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1  | INTRODUC TION

Acute myeloid leukemia (AML) is a hematological malignancy character-
ized by differentiation arrest and clonal expansion of immature hema-
topoietic progenitor or stem cells mainly in bone marrow and peripheral 

blood.1 Its prognosis is highly heterogeneous depending on its molecular 
profiles.2,3 A number of genetic abnormalities and accompanying tran-
scriptomic characteristics are related to poor prognostic AML, which is 
resistant to current standard chemotherapy. Deregulated expression 
of ecotropic viral integration site 1 (Evi1) occurs in approximately 10% 
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Abstract
Evi1 is a transcription factor essential for the development as well as progression of 
acute myeloid leukemia (AML) and high Evi1 AML is associated with extremely poor 
clinical outcome. Since targeting metabolic vulnerability is the emerging therapeu-
tic strategy of cancer, we herein investigated a novel therapeutic target of Evi1 by 
analyzing transcriptomic, epigenetic, and metabolomic profiling of mouse high Evi1 
leukemia cells. We revealed that Evi1 overexpression and Evi1-driven leukemic trans-
formation upregulate transcription of gluconeogenesis enzyme Fbp1 and other pen-
tose phosphate enzymes with interaction between Evi1 and the enhancer region of 
these genes. Metabolome analysis using Evi1-overexpressing leukemia cells uncov-
ered pentose phosphate pathway upregulation by Evi1 overexpression. Suppression 
of Fbp1 as well as pentose phosphate pathway enzymes by shRNA-mediated 
knockdown selectively decreased Evi1-driven leukemogenesis in vitro. Moreover, 
pharmacological or shRNA-mediated Fbp1 inhibition in secondarily transplanted 
Evi1-overexpressing leukemia mouse significantly decreased leukemia cell burden. 
Collectively, targeting FBP1 is a promising therapeutic strategy of high Evi1 AML.
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of AML and is associated with extremely poor prognosis.4-7 Evi1 is en-
coded by the MECOM gene located on human chromosome 3q26 and 
the commonly found chromosomal alteration t(3:3)(q21:q26)/inv(3)
(q21q26) causes GATA2 enhancer-mediated Evi1 overexpression in 
AML.8,9 Evi1 is a nuclear transcription factor that is indispensable for 
physiological functions of normal hematopoietic stem cells (HSCs), and 
it also contributes to leukemogenesis by multiple mechanisms such as 
suppressing transforming growth factor-β signaling, inhibiting c-Jun N-
terminal kinase, activating activator protein-1, upregulating mammalian 
target of rapamycin signaling pathway through phosphatase and ten-
sin homologue deleted from chromosome 10 repression, and inducing 
PU.1 mediated myeloid skewing through Spi1 upregulation.10-17 The in-
dispensability of Evi1 in the hematopoietic system makes it difficult to 
target Evi1 as a therapy of Evi1high AML. Although many transcriptional 
targets of Evi1 have been found, novel specific therapies of this AML 
subtype have not been established so far.18-21

Recent investigations identified that cancer cells have cancer-
type specific metabolic vulnerabilities as a result of dysregulated 
transcriptomic alteration. Isocitrate dehydrogenase 1/2(IDH1/2) 
mutations in AML lead to the aberrant generation of oncometabo-
lite R-2HG, which causes aberrant epigenetic modification resulting 
in transcriptional upregulation of oncogenes.22-24 IDH1/2 inhibition 
decreases R-2HG and ameliorates its oncogenic phenotypes. MLL-
rearranged leukemia cells are dependent on glycolysis in its leukemia 
initiation.25 In this subtype of AML, inhibition of glycolytic enzymes 
effectively decreases leukemia cells. Metabolome and transcriptome 
analysis of Evi1-overexpressing mouse hematopoietic cells revealed 
that Evi1 induces metabolic vulnerability due to dependence on cre-
atine kinase pathway and glutaminolysis.26,27 Although these stud-
ies demonstrated novel therapeutic possibilities of Evi1high AML, the 
metabolic features of Evi1high AML were not fully understood. Since 
targeting the cancer-dependent metabolic pathway is the emerging 
therapeutic strategy, identifying novel metabolic features is still of 
great interest.

Herein we sought to clarify specific molecular features of AML 
with high Evi1 expression by using an Evi1-overexpressing leukemia 
mouse model that we had previously established.16 RNA-sequencing 
(RNA-seq) analysis of Evi1-overexpressing pre- and post-leukemia 
cells revealed transcriptional deregulation of Fbp1 and multiple pen-
tose phosphate pathway enzymes. Furthermore, we showed that 
Evi1 overexpression-mediated metabolic alteration in which the pen-
tose phosphate pathway and oxidative phosphorylation are upreg-
ulated become crucial metabolism pathways in Evi1-overexpessing 
cells. Taken together, these results provide a potential therapeutic 
target of AML with high Evi1 expression.

2  | MATERIAL S AND METHODS

2.1 | Subjects

Studies using human subjects were done in accordance with 
the ethical guidelines for medical and health research involving 

human subjects, which were developed by the Japanese Ministry 
of Health, Labour and Welfare and the Japanese Ministry of 
Economy, Trade and Industry, and enforced on 22 December 
2014. This study was approved by the ethical committee of 
the University of Tokyo. Written informed consent was ob-
tained from all patients whose samples were collected after the 
guidelines were enforced in accordance with the Declaration 
of Helsinki. All animal experiments were approved by the 
Institutional Animal Care and Use Committee of the University 
of Tokyo.

