknown and are worth
exploring in the disease context. 
Human trithorax-group (Trx-G) gene MLL5 was initially

identified from molecular mapping of a frequently deleted
segment of chromosome 7q22 in patients with myeloid dis-
orders.6 Unlike the well-documented histone lysine methyl-
transferase (HKMT) activity of other Trx-G members, the role

of MLL5 as a novel HKMT has long been under debate due to
sequence divergence to its homologs.7,8 In vitro gain- and loss-
of-function studies of MLL5 have fully established its role in
cell cycle regulation.8-12 We and others have characterized loss-
of-Mll5 mouse models.7,13,14 Mll5 absence was not lethal, but
led to a spectrum of defects including mild growth retarda-
tion, male infertility and defective hematopoiesis. Moreover,
hematopoietic stem cells (HSC) deficient in Mll5 had
increased sensitivity to decitabine-induced differentiation,13

highlighting a potential role of Mll5 in control of decitabine
sensitivity and DNA methylation. 
Recently we reported the favorable prognostic importance

of MLL5 expression levels in patients with core binding fac-
tor AML (CBF-AML) and cytogenetically normal AML (CN-
AML).15 To find out whether MLL5 expression levels affect
decitabine response and DNA methylation in leukemia, we
initiated the present study with decitabine-treated AML
patients as well as transformed loss-of-Mll5 mouse bone
marrow cells. Our study addresses the impact of MLL5
expression on outcome of decitabine-treated patients and
establishes a link between MLL5 activity and DNA methy-
lation levels. 
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Hypomethylating agents are widely used in patients with myelodysplastic syndromes and unfit patients with
acute myeloid leukemia. However, it is not well understood why only some patients respond to hypomethylating
agents. We found previously that the effect of decitabine on hematopoietic stem cell viability differed between
Mll5 wild-type and null cells. We, therefore, investigated the role of MLL5 expression levels on outcome of acute
myeloid leukemia patients who were treated with decitabine. MLL5 above the median expression level predicted
longer overall survival independent of DNMT3A mutation status in bivariate analysis (median overall survival for
high vs. low MLL5 expression 292 vs. 167 days; P=0.026). In patients who received three or more courses
decitabine, high MLL5 expression and wild-type DNMT3A independently predicted improved overall survival
(median overall survival for high vs. low MLL5 expression 468 vs. 243 days; P=0.012). In transformed murine cells,
loss of Mll5 was associated with resistance to low-dose decitabine, less global DNA methylation in promoter
regions, and reduced DNA demethylation upon decitabine treatment. Together, these data support our clinical
observation of improved outcome in decitabine-treated patients who express MLL5 at high levels, and suggest a
mechanistic role of MLL5 in the regulation of DNA methylation.
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Methods

Patients with decitabine administration
This study included 57 patients (aged >60 years) with de novo or

secondary AML (following MDS or treatment-related AML) who
were treated in trial 00331 (registration n. DRKS00000069) with
135 mg/m2 total decitabine infused intravenously over 72 h every
six weeks16 or who received 20 mg/m2 per day (Days 1-5) every four
weeks. Patients were included in the present study if RNA was
available and if the sample contained at least 30% blasts (median
55%). Fifty samples (88%) were from bone marrow, 7 (12%) were
from peripheral blood. Written informed consent was obtained
according to the Declaration of Helsinki, and the study was
approved by the local review boards of the participating centers.

Quantification of MLL5 transcript levels 
MLL5 expression levels were quantified using the TaqMan

Gene Expression Assay (Assay ID: Hs00218773_m1, Applied
Biosystems, Darmstadt, Germany) and the ABL FusionQuant
Standard Kit as an endogenous control (Ipsogen, Marseille,
France). A detailed description of the procedures can be found in
the Online Supplementary Appendix. 

Retroviral infection of murine bone marrow cells
Primary mouse bone marrow cells were harvested from

129S6/SvEv mice with wild-type or homozygous loss of Mll5 and
stimulated as previously described.13 MSCV-HOXA9-
PGKneomycin and MSCV-MEIS1-IRESYFP vectors were used for
generating recombinant ecotropic retrovirus-producing GP+E86
cells. Pre-stimulated bone marrow cells were co-cultured with irra-
diated GP+E86 cells for 48 h and were selected by Geneticin
(Gibco, Darmstadt, Germany) or were sorted for yellow fluores-
cent protein (YFP) expression.

