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Abstract

Nuclear localization of non-phosphorylated, active β-catenin is a measure of Wnt pathway

activation and is associated with adverse outcome in patients with acute myeloid leukemia (AML).

While genetic alterations of the Wnt pathway are infrequent in AML, inhibitors of this pathway

are silenced by promoter methylation in other malignanices. Leukemia cell lines were examined

for Wnt pathway inhibitor methylation and total β-catenin levels, and had frequent methylation of

Wnt inhibitors and upregulated β-catenin by Western blot and immunofluorescence. One hundred

sixty-nine AML samples were examined for methylation of Wnt inhibitor genes. Diagnostic

samples from 72 patients with normal cytogenetics who received standard high-dose induction

chemotherapy were evaluated for associations between methylation and event-free or overall

survival. Extensive methylation of Wnt pathway inhibitor genes was observed in cell lines, and

89% of primary AML samples had at least one methylated gene: DKK1 (16%), DKK3 (8%),

RUNX3 (27%), sFRP1 (34%), sFRP2 (66%), sFRP4 (9%), sFRP5 (54%), SOX17 (29%), and

WIF1 (32%). In contrast to epithelial tumors, methylation of APC (2%) and RASSF1A (0%) was

rare. In patients with AML with normal cytogenetics, sFRP2 and sFRP5 methylation at the time of

diagnosis was associated with an increased risk of relapse, and sFRP2 methylation was associated

with an increased risk for death. In patients with AML: (a) there is a high frequency of Wnt

pathway inhibitor methylation; (b) Wnt pathway inhibitor methylation is distinct from that

observed in epithelial malignancies; and (c) methylation of sFRP2 and sFRP5 may predict adverse

clinical outcome in patients with normal karyotype AML.
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Introduction

Acute myeloid leukemia (AML) is characterized by the clonal proliferation of hematopoietic

stem or progenitor cells and results in a failure of normal hematopoiesis [1]. Identification of

cytogenetic and molecular events has provided insight into the pathogenesis of AML [2]. It

is now understood that leukemic cells as a group are marked by the unique properties of

self-renewal, resistance to apoptosis, and blocked differentiation, mediated in some cases by

aberrant fusion proteins [PML–RARα, AML1–ETO, inv(16), t(1:14)] and in others by

inappropriate activation of proliferation signals via mutation (FLT3–ITD, NPM1) [3].

Although these abnormalities are observed in many cases of AML, individual gene

mutations have usually not been sufficient to result in the malignant phenotype in

experimental models, suggesting that additional molecular abnormalities contribute to this

process [4,5].

Recently, a critical role in adult stem cell biology has been identified for the Wnt pathway,

an evolutionarily highly conserved signaling cascade critical for normal embryogenesis and

hematopoiesis [6,7]. Wnt inhibitor proteins are lipid-modified glycoproteins that can bind

cell surface receptors or interact with the pathway intracellularly [8,9]. They function

through both canonical (β-catenin mediated) and non-canonical (Wnt Ca++ pathway, Wnt

planar cell polarity pathway) signaling. These pathways are critical for cell fate

determination, proliferation, migration, polarity, and gene expression [9–11].

Epigenetic abnormalities in Wnt pathway signaling are critical for the initiation of a variety

of epithelial cancers, and it has been demonstrated that abnormalities of this pathway are

common in hematopoietic malignancy [11–13]. The downstream effector of canonical Wnt

signaling is nuclear non-phosphorylated β-catenin, which acts in association with the

LEF/TCF (lymphoid enhancer factor/T-cell factor) family of transcription factors to mediate

expression of several genes including cyclin D1 and c-Myc [11]. In the absence of Wnt

signaling, cytoplasmic levels of β-catenin remain low as a result of degradation of the

phosphorylated form of the protein, which is targeted for ubiquitination and destruction [14].

In the presence of Wnt pathway activation, phosphorylation and degradation of β-catenin is

inhibited, resulting in its accumulation in the cytoplasm and transport into the nucleus [14].

In normal cells, Wnt signaling and β-catenin localization are tightly controlled by a number

of secreted and intracellular inhibitory proteins including Dickkopf 1, 2 (DKK1, 2), serine/

threonine kinase 11 (LKB1), Ras association (RalGDS/AF-6) domain family member 1

(RASS-F1A), runt-related transcription factor 3 (RUNX3), secreted frizzled related proteins

1, 2, 4, 5 (sFRP1, 2, 4, 5), SRY-box containing gene 17 (SOX17), and WNT inhibitory

factor 1 (WIF1) [11,15].

