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SUMMARY
Intra-tumor heterogeneity caused by clonal evolution is amajor problem in cancer treatment. To address this
problem, we performed label-free quantitative proteomics on primary acute myeloid leukemia (AML) sam-
ples. We identified 50 leukemia-enriched plasma membrane proteins enabling the prospective isolation of
genetically distinct subclones from individual AMLpatients. Subclones differed in their regulatory phenotype,
drug sensitivity, growth, and engraftment behavior, as determined by RNA sequencing, DNase I hypersensi-
tive site mapping, transcription factor occupancy analysis, in vitro culture, and xenograft transplantation.
Finally, we show that these markers can be used to identify and longitudinally track distinct leukemic clones
in patients in routine diagnostics. Our study describes a strategy for a major improvement in stratifying can-
cer diagnosis and treatment.
INTRODUCTION

The majority of recurrent genetic aberrations causing acute

myeloid leukemia (AML) development has been identified (Miller

et al., 2013; Cancer Genome Atlas Research Network, 2013).

Over 200 different genetic alterations have been detected, often
Significance

The current treatment of acute myeloid leukemia (AML) is facin
pacting on drug efficacy and disease relapse. Even though this
variety of cancers, tools that allow prospective isolation of gene
populations for further studies are currently lacking.We identifi
of leukemia-associated phenotypes (LAPs) in a clinically relev
versus relapse samples revealed stable PM expression in gen
within individual patients could also be identified and prospect
neity at the cell biological level.
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with 5–15 different ones co-existing in individual AML patients.

AML is thought to progress via a successive accumulation of

mutations, initially giving rise to a pre-leukemic state, which de-

velops into a leukemia after acquiring additional genetic lesions.

Mutations in epigenetic regulators typically occur early in dis-

ease progression (Corces-Zimmerman et al., 2014; Welch
g multiple challenges due to intra-tumor heterogeneity, im-
heterogeneity within tumors is now acknowledged in a wide
tically distinct subclones within individual patients as viable

ed leukemia-enriched PMproteins enabling the identification
ant diagnostic setting. Longitudinal comparison of de novo
etically similar clones. Moreover, genetically distinct clones
ively isolated, which allowed us to address clonal heteroge-
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Figure 1. Identification and Validation of Leukemia-Enriched PM Proteins

(A) Label-free quantification of differentially expressed proteins in AML CD34+ cells (n = 36) and NPM1 mutated AML blasts (n = 6) compared with PB CD34+

cells (n = 6).

(legend continued on next page)
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et al., 2012). These observations have led to the concept of pre-

leukemic hematopoietic stem cells (HSCs) that harbor mutations

that are insufficient to induce leukemia themselves but do

impose an increased risk for leukemic transformation (Corces-

Zimmerman et al., 2014; Jan and Majeti, 2013; McKerrell et al.,

2015; Shlush et al., 2014). Mutations in genes encoding epige-

netic modifiers (e.g., DNMT3A, ASXL1, and TET2) frequently

occur in the healthy elderly, resulting in clonal hematopoiesis

without overt hematological malignant phenotypes, further high-

lighting that these lesions are insufficient to induce disease on

their own (Genovese et al., 2014; Jaiswal et al., 2014; Xie

et al., 2014).

AML is maintained by a small population of quiescent

leukemic stem cells (LSCs) that give rise to rapidly cycling

leukemic progenitors lacking the capability to differentiate into

mature blood cells (Bonnet and Dick, 1997; Eppert et al., 2011;

Taussig et al., 2008, 2010). In addition, leukemic cell populations

often contain multiple co-existing subclones (Anderson et al.,

2011; Hughes et al., 2014; Klco et al., 2014; Valent et al.,

2012). To prevent relapse of disease therefore requires eradi-

cating all subclones together with their respective LSCs. Clonal

compositions within individual patients most likely change over

time or as a consequence of treatment. Most preclinical in vitro

and in vivo drug screens do not address clonal heterogeneity,

which may explain the failure of numerous drug candidates

(Gould et al., 2015).

HSC as well as LSC function critically depends on signals from

the bone marrow (BM) microenvironment (Crane et al., 2017;

Hoggatt et al., 2016; Morrison and Scadden, 2014; Schepers

et al., 2015), which are transmitted by an appropriate set of

plasma membrane (PM) proteins. The relevance of LSC-niche

interactions and the importance of an appropriate human niche

for engraftment of human leukemic cells has also been demon-

strated in a series of humanized niche xenograft mouse models

(Abarrategi et al., 2017; Antonelli et al., 2016; Reinisch et al.,

2016). Insight into the leukemia-specific PM proteome therefore

does not only advance our understanding of the molecular

biology of leukemic stem and progenitor cells in AML subtypes,

but also provides tools for the identification and ultimately the

targeting of AML-specific subclones.

RESULTS

Identification of Leukemia-Enriched PM Proteins
To identify PM proteins enriched in primary AML patient cells we

performed full label-free quantification proteome analysis on

CD34+ cells from 42 AML patient samples, or blasts in the

case of NPM1 mutated samples with CD34 expression <1%

(n = 6), and 6 mobilized healthy peripheral blood (PB) CD34+
(B) Expression of CD34, CD38, CD45RA, CD123, CD151, and IL1RAP in NBM an

(C) Expression of 19 identified leukemia-enriched PM proteins in NBMCD34+ cells

percent positive and mean fluorescence intensity (MFI) relative to the unstained

(D) Expression of leukemia-enriched PM proteins in CD34+CD38+ and CD34+CD3

and MFI relative to unstained control, horizontal lines indicate averages, the

AML patient.

(E) Heatmap showing the fold change of the average PM protein expression in AM

different cell fractions.

See also Figure S1; Tables S1, S2, S3, S4, and S5.
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samples (Figure 1A; Tables S1 and S2). A total of 462 proteins

were upregulated in AML, which were significantly enriched for

the gene ontology (GO) terms ‘‘RNA splicing’’ and ‘‘mitochon-

drial metabolism’’ (data not shown). For further studies, we

selected 25 PM proteins that were upregulated in AML

compared with PB CD34+ cells (PBSCs) (>1.5-fold), 22 PM pro-

teins that were only annotated in a subset of AML patients, and 3

PMproteins that were not detected or only slightly upregulated in

the proteome but showed very significant upregulation on tran-

scription level (Table S3). Of these 50 selected PM proteins, 36

showed a significant upregulation at the mRNA level in AML

CD34+ cells versus normal BM (NBM) CD34+ cells (de Jonge

et al., 2011) (Table S3). For 16 AML samples that had both pro-

teome and transcriptome data (Antonelli et al., 2016; de Jonge

et al., 2011), Pearson correlation coefficients >0.3 were

observed for 3,110/7,414 proteins (42%, data not shown). In

addition, we found a Pearson correlation coefficient >0.3 for

25/39 leukemia-enriched PM proteins of which we had at least

6 paired AML samples (Figure S1A and Table S3).

We validated the expression of 23 PM proteins for which anti-

bodies were available in an independent cohort of AML (n = 23)

and NBM (n = 6) samples (Table S4), and further evaluated the

top 10 candidates in a second independent set of AML (n = 35)

and NBM/PB controls (n = 10) (Table S5). Flow cytometry was

performed together with antibodies against CD34, CD38,

CD45RA, and CD123 in order to detect PM protein expression

within hematopoietic stem/progenitor cells (HSPCs) (Figure 1B)

(Bonnet and Dick, 1997; Goardon et al., 2011; Majeti et al.,

2007). For 19 PM proteins, an upregulation of �2.5-fold on

average in AML CD34+ cells (or blasts in NPM1 mutated cases

with CD34 expression <1%) compared with NBM CD34+ was

observed, although there is clear heterogeneity among individual

patient samples (Figures 1C–1E, S1B, and S1C). In contrast,

overexpression of four PM proteins identified in our proteome

screen could not be confirmed by flow cytometry (Figures S1D

and S1E). NPM1 mutated AMLs often contain <1% CD34+ cells

that, in many cases, are healthy wild-type (WT) HSPCs (Taussig

et al., 2010), indeed these cells were indistinguishable fromNBM

CD34+ cells (Figure S1F), suggesting that these aberrant PMpro-

teins are specifically expressed on the malignant CD34� cells.

Aberrant PM protein expression was not restricted to the

committed leukemic blast progenitor populations, they were

also seen in the immature CD34+CD38– presumed stem cell

compartments (Figures 1D and 1E).

Leukemia-Enriched PM Proteins Refine Routine
Diagnostics and Highlight Clinical Outcome
Currently, most leukemia-associated phenotypes (LAPs) are

defined by aberrant expression of PM proteins on immature
d three individual AML patients.

and AML CD34+ blasts/NPM1mutated AML CD34– blasts. Data are shown as

control, horizontal lines indicate the averages.

8– populations in NBM and AML patients. Data are shown as percent positive

same shape and filling indicate expression in subpopulations of the same

L compared with the average PM protein expression in six NBM samples within
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Figure 2. Clinical Relevance of Identified Leukemia-Enriched PM Proteins in Routine Diagnostics

(A) PM protein expression on AML blasts compared with NBM CD34+ cells (MFI or percent positive).

(B) Pearson’s correlation coefficients of PM protein expression in immature AML blasts (MFI or percent positive).

(C) Correlations of PM protein expression (MFI) of AML blasts with mutations in FLT3, NPM1, EVI1, and CEBPA compared with WT counterparts, complex

karyotype compared with normal karyotype, intermediate, or adverse risk compared with favorable risk, leukopenia (WBC <4 3 109/L) or leukocytosis

(WBC >10 3 109/L) compared with normal WBC (4–10 3 109/L).

(D) Kaplan-Meier plots (TCGA) of leukemia-enriched PM proteins that predict lower overall survival.

(E) Kaplan-Meier plots (TCGA) of leukemia-enriched PM proteins that predict higher overall survival.

*p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test. See also Figures S2 and S3; Table S6.
AML blasts that, among others, include CD7, CD19, CD22, and

CD56 (Feller et al., 2013). Here, we included 7 leukemia-enriched

PM proteins (CD25, CD82, CD97, CD123, FLT3, IL1RAP, and

TIM3) in the UMCG routine diagnostics workflow for the diag-

nosis of AML along with the standard flow cytometry antibody

panel outlined by the EuroFlow protocol (Kalina et al., 2012).

We considered a patient positive for a LAPmarker if the percent-

age or mean fluorescence intensity of the PM proteins in the

immature AML blast population exceeded that in NBM CD34+

cells analyzed in the same pipeline. In total, 67 out of 139 patients

scored positive for LAP markers CD7, CD56, CD22, or CD19,

while we could determine a LAP in the vast majority of patients

(131/139, 94%) using the 7 leukemia-enriched PM proteins (Fig-

ures 2A and S2A–S2D and Table S6). We performed a hierarchi-

cal clustering of Pearson’s correlation coefficients based on PM

protein expression to examine whether certain PM proteins were

preferentially co-expressed in individual AML patients (Fig-

ure 2B). CD97, IL1RAP, and CD123 clustered together suggest-
ing significant co-expression, whereas CD56 and CD25 were

expressed in a mutually exclusive manner.

Next, we analyzed correlations between PM protein expres-

sion and various clinical parameters including mutation status,

karyotype, risk group, and white blood cell (WBC) counts (Fig-

ure 2C). The presence of a FLT3-ITD with a variant allelic fre-

quency (VAF) > 0.3 correlated with CD25, CD97, CD123, and

IL1RAP expression, either in the absence or presence of NPM1

mutations, while CD97 and FLT3 expression was upregulated

in patients with only the NPM1mutation (Figure S3A). Increased

CD97 and CD123 expression was associated with leukocytosis

(WBC >10 3 109/L), whereas expression of IL1RAP and TIM3

was significantly lower in patients with leukopenia (WBC <4 3

109/L) (Figure S3B). Furthermore, CD97 showed a negative cor-

relation with increased risk (data not shown) and CD97, FLT3,

and CD123 expression was significantly reduced in AMLs with

an EVI1 overexpression (Figure S3C). No correlations were found

with CEBPA mutations (data not shown), and CD97 and CD123
Cancer Cell 34, 674–689, October 8, 2018 677
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Figure 3. Prospective Isolation of Geneti-

cally Distinct AML Subclones Based on PM

Proteome

(A) Schematic representation of merging infinite PM

proteins measured in separate tubes using an

identical backbone in each tube.

(B) PCA on CD34+ cells of patient no. 1 (left) and

sorting strategy (right) based on the top candidate of

PC1, listed in the middle.

(C) Targeted Sanger sequencing of mutations in

sorted subpopulations of patient no. 1.

(D) Schematic pedigree of clonal evolution in

patient no. 1.

(E) PCA on CD34+ cells of patient no. 2 (left) and

sorting strategy (right) based on the top candidate of

PC1, listed in the middle.

(F) Targeted Sanger sequencing of mutations in

sorted subpopulations of patient no. 2.

(G) Schematic pedigree of clonal evolution in patient

no. 2.

