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Abstract
Relapse remains a major challenge in the clinical management of acute myeloid leukemia (AML) and is driven by rare therapy‐resistant
leukemia stem cells (LSCs) that reside in specific bone marrow niches. Hypoxia signaling maintains cells in a quiescent and meta-

bolically relaxed state, desensitizing them to chemotherapy. This suggests the hypothesis that hypoxia contributes to the che-

moresistance of AML‐LSCs and may represent a therapeutic target to sensitize AML‐LSCs to chemotherapy. Here, we identify HIFhigh
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and HIFlow specific AML subgroups (inv(16)/t(8;21) and MLLr, respectively) and provide a comprehensive single‐cell expression atlas

of 119,000 AML cells and AML‐LSCs in paired diagnostic‐relapse samples from these molecular subgroups. The HIF/hypoxia pathway

signature is attenuated in AML‐LSCs compared with more differentiated AML cells but is more expressed than in healthy hemato-

poietic cells. Importantly, chemical inhibition of HIF cooperates with standard‐of‐care chemotherapy to impair AML growth and to

substantially eliminate AML‐LSCs in vitro and in vivo. These findings support the HIF pathway in the stem cell‐driven drug resistance

of AML and unravel avenues for combinatorial targeted and chemotherapy‐based approaches to specifically eliminate AML‐LSCs.

INTRODUCTION

Acute myeloid leukemia (AML) is the most common acute leukemia in
adults, constituting a heterogeneous group of disorders characterized
by rapid expansion and accumulation of poorly differentiated myeloid
cells in bone marrow (BM) and infiltrating tissues. Disease hetero-
geneity is well documented and patients are stratified based on
cytogenetic, molecular, and immunophenotypic features. While our
understanding of the characteristics of AML has substantially improved
in recent years, many patients fail to respond to standard‐of‐care
chemotherapy or show early relapse.1,2

AML is a paradigm of hierarchical cancer stem cell model.3 Robust
experimental data demonstrate that relapse is mediated by a rare sub-
population of cells, termed leukemia stem cells (LSCs), which are
chemotherapy‐resistant and drive disease recurrence, leading to a more
genetically heterogeneous and clonally evolved AML.4–6 AML‐LSCs
share unique properties with normal hematopoietic stem and progenitor
cells (HSPCs), including quiescence, resistance to apoptosis and elevated
drug efflux, making them partially refractory to chemotherapy.

Hypoxia represents a self‐security mechanism to maintain cells in
a dormant state, preventing their exhaustion and proliferative da-
mage. Recent data suggest that the rate of oxygen consumption and
cell metabolism, rather than oxygen perfusion, is responsible for the
hypoxic nature of the BM niche where the LSCs/HSPCs reside.7,8

Cells respond to hypoxia by activating specific pathways modulated
by the hypoxia‐inducible factors (HIFs), which trigger the expression
of hypoxia‐regulated genes with key roles in cell proliferation,
survival, apoptosis, angiogenesis, metabolism, and differentiation.9

At a molecular level, HIFs constitute a family of three related
heterodimeric transcription factors (HIF‐1, HIF‐2, and HIF‐3) whose
regulation depends on the oxygen‐dependent stabilization of an
associated α subunit. Above 5% oxygen, the α subunit is degraded by
the proteasome, whereas under hypoxic conditions, it is stabilized
posttranslationally, dimerizes with the constitutively expressed
β‐subunit, and promotes the transcription of HIF target genes.9

The HIF/hypoxia pathway is important not only for steady‐state
hematopoiesis but also for the initiation, progression, and chemoresis-
tance of solid tumors and leukemias. Indeed, treatment‐resistant AML
cells preferentially locate in the hypoxic endosteal BM niche, which offers
protection from the pro‐apoptotic effects of the chemotherapeutic agent
cytarabine (AraC).10 Several studies have shown that, similar to HSPCs,11

the loss of HIF‐1/2 leads to complete abrogation of LSCs in different
types of human AML and murine models of chronic myeloid leukemia
(CML),12–14 whereas others reported that it does not impact LSCs in
murine models of AML, or could even trigger a more severe leukemic
phenotype.15–19 Despite these conflicting observations, HIF‐inhibiting
drugs are being actively explored as therapeutic agents for AML.12,13,20

However, insufficient information is available regarding HIF in human
primary AML‐LSCs, and importantly, the cytogenetic/molecular hetero-
geneity intrinsic to AML biology makes it plausible that the action of HIF
varies among AML patients. Moreover, little is known about whether HIF
inhibition sensitizes human AML‐LSCs to chemotherapy.

Here, we used single‐cell RNA sequencing (scRNA‐seq) to survey
the transcriptome of human AML‐LSCs in paired diagnostic (Dx) and

relapse (REL) samples from risk‐stratified patients with AML.
Furthermore, we investigated the role of HIF/hypoxia signaling in LSC
quiescence and chemoresistance using cutting‐edge in vitro and in
vivo approaches.

MATERIALS/SUBJECTS AND METHODS

Primary human cells

The study was approved by the Institutional Ethical Review Board of
Hospital Clinic of Barcelona (HCB/2018/0020). AML mononuclear cells
were frozen in liquid nitrogen using fetal bovine serum (FBS) (Sigma) with
10% dimetylsulfoxide (DMSO) (Sigma). The mutational state of AML
samples was analyzed on DNA extracted from total cells using Maxwell‐
RSC Blood DNA Kit (Promega) and a next‐generation sequencing panel of
mutations using the Oncomine Myeloid Research Assay (ThermoFisher).

Healthy HSPCs were obtained from Barcelona Blood and Tissue
Bank upon Institutional Review Board approval (HCB/2018/0030).
CD34+ cells were isolated using antihuman‐CD34 magnetic beads and
the AutoMACS Pro‐Separator (Miltenyi Biotec) after Ficoll‐Hypaque
gradient centrifugation (GE Healthcare).

Statistical analysis

Data are represented as mean± standard error (SEM). Statistical
comparisons between groups were assessed using two‐tailed unpaired
Student's t‐tests, or paired Student's t‐tests (when analyzing data from the
same AML samples subjected to different treatments) unless otherwise
stated. Data distribution was assumed to be normal but this was not
formally tested. All analyses were performed with Prism software, version
8.0 (GraphPad) and p<0.05 was considered statistically significant.