2.2 | Plasmids

pMYs-human Evi-1-internal ribosome entry site (IRES)-green fluo-
rescent protein (GFP) vector was produced by cloning human Flag-
tagged Evi1 cDNA into the multiple cloning site of pMYs-IRES-GFP. 
To obtain short hairpin RNA (shRNA) for silencing the target Fbp1, 
G6pd, Pgd, and Rpia genes, oligonucleotides were inserted into the 
RNAi-Ready pSIREN-RetroQ-DsRed Vector or RNAi-Ready pSIREN-
puro Vector (Clontech). Target sequences of shRNAs were selected 
by using Clontech RNAi Target Sequence Selector and are described 
separately (Table S1). Luciferase shRNA Annealed Oligonucleotide 
(Clontech) was used as a control.

2.3 | Retrovirus production and transduction

To produce retroviruses, Plat-E packaging cells were tran-
siently transfected with 12 µg of each retrovirus vector mixed 
with 96  µL of PEI and 500  µL of 150  mmol/L NaCl, followed 
by incubation at 37℃. Culture medium was replaced 12  hours 
after transfection. The retrovirus-containing supernatant was 
collected 24  hours after medium change, filtered through 
0.45 µm membrane, and added to the culture plate coated with 
RetroNectin (Takara Bio). The culture plate was centrifuged at 
2000 × g, 37℃ for 4 hours and supernatant was discarded. Cells 
were seeded onto the virus-binding plate and infected with ret-
roviruses for 48 hours.

2.4 | Isolation of murine bone marrow cells

C57BL/6 mice were sacrificed by cervical dislocation. Femora, tibiae, 
and ilia were excised, cleaned of attached mouse tissue, and stored 
on ice in PBS. After crushing these bones in PBS, bone marrow cells 
in supernatant were collected through 70  µm EASY strainerTM 
(Greiner Bio One), centrifuged at 250 x g for 5 minutes, resuspended 
in 4  mL of cold PBS, and carefully layered onto Histopaque-1077 
(Sigma-Aldrich) in a 15 mL conical centrifuge tube. After centrifuga-
tion at 400 × g for 30 minutes at room temperature, a opaque inter-
face containing mononuclear cells was added to 10 mL of PBS, and 
centrifuged at 250 × g for 5 minutes.
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2.5 | Quantitative real-time PCR

Total RNA was isolated by using a NucleoSpin kit (Takara Bio) and the 
cDNA was synthesized using ReverTra Ace (Toyobo). Quantitative 
real-time PCR (qPCR) was performed by using THUNDERBIRD 
qPCR Mix (Toyobo), with a LightCycler 480 System (Roche Applied 
Science). All procedures were performed according to the manu-
facturer's instructions. The results were normalized to the expres-
sion levels of 18s rRNA. PCR primers used for qPCR were described 
separately (Table S2).

2.6 | Flow cytometry

Cell sorting and analysis were performed by using FACS AriaIII (BD 
Biosciences) and FACS AriaII (BD Biosciences). The data were ana-
lyzed using FACSDiva software (BD Biosciences) and FlowJo soft-
ware (FlowJo LLC). To stain cells, 0.5-1  µL of each antibody was 
added to 100 µL of isolated mononucleated cell suspended in PBS 
with 3% FCS and incubated for 30 minutes on ice. Antibodies are 
listed in Table S3. To detect apoptotic cells, 0.5 µL of 20 mg/ml 4 ,́6-
diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) was added to each 
sample.

2.7 | Evi1-overexpressing leukemia mouse model

Lineage marker negative (KSL) cells were precultured from 
one day before transduction in α-MEM (FUJIFILM Wako Pure 
Chemical Corporation) supplemented with 20% FCS, 1% penicillin-
streptomycin, 40 ng/mL SCF, 10 ng/mL IL-3, 20 ng/mL IL-6, 20 ng/mL  
TPO, and 20 ng/mL Flt3-ligand and subjected to retroviral transduc-
tion with pMYs-Evi1-IRES-GFP or pMYs-mock-IRES-GFP vector. 
The infected cells were injected through the tail vein into suble-
thally irradiated (5.25  Gy) syngeneic recipient mice. After primary 
recipients developed leukemia, recipient mice were sacrificed and 
mononuclear cells of bone marrow and spleen were cryopreserved. 
For secondary bone marrow transplantation, approximately 5 × 104 
leukemia cells were intravenously injected to sublethally irradiated 
(5.25 Gy) syngeneic recipient mice.

2.8 | shRNA-mediated knockdown and colony 
forming cell assay

Retroviral transduction was performed as described in the section 
above. When pSIREN-RetroQ-puro vector was used these cells 
were further cultured in medium containing 1.5  µg/mL puromy-
cin for 24  hours. Puromycin-resistant cells were used for colony-
forming cell assays. When pSIREN-RetroQ-DsRed vector was used, 
sorted DsRed positive cells were used for colony-forming cell as-
says. Sorted cells (2000 cells) in methylcellulose Methocult GF 
M3434 medium (Stem Cell Technologies) supplemented with 1% 

penicillin-streptomycin and 1.5 µg/mL puromycin if pSIREN-RetroQ-
puro vector was used and were plated in duplicate in 35 mm dishes 
and incubated at 37℃, 5% CO2. The number of colonies was scored 
after 7 days and 2000 cells recovered from the cultured plates were 
replated every 7 days.