In AML, abnormal nuclear localization of non-phosphorylated β-catenin has been

demonstrated both in vitro and in patient samples, and there is compelling evidence for the

importance of Wnt pathway up-regulation in this disease [16–20]. Studies have shown a
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correlation between nuclear β-catenin expression and survival in patients with

myelodysplastic syndrome (MDS) and AML [19,21]. In addition, activation of this pathway

been shown to interact with one of the most commonly recognized molecular events, the

FLT3–ITD mutation, in AML [22]. Despite this convincing evidence for Wnt pathway

dysregulation in myeloid malignancy, genetic mutations frequently observed in epithelial

malignancy (involving β-catenin or APC [adenomatous polyposis coli] as seen in patients

with colon cancer) have not been seen in AML, suggesting another mechanism of pathway

activation.

Wnt pathway inhibitors possess CpG islands within their promoter regions, and methylation

of these genes can contribute to the pathogenesis of cancers, including those of the lung,

colon, and breast [15,23,24]. Additionally, it has been shown that methylation of six of the

Wnt inhibitory genes, including sFRP1, 2, 4, 5 and DKK1, 3, occurs in AML, and is

associated with adverse prognosis within a subset of newly diagnosed, young patients with

intermediate-risk karyotype AML [25]. Because of the role of the Wnt pathway in AML, we

wanted to explore the association of the methylation of Wnt pathway inhibitors and clinical

prognosis among patients with normal karyotype. Methylation was assessed by methylation-

specific polymerase chain reaction (MSP), a technique which has previously been

demonstrated as a reliable means of detecting promoter region methylation associated with

alterations in gene expression [15]. Promoter methylation was evaluated for a number of

Wnt pathway inhibitors including APC, DKK1, DKK3, LKB1/STK11, RASSF1A, RUNX3,

sFRP1, sFRP2, sFRP4, sFRP5, SOX17, and WIF1 in cell lines known to be without

mutations in APC or β-catenin as well as samples from patients with primary AML.

Design and methods

Cell lines

Cell lines (HL60, K562, KG1, HNT34, KG1a, U937, and HCT116) were purchased from

the American Type Culture Collection and grown in recommended media (ATCC,

Manassas, VA). Pelleted cells from each line were used for protein analysis, and DNA was

extracted and bisulfite-treated for analysis as described below. Freshly isolated cells were

incubated with polylysine-coated glass slides and used for immunofluorescence as described

below.

Patient samples

Freshly frozen bone marrow or peripheral blood tissue samples collected from 169 patients

with a diagnosis of AML and one normal allogeneic bone marrow transplant donor were

obtained from the Johns Hopkins Hospital Specimen Acquisition Laboratory. All leukemia

samples contained at least 50% blast cells as determined by clinical flow cytometry. Of this

cohort, 72 patients had normal cytogenetics. This clinical data set was enriched to include a

greater number of samples from patients with AML with normal cytogenetics, since novel

prognostic variables would be the most valuable in this group. The clinical characteristics

known to be associated with prognosis were obtained: age, date of diagnosis, white blood

cell (WBC) count at diagnosis, cytogenetics by karyotype and fluorescence in situ

hybridization (FISH) analysis, and induction (cytarabine based) therapy. Table I details
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demographic information for these patients. In addition, we collected clinical outcome

information on all-cause mortality and disease-free status. A series of 54 stage I ductal

breast adenocarcinoma samples procured for a previous study [26] were used as a basis for

comparison between the Wnt inhibitor methylation profile of epithelial versus hematological

malignancies. In accordance with HIPAA regulations (Health Insurance Portability and

Accountability Act), all clinical samples were obtained as part of a protocol approved by the

Institutional Review Board (IRB) at the Johns Hopkins Hospital. All patients signed

informed consent according to Health and Human Services guidelines and the Declaration of

Helsinki.