Data and code availability

Newly generated scRNA‐seq and bulk RNA‐seq data have been de-
posited on the European Genome‐Phenome Archive (EGA) and are ac-
cessible through accession no. EGAS00001005980. All analyses and code
used in this study are available at https://github.com/JLTrincado/scAML.

Additional methods can be found in Supporting Information.

RESULTS

Hypoxia transcriptional signature clusters inv(16) AML
subgroup

To capture the contribution of the hypoxia pathway in human AML‐
LSCs, we utilized three publicly available RNA‐seq datasets (TARGET,21

including pediatric and adolescent/young patients, Leucegene22 and
BEAT‐AML,23 including adult patients) with data from the following
AML subgroups: inv(16) (p13q22), t(8;21), and NPM1mut as low‐risk
AMLs; and MLL‐rearranged (MLLr), FLT3ITD, and normal karyotype
(NK, neither chromosomal rearrangements nor NPM1mut or FLT3ITD)
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as intermediate‐high‐risk AMLs24 (Table S1). AML samples mutated for
TET2, IDH1, or IDH2 were excluded from analyses as they tend to in-
terfere with HIF signaling.25,26 We used either a multidimensional scal-
ing reduction (MDS) of the genome‐wide information or a specific set of
119 hypoxia target genes (Hypoxia signature) characterized by the
presence of functional hypoxia response elements27 (Table S2,
Figure 1A). The hypoxia signature enabled the clustering of inv(16)
samples separately from the other cytogenetic groups (Figure 1A). The
highest expression of HIF1A and HIF2A (EPAS1) was observed in inv(16)
and t(8;21) samples, both core binding factor (CBF)‐rearranged AMLs,
whereas MLLr samples showed a trend for the lowest expression
(Figure 1B), especially in TARGET and Leucegene. Consistently, and in
line with data from BloodSpot,28,29 gene set enrichment analysis (GSEA)
revealed a significant enrichment of the hypoxia signature in inv(16)

but not in t(8;21) samples, as compared with MLLr samples in
all datasets (Figure 1C). Therefore, we specifically focused further ana-
lyses on inv(16) and MLLr subgroups as HIFhigh and HIFlow AMLs, and
low‐risk and intermediate‐high‐risk AMLs, respectively, although we also
included t(8;21) as an additional CBF‐rearranged AML, which reported
to cooperate with HIF1A for leukemogenesis.30

Identification of human AML‐LSCs using scRNA‐seq

To resolve the transcriptional heterogeneity of AML and to survey the
expression of HIF pathway genes in AML‐LSCs, we performed scRNA‐
seq on 11 Dx samples from pediatric/young adult patients: inv(16) (n =4),
t(8;21) (n =3), and MLLr (n =4) (Figure 2A,B, Supporting Information S1:

F IGURE 1 Hypoxia inducible factor (HIF) pathway gene expression signature in different acute myeloid leukemia (AML) cytogenetic subgroups.

(A) Multidimensional scaling (MDS) representation of AML samples from TARGET (78 patient samples and 147 runs), Leucegene (72 patient samples and 301 runs),

and BEAT‐AML (206 patients and 707 runs) datasets analyzing the expression of all the detected genes (left panels) or, specifically, the 119 HIF target genes (right

panels). (B) Expression (LogCPM) of HIF1A and HIF2A (EPAS1) in each cytogenetic AML subgroup fromTARGET, Leucegene, and BEAT‐AML. (C) Gene set enrichment

analysis (GSEA) of the HIF pathway comparing inv(16) and t(8;21) with MLLr AMLs. CPM, counts per million; ES, enrichment score; NES, normalized enrichment score.
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F IGURE 2 (See caption on next page).
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Figure S1). Acknowledging the extremely low frequency of LSCs,31,32

we analyzed two populations: CD34+CD38− cells, enriched in
LSCs3,31,33 and CD34−CD38+, differentiated cells depleted of LSCs
(Figure 2C,D, Supporting Information S1: Figure S1). A total of 26,976,
19,731, and 24,854 cells were sequenced from inv(16), t(8;21), and
MLLr subgroups, respectively (Table S3). Samples within each subgroup
were computationally integrated and displayed using uniform manifold
approximation and projection (UMAP) visualizations (Supporting
Information S1: Figure S2A). Consistent with the immunophenotype
(Supporting Information S1: Figure S1), inv(16) and t(8;21) samples
expressed high CD34 levels (Figure 2E, Supporting Information S1:
Figure S2A). By contrast, MLLr samples mainly consisted of CD34− cells,
in line with previous studies.34

As the LSC definition relies on functional assays, and CD34/
CD38 are not absolute markers to identify LSCs, we used scRNA‐
seq data to phenotypically categorize bona fide LSCs. We per-
formed unsupervised clustering of all cells (11 patients) and utilized
the recently published LSC6‐score,35 an updated signature of the
LSC17‐score adapted for pediatric‐young AML cell annotations.38

Clusters from each sample were ranked according to LSC6‐score
values, and only those with the highest LSC6‐score were con-
sidered enriched in LSCs (Figure 2F). When integrating samples
from the same cytogenetic subgroup, we observed that cells
identified as LSCs clustered together (Figure 2G). Notably, high
LSC6‐scoring cells mostly colocalized with CD34+CD38− cells
across the three subgroups.

We next queried the normal stem/progenitor phenotypic predic-
tion of the LSC6 signature (Figure 2H,I). For this, we projected our
scRNA‐seq data onto an existing reference annotation dataset con-
taining 15 healthy hematologic cell types.36 Each AML sample was first
projected individually (Figure 2H) and then samples within the same
subgroup were integrated (Figure 2I). Identically annotated clusters
colocalized together, demonstrating a similar identity/phenotype
across different patients. Total CD34+ cells and high LSC6‐scoring cells
were enriched for hematopoietic stem cells (HSCs) and progenitors
(Figure 2I). Data projection on an additional annotated dataset39

confirmed the stemness phenotype of these cells (Supporting
Information S1: Figure S2B,C).

