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SUMMARY
N6-methyladenosine (m6A) is a commonly present modification of mammalian mRNAs and plays key roles in
various cellular processes. m6A modifiers catalyze this reversible modification. However, the underlying
mechanisms by which these m6A modifiers are regulated remain elusive. Here we show that expression of
m6A demethylase ALKBH5 is regulated by chromatin state alteration during leukemogenesis of human acute
myeloid leukemia (AML), and ALKBH5 is required for maintaining leukemia stem cell (LSC) function but is
dispensable for normal hematopoiesis. Mechanistically, KDM4C regulates ALKBH5 expression via
increasing chromatin accessibility ofALKBH5 locus, by reducing H3K9me3 levels and promoting recruitment
of MYB and Pol II. Moreover, ALKBH5 affects mRNA stability of receptor tyrosine kinase AXL in an m6A-
dependentway. Thus, our findings link chromatin state dynamicswith expression regulation ofm6Amodifiers
and uncover a selective and critical role of ALKBH5 in AML that might act as a therapeutic target of specific
targeting LSCs.
INTRODUCTION

Acute myeloid leukemia (AML) is an aggressive and fatal hema-

tologic malignancy characterized by uncontrolled expansion of

poorly differentiated myeloid cells (Döhner et al., 2015). The

development of AML is associated with accumulation of ac-

quired genetic and epigenetic changes in hematopoietic stem/

progenitor cells (HSPCs) (Ley et al., 2013; Shlush et al., 2014).

Increasing evidence demonstrates that acquisition of some

founder mutations in HSPCs may create a unique cellular state,

known as pre-leukemic hematopoietic stem cells (HSCs), which

display multilineage repopulation advantage and expand to form

pre-leukemic clones (Shlush et al., 2014). Subsequent acquisi-

tions of additional genetic or epigenetic changes in pre-leukemic

HSCs (pHSCs) establish their cellular identity as leukemia stem
cells (LSCs), which are responsible for leukemia initiation, pro-

gression, and relapse (Eppert et al., 2011; Shlush et al., 2014,

2017). Despite the progress made in understanding the molecu-

lar basis of AML development, overall survival of adult patients

has not significantly improved in the past three decades. Thus,

it is critical to explore distinct mechanisms during leukemogen-

esis at a molecular level for a better understanding of AML path-

ogenesis that will lead to the development of potentially effective

therapeutic strategies.

Chromatin states are crucial for defining cellular identity (Cu-

sanovich et al., 2018; Lara-Astiaso et al., 2014; Yoshida et al.,

2019). Cancer cells have aberrant epigenetic landscapes and

often exploit chromatin machinery to dysregulate gene expres-

sion (Chi et al., 2010; Garraway and Lander, 2013). Similarly, leu-

kemia cells display unique chromatin accessibility that can guide
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cell-fate programs by altering the regulatory networks (Chen

et al., 2015; Cheung et al., 2016; Jing et al., 2018). Therefore, it

is speculated that genes susceptible to chromatin state changes

may play key roles in leukemogenesis.

N6-methyladenosine (m6A) is a commonly present modifica-

tion of mammalian mRNAs (Desrosiers et al., 1974), and recent

evidence indicates that m6A plays crucial roles in various cellular

processes (Cui et al., 2017; Dominissini et al., 2012; Han et al.,

2019; Li et al., 2017a; Mauer et al., 2017; Meyer and Jaffrey,

2014; Meyer et al., 2012; Shi et al., 2018; Winkler et al., 2019;

Xiang et al., 2017; Zhou et al., 2015). This reversible modification

is catalyzed by m6A modifiers including methyltransferase com-

plex (METTL3-METTL14-WTAP) (Liu et al., 2014) and two deme-

thylases, ALKBH5 (Zheng et al., 2013) and FTO (Jia et al., 2011).

Although the expression of some of these m6A modifiers is dys-

regulated in tumor pathogenesis (Barbieri et al., 2017; Li et al.,

2017b; Vu et al., 2017a; Weng et al., 2018; Zhang et al., 2017),

the underlying mechanisms by which these m6A modifiers are

regulated remain poorly understood. ALKBH5 belongs to the

AlkB family of a-ketoglutarate-dependent dioxygenases and is

a major m6A demethylase (Zheng et al., 2013). However, the

role of ALKBH5 in leukemogenesis remains elusive. Here, we

show that chromatin state substantially affects ALKBH5 expres-

sion during leukemogenesis, and ALKBH5 is selectively required

for maintaining the function of AML LSCs.

RESULTS

The ALKBH5 Locus Displays Increased Chromatin
Accessibility during Leukemogenesis and Is Highly
Active in AML LSCs
To investigate the genetic changes due to chromatin state alter-

ations, we first interrogated chromatin accessibility dynamics in

AML patient-derived pHSCs, LSCs, leukemic blast cells (blasts),

as well as, in healthy donor-derived HSCs, common myeloid

progenitors (CMPs) and granulocyte/macrophage progenitors

(GMPs) from publicly available datasets of assay for transpo-

sase-accessible chromatin using sequencing (ATAC-seq) (Cor-

ces et al., 2016). We observed that substantial chromatin

remodeling occurred when cells transformed from normal

HSCs to pHSCs, LSCs, and blasts (Figure 1A). k-means clus-
Figure 1. The ALKBH5 Locus Displays Increased Chromatin Accessibi

with Poor Prognosis

(A) k-Means clustering of ATAC-seq data (GSE74912) showing alterations of chro

LSCs, and blasts.

(B) Gene Ontology analysis of genes in cluster 1.

(C) Normalized ATAC-seq signal at the ALKBH5 locus in HSCs, CMPs, GMPs, pHS

(D) Pearson’s correlation of ALKBH5 expression levels with the degree of its chr

(E) qRT-PCR analysis showing ALKBH5 expression in normal bone marrow cells

(n = 88).

(F) Immunoblot showing ALKBH5 expression in bulk bone marrow mononuclear

internal loading control.

(G) qRT-PCR analysis of ALKBH5 expression in leukemia progenitor cells (LPCs

(H) Single-cell RNA-seq data showing ALKBH5 expression in healthy donor- and

(I) Proportion of remission and relapse of two AML patient groups (ALKBH5high [

(J) Pearson’s correlation between ALKBH5 expression and days to relapse of AM

(K and L) Kaplan-Meier plots of overall survival in TCGA (K) and GSE16432 (L) c

(ALKBH5high) or below (ALKBH5low) the median.

*p < 0.05, **p < 0.01, and ***p < 0.001 (t test). Error bars denote mean ± SEM.
tering analysis revealed two trends of chromatin accessibility al-

terations during leukemogenesis: gained accessibility (cluster 1)

and gradually lost accessibility (cluster 2). Notably, genes in clus-

ter 1 involved in several biological processes, such as mRNA

processing, response to ER stress, response to unfolded pro-

tein, and translational initiation (Figure 1B), whereas genes in

cluster 2 were enriched in regulation of cell cycle phase transi-

tions (Figure S1A). These results indicate that chromatin state

alteration affects multiple genetic programs in human AML

development.

Recent studies have uncovered critical roles of mRNA pro-

cessing, such as m6A modification, in AML development (Dol-

nik et al., 2012; Vu et al., 2017b; Wang et al., 2019; Weng

et al., 2018). Interestingly, we found that m6A demethylase,

ALKBH5, but not other m6A modifiers (METTL3, METTL14,

WTAP, and FTO), belonged to cluster 1, displaying significantly

higher chromatin accessibility in the populations of AML pa-

tient-derived pHSCs, LSCs, and blasts than in normal HSCs,

CMPs, and GMPs (Figures 1C and S1B–S1G). In these cells,

the degree of chromatin openness of ALKBH5 locus positively

correlated with its transcript level (Figures 1D and S1H), sug-

gesting that ALKBH5 expression was actively regulated by

chromatin accessibility during leukemogenesis. In addition,

we observed that ALKBH5 was expressed at a significantly

higher level in leukemia cells from AML patients, including pa-

tients with normal karyotype, inv(16), MLL-rearranged t(11q23),

and t(8,21), compared with healthy donor controls (Figure 1E).

A similar result was observed by analyzing published datasets

(Figure S1I). We also found that ALKBH5 was aberrantly over-

expressed in most AML patient samples (Figures 1F and

S1J). Importantly, the highest expression of ALKBH5 was de-

tected mainly in LSCs (Figures 1G and S1K). We further used

single-cell RNA sequencing (RNA-seq) and genotyping at the

single-cell level to compare ALKBH5 expression between prim-

itive AML cells and normal controls (van Galen et al., 2019). We

found that primitive AML cells from patients (including HSC-

like, Prog-like, and GMP-like malignant cells) exhibited higher

expression of ALKBH5 than their counterparts (HSCs, Progs,

and GMPs) from healthy bone marrow (Figure 1H). Thus, these

results suggest that ALKBH5 expression is determined by alter-

ations in chromatin accessibility during leukemogenesis. Higher
lity during Leukemogenesis and Is Highly Active in LSCs, Associated

matin accessibility in normal human HSPCs and AML patient-derived pHSCs,

Cs, LSCs, and blasts. Each dot represents one individual AML patient sample.

omatin accessibility in AML patient-derived pHSCs, LSCs, and blasts.

from healthy donors (n = 11) and in AML patient-derived primary leukemia cells

cells from healthy donors (n = 2) and AML patients (n = 8) using GAPDH as an

) and LSCs sorted from two independent AML patients.

AML patient-derived bone marrow cells. Each dot represents one cell.

n = 25] and ALKBH5low [n = 25]) divided by ALKBH5 expression.

L patients (GSE83553; n = 19).

ohorts for AML patients, stratified on the basis of ALKBH5 expression above
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Figure 2. ALKBH5 Is Required for Maintaining Primary Human AML LSC Capability

(A) Experimental scheme for (B)–(F).

(B) Immunoblot showing knockdown efficiency of ALKBH5 in leukemia cells.

(legend continued on next page)
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expression of ALKBH5 in LSCs implies that it plays a key role in

regulating the function of AML LSCs.

Higher ALKBH5 Expression Is Associated with Poor
Prognosis of AML
Next, we investigated the prognostic value of ALKBH5 in AML.