2.9 | shRNA-mediated knockdown of Fbp1 in Evi1 
leukemia cells

Evi1-overexpressing leukemia mice bone marrow GFP-positive cells 
were sorted and precultured from 1 day before transduction in α-
MEM supplemented with 20% FCS, 1% penicillin-streptomycin, 
40 ng/mL SCF, 10 ng/mL IL-3, 20 ng/mL IL-6, 20 ng/mL TPO, and 
20  ng/mL Flt3-ligand and subjected to retroviral infection. After 
48 hours of culture on a retrovirus-coated plate, sorted cells were 
used for bone marrow transplantation assays.

2.10 | Fbp1 inhibitor administration in vitro and 
in vivo

In the colony-forming cell assay, CAY18860 (Cayman Chemical) dis-
solved in DMSO was added to M3434 (Stem Cell Technologies). 
CAY18860 dissolved in peanut oil (Sigma-Aldrich) with 5% DMSO 
(Sigma-Aldrich) was intraperitoneally administrated to Evi1 leukemia 
mice daily (100 µg/mouse) from the 21st day to the 27th day after 
bone marrow transplantation.

2.11 | RNA-sequencing analysis

Total RNA was isolated from GFPpos, lineageneg, c-kitpos Evi1-
overexpressing or the control GFPpos, lineageneg, c-kitpos bone 
marrow mononuclear cells by using a NucleoSpin kit (Takara Bio). 
The quality of the RNA samples (RNA Integrity Number >8) was 
validated using a Agilent 2100 Bioanalyzer (Agilent Technology). 
For RNA library preparation, a NEB Next Ultra RNA Library Prep 
Kit (New England Biolabs) was used. RNA library samples were se-
quenced according to the manufacturer's protocol using an Illumina 
Hiseq 2000 sequencer (Illumina). The sequence data obtained were 
analyzed using CLC Genomics Workbench software (Qiagen) and R 
software (http://www.R-proje​ct.org).

2.12 | Chromatin 
immunoprecipitation and sequencing

Detailed protocols for chromatin immunoprecipitation assays 
are presented in the supplemental Methods. Briefly, immunopre-
cipitated DNA fragments were diluted and quantified by next-
generation sequencing performed by Illumina Hiseq 2500. The 
antibody used in chromatin immunoprecipitation (ChIP) assays was 

http://www.R-project.org
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monoclonal Anti-FLAG M2 antibody (F3165; Sigma-Aldrich). The 
data obtained were aligned using Bowtie2 and visualized using an 
Integrative Genomics Viewer.28,29 Calling ChIP-seq peaks was done 
using Macs2.30 Motif analysis was conducted using HOMER v4.31

2.13 | Metabolome analysis

Metabolite extraction was performed following the Human 
Metabolome Technologies (HMT) manual. Briefly, ME-1 cells were 
washed and treated with methanol. After centrifugation, superna-
tant was filtered through a Millipore 5-kDa cutoff filter (Ultrafree 
MC-PLHCC, HMT). The filtrate was centrifugally concentrated and 
re-suspended in Milli-Q water for metabolome analysis Metabolome 
analysis was conducted by the C-SCOPE package of HMT using cap-
illary electrophoresis time-of-flight mass spectrometry for cation 
analysis and CE-tandem mass spectrometry for anion analysis based 
on the methods described previously.32,33 Peaks were extracted 
using MasterHands (Keio University, Japan)34 and Mass Hunter 
Quantitative Analysis B.04.00 (Agilent Technologies) to obtain in-
formation for peaks. The detected peak area of each metabolite was 
normalized to that of the internal standard. For more details, see 
supplemental Methods.

2.14 | Extracellular metabolic flux analysis

A cell mito stress test and a glycolysis stress test were performed 
with a Seahorse XFe24 Analyzer (Agilent Technologies) following 
the manufacturer's instructions. For the cell mito stress test, the 
oxygen consumption rate was measured. For the glycolysis stress 
test, the extracellular acidification rate was measured. For more in-
formation, see supplemental Methods.

2.15 | Data sharing statement

RNA-seq data are available through Gene Expression Omunibus 
(accession no. GSE 147736). ChIP-seq data are available through 
Sequence Read Archive (accession no. PRJNA615776).

3  | RESULTS

3.1 | Whole transcriptome analysis identified Fbp1 
as a highly upregulated gene in Evi1-overexpressing 
cells

To determine the transcriptional consequences of Evi1 overexpres-
sion and the resultant leukemic transformation in vivo, we compared 
gene expression profiles among mouse bone marrow cells with or 
without ectopic expression of Evi1 and bone marrow leukemia cells 
transformed by Evi1 overexpression by RNA-seq analysis. Bone 