This LSC‐enriched CD34+CD38− cluster (hereinafter, LSC34) was
further characterized and compared with the remaining CD34+CD38−

cells not identified as LSCs (hereinafter, nonLSC34) and with the
CD34−CD38+ cells (hereinafter, nonLSC38) (Figure 2J). Of note, in an
individual inv(16) sample (AML10), an additional LSC6high cluster was
identified and classified as HSC/progenitors but with high expression

of HBB (LSC234) (Supporting Information S1: Figure S2D). When the
Dx‐AML samples were integrated, we consistently observed a lower
LSC6 score from the LSC34 toward the more differentiated nonLSC38

(Figure 2K), in accord with the observed pseudotime trajectories of
these populations along a continuum of differentiation from LSC34 to
nonLSC38 (Figure 2L) or along the different predicted phenotypes
(Supporting Information S1: Figure S2E,F) irrespective of the AML
cytogenetic subgroup. In this line, two additional widely used LSC
gene signatures31,37 also correlated with the identified LSC34 clusters
(Figure 2M).

Additionally, we analyzed the expression of 18 LSC markers40–45

being consistently overexpressed in LSC34 in inv(16) samples (CD99,
CD82, CD52, CD47, IL3RA), t(8;21) samples (CD99, CD52, and CD96),
and in MLLr samples (CD99, CD82, CD52, and CD47), as compared
with nonLSC34/nonLSC38 clusters (Supporting Information S1:
Figure S2G). Finally, to rule out bias in gene expression analysis due to
contaminating healthy HSCs/progenitors,31,46 the expression of
specific highly expressed genes in AML was compared against healthy
cells from the Human Cell Atlas.47 Results showed that CLEC12A48

and JUND were overexpressed in AML cells across cytogenetic
groups (Supporting Information S1: Figure S2H), whereas SPARC, or
RUNX1T1 and POU4F1, or HOXA9, HOXA10, and PBX3 were speci-
fically highly expressed in inv(16), t(8;21), or MLLr cells, respectively
(Supporting Information S1: Figure S2I).

Transcriptional characterization identifies key
molecular features of the AML‐LSCs

Recent studies have revealed the existence of dormant and active
HSCs in mice49–52 and humans,53 while AML‐LSCs are documented
to be quiescent/dormant. To characterize the transcriptional het-
erogeneity of human AML‐LSCs, we analyzed the cell cycle and
quiescence/metabolic dormancy of LSC34 cells (Figure 3A,B). We
took advantage of validated signatures defining the G0 phase
(Neg‐G0‐to‐G1 [GO:0070317] and G0M

high50) (Figure 3B and
Table S2). LSC34 were consistently found in the G0/G1 cell cycle
phase (Figure 3A), and the Neg‐G0‐to‐G1 and G0M

high dormancy
signatures were enriched in LSC34 across the distinct subgroups
(Figure 3B), revealing homogeneous LSC34 based on the G0 phase
and/or quiescence status of the cells. We next analyzed the expres-
sion of different metabolic signatures previously related to both
HSCs/LSCs and hypoxia signaling (Table S2). Glycolysis43 signature
was less represented in LSC34 in MLLr‐cells, similar to oxidative

F IGURE 2 Enrichment and identification of the leukemia stem cell (LSC) compartment in the scRNA‐seq dataset. (A) Overview of the primary acute myeloid leukemia

(AML) samples used for the scRNA‐seq analysis. The distinct cytogenetic subgroups are color‐coded. The colored area of the pie charts depicts the percentage of blasts. Paired‐
relapsed samples are depicted with a second pie chart at the time of relapse. Further information on each sample can be found inTable S3. (B) Mutational profile of the analyzed

samples. (C) Scheme depicting the different steps from sample sourcing to scRNA‐seq analysis. (D) Representative FACS profile depicting how the CD34+CD38− and

CD34−CD38+AML cells were FACS‐purified for scRNA‐seq. The specific FACS profiles of each AML sample can be found in Supporting Information S1: Figure S1. (E) Uniform

manifold approximation and projection (UMAP) plots showing the expression of CD34 and CD38 among all cells integrated from different samples in each cytogenetic

subgroup. (F) UMAP plot showing the random clusterization of the cells from the sample AML01 and boxplot of the LSC6 score (Elsayed et al.35) of each cluster for the

identification of the LSC‐enriched cluster. Dotted line marks the 9th decile. (G) UMAP plots depicting the LSC6 score assigned to each cell. All cells from the different samples in

each cytogenetic subgroup are integrated. Red square marks the LSC6‐enriched area. (H) Number of cells from each predicted phenotype, according to Van Galen et al.,36

included in each cluster identified in sample AML01. (I, J) UMAP plots showing the predicted phenotype of the cells according to Van Galen et al.36 (I), and the assigned

population (LSC34, nonLSC34, and nonLSC38) (J) for downstream analysis. All cells from the different samples in each cytogenetic subgroup are integrated. (K) LSC6 (Elsayed

et al.35) score of each of the defined populations (LSC34, nonLSC34, and nonLSC38). Nonparametric Wilcoxon test p‐values are shown for each comparison. (L) Trajectory/

pseudotime analysis of the defined populations from the different cytogenetic subgroups. (M) Expression of the LSC signatures described by Gentles.37 and Eppert et al.31 in

each of the defined populations for the different cytogenetic subgroups. Nonparametric Wilcoxon test p‐values are shown for each comparison. B, mature B cell;

cDC, conventional dendritic cells; CTL, cytotoxicT lymphocyte; Ery, erythroid progenitor; FACS, fluorescence‐activated cell sorting; GMP, granulocyte‐macrophage progenitor;

HSC, hematopoietic stem cell; log2FC, log2 fold change; Mono, monocyte; NK, natural killer cell; pDC, plasmacytoid dendritic cells; Plasma, plasma cell; ProB, B cell progenitor;

Prog, progenitor; ProMono, promonocyte; T, naïve T cell.
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F IGURE 3 (See caption on next page).
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phosphorylation (OXPHOS)54 (Figure 3C). However, OXPHOS was
increased in LSC34 with respect to nonLSC38 in inv(16) cells. Reactive
oxygen species (ROS)43 and lysosome55 signatures were less re-
presented in the LSC34 across the distinct AML subgroups, consistent
with lower ROS levels reported in HSCs/LSCs (Figure 3C). By con-
trast, LSC34 cells displayed an enrichment in translation signature
consistent with a high protein production rate in these cells.56–58

However, the ER stress signature12 differed between LSC34 from
distinct subgroups, being enriched in MLLr‐AMLs (Figure 3C).