Dup., duplication; ins., insertion; ITD, internal tan-

dem duplication. See also Figure S4; Table S7.
expression negatively correlated with complex karyotype (Fig-

ure S3D). Similarly, we analyzed correlations of FLT3mutations,

WBC counts, EVI1 expression, and karyotype with gene expres-

sion using the TCGA (The Cancer Genome Atlas) dataset, and in

most cases we observed similar trends compared with PM pro-

tein expression (Figures S3A–S3D). Moreover, we screened all

50 identified PM proteins for correlations with multiple leuke-

mia-associated mutations affecting FLT3, RAS, NPM1,

DNMT3A, IDH1, IDH2, TP53, TET2, CEBPA, and Cohesin com-

plexes as described in the TCGA dataset, and various potentially

interesting correlations were observed (Table S3). For instance,

we observed that CD200 expression was strongly enhanced in

RUNX1 and DNMT3A mutated AMLs, while it was strongly

reduced in NPM1 mutated AMLs, and CD44 was upregulated

in IDH1/2 mutated AML. Finally, the expression of several
678 Cancer Cell 34, 674–689, October 8, 2018
of the leukemia-enriched PM proteins,

including MRC1, GPR114, IL1RAP,

SEMA4D, CD25, and IFNGR1, were good

predictors of disease progression indica-

tive for a worse clinical outcome (Figures

2D and S3E; Table S3) (Bagger et al.,

2016; Cancer Genome Atlas Research

Network, 2013), while high expression of

CD44 and CD99 predicted better survival

(Figure 2E).

The PM Proteome Informs the
Prospective Isolation of Genetically
Distinct AML Subclones
We next examined whether the expression

of PM markers within individual AML pa-

tients was indicative for the presence of

genetically distinct AML subclones. There-

fore, we measured expression of multiple

PM markers in separate tubes together

with an identical backbone in each tube,

which allowed merging of all data (for de-
tails, see the STAR Methods, Figure 3A) (Pedreira et al., 2008).

Subsequently, we performed a principal-component analysis

(PCA) using the expression of all validated PM markers to deter-

mine which were best in defining subpopulations.

Based on deep-exome sequencing data on the blast popula-

tion of AML patient samples, we selected four cases where

clonal heterogeneity was suspected (Table S7). Patient no. 1

had CEBPAinsC (0.46), NRAS35G>A (0.25), WT11384C>T (0.20),

FLT3-ITDins24bp (0.05), and IDH1395G>A (0.01) (VAFs are indicated

between brackets). PCA of our PM markers within the immature

CD34+ AML cells identified two populations that were best

discriminated by IL1RAP (Figure 3B). Cells were sorted into a

CD34+IL1RAP� and a CD34+IL1RAP+ fraction and targeted

sequencing on CEBPA, NRAS, and WT1 was performed. While

both clones contained CEBPAinsC founder mutation, only the
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Figure 4. Genetically Distinct AML Subclones Rely on Different Transcriptional Programs

(A) Schematic pedigree of identified subclones in patient no. 1.

(B) RNA sequencing (RNA-seq) analysis of bulk CD34+ cells, CD34+IL1RAP+ cells (NRAS clone), and CD34+IL1RAP� cells (WT1 clone) from patient no. 1.

(legend continued on next page)
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CD34+IL1RAP+ clone contained NRAS35G>A, and only the

CD34+IL1RAP� clone contained WT11384C>T (Figures 3C

and 3D).

Patient no. 2 carriedDNMT3A2645G>A (0.50), IDH2419G>A (0.50),

RUNX1insCCTA (0.42), and FLT3-ITDins63bp (0.24). PCA identified

two populations that were best discriminated by CD25 expres-

sion (Figure 3E). Targeted sequencing was performed on

CD34+CD25+- and CD34+CD25–-sorted cell fractions, both con-

tained DNMT3A2645G>A and RUNX1insCCTA, but only the

CD34+CD25+ population contained aFLT3-ITDins63bp (Figure 3F).

Thus, DNMT3A2645G>A and RUNX1insCCTA were founder muta-

tions and the FLT3-ITDins63bp mutation developed in one sub-

clone (Figure 3G).

Patient no. 3 had DNMT3A2440G>T (0.50), NPM1dupTCTG (0.42),

WT1delC (0.27), and WT1dupTGTACCGT (0.09). In this case, PCA

identified CD82 as the best discriminating protein whereby the

CD82low subclone contained theWT1delC and the CD82high sub-

clone contained theWT1dupTGTACCGT (Figures S4A–S4C). Patient

no. 4 had DNMT3A2645G>A (0.46), IDH2419G>A (0.46),

NPM1insCCTG (0.33), NRAS183A>T (0.31), and NRAS38G>A (0.05).

Here, three distinct leukemia populations were identified, a

dominant clone defined by IL1RAP+CD45RA� with a heterozy-

gousNRAS183A>T but noNRAS38G>Amutation, a smaller popula-

tion defined by IL1RAP+CD45RA+ that was heavily enriched for

NRAS38G>A mutated cells, and a minor WT clone that did not

contain DNMT3A2645G>A or NPM1insCCTG (Figures S4D–S4F).

Together these data show that our defined surface marker panel

is able to identify and prospectively isolate genetically distinct

AML subclones.

Genetically Distinct AML Subclones Display Different
Transcriptional Programs
RNA sequencing on the bulk CD34+ population and on the sorted

NRAS and WT1 clones of patient no. 1 revealed striking differ-

ences in their gene expression patterns (Figures 4A and 4B).

GO analysis on the upregulated genes in the NRAS versus the

WT1 subclone revealed that the former was enriched for genes

involved in ‘‘programmed cell death,’’ ‘‘cellular response to

stress,’’ and inflammatory signatures, whereas the latter was en-

riched for genes involved in metabolic processes and ‘‘RNA pro-

cessing’’ (Figure 4C). Gene set enrichment analysis (GSEA)

showed that the NRAS clone transcriptome was enriched for

gene sets involved in interleukin-6 (IL-6) production and LPS-

mediated signaling, while the WT1 clone transcriptome was en-

riched for gene sets includingWT1 targets and genes expressed

in primary CD34+ hematopoietic cells overexpressing NUP98-

HOXA9 (Figures 4D and S5A) (Kim et al., 2007; Takeda et al.,

2006). In addition, the NRAS clone transcriptome was enriched
(C and D) GO analysis on differentially expressed genes (C) and GSEA on a pre-

(E) Identified distal DHSs in the WT1 clone (1, green), both clones (2, black), and

(F) Presence of TF motifs AP-1, C/EBP, and GATA (color intensity indicates tag d

(G) Significantly enriched TF motifs in WT1 and NRAS clone-specific distal DHSs

(H) Schematic pedigree of identified subclones in patient no. 2.

(I) RNA-seq of bulk CD34+ cells, CD34+CD25+ (FLT3-ITD clone), and CD34+CD2

(J and K) GO analysis (J) and GSEA on a pre-ranked gene list (K) of FLT3-ITD an

(L) Identified distal DHSs in the FLT3-ITD clone (1, green), both clones (2, black),

(M) Presence of TF motifs E-box, CTCF, and GATA (color intensity indicates tag

(N) Significantly enriched TF motifs in FLT3-ITD and FLT3-WT clone-specific dis

See also Figure S5.
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for a granulocyte-macrophage progenitor (GMP) and a leukemic

GMP signature, in contrast to the WT1 clone transcriptome,

which was enriched for an LSC signature and for genes downre-

gulated in GMPs compared with HSCs (Figure S5A) (Eppert

et al., 2011; Krivtsov et al., 2013; Novershtern et al., 2011).

To assess whether differential gene expression was directed

by a different cistrome, we assessed the activity of cis-regulatory

elements such as enhancers and promoters, which exist as

DNase I hypersensitive sites (DHSs) in chromatin (Cockerill,

2011).We restricted our analysis to distal elements as differential

activity of distal DHSs correlates with cell differentiation (Corces

et al., 2016). While a large number of shared distal DHSs were

detected in both NRAS andWT1mutant clones (Figure 4E; group

2), our analysis also revealed subclone-specific DHSs (Figure 4E;

groups 1 and 3). Clone-specific DHSs correlated significantly

with gene expression levels as determined by GSEA analyses

(Figures 4E and S5B). WT1-specific DHSs were enrichment for

GATA motifs while NRAS-specific DHSs were enriched for

AP-1 and C/EBP motifs (Figures 4F and 4G). A GATA signature

has been suggested to be a hallmark for an immature leukemic

phenotype (Corces et al., 2016; Loke et al., 2017), which is in

line with the GO and GSEA analyses of the NRAS and WT1 tran-

scriptomes (Figures 4C, 4D, and S5A).

Subclone-specific gene expression patterns were also ob-

tained for patient no. 2 (Figures 4H and 4I). Genes upregulated

in the FLT3-ITD clone were enriched in processes related to

cell proliferation and cytokine signaling, while the transcriptome

of the FLT3-WT clone was enriched for GO terms such as ‘‘chro-

matin organization’’ and ‘‘histone modification’’ (Figure 4J).

GSEA confirmed the presence of a FLT3-ITD-specific gene

expression profile in the FLT3-ITD clone, but not in the FLT3-

WT clone, using two independent FLT3-ITD-associated gene

sets (Figures 4K and S5C) (Cauchy et al., 2015; Valk et al.,

2004). Moreover, the transcriptome of the FLT3-ITD clone was

clearly enriched for an MYC signature and STAT5 targets,

suggesting overlapping signaling pathways (Neff et al., 2012;

Wierenga et al., 2008), whereas that of the FLT3-WT clone was

enriched for genes up in primary CD34+ hematopoietic cells

with a RUNX1-RUNX1T1 fusion, an immature HSC signature,

and a hypoxia phenotype (Eppert et al., 2011; Tonks et al.,

2007; Wierenga et al., 2014). We also identified clone-specific

DHSs (Figure 4L, groups 1 and 3) and again found a strong cor-

relation between chromatin accessibility and gene expression

(Figure S5D). RUNX and ETS motifs were enriched in DHSs of

both clones, but GATA motifs were specifically enriched in the

FLT3-WT clone (Figures 4M and 4N), again reinforcing the notion

that these genetically distinct subclones differ in chromatin land-

scape and transcriptional regulation.
ranked gene list (D) of NRAS and WT1 clones.

the NRAS clone (3, red) correlated with fold change gene expression.

ensity) in all identified distal DHSs of patient no. 1.

.

5– (FLT3-WT clone) of patient no. 2.

d FLT3-WT clones.

and the FLT3-WT clone (3, red) correlated with fold change gene expression.

density) in all identified distal DHSs of patient no. 2.

tal DHSs.
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Figure 5. Digital Footprints of AML Subclones Reveals Differences in TF Occupancy

(A) DNAse I cleavage patterns in NRAS andWT1 clones predicted byWellington score. Upper strand cuts (red) and lower strand cuts (green) encapsulate footprint

(gap) centered in the middle of a 200-bp window.

(legend continued on next page)
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Patient no. 3 contained a WT1dupTGTACCGT clone and a

WT1delC clone that had clear differences in the DHS pattern (Fig-

ures S5E–S5G). DHSs specific for the WT1dupTGTACCGT clone

were enriched for AP-1 and RFX1 motifs, while those of the

WT1delC clone were enriched for CTCF binding motifs (Figures

S5E–S5G). In patient no. 4, no major differences in DHSs and

transcription factor (TF) motifs in subclones were identified, indi-

cating that the NRAS38G>A and NRAS183A>T mutations in the

different subclones have a similar impact on the cistrome (Fig-

ures S5H–S5J). Intriguingly, only CD45RA showed differential

expression within patient no. 4, whereas all other analyzed PM

markers were not different between the NRAS clones (data

not shown).

Finally, chromatin accessibility of all subclones of four

analyzed AMLs was compared directly by unsupervised clus-

tering analysis (Figure S5K). These data indicate that the com-

mon DHSs of individual AMLs (group 2 in Figures 4E, 4L, S5E,

and S5H) dominate in the clustering analysis over the sub-

clone-specific DHSs, most likely due to the impact of shared

founder mutations in each AML subclone.

AML Subclones Show Differential TF Occupancy and
Co-localization
To examine the actual TF binding, we performed digital footprint-

ing analysis from high-read depth DNase sequencing (DNase-

seq) data from subclones derived from patient nos. 1 and 2.

Using the Wellington algorithm (Piper et al., 2013), we defined

footprints recognizable by a black gap surrounded with upper

(red) and lower (green) strand DNase I cleavage sites, as visual-

ized in Figure 5A, indicating that this motif was protected from

DNase I digestion by the binding of a TF. In patient no. 1 we iden-

tified 3,602 specific footprints in the NRAS clone and 5,845 in the

WT1 clone (Figure 5A). For example, the IL1R1 (encoding the co-

receptor of IL1RAP) and the PKM loci, both of which were

upregulated in the NRAS clone, showed clear differences in TF

occupancy (Figures S6A and S6B). In line with the DHSmapping

results, NRAS-specific footprints were enriched for occupied

C/EBP and AP-1 binding motifs, while WT1motifs were enriched

for occupied GATA and NFY binding sites (Figure 5B). We next

evaluated TFs that were found in close proximity to each other,

suggestive for co-regulation of gene transcription. A motif co-

occurrence (bootstrapping) analysis was performed, which

produced a heatmap based on the Z score. A positive Z score

indicates that the number of times a set of TF binding motifs

occurs within 50 base pairs (bp) from each other is greater

than expected by random chance. C/EBP and AP-1 footprints

co-localized with high significance in the NRAS clone, whereas

GATA motifs co-localized with NFY motifs in the WT1 clone (Fig-
(B) Significantly enriched TF motifs of digital footprints specific for the NRAS or W

(C) Co-localization of NRAS or WT1 specific footprints within a 50-bp range of e

(D) DNAse I cleavage patterns in FLT3-ITD and FLT3-WT clones predicted by W

(E) Significantly enriched TF motifs of digital footprints specific for the FLT3-ITD

(F) Chromatin immunoprecipitation sequencing (ChIP-seq)-qPCR results of GATA

means ± SD of technical triplicates.