Decitabine treatment in vitro
Decitabine (5-Aza-2′-deoxycytidine; Sigma-Aldrich, Seelze,

Germany) was dissolved in dimethyl sulfoxide (DMSO; Sigma-
Aldrich). Cells were treated with DMSO or decitabine every 24 h
for three times and at 72 h were harvested for analysis. As solvent
control, DMSO was added to a final concentration of 0.1%.

Methylated DNA immunoprecipitation coupled with
microarray (MeDIP-chip) 
Methylated DNA immunoprecipitation coupled with microar-

ray (MeDIP) was performed with genomic DNA from cells
untreated or treated with 20 nM decitabine for three days using
the MagMeDIP kit (Diagenode, Liège, Belgium). MeDIP-enriched
DNA from 3 independently treated samples were amplified with
GenomePlex Complete Whole Genome Amplification (WGA) Kit
(Sigma-Aldrich) and pooled for the hybridization on Agilent cus-
tom mouse promoter microarrays. The primary data are available
at Gene Expression Omnibus (GEO) with accession number
GSE52199. Details about MeDIP-chip preparation and data pro-
cessing can be found in the Online Supplementary Appendix.

Correlation of DNA methylation and gene expression
levels in AML patients according to MLL5 expression
Details about the clinical profiles, assay description and data

processing were previously described.17-19 Details of the bioinfor-
matic analysis can be found in the Online Supplementary Methods. 
Further details of methods are described in the Online

Supplementary Appendix.

Statistical analysis
All statistical analyses were performed with the GraphPad

Prism 5 Software (Statcon, Witzenhausen, Germany) or the soft-
ware package SPSS v. 20.0 (SPSS, Chicago, USA). Two-tailed
P<0.05 was considered significant. Details of the statistical analy-
sis can be found in the Online Supplementary Appendix.

Results

Prognostic impact of MLL5 expression levels in AML
patients treated with decitabine

MLL5 expression was quantified in 57 elderly patients
with newly diagnosed AML who received decitabine as
first-line treatment. Relative MLL5 transcript levels ranged
from 1.56 to 61.77 expression values of MLL5/ABL.
Patients were dichotomized into high MLL5 expressing
patients and low MLL5 expressing patients at the median
level of MLL5 expression (9.21 expression values of
MLL5/ABL). There were no significant differences
between patients with high and low MLL5 expression lev-
els with respect to age, sex, FAB subtype, blast count in
peripheral blood or bone marrow, type of AML, additional
all-trans retinoic acid (ATRA) treatment, hemoglobin,
platelet count, lactate dehydrogenase (LDH), Eastern
Cooperative Oncology Group (ECOG) performance sta-
tus, cytogenetic risk group, NPM1, FLT3, or DNMT3A
mutation status, or best response (Online Supplementary
Table S1). In agreement with our previous study, high
MLL5 expression predicted longer overall survival (OS)
(median 292 vs. 167 days; P=0.026) (Figure 1A). None of
the other parameters, such as age (P=0.37), antecedent
MDS (P=0.97), ECOG performance status (P=0.24), WBC
count (P=0.52), cytogenetic risk (P=0.49), NPM1 mutation
status (P=0.22), or presence of FLT3-ITD (P=0.85) were
associated with OS. However, patients with mutated
DNMT3A had significantly shorter OS than patients with
wild-type DNMT3A (P=0.001) (Online Supplementary
Figure S1). In bivariate analysis, only MLL5 expression lev-
els and DNMT3A mutation status independently predict-
ed OS (P=0.046 and P=0.01, respectively) (Table 1).
To evaluate whether the treatment effect of decitabine