Unsupervised hierarchical clustering of the differentially ex-
pressed genes (DEGs) revealed that in CBF‐rearranged AMLs, LSC34

are transcriptionally closer to nonLSC34 than to nonLSC38 (Supporting
Information S1: Figure S3A). Functional enrichment analysis revealed
that the main altered functions between LSC34 and nonLSC38 were
associated with Translation and other Ribosomal‐related processes
(Figure 3D), whereas Mitosis or Cell cycle was the most altered be-
tween nonLSC34 and nonLSC38 (Supporting Information S1:
Figure S3B). In contrast, the LSC34 in MLLr‐AML differed tran-
scriptionally from both nonLSC34 and nonLSC38, which were tran-
scriptionally closer (Supporting Information S1: Figure S3A), and
revealing Translation and Ribosomal‐related processes as the main al-
tered functions between LSC34 and both nonLSC34 and nonLSC38

(Figure 3D, Supporting Information S1: Figure S3B). Overall, a greater
number of DEGs were highly expressed in nonLSC34 with respect to
LSC34 (Figure 3E), suggesting a greater transcriptional activity.
In total, 56, 44, and 573 genes were found to be highly expressed in
LSC34 in inv(16), t(8;21), and MLLr‐AMLs, respectively (Supporting
Information S1: Figure S4A), being only 10 genes common
in the three subgroups (Supporting Information S1: Figure S4B).

Low expression of the hypoxia signature is detected in
human AML‐LSCs

Having captured the transcriptional identity of LSC34 across the three
subgroups, we sought to analyze the hypoxia signature. LSC34 con-
sistently showed the lowest hypoxia score across all subgroups
(Figure 4A,B), in line with the lowest expression of HIF1A (Figure 4C). To
rule out potential bias in the selection of the hypoxia signature, we
further employed five additional described hypoxia signatures
(Figure 4D and Table S2) and confirmed a uniformly lower hypoxia score
in LSC34 with a transition toward enrichment in hypoxia signature in
nonLSC38. This trend was further confirmed in a different cohort of AML
patients59 (Figure 4E). Notably, while the hypoxia signature showed the
lowest enrichment score in LSC34, it was consistently enriched in both
total AML cells and LSC34 as compared with both healthy whole BM
cells and CD34+ HSPCs, respectively (Figure 4F).

Most of the HIF1A targets were highly expressed in the dif-
ferentiated nonLSC38 cluster (Figure 4G). However, for several
genes, the expression was significantly higher in LSC34: NPM1,
CD99, KRT18, and LDHA in inv(16) samples; NPM1, CD99, PMAIP1,

and TCF3 in t(8;21) samples; and NPM1, CD99, ANXA1, LDHA,
BNIP3L, and NR4A1 in MLLr samples (Figure 4G,H). Together,
although AML‐LSCs display a weak hypoxic signature across all
the AML subgroups, specific hypoxia‐related genes were highly
expressed in LSC34. Notably, the hypoxia signature was over-
expressed throughout different tumoral populations compared
with healthy HSPCs.

Paired Dx‐REL analysis reveals patient‐specific
differential molecular features of the AML‐LSCs

Chemoresistant LSCs display biological features that differ from those
of “therapy naïve” LSCs, including more diverse phenotypes, gene
expression changes, and increased metabolic flexibility.4,5,60–62 To
study the evolution of chemoresistant LSCs underlying AML relapse,
we performed scRNA‐seq in patient‐matched Dx‐REL samples
(Figure 2A). In total, 12,005, 15,909, and 19,506 cells were se-
quenced from inv(16), t(8;21), and MLLr REL‐AML patients, respec-
tively. LSC34 cluster was identified separately at Dx and REL before
data integration (Figure 5A, Supporting Information S1: Figure S5A,B).
Of note, the degree of transcriptional overlap between Dx‐REL pairs
varied from patient to patient when the total number of cells was
integrated (Figure 5A, Supporting Information S1: Figure S5A),
suggesting patient‐specific transcriptional changes in Dx‐REL pairs.
Similarly, analysis of the LSC6 score and hypoxia score in paired
Dx‐REL samples also revealed patient‐specific heterogeneity with a
trend toward an increased LSC6 score at REL (4/7) and an inverse
Dx‐to‐REL evolution between hypoxia and LSC6 score (6/7)
(Figure 5B,C, Supporting Information S1: Figure S5C,D). Finally, dor-
mancy, ER stress, and ROS signatures also revealed a variable,
patient‐specific evolution from Dx‐to‐REL in LSC34 irrespective of the
AML subgroup (Figure 5D,E, Supporting Information S1: Figure S5E).
Notably, the DEGs found in Dx‐LSC34 were highly expressed in
REL‐LSC34 and varied between inv(16), t(8;21), and MLLr‐AMLs,
highlighting subgroup‐specific differences (Supporting Information S1:
Figure S5F).

Specifically, several HIF1A target genes were found differen-
tially expressed in Dx‐ and REL‐LSC34 (Figure 5F, Supporting In-
formation S1: Figure S5G). In inv(16)‐AMLs, HSP90B1 was
consistently downregulated at REL in both patients. The same
happens in t(8;21)‐AMLs with CD99, JUNB, CLEC12A, and PMAIP1.
Finally, in MLLr‐AMLs, six genes showed a consistent Dx‐REL
change (downregulation: JUNB, MCL1, and VIM; upregulation:
GAPDH, LDHA, and PKM). In addition to the hypoxia targets, we
analyzed those DEGs showing a consistent change (up‐ or down‐
regulation) in LSC34 for each subgroup (Figure 5G), which identified
EGFL7, CD52, as well as many ribosomal proteins consistently
highly expressed in REL samples. Functional enrichment analysis
using these genes revealed Translation‐related terms as the main
altered functions in REL‐LSC34 cells (Figure 5H).