Protein extraction/Western blotting

Thirty milliliters of logarithmically growing cell lines were centrifuged and excess media

removed. CD34+ cells from a normal donor were thawed and assessed for viability using

Trypan blue and then pelleted. The cell pellets were washed in 1 mL of phosphate buffered

saline (PBS) containing 1 μL each of HaltTM Phosphatase Inhibitor (Thermo Scientific,

Rockford IL), AEBSF [4-(2-aminoethyl)benzenesul-fonylfluoride; EnzoLife Sciences,

Plymouth Meeting PA], and CompleteTM Protease Inhibitor Cocktail (Roche Diagnostics,

Indianapolis, IN). Cells were incubated with standard radioimmunoprecipitation assay

(RIPA) buffer on ice for 30 min with vortexing every 10 min. Cells were then lysed by

passage through a QIAshredder Column (Qiagen, Valencia, CA), and the lysate incubated

on ice for a further 30 min with vortexing every 10 min. Total protein extracts were run on a

gel, transferred to a membrane, and probed for the presence of β-catenin using mouse anti-

β-catenin antibody (BD Biosciences, San Jose, CA). Mouse anti-β-actin was used as a

loading control.

Immunofluorescence

Cells were immunostained with mouse anti-β-catenin antibody (BD Biosciences, San Jose,

CA) as previously described, and DAPI (4′,6-diamidino-2-phenylindole) was used as a

nuclear counter-stain [27]. Images were acquired using a Nikon E800 microscope equipped

with ×63 objective.

DNA extraction

Normal lymphocytes were isolated from freshly frozen bone marrow or peripheral blood

samples. These samples were mixed with an equal volume of lysis buffer (50 mM Tris, 50

mM ethylenediamine-tetraacetic acid [EDTA], 2% sodium dodecyl sulfate, 10 mg/mL

proteinase K [Invitrogen, Carlsbad, CA]) and incubated overnight at 55°C. One half volume

of lysis buffer was added daily until the sample had been completely digested. Once

digestion was complete, DNA was extracted with phenol:chloroform:isoamyl alcohol

(25:24:1), ethanol-precipitated, and re-suspended in 50–500 μL of double-distilled water

(ddH2O). DNA was quantified using the Nano-Drop® ND-1000 spectrophotometer

(Nanodrop Technologies, Wilmington, DE).
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Bisulfite treatment

Bisulfite modification of 1–2 μg of DNA per sample was performed using the EZ DNA

Methylation KitTM (Zymo Research) as per the manufacturer’s instructions. Bisulfite-treated

DNA was resuspended in 40 μL of ddH2O.

Methylation-specific polymerase chain reaction

Methylation-specific polymerase chain reaction primers for APC, DKK1, DKK3, LKB1,

RASSF1A, RUNX3, sFRP1, sFRP2, sFRP4, sFRP5, SOX-17, and WIF1 have been published

previously [15,28–30], and were purchased from Integrated DNA Technologies (Coralville,

IA). All primers appear in Supplemental Table I. MSP was carried out in 25 μL reaction

volumes containing 10 ×MSP buffer, 10 mM deoxynucleoside triphosphates, 0.5 μL of a 5

mM solution of each of the methylated or unmethylated primers, 0.5 μL of JumpStartTM

REDtaq® DNA polymerase (Sigma-Aldrich, St. Louis, MO), and 2–4 μL of bisulfite-treated

DNA [31]. DNA was amplified with the following protocol: 95°C for 5 min, followed by 35

cycles of 95 C for 30 s, 60 C for 30 s, 72 C for 30 s, and a final extension step of 72 C for 5

min. In vitro methylated DNA (IVD) was created by treating human cell-line DNA with

SSI-1 methylase (New England Biolabs, Ipswich, MA) as directed, and used as a positive

control following bisulfite treatment as described above. Normal lymphocytes collected

from multiple healthy donors under an IRB approved protocol were used as a negative

control. Seven-and-a-half micro-liters of each amplification product were resolved on 2%

agarose gel containing GelStar® Nucleic Acid Gel Stain (Lonza, Rockland, ME) and

visualized under ultraviolet light (UV).