We observed that ALKBH5 expression was consistently higher

in the relapse samples versus their paired diagnostic samples

(Figure S1L). On the basis of the levels of ALKBH5 expression,

we further stratified patients (with sufficient response data

available) as remission or relapse and found that increased

ALKBH5 expression was associated with significantly higher

relapse percentage (40% in the ALKBH5high cohort versus

0.08% in the ALKBH5low cohort) (Figure 1I). Similarly, ALKBH5

expression levels negatively correlated with duration until

relapse (Figure 1J). These data suggest that AML patients

with high ALKBH5 expression may survive chemotherapy but

suffer relapse. To support this idea, we further studied two

AML patient cohorts and found that elevated expression of

ALKBH5 correlated with overall shorter survival of AML patients

(Figures 1K and 1L). Collectively, these data demonstrated that

higher ALKBH5 expression correlates with poor prognosis

of AML.

ALKBH5 Is Essential for Maintaining the Function of
Human AML LSCs
Upregulation of ALKBH5 expression in AML LSCs promoted

us to investigate its function in leukemogenesis (Figure 2A).

We performed short hairpin RNA (shRNA)-mediated knock-

down (KD) experiments to abrogate ALKBH5 expression.

Compared with the scramble control, both shRNAs markedly

knocked down ALKBH5 expression, accompanied by an in-

crease in global m6A levels (Figures 2B and S2A). To deter-

mine ALKBH5 function, we first used human myeloid leukemia

cell lines and found that ALKBH5 KD significantly blocked

cellular growth and inhibited the clonogenicity (Figures S2B

and S2C). Additionally, CRISPR/Cas9-mediated knockout of

ALKBH5 also showed marked inhibition of cellular growth (Fig-

ure S2D). Next, we used AML patient-derived primary

Lin�CD34+ cells, which are commonly considered an LSC-en-

riched population. Compared with the control group, ALKBH5

KD significantly inhibited proliferation, induced cell apoptosis,

and reduced colony formation (Figures 2C–2E). We also exam-

ined the in vivo leukemia reconstitution ability of AML LSCs by

using xenograft assay. As expected, ALKBH5 KD significantly

reduced the leukemogenic potential of the cells in immune-
(C) Growth curves of AML patient-derived Lin�CD34+ cells after ALKBH5 knockd

(D) Percentage of apoptotic cells (annexin V+) cells (n = 2 biologically independe

(E) Colony-forming unit assay using primary Lin�CD34+ cells from four individua

(n = 24).

(F) In vivo leukemic engraftment analysis at 10–12 weeks after xenotransplanta

patients (two to four recipients per patient per group).

(G) Growth curves of leukemia cells after transduction with indicated lentiviruses

(H) Quantification of mRNA m6A levels in MOLM-13 cells after transduction with

(I) Colony-forming unit assay of MOLM-13 and THP1 cells after transduction wit

(J) Apoptotic analysis of MOLM-13 cells transduced with indicated lentiviruses.

(K) Flow cytometry analysis of differentiation of MOLM-13 cells (CD11b+).

(L) Kaplan-Meier survival plot of recipients transplanted with MOLM-13 cells tran

*p < 0.05, **p < 0.01, and ***p < 0.001 (t test). Error bars denote mean ± SEM.
deficient mice (Figure 2F). Together, these results indicate

that ALKBH5 is required to maintain the function of human

AML LSCs.

Demethylation Activity of ALKBH5 Is Required for
Survival of Human Leukemia Cells
To rule out off-target possibility and determine whether enzy-

matic activity was required for ALKBH5 function, we restored

ALKBH5 expression by inserting its cDNA resistant to

shALKBH5#30 targeting the 30 UTR (Figure S2E). We observed

that restoration of wild-type (WT) ALKBH5 substantially rescued

the cellular growth and clonogenicity of human AML cell lines

MOLM-13 and THP1 (Figures S2F–S2I), suggesting that the

inhibitory effects of ALKBH5 deficiency were not caused by

the off-target effects of shRNAs. The ALKBH5 mutant, which

carried the H204A mutation to disrupt its enzymatic activity

(Zheng et al., 2013), was also used in the rescue experiment.

Our results showed that the ALKBH5 mutant failed to rescue

the defects in cellular growth and clonogenic ability of human

leukemia cells caused by ALKBH5 deficiency (Figures 2G–2I),

indicating that ALKBH5 enzymatic activity is required for its func-

tion in promoting AML cell survival. Furthermore, ALKBH5 KD

caused cell-cycle arrest, promoted differentiation, and induced

apoptosis of the leukemia cells. These biological changes were

also rescued by WT ALKBH5, but not the mutant that lacked

enzymatic activity (Figures 2J, 2K, S2K, and S2L). Furthermore,

ALKBH5-KD cells exhibited delayed leukemia development

in vivo, which was reversed by restoration of expression of WT

ALKBH5, but not its mutant lacking the enzymatic activity (Fig-

ures 2L and S2J). Together, these results indicate that ALKBH5,

along with an intact demethylase activity, is required for survival

and stem cell maintenance of human AML cells.

Alkbh5 Is Required for Murine AML Development and
Maintenance of LSCs
To test whether Alkbh5 is required for murine leukemogenesis,

we generated Alkbh5fl/fl mice and crossed with an Mx1-Cre

strain to produce Mx1-cre;Alkbh5fl/fl mice (Figure S3A). Efficient

deletion of Alkbh5 was observed 2 weeks after the last polyino-

sinic-polycytidylic acid (pIpC) injection (Figure S3B). For

simplicity, pIpC-treated Mx1-cre;Alkbh5fl/fl mice will be referred

to as Alkbh5�/� mice and pIpC-treated Alkbh5fl/fl control mice

as WT mice.

We first studied the role of Alkbh5 in AML development. Lin�

bone marrow cells from WT and Alkbh5�/� mice were trans-

duced with MLL-AF9-YFP retrovirus and then transplanted into
own.

nt samples, with two independent cultures each [n = 4]).

l AML patients after knockdown of ALKBH5. Each dot represents one culture

tion. Data are combined from three independent experiments for three AML

.

indicated lentiviruses.

h indicated lentiviruses.

sduced with indicated lentiviruses (n = 4 or 5 recipients per group).
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lethally irradiated recipient mice (Figure 3A). Recipients of MLL-

AF9-transduced Alkbh5�/� Lin� cells developed and died of

AML significantly slower than did recipients of MLL-AF9-trans-

duced WT Lin� cells (Figure 3C). The delayed AML development

in the absence of Alkbh5 correlated with a lower percentage of

leukemia cells in the peripheral blood (PB) and less severe

splenomegaly (Figures 3B, S3C, and S3D). Thus, these data indi-

cate that Alkbh5 is required for AML development.

Next, we explored the role of Alkbh5 in maintaining LSC func-

tion. Alkbh5 deletion significantly impaired the ability of LSCs to

cause disease in secondary recipient mice (Figures 3D and S3D).

Additionally, we observed a dramatically lower percentage of

LSCs in the absence ofAlkbh5 (Figure 3E). To directly enumerate

the frequency of LSCs, we performed a limiting dilution assay.

The frequency of LSCs in Alkbh5�/� AML mice was lower

compared with the WT group (1:7,249 versus 1:410 cells) (Fig-

ures 3F and S3E). This was also confirmed by a colony-forming

unit (CFU) assay showing a lesser number of colonies in the

absence of Alkbh5 (Figure 3G). We further asked whether acute

deletion of Alkbh5 from established LSCs affects leukemia main-

tenance. We first induced leukemia initiation using MLL-AF9-

transduced Lin� cells from Alkbh5fl/fl and Mx1-cre;Alkbh5fl/fl

mice. To rule out the issue of Mx1-Cre leakiness, we sorted

YFP+ leukemia cells from primary recipients and transplanted

them into secondary recipients. Fourteen days following leuke-

mia engraftment, deletion of Alkbh5 was induced by injecting re-

cipients with pIpC (Figure 3H). As expected, acute deletion of

Alkbh5 inhibited leukemia propagation (Figure 3I), suggesting

that Alkbh5 is critical for LSC maintenance. Together, our data

indicate that Alkbh5 is required for the development of murine

AML and maintenance of LSC function.

ALKBH5 Is Dispensable for Normal Human CD34+

HSPCs and Murine Hematopoiesis
Next, we explored whether ALKBH5 is required for normal he-

matopoietic function. First, we knocked down ALKBH5 by

shRNAs in human cord blood-derived CD34+ cells and observed

comparable colony-forming ability and myeloid differentiation

(Figure 4A), indicating that ALKBH5 is not required for the func-

tion of normal human CD34+ HSPCs. We further examined the

effects of Alkbh5 on HSC function and normal hematopoiesis us-

ing Alkbh5�/� mice. Compared with WT mice, Alkbh5�/� mice

showed similar blood counts and percentages of different types

of blood cells in the PB, including white blood cells (WBCs), lym-

phocytes (LYMs), granulocytes (GRAs), monocytes (MONs),

platelets, and red blood cells (RBCs), at 2 and 4 weeks after
Figure 3. Alkbh5 Is Required for Murine AML Development and Mainte
(A) Experimental scheme for MLL-AF9 induced murine AML model. BMT, bone m

(B) Percentages of YFP+ leukemia cells in PB at the indicated time after transpla

(C) Kaplan-Meier survival curves for recipients of MLL-AF9-transduced Lin� bon

(D) Kaplan-Meier survival curves for secondary BMT recipient mice receiving eq

Alkbh5�/�).
(E) Representative flow plot showing the percentage of LSCs in recipient mice fr

(F) Limiting dilution assays. Table (left) shows different numbers of cells and recip

WT and Alkbh5�/� AML mice.

(G) Colony-forming unit assay for leukemic cells from primary WT and Alkbh5�/�

(H) Experimental scheme for analyzing the function of Alkbh5 in leukemia mainte

(I) Kaplan-Meier survival curves for leukemia maintenance assay (n = 5 for Alkbh

*p < 0.05, **p < 0.01, and ***p < 0.001 (t test). Error bars denote mean ± SEM.
the last pIpC injection (Figures 4B, 4C, S4A, and S4B). Further-

more, deletion of Alkbh5 did not cause a significant change in

bone marrow cellularity (Figures 4D and S4C) and showed

similar spleen weight as WT mice (Figure S4D). Next, we

observed that the percentages and total numbers of LT-HSC,

ST-HSC, MPP2, MPP3, MPP4, LSK, LMPP, progenitor, CMP,

GMP, MEP, and CLP in the bone marrow of Alkbh5�/� mice

were similar to those in WT mice (Figures 4E–4H and S4E–

S4H). Thus, these data indicate that ALKBH5 is not required

for normal hematopoiesis.