F IGURE 3 Cell cycle and metabolic characterization of the leukemia stem cells (LSC)34 cluster. (A) Uniform manifold approximation and projection (UMAP) plots

showing the cell cycle phase prediction for each cell. Cells from all the different samples in each cytogenetic subgroup are integrated. (B) Quiescence status analysis of

the defined populations from the different cytogenetic subgroups using the gene ontology (GO) signature Neg G0 to G1 (GO:0070 317) and the dormancy signature

G0M
high described in Fukushima et al.50 NonparametricWilcoxon test p‐values are shown for each comparison. (C) Analysis of different metabolic pathways related to

stemness and hypoxia (Glycolysis, OXPHOS, reactive oxygen species [ROS], Lysosomes, ER stress, and translation) for the defined populations from the different

cytogenetic subgroups. Nonparametric Wilcoxon test p‐values are shown for each comparison. (D) Gene set enrichment analysis (GSEA) showing the enriched

biological pathways in the indicated populations of cells. For inv(16) and t(8;21) acute myeloid leukemia (AML), LSC34 cells are compared with nonLSC38 cells. For

MLLr AML, LSC34 cells are compared with nonLSC34 cells. Complementary analyses are shown in Supporting Information S1: Figure S3. (E) Volcano plots showing the

differentially expressed genes (DEGs) between LSC34 and nonLSC34 cells of each cytogenetic subgroup. Plots on the right show the total number of overexpressed

genes in each population.
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F IGURE 4 Low expression of hypoxia signaling signature in human acute myeloid leukemia (AML)‐leukemia stem cells (LSCs). (A) Uniform manifold approximation and

projection (UMAP) plots showing expression of the hypoxia signature in all cells integrated from the different samples in each cytogenetic subgroup. (B) Hypoxia signature

score in each of the defined populations from the different cytogenetic subgroups. Nonparametric Wilcoxon test p‐values are shown for each comparison. (C) UMAP plots

showing expression of the HIF1A gene in all cells integrated from the different samples in each cytogenetic subgroup. (D) Hypoxia signature score of each of the defined

clusters comparing the hypoxia signature used in this study with five hypoxia signatures previously reported. (E) Hypoxia signature and HIF1A expression in AML cells from

Beneyto‐Calabuig et al.59 AML cohort. (F) Hypoxia expression signature comparing each AML cytogenetic subgroup with healthy total BM cells (left plot) or healthy

hematopoietic stem cells (HSCs)/LSCs (right plot). NonparametricWilcoxon test p‐values are shown for each comparison. (G) Expression of the 119 genes from the hypoxia

signature in each of the defined clusters. HIF1A targets significantly highly expressed in the LSC34 cluster are highlighted in brown color. (H) Violin plots showing the

expression of the significantly overexpressed genes of the hypoxia signaling pathway in the LSC34 cluster in each cytogenetic AML subgroup.
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Inhibition of the HIF pathway sensitizes AML‐LSCs to
chemotherapy in vitro

HIF signaling and hypoxic niches are reported to protect leukemic cells
from chemotherapy by promoting quiescence and low metabolic
activity.63–65 We found that the HIF signature was consistently enriched
in AML‐LSCs as compared with healthy HSCs (Figure 4F), prompting us
to explore its therapeutic potential. For this, we combined the chemical
inhibitor BAY87‐2243 (BAY87), which inhibits both HIF1A and HIF2A by
preventing their protein accumulation under hypoxia,19,66 with AraC, a
standard‐of‐care chemotherapeutic in AML.62,67 We first tested the ef-
fect of BAY87 on the expression of known HIF target genes in AML cell
lines and primary cells and observed a significant reduction after 48 h
treatment at 5% O2 (Figure 6A). We next performed long‐term culture‐
initiating cell (LTC‐IC) assays to assess the impact of HIF inhibition on
AML‐LSCs. Primary cells from six AML patients encompassing the three
cytogenetic subgroups were treated for 48 h in hypoxic conditions
(5% O2) with AraC, BAY87, or the combination, and a significant decrease
in AML‐LSC frequency was consistently observed upon treatment with
the combo (Figure 6B–D, Supporting Information S1: Figure S6A). We
failed to observe a significant difference with BAY87 alone. However,
AraC reduced LSC frequency, an effect that was more pronounced upon
combination with BAY87 (Figure 6D). We then analyzed the expression
of HIF target genes identified as differentially expressed in LSC34 after
treatment (Figure 6E, Supporting Information S1: Figure S6B). BAY87‐
treated cells (alone or in combination with AraC) showed a decrease in
the expression of master genes related to glycolysis (ENO1 and PDK1)
and apoptosis (BNIP3L and NR4A1), a decrease in the expression of the
tumorigenic‐related gene KRT18, and an increase in ZEB1 expression, in
line with its role as a stemness and tumor repressor in AML.68 The
chromosomal abnormalities were detected by FISH and/or qPCR at the
end of treatments, confirming that LTC‐ICs originated from the original
leukemic clone and not from residual healthy progenitors (Supporting
Information S1: Figure S6C,D). Of note, the addition of BAY87 to AraC
treatment did not impact apoptosis, cell cycle, or ROS content in therapy‐
resistant AML cells (Figure 6F–H). To discard a potential unspecific effect
of BAY87, we performed colony unit forming (CFU) assays with
four additional primary AMLs, with different levels of HIF1A expression,
using two additional HIF inhibitors, echinomycin and PX478 (Figure 6I).
The combined treatment of AraC with either echinomycin or PX478
reduced the number of CFUs to a similar or even to a higher extent than
BAY87 (Figure 6J). Importantly, however, when healthy cord blood (CB)
CD34+ HSPCs were treated similarly, complete abolition of their clono-
genic potential was observed upon treatment with AraC but we failed to
observe any effect upon treatment with the different HIF inhibitors in

comparison to controls (Figure 6K). These data indicate that HIF inhibi-
tion may specifically sensitize bulk AML cells and, more importantly,
AML‐LSCs, to AraC, independently of the AML cytogenetic subgroup.