was associated with MLL5 expression, we separated the
patients into a group with short decitabine exposure (1 or
2 courses) and a group with long decitabine exposure (3 or
more courses). The latter group included all patients with
stable disease or better response (complete response, CR;
partial response, PR; or antileukemic effect, ALE, defined
as a greater than 25% reduction of bone marrow blasts rel-
ative to the initial blast percentage but not enough to fulfill
the criteria for a partial remission) after two courses of
decitabine and thus represents all patients with potential
benefit from decitabine. Median OS was similarly short in
patients with high or low MLL5 expression in the group
with short decitabine exposure (median 90 vs. 50 days;
P=0.802) (Figure 1B). In patients with long decitabine
exposure, high MLL5 expression levels predicted signifi-
cantly improved OS compared to patients with low MLL5
expression (median 468 vs. 243 days; P=0.012) (Figure 1C).
To identify potential confounding factors, we compared
patients’ characteristics in the group with long decitabine
exposure between high and low MLL5 expressing
patients. Variables were similarly distributed between
patients with high or low MLL5 expression levels except a
trend for more frequent ATRA treatment in patients with
low MLL5 expression (Online Supplementary Table S2). In
addition, bivariate analysis including MLL5 expression
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levels and cytogenetic risk identified high MLL5 expres-
sion as independent favorable marker, while high cytoge-
netic risk was not significant (Online Supplementary Table
S3). We did not include DNMT3A mutation status in this
analysis as there was only one patient with DNMT3A
mutation in this cohort. In human cell lines MLL5 mRNA
expression correlated with protein expression (Online
Supplementary Figure S2). These data suggested that
decitabine-responsive patients in the MLL5 high-express-
ing group benefit more from decitabine than patients in

the MLL5 low-expressing group and pointed to a potential
biological link between MLL5 and decitabine response.
To see if loss of chromosome 7 or 7q, where MLL5 is

located, influences OS of patients treated with decitabine
as well as MLL5 expression, 49 patients were selected for
whom detailed cytogenetic information was available for
the comparison of OS and MLL5 mRNA expression
between 37 patients with diploid chromosome 7 (chr7)
and 12 patients with chr7 abnormalities including mono-
somy 7 (-7) or deletion of 7q (del(7q)). OS was similar
between patients with diploid chr7 and patients with -7 or
del(7q) (P=0.63) (Online Supplementary Figure S3A). This
was also true when the analysis was restricted to patients
who received at least three courses of decitabine (P=0.36)
(Online Supplementary Figure S3B). MLL5 expression levels
were slightly higher in patients with diploid chr7 com-
pared to patients with -7 or del(7q) (mean 13.2 vs. 8.2;
P=0.16) (Online Supplementary Figure S3C). 

Immortalized Mll5 wild-type bone marrow cells are
more sensitive to decitabine treatment than Mll5 
null cells
To further evaluate whether MLL5 expression deter-

mines decitabine sensitivity, we generated HOXA9-trans-
formed20 mouse bone marrow cells with Mll5 wild-type
(Mll5+/+ HOXA9) or knockout (Mll5-/- HOXA9) background
via retroviral gene transfer of HOXA9. Decitabine exerts
antileukemic efficacy at low doses in vitro21-23 and in the
clinical setting.24-26 We therefore treated the cells with
decitabine for three days comparing low-dose (10nM) and
high-dose (100nM) treatments. Mll5+/+ cells were more
sensitive to decitabine than Mll5-/- cells at low doses of
decitabine, whereas viability was reduced equally effec-
tively in Mll5+/+ and Mll5-/- cells at 100 nM decitabine treat-
ment (Figure 2A). 
Expression of the myeloid differentiation marker

CD11b increased more in Mll5+/+ than in Mll5-/- cells upon
either low-dose or high-dose decitabine exposure (Figure
2B). The colony number in CFC assays decreased by 60%
upon low-dose decitabine exposure in Mll5+/+ cells, but
remained unchanged in Mll5-/- cells compared to solvent
treated control (Figure 2C). Upon higher dose decitabine
treatment total colony numbers were reduced and
colonies appeared smaller in size in Mll5+/+ than in Mll5-/-

cells (Figure 2C and D). 
Considering the role of Mll5 as a cell cycle regulator, cell

cycle profiles were compared in HOXA9 cells upon
decitabine exposure when Mll5 was present or absent.
Decitabine increased the proportion of cells in G0/G1
phase as well as decreased the proportion of cells in both
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Figure 1. Prognostic impact of MLL5 expression in AML patients
treated with decitabine (DAC). (A to C) Overall survival (OS) of all
patients treated with DAC (irrespective of treatment courses) (A), OS
of patients who received 1-2 courses of DAC (B), and OS of patients
who received 3 or more courses of DAC (C), according to high versus
low MLL5 expression levels. 