(G) Genome browser screenshots of DHSs and digital footprints of two loci with

(H) ChIP-seq-qPCR results of CEBPA binding to C/EBP footprints enriched in th

(I) Genome browser screenshots of DHSs and digital footprints of two loci with a

(J) Co-localization of FLT3-ITD- or FLT3-WT-specific footprints within a 50-bp ra

*p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test. See also Figure S6.
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ure 5C), suggesting that different TF combinations play a role in

regulating gene expression in the two clones.

Analysis of subclones of patient no. 2 identified 4,724 FLT3-

ITD-specific footprints enriched for RFX1, ATF1, and C/EBP

binding motifs and 4,094 FLT3-WT-specific footprints enriched

for GATA binding motifs (Figures 5D and 5E), with the MYCN

locus highlighted as an example (Figure S6C). For this patient,

we performed chromatin immunoprecipitation with GATA2 and

C/EBPA antibodies to validate digital footprint data and

confirmed binding of GATA2 in the FLT3-WT clone at GATA foot-

prints (Figures 5F and 5G) and CEBPA binding in the FLT3-ITD-

enriched C/EBP footprints (Figures 5H and 5I). Again, we

observed clear differences in TF co-localization between sub-

clones (Figure 5J). In the FLT3-ITD clone, multiple different TFs

bound in close proximity of each other, including RFX1, NF1,

AP-1, ATF1, and C/EBP, while the FLT3-WT clone was more

driven by GATA in complex with a variety of other TFs such as

MEIS1, ATF1, and AP-1. Taken together, our data demonstrate

that subclones isolated using PM markers consist of genetically

and epigenetically distinct entities that are regulated by different

transcriptional networks.

Genetically Distinct Subclones of Individual AML
Patients Display Functional Differences In Vivo and
In Vitro

To evaluate whether the differences in gene expression and

regulation in AML subclones impacted on cellular function, we

purified subclones and performed co-cultures in vitro with

mouse BM stromal MS5 cells and transplantation studies in vivo

in humanized niche scaffold mouse model (Antonelli et al., 2016;

Sontakke et al., 2016) (Figure 6A). The CD25+-sorted cells en-

grafted efficiently in 5 out of 5 injected mice, and mice were

sacrificed due to leukemia development after 161–225 days (Fig-

ure 6B). Scaffolds were enlarged, without dissemination of

leukemic cells into murine organs. Leukemic cells retrieved

from the scaffolds were 100% huCD45+, had an immature

blast-like appearance, and still contained the RUNX1dupCCTA

and DNMT3A2645G>A founder mutations and the FLT3-ITDins63bp

mutation (data not shown). In contrast, none of the mice injected

with the FLT3-WT clone (CD25–) developed a full-blown leuke-

mia within the time frame of the experiment (250 days) and

none of their scaffolds showed any signs of engraftment of hu-

man cells at the time of sacrifice (Figure 6B and data not shown).

In vitro, both subclones did expand, but with different kinetics

consistent with a higher proliferative capacity of FLT3-ITDins63bp

cells (Figure 6C). Importantly, mutation patterns in both sub-

clones remained stable over time (Figure 6D). We questioned

whether the presence of the FLT3-ITD clone would provide
T1 clone.

ach other using bootstrapping analysis (Z score).

ellington score.

or FLT3-WT clone.

2 binding to GATA footprints enriched in the FLT3-WT clone, data are shown as

a GATA motif.

e FLT3-ITD clone, data are shown as means ± SD of technical triplicates.

C/EBP motif.

nge of each other using bootstrapping analysis (Z score).
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Figure 6. In Vitro and In Vivo Characterization of Genetically Distinct AML Subclones

(A) Schematic representation of in vivo and in vitro analysis of FLT3-ITD and FLT3-WT clones of patient no. 2.

(B) Kaplan-Meier plot of indicated subclones injected in humanized niche scaffold NSG mice.

(legend continued on next page)

Cancer Cell 34, 674–689, October 8, 2018 683



necessary factors to sustain proliferation for the FLT3-WT clone,

but when in vitro cultures were initiated with bulk cells it was the

heterozygous FLT3-ITD clone that outcompeted the FLT3-WT

clone (Figure 6C and data not shown). These data suggest a sig-

nificant difference in AML aggressiveness and autonomous

growth between the subclones, or alternatively might indicate

different BM niche dependencies that might not be provided

for in the humanized niche xenograft or co-culture models.

The FLT3-WT clone showed smaller blasts, had lower reactive

oxygen species (ROS) levels and contained more cells within the

CD34+CD38– compartment compared with the FLT3-ITD clone

(Figures 6E and 6F). Immunohistochemical staining for CD25

on a BM biopsy at diagnosis from patient no. 2 revealed that

CD25+ cells predominantly located in the proximity of bone

trabeculae, whereas CD25– cells were frequently seen in the

central medullary cavities, where we observed apoptosis-

induced phagocytosis (Figure 6G). Similarly, BM biopsies of pa-

tient no. 5 and no. 6 revealed distinct CD25– and CD25+ areas

within their BM. Although further studies are required, these ob-

servations suggest that AML subclones may preferably home to

and expand in different areas in the BM microenvironment,

potentially favoring different extrinsic cues. Finally, when both

subclones of patient no. 2 were treated with AC-220, which is

known to preferentially act on FLT3-ITD-positive cells, only the

FLT3-ITD clone had reduced cell counts and increased

apoptosis (Figure 6H).

A similar picture was seen for patient no. 1. IL1RAP+-sorted

cells engrafted in three out of six injected mice (Figures 6I and

6J). Scaffolds were enlarged, with some dissemination of

leukemic cells to murine organs. Leukemic cells retrieved from

the scaffolds were 100% huCD45+ and also expressed CD33,

but were negative for CD19 and had an immature blast-like

appearance (data not shown). IL1RAP�-sorted cells engrafted

in two out of six mice (Figures 6I and 6J). Intriguingly, of the three

mice that gave engraftment from IL1RAP+ injected cells, only one

mouse actually harbored NRAS35G>A, and both mice that devel-

oped leukemia from IL1RAP� injected cells did not harbor

WT11384C>T. Instead, these other two mice, as well as the two

mice that engrafted with IL1RAP�-sorted cells, developed an

AML with CEBPAinsC and a FLT3-ITDins24bp (Figures 6K and 6L

and data not shown). The FLT3-ITD clone had been detected in

primary AML blasts of the patient, although with very low VAF
(C) Cumulative cell growth in vitro of CD34+ bulk cells, the FLT3-ITD clone and

independent experiments, data are shown as means ± SEM of technical duplica

(D) Targeted sequencing at day 15 of the MS5 co-cultures with FLT3-ITD and FL

(E) May-Gr€unwald-Giemsa-stained cytospins at day 0 (t = 0) and day 15 (t = 15)

(F) Flow cytometry analysis of reactive oxygen species (ROS) and CD38 express

(G) CD25 immunostaining on primary patient BMbiopsies. For each patient, CD25

control (black) in the bottom right corner.

(H) Relative cell counts and Annexin V/DAPI positivity after treatment of FLT3-ITD

biological duplicates.

(I) Schematic representation of in vivo and in vitro analysis of NRAS and WT1 clo

(J) Kaplan-Meier plot of indicated subclones injected in humanized niche scaffol

(K) Representative targeted Sanger sequencing results of engrafted IL1RAP+ and

(L) Schematic pedigree of clonal expansion in vivo of patient no. 1.

(M) Cumulative cell growth in vitro of theWT1 and NRAS clone onMS5 stroma. Re

means ± SEM of technical duplicates.

(N) Snapshots of MS5 co-cultures with NRAS or WT1 clone at day 12 of the co-c

*p < 0.05, **p < 0.01, Student’s t test. For Kaplan-Meier plots, p values were det
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(Table S7) and could not be detected within the injected

CD34+IL1RAP+ and CD34+IL1RAP� populations by Sanger

sequencing. FLT3-ITD-positive cells may display a proliferative

advantage in our humanized niche xenograft mouse model

thereby outcompeting FLT3-WT clones, indicating that clonal

drift is a phenomenon that needs to be addressed when using

xenograft mouse models to study human leukemias, in line with

published data (Antonelli et al., 2016; Klco et al., 2014; Wang

et al., 2017). In vitro, only theNRASclonewas able to significantly

expand inMS5BMstromal co-cultures (Figures 6Mand 6N). Tar-

geted sequencing at day 16 showed the persistence of

WT11384C>T and NRAS35G>A cells, and, in contrast to in vivo

data, no outgrowth of a FLT3-ITD clone was observed (data not

shown), indicating that clonal drift seen in vivo in xenograft

models is not necessarily similar to what is observed in vitro.

PM Marker Expression Can Be used to Longitudinally
Track Leukemic Clones
Genetically identical clones present at diagnosis escaping ther-

apy can drive disease relapse. Often changes in subclonal

composition are seen whereby new clones arise either as a

consequence of treatment or as of clones that were very small

at diagnosis preferentially outgrow in the relapsed patient, thus

requiring a different type of therapy that needs to be rapidly im-

plemented. We therefore assessed whether the expression dy-

namics of PM markers was indicative of the stability, subclonal

evolution, and selection of individual subclones. We studied

paired de novo versus relapse samples during extended treat-

ment regimes. In two out of four caseswe observed that aberrant

marker expression profile was largely stable in de novo and

relapse samples and correlated with a similar mutation profile.

In patient no. 7, 14 out of 18 evaluated PMmarkers were overex-

pressed at diagnosis compared with NBM (Figure 7A), of which

12 were also overexpressed in the relapse samples, while

expression of 2 markers changed. In patient no. 8, 9 out of 18

evaluated PM markers were overexpressed at diagnosis (Fig-

ure 7B), 3 of which showed a slight change in the relapse sample.

In two other cases we could clearly see changes in the LAP

pattern between the de novo and the relapse sample(s), which

coincided with changes in the clonal composition and the ge-

netic make-up of the relapsed disease. Figure 7C shows the

course of the disease of patient no. 3, in whom the de novo
the FLT3-WT clone on MS5 stroma. Representative growth curve of three

tes.

T3-WT plated clones.

of MS5 co-cultures with the FLT3-ITD and FLT3-WT clone.

ion within the FLT3-ITD and FTL3-WT clones.

expression is shownwithin theMNC fraction (red) comparedwith the unstained

and FLT3-WT clone with AC-220 for 48 hr. Data are shown as means ± SEM of

nes of patient no. 1.

d NSG mice.

IL1RAP� cells.

presentative growth curve of two independent experiments, data are shown as

ultures.

ermined using a Mantel-Cox. n.s., not significant.
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Figure 7. PM Marker Expression Can Be used to Longitudinally Track Leukemic Clones

(A–D) Timeline of disease progression including mutational profile (left) and expression of eight representative PM markers in de novo and relapse AML samples

and in an NBM control (right) in patient no. 7 (A), patient no. 8 (B), patient no. 3 (C), and patient no. 9 (D). NPM1 mut, NPM1 mutated AML.
AML clone was genetically different from the relapsing AML

clone. In this case, 14 out of 18 evaluated PMproteins were over-

expressed compared with NBM in both in the de novo and

relapse sample, 8 out of these 14 were differentially expressed

between the de novo and relapse sample. Figure 7D shows pa-
tient no. 9 who relapsed twice, the cell population of the first

relapse contained cells genetically similar to the de novo AML

clone but already harbored genetically distinct WT1 mutant

clones as well. Cells from the second relapse were genetically

completely different coinciding with 7 out of 18 evaluated
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markers being differentially expressed between the de novo and

second relapse sample. These data indicate that our panel of

markers can be used to track the appearance of genetically

altered leukemic clones over time, and can be used to robustly

identify longitudinal changes in clonal composition within indi-

vidual patients.

DISCUSSION

Weused a label-free proteome approach to identify 50 leukemia-

enriched PM markers, which includes both previously identified

PM markers (Bonardi et al., 2013; de Jonge et al., 2011; Perna

et al., 2017), such as CD123 (IL3RA) (Jordan et al., 2000), TIM3

(Kikushige et al., 2010), CD44 (Jin et al., 2006), CD96 (Hosen

et al., 2007), CD47 (Majeti et al., 2009), CD32 and CD25

(IL2RA) (Saito et al., 2010), CD99 (Chung et al., 2017), and

CLL1 (CLEC12A) (van Rhenen et al., 2007), as well as those

not previously reported. Several of them were good predictors

of disease progression, which will be useful for the identification

of (residual) leukemic cells in a diagnostic setting. We imple-

mented a panel of seven top candidate leukemia-enriched PM

markers in the UMCG routine diagnostics workflow for the diag-

nosis of AML and showed that a LAP could be detected in 94%

of the investigated cases. LAP-specific PM markers were also

found in relapse samples, and we are currently evaluating, in a

larger cohort of patients, whether these markers can detect min-

imal residual disease and predict relapse. We regard the identi-

fication of these markers as a major improvement of clinical

diagnosis.