Inhibition of the HIF pathway sensitizes AML‐LSCs to
chemotherapy in vivo

We next aimed to address the impact of HIF inhibition alone or com-
bined with AraC on AML‐LSCs in vivo with a special focus on en-
graftable MLLr‐AMLs (Figure 7A). NSG mice were intra‐BM‐
transplanted with primary MLLr‐AML cells and were then randomized
into the following treatment groups when AML levels were detectable in
BM: control, AraC, BAY87, and combo (Supporting Information S1:
Figure S7A). Primary xenografts were treated for five days and mice
were sacrificed and analyzed 72 h later (Day 8), ensuring clearance
of AraC.62,69 Compared with control mice, peripheral cytopenias
(Supporting Information S1: Figure S7B) were observed in AraC‐treated
mice, confirming the cytoreductive/cytostatic effect of the treatment.
We classified the primary AMLs as AraC‐sensitive if AraC treatment
alone produced a reduction in the total tumor burden in BM compared
to control mice, and AraC‐resistant if no reduction was observed. No-
tably, BAY87 with AraC reduces to a higher extent the leukemic burden
in BM, both in AraC‐sensitive and AraC‐resistant AMLs (Figure 7A,
Supporting Information S1: Figure S7C). A reduction of AML cells was
also observed in the peripheral blood (PB), spleen, and liver (Supporting
Information S1: Figure S7D). We partially observed this effect in BAY87‐
treated samples versus control. However, it seems that BAY87 alone is
less effective in reducing the total tumor cell burden, observing a sig-
nificant reduction in only one sample. The clonogenic and stemness
potential of the treated primograft cells were next assessed ex vivo in
CFU assays. Primograft cells from combo‐treated mice produced a
smaller number of colonies with less cellularity (Figure 7B) than coun-
terparts from AraC‐treated mice, an effect that we did not observe in
BAY87 samples compared to control. The presence of the MLLr was
detected by FISH in cells collected from the CFUs, confirming that co-
lonies originated from the transplanted MLLr‐leukemic cells (Figure 7B).

Limiting BM cell doses from treated primografts were next serially
transplanted into secondary recipients to further assess the impact of the
treatments on the long‐term leukemia‐initiating capacity of AML‐LSCs
(Figure 7C, Supporting Information S1: Figure S7E). We found a reduction
in LSC dose in combo‐treated versus AraC‐treated samples in four out of
the five AMLs tested, being the discrepant sample a serially transplantable
patient‐derived xenograft rather than a primary sample.

We then characterized the resistant primograft cells by looking at
the expression of those HIF targets found differentially expressed in

F IGURE 5 Relapse (REL)‐leukemia stem cells (LSC)34 cluster reveals patient‐specific differential molecular features. (A) Uniform manifold approximation and

projection (UMAP) plots integrating patient‐matched acute myeloid leukemia (AML) cells at diagnostic (Dx) and REL (top plots), showing the identified LSC34 cluster at

Dx and REL (middle plots) and showing the predicted phenotype according to Van Galen et al.36 (bottom plots). One pair from each cytogenetic subgroup is shown.

Additional paired samples are analyzed in Supporting Information S1: Figure S5A,B. (B) LSC6 score (top plots) and hypoxia signature score (bottom plots) of the

defined clusters at Dx and REL for each AML cytogenetic subgroup. Nonparametric Wilcoxon test p‐values are shown for each comparison. (C, D) Heatmap of the

variation of the LSC6 and hypoxia (C) and metabolic pathways (D) signature scores in the LSC34 population in the seven Dx‐REL pairs. (E) Score of indicated metabolic

pathways related to stemness and hypoxia in the defined clusters at Dx and REL for each AML cytogenetic subgroup. Nonparametric Wilcoxon test p‐values are

shown for each comparison. (F) Hypoxia inducible factor (HIF) target genes differentially expressed in the LSC34 population at Dx versus REL in each pair from the

indicated patients. Additional paired samples are analyzed in Supporting Information S1: Figure S5G. Genes consistently higher or lower expressed in all patients from

each AML subgroup are highlighted in brown color. (G) Comparison of the differentially expressed genes (DEGs) in the LSC34 population of each paired sample in each

cytogenetic subgroup. For inv(16) and t(8;21) AMLs, plots compare two AML Dx‐REL pairs (AML07 and AML10 for inv[16]; AML08 and AML09 for t[8;21]). For MLLr

AMLs, the plot compares three AML Dx‐REL pairs (AML04, AML06, and AML11). Each dot represents a gene with similar (in blue) or different (in red) expression

in paired Dx versus REL samples. (H) Reactome showing biological pathways enriched in REL‐LSC34 cells compared to Dx‐LSC34 cells. B, mature B cell;

cDC, conventional dendritic cells; CTL, cytotoxic T lymphocyte; Ery, erythroid progenitor; GMP, granulocyte‐macrophage progenitor; log2FC, log2 fold change;

LSC, leukemic stem cell; Mono, monocyte; NK, natural killer cell; pDC, plasmacytoid dendritic cells; Plasma, plasma cell; ProB, B cell progenitor; Prog, progenitor;

ProMono, promonocyte; T, naïve T cell.

10 of 16 | HIF/hypoxia pathway in AML stem cells



F IGURE 6 (See caption on next page).

