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The metabolic enzyme hexokinase 2 localizes to
the nucleus in AML and normal haematopoietic
stem and progenitor cells to maintain stemness
Geethu Emily Thomas1,6, Grace Egan1,2,6, Laura García-Prat1, Aaron Botham1, Veronique Voisin3,
Parasvi S. Patel1, Fieke W. Hoff4, Jordan Chin1, Boaz Nachmias 1, Kerstin B. Kaufmann1,
Dilshad H. Khan1, Rose Hurren1, Xiaoming Wang1, Marcela Gronda1, Neil MacLean1,
Cristiana O’Brien1, Rashim P. Singh1, Courtney L. Jones1, Shane M. Harding 1, Brian Raught1,
Andrea Arruda1, Mark D. Minden1, Gary D. Bader 3, Razq Hakem1, Steve Kornblau5, John E. Dick1 and
Aaron D. Schimmer 1 ✉
Mitochondrial metabolites regulate leukaemic and normal stem cells by affecting epigenetic marks. How mitochondrial enzymes
localize to the nucleus to control stem cell function is less understood. We discovered that the mitochondrial metabolic enzyme
hexokinase 2 (HK2) localizes to the nucleus in leukaemic and normal haematopoietic stem cells. Overexpression of nuclear
HK2 increases leukaemic stem cell properties and decreases differentiation, whereas selective nuclear HK2 knockdown promotes differentiation and decreases stem cell function. Nuclear HK2 localization is phosphorylation-dependent, requires active
import and export, and regulates differentiation independently of its enzymatic activity. HK2 interacts with nuclear proteins
regulating chromatin openness, increasing chromatin accessibilities at leukaemic stem cell-positive signature and DNA-repair
sites. Nuclear HK2 overexpression decreases double-strand breaks and confers chemoresistance, which may contribute to the
mechanism by which leukaemic stem cells resist DNA-damaging agents. Thus, we describe a non-canonical mechanism by
which mitochondrial enzymes influence stem cell function independently of their metabolic function.

A

cute myeloid leukaemia (AML) is characterized by the clonal
proliferation of immature myeloid precursors paired with
arrested differentiation. Similar to normal haematopoiesis,
AML is organized in a hierarchy, with leukaemic stem cells (LSCs)
responsible for replenishing the bulk population of AML cells and
driving long-term clonal growth1,2. Despite the importance of stem
cells in normal and malignant haematopoiesis, the factors that regulate the growth and differentiation of leukaemic and normal stem
cells are not yet fully elucidated.
Metabolic intermediates produced in the mitochondria—including acetyl-CoA, α-ketoglutarate, S-adenosylmethionine and nicotinamide adenine dinucleotide—are known to regulate stem cell
function and differentiation by serving as cofactors for the epigenetic
modification of nuclear genes3,4. Similarly, mutations in metabolic
enzymes such as isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2)
generate oncometabolites, which lead to increased histone and DNA
methylation, promoting leukemogenesis and inhibiting differentiation5,6. Although metabolites that regulate stem cell function have
been described, much less is known about the mitochondrial metabolic enzymes that ‘moonlight’ in the nucleus to directly influence
gene expression, cell differentiation and stem cell function.
In this study we discovered that the initial and rate-limiting
enzyme in the glycolytic pathway hexokinase 2 (HK2) can localize

to the nucleus in AML and normal haematopoietic stem and progenitor cells. Nuclear HK2 modifies stem/progenitor cell function and differentiation independently of its kinase and metabolic
function. Thus, we describe a non-canonical mechanism by which
a mitochondrial enzyme regulates gene expression and stem
cell function.

Results

HK2 localizes to the nucleus in AML. Metabolic intermediates
produced in the mitochondria regulate epigenetic marks to influence the function and differentiation of stem cells7–11. However, it
is largely unknown whether metabolic enzymes that traditionally
localize to the mitochondria moonlight in the nucleus to directly
impact stem cell function and differentiation. To identify such
moonlighting proteins, we searched for mitochondrial glycolytic and
tricarboxylic acid-cycle enzymes that were present in the nucleus
of 8227 cells, a low-passage primary AML model12. We detected
HK2 in the nucleus of the 8227 cells. HK2 is the first enzyme in the
glycolytic pathway and it converts glucose to glucose-6-phosphate
(Extended Data Fig. 1a). We also detected the glycolytic enzyme
aldolase in the nucleus but its nuclear expression was much lower
compared with the cytoplasmic fraction. In contrast, other metabolic enzymes, including phosphofructokinase, fumarase, pyruvate
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kinase 2, glucose phosphate isomerase, enolase 1, citrate synthase,
aconitase 2 and succinate dehydrogenase, were not detected in the
nuclear lysates by immunoblotting (Fig. 1a).
We also detected HK2, but not other metabolic enzymes, in
the nucleus of NB4, OCI-AML2, U937 and TEX leukaemia cells
by immunoblotting and confocal microscopy (Extended Data
Fig. 1b–d). Finally, nuclear HK2 was detected in seven of nine primary AML samples by immunoblotting (Extended Data Fig. 1e,f)
and confirmed by reverse-phase protein array (RPPA) analysis
(Fig. 1d) and confocal microscopy (Fig. 1c and Extended Data
Fig. 1g). Therefore, we focused our study on HK2.
8227 cells are arranged in a hierarchy with functionally defined
stem cells in the CD34+CD38− fraction. We separated 8227 cells
into CD34+CD38− stem cells and CD34−CD38+-committed populations by fluorescence-activated cell sorting (FACS), and prepared
nuclear and cytoplasmic lysates. The nuclear and total levels of HK2
were higher in AML stem cells compared with bulk cells, as determined by immunoblotting and confocal microscopy (Fig. 1a,b and
Extended Data Fig. 1h).
Finally, we measured the levels of nuclear HK2 in primary AML
samples separated into functionally defined leukaemic stem and
bulk populations based on low and high expression of reactive oxygen species (ROS), respectively13,14. Confocal microscopy revealed
enhanced nuclear HK2 in stem cells versus bulk cells (Fig. 1c and
Extended Data Figs. 1h, 10h).
Nuclear HK2 is important for stem and progenitor function in
AML. To test whether nuclear HK2 is required for AML stem and
progenitor cell function, we selectively increased HK2 in the nucleus
by expressing HK2 tagged with a c-Myc (NLS1, PAAKRVKLD) or
SV40 (NLS2, PKKKRKV) nuclear localizing signal15 (NLS; Extended
Data Fig. 2a). Through confocal microscopy (Extended Data
Fig. 2b,c,e) and immunoblotting (Extended Data Fig. 2d), we
confirmed increased levels of nuclear HK2, whereas the levels of
cytoplasmic and mitochondrial HK2 were unchanged (Extended
Data Fig. 2d). Overexpression of nuclear HK2 increased the clonogenic efficiency of NB4 cells (Extended Data Fig. 2g) without
altering their proliferation rate in culture (Extended Data Fig. 2f).
We also measured the effects of nuclear HK2 on α-retinoic acid
(ATRA)-mediated differentiation in NB4 cells (Extended Data Fig.
2i–k). The levels of HK2 in the nucleus decreased after differentiation with ATRA, whereas the levels of mitochondrial HK2 remained
unchanged (Extended Data Fig. 2i–k). In addition, as measured by
expression of the differentiation marker CD11b and clonogenic
growth, overexpression of nuclear HK2 protected the cells from
ATRA-induced differentiation (Extended Data Fig. 2g,h).
We also examined the functional importance of nuclear HK2
overexpression in 8227 and 130578 cells. Similar to 8227 cells,
130578 cells are a low-passage primary AML model arranged in a
functional hierarchy with the stem cells located in the CD34+CD38−
compartment16. Both 8227 and 130578 cells are sensitive to ATRA.
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In both 8227 and 130578 cells, overexpression of nuclear HK2 protected the CD34+CD38− leukaemic stem cell fraction from ATRA
without changing their basal growth rate (Extended Data Fig. 2l–o).
Finally, we tested whether nuclear HK2 influenced the engraftment of AML cells into mouse marrow. We transduced 8227 cells
with NLS1–HK2 and injected them into the femur of sublethally
irradiated NOD/SCID-GF mice. Eight weeks later the percentage
of leukaemic cells in the uninjected mouse femur was quantified
by flow cytometry. Overexpression of nuclear HK2 increased the
engraftment of 8227 cells into the mouse marrow (Fig. 1e,f). Using
serial transplants of 8227 cells harvested from the marrow of the
primary recipients into secondary recipients, overexpression of
nuclear HK2 continued to increase the engraftment efficiency, further demonstrating a functional effect on the stem cell population
(Fig. 1g). Moreover, mice engrafted with NLS1–HK2-transduced
TEX cells showed decreased survival compared with mice engrafted
with empty vector (EV)-transduced control TEX cells (Extended
Data Fig. 2p,q).
Depletion of nuclear HK2 decreases AML stem cell function. As
an additional approach to understand the importance of nuclear
HK2 in maintaining AML stem cell function, we knocked down
HK2 in the nucleus while sparing mitochondrial HK2. NB4 and
8227 cells were transduced with HK2 tagged with an outer mitochondrial membrane-localizing signal (OMMLS) from the carboxy (C)-terminal region of OPA25 (Extended Data Fig. 3a,b) to
ensure mitochondrial tethering of HK2 (ref. 17). Selective localization of OMMLS–HK2 to the mitochondria was confirmed by confocal microscopy (Fig. 2a) and immunoblotting (Extended Data
Fig. 3c,d) and OMMLS–HK2-transfected cells were found to be
more resistant to 2-deoxy-d-glucose (2-DG) compared with the
EV-transfected control cells, demonstrating that the mitochondrial
tagged protein is metabolically active (Fig. 2b and Extended Data
Fig. 3h). Overexpression of OMMLS–HK2 also increased cell proliferation, consistent with previous reports in which HK2 was overexpressed in cells (Extended Data Fig. 3g)18.
Cells overexpressing OMMLS–HK2 were then transduced with
short hairpin RNA (shRNA) targeting endogenous HK2 to deplete
nuclear HK2 while preserving HK2 in the mitochondria in NB4
and 8227 cells (Fig. 2c and Extended Data Fig. 3c–f,l,m). Selective
knockdown of nuclear HK2 reduced the clonogenic growth of
NB4 cells (Fig. 2d) and the number of 8227 LSCs (CD34+CD38−;
Fig. 2f). In addition, selective knockdown of nuclear HK2 reduced
the growth and engraftment of AML cells in vivo (Fig. 2g–i and
Extended Data Fig. 3k).
The gene expression profile of 8227 cells with nuclear HK2
knockdown was compared with the genetic signatures of primary
AML stem cells (LSC+) and bulk cells (LSC−)19. Knockdown of
nuclear HK2 in 8227 cells decreased the expression of genes associated with primitive/stem-like AML fractions (LSC+; Fig. 2j,k). The
nuclear HK2-knockdown gene expression profile was compared