We next investigated the effects of Alkbh5 on HSC function. A

CFU assay showed normal clonogenicity and differentiation

potential of Alkbh5�/� stem/progenitor cells (Figure 4I). Further-

more, we performed a competitive repopulation assay to deter-

mine whether Alkbh5 affects the self-renewal capacity of HSCs.

These chimeric mice were analyzed using flow cytometry over

4–16 weeks after bone marrow transplantation (BMT). The per-

centages of donor-derived total cells (CD45.2+), myeloid cells

(Mac1+, Gr-1+), T cells (CD3e+), and B cells (B220+) in PB

were similar (Figure 4J), suggesting that Alkbh5�/� HSCs have

a reconstitution ability that is comparable with WT controls. At

16 weeks, we also did not observe any significant differences

in the percentages of donor-derived stem and progenitor popu-

lations in the recipients (Figures 4K and 4L). To test the long-term

function of HSCs, we sorted donor-derived LSK cells from the

above recipients at 16 weeks and performed secondary trans-

plantation. We observed similar percentages of donor-derived

different lineage cells in the PB of recipients over 4–12 weeks af-

ter BMT (Figure 4M). Together, these results indicate that Alkbh5

does not affect the function of normal HSCs.

ALKBH5 Expression Is Regulated by Epigenetic
Alterations in Human AML Cells
Because histone modifications modulate the local structure of

chromatin and influence gene expression, by regulating the

accessibility of gene loci to transcriptional machinery (Tessarz

and Kouzarides, 2014), we reasoned that ALKBH5 expression

could be affected by chromatin accessibility during AML devel-

opment. We first interrogated epigenetic dynamics of leukemia

cells by analyzing publicly available datasets (Chen et al.,

2015; Wong et al., 2015). We found that the promoter regions

of all m6A modifiers had significantly high levels of the active his-

tone marks H3K9ac, H3K4me3, H3K4me2, and H3K79me2 and

a lower level of the repressive histone mark H3K27me3 in murine

c-kit+ leukemia-initiating cells (LICs) (Figures S5A–S5G). Of all

these epigenetic changes, the Alkbh5 locus showed the highest
nance of LSC Function
arrow transplantation.

ntation (n = 5 per group).

e marrow cells from WT (n = 8) or Alkbh5�/� (n = 9) donor mice.

ual number of YFP+ leukemia cells from primary AML mice (n = 5 for WT and

om secondary BMT for WT and Alkbh5�/� groups.

ient mice used for the transplant. Graph (right) shows the frequency of LSCs in

AML mice.

nance.

5fl/fl and Alkbh5fl/fl;Mx1-Cre).
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enrichment of these active histone marks and the highest degree

of chromatin openness (Figure 5A). Consistently, this locus also

displayed highly accessible and active in human myeloid leuke-

mia cell K562, marked by hypersensitivity to DNase I and higher

enrichment of H3K27ac, H3K4me3, and H3K4me2, which are

proximal to the boundary of topological domain (Figure 5B).

We further examined the chromatin state of ALKBH5 promoter

region in AML patient-derived leukemia cells using chromatin

immunoprecipitation quantitative polymerase chain reaction

(ChIP-qPCR). The enrichment of H3K4me3 in the ALKBH5 pro-

moter region was significantly increased, while the enrichment

of H3K9me3 was decreased (Figure 5C). On the basis of these

results, we propose that altering the chromatin state of ALKBH5

locus could interfere with its expression.

To profile ALKBH5 promoter-binding proteins, we performed

a DNA pull-down assay in combination with mass spectrometry.

As expected, we found that H3K4 histone methyltransferases,

including KMT2A and KMT2B (also called MLL1 and MLL2,

respectively), were enriched in this region (Figure 5D). We at-

tempted to identify the MLLs required for regulating ALKBH5

by KD of the four H3K4 methyltransferases, MLL1–4, individu-

ally. We found that KD of MLL1 and MLL3, but not MLL2 and

MLL4, significantly downregulated ALKBH5 expression (Figures

S5H and S5I). In addition, H3K9 histone demethylases, including

JMJD2B and JMJD1C, were accumulated in the ALKBH5 pro-

moter region (Figures 5D and 5E), suggesting that they are

responsible for the reduction of H3K9me3 in this region in AML

cells (Figure 5C). Moreover, we found enrichment of transcrip-

tional factors RUNX2, MYB, and PBX3 in the ALKBH5 promoter

(Figures 5D and 5E). KD of MYB by two different shRNAs signif-

icantly decreased ALKBH5 expression in leukemia, at both the

mRNA and protein levels (Figures 5F and 5G), suggesting that

MYB plays a critical role in regulating ALKBH5 expression in leu-

kemia cells. Together, these results indicate that the chromatin

state determines ALKBH5 expression in human AML cells.

KDM4C Regulates ALKBH5 Expression by Modulating
Chromatin Accessibility
KDM4C is a histone demethylase that removes H3K9me3

(Cheung et al., 2016). We found that KDM4C was also en-

riched in the ALKBH5 promoter region (Figure 5E), implying

that it is involved in regulating ALKBH5 expression. We

observed that KDM4C expression was significantly higher in

AML patient-derived leukemia cells and LSCs, which sup-

ported our speculation (Figures 5H and 5I). The level of
Figure 4. Alkbh5 Is Dispensable for Normal Hematopoiesis and HSC F

(A) CFU assay using cord blood-derived CD34+ HSPCs from three individual uni

(B) Blood count analysis in the PB of WT and Alkbh5�/� mice at 2 weeks after p

(C) Percentages of different lineage cells in the PB at 2 weeks after pIpC treatme

(D–F) Percentages of different populations of mature lineage cells (D), progenitors

after pIpC treatment (n = 6).

(G and H) Total cell numbers of different stem cell (G) and progenitor (H) population

(I) CFU assay of Lin� bone marrow cells from WT and Alkbh5�/� mice at 2 weeks

(J) Competitive repopulation assay. Flow cytometry analysis for different donor-

(n = 7–9).

(K and L) Percentage of donor-derived progenitor (K) and stem cell (L) compartm

(M) Secondary BMT showing comparable long-term function of WT and Alkbh5�/

of recipient mice 4, 6, 8, and 12 weeks after BMT (n = 5).

n.s., no significance; error bars denote mean ± SEM.
KDM4C expression positively correlated with that of ALKBH5

in leukemia cells from AML patients (Figure S5J). Moreover,

KDM4C KD significantly downregulated ALKBH5 expression

at both the mRNA and protein levels in leukemia cells, accom-

panied by an increase in the level of H3K9me3 (Figures 5J, 5K,

S5K, and S5L). Similar to ALKBH5 deficiency, KDM4C KD in-

hibited the cellular growth and reduced the clonogenic ability

of leukemia cells (Figures S5M and S5N), which supported

the findings of a previous study showing that KDM4C is essen-

tial for initiation and maintenance of leukemia (Cheung et al.,

2016). Importantly, ectopic expression of ALKBH5 partially

rescued the phenotype caused by KDM4C KD (Figure 5L),

indicating that ALKBH5 mediated the function of KDM4C in

leukemia cells.

To investigate the underlying mechanism by which KDM4C

regulates ALKBH5 expression, we performed ATAC-seq to

assess the cis-regulatory landscape of KDM4C-KD leukemia

cells. As shown in Figure 5M, KDM4C KD resulted in global

loss of chromatin accessibility (Figures 5M and S5O). This obser-

vation is clearly illustrated by the region that surrounds the

ALKBH5 locus (Figures 5N and S5P). Furthermore, loss of

KDM4C caused accumulation of repressive H3K9me3, with a

concomitant reduction of transcriptional factor MYB and active

RNA polymerase II-CTD (Pol II-CTD) binding (Figures 5O and

S5Q). Together, these results indicate that KDM4C regulates

ALKBH5 expression in leukemia cells by increasing chromatin

accessibility and promoting the binding of MYB and Pol II-CTD

to the ALKBH5 promoter.

ALKBH5 Regulates mRNA Stability by Altering m6A
Modification
To comprehensively understand the regulatory role of ALKBH5

in leukemogenesis, we conducted an RNA-seq assay and

compared the gene expression profiles of leukemia cells

following ALKBH5 KD, with or without ALKBH5 restoration. A to-

tal of 399 genes were found to be differentially expressed by at

least 2-fold (Figures 6A and S6A). The altered genes were closely

related to amino acid metabolism, cell cycle G2-M regulation,

PI3K/AKT signaling, apoptosis, and differentiation (Figures 6A–

6D). Gene set enrichment analysis (GSEA) also showed the

enrichment of differentiation-related genes in ALKBH5-KD cells

(Figures 6B and S6B). Upon ALKBH5 deletion, there was an in-

crease in the expression levels of the genes downregulated by

HOXA9 and MEIS1 and the gene set downregulated in HSCs

(Figures 6B and S6B). Additionally, an obvious enrichment for
unction

ts upon knockdown of ALKBH5.

IpC treatment (n = 4–6).

nt (n = 11 for WT and Alkbh5�/�).
(E), and stem cells (F) in the bonemarrow of WT and Alkbh5�/�mice at 2 weeks

s in bonemarrow at 2 weeks after pIpC treatment (n = 6 for WT and Alkbh5�/�).
after pIpC treatment. Left: colony numbers; right: representative clone image.

derived cell lineages in PB of recipient mice 4, 8, 12, and 16 weeks after BMT

ents in the bone marrow of recipients 16 weeks after BMT.
� HSCs. Flow cytometry analysis for different donor-derived cell lineages in PB
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HSC signature was observed in AML patients with high ALKBH5

levels (Figure S6C).