HemaSphere | 11 of 16



LSC34. We found a higher expression of HIF1A, ENO1, PDK1,
ALDOA1, NPM1, BNIP3, and ANXA1 in resistant cells from combo‐
treated mice than in AraC‐treated mice, indicating an increased
activation of the hypoxia pathway (Supporting Information S1:
Figure S7F). In fact, bulk‐RNA sequencing analysis showed a lower
expression of LSCs and Quiescence signatures and a higher expression
of ROS and Hypoxia signatures in BM cells retrieved from the combo‐
treated than from AraC‐treated mice (Figure 7D, Supporting
Information S1: Figure S7G). Of note, The LSC signature was very
similar between BAY87‐ and combo‐treated cells, despite differences
in leukemia burden reduction exerted by each treatment. Gene
ontology (GO) analysis using most DEGs revealed many GO pathways
related to inflammation and myeloid differentiation in combo‐treated
versus AraC‐treated samples (Figure 7E, Supporting Information S1:
Figure S7H). In fact, master myeloid genes were found overexpressed
(CD14, FCER2, S100A9, and TMEM176A [for AML24] or ELANE,
CXCL8, and C1QA [for AML22]) in combo‐treated samples whereas
genes related to LSCs and stemness (SPINK2 or CPXM1) were found
overexpressed in AraC‐treated samples (Figure 7F, Supporting In-
formation S1: Figure S7I). Finally, we tested the effect of the combo‐
treatment on healthy HSPCs in vivo and observed a similar reduction
in the number of engrafted cells in AraC and combo‐treated animals
(Figure 7G). BM cells from combo‐treated mice revealed a compar-
able clonogenic capacity to AraC‐treated cells (Figure 7H), indicating
a similar sensitivity of the healthy HSPCs to both treatments.
Collectively, in vivo assays support the in vitro results and demon-
strate sensitization of BAY87 treatment to AraC cytoreductive ther-
apy in debulking AML and eliminating AML‐LSCs in vivo (Figure 7I).

DISCUSSION

Although our understanding of the molecular and phenotypic features of
AML is improving, many patients fail to respond to current treatments or
exhibit early relapse. From the first reports of LSCs, leukemia ontogeny
has been built upon paradigms of healthy hematopoiesis.3,70 However,
the classical view that LSCs are both rare and uniform has gradually been
revisited based on AML.70 Furthermore, studies investigating the biology
of LSCs in AML use mainly murine models, and, more importantly, do not
typically distinguish among the molecular subgroups used to risk‐stratify
patients when primary patient samples are used.

Here, we provide an exhaustive analysis at the single‐cell level of
the hypoxia/HIF signaling pathway in AML‐LSCs in paired Dx‐REL
samples from pediatric/young adult risk‐stratified AML patients. Owing
to the great heterogeneity of AML disease and the complex functional
interactions of different fusion proteins with HIFs, we focused on three

specific cytogenetic subgroups. We resolved the intercellular transcrip-
tional heterogeneity using scRNA‐seq, which enabled us to identify and
characterize the LSC population, providing a large comprehensive single‐
cell expression atlas (119,000 cells) of AML cells and AML‐LSCs.

We confirmed several features previously described for LSCs, in-
cluding several LSC signatures, low ROS content, a more quiescence
state, and high activation of the translation process. These results are in
accord with a published study analyzing 813 LSCs from five AML Dx‐
REL matched samples.71 Strikingly, we consistently found an inverse
correlation between the hypoxia signature and cell stemness, manifested
as a gradual enrichment in hypoxia signature from LSC34 to differ-
entiating nonLSC34 and nonLSC38 cells. This contrasts with earlier re-
ports showing a higher activation of HIFs in the LSC population.13 Also,
studies in healthy HSCs have shown the preferential expression of
Hif‐1α in stem population11 or in more differentiated fraction72 of BM
cells of different mouse models. This incongruity might be explained by
the high heterogeneity of AML patients analyzed in previous studies in
the absence of risk‐stratification, the different phenotypic strategies to
identify bona fide LSCs, or even by the use of distinct murine‐based LSC
readouts/approaches. A lowly expressed pathway may still have a key
biological function. Thus, HIF pathway inhibition may sensitize both
nonLSCs and LSCs to AraC treatment, thus favoring AML debulking and
limiting LSC‐derived relapses.

A hypoxia risk signature with prognostic value has been proposed,73

linking high HIF expression to shorter overall survival, similar to other
studies.30,72,74 Comparison of paired Dx‐REL samples enables the ana-
lysis of both therapy, naïve and therapy‐resistant LSCs, providing in-
sights into their evolution within the same patient. In this sense, our
transcriptomic analysis revealed a patient‐specific heterogeneity of both
LSC6 and hypoxia scores in the seven paired Dx‐REL samples. The re-
latively low number of patients included in the present study, however,
does not allow us to draw clinic‐biological conclusions.

Of note, and in line with other studies,30,72 while LSC34 showed the
lowest hypoxia enrichment score among the distinct analyzed clusters, it
was nevertheless consistently enriched in both total AML cells and LSC34

cells when compared with both healthy whole BM cells and HSPCs, re-
gardless of the cytogenetic subgroup. Moreover, therapy (AraC)‐resistant
blasts have been reported to bind pimonidazole, an exogenous marker of
hypoxia,67 encouraging us to explore the chemosensitizer role of HIFs
inhibition in human AML. Indeed, targeting HIF1A has been explored as a
therapeutic strategy in different malignancies,13,19 and its combination
with AraC has also been tested in chronic lymphocytic leukemia,75 CML,76

and in JAK2V617F‐positive myeloproliferative neoplasms.77 We found a
reduction in the LSC frequency in vitro when combining BAY87 and AraC.
These results are somehow different from the ones obtained with a
conditional knock‐out mouse model ofHif‐1α,17 but this may be explained

F IGURE 6 Inhibition of the hypoxia inducible factor (HIF) pathway sensitizes acute myeloid leukemia (AML)‐leukemia stem cells (LSCs) to chemotherapy in vitro.