Table 1. Univariate and multivariate analysis for OS in all patients.
OS OS

Univariate analysis Multivariate analysis

HR 95% CI P HR 95% CI P

MLL5 high vs. low 0.51 0.28-0.93 0.029 0.53 0.29-0.99 0.046
DNMT3A  mutation status 4.46 1.65-12.09 0.003 3.80 1.38-10.49 0.01
mutated vs. wildtype

Hazard ratios greater than 1 indicate an increased risk of an event for the first category
listed. OS: overall survival; HR: hazard ratio; CI: confidence interval; ECOG: perform-
ance status of the Eastern Cooperative Oncology Group. 
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C

High MLL5 AML (n=29)
median OS: 292 days
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median OS: 167 days

High MLL5 AML (n=11)
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S and G2/M phases in a dose-dependent manner (Figure
2E). However, there was no significant difference in this
effect between Mll5+/+ and Mll5-/- cells. In addition, no dif-
ference in the rate of apoptosis was observed between
Mll5+/+ and Mll5-/- cells upon low- or high-dose decitabine
treatment (Figure 2F). In summary, these data suggested
that the presence of Mll5 sensitizes HOXA9-transformed
cells to decitabine-induced cell differentiation and its anti-
proliferative effects, especially at low doses of decitabine.
It remains an interesting question whether MLL5 may

regulate HOXA9 itself, as MLL1 does.27 We measured
HOXA9 expression in 35 samples and correlated expres-
sion levels to MLL5. There was no correlation (R= -0.18)
(Online Supplementary Figure S4A). MLL5 and HOXA9
expression was also evaluated in a published AML gene
expression profiling data set with 241 AML patients.19 In
these patients, again no clear correlation was observed (R=
0.05) (Online Supplementary Figure S4B). 

Leukemic Mll5 wild-type cells exhibit higher global
DNA methylation levels in promoter regions compared
to Mll5 null cells
In addition to the HOXA9-immortalized mouse bone

marrow cells, Mll5-associated decitabine sensitivity was
also investigated in a murine leukemia cell model, which
was generated by co-transfer of HOXA9 and MEIS128 into
Mll5 wild-type or knockout mouse bone marrow cells.
Both cell lines showed a gradual decrease in cell prolifera-
tion upon increasing decitabine concentration (Figure 3A).
However, Mll5+/+ HOXA9/MEIS1 cells were significantly

more sensitive to decitabine as demonstrated by the
reduced cell viability upon decitabine exposure. In addi-
tion, treatment with 20 nM decitabine significantly
increased Gr-1/CD11b expression in Mll5 wild-type cells
compared to knockout cells (Figure 3B). 
To gain insight into the methylation changes associated

with decitabine sensitivity, we performed methylated
DNA immunoprecipitation combined with hybridization
to mouse promoter microarrays (MeDIP-chip)29 in Mll5+/+

HOXA9/MEIS1 and Mll5-/- HOXA9/MEIS1 leukemic cells,
untreated or treated with 3-day exposure of 20 nM
decitabine. DNA methylation at promoter regions covered
by each probe was quantified by the log2 ratio of fluores-
cence intensity of immunoprecipitated (IP) DNA com-
pared to input DNA. The number of methylated probes
was compared between untreated Mll5 wild-type and
knockout HOXA9/MEIS1 cells. The number of methylat-
ed probes in Mll5 wild-type cells was significantly higher
than in Mll5 knockout cells at different methylation cut-
offs (where increasing log2 ratios indicate increased
methylation) (Figure 3C). Among all probes, 34% were
methylated with a log2 ratio over 0.5 in Mll5+/+

HOXA9/MEIS1 cells, in comparison with 25% of probes
that were methylated in Mll5-/- HOXA9/MEIS1 cells
(Figure 3D). In summary, promoter methylation was more
frequent in Mll5 wild-type cells compared to Mll5 null
cells.
Some of the most differentially methylated promoter

regions were promoter regions of Rpl37, Stx6, Surf1 and
Cebpa, which were methylated in Mll5+/+ HOXA9/MEIS1