Our combinatorial approach enables us to identify, sort, and

characterize genetically distinct subclones within individual pa-

tients. We demonstrate that the development of specific sub-

clones is not only accompanied by alterations in the genetic

make-up but also by extensive changes in the regulatory pheno-

type, which in some cases leads to the development of a more

aggressive type of AML requiring a different therapeutic

approach. This notion is best illustrated by our analysis of patient

no. 2 who acquired the FLT3-ITD mutation, which is a classical

secondary mutation with extremely poor prognosis (Patel et al.,

2012). We showed previously that this type of AML is associated

with a chromatin signature enriched in motifs for signaling induc-

ible TFs, such as AP-1 whereby FLT3-ITD signaling is required

for AP-1 binding in the genome (Cauchy et al., 2015). A similar

motif enrichment and footprint pattern is seen in the FLT3-ITD

subclone examined in this study, which has arisen from an

ancestral clone carrying three different mutations and displaying

a different cistrome. Highly potent second-generation inhibitors

for FLT3-ITD have recently been developed (Perl et al., 2017),

and to be able to rapidly diagnose the presence of FLT3-ITD con-

taining subclones will be essential for fast implementation of

treatment.

We find that upregulation of a number of identified leukemia-

associated PMmarkers predicts poor prognosis, many of which

have signaling activity and are likely to contribute to the patho-

genesis of AML.We find a correlation between CD25 (the IL-2 re-

ceptor a chain, encoded by IL2RA) and FLT3-ITD expression, in

line with published observations (Angelini et al., 2015; Cauchy

et al., 2015), indicating that the signaling environment in these

cells has been further reprogrammed. The activation of different
686 Cancer Cell 34, 674–689, October 8, 2018
growth factor receptors together with the FLT3-ITD is likely to be

the cause for the increased proliferative capacity of the FLT3-ITD

clone compared with the parental clone. IL1RAP expression was

suggested to be important for leukemic growth (Agerstam et al.,

2015; Askmyr et al., 2013; Barreyro et al., 2012). Recently,

IL1RAP was shown to heterodimerize with FLT3 or KIT, thereby

enhancing signaling via these pathways (Mitchell et al., 2018).

However, we observed that IL1RAP and FLT3 were only co-ex-

pressed in individual cells in a subset of AML cases, and that

IL1RAP expressionmost strongly correlated with CD97 (aG-pro-

tein-coupled receptor) and CD123 (IL-3 receptor alpha) expres-

sion. These data do suggest co-activation of multiple signaling

pathways, and it will be important to study co-expression of

such signaling molecules in further detail and determine how

their activation––and inhibition––impacts on leukemia develop-

ment and maintenance.

Effective AML therapy relies on the monitoring of clonal

complexity at the onset of disease as well as during treatment,

and ultimately on the clearance of all LSCs from potentially

multiple distinct subclones. To achieve this, the molecular

and cell biological characteristics of distinct AML subclones

will need to be investigated in detail in order to identify multiple

AML subtype- and subclone-specific drug vulnerabilities.

The current study provides a framework that will allow such

approaches. Our genome-wide characterization of subclonal

populations showed that they consist of cells of a different bio-

logical identity even when carrying similar founder mutation(s).

However, our DHS data also showed that subclones from indi-

vidual patients still clustered together compared with the other

polyclonal AMLs indicating the presence of specific pathways

shared between ancestral and subclones, a concept that could

also be therapeutically exploited. Challenges ahead include

studying correlations between specific somatic mutations and

expression of PM markers, the identification of PM marker

combinations that might aid in MRD detection, and ultimately

whether the subclone-specific PM marker expression profiles

described here will be useful to specifically guide (immune-)

therapy approaches to design truly personalized treatment

strategies.
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d CONTACT FOR REAGENT AND RESOURCE SHARING

d EXPERIMENTAL MODEL AND SUBJECT DETAILS
B Patient Samples

B In Vitro Primary AML Co-cultures

B In Vivo AML Subclone Analysis

d METHOD DETAILS

B Mass Spectrometry Sample Preparation

B Mass Spectrometry Analysis

B Mass Spectrometry Data Processing

B FACS Analysis

B Infinicyt Analysis

B Targeted Sequencing

B RNA Sequencing



B Genome-Wide Analysis of DNase I Hypersensi-

tive Sites

B DNase I Sequencing Data Analysis

B Digital Genomic Footprinting Analysis

B Motif Co-occurrence Clustering Analysis

B Chromatin Immunoprecipitation

B Immunohistochemistry

B AC-220 Treatment

d QUANTIFICATION AND STATISTICAL ANALYSIS

d DATA AND SOFTWARE AVAILABILITY

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and eight tables and can be

found with this article online at https://doi.org/10.1016/j.ccell.2018.08.014.

ACKNOWLEDGMENTS

We would like to thank Rinus Verspiek and Geert Postema for their contribu-

tions to the flow cytometry measurements in the routine diagnostics, and Ste-

phanie Blencke, Kathrin Grundner-Culemann, and Manuela Machatti for their

contributions to the proteomic analysis. We also thank themembers of the Ge-

nomics Facility of the University of Birmingham for their help with sequencing

of the DHS libraries. Work in the Bonifer/Cockerill lab was supported by a pro-

gram grant from Bloodwise (15001). This work was supported by a grant from

the European Research Council (ERC-2011-StG 281474-huLSCtargeting)

awarded to J.J.S.

AUTHOR CONTRIBUTIONS

Conceptualization, B.d.B. and J.J.S.; Investigation, B.d.B., J.P., M.P., M.R.I.,

P.K., J.J., A.Z.B.V., S.M.H., A.D., C.M.W., S.W., and P.C.; Methodology,

M.T.N., A.B.M., P.K., P.N.C., and C.B.; Resources: S.W., M.V., R.M.A., G.H.,

C.B., P.N.C., and E.V.; Data Curation, B.d.B., J.P., and P.K.; Writing – Original

Draft, B.d.B. and J.J.S.; Writing – Review & Editing, B.d.B., J.P., M.P., P.K.,

J.J., A.Z.B.V., C.M.W., M.T.N., A.D., S.W., M.V., R.M.A., P.N.C., G.H., E.V.,

A.B.M., C.B., and J.J.S.; Funding Acquisition, M.V., R.M.A., C.B., P.N.C.,

and J.J.S.; Overall Supervision, J.J.S.

DECLARATION OF INTERESTS

The authors declare no competing interests. Ricardo M. Attar is an employee

and shareholder of Jansen.

Received: March 30, 2018

Revised: June 28, 2018

Accepted: August 21, 2018

Published: September 20, 2018

REFERENCES

Abarrategi, A., Foster, K., Hamilton, A., Mian, S.A., Passaro, D., Gribben, J.,

Mufti, G., and Bonnet, D. (2017). Versatile humanized niche model enables

study of normal and malignant human hematopoiesis. J. Clin. Invest. 127,

543–548.

Agerstam, H., Karlsson, C., Hansena, N., Sanden, C., Askmyra, M., von Palffy,

S., Hogberg, C., Rissler, M., Wunderlich, M., Juliusson, G., et al. (2015).

Antibodies targeting human IL1RAP (IL1R3) show therapeutic effects in xeno-

graft models of acute myeloid leukemia. Proc. Natl. Acad. Sci. USA 112,

10786–10791.

Anderson, K., Lutz, C., van Delft, F.W., Bateman, C.M., Guo, Y., Colman, S.M.,

Kempski, H., Moorman, A.V., Titley, I., Swansbury, J., et al. (2011). Genetic

variegation of clonal architecture and propagating cells in leukaemia. Nature

469, 356–361.

Angelini, D.F., Ottone, T., Guerrera, G., Lavorgna, S., Cittadini, M., Buccisano,

F., De Bardi, M., Gargano, F., Maurillo, L., Divona, M., et al. (2015). A leukemia-
associated CD34/CD123/CD25/CD99+ immunophenotype identifies FLT3-

mutated clones in acute myeloid leukemia. Clin. Cancer Res. 21, 3977–3985.

Antonelli, A., Noort, W.A., Jaques, J., de Boer, B., de Jong-Korlaar, R.,

Brouwers-Vos, A.Z., Lubbers-Aalders, L., van Velzen, J.F., Bloem, A.C.,

Yuan, H., et al. (2016). Establishing human leukemia xenograft mouse models

by implanting human bone marrow-like scaffold-based niches. Blood 128,

2949–2959.

Askmyr, M., Agerstam, H., Hansen, N., Gordon, S., Arvanitakis, A., Rissler, M.,

Juliusson, G., Richter, J., Jaras, M., and Fioretos, T. (2013). Selective killing of

candidate AML stem cells by antibody targeting of IL1RAP. Blood 121,

3709–3713.

Bagger, F.O., Sasivarevic, D., Sohi, S.H., Laursen, L.G., Pundhir, S., Sonderby,

C.K., Winther, O., Rapin, N., and Porse, B.T. (2016). BloodSpot: a database of

gene expression profiles and transcriptional programs for healthy and malig-

nant haematopoiesis. Nucleic Acids Res. 44, D917–D924.

Barreyro, L., Will, B., Bartholdy, B., Zhou, L., Todorova, T.I., Stanley, R.F., Ben-

Neriah, S., Montagna, C., Parekh, S., Pellagatti, A., et al. (2012).

Overexpression of IL-1 receptor accessory protein in stem and progenitor cells

and outcome correlation in AML and MDS. Blood 120, 1290–1298.

Bonardi, F., Fusetti, F., Deelen, P., van, G.D., Vellenga, E., and Schuringa, J.J.

(2013). A proteomics and transcriptomics approach to identify leukemic stem

cell (LSC) markers. Mol. Cell. Proteomics 12, 626–637.

Bonnet, D., and Dick, J.E. (1997). Human acute myeloid leukemia is organized

as a hierarchy that originates from a primitive hematopoietic cell. Nat. Med. 3,

730–737.

Cancer Genome Atlas Research Network (2013). Genomic and epigenomic

landscapes of adult de novo acute myeloid leukemia. N. Engl. J. Med. 368,

2059–2074.

Cauchy, P., James, S.R., Zacarias-Cabeza, J., Ptasinska, A., Imperato, M.R.,

Assi, S.A., Piper, J., Canestraro, M., Hoogenkamp, M., Raghavan, M., et al.

(2015). Chronic FLT3-ITD signaling in acute myeloid leukemia is connected

to a specific chromatin signature. Cell Rep. 12, 821–836.

Chung, S.S., Eng, W.S., Hu, W.H., Khalaj, M., Garrett-Bakelman, F.E.,

Tavakkoli, M., Levine, R.L., Carroll, M., Klimek, V.M., Melnick, A.M., et al.

(2017). CD99 is a therapeutic target on disease stem cells in myeloid malig-

nancies. Sci. Transl. Med. 9, https://doi.org/10.1126/scitranslmed.aaj2025.

Cockerill, P.N. (2011). Structure and function of active chromatin and DNase I

hypersensitive sites. FEBS J. 278, 2182–2210.

Corces, M.R., Buenrostro, J.D., Wu, B., Greenside, P.G., Chan, S.M., Koenig,

J.L., Snyder, M.P., Pritchard, J.K., Kundaje, A., Greenleaf, W.J., et al. (2016).

Lineage-specific and single-cell chromatin accessibility charts human hema-

topoiesis and leukemia evolution. Nat. Genet. 48, 1193–1203.

Corces-Zimmerman, M.R., Hong, W.J., Weissman, I.L., Medeiros, B.C., and

Majeti, R. (2014). Preleukemic mutations in human acute myeloid leukemia

affect epigenetic regulators and persist in remission. Proc. Natl. Acad. Sci.

USA 111, 2548–2553.

Cox, J., and Mann, M. (2008). MaxQuant enables high peptide identification

rates, individualized p.p.b.-range mass accuracies and proteome-wide pro-

tein quantification. Nat. Biotechnol. 26, 1367–1372.

Cox, J., Hein, M.Y., Luber, C.A., Paron, I., Nagaraj, N., and Mann, M. (2014).

Accurate proteome-wide label-free quantification by delayed normalization

and maximal peptide ratio extraction, termed MaxLFQ. Mol. Cell.

Proteomics 13, 2513–2526.

Crane, G.M., Jeffery, E., and Morrison, S.J. (2017). Adult haematopoietic stem

cell niches. Nat. Rev. Immunol. 17, 573–590.

Dale, R.K., Pedersen, B.S., and Quinlan, A.R. (2011). Pybedtools: a

flexible Python library for manipulating genomic datasets and annotations.

Bioinformatics 27, 3423–3424.