To test whether the altered gene expression could be a conse-

quence of ALKBH5-medidated m6A demethylation, we mapped

the m6A methylomes by m6A sequencing. In line with a previous

analysis, m6A sites were primarily found in both exons and 30

UTR, and the most m6A-enriched sites were located near the

stop codon, displaying the canonical m6A motif, DRACH (Fig-

ure S6D). Although ALKBH5 KD did not severely affect the m6A

distribution in genomic regions, and the frequency of m6A sites

per mRNA ranged from one to five or more m6A sites per gene,

ALKBH5 KD caused a significant increase in the total number

of m6A peaks (Figures S6E and S6F). Remarkably, up to 2,151

transcripts showed elevated m6A enrichment, while 506

decreased transcripts were also present, which could not

directly be targets, considering the demethylase activity of

ALKBH5 (Figure 6E). By integrating transcriptome and m6A

methylomes analysis, we found that 1,594 mRNA transcripts

with hyper-methylated m6A peaks were significantly downregu-

lated following ALKBH5 KD compared with control cells, which

occupied 74% of the 2,151 hyper-methylated m6A peaks. The

remaining 557mRNA transcripts with m6Amodification were up-

regulated upon ALKBH5 deletion (Figure 6F). Notably, when

restored, 1,778 hypo-methylated m6A peaks were identified,

with 43% of these m6A-marked transcripts upregulated and

57% downregulated (Figure 6F). The change in the expression

levels of m6A-marked transcripts may arise from alterations in

their half-life. Therefore, we measured the transcriptome-wide

mRNA decay rate in leukemia cells using thiol-linked alkylation

for the metabolic sequencing of RNA (SLAM-seq) (Herzog

et al., 2017). In line with a previous study (Zheng et al., 2013),

we observed slightly reduced global mRNA stability in

ALKBH5-KD cells (Figure 6G). Among these transcripts, we

further confirmed that mRNA stabilities of differentiation-related

genes, such as ID1, ID2, and ID3, were significantly increased

upon ALKBH5 KD, but ALKBH5 deletion decreased mRNA sta-

bilities of genes involved in serine biosynthesis, including

PHGDH and PSAT1. These effects can be rescued upon restora-

tion of ALBKH5 (Figures 6H and 6I). In addition, ectopic expres-
Figure 5. KDM4C Regulates ALKBH5 Expression by Modulating Chrom

(A) Integrated analysis of histone modifications and chromatin accessibility of m6A

(B) Comprehensive analysis of the ALKBH5 locus in K562 cells (datasets from E

(C) ChIP-qPCR analysis of H3K4me3 and H3K9me3 enrichment in the ALKBH5

dividual sample.

(D) Heatmap of DNA pull-down in combination with mass spectrometry assay s

methylases (KMT2A and KMT2B), and H3K9 demethylase (JMJD2B, KDM2B, an

(E) Immunoblot validation of DNA pull-down assay showing the binding of MYB,

(F) qRT-PCR analysis showing ALKBH5 and MYB expression in leukemia cells tr

(G) Immunoblot showing protein expression of ALKBH5 and MYB in leukemia ce

(H) qRT-PCR analysis showing higher expression of KDM4C in AML patient-deriv

healthy donors (n = 5).

(I) KDM4C expression in LPCs (n = 3) and LSCs (n = 5) from GSE34044.

(J) qRT-PCR analysis of ALKBH5 expression after KDM4C knockdown.

(K) Immunoblotting for KDM4C, ALKBH5, and H3K9me3. H3 and actin were use

(L) CFU assay showing the rescue of phenotype by re-expressing ALKBH5 in KD

(M) Heatmap showing the ATAC-seq signal at TSSs ± 3 kb regions for all genes

(N) Representative integrative genomics viewer (IGV) displaying the ATAC-seq sig

(O) ChIP-qPCR analysis of KDM4C, Pol II-CTD, and H3K9me3 enrichment in the

One representative result of two independent experiments is shown.

**p < 0.01 and ***p < 0.001 (t test). Error bars denote mean ± SEM.
sion of PHGDH functionally rescued the clonogenic defects

caused by ALKBH5 KD in leukemia cells (Figure 6J). As m6A

modification also affects translational efficiency (TE) (Wang

et al., 2015), we further performed ribosome profiling (RIBO-

seq) to measure the TE. Interestingly, ALKBH5 KD did not signif-

icantly alter the global TE of m6A or non-m6A-marked mRNA

(Figures 6K and S6G). The outcomes of mRNAm6Amodification

are executed by different m6A readers (Shi et al., 2019). YTHDF2

is the major m6A reader that promotes degradation of its target

transcripts, whereas IGF2BP1/2/3 stabilize m6A-marked

mRNA. Therefore, we knocked down these readers in

ALKBH5-KD leukemia cells and observed the restoration of

PHGDH, ID2, and ID3 expression along with deficiency of

YTHDF2 or IGF2BP1/2 (Figures S6H and S6I), suggesting that

YTHDF2 and IGF2BPs are the m6A readers for PHGDH and

ID2/3, respectively. Together, these results suggest that

ALKBH5 regulates mRNA stabilities of its targets in AML cells

by altering their m6A modification.

ALKBH5 Regulates AXL mRNA Stability in
Leukemia Cells
Interestingly, we observed strong enrichment of the gene sets of

the PI3K/AKT/mTOR and protein Ser/Thr phosphatase activity

pathways in ALKBH5high cases from three AML patient cohorts

(Figures 7A–7C), suggesting that ALKBH5 affects kinase phos-

phorylation pathways. We found that ALKBH5 KD markedly

downregulated expression of AXL, accompanied by increased

m6A levels in its 30 UTR (Figure 7D). AXL belongs to the receptor

tyrosine kinase (RTK) TYRO3, AXL, andMERTK (TAM) family and

is constitutively active in multiple types of cancer, including AML

(Park et al., 2013, 2015; Rochlitz et al., 1999). Activation of TAM

RTKs results in stimulation of a range of pathways, including

PI3K/AKT/mTOR. As expected, downregulation of AXL caused

by ALKBH5 KD reduced the activation of downstream kinase

signaling, including p-SRC, p-AKT, p-ERK1/2, p-STAT3, and

p-PLCg, which were rescued upon restoration of ALKBH5

expression (Figures 7E and S7A). Therefore, we decided to

further explore the detailed mechanism by which ALKBH5 regu-

lates AXL expression. Consistent with our sequencing data
atin Accessibility

modifiers in murine leukemia cells (datasets from GSE61022 and GSE60193).

NCODE).

protomer in AML patient-derived leukemia cells. Each dot represents one in-

howing enrichment of transcription factors (RUNX2, MYB, and PBX3), H3K4

d JMJD1C) in the ALKBH5 promoter.

JMJD2B, and KDM4C to the ALKBH5 promoter.

ansduced with shRNAs targeting MYB.

lls after MYB knockdown.

ed primary leukemia cells (n = 28) than in normal bone marrow (BM) cells from

d as loading control.

M4C-KD cells.

in MOLM-13 cells transduced with shcontrol or shKDM4C.

nal ofALKBH5 locus inMOLM-13 cells transduced with shcontrol or shKDM4C.

ALKBH5 protomer in MOLM-13 cells transduced with shcontrol or shKDM4C.
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(Figure 7D), we confirmed the decreased mRNA level of AXL

following ALKBH5 deletion, which was reversed upon restoring

ALKBH5 expression (Figures 7F and S7B). Moreover, deficiency

of Alkbh5 resulted in downregulation of Axl in a dose-dependent

manner in leukemia cells and caused obvious downregulation of

Axl in LICs from AML mice (Figures 7G and S7C). Similarly,

downregulation of Phgdh and Psat1 was also observed in pri-

mary Alkbh5�/� leukemia cells and LICs (Figure S7D). Using

m6A gene-specific qRT-PCR, we found that the levels of m6A

were increased upon ALKBH5 KD in the AXL transcript, which

was rescued following ALKBH5 restoration (Figures 7H and

S7E). Consistently, forced expression of WT ALKBH5, but not

the mutant ALKBH5, substantially restored expression of AXL

upon KD of ALKBH5 in leukemia cells (Figure S7F). We next

asked whether ALKBH5 directly binds AXL transcripts by per-

forming ALKBH5 RIP-PCR. We observed significant enrichment

of AXL transcripts in m6A region, indicating that ALKBH5 directly

binds AXL transcripts in an m6A-dependent manner (Figure 7I).

Using luciferase reporter assay, we found that ALKBH5 KD

decreased the activity of the luciferase construct containing

AXL 30 UTR (Figure 7J). To investigate whether ALKBH5 regu-

lates AXL expression by modulating its mRNA stability, we

treated control or ALBKH5-KD MOLM-13 cells with the tran-

scription inhibitor actinomycin D (Act D) and measured the

half-life of the AXL transcripts. Indeed, ALKBH5 KD caused a

noticeable decrease in the half-life of AXL (Figure 7K). Similar ef-

fects were also found in primary Alkbh5�/� leukemia cells (Fig-

ure 7L). We further explored the underlying mechanism for this.

KD of YTHDF2 obviously restored AXL mRNA level in ALKBH5-

deficient leukemia cells (Figure 7M), indicating that YTHDF2 is

the m6A reader for AXLmRNA. Together, these findings suggest

that ALKBH5 regulates AXL stability in leukemia cells in an m6A-

dependent manner, which is mediated by YTHDF2.

Next, we proposed that to a certain extent, AXL mediates the

function of ALBKH5 in leukemia cells. Similarly, KD of AXL in-

hibited the cellular growth and clonogenic potential of leukemia

cells, which recapitulated the phenotype resulting from ALKBH5

KD (Figures S7G–S7J). Therefore, we re-expressed AXL in

ALKBH5-KD leukemia cells and primary murine LICs and found

that the ectopic expression of AXL partially rescued the clono-

genic defect resulting from ALKBH5 deficiency (Figures 7N,

7O, and S7K). Overall, these data indicate that AXL is a functional

downstream target of ALKBH5.
Figure 6. ALKBH5 Regulates mRNA Stability by Altering m6A Modifica

(A) Heatmap showing differential expression of ALKBH5 targets in leukemia cells

(B) GSEA plot showing enrichment of gene sets of hematopoietic differentiation a

(C) qRT-PCR validation of the effect of ALKBH5 on the expression levels of PHG

(D) qRT-PCR validation of the effect of ALKBH5 on the expression levels of ID

transduced with indicated lentivirus.

(E) Scatterplot showing m6A enrichment on mRNAs of leukemia cells transduced

(F) Distribution of genes with a significant change in both m6A level and overall tra

versus ALKBH5-KD cells.