Fig. 1 | HK2 localizes to the nuclei of leukaemic stem and progenitor cells. a, Immunoblot of glycolytic and tricarboxylic acid-cycle enzymes in the
nucleus, cytoplasm and whole-cell lysate of FACS-sorted stem and bulk 8227 cells. Representative immunoblot from n = 3 biological repeats. b, Confocal
microscopy images of HK2 and the mitochondrial protein Tom20 in FACS-sorted stem and bulk 8227 cells. Representative images from n = 3 biological
repeats. c, Confocal microscopy images of HK2 in ROS-low LSCs and ROS-high bulk primary cells from patients with AML. Images are representative of
three biologically independent samples. d, Nuclear HK2 expression in samples from patients with AML (n = 25) and AML cell lines (n = 15), determined
using RPPA. Patient samples: minimum, −2.696; maximum, −1.200; and median −1.679; AML cell lines: minimum, −3.1878; maximum, −0.5461; and
median, −1.997. In the box-and-whisker plots, the horizontal lines mark the median, the box limits indicate the 25th and 75th percentiles, and the whiskers
extend to 1.5× the interquartile range from the 25th and 75th percentiles. e, 8227 cells were transduced with NLS1–HK2 or control, using a blue fluorescent
protein (BFP)-expressing vector. BFP-sorted cells were imaged using confocal microscopy. Representative images of HK2 in control-vector and NLS1–HK2
8227 cells from n = 3 biological repeats are shown. f, The right femur of NOD/SCID-GF mice (n = 7 EV and 8 NLS1–HK2 mice) was injected with 8227 cells
transduced with NLS–HK2 or control vector. Eight weeks post injection, engraftment of 8227 cells into the uninjected left femur was measured by flow
cytometry. g, Cells from f were injected into secondary mice and the engraftment efficiency was measured 8 weeks later by flow cytometry (n = 7 mice per
group). b,c,e, Scale bars, 10 µm. f,g, Statistical analyses were performed using a two-tailed unpaired Student’s t-test. Data represent the mean ± s.e.m.
Nature Cell Biology | www.nature.com/naturecellbiology
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CD11b+ cells (Fig. 2e and Extended Data Fig. 3i) and decreased
clonogenic growth (Fig. 2d and Extended Data Fig. 3j). Finally,
knockdown of nuclear HK2 in 8227 cells reduced the percentage
of CD34+CD38− stem cells after ATRA treatment (Fig. 2f). Thus,
nuclear HK2 is essential for stem cell function and differentiation
in AML.
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HK2 localizes to haematopoietic stem and progenitor cell nuclei.
We also examined the nuclear expression and functional importance
of HK2 in normal haematopoiesis. Subpopulations of normal haematopoietic cells were isolated from cord blood by high-resolution
sorting and the levels of HK2 were measured by confocal microscopy. Both the nuclear and total levels of HK2 were higher in haematopoietic stem cells (HSCs) and multipotent progenitor fractions,
and declined as the cells matured, with minimal amounts of nuclear
HK2 in differentiated cells (Fig. 3a and Extended Data Fig. 4a,b).
Overexpression of nuclear HK2 in normal cord blood increased
the levels of primary and secondary engraftment of these cells into
mice (Fig. 3b,c), indicating nuclear HK2 was functionally important
for normal HSCs.
To further explore the effects of nuclear HK2 on normal haematopoiesis, we created a transgenic mouse overexpressing nuclear
HK2 driven by a Vav promoter to selectively increase HK2 expression in the haematopoietic system (Fig. 3d and Extended Data
Fig. 4c). The size and weight of the Vav-NLS–HK2 transgenic
mice was similar to their wild-type littermates (Extended Data
Fig. 4d,e). However, the Vav-NLS–HK2 mice had increased abundance of HSCs in the marrow and decreased levels of monocytes
and lymphocytes in the peripheral blood (Fig. 3e,f and Extended
Data Figs. 4f, 10i).
To functionally evaluate HSCs in Vav-NLS–HK2 transgenic
mice, we performed competitive repopulation assays using the
CD45.1 and CD45.2 congenic system. The efficacy of bone marrow reconstitution was determined in chimaera mice by mixing (1:1
ratio) donor cells (CD45.2+; C57B6 background; Vav-NLS–HK2
or wild type) and clonogenic competitor cells (CD45.1+; B6.SJL).
Compared with the wild-type chimaera, the Vav-NLS–HK2 chimaera mice demonstrated increased repopulation in the peripheral
blood at weeks 4, 6, 8 and 10, and in the bone marrow at week 12
(Fig. 3g,h and Extended Data Fig. 10j).
Nuclear HK2 maintains stemness independently of its kinase
activity. We next examined the mechanisms that control the
nuclear localization of HK2. AKT-dependent phosphorylation of
HK2 at Thr 473 positively controls mitochondrial HK2 localization, whereas dephosphorylation by protein phosphatase (PHLPP)
decreases its mitochondrial localization21. Consistent with the role
of phosphorylation in HK2 mitochondrial localization, inhibition of AKT increased the nuclear levels of HK2 (Extended Data
Fig. 5a,b). Conversely, inhibition of PHLPP1 decreased the nuclear
levels of HK2 (Extended Data Fig. 5c). In contrast to findings in
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yeast22,23, the amount of glucose in the media did not impact HK2
localization (Extended Data Fig. 5d).
HK2 is a transferase kinase that phosphorylates glucose at the
outer mitochondrial membrane to glucose-6-phosphate, initiating
glycolysis24. We next investigated whether the kinase activity of HK2
is necessary for its nuclear function to maintain stem cell properties. Asp 209 and Asp 657 are residues in the HK2 protein that are
necessary for its catalytic function. Double mutation of these residues (D209A/D657A) in HK2 results in a complete loss of its catalytic activity25. Therefore, we created a kinase-dead double mutant
of nuclear HK2 tagged with the c-Myc NLS (NLS1–HK2 D209A/
D567A; Extended Data Fig. 5e). We overexpressed NLS1–HK2
D209A/D567A in NB4 cells and confirmed its selective localization
to the nucleus by confocal microscopy (Fig. 4a). Overexpression of
the nuclear-localized kinase-dead HK2 produced a phenotype similar to overexpression of nuclear HK2 with a wild-type kinase domain
(NLS1–HK2 and NLS2–HK2; Fig. 4b). Specifically, kinase-dead
nuclear HK2 enhanced clonogenic growth and blocked cell differentiation after ATRA treatment, similar to NLS1–HK2 and NLS2–
HK2 (Fig. 4c,d). Notably, HK2 also has a PAR-binding motif, but
modification of this motif did not change the nuclear function of
HK2 (Extended Data Fig. 5f–l). Thus, nuclear HK2 maintains stem
and progenitor functions independently of its kinase and metabolic
activity.
Nuclear import of proteins is frequently regulated by the importin family of proteins that bind the NLS sequences of cargo proteins.
Amino-acid sequence alignment analysis demonstrated multiple
mono and bipartite NLS sequences at the C and amino (N) termini
of HK2 (Extended Data Fig. 6a,b). Through the analysis of a dataset
of high-throughput protein–protein interactors in HeLa cells, we
found cofractionation of HK2 with the importin IPO5 (BioGRID:
https://thebiogrid.org). To test whether IPO5 is important for HK2
nuclear localization, we knocked down IPO5 and measured the
nuclear and total levels of HK2 in NB4 cells. Knockdown of IPO5
decreased the nuclear levels of HK2 (Fig. 4e,f). Demonstrating
specificity for IPO5, knockdown of IPO11, a related importin family member that was not identified as an interactor with HK2 in this
database, did not alter HK2 localization (Fig. 4f).
Proteins are exported from the nucleus via the exportin complex
that binds the nuclear-export signal on cargo protein. Analysis of
the genetic and amino-acid sequences also led to the identification
of three distinct nuclear-export-signal sequences at the N terminus
of HK2 (Extended Data Fig. 6c). A previous study demonstrated
that leptomycin inhibited the export of nuclear HK2 in HeLa cells26.

Fig. 2 | Knockdown of nuclear HK2 reduces stem and progenitor cell function. a, Confocal microscopy images of HK2 and Tom20 staining in NB4 cells
5 d after transduction with OMMLS–HK2 or EV. b, Half maximal inhibitory concentration (IC50) of 2-DG in OMMLS–HK2 and control NB4 cells 48 h after
treatment. c, Confocal images of HK2 staining after transduction of OMMLS–HK2 NB4 cells with two shRNA (SH1 and SH2) targeting the untranslated
region (UTR) of HK2. a,c, Scale bars,10 µm. Images are representative of n = 3 biological repeats. d, Clonogenic growth of OMMLS–HK2 NB4 cells
transduced with shRNAs targeting the HK2 UTR and treated with ATRA (100 nM). e, Expression levels of CD11b in OMMLS–HK2 NB4 cells transduced
with shRNA to the HK2-UTR and treated with ATRA (100 nM). f, Percentage of CD34+CD38− cells in 8227 cells transduced with OMMLS–HK2 and
HK2-UTR shRNAs, in incubated with or without 100 nM ATRA for 24 h. b,d–f, n = 3 biological repeats. g, OCI-AML2 cells with selective nuclear HK2
knockdown or EV were subcutaneously injected into the flanks of SCID mice (n = 10 mice per group). Tumour volume was measured every alternate day
for 18 d, starting 6 d after injection. h, OMMLS-HK2 AML2 cells were transduced with shRNAs targeting the HK2 UTR and subcutaneously injected into
the flanks of SCID mice. The weights of subcutaneous tumours were measured at the end of the experiment (n = 10 mice per group). i, TEX cells with
nuclear HK2 knockdown or EV were injected into the right femur of NOD/SCID-GF mice (n = 5 per group). Engraftment of TEX cells into the uninjected left
femur was measured by flow cytometry 5 weeks post injection. j, GSEA of 8227 cells transduced with OMMLS–HK2 and shRNAs targeting the HK2 UTR.
The NES and P values were analysed using a modified Kolmogorov–Smirnov test. k, Gene-set variation analysis score for LSC-positive gene signatures
in 8227 cells transduced with OMMLS–HK2 and shRNAs targeting the HK2 UTR. Control: minimum, 0.8600; maximum, 1.271; and median, 1.066.
SH1: minimum, −0.9867; maximum, −0.4826; and median, −0.6619. l, Gene-set variation analysis (GSVA) score for HSC gene signatures in 8227 cells
transduced with OMMLS–HK2 and shRNAs targeting the HK2-UTR. Control: minimum, 0.09000; maximum, 0.2500; and median, 0.1700. SH1: minimum,
−0.2500; maximum, −0.09000; and median, −0.1500. k,l, In the box-and-whisker plots, the horizontal lines mark the median, the box limits indicate the
25th and 75th percentiles, and the whiskers extend to 1.5× the interquartile range from the 25th and 75th percentiles. b,d–i,k,l, Statistical analyses were
performed using a two-tailed unpaired Student’s t-test (b,h,i,k,l) and ordinary one-way (d–f) or two-way (g) analysis of variance (ANOVA) with Sidak’s
multiple comparison test; P values for comparisons to the control are provided. Data represent the mean ± s.e.m. Nuc-HK2 KD, nuclear HK2 knockdown.
Nature Cell Biology | www.nature.com/naturecellbiology
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We confirmed these findings in leukaemia cells; treatment with both
leptomycin and selinexor increased the levels of nuclear HK2, demonstrating that the nuclear export of HK2 requires exportin 1 (XPO1,
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also known as CRM1; Fig. 4g,h). Reverse-phase protein array analysis performed on 20 leukaemic cell lines showed increased nuclear
and decreased cytoplasmic HK2 levels after 24 h of XPO1-inhibitor
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treatment (Fig. 4i). Thus, together, the nuclear localization of HK2
is dependent on its phosphorylation and requires active import and
export through IPO5 and XPO1, respectively.
Nuclear HK2 modulates chromatin accessibility. To understand
the mechanism by which HK2 regulates stem cell function, we
sought to identify nuclear proteins that interact with HK2 using
proximity-dependent biotin labelling (BioID) coupled with mass
spectrometry27. We overexpressed NLS1–HK2 tagged with a mutant
Escherichia coli biotin-conjugating enzyme, BirA R118G (BirA*), in
Flp-In T-REx human embryonic kidney (HEK) 293 cells to biotinylate proteins interacting with HK2. From our BioID screen, we
identified 12 proteins that preferentially interacted with nuclear
HK2 over the control; these included proteins involved in chromatin organization and regulation (CTR9, MAX, PHF8, PHF10 and
SPIN1), transcriptional regulation (AASDH, CCNL2, IWS1 and
ZNF136) and DNA-damage response (SIRT1, TDP2 and UBR5;
Fig. 5a). To further characterize endogenous nuclear HK2 interactions in leukaemic cells, we performed in situ protein ligation assay
(PLA) to visualize protein–protein interactions in intact cells using
fluorescence microscopy28. Using this assay, we confirmed interactions between endogenous HK2 and MAX, SIRT1, IWS1, CTR9 and
SPIN1 (Fig. 5b and Extended Data Fig. 6d).
Given that nuclear HK2 interacted with proteins that regulate
chromatin organization, we examined how nuclear HK2 impacted
global chromatin accessibility using transposase-accessible chromatin using sequencing (ATAC-seq). Overexpression of nuclear
HK2 increased chromatin accessibility (Fig. 5c and Extended Data
Fig. 6e,g,i), whereas selective knockdown of nuclear HK2 decreased
chromatin accessibility (Extended Data Fig. 6f,h,j). These observations are in line with previous studies demonstrating that stem cells
have more accessible chromatin29–31. Genes that were more accessible in nuclear HK2 overexpression were enriched in genes associated with an LSC+ signature (Fig. 5d,e). Differentially accessible
regions enriched after overexpression of nuclear HK2 were associated with Gene Ontology processes including chromatin assembly, mitotic checkpoints, regulation of stem cell differentiation and
DNA-damage response, and genes in these pathways overlapped
with HSC signature genes from published datasets (Fig. 5f).
To identify regions of DNA bound by HK2 or HK2 complexes,
we performed chromatin immunoprecipitation with sequencing
(ChIP–seq) in NB4 cells. A total of 6,350 unique peaks common to
three biological replicates were identified. Analysis of these peaks
indicated enrichment for pathways associated with the regulation of
stem cell differentiation, embryonic development, cell-cycle transition/checkpoint regulation and DNA-damage response (Fig. 5g
and Extended Data Fig. 7a). We also performed ChIP–seq following
overexpression of nuclear HK2 (tagged with either NLS1 or NLS2).
Overexpression of nuclear NLS1–HK2 and NLS2–HK2 increased
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the number of peaks, with 17,530 and 8,655 unique peaks common to three biological replicates, respectively. Genes identified by
ChIP–seq with HK2 overlapped with NLS1–HK2 and NLS2–HK2,
and were highly enriched compared with the control (Fig. 5g and
Extended Data Fig. 7a,g–i).
Motif enrichment analysis of the ChIP–seq peaks led to the
identification of a consensus sequence, CACGTG, which corresponds to the basic helix loop helix (bHLH) E-box motif (Fig. 5h
and Extended Data Fig. 7b–e). Estimation of the CACGTG motif
enrichment using TFmotifView revealed significant enrichment
of this motif in peaks identified in the previously mentioned pathways (Fig. 5i and Extended Data Fig. 7f). Furthermore, the genomic
position of the motif was enriched at the centre of the peak representing the peak summit, which would model the binding of HK2
or HK2 complexes to this region (Fig. 5i). Interestingly, our BioID
results demonstrated that HK2 interacts with MYC-associated factor X (MAX), which is a known class III bHLH E-Box-binding
protein implicated in cell proliferation, stem cell maintenance and
differentiation as well as the DNA-damage response32. To further
explore the interaction between HK2 and MAX, peaks that overlapped between the NLS–HK2 ChIP–seq and MAX ChIP–seq
data in NB4 cells from the ENCODE ENCSR000EHS dataset were
retrieved. Similar binding peaks were identified in pathways related
to the DNA-damage response, regulation of stem cell differentiation
and mitotic cell cycle, with a false-discovery rate (FDR) for a gene
set enrichment analysis (GSEA) pathway enrichment of 0.000001
(Extended Data Fig. 8a–d).
Nuclear HK2 enhances the DNA-damage response in AML.
Nuclear HK2 interacted with genes associated with the DNA-damage
response and increased accessibility of genes in the DNAdamage-response pathways. Therefore, we examined the DNAdamage response in stem and bulk AML populations and investigated whether nuclear HK2 could influence DNA-damage repair.
We overexpressed nuclear HK2 in 8227 and NB4 cells, and treated
the cells with daunorubicin, an intercalating chemotherapeutic
agent that causes double-strand DNA breaks33. We then measured
the double-strand DNA breaks and expression of DNA-repair proteins at multiple time points following daunorubicin treatment by
quantifying the levels of γH2AX, 53BP1 and RAD51 in the nucleus.
RAD51 is essential for homologous recombination, γH2AX is a
surrogate marker of double-strand breaks and 53BP1 mediates
non-homologous end-joining repair34,35. Overexpression of nuclear
HK2 increased the levels of nuclear 53BP1 and RAD51 expression,
and decreased the number of double-strand breaks, as measured by
γH2AX foci in 8227 and NB4 cells (Fig. 6a,c,e and Extended Data
Fig. 9a,d–j). As measured using the comet assay, 8227 cells overexpressing nuclear HK2 had decreased levels of double-strand DNA
breaks before and after treatment with daunorubicin (Fig. 6h and