MLL5 for prediction of decitabine efficacy
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Figure 2. Immortalized Mll5 wild-type mouse bone marrow cells are more sensitive to decitabine (DAC) treatment than Mll5 null cells. (A) Cell
viability upon low- or high-dose DAC treatment relative to DMSO solvent control (CTL) treatment. 1 x 105 cells were plated in duplicate (mean
± SEM, n=5). (B) DAC-induced cell differentiation by immunophenotyping CD11b expression (mean ± SEM, n=3). (C) Colony yield from CFC
assays performed with DAC-treated cells in comparison to CTL-treated cells (mean ± SEM, n=3). (D) Morphology of representative colonies
from 3 independent CFC assays. Scale bars represent 100μm. (E) Cell cycle profiles upon CTL or DAC treatment (mean, n=3). (F) Frequency
of apoptotic cells represented by PI negative and Annexin-V positive staining upon DAC treatment and normalized to CTL treatment (mean ±
SEM, n=3).  n.s.: not significant; *P < 0.05; **P < 0.01.
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cells but non-methylated in Mll5-/- HOXA9/MEIS1 cells,
while Lrcc45 was non-methylated in Mll5 wild-type cells
but methylated in Mll5 null cells (Figure 3E). These methy-
lation differences were confirmed by MeDIP-PCR (Figure
3F). To further confirm the differentially methylated tar-

gets revealed by MeDIP-chip, bisulfite sequencing was
performed on selected genomic regions of these targets.
Among them, Rpl37, Stx6, Surf1 showed more methylated
CpGs (92.5% vs. 75.0%, 6.5% vs. 2.5%, 11.3% vs. 5.0%,
respectively), while the negative control Lrcc45 showed
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Figure 3. Leukemic Mll5 wild-type cells exhibit higher global DNA methylation levels in promoter regions compared to Mll5 null cells. (A) Cell
viability upon low-, medium- or high-dose DAC treatment relative to CTL treatment. 2 x 104 cells were plated in duplicate (mean ± SEM, n=3).
(B) DAC-induced cell differentiation by immunophenotyping Gr-1/CD11b expression (mean ± SEM, n=3). (C) Promoter DNA-methylation rep-
resented by the number of methylated array probes at different methylation-defining cut offs of MeDIP-chip assay. The log2 ratio of immuno-
precipitated DNA compared to input DNA at 0.5 was chosen as the threshold to discriminate methylated from non-methylated probes for
downstream analyses. (D) Percentage of methylated and non-methylated probes in Mll5 wild-type and null cells. (E) Differential methylation
of selected gene promoters based on MeDIP-chip log2 ratio difference (Dlog2 ratio). (F) Validation of differentially methylated gene promoters
by MeDIP-PCR. Methylation difference was calculated as log2 -transformed ratio of enrichment of methylated DNA of Mll5 wild-type compared
to null cells (log2 ratio) (mean ± SEM, n=3). 

Figure 4. Leukemic Mll5 wild-type cells are more
responsive to DAC-induced promoter demethylation
compared to Mll5 null cells. (A) Promoter DNA-
methylation analysis of cells upon 20nM DAC expo-
sure. (B) Percentage of DAC-responsive probes in
Mll5 wildtype versus null cells. Methylation values
of each probe were compared between untreated
and 20nM DAC-treated cells. Among all the methy-
lated probes (log2 ratio > 0.5) in untreated sample,
those probes with a decrease of the log2 ratio of
more than 0.2 (Dlog2 ratio > 0.2) upon DAC treat-
ment were defined as DAC-responsive probes. (C)
Functional annotation of genes that were differen-
tially demethylated upon DAC treatment in Mll5
wild-type cells. Mll5 wild-type specific DAC-respon-
sive probes were matched to their closest gene if 2
or more probes were DAC responsive.  **P < 0.01.
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less methylated CpGs (0.2% vs. 8.3%) in Mll5 wild-type
compared to Mll5 null cells, respectively (Online
Supplementary Figure S5). CEBPA is a well-studied tran-
scription factor required for granulocytic differentiation.30
Higher levels of DNA methylation were confirmed by
bisulfite sequencing in Mll5 wild-type compared to knock-
out cells (15.6% vs. 11.7%) (Online Supplementary Figure
S6A). When treated with 20 nM decitabine, both Mll5
wild-type and null cells had less methylated CpGs at this
locus compared to solvent treated cells (15.6% vs. 6.25,
11.7% vs. 5.5%, respectively) (Online Supplementary Figure
S6A). In addition, decitabine-induced demethylation was
associated with an increase in Cebpa mRNA expression,
suggesting that Cebpa is regulated through DNA methyla-
tion (Online Supplementary Figure S6B). 