(G) SLAM-seq analysis showing the cumulative distributions of transcript half-life

(H) The mRNA half-life (t1/2) of ID1, ID2, and ID3 in leukemia cells transduced wit

(I) The mRNA half-life (t1/2) of PHGDH and PSAT1 in leukemia cells transduced w

(J) CFU assay for PHGDH functional rescue of the clonogenic defects of ALKBH

(K) RIBO-seq analysis showing the comparable TE of leukemia cells with or wit

versus shControl) in TE of non-m6A or m6A transcripts.

*p < 0.05, **p < 0.01, and ***p < 0.001 (t test). Error bars denote mean ± SEM.
DISCUSSION

Here we show that ALKBH5 is selectively required for AML

development and maintenance of LSC function, but not for

normal hematopoiesis (Figure 7P). Complementary findings are

also reported by Shen et al., 2020 (in this issue of Cell Stem

Cell). These findings provide a rationale for specifically eradi-

cating AML LSCs, but not their normal counterparts, by targeting

ALKBH5. This is especially important considering the broader

function of m6A modification and its related modifiers in various

biological processes.

Our study demonstrates that chromatin state alterations dur-

ing leukemogenesis regulate ALKBH5 expression. To our knowl-

edge, this is the first established link between epigenetic change

andm6Amodification. Previous studies have revealed the critical

function of H3K9me3 in cancer (Schuster-Böckler and Lehner,

2012), but the related gene loci were not well defined. Our find-

ings indicate that ALKBH5 is one of the related loci affected by

H3K9me3 in leukemogenesis, and KDM4C removes the

H3K9me3 marks on ALKBH5 locus. MYB is essential for normal

hematopoiesis, as well as AML initiation and maintenance (Lieu

and Reddy, 2009; Ramsay and Gonda, 2008), and its expression

is regulated by METTL14 through m6A-based post-transcrip-

tional regulation (Weng et al., 2018). Surprisingly, we found

that MYB acts as one of the upstream transcriptional factors

for ALKBH5 and positively regulates its expression.

Our findings reveal the crucial role of ALKBH5 in specifically

regulating the function of AML LSCs, which establishes the ratio-

nale for selectively targeting AML LSCs using ALKBH5 as a ther-

apeutic target. FTO, another m6A demethylase, plays a critical

oncogenic role in certain subtypes of AML (Li et al., 2017b). Inter-

estingly, upon FTO and ALKBH5 KD, fewer than 10% the

affected transcripts were overlapped (data not shown), suggest-

ing that they have different downstream targets. Also, the

distinct consequences of m6A removal by ALKBH5 might result

from different effects of m6Amodification on different transcripts

mediated by m6A readers (Yang et al., 2018). Moreover, global

mRNA stability and TE were not significantly changed upon

ALKBH5 deficiency, which implies that ALKBH5 may affect the

specific targets or pathways. Given that the m6A readers

YTHDF2 and IGF2BPs are important for mediating the effect of

ALKBH5 on some of its targets, it will be important to further

elucidate the underlying mechanisms in the future.
tion

transduced with indicated lentivirus.

nd downregulated targets of HOXA9 and MEIS1 in ALKBH5-KD leukemia cells.

DH and PSAT1 in leukemia cells transduced with indicated lentivirus.

1, ID2, ID3, S100A9, YAP1, ITGAM, CEBPD, and CEBPE in leukemia cells

with shControl and shALKBH5.

nscript level in ALKBH5-KD cells versus control cells and in ALKBH5-rescued

in leukemia cells with or without knockdown of ALKBH5.

h the indicated lentivirus.

ith the indicated lentivirus.

5-KD leukemia cells.

hout knockdown of ALKBH5. Inset: boxplot showing fold change (shALKBH5
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Activation of AXL stimulates PI3K, MAPK, JAK/STAT, and

NF-kB signaling and is associated with AML chemoresistance

(Graham et al., 2014; Hong et al., 2008). Our study identified that

ALKBH5 regulated the PI3K/AKT pathway by modulating AXL

mRNA stability. Moreover, we showed that elevated ALKBH5

expression correlatedwith poor prognosis in AML patients. These

findings might connect m6A modification with AML chemoresist-

ance, which is supported by a recent study showing the involve-

ment of FTO in acquired resistance to tyrosine kinase inhibitors

(Yan et al., 2018). Collectively, our results provide mechanistic in-

sights into how expression of m6A modifiers is regulated in AML

leukemogenesis and suggest a potential therapeutic strategy for

selectively treating AML by targeting ALKBH5.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

ALKBH5 Sigma Cat#HPA007196; RRID:AB_1850461

AXL Cell Signaling Technology Cat#8661; RRID:AB_11217435

Phospho-Src(Tyr416) Cell Signaling Technology Cat#6943; RRID:AB_10013641

Phospho-Erk1/2(Thr202/Tyr204) Cell Signaling Technology Cat#4370; RRID:AB_2315112

Phospho-Akt (Ser473) Cell Signaling Technology Cat#4060; RRID:AB_2315049

Phospho-Stat3(Tyr705) Cell Signaling Technology Cat#9145; RRID:AB_2491009

Phospho-PLCy(Tyr783) Cell Signaling Technology Cat#14008; RRID:AB_2728690

ACTIN Cell Signaling Technology Cat#4967; RRID:AB_330288

GAPDH Proteintech Cat#60004-1-Ig; RRID:AB_2107436

KDM4C Thermo Fisher Cat#PA5-23065; RRID:AB_11152049

Pol II-CTD Abcam Cat#ab5095; RRID:AB_304749

H3K9me3 Abcam Cat#ab8898; RRID:AB_306848

H3K4me3 Abcam Cat#ab8580; RRID:AB_306649

H3 Abcam Cat#ab1791; RRID:AB_302613

m6A Abcam Cat#ab151230; RRID:AB_2753144

IgG Proteintech Cat#B900610; RRID:N/A

anti-human PE-CD11b Biolegend Cat#101208; RRID:AB_312791

anti-human FITC-CD34 Biolegend Cat#343504; RRID:AB_1731852

anti-human APC-CD38 Biolegend Cat#303510; RRID:AB_314362

anti-human APC-CD45 Biolegend Cat#368512; RRID:AB_2566372

Anti-mouse CD4-APC Biolegend Cat#100412; RRID:AB_312697

Anti-mouse CD8a-FITC Biolegend Cat#100706; RRID:AB_312745

Anti-mouse CD11b-PE Biolegend Cat#101208; RRID:AB_312791

Anti-mouse CD3e-BV605 Biolegend Cat#100351; RRID:AB_2565842

anti-Streptavidin APC-eFluor� 780 eBioscience Cat#47-4317-82; RRID:AB_10366688

Anti-mouse CD3e-FITC Biolegend Cat#100204; RRID:AB_312661

Anti-mouse CD45.1-BV785 Biolegend Cat#110743; RRID:AB_2563379

Anti-mouse CD127-BV650 Biolegend Cat#135043; RRID:AB_2629681

Anti-mouse CD4-Biotin Biolegend Cat#100404; RRID:AB_312689

Anti-mouse Sca-1-Biotin Biolegend Cat#108103; RRID:AB_313340

Anti-mouse CD3e-Biotin Biolegend Cat#100304; RRID:AB_312669

Anti-mouse CD8a-Biotin Biolegend Cat#100704; RRID:AB_31274

Anti-mouse B220-Biotin Biolegend Cat#103204; RRID:AB_312989

Anti-mouse Gr-1-Biotin Biolegend Cat#108404; RRID:AB_313369

Anti-mouse CD127-Biotin Biolegend Cat#135005; RRID:AB_1953262

Anti-mouse Gr-1-APC-Cy7 BD Cat#557661; RRID:AB_396775

Anti-mouse B220-PE-Cy5 BD Cat#563103; RRID:AB_2738007

Anti-mouse CD16/32-BV605 BD Cat#563006; RRID:AB_2737947

Anti-mouse CD48-BV510 BD Cat#563536; RRID:AB_2738266

Anti-mouse CD45.2-PE-efluo610 eBioscience Cat#61-0454-82; RRID:AB_2574562

Anti-mouse CD127-FITC eBioscience Cat#53-1271-82; RRID:AB_469909

Anti-mouse CD34-eFlour450 eBioscience Cat#48-0341-82; RRID:AB_2043837

Anti-mouse Sca-1-APC eBioscience Cat#17-5981-83; RRID:AB_469488

Anti-mouse c-Kit-PE eBioscience Cat#12-1172-83; RRID:AB_465817
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Continued
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Anti-mouse CD150-FITC eBioscience Cat#11-1501-82; RRID:AB_465209

Anti-mouse CD135-PE-Cy5 eBioscience Cat#15-1351-82; RRID:AB_494219

Chemicals and Recombinant cytokines

Recombinant Human IL-3 PeproTech Cat#200-03

Recombinant Human SCF PeproTech Cat#300-07

Recombinant Human TPO PeproTech Cat#AF-300-18-10

Recombinant Human Flt3-Ligand PeproTech Cat#300-19

Recombinant Mouse SCF PeproTech Cat# 250-03

Recombinant Mouse IL-3 PeproTech Cat# 213-13

Recombinant Mouse IL-6 PeproTech Cat# 216-16

Puromycin Merck Cat#540411

Polybrene Sigma-Aldrich Cat#H9268

Actinomycin D Sigma-Aldrich Cat#A9415

StemSpan SFEM STEMCELL Technologies Cat#09655

Biological Samples

Human AML Patient Samples Tongji Medical College N/A

Normal Human Bone Marrow Samples Tongji Medical College N/A

Cord blood Tongji Medical College N/A

Critical Commercial Assays

MethoCultTM GF H4434 STEMCELL Technologies Cat#04434

MethoCultTM GF M3434 STEMCELL Technologies Cat#03434

Dual-Luciferase Reporter Assay System Promega Cat#1980

CD34 MicroBead Kit Miltenyi Biotec Cat#130-046-702

FITC Annexin V Apoptosis Detection Kit BD Biosciences Cat#556547

Human hematopoietic progenitor cell enrichment kit STEMCELL Technologies Cat#14056