marrow KSL cells derived from wild-type mice were retrovirally 
transduced with Evi1-GFP or GFP and were intravenously trans-
planted into sublethally irradiated mice. As previously reported by 
Yoshimi et al, recipient mice developed acute myeloid leukemia with 
high blast cell proliferation and marked splenomegaly at approxi-
mately 6 months after bone marrow transplantation in this model 
(Figure  1A).16 Although frequencies of GFP positive peripheral 
blood white blood cells of both groups at 4 weeks after transplanta-
tion showed no significant difference, the number of bone marrow 
GFP positive cells in mice transplanted with Evi1-overexpressing 
cells was significantly increased at 4  weeks after transplantation 
(Figure  1B,C). To avoid the bias affecting RNA-seq results due to 
the difference in the fraction of hematopoietic cells, we examined 
frequencies of hematopoietic stem cell fractions in these mice. 
The frequencies of long-term hematopoietic stem cells (LT-HSC, 
defined as CD150+ CD48- c-kitpos Sca1pos Linneg(KSL)), short-term 
hematopoietic stem cells (ST-HSC, CD150+ CD48+ KSL), and multi-
potent progenitor cells (MPP, CD150- CD48+ KSL) in KSL cells and 
the frequencies of megakaryocyte-erythroid progenitor cells (MEP, 
CD34- CD16/32- Linneg c-kitpos Sca1neg), committed myeloid pro-
genitor cells (CMP, CD34+ CD16/32- Linneg c-kitpos Sca1neg), and 
granulocyte-macrophage progenitor cells (GMP, CD34- CD16/32+ 
Linneg c-kitpos Sca1neg) in Linnegc-kitposSca1neg cells of GFP positive 
bone marrow cells isolated from transplanted mice at 4 weeks after 
transplantation were not significantly different between Evi1-GFP 
and GFP overexpressing groups (Figure  1D,E).35,36 Therefore, the 
GFP-positive, lineage-negative, c-kit-positive (GFPpos Linneg c-kitpos) 
bone marrow cells were sorted and subjected to RNA-seq analysis 
(Figure 2A).

Each group formed a distinct cluster in primary component anal-
ysis and unbiased hierarchical clustering (Figure 2B,C). Overall, 634 
and 641 genes were significantly upregulated (RPKM ratio >2 and 
P <  .05) in Evi1-overexpressing mouse bone marrow GFPpos Linneg 
c-kitpos cells at 4  weeks and 6  months after each transplantation 
(Tables S4 and S5). To explore the critical genes in leukemia progres-
sion, we further focused on highly (RPKM ratio >10) upregulated 
15 genes both 4 weeks and 6 months after transplantation. Among 
these 15 genes, Hbb-bt, Fbp1, Padi4, and Mrgpra2b showed high 
expression in the Evi1-overexpressing group (Figure  2D,E). Since 
metabolic alteration in malignant cells was found to be important 
for carcinogenesis and survival of transformed cells, we focused on 
the fructose bisphosphatase 1 (Fbp1) gene, a rate-limiting enzyme of 
gluconeogenesis that conversely plays a negative role in glycolysis.

We next investigated whether Fbp1 transcription is directly reg-
ulated by Evi1. Consistent with the RNA-seq results, Fbp1 mRNA 
and protein levels rapidly increased in Evi1-transduced mouse 
bone marrow Linneg c-kitpos cells within 48 hours after transduction 
(Figure  2F,G). We assessed enrichment of Evi1 protein in the pro-
moter and enhancer region of Fbp1 by performing ChIP-seq on Evi1 
overexpressing mouse leukemia cells. Overall, approximately 8600 
peaks were identified by Evi1 ChIP-seq analysis. EVI1 protein was 
enriched in the first intron region of Fbp1 gene locus (Figure  2H). 
According to ENCODE Candidate Cis-Regulatory Elements, this 
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region is classified as a distal enhancer-like signature region.37 Using 
rVISTA 2.0, we confirmed that this region is conserved across mouse 
and human38 (Figure  2H). We next sought whether this enhancer 
region is related to active enhancer histone marks such as H3K4me1 
and H3K27ac. Using ChIP-Atlas, we found this enhancer region is 
enriched in H3K4me1 and H3K27ac in mouse liver cells, which highly 
express Fbp1 (Figure 2H).39 Since HOMER motif analysis did not find 
EVI1 binding motifs in the identified region, other DNA binding pro-
teins may act as a scaffold and play a critical role in upregulation of 
Fbp1. Next we sought to determine whether EVI1 directly upregu-
lates FBP1 using luciferase assay. We measured the luciferase activ-
ity of 293T cells transfected with luciferase reporter vector and Evi1 
expression vector. Evi1 overexpression increased luciferase activity 
in a Fbp1-promoter-dependent manner in this assay. Although Evi1 
did not bind Fbp1 promoter region in our mouse Evi1-overexpressing 
leukemia cells, indirect upregulating mechanisms by Evi1 may be 

present. On the other hand, the Fbp1 enhancer sequence did not 
increase luciferase activity by Evi1 overexpression (Figure 2I). This 
is partly explained by the fact that the Evi1 binding domain was not 
included in the Fbp1 enhancer region and in 293T cells the unknown 
cofactor essential for Evi1 binding to enhancer region may not be 
expressed enough to bind Evi1 to this enhancer region. These results 
indicate that Evi1 binds this enhancer region and subsequently up-
regulates Fbp1 in Evi1-overexpressing cells.