Fig. 3 | HK2 localizes to the nuclei of haematopoietic stem and progenitor cells. a, Fluorescence intensity of nuclear HK2 in haematopoietic cell
populations from cord blood. A.u., arbitrary units; n = 183 cells examined from three biological samples. b, CD34+-enriched normal haematopoietic
cells were transduced with NLS1–HK2 or control vector and injected into the right femur of NOD/SCID-GF mice (n = 4 (EV) and 5 (NLS1–HK2) mice).
Engraftment of transduced cord blood cells in the left femur of mice was measured using flow cytometry 8 weeks after the injection. c, Cells from b
were injected into secondary mice and the engraftment efficiency was measured 8 weeks later using flow cytometry (n = 5 mice per group). d, Confocal
microscopy images of HK2 and Tom20 staining in bone marrow cells from Vav-NLS–HK2 mice and control littermate wild-type mice. Scale bar, 10 µm.
Images are representative of n = 20 biologically independent samples. e, Percentage of lin−ckit+Sca+CD48−CD150+ cells in the bone marrow of the
Vav-NLS–HK2 mice and their littermate controls (n = 12 (wild-type control) and 10 (Vav-NLS–HK2) mice). f, Percentage of granulocyte-monocyte
and common myeloid progenitor (left), and megakaryocyte–erythroid progenitor (right) cells in the bone marrow of the Vav-NLS–HK2 mice and their
littermate controls (n = 9 (wild-type control) and 6 (Vav-NLS–HK2) mice). g, Bone marrow cells from Vav-NLS–HK2 mice or their littermates (CD45.2+;
donor) were co-transplanted with CD45.1+ bone marrow cells as competitors (1:1 ratio) into B6.SJL recipient mice (CD45.1+). Reconstitution units
(CD45.2/CD45.1) were analysed in the peripheral blood of the chimaera mice over the specified period using flow cytometry (n = 10 mice per group).
h, Reconstitution efficacy in the bone marrow from g was analysed at week 12 (n = 10 mice per group). b,c,e–h, Statistical analyses were performed using
a two-tailed unpaired Student’s t-test. Data represent the mean ± s.e.m. MPP, multipotent progenitors; MLP, multilymphoid progenitors; CMP, common
myeloid progenitors; GMP, granulocyte-monocyte progenitors; and MEP, megakaryocyte–erythroid progenitors.
Nature Cell Biology | www.nature.com/naturecellbiology
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Extended Data Fig. 9b), and overexpression of nuclear HK2 conferred resistance to daunorubicin (Fig. 6g) and the PARP inhibitor
olaparib (Extended Data Fig. 9c).
As nuclear HK2 is increased in AML stem cells under basal
conditions, we compared the DNA-damage response in AML stem
versus bulk cells. We FACS-sorted 8227 cells into stem and bulk
fractions and measured the expression levels of DNA-repair genes.

Leukaemic stem cells were primed to respond to DNA damage, with
increased expression of genes associated with homologous recombination (XRCC2 and XRCC3) and non-homologous end joining
(XRCC4, XRCC5 and PRKDC; Fig. 6i). Next, we treated the stem
and bulk cell fractions with daunorubicin. Compared with the bulk
cells, the stem cell fraction demonstrated an enhanced DNA-damage
response, with increased levels of 53BP1 and RAD51, and decreased
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stem cells compared with bulk AML cells (normalized enrichment
score, NES = 1.74 and FDR = 0.057), and undifferentiated versus
committed AML samples (NES = 2.041 and FDR ≤ 0.00001; Fig. 6j).
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Fig. 4 | Nuclear HK2 maintains stemness independently of its kinase activity and is mediated by active import/export. a, Confocal microscopy images
of HK2 and Tom20 staining in NB4 cells 5 d after transduction with NLS1–HK2, the kinase-dead NLS1–HK2 D209A/D657A mutant or EV. b, Cell viability
of NB4 cells after transduction with NLS1–HK2, NLS2–HK2 or NLS1–HK2 D209A/D657A; n = 2 biological repeats. c, Expression of CD11b in NB4 cells
transduced with NLS1–HK2, NLS2–HK2 or NLS1–HK2 D209A/D657A and treated with ATRA (100 nM); n = 3 biological repeats. d, Clonogenic growth of
NB4 cells transduced with NLS1–HK2, NLS2–HK2 or NLS1–HK2 D209A/D657A and treated with ATRA (100 nM); n = 3 biological repeats. e, Immunoblot
analysis of HK2 in the nuclear and whole-cell lysates of NB4 cells treated with shRNAs targeting IPO5. f, Confocal microscopy images of HK2 and Tom20
in NB4 cells after IPO5 (shIPO5-1 and shIPO5-2; second and third rows) and IPO11 (shIPO11; bottom) knockdown using shRNA. g,h, Representative
confocal images of HK2 and Tom20 in NB4 cells treated with the XPO1 inhibitors leptomycin (g) and selinexor (h). i, HK2 expression in the cytoplasmic
and nuclear fractions of various leukaemic cell lines (n = 20) following treatment with the XPO1 inhibitor KPT185 for 6 or 24 h, determined using RPPA
analysis. Cytoplasm 0 h: minimum, 0.6462; maximum, 3.5142; and median, 1.6358. Nucleus 0 h: minimum, −3.5388; maximum, −0.5461; and median
−2.1901. Cytoplasm 6 h: minimum, 0.4226; maximum, 3.5298; and median, 1.622. Nucleus 6 h: minimum, −4.130; maximum, −1.025; and median, −2.552.
Cytoplasm 24 h: minimum, 0.0185; maximum, 3.1735; and median, 0.9156. Nucleus 24 h: minimum, −3.334; maximum, 1.817; and median, −1.1624. In
the box-and-whisker plots, the horizontal lines mark the median, the box limits indicate the 25th and 75th percentiles, and the whiskers extend to 1.5×
the interquartile range from the 25th and 75th percentiles. a,e–h, Images are representative of three biological repeats. a,f–h, Scale bars, 10 µm. c,d, Data
represent the mean ± s.e.m. c,d,i, Statistical analyses were performed using a two-tailed unpaired Student’s t-test (c,d) or a paired Wilcoxon rank-sum test.

We also sorted primary AML samples into functional stem
and bulk populations based on ROS expression (ROS-low versus
ROS-high), treated these fractions with daunorubicin and measured their DNA-damage response. Similar to the findings in 8227
cells, primary AML stem cells showed an increased DNA-damage
response compared with bulk cells (Fig. 6k,l and Extended Data Fig.
10a–d).
Finally, we transduced 8227 cells with NLS1–HK2 and then
sorted the transduced cells into stem and bulk populations based on
CD34 and CD38 expression. The stem and bulk cells were treated
with daunorubicin for 3 h and their DNA-damage repair markers
were measured. In the bulk cells, overexpression of nuclear HK2
restored recruitment of the DNA-repair protein 53BP1. In addition, overexpression of nuclear HK2 in stem cells increased the
recruitment of 53BP1 compared with EV stem cells (Extended
Data Fig. 10e–g). Thus, AML stem cells demonstrate an enhanced
DNA-damage response that seems to be partly mediated by nuclear
HK2.

Discussion

Mitochondrial metabolites regulate nuclear gene expression and
thereby control stem cell function and differentiation. However, it
is less appreciated how mitochondrial enzymes can moonlight in
the nucleus to control these properties. In this study we discovered
that the mitochondrial enzyme HK2 localizes to the nucleus and
impacts the function of AML stem cells.
Metabolites and intermediates produced in the mitochondria
serve as cofactors and substrates to modify DNA and histones.
Through mitochondrial stress or mutation of mitochondrial
enzymes, production of these metabolites can be altered, leading

to deregulation of DNA and histone modifications, such as methylation and acetylation. For example, isocitrate dehydrogenase 2
(IDH2) Arg 140 or Arg 172 mutations are found in approximately
10% of patients with AML. IDH2 mutations result in the aberrant production of R-2-hydroxyglutarate from α-ketoglutarate.
R-2-hydroxyglutarate inhibits α-ketoglutarate-dependent dioxygenases, including TET2, resulting in increased DNA methylation and a block in differentiation. Inhibition of mutant IDH2
with enasidenib decreases R-2-hydroxyglutarate production,
restores TET2, reduces DNA methylation and relieves the block in
myeloid differentiation.
Although most studies have focused on mitochondrial metabolites as regulators of epigenetic marks and gene expression, some
previous studies have identified mitochondrial proteins that localize
to the nucleus to control gene expression. However, these proteins
impact nuclear-gene expression through their known metabolic
enzymatic activity. For example, in response to mitochondrial stress,
such as respiratory chain complex inhibitors or depletion of the
mitochondrial outer membrane protein MTCH2, pyruvate dehydrogenase translocates from the mitochondria to the nucleus. In the
nucleus, pyruvate dehydrogenase converts pyruvate to acetyl-CoA,
leading to increased histone acetylation, which alters gene expression and promotes differentiation36,37.
Here we demonstrated that HK2, independently of its known
mitochondrial kinase activity, regulates stem cell function. We
showed that nuclear HK2 interacts with the bHLH E-Box-binding
protein MAX, regulates chromatin accessibility and maintains DNA
integrity. In yeast, nuclear HK2 forms a complex with the transcription factor Mig1 to control the expression of the sucrose transporter
gene SUC2 (refs. 22,23,38,39). However, mammalian cells do not have

Fig. 5 | Nuclear HK2 modulates chromatin accessibility and is involved in the maintenance of DNA integrity. a, Proteins that interact with NLS1–HK2, as
determined by BioID coupled with mass spectrometry; n = 3 biological repeats. b, Intensity of the PLA signal of endogenous HK2 and MAX, SIRT1, IWS1,
CTR9 and SPIN1 in NB4 cells. A.u., arbitrary units; n = 278 cells from three biological repeats. c, Chromatin accessibility, measured through ATAC-seq,
following overexpression of NLS1–HK2 in NB4 cells; n = 3 biological repeats. d, LSC+ and LSC− signatures in EV control NB4 cells. LSC−: minimum, 5.15;
maximum, 12.81; and median, 8.27. LSC+: minimum, 5.990; maximum, 12.030; and median, 9.325. e, LSC+ and LSC− signatures in NLS1–HK2 NB4 cells.
LSC−: minimum, 6.840; maximum, 13.010; and median, 9.020. LSC+: minimum, 7.300; maximum, 12.340; and median, 9.895. f, ATAC-seq pathway
enrichment analysis in EV control and NLS1–HK2 NB4 cells. The size of the pie chart slices is proportional to the FDR score, −log10(FDR), for each of the
gene lists. Blue and pink lines pinpoint to pathways that overlap significantly with the HSC and granulocyte (GRAN) gene lists at FDR < 0.05 according to a
Fisher’s exact test. g, Enhanced enrichment of the pathways in NLS1–HK2 and NLS2–HK2 ChIP–seq compared with EV control ChIP–seq in NB4 cells.
h, Consensus motif identified by HOMER DNA-binding-motif analysis significantly enriched in NLS1– and NLS2–HK2 peaks at FDR < 0.05. The P value
shows significant enrichment of bHLH motifs, determined using a Fisher’s exact test. The boxes with the dashed lines represent sequence similarity
overlap. i, Enrichment of the consensus motif CACGTG in sequences of peaks associated with the selected pathways. The hypergeometric P value
estimated using the Fisher’s exact test indicate the significance of the enrichment of the motif when compared with random sequences. c–e, Statistical
analyses were performed using a two-tailed unpaired Student’s t-test. Data represent the mean ± s.e.m. d,e, In the box-and-whisker plots, the horizontal
lines mark the median, the box limits indicate the 25th and 75th percentiles, and the whiskers extend to 1.5× the interquartile range from the 25th and
75th percentiles.
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a Mig1 homologue. A recent study has shown that in glioma cells
under metabolic stress, nuclear HK2 activates nuclear factor erythroid 2-related factor 2, a transcription factor that provides protection against oxidative stress40.
Proteins are imported into the mitochondria through the TOM
and TIM pathway of receptors and channels. However, how proteins translocate from the mitochondria and enter the nucleus is
poorly understood. We discovered that nuclear HK2 is influenced
by its phosphorylation state and requires active import and export
via IPO5 and XPO1, respectively. In the future, it will be important
to comprehensively map the pathways that control mitochondrial
protein translocation and export. In addition, future studies will
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determine how HK2 preferentially accumulates in stem cells compared with more differentiated cells.
We discovered that nuclear HK2 promotes stemness in AML
and normal haematopoietic cells in vitro and in vivo. Using a transgenic mouse model, we showed that overexpression of nuclear HK2
increases the abundance of HSCs. In mouse models of AML, selective knockdown of nuclear HK2, decreased the engraftment of TEX
cells into the mouse marrow. Although these cells can engraft the
marrow of immune-deficient mice, they do not circulate in the blood
after engraftment, so we could not measure peripheral blood levels
of leukaemia in this model. Similarly, mice engrafted with AML cells
overexpressing nuclear HK2 had increased marrow engraftment and
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Fig. 6 | Nuclear HK2 overexpression enhances the DNA-damage response and increases chemoresistance in AML. a, Levels of γH2AX in NLS1–HK2 and
EV control 8227 cells after treatment with 50 nM daunorubicin for 0, 3 and 6 h; n = 2,041 cells from four biological repeats were examined. b, Levels of
γH2AX in stem and bulk 8227 cells after treatment with 50 nM daunorubicin for 0, 3 and 6 h; n = 1,786 cells from three biological repeats were examined.
c, Levels of 53BP1 in NLS1–HK2 and EV control 8227 cells after treatment with 50 nM daunorubicin for 3 h; n = 645 cells from four biological repeats
were examined. d, Levels of 53BP1 levels in stem and bulk 8227 cells after treatment with 50 nM daunorubicin for 3 h; n = 549 cells from three biological
repeats were examined. e, Levels of RAD51 in NLS1–HK2 and EV control 8227 cells after treatment with 50 nM daunorubicin for 6 h; n = 551 cells from
three biological repeats were examined. f, Levels of RAD51 in stem and bulk 8227 cells after treatment with 50 nM daunorubicin for 6 h; n = 477 cells
from two biological repeats were examined. g, Clonogenic growth of NB4 cells transduced with NLS1–HK2 and treated with 50 nM daunorubicin for 3 h
before plating. The colonies were counted 6 d after plating; n = 3 biological repeats. h, Comet assay in 8227 cells transduced with NLS1–HK2 before and
after incubation with 70 nM daunorubicin for 6 h; n = 1,474 cells from three biological repeats were examined. i, Relative messenger RNA expression
levels of genes associated with homologous recombination (XRCC2 and XRCC3) and non-homologous end joining (XRCC5, XRCC6 and PRKDC) in stem
and bulk 8227 cells; n = 3 biological repeats. j, GSEA analysis of DNA-repair pathways in primary samples from patients with undifferentiated versus
committed AML. The NES and FDR values were analysed using a modified Kolmogorov–Smirnov test. k, Levels of γH2AX in stem and bulk fractions of
primary sample from a patient with AML (AML151258) after treatment with 50 nM daunorubicin for 0 and 3 h; n = 225 cells were examined from one of
two biological samples. l, Levels of 53BP1 in the stem and bulk fractions of a primary sample from a patient with AML (AML151258) following treatment
with 50 nM daunorubicin for 3 h; n = 111 cells were examined from one of two biological samples. a–f,k,l, The protein levels were determined using confocal
microscopy. Statistical analyses were performed using a two-tailed unpaired Student’s t-test in all panels except j, where a Fischer’s exact t-test was
performed. Data represent the median and interquartile range (a–e,h), the mean (f,k,l) or the mean ± s.e.m. (g,i). Dauno, daunorubicin; a.u., arbitrary units.