Eppert, K., Takenaka, K., Lechman, E.R., Waldron, L., Nilsson, B., van Galen,

P., Metzeler, K.H., Poeppl, A., Ling, V., Beyene, J., et al. (2011). Stem cell gene

expression programs influence clinical outcome in human leukemia. Nat. Med.

17, 1086–1093.

Feller, N., van der Velden, V.H., Brooimans, R.A., Boeckx, N., Preijers, F.,

Kelder, A., de Greef, I., Westra, G., Te Marvelde, J.G., Aerts, P., et al. (2013).
Cancer Cell 34, 674–689, October 8, 2018 687

https://doi.org/10.1016/j.ccell.2018.08.014
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref1
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref1
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref1
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref1
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref2
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref2
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref2
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref2
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref2
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref3
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref3
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref3
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref3
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref4
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref4
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref4
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref4
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref5
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref5
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref5
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref5
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref5
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref6
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref6
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref6
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref6
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref7
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref7
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref7
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref7
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref8
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref8
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref8
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref8
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref9
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref9
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref9
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref10
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref10
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref10
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref11
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref11
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref11
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref12
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref12
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref12
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref12
https://doi.org/10.1126/scitranslmed.aaj2025
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref14
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref14
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref15
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref15
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref15
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref15
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref16
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref16
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref16
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref16
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref17
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref17
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref17
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref18
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref18
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref18
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref18
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref19
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref19
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref20
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref20
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref20
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref21
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref21
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref21
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref21
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref22
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref22


Defining consensus leukemia-associated immunophenotypes for detection of

minimal residual disease in acute myeloid leukemia in a multicenter setting.

Blood Cancer J. 3, e129.

Genovese, G., Kahler, A.K., Handsaker, R.E., Lindberg, J., Rose, S.A.,

Bakhoum, S.F., Chambert, K., Mick, E., Neale, B.M., Fromer, M., et al.

(2014). Clonal hematopoiesis and blood-cancer risk inferred from blood DNA

sequence. N. Engl. J. Med. 371, 2477–2487.

Goardon, N., Marchi, E., Atzberger, A., Quek, L., Schuh, A., Soneji, S., Woll, P.,

Mead, A., Alford, K.A., Rout, R., et al. (2011). Coexistence of LMPP-like and

GMP-like leukemia stem cells in acute myeloid leukemia. Cancer Cell 19,

138–152.

Gould, S.E., Junttila, M.R., and de Sauvage, F.J. (2015). Translational value of

mouse models in oncology drug development. Nat. Med. 21, 431–439.

Groen, R.W., Noort, W.A., Raymakers, R.A., Prins, H.J., Aalders, L., Hofhuis,

F.M., Moerer, P., van Velzen, J.F., Bloem, A.C., van, K.B., et al. (2012).

Reconstructing the human hematopoietic niche in immunodeficient mice: op-

portunities for studying primary multiple myeloma. Blood 120, e9–e16.

Heinz, S., Benner, C., Spann, N., Bertolino, E., Lin, Y.C., Laslo, P., Cheng, J.X.,

Murre, C., Singh, H., and Glass, C.K. (2010). Simple combinations of lineage-

determining transcription factors prime cis-regulatory elements required for

macrophage and B cell identities. Mol. Cell 38, 576–589.

Hoggatt, J., Kfoury, Y., and Scadden, D.T. (2016). Hematopoietic stem cell

niche in health and disease. Annu. Rev. Pathol. 11, 555–581.

Hosen, N., Park, C.Y., Tatsumi, N., Oji, Y., Sugiyama, H., Gramatzki, M.,

Krensky, A.M., and Weissman, I.L. (2007). CD96 is a leukemic stem cell-spe-

cific marker in human acute myeloid leukemia. Proc. Natl. Acad. Sci. USA 104,

11008–11013.

Huang da, W., Sherman, B.T., and Lempicki, R.A. (2009). Bioinformatics

enrichment tools: paths toward the comprehensive functional analysis of large

gene lists. Nucleic Acids Res. 37, 1–13.

Hughes, A.E., Magrini, V., Demeter, R., Miller, C.A., Fulton, R., Fulton, L.L.,

Eades, W.C., Elliott, K., Heath, S., Westervelt, P., et al. (2014). Clonal architec-

ture of secondary acute myeloid leukemia defined by single-cell sequencing.

PLoS Genet. 10, e1004462.

Jaiswal, S., Fontanillas, P., Flannick, J., Manning, A., Grauman, P.V., Mar,

B.G., Lindsley, R.C., Mermel, C.H., Burtt, N., Chavez, A., et al. (2014). Age-

related clonal hematopoiesis associated with adverse outcomes. N. Engl. J.

Med. 371, 2488–2498.

Jan, M., and Majeti, R. (2013). Clonal evolution of acute leukemia genomes.

Oncogene 32, 135–140.

Jin, L., Hope, K.J., Zhai, Q., Smadja-Joffe, F., and Dick, J.E. (2006). Targeting

of CD44 eradicates human acute myeloid leukemic stem cells. Nat. Med. 12,

1167–1174.

de Jonge, H.J., Woolthuis, C.M., Vos, A.Z., Mulder, A., van den, B.E., Kluin,

P.M., van der, W.K., de Bont, E.S., Huls, G., Vellenga, E., et al. (2011). Gene

expression profiling in the leukemic stem cell-enriched CD34(+) fraction iden-

tifies target genes that predict prognosis in normal karyotype AML. Leukemia

25, 1825–1833.

Jordan, C.T., Upchurch, D., Szilvassy, S.J., Guzman, M.L., Howard, D.S.,

Pettigrew, A.L., Meyerrose, T., Rossi, R., Grimes, B., Rizzieri, D.A., et al.

(2000). The interleukin-3 receptor alpha chain is a unique marker for human

acute myelogenous leukemia stem cells. Leukemia 14, 1777–1784.

Kalina, T., Flores-Montero, J., van der Velden, V.H., Martin-Ayuso, M.,

Bottcher, S., Ritgen, M., Almeida, J., Lhermitte, L., Asnafi, V., Mendonca, A.,

et al. (2012). EuroFlow standardization of flow cytometer instrument settings

and immunophenotyping protocols. Leukemia 26, 1986–2010.

Kikushige, Y., Shima, T., Takayanagi, S., Urata, S., Miyamoto, T., Iwasaki, H.,

Takenaka, K., Teshima, T., Tanaka, T., Inagaki, Y., et al. (2010). TIM-3 is a

promising target to selectively kill acute myeloid leukemia stem cells. Cell

Stem Cell 7, 708–717.

Kim, H.S., Kim, M.S., Hancock, A.L., Harper, J.C., Park, J.Y., Poy, G.,

Perantoni, A.O., Cam,M., Malik, K., and Lee, S.B. (2007). Identification of novel

Wilms’ tumor suppressor gene target genes implicated in kidney development.

J. Biol. Chem. 282, 16278–16287.
688 Cancer Cell 34, 674–689, October 8, 2018
Klco, J.M., Spencer, D.H., Miller, C.A., Griffith, M., Lamprecht, T.L.,

O’Laughlin, M., Fronick, C., Magrini, V., Demeter, R.T., Fulton, R.S., et al.

(2014). Functional heterogeneity of genetically defined subclones in acute

myeloid leukemia. Cancer Cell 25, 379–392.

Krivtsov, A.V., Figueroa, M.E., Sinha, A.U., Stubbs, M.C., Feng, Z., Valk, P.J.,

Delwel, R., Dohner, K., Bullinger, L., Kung, A.L., et al. (2013). Cell of origin de-

termines clinically relevant subtypes of MLL-rearranged AML. Leukemia 27,

852–860.

Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment with

Bowtie 2. Nat. Methods 9, 357–359.

Loke, J., Assi, S.A., Imperato, M.R., Ptasinska, A., Cauchy, P., Grabovska, Y.,

Soria, N.M., Raghavan, M., Delwel, H.R., Cockerill, P.N., et al. (2017). RUNX1-

ETO and RUNX1-EVI1 differentially reprogram the chromatin landscape in

t(8;21) and t(3;21) AML. Cell Rep. 19, 1654–1668.

Majeti, R., Park, C.Y., andWeissman, I.L. (2007). Identification of a hierarchy of

multipotent hematopoietic progenitors in human cord blood. Cell Stem Cell 1,

635–645.

Majeti, R., Chao, M.P., Alizadeh, A.A., Pang, W.W., Jaiswal, S., Gibbs, K.D.,

van Rooijen, N., andWeissman, I.L. (2009). CD47 is an adverse prognostic fac-

tor and therapeutic antibody target on human acute myeloid leukemia stem

cells. Cell 138, 286–299.

McKerrell, T., Park, N., Moreno, T., Grove, C.S., Ponstingl, H., Stephens, J.,

Crawley, C., Craig, J., Scott, M.A., Hodkinson, C., et al. (2015). Leukemia-

associated somatic mutations drive distinct patterns of age-related clonal he-

mopoiesis. Cell Rep. 10, 1239–1245.

Miller, C.A., Wilson, R.K., and Ley, T.J. (2013). Genomic landscapes and clon-

ality of de novo AML. N. Engl. J. Med. 369, 1473.

Mitchell, K., Barreyro, L., Todorova, T.I., Taylor, S.J., Antony-Debre, I.,

Narayanagari, S.R., Carvajal, L.A., Leite, J., Piperdi, Z., Pendurti, G., et al.

(2018). IL1RAP potentiates multiple oncogenic signaling pathways in AML.

J. Exp. Med. 215, 1709–1727.

Morrison, S.J., and Scadden, D.T. (2014). The bone marrow niche for haema-

topoietic stem cells. Nature 505, 327–334.

Neff, T., Sinha, A.U., Kluk, M.J., Zhu, N., Khattab, M.H., Stein, L., Xie, H., Orkin,

S.H., and Armstrong, S.A. (2012). Polycomb repressive complex 2 is required

for MLL-AF9 leukemia. Proc. Natl. Acad. Sci. USA 109, 5028–5033.

Novershtern, N., Subramanian, A., Lawton, L.N., Mak, R.H., Haining, W.N.,

McConkey, M.E., Habib, N., Yosef, N., Chang, C.Y., Shay, T., et al. (2011).

Densely interconnected transcriptional circuits control cell states in human he-

matopoiesis. Cell 144, 296–309.

Olsen, J.V., and Macek, B. (2009). High accuracy mass spectrometry in large-

scale analysis of protein phosphorylation. Methods Mol. Biol. 492, 131–142.

Patel, J.P., Gonen, M., Figueroa, M.E., Fernandez, H., Sun, Z., Racevskis, J.,

Van Vlierberghe, P., Dolgalev, I., Thomas, S., Aminova, O., et al. (2012).

Prognostic relevance of integrated genetic profiling in acute myeloid leukemia.

N. Engl. J. Med. 366, 1079–1089.

Pedreira, C.E., Costa, E.S., Barrena, S., Lecrevisse, Q., Almeida, J., van

Dongen, J.J., and Orfao, A.; EuroFlow Consortium (2008). Generation of flow

cytometry data files with a potentially infinite number of dimensions.

Cytometry A 73, 834–846.

Perl, A.E., Altman, J.K., Cortes, J., Smith, C., Litzow, M., Baer, M.R., Claxton,

D., Erba, H.P., Gill, S., Goldberg, S., et al. (2017). Selective inhibition of FLT3 by

gilteritinib in relapsed or refractory acute myeloid leukaemia: a multicentre,

first-in-human, open-label, phase 1-2 study. Lancet Oncol. 18, 1061–1075.

Perna, F., Berman, S.H., Soni, R.K., Mansilla-Soto, J., Eyquem, J., Hamieh,M.,

Hendrickson, R.C., Brennan, C.W., and Sadelain, M. (2017). Integrating prote-

omics and transcriptomics for systematic combinatorial chimeric antigen re-

ceptor therapy of AML. Cancer Cell 32, 506–519.e5.

Piper, J., Elze, M.C., Cauchy, P., Cockerill, P.N., Bonifer, C., and Ott, S. (2013).

Wellington: a novel method for the accurate identification of digital genomic

footprints from DNase-seq data. Nucleic Acids Res. 41, e201.