Mouse Hematopoietic Progenitor Cell Isolation Kit EasySep Cat #19856c

Hoechst 33342 Thermo Fisher Cat#H3570

NEBNext Poly (A) mRNA Magnetic Isolation Module NEB Cat#e7490

NEBNext Ultra Directional RNA Library Prep Kit NEB Cat#e7760

VAHTSTM Small RNA Library Prep Kit for Illumina� Vazyme Cat#NR801

Library Preparation VATHS mRNA Capture Beads Vazyme Cat#N401-01

RNA Clean and Concentrator Zymo research Cat#R1013

protein-A beads Thermo Fisher Cat#10002D

TruSeq Stranded mRNA Library Prep Kit Illumine Cat#RS-122-2101

ReverTra Ace qPCR RT Kit TOYOBO Cat#FSQ-101

Deposited Data

RNA-seq This study GEO: GSE128575

m6A-seq This study GEO: GSE128575

SLAM-seq This study GEO: GSE128575

Ribo-seq This study GEO: GSE128575

Experimental Models: Cell Lines

HEK293T ATCC CRL-3216; RRID:CVCL_0063

MOLM-13 DSMZ ACC-554; RRID:CVCL_2119

THP1 ATCC TIB-202; RRID:CVCL_0006

MV4:11 DSMZ ACC-102; RRID:CVCL_0064

Experimental Models: Organisms/Strains

NOD.Cg-PrkdcscidIL2rgnull (B-NSG) Biocytogen N/A

Mouse: C57BL/6J Jackson Laboratory Cat#000664; RRID:IMSR_JAX:000664

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: Mx1-Cre Jackson Laboratory Cat#003556; RRID:IMSR_JAX:003556

Mouse: Alkbh5fl/fl Biocytogen N/A

Mouse: B6.SJL Jackson Laboratory Cat#002014; RRID:IMSR_JAX:002014

Recombinant DNA

pLKO.1 (Stewart et al., 2003) Addgene Cat#8453

pLKO.1-SFFV-GFP This study N/A

LentiCRISPRv2 (Sanjana et al., 2014) Addgene Cat#52961

pMIR-REPORT ThermoFisher Cat#AM5795

pMIR-REPORT-AXL This study N/A

LentiCRISPRv2-U6-shALKBH5#30 -EF1a-ALKBH5-WT This study N/A

LentiCRISPRv2-U6-shALKBH5#30 -EF1a-ALKBH5-H204A This study N/A

MSCV-MLL-AF9-YFP (Zhang et al., 2018) N/A

pCDH-CMV-Puro SBI Cat# CD513B

pCDH-AXL This study N/A

pCDH-ALKBH5 This study N/A

Software and Algorithms

GraphPad Prism 7 GraphPad Software https://www.graphpad.com/

FlowJo software (version 8.5.2) FlowJo https://www.flowjo.com/

exomePeak (v2.16.0) Bioconductor http://bioconductor.org/

packages/release/bioc/html/

exomePeak.html

javaGSEA(v2.2.4) Broad Institute http://software.broadinstitute.org/

gsea/index.jsp
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Haojian Zhang

(haojian_zhang@whu.edu.cn).

Materials Availability
Cell lines, plasmids and recombinant DNA used in this study are detailed in the Key Resources Table and available upon reasonable

request. Alkbh5fl/fl mice will be provided upon reasonable request. All requests need to execute a suitable Materials Transfer

Agreement.

Data and Code Availability
The accession numbers for the RNA-Seq, m6A-Seq, SLAM-seq and Ribo-seq data reported in this paper were deposited in GEO

under the accession number GEO: GSE128575.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6J (CD45.2) background Alkbh5fl/fl and Mx1-cre mice were obtained from Biocytogen and the Jackson Laboratory, respec-

tively. B6.SJL (CD45.1) and NOD.Cg-PrkdcscidIL2rgnull (B-NSG) mice were purchased from the Jackson Laboratory and Biocytogen,

respectively. All transgenic and knockout mice were CD45.2+. Both male and female mice at 8-10 weeks old were used for exper-

iments, with age- and gender-matched littermates as control. Congenic recipientmice (CD45.2) at 8-10weeks old were used for AML

transplantation, and CD45.1 recipients at 8-10 weeks old were used for normal hematopoietic transplantation assays. All mice were

bred and maintained in Animal Center of Medical Research Institute at Wuhan University. All animal experiments were performed

according to protocols approved by the Animal Care and Use Committee of Medical Research Institute, Wuhan University.

Primary AML patient and cord blood samples
All AML patient samples were collected from bone marrow aspirations at the time of diagnosis or relapse and with informed consent.

In-house cohort included 88 AML patients (47 males and 41 females) representative of different subtypes by cytogenetics
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classification, including patients with normal karyotype (n = 43), inv(16) (n = 11),MLL-rearranged t(11q23) (n = 12), and t(8,21) (n = 22).

Samples were frozen in FBS with 10% DMSO and stored in liquid nitrogen. Normal cord blood units, designated for research use,

were obtained from Tongji Medical College. Mononuclear cells (MNCs) were isolated by density gradient centrifugation with Ficoll

(GE Healthcare Life Science). Human samples were randomly allocated to each experiment groups without predetermined sample

size. All experiments involving human samples were conducted in compliance with all relevant ethical regulations andwere approved

by the Medical Ethics Committees of School of Medicine, Wuhan University.

Cell lines
The human acute leukemia cell lines (MOLM-13, THP1 and MV4:11) were maintained in Roswell Park Memorial Institute 1640 me-

dium (RPMI-1640) with 10%FBS, 100 IUmL�1 penicillin and 100 mgmL�1 streptomycin. HEK293T were cultured in DMEM (Hyclone),

supplemented with 10% FBS and 1% penicillin/streptomycin.

Primary cell culture
Primary AML patient-derived Lin-CD34+ cells were cultured in StemSpan SFEM (StemCell Technologies) supplemented with rhIL3

(20ng/mL), rhFLT3L (100ng/mL), rhTPO (50 ng/mL), rhSCF (100ng/mL), 1% penicillin–streptomycin (Sigma), and 2mM glutamine

(Sigma). Cord blood-derived CD34+ cells were cultured in StemSpan SFEM (StemCell Technologies) supplemented with rhSCF

(100 ng/mL), rhFLT3L (100 ng/mL), rhTPO (50 ng/mL) and 1% penicillin–streptomycin (Sigma). All the cytokines were purchased

from Peprotech.

METHOD DETAILS

Plasmids and lentivirus production
Lentivirus pLKO.1, pCDH-CMV-Puro, LentiCRISPRv2 vectors were used. All the target sequences for shRNA and sgRNAwere listed

in the Supplementary Information Table S1. The short hairpin RNA constructs against ALKBH5, KDM4C, MYB and AXL were de-

signed and cloned in pLKO.1 according to instructions. The sgRNAs for ALKBH5 were cloned into pLentiCRISPRv2 according to

instructions. For the ALKBH5 rescue experiment, human ALKBH5 cDNA was cloned into vector following shALKBH5#30 which tar-

gets 30UTR of ALKBH5. Enzymatic activity mutant ALKBH5 (H204A) was generated using Q5 Site-Directed Mutagenesis Kit (NEB

E0554). AXL-30UTR was cloned by PCR using primers CGACGCGTGACAACCCTCCACCTGGTACTC and CCCAAGCTT TCGTTGA

TATACAAAGTTTTATG, and then inserted into pMIR-REPORT luciferase vector using restriction sites Mlu I and Hind III. For the over-

expression of AXL and ALKBH5, pCDH-CMV-Puro was first modified to pCDH-CMV-Blast and then AXL and ALKBH5 cDNA was

cloned by standard molecular cloning methods. Lentiviruses were produced in HEK293T cells transfected using calcium phosphate

with viral packaging constructs pMD2.G and pSPAX2. Viral supernatants were harvested at 48 and 72 hours after transfection, and

filtered through a 0.45 mm low protein binding membrane (Millipore).

Cell proliferation and in vitro colony-forming assay
For leukemia cell proliferation assays, AML patient-derived CD34+ cells or human leukemia cells (THP1, MV4:11 andMOLM-13) were

transducedwith lentivirus and selectedwith 2 mg/ml puromycin for 2 days. After selection, cells were seeded into 24-well plates at the

concentration of 20,000 cells per well in triplicates. Cell proliferation was assessed by counting cell numbers every 48 hours. For col-

ony-forming assay, transduced AML patient-derived primary CD34+ cells or cord blood-derived CD34+ cells were plated in methyl-

cellulose medium (MethoCult H4434; StemCell Technologies) according to the manufacturer’s instructions, and mouse BM cells

were cultured in MethoCultTM M3434 (STEMCELL Technologies) methylcellulose medium. For cell lines, transduced cells were

plated in triplicate in 1.2% methylcellulose medium supplemented with 100 IU/mL penicillin and 100 mg/mL streptomycin, 10%

FBS. Colonies were evaluated and scored after 7-12 days of incubation.

m6A dot blot and quantification assay
For m6A dot blot, total RNA was extracted from cell aliquots using TRIzol. RNA samples were quantified by nanodrop and UV cross-

linked to the membrane, and membrane was blocked with 5% nonfat dry milk (in 1X TBS) for 1-2 hours and incubated with a specific

anti-m6A antibody (1:2000 dilution, Synaptic Systems, 202003) overnight at 4�C. HRP-conjugated secondary antibodies was added

to the blots for 1 hour at room temperature and the membrane was developed with ECL Western Blotting Substrate (Bio-Rad) and

exposure with X-Ray Super RX Films (Fujifilm). For m6A quantification, m6A level in mRNA was measured by EpiQuik m6A RNA

Methylation Quantification Kit (Colorimetric) (Epigentek) following the manufacturer’s protocol.

Generation and analysis of murine MLL-AF9 leukemia model
Bone marrow cells were extracted from 8 to 10 weeks old Alkbh5�/� and WT mice, lineage negative cells (Lin-) were enriched with

hematopoietic stem/progenitor cell enrichment kit, and infected with MSCV-MLL-AF9-IRES-YFP retroviruses twice in the

presence of 8 mg/mL Polybrene,10 ng/mL IL-3, 10 ng/mL IL-6, 20 ng/mL SCF. Infected cells (2 3 105-3 3 105) were transplanted

into sub-lethally (7.5Gy) irradiated C57BL/6J mice by tail vein injection. Secondary transplantation was performed with 2,000

YFP+ leukemia cells from bone marrow of leukemia mice. The YFP+ leukemia cells in peripheral blood were analyzed every week.