decreased survival compared with the controls (P = 0.054). It is important to note that in these survival studies, the mice were euthanized at
the first sign of distress. However, the correlation between distress and
engraftment is not exact. Similar to the clinical situation41,42, mice can
display distress with variable amounts of leukaemia in the marrow,
potentially explaining the smaller difference in overall survival.
Research by our group and others has shown that LSCs have
more open chromatin compared with bulk cells, which primes
the cell for determination of fate and differentiation31. This open
chromatin structure can enhance DNA-damage repair by increasing access to DNA-repair proteins43. We demonstrated that LSCs
have a heightened DNA-damage response compared with bulk
cells—a potential explanation for enhanced chemoresistance in
LSCs. We showed that HK2 interacts with DNA damage-response
proteins and overexpression of nuclear HK2 decreases the levels of
double-strand DNA breaks and increases chemoresistance. Thus, in
addition to participating in chromatin accessibility, HK2 positively
influences the DNA-damage response.
Thus, in conclusion, we discovered a non-canonical mechanism
by which a mitochondrial enzyme interacts with nuclear proteins
to regulate stem cell function and differentiation. In addition, we
highlight the role of mitochondrial enzymes in essential nuclear
processes including chromatin accessibility and the DNA-damage
response.

Online content

Any methods, additional references, Nature Research reporting summaries, source data, extended data, supplementary information, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
data and code availability are available at https://doi.org/10.1038/
s41556-022-00925-9.
Received: 11 May 2021; Accepted: 22 April 2022;
Published: xx xx xxxx

References

1. Kreso, A. & Dick, J. E. Evolution of the cancer stem cell model. Cell Stem Cell
14, 275–291 (2014).
2. Wang, J. C. & Dick, J. E. Cancer stem cells: lessons from leukemia. Trends
Cell Biol. 15, 494–501 (2005).
3. Gut, P. & Verdin, E. The nexus of chromatin regulation and intermediary
metabolism. Nature 502, 489–498 (2013).
4. Moussaieff, A. et al. Glycolysis-mediated changes in acetyl-CoA and histone
acetylation control the early differentiation of embryonic stem cells. Cell
Metab. 21, 392–402 (2015).

5. Ward, P. S. et al. The common feature of leukemia-associated IDH1 and
IDH2 mutations is a neomorphic enzyme activity converting α-ketoglutarate
to 2-hydroxyglutarate. Cancer Cell 17, 225–234 (2010).
6. Figueroa, M. E. et al. Leukemic IDH1 and IDH2 mutations result in a
hypermethylation phenotype, disrupt TET2 function, and impair
hematopoietic differentiation. Cancer Cell 18, 553–567 (2010).
7. Jiang, Y. & Nakada, D. Cell intrinsic and extrinsic regulation of leukemia cell
metabolism. Int. J. Hematol. 103, 607–616 (2016).
8. Cullen, S. M., Mayle, A., Rossi, L. & Goodell, M. A. Hematopoietic
stem cell development: an epigenetic journey. Curr. Top. Dev. Biol. 107,
39–75 (2014).
9. Ito, K., Bonora, M. & Ito, K. Metabolism as master of hematopoietic stem cell
fate. Int. J. Hematol. 109, 18–27 (2019).
10. Beerman, I. & Rossi, D. J. Epigenetic regulation of hematopoietic stem cell
aging. Exp. Cell Res. 329, 192–199 (2014).
11. Li, C., Evans, T. & Goll, M. G. Epigenetic regulation of hematopoietic stem
cell development. Methods Cell Biol. 135, 431–448 (2016).
12. Lechman, E. R. et al. miR-126 regulates distinct self-renewal outcomes
in normal and malignant hematopoietic stem cells. Cancer Cell 29,
214–228 (2016).
13. Jones, C. L. et al. Inhibition of amino acid metabolism selectively targets
human leukemia stem cells. Cancer Cell 35, 333–335 (2019).
14. Stevens, B. M., O’Brien, C., Jordan, C. T. & Jones, C. L. Enriching for human
acute myeloid leukemia stem cells using reactive oxygen species-based cell
sorting. STAR Protoc. 2, 100248 (2021).
15. Kosugi, S. et al. Six classes of nuclear localization signals specific to different
binding grooves of importin α. J. Biol. Chem. 284, 478–485 (2009).
16. Sharon, D. et al. Inhibition of mitochondrial translation overcomes venetoclax
resistance in AML through activation of the integrated stress response. Sci.
Transl. Med. https://doi.org/10.1126/scitranslmed.aax2863 (2019).
17. Mishra, P., Carelli, V., Manfredi, G. & Chan, D. C. Proteolytic cleavage of
Opa1 stimulates mitochondrial inner membrane fusion and couples fusion to
oxidative phosphorylation. Cell Metab. 19, 630–641 (2014).
18. Lin, G. et al. Matrine promotes human myeloid leukemia cells apoptosis
through Warburg effect mediated by hexokinase 2. Front. Pharm. 10,
1069 (2019).
19. Ng, S. W. et al. A 17-gene stemness score for rapid determination of risk in
acute leukaemia. Nature 540, 433–437 (2016).
20. Novershtern, N. et al. Densely interconnected transcriptional circuits control
cell states in human hematopoiesis. Cell 144, 296–309 (2011).
21. Xiong, X. et al. PHLPP regulates hexokinase 2-dependent glucose metabolism
in colon cancer cells. Cell Death Discov. 3, 16103 (2017).
22. Ahuatzi, D., Herrero, P., de la Cera, T. & Moreno, F. The glucose-regulated
nuclear localization of hexokinase 2 in Saccharomyces cerevisiae is
Mig1-dependent. J. Biol. Chem. 279, 14440–14446 (2004).
23. Randez-Gil, F., Sanz, P., Entian, K. D. & Prieto, J. A. Carbon
source-dependent phosphorylation of hexokinase PII and its role in the
glucose-signaling response in yeast. Mol. Cell. Biol. 18, 2940–2948 (1998).
24. Mathupala, S. P., Ko, Y. H. & Pedersen, P. L. Hexokinase II: cancer’s
double-edged sword acting as both facilitator and gatekeeper of malignancy
when bound to mitochondria. Oncogene 25, 4777–4786 (2006).
25. Ardehali, H. et al. Functional organization of mammalian hexokinase II.
Retention of catalytic and regulatory functions in both the NH2- and
COOH-terminal halves. J. Biol. Chem. 271, 1849–1852 (1996).
Nature Cell Biology | www.nature.com/naturecellbiology

NATurE CEll BiOlOgy
26. Neary, C. L. & Pastorino, J. G. Nucleocytoplasmic shuttling of hexokinase II
in a cancer cell. Biochem. Biophys. Res. Commun. 394, 1075–1081 (2010).
27. Coyaud, E. et al. BioID-based identification of Skp Cullin F-box (SCF)
β-TrCP1/2 E3 ligase substrates. Mol. Cell. Proteomics 14, 1781–1795 (2015).
28. Soderberg, O. et al. Direct observation of individual endogenous protein
complexes in situ by proximity ligation. Nat. Methods 3, 995–1000 (2006).
29. Frey, W. D. et al. BPTF maintains chromatin accessibility and the self-renewal
capacity of mammary gland stem cells. Stem Cell Rep. 9, 23–31 (2017).
30. Gaspar-Maia, A., Alajem, A., Meshorer, E. & Ramalho-Santos, M. Open
chromatin in pluripotency and reprogramming. Nat. Rev. Mol. Cell Biol. 12,
36–47 (2011).
31. Singh, R. P. et al. Disrupting mitochondrial copper distribution inhibits
leukemic stem cell self-renewal. Cell Stem Cell 26, 926–937 (2020).
32. Hurlin, P. J. Control of vertebrate development by MYC. Cold Spring Harb.
Perspect. Med. 3, a014332 (2013).
33. Rabbani, A., Finn, R. M. & Ausió, J. The anthracycline antibiotics: antitumor
drugs that alter chromatin structure. BioEssays 27, 50–56 (2005).
34. Escribano-Diaz, C. et al. A cell cycle-dependent regulatory circuit composed
of 53BP1–RIF1 and BRCA1–CtIP controls DNA repair pathway choice. Mol.
Cell 49, 872–883 (2013).
35. Gupta, A. et al. Role of 53BP1 in the regulation of DNA double-strand break
repair pathway choice. Radiat. Res. 181, 1–8 (2014).
36. Sutendra, G. et al. A nuclear pyruvate dehydrogenase complex is important for
the generation of acetyl-CoA and histone acetylation. Cell 158, 84–97 (2014).
37. Khan, D. H. et al. Mitochondrial carrier homolog 2 (MTCH2) is necessary
for AML survival. Blood 136, 81–92 (2020).
38. Gertz, J., Siggia, E. D. & Cohen, B. A. Analysis of combinatorial cis-regulation
in synthetic and genomic promoters. Nature 457, 215–218 (2009).
39. Vit, M. J. D., Waddle, J. A. & Johnston, M. Regulated nuclear translocation of
the Mig1 glucose repressor. Mol. Biol. Cell 8, 1603–1618 (1997).

Nature Cell Biology | www.nature.com/naturecellbiology

Articles
40. Sheikh, T., Gupta, P., Gowda, P., Patrick, S. & Sen, E. Hexokinase 2 and
nuclear factor erythroid 2-related factor 2 transcriptionally coactivate
xanthine oxidoreductase expression in stressed glioma cells. J. Biol. Chem.
293, 4767–4777 (2018).
41. DiNardo, C. D. et al. Interactions and relevance of blast percentage and
treatment strategy among younger and older patients with acute myeloid
leukemia (AML) and myelodysplastic syndrome (MDS). Am. J. Hematol. 91,
227–232 (2016).
42. Rogers, H. J. et al. Complex or monosomal karyotype and not blast
percentage is associated with poor survival in acute myeloid leukemia and
myelodysplastic syndrome patients with inv(3)(q21q26.2)/t(3;3)
(q21;q26.2): a Bone Marrow Pathology Group study. Haematologica 99,
821–829 (2014).
43. Luijsterburg, M. S. & van Attikum, H. Chromatin and the DNA damage
response: the cancer connection. Mol. Oncol. 5, 349–367 (2011).
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The images or other
third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.
© The Author(s) 2022