3.2 | Inhibition of FBP1 suppresses acute myeloid 
leukemia driven by Evi1

In some cancers, such as breast, pancreatic and non-small-cell lung 
carcinoma, silencing of Fbp1 is caused by various mechanisms and 
related to proliferation, chemoresistance, and poor prognosis by 

F I G U R E  1   Evi1-overexpressing leukemia mouse showed increased bone marrow GFP positive cells at 4 weeks after transplantation. (A) 
Schematic representation of generation of Evi1-overexpressing leukemia mouse model. Bone marrow KSL cells collected from C57BL/6 mice 
were retrovirally transduced with Evi1-GFP or GFP and were intravenously transplanted into sublethally (5.25 Gy) irradiated syngeneic mice 
for Evi1-overexpressing mouse generation. (B) Chimerism (left) and number (right) of GFP positive cells in peripheral blood at 4 weeks after 
transplantation. (n = 3, unpaired t test) (C) Number of GFP positive cells in bone marrow at 4 weeks after transplantation (left). Frequency 
of KSL cells in GFP positive cells in bone marrow at 4 weeks after transplantation (right) (n = 3 unpaired t test) (D), (E) Frequency of LT-HSC, 
ST-HSC, and MPP in KSL, CMP, GMP, and MEP in myeloid progenitor (MP) cells (Linnegc-kitposSca1neg) in GFP positive bone marrow cells 
collected from mice transplanted with Evi1-GFP or GFP overexpressing cells. Error bars indicate SD (n = 3, unpaired t test)
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F I G U R E  2   Evi1 upregulates Fbp1 expression. (A) Schematic representation of sample preparation for RNA-seq analysis. Evi1-GFP or 
GFP-transduced cells were transplanted to sublethally irradiated mice. GFPpos, Linneg, c-kitpos bone marrow cells were isolated at 4 weeks 
(pre-leukemic phase) and 6 months (leukemic phase) after transplantation and subjected to RNA-seq analysis (n = 2 in each experiment). (B) 
Unsupervised hierarchical clustering of differentially expressed genes among the three types of the cells. (C) Principle component analysis 
of RNA-seq result. (D) Volcano plot comparing mRNA expression of Evi1-overexpressing bone marrow LK cells at 4 weeks to control cells 
(left) or leukemia cells at 6 months to control cells (right). Fbp1 is highlighted as a red dot. (E) RPKM of 15 genes highly upregulated in Evi1-
overexpressing bone marrow cells at 4 weeks and at 6 months (F) Relative mRNA expression of Fbp1 in KSL cells retrovirally transduced 
with Evi1. Error bars indicate SD (n = 3, unpaired t test). (G) Western blot analysis of Fbp1 and EVI1 of whole cell lysates from mouse LK cells 
transduced with mock or EVI1-FLAG retroviral vector. (H) EVI1-FLAG ChIP-seq signals in Fbp1 locus in mouse Evi1-overexpressing leukemia 
cells. Regions conserved between mouse and human are shown at the bottom. (I) Luciferase activity of Fbp1 promoter and/or enhancer 
with or without Evi1 overexpression in 293T cells. Values are normalized to values using 293T cells transfected with empty luciferase vector 
(n = 3 in each, unpaired t test). prm, promoter; enh, enhancer; prm/enh, promoter and enhancer; emp, empty

F I G U R E  3   Fbp1 inhibition suppresses Evi1-overexpressing leukemia in vitro and in vivo. (A) Relative mRNA expression of Fbp1 of Ba/F3 
cell lines transduced with Fbp1 knockdown vector. Ba/F3 was transduced with shFbp1. After 24 hours of puromycin selection, GFP-positive 
cells are sorted and subjected to qPCR (n = 2 each). Error bars indicate SD. Left: Relative colony numbers of KSL cells transduced with Evi1-
GFP and sh-Fbp1compared with the control shRNA-transduced cells (n = 3 in each experiment, unpaired t test). Middle: Colony numbers 
of Linneg c-kitpos cells with or without Fbp1 knockdown (n = 3 in each experiment, unpaired t test). Right: (B) Schematic representation of 
Fbp1 inhibitor administration in vivo. Leukemia cells isolated from the bone marrow of Evi1 leukemia mice were intravenously transplanted 
into sublethally irradiated normal C57BL/6 mice (day 0). An FBP1 inhibitor CAY18860 was intraperitoneally injected daily into the leukemic 
mice on days 21-27. (C) On day 28, the mice were sacrificed and analyzed for the frequency of GFP-positive cells in the bone marrow (BM), 
spleen (SP), and peripheral blood (PB) (n = 4 in each experiment, unpaired t test). (D) Schematic representation of shRNA-mediated Fbp1 
knockdown of Evi1-leukemia mice. Bone marrow GFP-positive cells were isolated from the Evi1-overexpressing leukemia cells, transduced 
with sh-Fbp1-DsRed or sh-Luci-DsRed (control). DsRed positive GFP positive cells were sorted and transplanted into sublethally irradiated 
normal C57BL/6 mice. (F) Peripheral blood white blood cell counts of the transplanted mice at the indicated time points (n = 4 in each 
group, unpaired t test). Left: Frequency of DsRed-positive cells within the peripheral blood mononuclear cells is shown (n = 4 in each group, 
unpaired t test). (right)
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increasing glycolytic flux.40-44 However, the role of Fbp1 in the 
context of leukemia and the in vivo tumorigenic or tumor promot-
ing potential of Fbp1 remains poorly understood. We investigated 
whether enhanced Fbp1 expression mediated by Evi1 overexpres-
sion contributes to Evi1-overexpressing cell proliferation by analyz-
ing the colony-forming cell capacity of Evi1-overexpressing KSL cells 
with or without FBP1 inhibition. shRNA-mediated silencing of Fbp1 
significantly suppressed the colony-forming cell capacity of mouse 
bone marrow KSL cells transformed by Evi1 (Figure 3A). In contrast 
to this, the colony number of normal KSL cells was not reduced by 
Fbp1-targeting shRNA (Figure 3B). These data suggest that Fbp1 has 
a critical role in proliferation of Evi1-overexpressing cells but not in 
normal hematopoietic stem cells.