Leukemic Mll5 wild-type cells are more responsive to
decitabine-induced promoter demethylation compared
to Mll5 null cells
To evaluate the effect of decitabine on methylation of

promoter regions, we first compared the number of
methylated probes in Mll5 wild-type and knockout
HOXA9/MEIS1 cells upon decitabine exposure. Opposite
to the untreated samples, the number of methylated

probes in decitabine-treated Mll5 wild-type cells was sig-
nificantly lower than in decitabine-treated Mll5 null cells
at different cut offs of methylation (Figure 4A). Further
analysis was performed on the probes that were methylat-
ed (log2 ratio >0.5) in the untreated samples of either Mll5
wildtype or knockout but became demethylated in the
decitabine-treated samples with a decrease in the log2 ratio
of more than 0.2 (Dlog2 ratio >0.2), and these correspon-
ding probes were defined as decitabine-responsive probes.
The number of decitabine-responsive probes was signifi-
cantly higher in Mll5 wild-type cells compared to Mll5
null cells independent of the log2 ratio chosen for the defi-
nition of a methylated probe (e.g. wildtype 60.8% vs.
knockout 48.7%, for log2 ratio >0.5) (Figure 4B). Similar
results were found when decitabine-induced demethyla-
tion was defined with other more stringent criteria (Dlog2
ratio >0.4 or 0.8) (Online Supplementary Figure S7). We next
generated a list of genes with decitabine-responsive pro-
moter methylation (Online Supplementary Table S4) and
performed gene ontology (GO) analysis to determine the
functional relevance of the decitabine responsive gene
sets. The top-ranked GO clusters for decitabine-respon-
sive genes in Mll5 wild-type cells were “mitochondrion”,
“transcription regulation”, and “apoptosis / cell death”
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Figure 5. High MLL5 expression is associated with increased DNA methylation in promoter regions in patients with CBF-AML and CN-AML. (A
and B) Volcano plot of methylation difference of MLL5 high-expressing CBF-AML patients (n=18) (A) and CN-AML (n=51) (B) patients versus
CD34+ normal bone marrows (NBM) (n=8). Hyper- or hypomethylated probe sets were marked by red or blue circles, respectively. (C) Number
and percentage of hyper- or hypomethylated probe sets in patients versus CD34+ NBM. (D and E) Heatmap with supervised hierarchical clus-
tering showing the 50 most differentially methylated probe sets of CN-AML patients with high MLL5 (n=51) (D) and low MLL5 (n=51) 
(E) expression versus CD34+ NBM (n=8). Black bars indicate the hypermethylated probes in patients compared to CD34+ NBM.
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(Figure 4C), suggesting that Mll5 plays a regulatory role in
these biological processes through epigenetic mechanisms
involving DNA methylation. Enriched GO clusters for
probes only responsive in Mll5 null cells are listed in
Online Supplementary Figure S8A. The number of respon-
sive genes was much lower than in Mll5 wild-type cells
(277 vs. 2478 genes, respectively). The enrichment score
for top-listed GO clusters was quite low in Mll5 null com-
pared to Mll5 wild-type cells (Online Supplementary Figure
S8A). A total of 343 genes were responsive to decitabine
in both Mll5 wild-type and knockout cells and enriched
GO clusters were “transcription regulation”, “neuron dif-
ferentiation” and “NLI-interacting factor” (Online
Supplementary Figure S8B). Taken together, promoter
hypomethylation occurred more frequently upon
decitabine treatment in leukemic Mll5 wild-type cells than
in Mll5 null cells.