Articles
Methods

All experiments performed in this study were approved by the University Health
Network ethical review committee. Further information on research design,
statistics and technical information is available in the Nature Research Reporting
Summary linked to this article.
Cell lines. OCI-AML2 cells were cultured in Iscove’s modified Dulbecco’s
medium containing penicillin (100 U ml−1) and streptomycin (100 µg ml−1; Wisent)
supplemented with 10% fetal bovine serum (FBS). NB4 and U937 cells were
cultured in Roswell Park Memorial Institute 1640 medium containing penicillin
(100 U ml−1) and streptomycin (100 μg ml−1; Wisent) supplemented with 10% FBS.
TEX leukaemia cells obtained from J.E.D.’s laboratory44 were maintained in Iscove’s
modified Dulbecco’s medium with 20% FBS, 2 mM l-glutamine (Thermo Fisher
Scientific, 25030081), human recombinant stem cell factor (SCF; 20 ng ml−1; R&D
Systems, 255-sc) and human recombinant interleukin (IL)-3 (2 ng ml−1; R&D
Systems, 203-IL). OCI-AML 8227 cells, obtained from J.E.D.’s laboratory45, and
130578 cells, obtained from S. M. Chan’s laboratory16, were cultured in X-VIVO 10
medium (Lonza, 04-380Q) with 20% BSA–insulin-transferrin (BIT 9500 serum;
Stem Cell Technologies, 09500) and growth factor cocktail (human Fms-related
tyrosine kinase 3 ligand (Flt3-L; 50 ng ml−1; PeproTech, 300-19), IL-6 (10 ng ml−1;
PeproTech, 200-06), SCF (50 ng ml−1; PeproTech, 300-07), thrombopoietin
(25 ng ml−1; PeproTech, 300-18), IL-3 (10 ng ml−1; PeproTech, 200-03) and
granulocyte colony-stimulating factor (G-CSF; 10 ng ml−1; Amgen, 121181-53-1)).
The lentiviral packing cells (HEK 293T; American Type Culture Collection, CRL11268) were cultured in DMEM medium with 10% FCS for seeding and DMEM
with 10% FCS, penicillin (100 U ml−1), streptomycin (100 μg ml−1) and 1% BSA for
harvesting of virus. All cell lines were maintained in humidified incubators at 37 °C
supplemented with 5% CO2.
Primary AML and normal haematopoietic cells. Primary human AML samples
from peripheral blood or the bone marrow of both male and female patients
with AML were collected after obtaining informed consent and cryopreserved
at the Leukemia Tissue Bank at the Princess Margaret Cancer Centre/University
Health Network (REB no. 01-0573). No compensation was provided. Ficoll-Paque
differential density centrifugation was used to isolate AML cells. The primary
AML cells were frozen in 50% FCS + 40% αMEM + 10% dimethylsulfoxide. The
University Health Network institutional review boards approved the collection
and use of human tissue for this study (Research Ethics Board protocol no. 137163). As per regulation, all specimens were de-identified. Each experiment was
performed using a single aliquot from a donor. G-CSF-mobilized peripheral blood
was obtained from stem cell donations with written consent from the donors and
in accordance with the ethical standards of the responsible committee on human
experimentation (IRB permit 329/10). Cord blood cells were purchased from Stem
Cell Technologies (cat no. 70007).
Cell sorting. 8227 cells were stained with CD34–APC-Cy7 (BioLegend)
and CD38–PE-Cy7 (BD Biosciences) and washed with PBS before sorting
CD34+CD38− and CD34−CD38+ cells. Cells were FACS-sorted on a MoFlo system
(Beckman Coulter). Primary AML specimens were stained with BB515–CD45 (BD
Biosciences, 564585) to identify the blast population, PE–CD19 (BD Biosciences,
555413) and PE-Cy7–CD3 (BD Biosciences, 557749) to exclude the lymphocyte
populations, 4,6-diamidino-2-phenylindole (DAPI; EMD Millipore, 278298) as a
dead-cell marker and CellROX deep red (Thermo Fisher Scientific, C10422), and
sorted using a Sony SH-800 system. ROS-low LSCs were identified as the cells with
the 20% lowest ROS levels and the ROS-high blasts were identified as the cells with
the highest 20% ROS levels, as recently described in detail14.
Nuclear isolation. To isolate nuclei from cell lines and primary patient samples,
6–8 × 106 cells were washed in PBS (pH 7.4), resuspended in 750 µl nuclear isolation
buffer (Sigma Aldrich, NUC-101), incubated on ice for 5 min and centrifuged
at 500g for 10 min at 4 °C. The supernatant was collected as the cytoplasmic
fraction and then washed and centrifuged with lysis buffer. The supernatant
from the second centrifugation was discarded and the pellet was resuspended in
radioimmunoprecipitation assay buffer (RIPA) buffer with protease inhibitors. The
protein concentration was determined using the Bradford Assay (Bio-Rad).
Immunoblotting. Nuclear and cytoplasmic isolates or total cell lysates from cell
lines or primary patient samples were lysed using RIPA buffer and the Bradford
assay (Bio-Rad) was used to determine the protein concentration. Equal amounts
of protein were run on 10–12% SDS–PAGE gels and transferred to polyvinylidene
difluoride membranes. The membranes were blocked with 5% milk or BSA in
Tris-buffered saline with Tween-20 for 1 h and then incubated overnight with
primary antibody dissolved in 5% milk in Tris-buffered saline with Tween-20 at
4 °C. The membranes were washed three times before incubation for 1 h at room
temperature with secondary horseradish peroxidase-conjugated donkey anti-rabbit
antibody (GE Healthcare, NA934) or sheep anti-mouse antibody (GE Healthcare,
NA931). The primary antibodies used were (additional details are provided in the
Nature Research Reporting Summary): anti-HK2 (Cell Signaling Technology,
2867; 1:1,000), anti-β-actin (Santa Cruz Biotechnology, sc-69879; 1:10,000),
anti-histone 3 (Cell Signaling Technology, 4499; 1:5,000), anti-MnSOD
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(Enzo, ADI-SOD-110-F; 1:3,000), anti-Flag M2 (Sigma, F3165; 1:500),
anti-aldolase A (Santa Cruz Biotechnology, sc-390733; 1:500), anti-aconitase
2 (Cell Signaling Technology, 6922; 1:1,000), anti-citrate synthase (Abcam,
ab129095; 1:1,000), anti-enolase (Cell Signaling Technology, 3810; 1:1,000),
anti-GAPDH (Cell Signaling Technology, 2118; 1:1,000), anti-PFKP (Cell Signaling
Technology, 5412; 1:500), anti-PGK (Abcam, ab113687; 1:1,000), anti-PKM2
(Cell Signaling Technology, 3198; 1:1,000), anti-GPI (Thermo Fisher Scientific,
PA5-29665; 1:1,000), anti-hexokinase I (Cell Signaling Technology, 2024; 1:1,000),
anti-hexokinase III (Abcam, ab91097; 1:1,000), anti-SDHA (Abcam, ab14715;
1:1,000) and anti-SDHB (Abcam, ab178423; 1:1,000).
Confocal microscopy. Glass slides were prepared by spinning down the cells using
cytospin. The cells were fixed with 4% paraformaldehyde and permeabilized with
4% BSA in PBS with 0.1% Triton X-100. The cells were then stained with primary
antibodies and fluorochrome-conjugated secondary antibodies for 1 h and 45 min,
respectively. Tom20 (BD Biosciences, 612278; 1:400) was used as a marker for
mitochondria; HK2 (Cell Signaling Technology, 2867; 1:200) and the nuclei were
stained with DAPI (5 μg ml−1). Antibodies to RAD51 (Abcam, ab63801; 1:600),
γH2AXSer139 (EMD Millipore, 05-636; 1:300) and 53BP1 (Novus Biologics,
NB100-304; 1:600) were used for DNA-damage analysis. Images were taken on a
Leica SP8 or Olympus confocal microscope at ×60 magnification. Intensity and
region-of-interest analyses were performed using Metamorph and ImageJ.
RPPA. Samples were collected from 25 patients with AML as well as from 15 AML
cell lines. The MD Anderson Cancer Center Institutional Review Board approved
the collection protocol, research usage profile and clinical protocols that these
patients were treated with. The cell lines were cultured according to the American
Type Culture Collection cell culture methods. Cells were collected and fractionated
using a NE-PER nuclear and cytoplasmic extraction reagent kit (Thermo Fisher
Scientific, 78835). The cell lines were treated with the XPO1 inhibitor KPT185
at 200 µg ml−1 for 6 and 24 h. The protein expression levels of samples from the
patients with acute leukaemia as well as the cell lines were determined using
RPPA analysis. The methods and antibody validation techniques have been fully
described in previous publications46–48. Briefly, the samples were printed onto slides
in five (1:2) serial dilutions along with normalization and expression controls. The
slides were probed with 298 validated primary antibodies, including an antibody
to HK2 (Cell Signaling Technology, 2867; 1:100) and a secondary antibody to
amplify the signal. The stained slides were analysed using the Microvigene software
(Vigene Tech) to produce quantified data. SuperCurve algorithms were used to
generate a single value from the five serial dilutions49. Loading controls50 and
topographical normalization51 procedures were performed to account for variations
in protein concentration and background staining. The HK2 expression levels were
compared between pre- and post-treatment samples using the paired Wilcoxon
rank-sum test. Plots were generated using R (version 1.3.959, 2009–2020,
RStudio, Inc.).
Nuclear HK2 overexpression. For experiments overexpressing nuclear HK2,
either the c-Myc (NLS1, PAAKRVKLD) or SV40 (NLS2, PKKKRKV) NLS was
cloned in-frame to the human HK2 open reading frame (NM_000189.5) and
subcloned into the pLentiEF1α vector (blasticidin antibiotic resistance). The empty
pLentiEF1α vector served as a control. Lentiviral infections were performed as per
protocol52. NB4 cells were seeded in T25 flasks (3 × 106 cells per flask). The culture
was supplemented with protamine sulfate (1 µg ml−1). The cells were transduced
with pLentiEF1α, pLentiEF1α-NLS1–HK2 or pLentiEF1α-NLS2–HK2 viral stock,
followed by overnight incubation (37 °C and 5% CO2). The transduced cells were
then selected by resuspending them in medium containing blasticidin (7.5 µg ml−1).
Transduction of 8227 and CD34-enriched cells. CD34-enriched cord
blood cells and 8227 cells were transduced with pLBC2-BS (from J.E.D.’s
laboratory) vectors containing NLS1–HK2 driven by the SFFV promoter and
BFP driven by a chimaeric EF1α/SV40 promoter. Transduction of 8227 cells
and CD34-enriched cord blood cells was performed as described in a recent
publication53. Twenty-four-well plates were coated with retronectin for 2 h at room
temperature. The plates were then blocked with 2% BSA (wt/vol) for 30 min at
room temperature. After the removal of BSA, 0.5 ml of concentrated virus particles
in HBBS along with 25 mM HEPES was added to each well and the plates were
centrifuged at 1,600g for 5 h at room temperature to aid in the attachment of
viral particles. After centrifugation, the viral particle solution was removed and
5 × 105 cells were added to each well in 1 ml X-VIVO 10 medium supplemented
with 20% BIT 9500 serum substitute (Stem Cell Technologies) and growth factor
cocktail. The plates were centrifuged again at 600g for 10 min and transferred to
a 37 °C incubator for 24 h. The cells were then resuspended in fresh medium at a
concentration of 1 × 106 cells ml−1 and seeded in 24-well plates (1 ml per well).
After an additional 3 d, the transduction efficiency (percentage of BFP+ cells)
was determined by flow cytometry and expression was confirmed by
confocal microscopy.
Animals. Immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl Tg(CMV-IL-3,
CSF2,KITLG)1Eav/MloySzJ (NOD-SCID-GF) mice were obtained from
C. J. Eaves and bred in our facility54. No statistical methods were used to
Nature Cell Biology | www.nature.com/naturecellbiology
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pre-determine the sample sizes but our sample sizes are similar to those reported
in previous publications31. The mice were housed in micro isolator cages with
temperature-controlled conditions under a 12-h light–dark cycle with access to
drinking water and food. Only one experimental procedure was performed on
each mouse and all mice were drug naive before the experiment. For the in vivo
experiments with mice, the mice were grouped before treatment. The grouping
and treatment of the mice was performed by an individual who was not involved in
the analysis of the data from the experiment. Furthermore, all animal studies were
performed in accordance with the Ontario Cancer Institute Animal Use Protocol
(AUP) no. 1251.38 (NOD-SCID-GF and SCID mice).
Mouse engraftment, tumour progression and survival analysis. CD34+-enriched
cord blood cells and 8227 cells were injected into the right femur of sublethally
irradiated NOD-SCID-GF mice (male or female, 1:1 ratio; 5–6 weeks old) with
human IL-3, GM-CSF and Steel factor54. The mice were killed 8 weeks after
injection, the percentages of human BFP+CD45+ cells were enumerated by flow
cytometry and then human-cell engraftment was calculated, as described in
earlier studies31,37,55. TEX cells were injected in the right femur of sublethally (2 Gy)
irradiated NOD-SCID-GF mice54 (male or female, 1:1 ratio). The mice were killed
5–6 weeks after injection and engraftment of human CD45 cells was measured in
the left femur. OCI-AML2 cells were injected in the back flaps of male SCID mice
and tumour volume was measured every 2–3 d. At the end of experiment, on day
21, the mice were euthanized and the tumours were weighed.
Flow cytometry. We co-stained 8227 cells with CD34–FITC (BD Biosciences) and
CD38–PE (BD Biosciences). To measure differentiation in NB4 cells, the cells were
stained with anti-CD11b (BD Biosciences, 340937). Flow cytometry data were
acquired using a Fortessa X-20 system (BD Biosciences). Primary and secondary
engraftment of AML was measured by staining for CD45–FITC (BD Biosciences,
347463) and data were acquired using a FACSCANTO II system (BD Biosciences).
The data were analysed post acquisition using the FlowJO software (v7.7.1 and
v10.7.1; Becton, Dickinson and Company; 2019).
Colony-formation assays. NB4 cells transduced with NLS1–HK2 or NLS2–HK2
were plated in duplicate 35-mm dishes (Nunclon) to a final volume of 1 ml per
dish in MethoCult H4100 medium (StemCell Technologies) supplemented
with 30% FBS. After incubation for 7–8 d at 37 °C and 5% CO2 with 95%
humidity, the number of colonies containing ten or more cells was counted on
an inverted microscope. The plating efficiency was determined by counting the
number of colonies that formed: (number of colonies formed ÷ number of cells
inoculated) × 100.
Cell growth and viability assays. To assess the impact of 2-DG or olaparib on
the growth and viability of the HK2 clones, MTS colorimetric assays were used.
CellTiter 96 AQueous MTS reagent powder was purchased from Promega (cat. no.
G1111). Following exposure to increasing concentrations of olaparib, the cells were
incubated at 37 °C for 72 h. MTS solution (20 µl) was added to each sample (100 µl)
in a 96-well plate (for a final MTS concentration of 0.33 mg ml−1). Cell viability
was then assessed after 3 h of incubation at 37 °C by recording absorbance at a
wavelength of 490 nm.
Selective knockdown of nuclear HK2. To selectively knockdown nuclear HK2, we
overexpressed a mitochondria-tethered HK2 by fusing an OMMLS from OPA25
to the C terminus of human HK2 (OMMLS–HK2) and subcloned this construct
into the pLentiEF1α vector. NB4 cells were transduced with pLentiEF1α OMMLS–
HK2 viral particles, followed by overnight incubation. The following day, the cells
were transduced with shRNA targeting a control sequence (GFP) or the 3′ UTR of
HK2 in a pLKO.1 vector (carrying the puromycin antibiotic-resistance gene). The
transduced cells were cultured in selection medium containing both blasticidin
(7.5 µg ml−1) and puromycin (1.5 µg ml−1). The 3′ UTR HK2 shRNA sequences used
in the study were 5′-CCGGCTTAGGGCAGTCAGTAGTATTCTCGAGAATAC
TACTGACTGCCCTAAGTTTTTG-3′ and 5′-CCGGCCAAAGACATCTCAGA
CATTGCTCGAGCAATGTCTGAGATGTCTTTGGTTTTTTG-3′.
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genes in nuclear HK2-knockdown samples from the most upregulated to the most
downregulated compared with control shRNA samples was calculated using the
formula −log10(P value) × sign(log(fold change)).
Single-sample gene set enrichment analysis using LSC+ or LSC− gene signatures.
Single-sample gene set enrichment analysis was run using the R package GSVA
1.30.0 using normalized counts per million and the LSC+ or LSC− signatures as
reference gene sets. Illumina beadchip transcriptomics data containing LSC+- and
LSC−-sorted AML fractions were obtained from the Gene Expression Omnibus
data portal (GSE76008)19 and differential expression between the LSC+ and LSC−
fractions was calculated using a moderated t-test available in the limma R package
3.28.21 incorporating array batch effects in the linear model. A score that ranks
genes from the top upregulated in the LSC+ fractions to the top downregulated
when compared with the LSC− fractions was calculated using the formula −log10(P
value) × sign(log(fold change)). The top-100 upregulated genes were used as the
LSC+-specific gene list and the top-100 downregulated genes were used as the LSC−
gene list. The gene expression data have been deposited in the Gene Expression
Omnibus database under the accession code GSE176103.
FACS of human stem and progenitor or mature cell populations. Mononuclear
cells (1 × 106 per 100 μl) from cord blood were stained with the following antibodies
(all from BD Biosciences, unless stated otherwise; the dilution used and catalogue
numbers are in parentheses): anti-CD45RA–FITC (1:25; 555488), anti-CD90–APC
(1:50; 561971), anti-CD135–Biotin (1:10; 624008), anti-CD38–PE-Cy7 (1:200;
335790), anti-CD10–Alexa Fluor 700 (1:10; 624040), anti-CD7–Pacific Blue
(1:50; 642916), anti-CD45–V500 (1:200; 560777), anti-CD34–APC-Cy7 (1:100),
anti-CD34–PerCP-Efluor 710 (1:100; eBioscience, 46-0344-42), anti-CD33–
PE-Cy5 (1:100; Beckman Coulter, PNIM2647U), anti-CD19–PE (1:200),
anti-CD3–FITC (1:100; 349201), anti-CD56–Alexa Fluor 647 (1:100; 557711) and
Streptavidin–QD605 (1:200; Invitrogen, Q10101MP). Cells were sorted on a FACS
Aria III system (BD Bioscience).
CD34+ haematopoietic stem and progenitor cell enrichment from cord blood.
CD34+ haematopoietic stem and progenitor cells were enriched from freshly
thawed cord blood samples by magnetic separation using CD34 microbeads
(Miltenyi Biotec) as per the manufacturer’s protocol and cultured in X-VIVO 10
(Lonza) medium with 20% BIT 9500 serum substitute (Stem Cell Technologies)
and growth factor cocktail.
Generation of transgenic lines. The NLS–HK2 complementary DNA was
cloned into the HS21/45-Vav vector56, provided by P. D. Aplan. A fragment
containing 5′ and 3′ Vav regulatory sequences with the cDNA was subsequently
isolated and the construct was microinjected into zygotes obtained from C57BL6
mice. Founders were identified by Southern blot analysis using a human Vav-NLS–
HK2 probe; the offspring were genotyped by PCR amplification of the transgene
from tail-biopsy DNA. The lines were maintained by mating with wild-type
C57BL6 (AUP, cat. no. 2244.16). Expression of NLS–HK2 in the transgenic mice
was confirmed by western blotting and confocal microscopy of the bone marrow
cells. The body weight and length of the mice were monitored and complete blood
counts were analysed and enumerated using the HEMAVET 950FS system (Drew
Scientific Inc.).
Bone marrow cells were harvested from both femurs by flushing
with Iscove’s modified Dulbecco’s medium. Flow cytometry was used to
determine the immunophenotype of a single-cell suspension prepared from
the red-blood-cell-lysed bone marrow cells. The cells were stained with
anti-haematopoietic lineage cocktail (Invitrogen, 22-7770-72), anti–mouse c-kit
(BioLegend, 105814), anti–mouse Ly-6A/E (Sca-1) (Invitrogen, 15-5981-82),
anti–mouse CD48 (eBioscience, 17-0481-82), anti–mouse CD150 (BioLegend,
115904), anti–mouse CD34 (eBioscience, 48-0341) and anti–mouse CD16/32
(BioLegend, 101328).