(A) Expression of the indicated HIF target genes after 48 h treatment at 5% O2 in n = 5 cell lines (ME1, Kasumi1, THP1, MV[4;11], and Molm13; upper panels) and in

n = 8–9 AML primary samples (lower panels). Statistical significance was calculated using the paired Student's t‐test. Expression is normalized with respect to control

samples. (B) Experimental overview for (C–H). Human AML primary cells were cultured over MS5 cells for 4 days and treated afterward with the indicated drugs for

48 h at 5% O2. After the treatment, cells were used for gene expression, flow cytometry, or long‐term culture‐initiating cells (LTC‐IC) assays (n = 15 wells/treatment

and AML sample). (C) Estimation of the LSC frequency after the LTC‐IC assay was calculated using the ELDA software. (D) Impact of the indicated treatment on the

LSC frequency for all the analyzed samples (n = 6) using data from the LTC‐IC assays. Statistical significance was calculated using the Ratio paired Student's t‐test.
p‐Values are indicated for the AraC‐combo groups comparison. (E) Expression of the indicated HIF target genes identified in the scRNA‐seq analysis to be

overexpressed in the LSC cluster after 48 h treatment with the indicated drugs at 5% O2 (n = 6 samples, AML03, AML16‐AML20; 2 per cytogenetic group). Statistical

significance was calculated using the paired Student's t‐test. Expression is normalized with respect to the BAY87 samples. (F–H) Apoptosis quantification with

Annexin V staining (F), cell cycle analysis by fluorescence‐activated cell sorting (FACS) (G), and reactive oxygen species (ROS) content measured using CellROX

staining (H), in AML cells treated with the indicated drugs for 48 h at 5% O2 (n = 6 samples, AML03, AML16‐AML20). (I) Scheme depicting the mechanisms of action of

the HIF inhibitor drugs used in (J, K). (J) Colony unit forming (CFU)‐assays from AML primary cells (n = 4) treated during 48 h with the indicated drugs at 5% O2. Right

plot shows the HIF1A expression levels of each of the four AMLs used for this assay. (K) CFU‐assays from healthy CD34+ cord blood HSPCs (n = 3 donors) treated

during 48 h with the indicated drugs at 5% O2. Data are shown as mean ± SEM. *p < 0.1, **p < 0.01, ***p < 0.001. Student's t‐test analysis.
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by the transient inhibition of the pathway with the chemical model versus
the permanent deletion of the gene, persistent after the chemotherapy
treatment, in the genetic model. The results presented here are also in line
with a previous report that tested the LSC dose in AML cells treated with
AraC comparing normoxia and hypoxia culture conditions.78We observed
a similar chemoprotective effect of the low oxygen conditions when
chemically manipulating the oxygen‐sensing ability of the cells. We also
found a significant effect of the BAY87 and AraC combination in vivo,
decreasing not only the presence of total AML cells but also of LSCs, an
effect unseen when these compounds were used individually. In line and
different from previous studies,13,19 treatment with BAY87 alone only
showed limited benefit. Further studies are needed to clarify these dis-
crepancies. The observed effect in vivo was, however, less dramatic than
that observed in vitro. We speculate that the BM niche has a protective
effect not present in the in vitro assays. Furthermore, optimization of the
drug posology will be needed to completely unlock the potential of
BAY87 as a chemosensitizer.

In sum, we provide the largest and most comprehensive single‐
cell expression atlas (119,000 cells) of AML cells and AML‐LSCs in
paired Dx‐REL samples from pediatric/young adult risk‐stratified
human AML patients. Our data indicate that the HIF/hypoxia path-
way is attenuated in AML‐LSC34 cells as compared with differentiated
AML cells but it is enhanced when compared with healthy BM cells
and HSPCs. Accordingly, chemical inhibition of the HIF pathway co-
operates with standard‐of‐care chemotherapy to impair leukemo-
genesis in vitro and in vivo, substantially eliminating AML‐LSCs. These
findings support the HIF pathway as a stem cell regulator in human
AML and open new avenues for combinatorial targeted and
chemotherapy‐based treatments to specifically eliminate AML‐LSCs.
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F IGURE 7 Inhibition of the hypoxia inducible factor (HIF) pathway sensitizes acute myeloid leukemia (AML)‐leukemia stem cells (LSCs) to chemotherapy in vivo.

(A) Human AML‐engrafted mice were treated with the indicated drugs for 5 days. After completion of the treatment, organs were collected and analyzed by FACS.

Cells from the BM were used for ex vivo CFU assays and secondary transplantations. Percentage (upper plots) of human engraftment in BM after treatment and total

tumor cells (bottom plots) in bones (tibias, femurs, and hips) are shown (n = 4–6 mice/group). p‐Values of the comparison to control are shown in vertical. (B) Ex vivo

clonogenic capacity of BM cells retrieved from mice treated as indicated (n = 4–6/group). Left plot shows the number of colonies per 50,000 plated cells. Right plot

shows the total number of cells collected from each CFU plate. FISH analysis confirmed the leukemic identity of these cells. Percentages of MLLr+ cells are shown on

top of the FISH image for each indicated treatment (n = 200 counted cells). Scale bar = 10 µm. p‐Values of the comparison to control are shown in vertical. (C) BM cells

from treated primary mice were transplanted into secondary recipients at specific doses. LSC estimation in secondary recipients was calculated using ELDA software.

Mice were considered leukemic when presenting >0.1% human cells in BM (n = 1–5 mice/dose and group). (D) RNA sequencing analysis was performed from BM cells

from treated animals (n = 2 mice/group). Heatmap showing the expression of different LSCs, quiescence, and reactive oxygen species (ROS) signatures. (E) Gene

ontology (GO) terms highly expressed in combo‐treated versus AraC‐treated samples. (F) Volcano plot showing the DEGs in AraC and combo‐treated samples.

(G) Human CD34+CB cells‐engrafted mice were treated with the indicated drugs for 5 days. After completion of the treatment, organs were collected and analyzed by

FACS. Cells from the BM were used for ex vivo CFU assays. Total human cells in bones (tibias, femurs, and hips) after treatment are shown (n = 4–5 mice/group).

p‐Values of the comparison to control are shown in vertical. (H) Ex vivo clonogenic capacity of BM cells retrieved from mice treated as indicated (n = 4–6/group). Left
plot shows the number of colonies per 50,000 plated cells. Right plot shows the total number of cells collected from each CFU plate. p‐Values of the comparison to

control are shown in vertical. (I) Schematic diagram depicting the impact on AML cells of HIF inhibition over the treatment with AraC. BM, bone marrow; d, day;

CFU, colony unit forming; FACS, fluorescence‐activated cell sorting; PB, peripheral blood; RBC, red blood cells; WBC, white blood cells. Data are shown as

mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. Student's t‐test analysis.
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