Piper, J., Assi, S.A., Cauchy, P., Ladroue, C., Cockerill, P.N., Bonifer, C., and

Ott, S. (2015). Wellington-bootstrap: differential DNase-seq footprinting iden-

tifies cell-type determining transcription factors. BMC Genomics 16, 1000.

http://refhub.elsevier.com/S1535-6108(18)30374-X/sref22
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref22
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref22
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref23
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref23
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref23
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref23
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref24
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref24
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref24
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref24
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref25
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref25
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref26
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref26
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref26
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref26
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref27
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref27
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref27
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref27
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref28
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref28
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref29
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref29
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref29
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref29
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref30
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref30
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref30
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref31
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref31
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref31
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref31
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref32
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref32
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref32
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref32
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref33
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref33
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref34
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref34
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref34
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref35
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref35
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref35
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref35
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref35
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref36
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref36
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref36
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref36
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref37
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref37
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref37
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref37
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref38
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref38
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref38
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref38
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref39
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref39
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref39
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref39
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref40
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref40
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref40
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref40
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref41
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref41
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref41
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref41
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref42
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref42
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref43
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref43
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref43
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref43
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref44
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref44
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref44
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref45
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref45
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref45
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref45
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref46
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref46
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref46
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref46
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref47
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref47
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref48
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref48
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref48
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref48
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref49
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref49
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref50
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref50
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref50
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref51
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref51
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref51
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref51
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref52
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref52
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref53
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref53
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref53
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref53
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref54
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref54
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref54
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref54
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref55
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref55
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref55
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref55
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref56
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref56
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref56
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref56
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref57
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref57
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref57
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref58
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref58
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref58


Reinisch, A., Thomas, D., Corces, M.R., Zhang, X., Gratzinger, D., Hong, W.J.,

Schallmoser, K., Strunk, D., and Majeti, R. (2016). A humanized bone marrow

ossicle xenotransplantation model enables improved engraftment of healthy

and leukemic human hematopoietic cells. Nat. Med. 22, 812–821.

van Rhenen, A., van Dongen, G.A., Kelder, A., Rombouts, E.J., Feller, N.,

Moshaver, B., Stigter-van Walsum, M., Zweegman, S., Ossenkoppele, G.J.,

and Jan, S.G. (2007). The novel AML stem cell associated antigen CLL-1

aids in discrimination between normal and leukemic stem cells. Blood 110,

2659–2666.

Saito, Y., Kitamura, H., Hijikata, A., Tomizawa-Murasawa, M., Tanaka, S.,

Takagi, S., Uchida, N., Suzuki, N., Sone, A., Najima, Y., et al. (2010).

Identification of therapeutic targets for quiescent, chemotherapy-resistant hu-

man leukemia stem cells. Sci. Transl. Med. 2, 17ra19.

Saldanha, A.J. (2004). Java Treeview–extensible visualization of microarray

data. Bioinformatics 20, 3246–3248.

Schepers, K., Campbell, T.B., and Passegue, E. (2015). Normal and leukemic

stem cell niches: insights and therapeutic opportunities. Cell Stem Cell 16,

254–267.

Shlush, L.I., Zandi, S., Mitchell, A., Chen, W.C., Brandwein, J.M., Gupta, V.,

Kennedy, J.A., Schimmer, A.D., Schuh, A.C., Yee, K.W., et al. (2014).

Identification of pre-leukaemic haematopoietic stem cells in acute leukaemia.

Nature 506, 328–333.

Sontakke, P., Carretta, M., Jaques, J., Brouwers-Vos, A.Z., Lubbers-Aalders,

L., Yuan, H., de Bruijn, J.D., Martens, A.C., Vellenga, E., Groen, R.W., et al.

(2016). Modeling BCR-ABL and MLL-AF9 leukemia in a human bone

marrow-like scaffold-based xenograft model. Leukemia 30, 2064–2073.

Takeda, A., Goolsby, C., and Yaseen, N.R. (2006). NUP98-HOXA9 induces

long-term proliferation and blocks differentiation of primary human CD34+

hematopoietic cells. Cancer Res. 66, 6628–6637.

Taussig, D.C., Miraki-Moud, F., Anjos-Afonso, F., Pearce, D.J., Allen, K.,

Ridler, C., Lillington, D., Oakervee, H., Cavenagh, J., Agrawal, S.G., et al.

(2008). Anti-CD38 antibody-mediated clearance of human repopulating cells

masks the heterogeneity of leukemia-initiating cells. Blood 112, 568–575.

Taussig, D.C., Vargaftig, J., Miraki-Moud, F., Griessinger, E., Sharrock, K.,

Luke, T., Lillington, D., Oakervee, H., Cavenagh, J., Agrawal, S.G., et al.

(2010). Leukemia-initiating cells from some acute myeloid leukemia patients

with mutated nucleophosmin reside in the CD34(-) fraction. Blood 115,

1976–1984.
Tebbe, A., Klammer, M., Sighart, S., Schaab, C., and Daub, H. (2015).

Systematic evaluation of label-free and super-SILAC quantification for prote-

ome expression analysis. Rapid Commun. Mass Spectrom. 29, 795–801.

Tonks, A., Pearn, L., Musson, M., Gilkes, A., Mills, K.I., Burnett, A.K., and

Darley, R.L. (2007). Transcriptional dysregulation mediated by RUNX1-

RUNX1T1 in normal human progenitor cells and in acute myeloid leukaemia.

Leukemia 21, 2495–2505.

Valent, P., Bonnet, D., De, M.R., Lapidot, T., Copland, M., Melo, J.V.,

Chomienne, C., Ishikawa, F., Schuringa, J.J., Stassi, G., et al. (2012). Cancer

stem cell definitions and terminology: the devil is in the details. Nat. Rev.

Cancer 12, 767–775.

Valk, P.J., Verhaak, R.G., Beijen, M.A., Erpelinck, C.A., Barjesteh vanWaalwijk

van Doorn-Khosrovani, S., Boer, J.M., Beverloo, H.B., Moorhouse, M.J., van

der Spek, P.J., Lowenberg, B., et al. (2004). Prognostically useful gene-

expression profiles in acute myeloid leukemia. N. Engl. J. Med. 350,

1617–1628.

Wandinger, S.K., Lahortiga, I., Jacobs, K., Klammer, M., Jordan, N.,

Elschenbroich, S., Parade, M., Jacoby, E., Linders, J.T., Brehmer, D., et al.

(2016). Quantitative phosphoproteomics analysis of ERBB3/ERBB4 signaling.

PLoS One 11, e0146100.

Wang, K., Sanchez-Martin, M., Wang, X., Knapp, K.M., Koche, R., Vu, L.,

Nahas, M.K., He, J., Hadler, M., Stein, E.M., et al. (2017). Patient-derived xen-

otransplants can recapitulate the genetic driver landscape of acute leukemias.

Leukemia 31, 151–158.

Welch, J.S., Ley, T.J., Link, D.C., Miller, C.A., Larson, D.E., Koboldt, D.C.,

Wartman, L.D., Lamprecht, T.L., Liu, F., Xia, J., et al. (2012). The origin and

evolution of mutations in acute myeloid leukemia. Cell 150, 264–278.

Wierenga, A.T., Vellenga, E., and Schuringa, J.J. (2008). Maximal STAT5-

induced proliferation and self-renewal at intermediate STAT5 activity levels.

Mol. Cell. Biol. 28, 6668–6680.

Wierenga, A.T., Vellenga, E., and Schuringa, J.J. (2014). Convergence of hyp-

oxia and TGFbeta pathways on cell cycle regulation in human hematopoietic

stem/progenitor cells. PLoS One 9, e93494.

Xie, M., Lu, C., Wang, J., McLellan, M.D., Johnson, K.J., Wendl, M.C.,

McMichael, J.F., Schmidt, H.K., Yellapantula, V., Miller, C.A., et al. (2014).

Age-related mutations associated with clonal hematopoietic expansion and

malignancies. Nat. Med. 20, 1472–1478.

Zhang, Y., Liu, T., Meyer, C.A., Eeckhoute, J., Johnson, D.S., Bernstein, B.E.,

Nusbaum, C., Myers, R.M., Brown, M., Li, W., et al. (2008). Model-based anal-

ysis of ChIP-seq (MACS). Genome Biol. 9, R137.
Cancer Cell 34, 674–689, October 8, 2018 689

http://refhub.elsevier.com/S1535-6108(18)30374-X/sref59
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref59
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref59
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref59
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref60
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref60
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref60
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref60
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref60
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref61
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref61
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref61
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref61
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref62
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref62
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref63
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref63
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref63
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref64
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref64
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref64
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref64
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref65
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref65
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref65
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref65
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref66
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref66
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref66
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref67
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref67
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref67
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref67
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref68
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref68
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref68
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref68
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref68
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref69
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref69
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref69
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref70
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref70
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref70
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref70
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref71
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref71
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref71
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref71
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref72
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref72
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref72
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref72
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref72
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref73
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref73
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref73
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref73
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref74
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref74
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref74
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref74
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref75
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref75
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref75
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref76
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref76
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref76
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref77
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref77
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref77
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref78
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref78
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref78
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref78
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref79
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref79
http://refhub.elsevier.com/S1535-6108(18)30374-X/sref79


STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD151-PE R&D Systems Cat# FAB1884P

RRID:AB_2228965

CD200-PE R&D Systems Cat# FAB27241P

RRID:AB_1061611

MRC1-PE R&D Systems Cat# FAB25342P

RRID:AB_10889015

CLL1-PE R&D Systems Cat# FAB2946P

RRID:AB_10892515

ESAM-PE R&D Systems Cat# FAB4204P

RRID:AB_2293790

IFNGR1-PE R&D Systems Cat# FAB673P

RRID:AB_2264548

IL1RAP-PE R&D Systems Cat# FAB676P

RRID:AB_10717521

IL6RA-PE R&D Systems Cat# FAB227P

RRID:AB_2127909

ITGB7-PE R&D Systems Cat# FAB4669P

RRID:AB_1964636

JAMC-PE R&D Systems Cat# FAB11891P

RRID:AB_2128938

PVR-PE R&D Systems Cat# FAB25301P

RRID:AB_2269068

SEMA4D-PE R&D Systems Cat# FAB74701P

RRID:AB_2732844

Anti-GATA2 R&D Systems Cat# AF2046

RRID: AB_355123

CD25-PE Biolegend Cat# 302606

RRID:AB_314276

CD82-PE Biolegend Cat# 342104

RRID:AB_1595455

CD97-PE Biolegend Cat# 336308

RRID:AB_2076182

CD99-PE Biolegend Cat# 371306

RRID:AB_2616974

CD45RA-BV421 Biolegend Cat# 304108

RRID:AB_314412

CD123-PECy7 Biolegend Cat# 306010

RRID:AB_493576

ITGA6-PE Biolegend Cat# 313612

RRID:AB_893373

ITGAE-PE Biolegend Cat# 350206

RRID:AB_10641843

TIM3-PE Biolegend Cat# 345006

RRID:AB_2116576

CD19-APC-Cy7 BD Biosciences Cat# 557791

RRID:AB_396873

CD22-APC BD Biosciences Cat# 340933

RRID:AB_400545

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CD34-APC BD Biosciences Cat# 560940

RRID:AB_10563908

CD34-PerCP/PeCy5.5 BD Biosciences Cat# 347203

RRID:AB_400266

CD38-FITC BD Biosciences Cat# 555459

RRID:AB_395852

CD45-HV500 BD Biosciences Cat# 560777

RRID:AB_1937324

CD47-PE BD Biosciences Cat# 556046

RRID:AB_396317

FLT3-PE BD Biosciences Cat# 558996

RRID:AB_397175

ITGA5-PE BD Biosciences Cat# 555617

RRID:AB_395984

AnnexinV-APC BD Biosciences Cat# 550474

RRID: AB_2034024

CD7-APC Thermo Scientific Cat# 17-0079-42

RRID:AB_10671279

CD34-APC Thermo Scientific Cat# CD34-581-05

RRID:AB_2536501

CD56-PE Cytognos Cat# CYT-56PE

RRID:AB_2732847

CD117-PECy7 Beckman Coulter Cat# IM3698

RRID:AB_131184

Mouse monoclonal CD25 Leica Microsystems Cat# NCL-CD25-305

RRID: AB_563538

Anti-C/EBPa Santa Cruz Cat# A2814

Production discontinued

IgG from rabbit serum Sigma-Aldrich Cat# I8140

RRID: AB_1163661

Biological Samples

Mobilized CD34+ Peripheral Blood samples University Medical Center Groningen

Bone marrow samples University Medical Center Groningen

AML Patient samples University Medical Center Groningen

Chemicals, Peptides, and Recombinant Proteins

Phusion High-Fidelity DNA Polymerase Thermo Scientific Cat# F-530L

DAPI Thermo Scientific Cat# D1306

CellROXTM Deep Red Reagent Thermo Scientific Cat# C10422

FcR blocking reagent Mylteni Biotech Cat# 130-059-901

Protein G Dynabeads Invitrogen Cat# 10004D

Reprosil-Pur C18-AQ 1.9mm Dr. Maisch GmbH Cat# r119.aq.