Statistical analysis

Associations between individual gene markers and molecular factors such as NPM1

mutations, FLT3–ITD mutations, antecedent disease status, and WBC count at diagnosis

were assessed by means of logistic regression analysis. The primary end-points were time to

all-cause mortality and time to relapse, measured from the date of diagnosis to death or

relapse, respectively. Subjects were censored if no event was observed at the date of last

clinic visit. Time to all-cause mortality and relapse was assessed using the Kaplan–Meier

method. Differences between Kaplan–Meier survival curves were estimated using the log-

rank test. Univariate and multivariable Cox proportional hazards regression models were

utilized to estimate the independent effect of DNA methylation on mortality and relapse,

respectively. The covariates included in the multivariable regression model were age at

diagnosis (continuous), total WBC count at diagnosis (greater or less than 50 000/μL),

antecedent cytopenias, NPM1 mutations, and FLT3–ITD status. Results of all models are

reported as hazard ratios with corresponding 95% confidence intervals. All statistical

calculations were performed with use of the STATA 10 statistical package (College Station,

TX). Two-sided p-values of less than 0.05 were considered to indicate statistical

significance.
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Results

Patient characteristics

Samples from a total of 169 patients with AML were studied, of which 106 had normal

cytogenetics. Table I details demographic information for the patients. The median age was

61 years for both groups. Of the normal cytogenetics samples, 34 were procured at relapse

and 72 were procured from patients at initial diagnosis. These 72 samples (from patients at

initial AML diagnosis) were annotated for treatment received. All 72 patients received

cytarabine-based induction therapy; the majority received combination therapy with

cytarabine and daunorubicin. Of the 72 patients, there were 39 with de novo AML (four

received FLAM [fludarabine, cytarabine, and mitoxantrone] [32], three received the Linker

regimen [33], six received traditional ‘7 plus 3,’ and 26 received ACDVP16 [cytarabine,

daunorubicin and etoposide] [34,35]) and 33 patients with an antecedent MDS (five received

FLAM and 28 received ACDVP16). None of the patients had received epigenetic therapy

with 5-azacytidine or deoxy-azacytidine prior to sample analysis. These 72 patients treated

with cytarabine-based high-dose induction regimens were assessed for event-free and

overall survival and outcomes were correlated with methylation of individual genes or

numbers of genes. The results were analyzed in a multivariate model including age, total

WBC count at diagnosis (greater or less than 50 000/μL as a dichotomous variable),

antecedent cytopenias, NPM1 mutations, and FLT3–ITD status. Age was assessed as a

continuous variable.

The patients with karyotypic abnormalities were not analyzed for survival, since there were

not enough diagnostic samples in each subgroup to provide statistically meaningful results.

Survival analysis was performed only on patients with normal karyotype treated with similar

therapy for whom a pre-treatment diagnostic sample was available.

β-Catenin in cell lines

Figure 1 demonstrates total β-catenin levels in: (a) three leukemia cell lines known to be

without mutations in genes which are commonly mutated in other cancers (Axin, β-catenin,

and APC), (b) normal CD34+ bone marrow cells from a healthy donor, and (c) HCT116

colon cancer cells which harbor constitutively active, mutated β-catenin. In HL60, KG1, and

K562, total β-catenin levels were higher than present in normal CD34+ cells but less than

present in HCT116 cells with a known activating β-catenin mutation. By indirect

immunofluorescence, all three leukemia cell lines demonstrated increased levels of both

cytoplasmic and nuclear β-catenin relative to CD34+ normal bone marrow samples (Figure

2).

Methylation of Wnt pathway inhibitors in leukemia cell lines

MSP analysis of each of the 12 Wnt pathway inhibitors was performed in three cell lines,

HL60, KG1, and K562 (Supplemental Figure 1A), with a final summary for a total of six

leukemia cell lines (Supplemental Figure 1B). Methylation of each of multiple Wnt

inhibitors was observed in all the leukemia cell lines, with the exception of APC and LKB1.

DKK1, DKK3, sFRP4, sFRP5, and RUNX3 were methylated in at least 50% of the cell lines

tested, and methylation of sFRP2, SOX17, and WIF1 was present in all six cell lines.
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Methylation of Wnt inhibitors in primary AML samples

MSP analysis of primary AML samples (n = 169) was performed (Figure 3) and compared

to samples with normal-karyotype AML (n = 106) and early stage primary breast cancer

samples (n = 54), with the latter chosen because Wnt inhibitor methylation has been

extensively studied in epithelial tumors. Normal peripheral blood monocytes from normal

donors (n = 5) were unmethylated for these 12 genes (data not shown) as previously reported

[15,23,26]. There were no significant differences in the frequency of methylation between

the entire AML group (n = 169) and the patients with normal karyotype leukemia (n = 106).