RNA sequencing. RNA was isolated from 8227 OMMLS control and nuclear
HK2-knockdown cells using an RNeasy plus mini kit (Qiagen). The quality of the
total RNA samples was checked on an Agilent Bioanalyzer 2100 RNA Nano chip
following Agilent Technologies’ recommendation. The RNA concentration was
measured using a Qubit RNA HS assay on a Qubit fluorometer (Thermo Fisher
Scientific). The RNA library preparation was performed following the NEB next
ultra directional library instructions.

Competitive repopulation assay. C57BL/6-CD45.1 B6.SJL-Ptprca Pepcb/
BoyJ (B6/SJL) mice were obtained from Jackson Laboratories. Bone marrow
competitive repopulation assays were performed using the CD45.1 and CD45.2
congenic system, as described earlier57. Briefly, bone marrow cells from donor
mice (CD45.2+; C57B6 background; Vav-NLS–HK2 or wild-type) and clonogenic
competitor mice (CD45.1+; B6.SJL) were mixed in a 1:1 ratio and injected into
the tail veins of irradiated recipient mice (CD45.1 B6.SJL). The mice received
antibiotic-containing water for 2 weeks after irradiation. The efficacy of bone
marrow reconstitution was determined in their peripheral blood at 4, 6, 8 and
10 weeks post transplantation and in the bone marrow 12 weeks after transplant.

Differential gene expression analysis. Before analysis, read adaptors and low-quality
ends were removed using Trim Galore v. 0.4.0. Reads were aligned against hg38
using Tophat v. 2.0.11. Read counts per gene were obtained through htseq-count v.
0.6.1p2 in the mode ‘intersection nonempty’. After removing genes whose counts
per million reads were less than 0.5 in at least one sample, edgeR R package v.
3.16.5 was used to normalize the data using the trimmed mean of M values method
and to estimate differential expression by applying the generalized linear model
likelihood ratio test between the control and knockdown. A score that ranks