To further explore the therapeutic potential of targeting Fbp1 in 
Evi1high AML, we investigated the effect of Fbp1 inhibition on Evi1-
overexpressing leukemia in vivo. Leukemia cells isolated from bone 
marrow of Evi1 leukemia mice were intravenously transplanted into 
sublethally irradiated secondary recipient mice. These mice were 
treated with daily intraperitoneal injection of vehicle or FBP1 in-
hibitor CAY18860 from day 21 through day 27 after bone marrow 
transplantation (Figure 3C).45,46 Although all of the secondary recip-
ient mice developed leukemia, pharmacological inhibition of Fbp1 
significantly decreased leukemia cell burden in bone marrow and 
peripheral blood (Figure 3D). To interrogate the effect of more spe-
cific Fbp1 inhibition on Evi1-overexpressing leukemia, we analyzed 
secondarily transplanted Evi1-overexpressing leukemia mice with or 
without shRNA mediated Fbp1 knockdown (Figure  3E). Strikingly, 
shRNA-mediated Fbp1 knockdown significantly delayed leukemia 
progression (Figure  3F). Collectively, these data clearly show that 
Fbp1 promotes Evi1-overexpressing leukemia in vivo.

3.3 | Evi1 upregulates pentose phosphate pathway-
related genes

Since Fbp1 is a gluconeogenesis enzyme, we hypothesized that 
glucose metabolism alteration mediated by high Fbp1 expression 
resulted in progression of Evi1-overexpressing leukemia. To charac-
terize the effect of Evi1 overexpression on the glucose metabolism 
pathway, we further analyzed the RNA-seq results of mouse Evi1-
overexpressing bone marrow cells. Intriguingly, hexokinase 3 (Hk3), 
which catalyzes the first step of the glycolysis, was upregulated in 
the high Evi1 group whereas phosphoglycerate mutase 1 (Pgam1), 
an enzyme located in the latter step of glycolysis, was downregu-
lated (Figure  4A). It is conceivable that these expression changes 
of glycolysis enzymes result in accumulation of the intermediate 

metabolites of glycolysis such as glucose 6-phosphate (G6P), fruc-
tose 6-phosphate (F6P), fructose 1,6-bis phosphate (F1,6P), glycer-
aldehyde 3-phosphate (GA3P), and 3-phosphoglyceric acid (3-PG). 
Considering high Fbp1 expression, the balance of these metabolites 
would be inclined towards G6P and F6P. Since G6P is the first sub-
strate of the pentose phosphate pathway, we speculated that the 
pentose phosphate pathway is upregulated by the relative accumu-
lation of G6P in Evi1-overexpressing cells. Consistent with this idea, 
RNA-seq results showed upregulation of pentose phosphate path-
way enzymes such as glucose 6-phosphate dehydrogenase (G6pdx), 
phosphogluconate dehydrogenase (Pgd), and ribose 5-phosphate 
isomerase (Rpia) in Evi1-overexpressing cells (Figure 4A). Moreover, 
gene set enrichment analysis showed relative enrichment of pentose 
phosphate pathway genes in Evi1-overexpressing cells (Figure 4B). 
Interestingly, ChIP-seq analysis revealed that EVI1 also binds to the 
enhancer and promoter region of other glycolysis enzymes such as 
Hk3 and Pgam1 as well as pentose phosphate pathway enzymes such 
as Pgd, Rpia, and Taldo1, all of which were differently expressed in 
Evi1-overexpressing mouse bone marrow cells (Figure 4C-G). These 
regions are mostly conserved between human and mouse. Homer 
de novo motif analysis of these EVI1-binding regions did not show 
the EVI1 binding motif, which indicates other cofactors may con-
tribute to DNA binding of EVI1 in these regions. Collectively, these 
expression changes of glucose metabolic enzymes possibly medi-
ated by the interaction of EVI1 and DNA enhancer regions orches-
trate glucose metabolism alteration, glycolysis to pentose phosphate 
pathway, which generates pentose and then ribose-5-phosphates, 
resulting in enhanced nucleotide synthesis, which is essential for 
rapidly dividing cells.

3.4 | Metabolome analysis revealed Evi1 
overexpression upregulates the pentose 
phosphate pathway

To further investigate whether high Evi1 upregulates the pentose 
phosphate pathway and de novo nucleotide synthesis, we ana-
lyzed the metabolome profiles of the AML cell line with or without 
Evi1 overexpression using capillary electrophoresis combined with 
mass spectrometry. Since metabolic consequences caused by high 
Fbp1 expression are of interest, we have to adopt cell lines which 
originally express Evi1 and Fbp1 at the lowest level possible and ex-
press high Fbp1 under Evi1 overexpression. We tested some AML 
cell lines and employed ME-1 cells in which FBP1 is upregulated by 
EVI1 overexpression to perform metabolome analysis (Figure  5A). 
The glucose-6-phosphate (G6P)/ribulose-5-phosphate (R5P) ratio 