Dynabeads� Protein G Thermo Scientific Cat# 10003D

iQ SYBR Green Supermix Biorad Cat# 170-8887

Quizartinib (AC-220) MedChemExpress Cat# HY-13001

Deoxyribonuclease I (DNase I) Worthington-Biochem Cat# LS006328

Critical Commercial Assays

CD34 MicroBead Kit, human Miltenyi Biotech Cat# 130-046-703

NucleoSpin tissue kit Machery-Nagel Cat# 740952

RNeasy micro kit Qiagen Cat# 74004

QIAquick PCR purification kit Qiagen Cat# 28106

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MicroPlex library preparation kit v2 Diagenode Cat# C05010013

QuantSeq 3’ mRNA-Seq FWD Kit Lexogen Cat# 015.24

Deposited data

Human: DNaseI-hypersensitive profiles This paper GSE117667

Experimental Models: Cell Lines

MS-5 cell line DSMZ Cat# ACC-441

RRID:CVCL_2128

Experimental Models: Organisms/Strains

NSG (NOD.Cg-Prkdcscid ll2rgtm1Wjl/SzJ) Centrale Dienst Proefdieren, UMCG

Oligonucleotides

gDNA primers for mutation detection This paper Table S8

ChIP-qPCR primers This paper Table S8

Software and Algorithms

MaxQuant v1.5.3.2 Cox and Mann, 2008 http://www.coxdocs.org/doku.php?id=

maxquant:start

MaxLFQ algorithm Cox et al., 2014

InfinicytTM 2.0 Cytognos www.infinicyt.com

FlowJo v10.0.6 TreeStar www.flowjo.com

Chromas Lite Technelysium Pty Ltd https://technelysium.com.au/wp/chromas/

Pybedtools Dale et al., 2011

Wellington algorithm Piper et al., 2015

Homer Heinz et al., 2010 http://homer.ucsd.edu/homer/motif/

motifDatabase.html

Java TreeView Saldanha, 2004 http://jtreeview.sourceforge.net/

Bowtie v2.3.1 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

MACS v1.4.2 Zhang et al., 2008 http://liulab.dfci.harvard.edu/MACS/

R v3.2.3 www.r-project.org

Strand Avadis NGS v3.0 Strand NGS www.strand-ngs.com

David 6.8 Huang da et al., 2009 https://david.ncifcrf.gov/home.jsp

GSEA 2.2.2 Broad institute https://software.broadinstitute.org/gsea/index.jsp

Prism 6 Graphpad www.graphpad.com

Coreldraw 2017 CorelTM www.coreldraw.com
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Jan Jacob

Schuringa (j.j.schuringa@umcg.nl).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient Samples
PB and BM samples of AML patients, BM of patients that underwent hip surgery and PB from allogeneic donors were studied after

informed consent and protocol approval by the Medical Ethical Committee of the UMCG in accordance with the Declaration of Hel-

sinki. Mononuclear cells (MNCs) were isolated via ficoll separation and cryopreserved.

In Vitro Primary AML Co-cultures
MS5 cells were plated on gelatin coated culture flasks and expanded to form a confluent layer. Next, AML cells were plated in Gart-

ner’s medium consisting of aMEM (Thermo Scientific) supplemented with 12.5% heat-inactivated fetal calf serum (Lonza), 12.5%

heat-inactivated horse serum (Invitrogen), 1% penicillin and streptomycin, 2mM glutamine (all from PAA Laboratories), 57.2 mM

b-mercaptoethanol (Merck Sharp & Dohme BV) and 1 mM hydrocortisone (Sigma-Aldrich) with the addition of 20 ng/mL G-SCF,
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N-Plate and IL-3. Co-cultures were grown at 37�C and 5% CO2 and demi-populated weekly to count and analyze the cells by

targeted sequencing, FACS and May-Gr€unwald-Giemsa (MGG) staining. Images of MGG stained cells were made with a DM3000

(Leica). Images of real-time co-cultures were made with a DMi1 (Leica).

In Vivo AML Subclone Analysis
Six weeks old female NSG (NOD.Cg-Prkdcscid ll2rgtm1Wjl/SzJ) mice were purchased from the Centrale Dienst Proefdieren (CDP)

breeding facility within the University Medical Center Groningen. Mouse experiments were performed in accordance with national

and institutional guidelines, and all experiments were approved by the Institutional Animal Care and Use Committee of the University

of Groningen (IACUC-RuG). The humanized niche scaffold NSG mouse model was established as described previously (Antonelli

et al., 2016; Groen et al., 2012; Sontakke et al., 2016). AML subclones were sorted and 5x105-1.75x106 cells/scaffold were directly

injected into 2 out of 4 scaffolds. Human CD45+ levels were measured regularly in blood obtained by sub-mandibular bleeding and

mice were sacrificed when tumor volumes reached ethical limits or mice showed severe signs of illness. Cells from the humanized

scaffolds and mouse organs including BM, spleen and liver were isolated and analyzed for human PM protein expression by FACS.

Left over cells were cryopreserved and stored in liquid nitrogen.

METHOD DETAILS

Mass Spectrometry Sample Preparation
Cryopreserved MNC fractions of AML patients and PB from allogeneic donors were thawed, resuspended in newborn calf serum

(NCS) supplemented with DNase I (20 Units/mL), 4 mM MgSO4 and heparin (5 Units/mL) and incubated on 37�C for 15 minutes

(min). Next, CD34+ cells were isolated on the autoMACS using a magnetically activated cell-sorting progenitor kit (Miltenyi Biotech).

In case of NPM1 mutated AMLs with CD34 expression <1%, the blast fraction was used. After isolation, 5x106 cells were washed

twice with phosphate buffered saline (PBS), pelleted and snap frozen. At this stage, cells could be stored at -80�C, and could be

transported on dry ice between laboratories. Cell pellets were thawed on ice and lysed in 200 ml of ice-cold lysis buffer (8 M urea,

50 mM Tris, pH 8.2, 75 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 10 mM sodium fluoride, 10 mM b-glycerophosphate,

2.5 mM sodium orthovanadate, 50 ng/mL calyculin A, 10 mg/mL aprotinin, 10 mg/mL leupeptin and 1:100 (v/v) phosphatase inhibitor

cocktails 1 and 3 (Sigma-Aldrich)). After sonication, cell debris was sedimented by centrifugation and the protein concentration was

determined by a Bradford assay. Protein extracts (up to 200 mg of total protein each) were reduced (10 mMDTT, 30 min at room tem-

perature) and alkylated (55 mM iodoacetoamide for 30 min at room temperature) followed by in-solution digestion with endoprotei-

nase Lys-C and trypsin (Promega) as detailed before (Wandinger et al., 2016). Tryptic peptides were desalted using reversed-phase

100 mg C18 SepPak cartridges (Waters) and fractionated by high pH reversed phase chromatography on an ÄKTA explorer system

(GE Healthcare) as described previously (Tebbe et al., 2015). Collected peptide fractions were combined by concatenation to obtain

twelve final fractions per sample followed by peptide desalting and LC-MS/MS analysis (Tebbe et al., 2015).

Mass Spectrometry Analysis
All LC-MS/MS analyses were performed with an Easy nano LC II system (Thermo Fisher Scientific) coupled to an LTQ Orbitrap Velos

instrument (Thermo Fisher Scientific). Peptide samples were loaded in solvent A (0.5% acetic acid) on a 20 cm fused silica column

(New Objective) packed in-house with reversed phase material (Reprosil-Pur C18-AQ, 1.9 mm, Dr. Maisch GmbH) at a flow rate of

500 nL/min. Bound peptides were eluted by a 2 h gradient from 10% to 60% of solvent B (80% acetonitrile, 5% DMSO, 0.5% acetic

acid) at a flow rate of 200 nL/min and sprayed directly into the mass spectrometer by applying a spray voltage of 2.2 kV using a nano-

electrospray ion source (Proxeon Biosystems). The mass spectrometer was operated in the data-dependent mode to automatically

switch betweenMSandMS/MS acquisition. For all MSmeasurements with the orbitrap detector a lock-mass ion from ambient air (m/

z 445.120024) was used to improve mass accuracy (Olsen andMacek, 2009). Full scans were acquired in the orbitrap mass analyzer

at a resolution R = 60,000 and a target value of 1,000,000 ions. The fifteen most intense ions detected in the MS scan were selected

for collision induced dissociation in the LTQ at a target value of 5000 ion counts. The resulting fragmentation spectra were also re-

corded in the linear ion trap. Ions that were once selected for data-dependent acquisition were dynamically excluded for 90 seconds

from further fragmentation. General used mass spectrometric settings were: no sheath and auxiliary gas flow; heated capillary tem-

perature, 240�C; normalized collision energy, 35% and an activation q = 0.25.

Mass Spectrometry Data Processing
All MS raw data files were collectively processed with the MaxQuant software (version 1.5.3.2)(Cox and Mann, 2008) using the

Andromeda search engine for false discovery rate (FDR) controlled peptide and protein identification and label-fee quantification

(LFQ) enabled by the MaxLFQ algorithm embedded in MaxQuant (Cox et al., 2014). Data were searched against the human

Swiss-Prot database (version: 05.2015) comprising 42,119 database entries and 245 frequently detected contaminants (such as

porcine trypsin, human keratins and Lys-C). Carbamidomethylation of cysteine was set as a fixed modification and oxidation of

methionine and N-terminal acetylation were allowed as variable modifications. The minimum required peptide length was seven

amino acids and up to two missed cleavages were allowed per peptide. The minimum required ratio count for protein quantification

was set to two unique or razor peptides. An FDR of 0.01 was selected for both protein and peptide identifications and a posterior error
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probability (PEP) below or equal to 0.1 for each peptide-to-spectral match was required. The match between runs option was

enabled for a time window of 0.5 min. Data was processed in 5 processing batches.

The proteingroups.txt output table of Maxquant was used to evaluate protein abundance. It was preprocessed by removing

reverse and contaminant database hits. Furthermore, LFQ intensities were log 10 transformed and normalized for variation between

processing batches by application of partial least square (PLS) based normalization. The latter was based on the assumption that the

differences of protein intensities between batches are caused by latent variables depending on the processing batches but are not

observable. First PLS analysis were performed to obtain the latent variables that summarize the effects of the experimental factors on

the protein intensities,

X =TPT +E
Y =UQT +F

where X is the matrix of the log LFQ intensities, Y is the indicator matrix of the processing batches, P and Q are orthogonal loading

matrices, and E and F are error terms. The decompositions of X and Y were performed such that the covariance between the score

matrices T and U were maximized. The latent variable T was then used in the linear regression model for each protein i:

Xi = Tci + e

If the regression vector ci is significantly different from 0 (a=0.05, F-test), the log LFQ intensities were corrected:

X�
i = Xi � Tci

FACS Analysis
A detailed list of the flow cytometry antibodies used can be found in the Key Resources Table. Leukemia-enriched PM proteins were

validated by flow cytometry. Cryopreserved MNC fractions of AML patients, PB from allogeneic donors and NBM samples were

thawed as described in the ‘‘mass spectrometry sample preparation’’ section. For PM protein validation, 1x107 MNCs were blocked

with human FcR blocking reagent (Miltenyi Biotech) for 5 min at 4�C. Subsequently, cells were incubated with CD34, CD38, CD45RA

and CD123, at 4�C for 30 min, subdivided in multiple tubes and stained at 4�C for 30 min with antibodies against different leukemia-

enriched PM proteins. In case of ROS staining, MNCs were incubated with primary antibodies and CellROX�Deep Red at 37�C for

30 min simultaneously according to manufacturer’s protocol (Thermo Scientific). Apoptosis was quantified with AnnexinV according

to manufacturer’s protocol (BD Biosciences). For cell sorting experiments, primary antibodies were added simultaneously and cells

were stained for 30 min at 4�C. In all FACS analyses described above, DAPI (Thermo Scientific) was used as viability stain. FACS

analysis in the diagnostic research lab was performed according to the Euroflow protocol (Kalina et al., 2012). Here, freshly obtained

whole BM aspirated samples were used. After ammonia lysis of the red cells, the isolated BM cells were FcR blocked with 50 mg/mL

human IgG (Sanquin) and incubated with different antibodies. After incubation, the cells were fixed with FACS lysing solution (BD

Biosciences) and washed twice in PBS before flow cytometric measurements. Fluorescence was measured on the MACSQuant

Analyzer 10 (Miltenyi Biotech) or in case of the routine diagnostics on the FACSCanto II TM flow cytometer (BD Biosciences). Cell

sorting was performed on a MoFlo XDP (Beckman Coulter). Data were analyzed using Flow Jo (Tree Star, Inc) and InfinicytTM

(Cytognos).

Infinicyt Analysis
Flow cytometry was performed as described in the ‘‘FACS analysis’’ section. In brief, leukemia-enriched PM protein expression was

measured in the PE-channel in separate tubes with identical backbone markers including anti-CD34-APC, anti-CD38-FITC, anti-

CD45RA-BV421, and anti-CD123-PECy7. Next, all fcs files were merged into 1 file based on the backbone markers, FSC-A and

SSC-A, with which expression of all leukemia-enriched PM proteins was determined for each single event, despite the fact they

were measured with the same fluorophore initially. Subsequently, the automated population separator (APS), a PCA, was used to

define subpopulations in the CD34+ cells (patient #1-3) or the viable MNC fraction (patient #4). Because fcs files where generated

in a logical scale, the negative visibility tool was used to visualize negative values. APS analyzes using PC1 and PC2 resulted in a

density plot with potential subpopulations and a list of PM proteins that were included in the analysis. The contribution of individual

PM protein to both PC1 and PC2 were determined separately in a scale from 0 to 100% and ranked from high to low. The best can-

didates were used to sort subpopulations from each AML.