High MLL5 expression is associated with increased
DNA methylation in promoter regions in patients with
CBF-AML and CN-AML
We have previously reported the favorable prognostic

impact of MLL5 expression levels in two subgroups of
AML patients with t(8;21) or inv(16) chromosomal aberra-
tions (CBF-AML) and with normal karyotype (CN-AML).15
We identified 54 patients with CBF-AML and 153 patients
with CN-AML in a previously published cohort of 344
patients, for whom global gene expression and promoter
methylation data are available.17-19 MLL5 expression levels
of individual patients are represented by probe
223189_x_at and 223190_s_at from gene expression arrays
(Online Supplementary Figure S9A). Expression values from
the two probes correlated well with each other (Online
Supplementary Figure S9B and C). Promoter methylation
was compared between patients with high or low MLL5
expression using normal CD34+ bone marrow cells (CD34+
NBM) as baseline (Figure 5A and B).31 In total, 341 and 71
probe sets were differentially methylated in CBF- and CN-
AML patients with high MLL5 expression, respectively,
with absolute difference in methylation more than 2 and
adjusted P less than 0.01 (Figure 5C). Among them, 91%
(312 of 341) and 83% (59 of 71) were significantly hyper-
methylated in MLL5 high-expressing CBF- and CN-AML
patients, respectively, whereas only 9% (29 of 341) and
17% (12 of 71) were hypomethylated. In contrast, 61%
(108 of 176) and 49% (63 of 129) of the differentially
methylated probe sets were significantly hypermethylated
in CBF- and CN-AML patients with low MLL5 expression,
respectively, whereas 39% (68 of 176) and 51% (66 of 129)
were hypomethylated (Online Supplementary Figure S10).
Supervised hierarchical clustering of the 50 most differen-
tially methylated probe sets in CN-AML patients with
either high or low MLL5 expression showed that the
majority of probe sets were hypermethylated in MLL5
high-expressing CN-AML patients, while only 50% of the
probe sets were hypermethylated in CN-AML patients
with low MLL5 expression (Figure 5D and E). Similarly,
clustering analysis also revealed more hypermethylated
probe sets in CBF-AML patients with high MLL5 expres-
sion than patients with low MLL5 expression (Online
Supplementary Figure S11). Collectively, a positive correla-
tion between MLL5 expression levels with global DNA
methylation was observed in our study, further supporting
the correlation of Mll5 expression with global promoter
methylation found in murine leukemia cells.

Discussion

In the present analysis, we observed that decitabine-
responsive patients with high MLL5 expression levels had
an improved overall survival compared to patients with
low MLL5 expression levels, while patients not respond-
ing to decitabine during the first two courses had a poor
outcome irrespective of MLL5 expression levels. We trans-
formed Mll5 wild-type and null mouse bone marrow cells
with the established oncogenes HOXA9 and MEIS128 to
study the impact of Mll5 on decitabine response in
leukemic cells. Loss of Mll5 was associated with resistance
to low-dose decitabine, lower methylation levels of global
promoters, fewer methylation changes upon decitabine
treatment, and reduced methylation of global promoters
was found in MLL5 low-expressing AML patients, sup-
porting our clinical observation and suggesting a mecha-
nistic role of MLL5 in mediating the effects of decitabine.
A recent study evaluated the genome-wide distribution

of mouse full-length Mll5 protein in the promoter regions
in C2C12 mouse myoblast cells.32 Interestingly, Mll5 pref-
erentially targeted the regions downstream of transcrip-
tion start sites (TSSs), and its binding was exclusively
enriched at CpG islands but not at the flanking regions,
suggesting a link between Mll5 and the regulation of DNA
methylation. Mll5 may affect DNA methylation through
TET proteins, a family of hydroxymethylases that regulate
5-methyl cytosine hydroxylation and thus govern DNA
methylation by converting 5-methylcytosine to 5-hydrox-
ymethylcytosine.33 TET2 and TET3 directly interact with
O-GlcNAc transferase (OGT) and co-localize on chro-
matin.34 The cell cycle regulator ‘host cell factor’ (HCF-1) is
a specific GlcNAcylation target of TET2/3-OGT and asso-
ciates with TET2/3. Interestingly, the MLL5 protein inter-
acts with HCF-1 and largely co-localizes with HCF-1 in
the nucleus.35 Therefore, MLL5 might be involved in a
complex associated with TET2/3 through interaction with
HCF-1/OGT, which might influence the level of DNA
methylation.
Global DNA methylation was higher in transformed