BioID. NLS1–HK2 cDNA was cloned in-frame with BirA* fused to NLS1
into a tetracycline-inducible pcDNA5 FLP recombinase target/tetracycline
operator (FRT/TO) expression vector, which was then transfected into Flp-In
T-REx HEK293 cells. The cells were collected and pelleted (800g for 3 min), the
pellet was washed twice with PBS and the dried pellets were snap frozen. The
pellets were lysed in 10 ml of modified RIPA lysis buffer at 4 °C for 1 h and then
sonicated (30 s at 35% power; Sonic Dismembrator 500, Fisher Scientific) to d
isrupt the visible aggregates. The lysate was centrifuged at 35,000g for 30 min.
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The clarified supernatants were incubated with 30 l packed, pre-equilibrated
streptavidin-Sepharose beads (GE) at 4 °C for 3 h on an end-over-end rotator.
The beads were collected (800 g for 2 min) and washed six times with 50 mM
ammonium bicarbonate (pH 8.3). The beads were then treated with l-1tosylamide-2-phenylethyl chloromethyl ketone–trypsin (Promega) for 16 h at
37 °C on an end-over-end rotator. After 16 h, another 1 µl of l-1-tosylamide2-phenylethyl chloromethyl ketone–trypsin was added and the sample was
incubated in a water bath at 37 °C for 2 h. The supernatants were lyophilized and
stored at 4 °C for downstream mass spectrometry analysis. Two biological and
two technical replicates were completed and the NLS1-HK2 interactors were
normalized to the BirA* spectral counts.
Mass spectrometry data analysis. For peptide and protein identification, Thermo
RAW files were converted to .mzML format using ProteoWizard (v3.0.10800) and
then searched using X! Tandem (Jackhammer TPP v2013.06.15.1)58 and Comet
(v2014.02 rev. 2)59 against the human RefSeq v45 database (containing 36,113
entries). The search parameters specified a parent ion-mass tolerance of 10 ppm
and a tandem mass spectrometry fragment-ion tolerance of 0.4 Da, with up to
two missed cleavages allowed for trypsin (excluding Lys and Arg-Pro). Variable
modifications included deamidation on Asn and Gln, oxidation on Met, diglycine
on Lysine and acetylation on the protein N terminus in the search. Data were
filtered through the trans-proteomic pipeline (v4.7 POLAR VORTEX rev 1)
with general parameters set as –p0.05 -x20 –PPM. Proteins were identified with
an iProphet cutoff of 0.9 and at least two unique peptides were analysed using
Significance Analysis of Interactome Express (v. 3.6)60,61. Control runs (21 runs
from cells expressing the Flag–BirA* epitope tag only) were collapsed to the two
highest spectral counts for each prey and high-confidence interactors were defined
as those with a Bayesian FDR of ≤0.01. ProHits-viz was used for baitbait Pearson’s
correlations and heatmap generation.
PLA. The PLA assay28 was performed according to the manufacturer’s protocol
(Sigma). Cells were fixed with 4% paraformaldehyde, blocked and permeabilized
with 3% BSA and 0.1% Triton X-100 for 30 min before the addition of primary
antibodies. Antibodies to the following were used: HK2 (Santa Cruz Biotechnology,
sc-374091; 1:100), MAX (Santa Cruz Biotechnology, sc-197; 1:200), SPIN1 (Cell
Signaling Technology, 89139; 1:100), CTR9 (Cell Signaling Technology, 12619;
1:100) and IWS1 (Cell Signaling Technology, 5681; 1:100). Images were taken on a
Leica SP8 confocal microscope at a magnification of ×60. Data were quantified as
the PLA punctate intensity per nuclei.
ATAC-seq. ATAC-seq library preparation. Control, NLS1–HK2 or nuclear
HK2-knockdown NB4 cell samples were prepared as described62. Briefly,
60,000 viable cells per sample were pelleted at 500g for 5 min at 4 °C. The
supernatant was removed and the cells were resuspended in 50 μl of cold
resuspension buffer containing 0.1% NP-40, 0.1% Tween-20 and 0.01% digitonin.
The cell suspension was incubated on ice for 3 min before being washed with
1 ml of cold resuspension buffer containing 0.1% Tween-20. The cells were
mixed by inversion before pelleting at 500 r.c.f. for 5 min at 4 °C. The supernatant
was removed, and the cells were resuspended in 50 µl of transposition mix
and incubated at 37 °C for 1 h in a thermomixer (Eppendorf) set to 600g. The
transposition mix was purified using a Qiagen MinElute reaction clean-up kit and
eluted in water (20 µl). A 1-µl volume from each sample was used for quantitative
PCR (qPCR) to determine the optimal number of PCR cycles required for
amplification without reaching saturation; based on the measured cycle number,
the remaining 19 μl were amplified. Libraries were purified using AMPure XP
beads (Beckman Coulter) using a double-sided bead clean-up protocol set to
0.7–1.0×. This clean-up was performed twice to remove the large-molecular-weight
fragments. The purified libraries were evaluated for enrichment by qPCR using
primers designed against open regions (KAT6B and GAPDH) compared against
closed regions (QML93 and SLC22A3). Samples that had a fold enrichment greater
than ten were sequenced.
Sequencing. The libraries were quantified by qPCR, normalized and pooled to
1.25 nM. Each 1.25-nM pool was denatured using 4 μl of 0.2 N NaOH (Sigma) for
8 min at room temperature before being neutralized with 5 μl of 400 mM Tris–HCl
(Sigma). Library pools were mixed with Illumina’s XP master mix and loaded
immediately onto a NovaSeq 6000 S1 flow cell. The samples were sequenced with
the following run parameters: read 1, 50 cycles; read 2, 50 cycles; index 1, 8 cycles;
and index 2, 0 cycles.
Analysis. The ATAC samples were pre-processed according to the ENCODE
ATAC-seq pipeline. Single-end reads were aligned to the hg38 genome using
Bowtie2 (ref. 63) with the local parameter, reads with MAPQ scores <30 were
filtered out using Samtools64, duplicates were removed using Sambamba65 and TN5
tagAlign shifted files were created. MACS2 (ref. 66) was used to call peaks with the
following parameters: -p 0.01–shift 75–extsize 150–nomodel -B–SPMR –keep-dup
all–call-summits. Peaks were later filtered at a q-value threshold of 0.0001 for
further analyses. Peak counts and sizes for each replicate were calculated using a
custom Python script and Jaccard indices for similarities between called peaks were
calculated using BEDTools67. Differentially accessible regions were calculated using
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the DiffBind and EdgeR68 packages in R. Regions with an FDR ≤ 0.05 were defined
as significantly differentially accessible regions.
Mapping of ATAC gene lists to LSC+ or LSC− signatures. Differentially accessible
regions were mapped to genes using the annotatePeak function of the R
package ChIPseeker 1.22.1. Feature distribution was plotted using the function
plotAnnoBar. Annotated regions at an FDR threshold of 1 × 10−10 were mapped
to published LSC+ or LSC− signatures (GSE76008) at an FDR threshold of 0.05.
Quantile normalized mean (log-transformed) counts of these annotated regions
were plotted on a violin plot in R and a t-test was run to estimate the difference in
the mean score between the LSC+ and LSC− groups. Data have been deposited in
the Gene Expression Omnibus database under the accession code GSE176071.
Pathway analysis of ATAC-seq data. Differentially accessible regions were separated
in regions with higher binding affinity in the EV and regions with higher binding
affinity in the NLS1–HK2 samples. The differentially accessible regions were
subjected to pathway analysis using the GREAT tool version 4.0.4 (http://great.
stanford.edu/public/html/). Pathways enriched at an FDR of 0.05 belonging to the
category of Gene Ontology Biological Processes were visualized as a network using
Cytoscape 3.8.1 and EnrichmentMap 3.3.1 and AutoAnnotate 1.3.3. Gene overlaps
between HSC/stem or myeloid/granulocytes gene signatures were mapped using a
hypergeometric test at an FDR of 0.05.
Classification of ATAC gene lists as HSC and stem or myeloid and granulocytes.
Changes in gene expression between the LSC+ and LSC− fractions were mapped to
the Gene Expression Omnibus dataset GSE24759 (DMAP)20 containing Affymetrix
GeneChip HT-HG_U133A Early Access Array gene expression data of 20 distinct
haematopoietic cell states. The GSE24759 data were background corrected using
Robust Multi-Array Average, quantile normalized using the expresso function
of the affy Bioconductor package (affy_1.38.1, R 3.0.1) and array batch corrected
using the ComBat function of the sva package (sva_3.6.0). Gene differential
expression was calculated between the HSC and granulocyte population using
limma t-test. Scatterplots show the LSC+/LSC− expression score (−log10(P value))
on the x axis and the t-value of the HSC/granulocyte expression score.
ChIP–seq. ChIP sample preparation. Chromatin immunoprecipitation assays were
performed in control NB4 cells and NB4 cells overexpressing nuclear HK2. Briefly,
the cells were treated with 1% formaldehyde for 10 min at room temperature. After
harvesting, the cells were pelleted and resuspended in cell lysis buffer (5 mM PIPES
pH 8.0, 85 mM KCl, 0.5% NP-40, 1 mM phenylmethylsulfonyl fluoride, 1 mM
sodium orthovanadate, 1 mM NaF, 1.0 µg ml−1 leupeptin, 1 µg ml−1 aprotinin and
25 mM β-glycerophosphate). After 10 min rotation at 4 °C, the cellular material
was centrifuged at 2,000g for 10 min to obtain the nuclei. The nuclear pellet was
resuspended in MNase digestion buffer (10 nM Tris–HCl pH 7.5, 0.25 M sucrose,
75 mM NaCl plus the above-indicated phosphatase/protease inhibitors) and the
A260 value was measured. Crosslinked chromatin was sheared to fragments of 400–
500 bp by sonication. To release the nuclear material, the samples were adjusted
to 0.5% SDS and rotated for 1 h at room temperature. The insoluble material was
pelleted at 2,000g for 10 min and the soluble material was diluted to 0.1% SDS with
RIPA buffer along with above-mentioned phosphatase/protease inhibitors. The
G-Sepharose (Pierce) pre-cleared lysate was incubated with anti-HK2 (Santa Cruz
Biotechnology, sc-374091; 1:100) overnight at 4 °C. Magnetic protein G Dynabeads
(Invitrogen) were added for 2 h at 4 °C. The beads were pelleted, washed and the
antibody–chromatin complexes were eluted69.
ChIP library preparation. Samples were prepared as outlined by the Takara Bio
ThruPLEX DNA-seq kit user guide. Briefly, the samples were normalized to 1 ng
of input DNA and topped up to 10 μl with nuclease-free water. The samples were
then mixed with 3 μl of template preparation master mix and incubated at 22 °C
for 25 min, followed by 55 °C for 20 min in a Veriti 96-well thermocycler (Thermo
Fisher Scientific). Following template preparation, the samples were mixed with
2 μl of library synthesis master mix and incubated at 22 °C for 40 min on the same
cycler. The samples were prepared for library amplification as outlined in the user
guide and indexed individually. From here, the PCR cycles were optimized by
adding 0.75 μl of 10×SYBR green I nucleic acid gel stain (Thermo Fisher Scientific)
to each sample. Once mixed, a 10-μl aliquot from each sample was run on a CFX96
touch real-time PCR cycler (Bio-Rad). The samples were normalized to one-third
of their amplification curve and amplified on a Veriti 96-well thermocycler. The
samples were topped up to 50 µl with nuclease-free water before bead clean-up
with AMPure XP beads (Beckman Coulter). Final library sizing and quality control
was evaluated using Agilent’s high sensitivity DNA kit run on a 2100 Bioanalyzer
(Agilent Technologies).
Sequencing. The libraries were quantified by qPCR and then normalized and
pooled to 1.25 nM. Each 1.25-nM pool was denatured using 4 µl of 0.2 N NaOH
(Sigma) for 8 min at room temperature before being neutralized with 5 μl of
400 mM Tris–HCl (Sigma). The library pools were mixed with Illumina’s XP
master mix and loaded immediately onto a NovaSeq 6000 S1 flow cell. The samples
were sequenced with the following run parameters: read 1, 50 cycles; read 2, 50
cycles; index 1, 8 cycles; and index 2, 8 cycles.
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ChIP–seq data analysis. The ChIP–seq analysis was performed in control, NLS1–
HK2 and NLS2–HK2 NB4 cells. Before analysis, the read adaptors were removed
using Trim Galore v. 0.4.0, removing reads that were smaller than 35 bp after
trimming. In addition, a base-pair quality score cutoff (q) = 30) was used for
filtering low-quality base pairs. Reads were aligned against hg38 (UCSC version)
using Bowtie2 v2.3.2. Secondary and supplementary alignments were removed
and only primary alignments were kept. Alignment reads were de-duplicated to
remove duplicate reads and keep unique reads using picard v. 1.9.1. Broad peaks
were identified from the alignment files using MACS2 v. 2.1.1 with a cutoff score
(q) < 0.05. The peaks were annotated with all the potential genomic features based
on hg38 GENCODE v24 gene assembly, which was downloaded from the UCSC
database. Data have been deposited in Gene Expression Omnibus database under
the accession code GSE176072.
ChIP–seq pathway analysis. MACS2 called peaks at an FDR of 0.01 for individual
samples and pooled samples were subjected to pathway analysis using the GREAT
tool version 4.0.4 (http://great.stanford.edu/public/html/). Gene Ontology
Biological Processes pathways enriched at an FDR of 0.05 in a minimum of
four of six NLS1–HK2 or NLS2–HK2 samples were visualized as a network
using Cytoscape 3.8.1, EnrichmentMap 3.3.1 and AutoAnnotate 1.3.3. Scores
corresponding to the −log10-transformed FDR value of the overlapped peaks
between individual and pooled samples were represented as a bar graph for select
pathways. Overlapping peaks for the two replicates of MAX (ENCFF793GVV.bed)
was compared to NLS-HK2 ChIP-seq using the function findOverlappingPeaks
from the ChIPpeakAnno 3.20.1 R package.
ChIP–seq motif enrichment analysis. The findMotifsGenome algorithm from
HOMER v4.7 was used to identify known enriched motifs in genomic regions
in each sample. Significantly enriched motifs at an FDR of 0.05 that were shared
between the three NLS1–HK2 and three NLS2–HK2 samples were retrieved and
the consensus sequences of motifs were aligned using MAFFT (https://mafft.cbrc.
jp/alignment/software/). TFmotifView (http://bardet.u-strasbg.fr/) was used to
calculate the significance of the enrichment of the CACGTG motif in selected
peaks using random sequences background and G + C content adjustment.
DNA-damage induction. Sorted cells from patients with AML or 8227 cells, or
transduced NB4 or 8227 cells were treated with daunorubicin 50 nm for select time
periods (3 and 6 h). The cells were then spun down and fixed with formaldehyde
for confocal microscopy.
Comet assay. For the neutral Comet assay, equal amounts of cells per condition
were treated with 70 nM daunorubicin for 6 h, embedded in agarose on slides and
the assay was performed as per protocol70. Tail moment was quantified using the
open comet software71.
RNA isolation and real-time qPCR with reverse transcription. Total RNA was
isolated from 8227 leukaemia cells, separated into stem and bulk populations,
using an RNeasy plus mini kit (Qiagen) and cDNA was prepared using SuperScript
IV reverse transcriptase (Thermo Fisher Scientific). Equal amounts of cDNA
from each sample were added to a prepared master mix (Power SYBR Green PCR
master mix; Applied Biosystems). Quantitative real-time PCR reactions were
performed on an ABI Prism 7900 sequence detection system (Applied Biosystems).
The relative abundance of a transcript was represented by the threshold cycle of
amplification (CT), which is inversely correlated to the amount of target RNA/
first-strand cDNA being amplified. To normalize for equal amounts of cDNA, we
assayed the transcript levels of the 18S ribosomal RNA gene. The comparative CT
method was calculated as per the manufacturer’s instructions. The primers that
were used are listed in Supplementary Table 1.
DNA-repair pathway analysis in primary patient samples. GSEA
enrichment analysis was performed to identify changes in gene expression in
DNA-damage-response pathways between LSCs and bulk primary AML cells as
well as undifferentiated versus committed primary patient samples. The Gene
Expression Omnibus dataset GSE76008 (n = 227) and a Princess Margaret Cancer
Centre cohort (n = 11) were used.
Statistical analysis and reproducibility. GraphPad Prism 6.0 was used to perform
the analyses. Statistical analyses were performed using an unpaired Student’s
t-test and one- or two-way ANOVA testing was used to compare mean values
between multiple groups. The data distribution was assumed to be normal but this
was not formally tested. The investigators were not blinded to allocation during
experiments and outcome assessment. However, key experiments were reproduced
independently by different individuals. Quantitative end points were used for
measurements. No data were excluded. Figures 4b, 6f,k,l and Extended Data
Figs. 2m–o, 5l, 9f,i, 10a–c represent images where experiments were performed
less than three times.
Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.
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Data availability