F I G U R E  4   Evi1 modulates expression of glycolysis and pentose phosphate pathway enzymes. (A) Re-analysis of RNA-seq result. mRNA 
expression of glycolysis and pentose phosphate pathway enzymes of GFPpos Linneg c-kitpos bone marrow cells from Evi1-overexpressing 
and control mice. (B) Gene set enrichment analysis using RNA-seq data of GFPpos Linneg c-kitpos bone marrow cells collected from the 
transplanted mice with Evi1-GFP overexpressing or GFP overexpressing KSL cells at 4 weeks after transplantation. Gene set name KEGG_
PENTOSE_PHOSPHATE_PATHWAY was used in this analysis. (C)-(G) Gene tracks of EVI1-FLAG ChIP-seq signals (rpm) at (C) Hk3, (D) Pgam1, 
(E) Taldo1, (F) Rpia, and (G) Pgd in mouse Evi1-overexpressing leukemia cells. Regions conserved between mouse and human are shown at the 
bottom
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is a parameter inversely correlated to pentose phosphate pathway 
activity.47 Although many metabolites related to glycolysis and pen-
tose phosphate pathway are not significantly different between 
the two groups, the G6P/R5P ratio was significantly decreased in 
Evi1-transduced ME-1 cells (Figure  5B,C and Table  S6). Moreover, 
amounts of nucleic acid such as adenosine monophosphate (AMP) 
and guanosine monophosphate (GMP) were significantly increased 
in Evi1-overexpressing cells (Figure 5C).

To examine whether pentose phosphate pathway inhibition is 
the metabolic vulnerability of Evi1-overexpressing cells, we ana-
lyzed the colony-forming cell capacity of Evi1-overexpressing KSL 
cells with or without knockdown of each pentose phosphate path-
way enzyme. Strikingly, knockdown of each enzyme significantly 
reduced the colony-forming cell capacity of Evi1-overexpressing 
cells (Figure 5D-G). These results suggest that the activated pentose 
phosphate pathway mediated by deregulated Evi1 expression plays 
a critical role in leukemogenesis of Evi1high AML.

3.5 | EVI1 upregulates oxidative phosphorylation as 
an alternative ATP source in Evi1-overexpressing cells

When considering adenosine triphosphate (ATP) generation in high 
Evi1 cells, Evi1 overexpressing cells may not utilize glycolysis effi-
ciently due to high Fbp1 expression, counteracting glycolysis. Since 
another main source of ATP is the citric acid cycle combined with 
oxidative phosphorylation (OXPHOS), we hypothesized that Evi1high 
leukemia cells are more dependent on OXPHOS in ATP generation. 
Interestingly, Evi1-transduced mouse bone marrow Linneg c-kitpos 
cells showed a significantly higher oxygen consumption rate (OCR), 
which means higher OXPHOS activity, whereas Evi1-transduced cells 
showed a lower extracellular acidification rate (ECAR), meaning rela-
tively less glycolysis activity (Figure 6A,B). Fbp1-transduced mouse 
Linneg c-kitpos cells also showed higher OCR (Figure  6C). Although 
Fbp1 itself does not seem to have any direct activity modulating the 
citric acid cycle or OXPHOS, this result is partly explained by the fact 
that the activity of OXPHOS is strongly controlled by the intracel-
lular balance between ATP and ADP. OXPHOS inhibitor metformin 
suppressed the colony-forming cell capacity of Fbp1-overexpressing 
mouse bone marrow c-kitpos cells compared with control c-kitpos 
cells, which indicates that Fbp1-overexpressing cells are more de-
pendent on OXPHOS than normal hematopoietic cells (Figure 6D). 
Moreover, metformin also decreased the colony-forming cell capac-
ity of Evi1-overexpressing mouse Linneg c-kitpos cells compared with 
control Linneg c-kitpos cells and Linneg c-kitpos cells transduced with 

MLL-ENL, which is known as a genetic mutation related to glycolysis 
dependency (Figure 6E,F). Since high Fbp1 causes OXPHOS depend-
ency, metformin treatment combined with shFbp1 did not show a 
combinatory effect on Evi1-overexpressing Linneg c-kitpos cells 
(Figure  6G). These data collectively suggest that Evi1high leukemia 
cells harbor high OXPHOS activity and are dependent on OXPHOS.

3.6 | FBP1 is highly transcribed in a part of 3q26 
related leukemia and some other subtypes of AML

To evaluate the potential relevance of these findings to the clinical 
setting, we analyzed gene expression data of bone marrow AML 
cells derived from 20 evaluable patients. We compared Evi1 and 
Fbp1 mRNA levels by real-time PCR. Although Evi1 and Fbp1 did 
not show significant correlation as a whole, leukemia cells derived 
from AML with inv(3)(q21q26) chromosomal abnormality showed 
high Evi1 and high Fbp1 mRNA expression (Figure 6H). On the other 
hand, in the BeatAML dataset a part of inv(3)(q21q26) leukemia and 
some other subtypes of leukemia showed higher Fbp1 expression, 
which indicates that Evi1 and other factors may coordinately cause 
high Fbp1 upregulation and that high Fbp1 may also play an impor-
tant role in other subtypes of leukemia.48To clarify whether high 
EVI1 human AML cells are susceptible to FBP1 inhibition, we com-
pared cell proliferation of AML cell lines with or without FBP1 inhibi-
tor. FBP1 inhibitor decreased the proliferation of the inv(3) MOLM1 
cell line whereas proliferation of no other tested cell lines was sup-
pressed (Figure 6I). These results indicate that cell proliferation of 
a certain type of high EVI1 human AML cells was also inhibited by 
FBP1 inhibition.