For the limiting dilution analysis, 5 3 105, 1 3 105, 2 3 103, 4 3 102 YFP+ leukemia cells were transplanted to sub-lethally (7.5Gy)
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irradiated C57BL/6J mice. The frequency of LSCs was analyzed by ELDA software (http://bioinf.wehi.edu.au/software/limdil). For

AML maintenance assay, 8 to 12 weeks old Alkbh5fl/fl or Alkbh5fl/fl;Mx1-Cre mice were sacrificed to generate leukemia cells.

Bone marrow-derived leukemia cells were obtained from the primary recipients, and 2,000 YFP+ leukemia cells were sorted and

transplanted into the secondary recipients. Fourteen days after transplantation, recipients were intraperitoneally injected with 20-

25 mg pIpC (InvivoGen) in PBS for 3 times to induce Alkbh5 deletion.

In Vivo Xenograft Assay
AML patient-derived CD34+ cells were cultured overnight as described above, and were transduced with lentivirus encoding

shALKBH5 or shControl in the presence of 8 mg/mL polybrene. After 24h, percentages of GFP+ cells were analyzed by flow cytometry,

and equal number of GFP+ cells (2x105) were transplanted into sub-lethally irradiated (2 Gy) NSG mice (8-10 weeks old). Twelve

weeks after transplantation, human leukemia cells in peripheral blood (PB) and bone marrow were analyzed using APC-anti-human

CD45 antibody by flow cytometry.

To determinate leukemia-initiating capacity of human leukemia cell lines THP1 and MOLM-13, cells were transduced with indi-

cated lentiviruses, and selected using 2 mg/mL puromycin for 2 days. 5x105 selected cells were injected via tail vein into sub-lethally

irradiated (2 Gy) NSG mice (8-10 weeks old). Recipient mice were monitored for survival.

Competitive repopulation assay
53 105 donor BM cells obtained from 8 to 10 weeks old donor Alkbh5�/� or WTmice were mixed with 53 105 competitor cells from

CD45.1 mice, and transplanted into lethal irradiate (10Gy) CD45.1+ recipients followed by analysis of repopulation and multiple line-

age of donor cells 4,8,12, 16 weeks after transplantation. After 16 weeks, donor-derived BM cells were further analyzed with FACS,

and LSK (Lin-Sca-1+cKit+) cells were sorted to perform secondary transplantation (2,000 LSK per recipient).

Flow cytometry analysis and cell sorting
For isolating human leukemia stem/progenitor cells enriched CD34+ cells using in lentivirus transduction experiments, freshly iso-

lated or freshly thawed AML patient-derived and cord blood-derived mononuclear cells were used, and CD34+ cells were enriched

by positive selection using CD34 microbeads and a magnetic cell sorting system (Miltenyi). To sort leukemia stem cells (LSCs,

Lin-CD34+CD38-) and leukemia progenitor cells (LPCs, Lin-CD34+CD38+), freshly isolated or freshly thawed AML patient-derived

mononuclear cells were incubated with a lineage cocktail consisting of anti-human CD2, CD3, CD14, CD16, CD19, CD24, CD56,

CD66b, glycophorin A, and Lin- immature cells were first enriched using human hematopoietic progenitor cell isolation kit (StemCell

Technology, 14056). After washing, cells were stained with FITC-CD34 and APC-CD38 antibodies.

For mouse HSPC experiments, BM cells were lysed with RBC to remove red blood cells, the rest of cells were first stained with

biotin-conjugated anti-CD4,anti-CD11b, anti-CD8a,anti-CD3e, anti-Gr-1, anti-B220,together with PE-anti-c-Kit, APC-anti-Sca-1,

PE-Cy5-anti-CD135,BV605-anti-CD16/32, eFlour450-anti-CD34, BV650-anti-CD127, BV510-anti-CD48, FITC-anti-CD150. Biotin-

conjugated antibodies were then stained with APC-eFlour780-anti-streptavidin. For analysis of mature cells, BM cells are stained

with APC-anti-CD4,FITC-anti-CD8,PE-Cy5-anti-B220,PE-anti-CD11b, APC-Cy7-anti-Gr-1. To distinguish CD45.2+ donor-derived

cells in PB andBM, BV785-anti-CD45.1 and PE-efluo610-CD45.2 were added. To analyze LSCs in BM, red blood cells were removed

by RBC lysis buffer, the rest of cells were first stained with biotin-conjugated anti-CD4, anti-CD8a,anti-CD3e, anti-Gr-1, anti-

B220,anti-Sca-1, together with PE-anti-c-Kit, PE-Cy7-CD16/32, APC-anti-CD34, biotin-conjugated antibodies were then stained

with APC-eFlour780-anti-streptavidin. Cell surface markers for different populations: LT-HSC (Lin-Sca-1+c-Kit+CD135-

CD48-CD150+); ST-HSC (Lin-Sca-1+c-Kit+CD135-CD48-CD150-); MPP2 (Lin-Sca-1+c-Kit+CD135-CD48+CD150+); MPP3 (Lin-

Sca-1+c-Kit+CD135-CD48+CD150-); MPP4 (Lin-Sca-1+c-Kit+CD135+CD48+CD150+); LMPP (Lin-Sca-1+c-Kit+CD135+CD127+);

GMP (Lin-Sca-1-c-Kit+CD16/32hiCD34+); CMP (Lin-Sca-1-c-Kit+CD16/32midCD34+); MEP (Lin-Sca-1-c-Kit+CD16/32lowCD34-); CLP

(Lin-Sca�1lowc-KitlowCD135+CD127+); LSC (YFP+Lin-Sca-1-c-Kit+CD16/32hiCD34+).

Leukemia cells were stained with Hoechst 33342 to analyze cell cycle using flow cytometry. To analyze apoptosis, cells were

stained with annexin V, and 7AAD was added before flow cytometic analysis. Differentiation assay was analyzed by staining cells

with anti-human APC-CD11b. All flow cytometric analysis and cell sorting were performed on the BD FortessaTM X-20 or BD

FACS AriaTM III in the Core Facility of Medical Research Institute, Wuhan University, and data were analyzed with FlowJo software.

DNA pull-down assay
Two hundred million MOLM-13 cells were used. After washing once with cold PBS buffer containing inhibitors (PBSI, 0.5mM PMSF,

25mM b-glycerophosphate, 10mM NaF), cell pellets were lysed with 300mL of buffer A (10mM HEPES, pH7.9, 1.5mM MgCl2, 10mM

KCl, 300mMsucrose, 0.5%NP-40). Following incubated on ice for 10min, the lysateswere centrifuged at 2,600 g for 30 s and sonicated

with 150mL of buffer B (20mM HEPES, pH7.9, 1.5mM MgCl2, 420mM NaCl, 0.2mM EDTA, 2.5% glycerol). The samples were centri-

fuged at 10,400 g for 5 min, and the supernatants were incubated with 8mg of biotinylated DNA overnight at 4�C. Anti-biotin beads

were used to incubate with samples for 2 to 4 h at 4�C. The pull-down proteins were eluted for mass spectrometry or western blotting.

Mass Spectrometry
Proteins in gels were reduced with 10mMDTT for 40 min at 56�C and subsequently alkylated with 50mM iodoacetamide for 30 min in

the dark. Gel pieces were re-swollen on ice following dropwise addition of 10-20mL TEAB containing 10 ng/mL trypsin (Promega), and
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the proteins were digested overnight at 37�C. Afterward, peptides were desalted with C18 cartridge and dried by vacuum centrifu-

gation. Shotgun proteomics analyses were performed using an EASY-nLCTM 1200 UHPLC system (Thermo Fisher) coupled with an

Orbitrap Q Exactive HF-Xmass spectrometer (Thermo Fisher) operating in the data-dependent acquisition (DDA) mode. The detailed

solvent gradient listed as follows: 5%–10% B, 2 min; 10%–30% B, 19 min; 30%–50% B, 2 min; 50%–90% B, 2 min; 90%–100% B,

5 min. Protein with at least 1 unique peptide was identified at FDR less than 1.0% on peptide and protein level, respectively. Proteins

containing similar peptides and could not be distinguished based on MS/MS analysis were grouped separately as protein groups.

ATAC-sequencing
MOLM-13 cells (5 3 104) were pelleted by centrifugation at 500 g for 5 min at 4�C. All supernatants were removed carefully. Fifty

microliters of transposase mixture (25mL of 2 3 TD buffer, 1mL of Tn5, 0.5mL of 1% digitonin, and 23.5mL of nuclease-free water)

were added to the cells, and the cell pellets were disrupted by pipetting. Transposition reactions were incubated at 37�C for

30 min with agitation at 300 rpm. Transposed DNA was purified using a QIAGENMinElute Reaction Cleanup kit (28204), and purified

DNA was eluted in 10 mL of elution buffer (10mM Tris-HCl, pH8). Transposed fragments were amplified and purified. Libraries were

quantified using qPCRbefore sequencing. ATAC libraries were sequenced using 150bp paired-end read, dual-index sequencing on a

Nova-Seq instrument.

RNA-seq and m6A-seq and data analysis
For RNA-seq, total RNA was isolated using Trizol reagent (Thermo Fisher). Poly (A) mRNA was subsequently purified from 1 mg total

RNA using NEBNext Poly (A) mRNA Magnetic Isolation Module. NEBNext Ultra Directional RNA Library Prep Kit (NEB, #E7760) was

used for library preparation. RNA libraries were sequenced on an Illumina Hiseq X Ten platform with paired-end reads (150-bp read

length). RNA-seq datawere quantifiedwith Kallisto (v0.43.1) and summarized to gene level by tximport (v1.10.1). EdgeR (v3.24.3) was

employed for data normalization and differential expression analysis of RNA-seq counts.