Targeted Sequencing
Genomic DNA (gDNA) was isolated from pelleted cells (0.1-0.5x106 cells) with the NucleoSpin� Tissue kit according to manufac-

turer’s protocol (Machery-Nagel). gDNA concentration was measured with a NanodropTM spectrophotometer (Thermo Scientific)

and a targeted PCR was performed on 50-100ng gDNA with Phusion High-Fidelity DNA Polymerase according to manufacturer’s

protocol (Thermo Scientific). Product size was confirmed on a polyacrylamide gel and subsequently sent for Sanger sequencing
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(Macrogen) with forward primers unless otherwise indicated. Sanger sequencing results were analyzed with Chromas Lite (Techne-

lysium Pty Ltd) and screenshots of chromatograms were plotted. Oligonucleotides used in this study are listed in Table S8.

RNA Sequencing
Total RNAwas isolated using the RNeasymicro kit (Qiagen) according tomanufacturer’s protocol. RNA quantity was examined using

the LabChip GX (Perkin Elmer) and RNA sequence libraries were generated using the QuantSeq 3’ mRNA-Seq FWD Kit (Lexogen)

according tomanufacturer’s protocol. cDNA fragments were sequenced on an Illumina NextSeq500 using default parameters (single

read). Bioinformatics were performed with the Strand Avadis NGS v3.0 software (Strand NGS) and sequence quality was examined

for GC-content, base quality and base composition using FASTQC and StrandNGS. Quantified reads were normalized using the R

package Bioconductor and aligned to build a human hg19 (UCSC) transcriptome. Ensembl (2014.01.02) was used as gene annota-

tion database. Reads that failed vendor QC, had an average quality score of less than 24, a mapping quality score below 50 or a

length less than 20 nucleotides were filtered out. GO-analysis was performed using David (Huang da et al., 2009). GSEA v2.2.2

on a pre-ranked gene list was performed with respect to MSigDB genesets C5 GO biological processes (version 6.0) or gene sets

generated from selected publications as shown in the relevant figures.

Genome-Wide Analysis of DNase I Hypersensitive Sites
DNase-seq analysis of cryo-preserved AML sampleswas performed by an adaptation of our previously described protocol for DNase

I digestion of permeabilized cells (Cauchy et al., 2015). Here we have added a modification that makes it possible to perform high

quality DNase-Seq analyses directly on cells snap-frozen in a freezing buffer consisting of 1.5 M sucrose, 60 mM KCl,

15 mM NaCl, 5 mM MgCl2 and 10 mM Tris pH 7.4. Prior to freezing, 1 million purified cells were centrifuged in a cold 1.5 mL mi-

cro-centrifuge tube at �1500 x g for 1 min at 4�C. Cell pellets were resuspended at a concentration of 1x107 cells/mL in 100 mL

of freezing buffer at 0�C. Cells were then divided into three aliquots of 30 mL containing 300.000 cells each in cold 1.5 mL tubes,

and snap frozen on dry ice. At this stage, cells could be stored indefinitely at -80�C, and could be transported on dry ice between

laboratories. For each of the three tubes, cells were kept on dry ice until immediately before processing. Cells were thawed by equil-

ibrating in a bucket of water at 22�C for 2 min, before adding 120 mL of DNase I buffer consisting of 60 mM KCl, 15 mM NaCl and

5 mM MgCl2, equilibrated at 22�C. Each of the three digests was performed by adding 150 mL of DNase I buffer equilibrated at

22�C, containing 0.4% Nonidet P40 (or IGEPAL CA-630), 2 mM CaCl2, and either 1.5, 3, or 5 Units/mL of Worthington DPFF

DNase I. The permeabilized cells were digested for exactly 3 min at 22�C, with occasional tapping of the tubes to keep the cells

in suspension, and then lysed by addition of 300 mL of 0.3 M Na Acetate, 10 mM EDTA pH 7.4, 1% SDS and 1 mg/mL Proteinase

K. DNA was then purified, size-selected, and processed for DNA-seq with a MicroPlex library preparation kit v2 (Diagenode).

DNase I Sequencing Data Analysis
Reads were aligned to the hg 38 version of the human genome using Bowtie v2.3.1 (Langmead and Salzberg, 2012) with default pa-

rameters. Regions of enrichment that correspond to open chromatin (peaks) were identified with MACS v1.4.2 (Zhang et al., 2008)

using the parameters –keep-dup=all -w -S. Peaks were annotated to their closest gene using the anotatePeaks.pl function in Homer

(Heinz et al., 2010), and further annotated to the gene promoter if within 2kb of the transcription start site, and as distal peaks other-

wise. Promoter and distal peaks were treated separately in subsequent analyses.

DHS peak unions were constructed bymerging peaks that had summit positions within 200 bp of each other using themerge func-

tion in bedtools v2.25.0. A new summit position was defined for each merged peak as the mid-point between the original summit

positions, and this was used to define the DHS position for all downstream analyses. To identify shared and specific sets of peaks,

the average tag density was calculated in 400 bp windows centered on the peak summits with the annotatePeaks.pl function in

Homer, and using the wiggle files generated by MACS. Tag densities were normalized according to total tag count across all peaks,

and further log-transformed (using log2 tag-count + 1) in R v3.2.3. A DHSwas considered specific to a clone if it had a log fold-change

of at least 1 relative to the other clone in that patient. A de-novomotif search was carried out for each set of shared and specific DHSs

using the findMotifsGenome.pl function in Homer with the parameter -size 400.

DHS density plots were created by ranking peaks according to their log fold-change and retrieving the tag densities across a 2 kb

window centered on the peak summits. This was carried out using the annotatePeaks.pl function in Homer with the parameters -size

2000 -hist 10 -ghist and plotted using Java TreeView (Saldanha, 2004). For each DHS, the log fold-change of the gene expression for

the corresponding closest gene was plotted along the same coordinates, and visualized using Java TreeView.

Hierarchical clustering of DNase I data was carried out on the union of all peaks across all eight clones. The normalized, log-trans-

formed tag counts for these peaks were used to calculate Pearson correlation values for sequences from each pair of clones. These

correlation values were then converted to a distance (using 1 – Pearson correlation) and hierarchically clustered using average link-

age clustering in R. This was visualized as a heatmap using the pheatmap R package.

Digital Genomic Footprinting Analysis
Raw reads from high-depth DHS datasets were aligned and processed as described above. Digital genomic footprints were iden-

tified using the Wellington algorithm (Piper et al., 2015) with default parameters. A de-novo motif search was carried out within

the set of footprints that occurred within the clone specific DHS populations, as well as within those that occurred in the shared

DHSs. This was done using the findMotifsGenome.pl function in Homer with the parameter -size given. DNase I cut patterns for
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the clone specific footprints were calculated using the dnase_to_javatreeview.py function in Wellington, and plotted as a heatmap in

Java TreeView.

Motif Co-occurrence Clustering Analysis
Genomic co-ordinates for TF binding motifs were retrieved fromwithin the clone specific footprints using the annotatePeaks.pl func-

tion in Homer, and exported as BED files by using the -mbed option. This motif search was carried out using the pre-defined motif

matrices from the Homer database, andwas restricted only to thosemotifs that were found to be significantly enriched during the de-

novo motif search. Motif co-occurrence was then measured by counting the number of times that two motifs were within 50 bp of

each other, using the intersection_matrix function in pybedtools (Dale et al., 2011). Next, to assess the significance of this co-occur-

rence, we carried out a bootstrapping analysis whereby a set of footprints was randomly sampled with replacement from the total set

of footprints across both AML subclones. The motif co-occurrence was then counted in these footprints. This procedure was

repeated 1000 times, and resulted in a distribution of motif pair counts for each pair of TFs. The mean and standard deviations of

these distributions were used to calculate a z-score for eachmotif pair. The resulting z-score matrix was then hierarchically clustered

using complete linkage clustering of the Euclidean distances in R v3.2.3.

Chromatin Immunoprecipitation
Sorted subclones were cross-linked with 1% formaldehyde for 10 min, after which the reactions were stopped with addition of

glycine at a final concentration of 125 mM. Cross-linked cells were lysed in SDS buffer (100 mM NaCl, 50 mM Tris-Cl pH 8.1,

5 mMEDTA pH 8.0, 0.02%NaN3 and 0.5%SDS) including phosphatase inhibitors PMSF (0.1 mM) and CLAP (Chymostatin, Leupep-

tin, Antipain and Pepstatin A, 1 mg/ml each) and subsequently snap frozen in liquid nitrogen and stored at -80�C. ChIP was continued

by resuspension of cells in ice cold IP buffer (1 part SDS buffer, 0.5 parts Triton dilution buffer consisting of 100 mM Tris-Cl pH 8.6,

100 mM NaCl, 5 mM EDTA pH 8.0, 0.02% NaN3 and 5% Triton X-100) and sonication using a Bioruptor (Diagenode). Samples were

pre-cleared using Protein G Dynabeads (Invitrogen) for 15min at 4�C on a rotating platform. ChIP reactions were performed using the

following antibodies: anti-GATA2 (R&DSystems), anti-C/EBPa (Santa Cruz) and IgG (Sigma-Aldrich) following overnight incubation at

4�C on a rotating platform. The next day samples were incubated with Protein G Dynabeads for 3-4 hr at 4�C on a rotating platform

and subsequently beads were removed using a magnetic rack and washed with 3x Micelle buffer (150 mM NaCl, 20 mM Tris-Cl pH

8.1, 5 mM EDTA pH 8.0, 65% sucrose (w/v), 0.02% NaN3, 1% Triton X-100, 0.2% SDS), 2x Buffer 500 (500 mM NaCl, 0.5 grams

deoxycholic acid, 1 mM EDTA pH 8.0, 50 mM HEPES pH 7.5, 1% Triton X-100, 0.02% NaN3), 2x LiCl detergent/solution (2.5 grams

deoxycholic acid, 1mMEDTA pH 8.0, 250mMLiCl, 0.5%NP-40, 10mMTris-Cl pH 8.0, 0.02%NaN3) and 1x TE buffer. After washing

beadswere resuspended in 1%SDS and 0.1MNaHCO3 for elution and reverse cross-linking of ChIP DNA, whichwas done overnight

at 65�C. Samples were treated with RNAse and Proteinase K and purified using QIAquick PCR purification kit (Qiagen). ChIP effi-

ciencies were determined by qPCR with iQ SYBR Green Supermix (Bio-Rad) on a CFX connect Thermocycler (Bio-Rad). ChIP effi-

ciencies were visualized as percentage of input.

Immunohistochemistry
Tissue sections were cut from formalin fixed embedded BM biopsies of AML patients at diagnosis. For CD25 staining, microwave

antigen retrieval was performed in 0.1 M Tris/HCl at pH 9.0. Monoclonal CD25 antibody (NCL-CD25-305, Novocastra) was used

at 1:50 dilution. Secondary and tertiary peroxidase conjugated antibodies were visualized by diaminobenzidine staining reaction.

AC-220 Treatment
Primary AMLs cells were sorted into subclones first and 3x105 cells were plated in duplicate in 2 mL of Gartner’s medium

as described in the ‘‘in vitro co-culture experiments’’ section with the addition of 20 ng/mL G-SCF, N-Plate and IL-3. AC-220

(MedChemExpress) was dissolved in dimethyl sulfoxide (DMSO) and added in a range from 0 to 500 nM with a final concentration

of 1 mL DMSO/mL. Cells were treated for 48 hr, counted and analyzed for apoptosis by FACS as described in the ‘‘FACS analysis’’

section.

QUANTIFICATION AND STATISTICAL ANALYSIS

Mass spectrometry data analysis, related to Figure 1 and Table S2, was performed using the MaxQuant software as described in

more detail in the ‘‘Method details’’ section.

Significance of correlations of gene expression with mutation status of AML primary patients (TCGA dataset) related to Table S3

was determined by Student’s t.test using Excel software.

Statistical significance related to Figures 2 and S3was determined by Student’s t.test usingGraphpad Prism software. p values are

indicated in the Figure legends.

Statistical significance related to the DNase I Hypersensitive Site Mapping in Figures 4 and S5 and the Digital Footprinting in Fig-

ures 5 and S6 were determined using the R software (v3.2.3). Details are described in the ‘‘Method details’’ section under the relevant

subheadings.

Statistical differences in ChIP-qPCR results of distinct subclones related to Figure 5 were determined by Student’s t.test using

Graphpad Prism software. p values are indicated in the Figure legends.
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Number of mice used for Kaplan Meier plots of in vivo experiments are indicated in Figure 6. Statistical significance was calculated

using a Log-rank (Mantel-Cox) test and p values are annotated in the relevant Kaplan Meier plots.

Primary AML growth curve analysis and the response to AC-220 of distinct subclones, both related to Figure 6, are annotated as

mean ± SEM. Statistical significance, if applicable, was determined by Student’s t.test using Graphpad Prism software and are

indicated in the Figure legends.

DATA AND SOFTWARE AVAILABILITY

The accession number for the data reported in this paper is GSE117667 and can be accessed via the following link https://www.ncbi.

nlm.nih.gov/geo/query/acc.cgi?acc=GSE117667.
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