Gene methylation was common in AML samples, with Wnt inhibitors sFRP1, 2, and 5 being

most frequent followed by WIF1 and SOX17. These findings are consistent with the

prevalence of methylation for each gene observed in our leukemia cell lines, and suggests

that loss of sFRP1, 2, and 5, WIF1, and SOX17 signaling may be important in Wnt pathway

dysregulation in AML. In contrast, breast cancer samples demonstrated a different pattern of

Wnt inhibitor methylation, with frequent methylation of APC1, RASSF1A, and sFRP4, genes

that were significantly less (p < 0.05) methylated in leukemia samples and cell lines. DKK3

was also statistically significantly more methylated in AML than breast cancer, but the

frequency of methylation (9%) was less than for the other genes.

Wnt inhibitor methylation and prognosis

Mortality—In order to examine the influence of Wnt inhibitor methylation status on

prognosis, diagnostic samples from a group (n = 72) of uniformly treated patients with

normal-karyotype AML were obtained and analyzed for survival and the clinical end-point

of relapse. These patients were annotated for prognostic factors including age, total WBC at

diagnosis, antecedent cytopenias, NPM1 mutations, and FLT3–ITD status. Table I

demonstrates NPM1mut and FLT3–ITD frequencies, which are consistent with those in the

reported literature. As expected, this group demonstrated prognostic effects for older age

(hazard ratio [HR] 1.03, confidence interval [CI] 1.01–1.05), WBC greater than 50 000/μL

(HR 2.15, CI 1.16–4.00), antecedent cytopenias/MDS (HR 1.22, CI 0.67–2.21), NPM1mut

(HR 0.74, CI 0.33–1.66), and FLT3–ITD mutation (HR 1.86, CI 0.95–3.52).

Relapse—A univariate analysis was performed to assess the effect of each gene on relapse-

free survival. The genes APC1, LKB1, and RASSF1A were excluded from the analysis as

methylation of these three genes was rare (< 5%), and analysis would therefore be

uninformative. Kaplan–Meier curves for methylation of sFRP2 and sFRP5 show a

significant association with decreased relapse-free survival (log rank p < 0.04 and p < 0.02,

respectively) (Figure 4). Furthermore, using the combined marker of concurrent methylation

of sFRP2 and sFRP5, methylation was also associated with a significant risk of AML

relapse, hazard ratio 2.13 (CI 1.10–4.12), which persisted following multivariate analysis,

that controlled for patient age at diagnosis, antecendent cytopenias, total white blood cell

count at AML diagnosis, and FLT3–ITD and NPM1 mutational status. Forest plots

demonstrate the multivariate hazard ratios for relapse and death associated with methylation

of each of the Wnt inhibitor genes [Figures 5(A) and 5(B)]. In our analysis, methylation of

sFRP2 and sFRP5 separately were associated with a significant increase in the hazard ratio

for relapse (sFRP2 HR 2.04, CI 1.00–4.29; sFRP5 HR 2.13, CI 1.04–4.38), while
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methylation of SOX17 demonstrated a trend toward increased risk of relapse (1.35, CI 0.69–

2.65) [Figure 5(A)]. In multivariate analysis, only sFRP2 methylation remained significantly

associated with an increased risk of death (2.46, CI 1.13–5.38). Methylation of sFRP4 and

SOX17 suggest an increased risk for death, but were not statistically significant (HR 1.50,

95% CI 0.62–3.66 and HR 1.51, 95% CI 0.77–2.97, respectively) [Figure 5(B)].

Discussion

There is accumulating evidence for the importance of Wnt pathway activation in AML.

Several groups have demonstrated Wnt pathway activation in patients with AML, and others

have shown that nuclear localization of β-catenin protein is associated with a worse

prognosis in these patients [21,36]. Epigenetic inactivation of Wnt pathway inhibitors by

CpG island methylation is a viable explanation for the Wnt pathway activation observed in

these studies. Methylation of sFRP1, 2, 3, and 5 with corresponding transcriptional silencing

has been shown in AML cell lines [37], and sFRP2 methylation is associated with poor

prognosis in adults with core binding factor leukemia (n = 16) [37] as well as in young

patients (< 60 years old) with intermediate-karyotype leukemia [12]. Our data, obtained

from patients with karyotypically normal AML of older age (median 61 years), support the

previous studies’ findings, confirming an association of Wnt pathway methylation (sFRP2

and 5) and a worse clinical prognosis (relapse and death).