For m6A-seq, total RNA was extracted, and poly (A) mRNA was purified from 60 mg total RNA using the Library Preparation VATHS

mRNA Capture Beads (Vazyme, N401-01). RNA samples were fragmented into �100bp-long fragments by fragmentation buffer

(10mMZnCl2, 10mMTris-HCl, pH 7.0). The fragmentation reactionwas stoppedwith 0.05MEDTA. Fragmented RNAwas incubated

for 2h at 4 �Cwith 1.5 mg of affinity purified anti-m6A polyclonal antibody (Abcam, ab151230) in IP buffer (150mMNaCl, 0.1%NP-40,

10mM Tris-HCl, pH 7.4). The mixture was then immunoprecipitated by incubation with protein-A beads (Thermo Fisher, 21348) at

4 �C for an additional 2 h. The beads were then separated and washed with 1x IP buffer three times before eluted with m6A elution

buffer for two times. The eluates were combined and purified with RNA Clean and Concentrator (Zymo, Orange, CA). The purified

mRNA fragments were then used to construct libraries with TruSeq Stranded mRNA Library Prep Kit (Illumina, San Diego, CA).

Sequencing was carried out on Illumina HiSeq X Ten. Reads from mRNA input and m6A IP sequencing libraries were aligned to

GRCh38 human reference genome with HISAT2 (v2.1.0). The m6A peaks were called by exomePeak (v2.16.0). Differential RNA

methylation analysis was performed according to a previous protocol (Meng et al., 2014). The distribution m6A peaks over different

regions on the transcript was depicted with annotations generated by PAVIS. RNA sequence motifs enriched in m6A peaks were

identifiedwith DREME. Themeta-profiles ofm6A sequencing datawere generatedwith Deeptools (v2.0). Functional enrichment anal-

ysis were performed with DAVID tool (v6.8) and visualized by clusterProfiler (v3.10.1) (Huang et al., 2009; Yu et al., 2012). Gene Set

Enrichment Analysis (GSEA) was performed with javaGSEA (v2.2.4) (Mootha et al., 2003; Subramanian et al., 2005). For visualizing

m6A peaks, .bigwig files were loaded in IGV (v2.4) and adjusted to the same scale.

SLAM-seq and data analysis
SLAM-seq libraries were prepared as previously described (Herzog et al., 2017). Cells were labeled with 100mM 4sU (Sigma) for 1h

and thenwashed twice with 13 PBS and incubated with standardmedium supplemented with 10mMuridine (Sigma). Cells collected

at indicated time points were extracted using TRIzol. NEBNext Ultra Directional RNA Library Prep Kit (NEB, #E7760) was used for

library preparation. RNA libraries were sequenced on an Illumina Hiseq X Ten platform with paired-end reads (150-bp read length).

For Slam-seq analysis, cleaned sequencing data were submitted to SlamDunk (v0.2.4) with some little modifications. Briefly, reads

were aligned to human genome GRCh38. T > C conversions were called and masked for SNPs. The base-quality cutoff is 28. And all

reads were filtered for having R 2 T > C conversions.

RIBO-seq and data analysis
RIBO-seq libraries were prepared as previously described (Reid et al., 2015). Briefly, three millions THP1 cells were lysed with 300ml

lysis buffer (4mMCaCl2, 10mMMgCl, 25mMK-HEPES pH7.2, 200mMKOAc and 1%NP-40) for 5 min on ice and then centrifuged at

9,000 rpm for 5 min. Collected supernatant and 100mL of lysate were mixed with TRIzol and saved as input. KOAc concentration of

the lysate was adjusted to 100mM by 1:1 dilution with water and then incubated with 10mg/mL micrococcal nuclease for 30 min at

37�C. RNA was extracted with TRIzol. Followed by PNK treatment, ribosome-protected fragments (RPFs), 25 to 40 nucleotides long,

were purified with 15% TBE-Urea Gel. Libraries were then prepared using the VAHTSTM Small RNA Library Prep Kit for Illumina�
following manufacturer’s instructions. Libraries were sequenced with the Illumina HiSeq platform in a 50 bp single-end mode. For

input samples, libraries were prepared as RNA-seq and sequenced on an Illumina Hiseq X-Ten platform with paired-end reads

(150-bp read length). For ribo-seq analysis, cleaned sequencing data was counted at gene level by kallisto (v0.43.1). Gene counts

data was then analyzed by R package Riborex to obtain differential translational efficiency.
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Public database analysis
Briefly, the ATAC-seq count file were downloaded fromNCBI Gene expression Ominibus (GEO) under the accessionGSE74912, then

subjected to unsupervised clustering analysis. Functional enrichment analysis was performed with clusterProfiler. The data acces-

sible at GEO database accession GSE61022 and GSE60193 were processed and analyzed for different chromatin accessibility and

histone modifications in whole genome, active genes, m6A modifiers, and silent genes. Normalized ATAC-seq and ChIP-seq signals

per gene were calculated with an ad hoc R script. Active genes were defined as top quartile expressed genes and silent genes were

defined as bottom quartile expressed genes. The Cancer Genome Atlas (TCGA) AML datasets were used for survival and gene

expression correlation analysis. RNA-seq datasets for a cohort with 436 AML cases (GSE16432) and a cohort with 134 AML cases

(GSE83533) were used for survival analysis and correlation analysis between disease-free survival time and ALKBH5 expression.

GSE30285 and GSE34184 were used for estimate ALKBH5 gene expression levels among multiple types of acute myeloid leukemia

with healthy control. DHS-seq, Hi-C, CTCF ChIA-pet, Pol II ChIA-pet and multiple ChIP-seq data of the K562 cell from Encyclopedia

of DNA Elements (ENCODE) (ENCODE Project Consortium, 2012) was downloaded and visualized in IGV (v2.4) and 3D Genome

Browser (Wang et al., 2018).

Luciferase reporter assay
293T cells seeded in 24-well plates were transfected with the pMIR-REPORT luciferase vector fused with or without the AXL-30UTR.
Transfection efficiency was quantified by co-transfection with an actin promoter-driven Renilla luciferase reporter. The activities of

firefly luciferase and Renilla luciferase in each well were calculated by a dual-luciferase reporter assay system (Promega). The ratios

between the AXL 30UTR reporter and Renilla control were determined 48hr after shRNA treatment. The relative luciferase activities

were further normalized to that in cells transfected with the firefly luciferase vector control under the same treating conditions.

RNA decay assay
Cells were treatedwith actinomycin D at a final concentration of 5 mg/mL for indicated time and collected. Total RNAwas extracted by

TRIzol and analyzed by RT-PCR. GAPDH was used as endogenous control. The half-life of mRNA was estimated according to pre-

viously described (Chen et al., 2008). The rate of disappearance of mRNA concentration at a given time (dC/dt) is proportional to both

the rate constant for decay (kdecay) and the cytoplasmic concentration of the mRNA (C). This relation is described by the following

equation:

dC
�
dt= � kdecayC

The minus symbol indicates that the mRNA is being degraded. This relationship leads to the derivation of the equation:

where C0 is the concentration of the mRNA at time 0, before decay starts.

In=ðC =C0Þ = � kdecayt

To determine the half-life (t1/2), this means C/C0 = 1/2. Rearrangement of equation above leads to the following equation:

Inð1 = 2Þ = � kdecayt1=2

from where:

t1=2 = In 2
�
kdecay

Quantitative RT-PCR
Total RNA from leukemia cells was purified using TRIzol (Life Technologies) according to themanufacturer’s instructions. Onemicro-

gram of purified total RNA was retrotranscribed using the ReverTra Ace qPCR RT Kit (TOYOBO). The levels of specific RNAs were

measured using Bio-Rad real-time PCR machine and Fast SybrGreen PCR mastermix according to the manufacturer’s instructions.

Primer sequences are listed in the Supplementary Information Table S1. The 2-DDCt method was used to normalize expression to

GAPDH and ACTB for cell lines.

Chromatin immunoprecipitation (ChIP)-qPCR assays
AML patient-derived leukemia cells or human leukemia cell lines (MOLM-13, THP1) cells were cross-linked with 1% formaldehyde at

room time for 10 min. The reactions were stopped using 0.125M glycine and incubated for 5 min at room temperature. After cell

lysing, cross-linked chromatin was sheared using a sonicator. The 2 mg of anti-ALKBH5 (sigma), anti-KDM4C, anti-Pol II-CTD,

and anti-H3K9me3, or control IgG antibodies were used for immunoprecipitation. After eluting DNA from the precipitated immune

complex, DNA gel electrophoresis or quantitative real-time PCR (qPCR) analysis was performed. For the input control, 1% of the

sonicated DNA was directly purified before immunoprecipitation and subjected to PCR with the same primers.

RIP-PCR
MOLM-13 cells were crosslinked by UV (stratalinker 1800 (254nm),400Mj/cm2). Nuclear extraction was isolated and sonicated. 2 mg

of ALKBH5 antibody or a corresponding control rabbit IgG (AP132, Sigma) was conjugated to protein A/G magnetic beads
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(Thermo Fisher Scientific) by incubated for 4h at 4 �C, and with pre-cleared nuclear extraction in RIP buffer (25mM Tris-HCl, 150mM

KCL, 5mM EDTA, 0.5% NP40, 0.5mM DTT, 1 3 protease inhibitor, 1 3 RNase inhibitor) at 4 �C overnight. After washing with RIP

buffer for five times, beads were resuspended in 80 mL PBS, followed by DNA digestion at 37 �C for 15 min and incubated with

2 mL (20 mg/mL) of proteinase K (Thermo Fisher) at 55 �C for 30min. Input and co-immunoprecipitated RNAs were recovered by TRI-

zol, extraction and analyzed by qPCR .

Western blot analysis
Cells were lysed in RIPA with protease inhibitor cocktail (Roche), and the total cell lysates were resolved with SDS-PAGE gels. Mem-

braneswere blocked for 30min at room temperature in TBS supplementedwith 5%non-fat driedmilk, and incubated overnight at 4�C
with primary antibody diluted in the same blocking buffer. After three washes in TBST, membranes were incubated for 1h at room

temperature with horseradish peroxidase (HRP)-conjugated secondary antibodies diluted in blocking buffer, then washed a further

three times with TBST before incubation with ECL Western Blotting Substrate (Bio-Rad) and exposure with X-Ray Super RX Films

(Fujifilm).

QUANTIFICATION AND STATISTICAL ANALYSIS

The Student’s t test was used for significance testing. The log-rank test was used to compare survival curves. P values of less than

0.05 were considered statistically significant. Statistical analyses were performed using GraphPad Prism 7.0 or the R statistical envi-

ronment. In the figures, asterisks indicate *p < 0.05, **p < 0.01, and ***p < 0.001.
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