Mll5 wild-type cells, while upon decitabine treatment it
decreased to lower levels compared to Mll5 null cells. Our
data suggested a link between higher DNA methylation
levels prior to decitabine treatment and better sensitivity
to HMAs. In gastric cancers, Zouridis et al.36 reported the
association of the CpG island methylator phenotype
(CIMP) with better sensitivity to DNA methylation
inhibitors. CIMP tumor type was identified in 68 of 203
primary gastric tumors and 7 of 17 gastric cancer cell lines,
which displayed a unique feature of widespread hyperme-
thylation at a global level compared to non-CIMP tumor
type. Interestingly, CIMP cell lines displayed significantly
better response to decitabine-induced reduction of in vitro
proliferation and decrease of tumor growth in a murine
xenograft model compared to non-CIMP cell lines. Global
methylation data from decitabine-treated patients con-
firmed that differential demethylation occurs in decitabine
responding patients, while non-responding patients have
no differentially methylated regions.37
To date, only a few genetic markers are known that pre-

dict treatment response to hypomethylating agents. TET2
mutations were reported as an independent predictor of a
higher overall response rate to azacitidine, the ribonucleo-
side form of decitabine, in patients with MDS and low
blast count AML.38 In addition, DNMT3A mutations or
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lower DNMT3A expression have been associated with
better response to hypomethylating agents in AML
patients,39 in contrast to our findings regarding DNMT3A
mutation status, which predicted a poor outcome of
decitabine-treated patients. High MLL5 levels predicted
improved outcome with prolonged treatment rather than
response to decitabine. 
Some patients with low MLL5 levels also responded to

a longer exposure of decitabine, thus it is interesting to
know if base-line MLL5 promoter methylation in these
patients was reversed by decitabine and hence MLL5
expression was converted to higher levels. We correlated
MLL5 promoter DNA methylation with MLL5 transcript
expression levels in a published data set including 344
AML patients.17-19 Only 8 patients had hypermethylated
MLL5 promoters, and they did not show decreased
expression of MLL5 compared to other patients (Online
Supplementary Figure S12), suggesting that the DNA
methylation status of the MLL5 promoter does not corre-
late with MLL5 expression.
In the current study, the transformed Mll5 wild-type

cells were more sensitive to decitabine, while we previ-
ously found a preferential loss of normal HSCs in Mll5 null
cells treated with decitabine.13 The major difference
between these studies is that we looked at stem cells in
the first study, while the leukemic cells correspond to
myeloid progenitor cells.40 None of the AML patients went
into long-term remission upon decitabine treatment, sug-
gesting that decitabine primarily inhibited the mature
AML cells but not the leukemic stem cell. Thus, MLL5
may have different effects on decitabine response at differ-
ent stages of hematopoiesis and between normal and
leukemic cells. As Mll5 expression increases with matura-
tion along the myeloid lineage,13 AML cells with high
MLL5 expression may indicate leukemias that are arrested
at a later stage of differentiation and respond better to
chemotherapy or HMAs. The current study suggested a
similar role of high MLL5 expression as an independent

favorable prognostic marker in multivariate analysis, as in
our previous report.15 However, we do not see a prognos-
tic effect of MLL5 in patients who received less than three
courses of decitabine. Therefore, we believe that the prog-
nostic effect of MLL5 is dependent at least on some form
of drug treatment. 
Here we describe the role of MLL5 expression as a bio-

marker for prolonged survival in AML patients treated with
decitabine and for improved decitabine response in murine
leukemic cells. Murine leukemic cells deficient in Mll5 had
lower levels of DNA methylation and were less responsive
to the biological and demethylating effects of decitabine.
Human AML cells with high MLL5 levels had higher DNA
methylation levels. Overall, high MLL5 expression predict-
ed improved outcome in AML patients. Therefore, MLL5
expression may be useful to predict clinical outcome of
AML patients treated with hypomethylating agents. 
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