Correlation of methylation data along with β-catenin levels in the primary patient samples

would have been ideal. Unfortunately, due to the quality of the samples in our bank, protein

and RNA expression analyses were not feasible.

The association of Wnt pathway inhibitor methylation with adverse outcome in patients with

AML is of particular interest given the role of Wnt pathway signaling in hematopoietic stem

cell self-renewal and progenitor development [11]. Since sFRP2 methylation appears to

correlate with adverse prognosis in patients with AML, its evaluation may be a useful

addition to currently available prognostic markers such as NPM1 mutation and FLT3–ITD

status, each of which confer a prognostic significance similar in magnitude to that seen for

sFPR2 and 5 methylation in our study [38]. As such, sFRP2 methylation may serve as a

prognostic molecular marker that can potentially identify a subgroup of patients with AML

with normal cytogenetics who should be approached differently from a therapeutic

standpoint. Although commercial testing for protein and RNA remains challenging, the

collection of DNA is routine, and simple, real-time-based, clinically relevant assays for

methylation analysis are feasible.

Furthermore, although concerns remain with regard to the toxicity of global Wnt pathway

inhibitors, novel small molecules targeting this pathway are under investigation and have

demonstrated leukemia-specific efficacy in vitro [39]. It is possible that leukemias with the

greatest silencing of Wnt inhibitors may be more dependent on Wnt activation and,

therefore, more sensitive to inhibition of this pathway. The extensive nature of Wnt inhibitor

methylation in leukemia may partly explain the activity of the hypomethylating agents, 5-

azacytidine and deoxy-azacytidine. These agents, which are Food and Drug Administration

(FDA) approved for the treatment of chronic myelomonocytic leukemias and
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myelodysplastic syndrome, may restore the expression of Wnt inhibitors, thereby sensitizing

leukemia stem cells to chemotherapy and apoptosis. Incorporation of these epigenetic agents

into treatment paradigms as single agents or in combination with chemotherapy may be an

attractive therapeutic option for patients with AML, particularly those with normal

cytogenetics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Westen blot for total β-catenin in three leukemia cell lines (HL60, KG1, and K562) known to be without mutations in APC,

Axin, and β-catenin, normal CD34+ bone marrow cells, and HCT116 colon cancer cells harboring a constitutively active β-

catenin protein. The leukemia cell lines have higher levels of β-catenin protein than are seen in normal CD34+ bone marrow

cells, but are lower than observed in HCT116 cells.
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Figure 2.
Immunofluorescence for nuclei (blue) and β-catenin (red) demonstrating predominantly nuclear localization of β-catenin protein

in leukemia cell lines. Low levels of β-catenin were observed in CD34+ bone marrow samples, with most protein appearing to

be cytoplasmic or membrane bound. HCT116 colon cancer cells are shown as a positive control with abundant β-catenin protein

present. All images were taken at ×63, scale bar 10 μm.
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Figure 3.
Methylation frequency in patients with AML (n = 169), AML and normal karyotype (n = 106), and breast cancer (n = 54). Rates

of methylation are similar in the AML group as a whole and in those with normal karyotype. Overall, 89% of the AML samples

had at least one methylated Wnt inhibitor gene, and 70% had methylation of two or more genes. APC, RASSF1A, and sFRP4 are

frequently methylated in epithelial malignancies and rarely methylated in AML (*p < 0.05 for AML versus breast cancer).
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Figure 4.
Kaplan–Meier curves demonstrating the impact of sFRP2 (A) and sFRP5 (B) methylation on disease-free survival. In univariate

analysis, sFRP2 and sFRP5 methylation was significantly associated with adverse prognosis (p < 0.04 and p < 0.02,

respectively). ‘U’ designates unmethylated status and ‘M’ designates methylated status.
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Figure 5.
(A) Multivariate analysis of disease-free survival for each of the Wnt genes in 72 uniformly treated patients with AML with

normal cytogenetics. Methylation of sFRP2 and sFRP5 is associated with a significantly increased rate of relapse. (B)

Multivariate analysis of the association between Wnt inhibitor methylation and all-cause mortality in this group. sFRP2

methylation is associated with a significantly increased risk of death. The multivariate model includes patient age at diagnosis,

history of antecedent cytopenias/MDS, total WBC at diagnosis, and FLT3–ITD and NPM1mut status.
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