RNA sequencing, ATAC-seq and ChIP–seq data have been deposited to the
Gene EXpression Omnibus Database under the accession numbers GSE176103,
GSE176071 and GSE176072, respectively. All other data supporting the findings
of this study are available from the corresponding author on reasonable request.
Source data are provided with this paper.
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Extended Data Fig. 1 | HK2 localizes to the nucleus in AML. (a) Diagram of the glycolytic and TCA cycles. (b) Immunoblot analysis of glycolytic and
TCA cycle metabolic enzymes in nuclear, cytoplasmic and whole-cell lysates of (b) OCI-AML2 and NB4 cells & (c) TEX and U937 cells. Representative
immunblot from 3 biologic repeats. (d) Representative confocal microscopy images of HK2 (green) and Tom20 in AML2, NB4 and TEX cells. Scale
bar = 10µm. Representative immunblot from 3 biologic repeats. (e) Expression of HK2 and the related glycolytic enzymes, enolase and GAPDH, by
immunoblotting in cytoplasmic and nuclear fractions of primary AML patient samples n = 5 biologically independent samples. (f) Expression of HK2
by immunoblotting in cytoplasmic and nuclear fractions of primary AML patient samples. n = 4 biologically independent samples. (g) Representative
confocal microscopy images of HK2 (white) in AML patient samples. Scale bar = 10µm. n = 3 biologically independent samples. (h) Fluorescence intensity
analysis in 8227 cells and AML patient samples, separated into stem and bulk populations. n = 165 cells examined from 4 biologically independent
samples. Statistical analyses for all experiments was performed using a two-tailed unpaired Student’s t-test. Data shown represent mean +/- s.e.m.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Nuclear HK2 over-expression enhances stemness. (a) cDNA construct of HK2 fused in frame with c-Myc (NLS1) or SV40 (NLS2)
Nuclear Localizing Signal (NLS). (b) Representative confocal microscopy images of HK2 (green) or Tom20 (red) in NB4 cells 5 days after transduction
with NLS-HK2 or EV. Scale bar= 10µm. Representative images from 3 biologic repeats. (c) Quantification of fluorescence intensity of nuclear HK2 in NB4
cells after transduction with NLS-HK2 or EV. n = 114 cells examined from 3 biologic repeats. (d) NB4 cells were transduced with NLS- HK2 or EV. The
level of HK2 in the nucleus and whole-cell lysates was measured after 5 days of transduction using immunoblotting. The densitometry plots of relative
HK2 expression were performed in subcellular lysates. n = 3 biologic repeats. (e) Representative confocal microscopy images of HK2 (green) or Tom20
(red) in NLS1-HK2 NB4 cells after transduction with shRNAs targeting the UTR of HK2. Scale bar= 10µm. Representative image from 3 biologic repeats.
(f) Growth and viability of NB4 cells at increasing times after transduction with NLS-HK2. n = 5 biologic repeats. (g) Clonogenic growth of NB4 cells
transduced with NLS-HK2 and treated with ATRA (100nM). n = 3 biologic repeats. (h) Expression of CD11b in NB4 cells transduced with NLS-HK2 and
treated with ATRA (100nM). n = 4 biologic repeats. (i) NB4 cells were treated with ATRA for 72hrs and subcellular fractions were analysed for HK2
by immunoblot. n = 3 biologic repeats. (j) The densitometry plots of relative HK2 expression were performed in subcellular lysates. (k) Representative
confocal microscopy images of HK2 (green) and Tom20 (red) in NB4 cells treated with ATRA. Scale bar= 10µm. Representative image from 2 biologic
repeats. (l) Representative confocal microscopy images of HK2 (green) in 8227 cells 5 days after transduction with NLS-HK2 or EV. Scale bar= 10µm.
Representative image from 3 biologic repeats. (m) Growth and viability of 8227 after transduction with NLS-HK2. n = 2 biologic repeats. (n) Percentage
of CD34+CD38- cells in 8227 cells, n = 2 biologic repeats and (o) 130578 cells, n = 2 biologic repeats transduced with NLS-HK2 and treated with ATRA
(100nM). (p) TEX cells were transduced with NLS1-HK2 or EV. Subcellular fractions were analysed for HK2 by immunoblot 5 days post transduction.
(q) TEX cells transduced with NLS1-HK2 or EV were injected into NSGF mice. Survival of the mice was measured over 75 days (n = 9, EV mice, n = 10,
NLS1-HK2 mice). Statistical analyses was performed using a two-tailed unpaired Student’s t-test (d, j) and Ordinary Two-way ANOVA, Tukeys multiple
comparison test (g, h). Data from represent mean +/- s.e.m, except (m-o) which represents the mean. A Kaplan Meier curve analysed survival using the
gehan-breslow-wilcoxon test.
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Extended Data Fig. 3 | Selective nuclear HK2 knockdown decreases stemness. (a) cDNA construct of HK2 fused in frame with outer mitochondrial
membrane localizing signal (OMMLS). (b) Experimental approach to selectively knockdown nuclear HK2. (c) & (d) NB4 cells overexpressing
mitochondrial localized HK2 (OMMLS HK2) were transduced with shRNAs targeting the UTR of HK2. Levels of HK2 in the nucleus and whole cell
were measured by immunoblot 5 after of transduction. Representative immunblot from 3 biologic repeats. (e) Quantification of fluorescence intensity
of transduced OMMLS HK2 NB4 with shRNAs targeting the UTR of HK2. n = 73 cells examined from 3 biologic repeats. (f) Representative confocal
microscopic images of HK2 (green) and Tom20 (red) in NB4 cells after transduction with shRNA targeting the UTR of HK2. Scale bar = 10µm.
Representative images from 3 biologic repeats. (g) Cell growth and viability plot of OMMLS HK2 or EV NB4 cells after transduction with shRNAs targeting
the UTR of HK2. n = 2 biologic repeats. (h) Cell viability of OMMLS-HK2, UTRsh1, and EV NB4 cells after treatment with increasing concentrations of
2-DG for 48hrs. n = 3 biologic repeats. (i) Expression of CD11b in EV NB4 cells after transduction with shRNA targeting the UTR of HK2 and treated
with ATRA (100nM). n = 3 biologic repeats. (j) Clonogenic growth of EV NB4 cells after transduction with shRNA targeting the UTR of HK2 and treated
with ATRA (100nM). n = 3 biologic repeats. (k) OMMLS HK2 AML2 cells were transduced with shRNAs targeting the UTR of HK2. Subcellular lysates
were analysed by immunoblot 5 days after transduction. (l) Representative confocal microscopic images of HK2 (green) after transduction of 8227 cells
with OMMLS-HK2 and UTR shRNAs targeting HK2. Scale bar = 10µm. Representative image from 3 biologic repeats. (m) Quantification of fluorescence
intensity of nuclear HK2 in OMMLS HK2 8227 cells after transduction with shRNAs targeting the UTR of HK2. n = 63 cells examined from 3 biologic
repeats. (n) Gene set enrichment analysis (GSEA) in 8227 cells transduced with OMMLS-HK2 and UTR shRNAs targeting HK2 for HSC gene signatures.
The normalized enrichment scores (NES), and p value analysed using a modified Kolmogorov–Smirnov test. Statistical analyses for experiments (e, m) was
performed using a two-tailed unpaired Student’s t-test and Ordinary one-way ANOVA Sidaks multiple comparison (i-j). Data represent mean +/- s.e.m.
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Extended Data Fig. 4 | HK2 localizes to nucleus of hematopoietic stem/progenitor cells. (a) Representative confocal microscopy images of HK2
(green) and Tom20 (red) in FACS sorted CD34+ and CD34- cord blood cells. Scale bar = 10µm. The white (HK2), red (Tom20) and blue (DAPI) curve
in the scan profiles represents the fluorescence intensity of HK2, Tom20 and DAPI along the plane. Representative images from 3 biologic samples. (b)
Gating strategy for FACs sorted CD34+ and CD34- cord blood cells. (c) Vav promoter flanked cDNA construct of HK2 fused in frame with a nuclear
localizing signal. (d) Body weight (n = 42 wild-type control mice, n = 22 Vav-NLS-HK2 mice) and body length (e) (n = 48 wild-type control mice, n = 31
Vav-NLS-HK2 mice) of Vav NLS-HK2 transgenic mice and control littermates. (f) Complete blood count analysis of Vav NLS-HK2 transgenic mice and
control littermates (n = 21 wild-type control mice, n = 13 Vav-NLS-HK2 mice). Statistical analyses for experiments (d-e) was performed using an unpaired
Student’s t-test. Data represent mean +/- s.e.m.
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Extended Data Fig. 5 | HK2 maintains stemness independently of its metabolic function. (a) Subcellular fractions of NB4 cells were measured by
immunoblot analysis after treatment with DMSO or AKT inhibitor (Ai4) for 24hrs. Representative immunoblot from 3 biologic repeats. (b) Representative
confocal images of HK2 (green) and Tom20 (red) in NB4 cells treated with AKT inhibitor (Ai4). Scale bar= 10µm. Representative image from 3 biologic
repeats. (c) NB4 cells were transduced with shRNAs targeting PHLPP1 or control sequences. Five days after transduction, HK2 expression in the nucleus
and cytoplasm was measured by immunoblotting. Representative immunoblot from 2 biologic repeats. (d) AML2 cells were grown with decreasing
glucose concentrations in IMDM media for 24 hours and subcellular fractions were analysed. Representative immunoblot from 3 biologic repeats.
(e) Construct of nuclear localizing HK2 kinase-dead double mutant with c-Myc nuclear localizing signal at the N-terminal region. The Aspartic acid
residues at 209 and 567 were mutated to Alanine. (f) The predicted PAR binding motif in HK2 using Pattinprot. (g) Construct of nuclear localizing PAR
mutant of HK2 with c-Myc nuclear localizing signal at the N-terminal region. (h) Construct of nuclear localizing PAR deletion of HK2 with c-Myc nuclear
localizing signal at the N-terminal region of HK2. (i) Representative confocal microscopy images of HK2 (green) or Tom20 (red) in NB4 cells 5 days
after transduction with NLS1-HK2, NLS1- HK2 Par mut, NLS1-HK2 Par_Del or EV. Scale bar = 10µm. Representative image from 2 biologic repeats. (j)
Immunoblot analysis of subcellular fractions of NLS1-HK2, NLS1- HK2 Par_mut, NLS1-HK2 Par_Del cells transduced NB4 cells. (k) Cell growth and viability
of NB4 cells after transduction with NLS1-HK2, NLS1- HK2 Par_mut, NLS1-HK2 Par_Del or EV. n = 1 independent experiment with 3 technical replicates.
(l) Expression of CD11b in NB4 cells transduced with NLS1-HK2, NLS1- HK2 Par_mut, NLS1-HK2 Par_Del and treated with ATRA (100nM). n = 2 biologic
repeats. Data from (l) represent mean.
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Extended Data Fig. 6 | Nuclear HK2 modifies chromatin accessibility. (a)The mammalian HK2 protein sequence was evaluated for nuclear localizing
signals using the SeqNLS algorithm. (b) NLS conservation in HK2 of Homosapiens, Mus Musculus and Macaca mulata analysed using Clustal omega.
(c)The predicted sequences and the positions of HK2 Nuclear Export Sequence by NESX1 library using Pattinprot and ELM library. (d) Representative
confocal images of DuoLink Promity Assay interactions. Scale bar = 10µm. Representative image from 3 biologic repeats. (e) Clustering on peaks using
DiffBind comparing NB4 cells transduced with NLS1-HK2 and EV. (f) Clustering on peaks using DiffBind comparing NB4 cells overexpressing OMMLS HK2
transduced with control sequences or shRNA targeting the UTR of HK2. (g) Heatmap plots of differentially accessible regions in NB4 cells overexpressing
NLS1-HK2 or EV. (h) Heatmap plots of differentially accessible regions in NB4 cells overexpressing OMMLS HK2 transduced with control sequences or
shRNA targeting the UTR of HK2. (i) Number of Differentially Accessible Regions in NB4 cells with NLS1-HK2 or EV measured by ATAC sequencing. (j)
Number of Differentially Accessible Regions in NB4 cells overexpressing OMMLS HK2 transduced with control sequences or shRNA targeting the UTR of
HK2 measured by ATAC sequencing.
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Extended Data Fig. 7 | ChIP-seq of HK2 reveals a role in stem cell regulation and DNA damage response. (a) Network representation of NLS1-HK2
and NLS2-HK2 ChIP–seq pathways with higher enrichment scores compared to EV. Node size is proportional to the ratio of NLS1/2 to EV at FDR < 0.05
using a Fisher’s exact test. (b) Known motifs from HOMER significantly enriched in both NLS1 and NLS2-HK2 peaks at FDR<0.05. (c) Venn plot showing
significantly enriched motifs in NLS1 HK2 and NLS2 HK2 at FDR<0.05 using Fisher’s exact test. (d) Venn diagram shows bHLH motifs among the common
HOMER motifs between NLS1 HK2 and NLS2 HK2. Fisher’s exact test p value for the enrichment of this motif is 0.0006631. (e) Multiple alignment of
the motifs using the UGene tool showing the frequency of each nucleotide identifying the consensus sequence. (f) Enrichment of consensus sequence
in the specified pathways. (g) Peak distribution around TSS of genes in each individual ChIP–seq biological replicates. (h) Peak distribution of individual
replicates relative to promoters, intronic or intergenic regions. (i) Clustering on identical peaks using the DiffBind tool shows that NLS1-HK2 and EV group
separately.
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Extended Data Fig. 8 | Comparative analysis of nuclear HK2 and MAX ChIP-seq. (a) Number of overlapping peaks between NLS1 HK2 and MAX ChIP–
seq peaks using different overlap parameters. (b) Visualization of overlapping peaks between NLS1-HK2 and MAX ChIP–seq peaks in NB4 cells on a full
genome view (0bp parameter). (c) Distribution of the peaks in common between NLS1-HK2 and MAX (0bp parameter). (d) Pathways (GO BP) enriched
in the peaks common between NLS1-HK2 and MAX (0bp parameter), at FDR <0.000001 using the binomial test.
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Extended Data Fig. 9 | Nuclear HK2 enhances DNA repair. (a) Representative confocal images of γH2AX and RAD51 expression at 6 hours, 53BP1
at 3 hours, in NLS1-HK2/EV transduced 8227 cells and sorted 8227 cells (stem/bulk) at baseline and after treatment with daunorubicin. Scale Bar =
10µm. Representative image from 3 biologic repeats. (b) Representative confocal images of comet assay in transduced 8227 cells. Scale bar = 70µm.
Representative image from 3 biologic repeats. (c) Cell viability of EV, NLS1-HK2, NLS2-HK2 transduced NB4 cells after treatment with olaparib (12.5 µM)
for 72 hours. n = 3 biologic repeats. (d) γH2AX levels were quantified by confocal microscopy in NLS1-HK2 NB4 cells after treatment with daunorubicin
for 3 & 6 hours (50nM). n = 1536 cells examined over 3 biologic repeats. (e) 53BP1 levels were quantified by confocal microscopy after overexpressing
NLS1-HK2 in NB4 cells and treating cells with daunorubicin for 3 hours (50nM). n = 1272 cells examined over 3 biologic repeats. (f) RAD51 levels were
quantified by confocal microscopy in NLS1-HK2 NB4 cells after treatment with daunorubicin for 6 hours (50nM). n = 438 cells examined over 2 biologic
repeats. (g) Baseline 53BP1 expression in 8227 stem and bulk controls. n = 510 cells examined over 3 biologic repeats. (h) Baseline 53BP1 expression
in 8227 cells overexpressing NLS1- HK2. n = 879 cells examined over 4 biologic repeats. (i) Baseline RAD51 expression in 8227 stem and bulk controls
. n = 331cells examined over 2 biologic repeats. (j) Baseline RAD51 expression in 8227 cells overexpressing NLS1- HK2. n = 671 cells examined over 3
biologic repeats. Statistical analyses for experiments was performed using an unpaired Student’s t-test. Data shown in (d-e, g-h, j) represent median and
interquartile range, data from (c) represent mean +/- s.e.m, data from (f) represent mean.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | AML stem cells demonstrate enhanced DNA repair. (a) Baseline 53BP1 expression in stem and bulk primary patient control cells
(AML151258). n = 170 cells examined from 1 of 2 biologic samples. (b) γH2AX levels were quantified by confocal microscopy in stem and bulk fractions
of primary patient cells (AML161820) after treatment with daunorubicin for 0 and 3 hours (50nM). n = 71 cells examined from 2 of 2 biologic samples.
(c) 53BP1 levels in stem and bulk primary patient cells (AML161820) at baseline and after treatment with daunorubicin for 3 hours (50nM). n = 161 cells
examined from 2 of 2 biologic samples. (d) Representative confocal images of γH2AX and 53BP1 in primary patient cells (AML151258) sorted into stem
and bulk populations based on ROS levels at baseline and 3 hours after treatment with daunorubicin. Scale Bar = 10µm. Representative images from
1 of 2 biologic samples. (e) 53BP1 levels in EV and NLS1-HK2 transduced sorted bulk 8227 cells and (f) sorted stem cells after 3-hour treatment with
daunorubicin (50nM). n = 203 cells examined from 3 biologic replicates. (g) Representative confocal images of 53BP1 in transduced sorted 8227 cells 3
hours after treatment with daunorubicin (50nM). Scale bar = 10µm Representative images from 3 biologic replicates. (h) Gating strategy for ROS high and
ROS low AML patient samples. (i) Gating strategy for mouse bone marrow hematopoietic analysis. (j) Gating strategy for competitive repopulation assay.
Statistical analyses for experiments was performed using an unpaired Student’s t-test. Data shown in (e-f) represent median and interquartile range, data
from (a-c) represent mean.
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