4  | DISCUSSION

Here we demonstrated that Fbp1 is a critical metabolic regulator of 
Evi1-overexpressing leukemia cells by balancing the pentose phos-
phate pathway and glycolysis, and that Fbp1, as well as pentose phos-
phate pathway enzymes, is a vulnerability of Evi1-overexpressing 
leukemia cells. Previous reports revealed the pentose phosphate 
pathway contributes to the survival and chemotherapy resist-
ance of some cancer cells as well as AML cells by the synthesis of 
ribonucleotides.49-54 Consistent with this idea, upregulated ribonu-
cleotide synthesis was clearly induced by Evi1 transduction in the 
human AML cell line. Since the pentose phosphate pathway is also 
known as a main NADPH source, which contributes to maintenance 

F I G U R E  5   Metabolome analysis revealed Evi1-overexpressing cells activate the pentose phosphate pathway and de novo nucleotides 
synthesis. (A) Western blot analysis of whole cell lysates from Evi1-GFP or GFP-overexpressing ME-1. (B), (C) Schematic representation of 
glycolysis and pentose phosphate pathway and de novo ribonucleotide synthetic pathway. Each graph shows normalized metabolite amount 
or ratio of average of metabolite amounts of ME-1 cell with (gray) or without (red) Evi1-overexpression (unpaired t test). (D) Relative mRNA 
expression of g6pd, pgd, and rpia of Ba/F3 cell lines transduced with knockdown vectors targeting each gene. GFP-positive cells are sorted 
and subjected to qPCR. mRNA expression was normalized to mRNA expression of cells transduced with sh-Luci (n = 2 each). Error bars 
indicate SD. (E)-(F) Colony numbers of KSL cells transduced with Evi1-GFP and (E) shG6pd, (F) shPgd, or (G) shRpia vectors compared with 
the control shRNA-transduced cells (n = 3 in each experiment, unpaired t test)
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F I G U R E  6   Evi1 overexpression 
induces OXPHOS activation and OXPHOS 
dependency. (A) Oxygen consumption 
rate (OCR) of mouse bone marrow LK cells 
with (red) or without (black) retroviral 
Evi1 overexpression (left). In each phase 
OCR was shown in bar graph (right) (n = 6 
each, unpaired t test). (B) Extracellular 
acidification rate (ECAR) of mouse bone 
marrow LK cells with (red) or without 
(black) retroviral Evi1 overexpression 
(n = 6 each, unpaired t test). (C) Oxygen 
consumption rate (OCR) in mouse bone 
marrow LK cells with (red) or without 
(black) retroviral Fbp1 overexpression 
(left). Representative phase shown in a 
bar graph (right) (n = 6 each, unpaired t 
test). (D) Ratio of colony number of mouse 
Linneg bone marrow cells transduced 
with GFP or Fbp1-GFP treated by 
10 mmol/L metformin normalized to 
vehicle treatment (n = 3 in each, unpaired 
t test). (E) Ratio of colony number of 
mouse Linneg c-kitpos bone marrow cells 
transduced with GFP or Evi1-GFP treated 
by 10 mmol/L metformin normalized to 
vehicle treatment (n = 3 in each, unpaired 
t test). (F) Ratio of colony number of 
mouse Linneg c-kitpos bone marrow cells 
transduced with MLL-ENL or Evi1 treated 
by 10 mmol/L metformin normalized 
to vehicle treatment (n = 3 each group, 
unpaired t test). (G) Colony number of 
Evi1-overexpressing LK cells. Combinatory 
effect by shFbp1 and metformin was 
tested (n = 3 in each, unpaired t test). 
(H) mRNA expression of Fbp1 and Evi1 
in AML cells derived from AML patients. 
Twenty samples were subjected to 
analysis and in 11 samples Evi1 was 
detected and is plotted on the right 
panel. (I) Cell proliferation of MOLM1 
and other human cell lines. Cell numbers 
of MOLM1(upper left), OCI-AML(upper 
right), and other cell lines (lower) (n = 3 in 
each, unpaired t test)
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of intracellular homeostasis as a scavenger of reactive oxygen spe-
cies and a cofactor essential for fatty acid synthesis, pentose phos-
phate pathway activation is usually believed to result in a reduction 
of the NADP/NADPH ratio.49,55 However, in Evi1-overexpressing 
cells we found the NADP/NADPH ratio was increased (Figure 5B). 
This result indicates Evi1-overexpressing cells show excess con-
sumption of NADPH compared to cells without Evi1 overexpression. 
This hypothesis may be partly supported by the fact that upregulated 
OXPHOS by Evi1 overexpression causes cellular oxidative stress, 
which results in excess consumption of NADPH. For example, IDH 
mutant cells which consume much NADPH for 2-hydroxyglutarate 
synthesis showed high pentose phosphate pathway flux and a high 
NADP/NADPH ratio.56 Collectively, Evi1-overexpressing cells may 
consume excess NADPH coupled with the upregulated pentose 
phosphate pathway.

Fbp1 has been reported as a tumor suppressor gene in other 
solid cancers.40-44,57 In this context, high Fbp1 expression decreases 
glycolysis flux indispensable for quick ATP supply in the low-oxygen 
environment to which many highly proliferative cancers are exposed 
and suppression of Fbp1 function is related to cell proliferation, 
chemoresistance, and metastasis.40,42 On the contrary, in Evi1-
overexpressing cells Fbp1 acts as an oncogene which promotes the 
pentose phosphate pathway. Since which aspect of Fbp1 emerges 
may vary according to the cellular context such as types of cancer, 
dependent oncogenic pathway, and tumor microenvironment, the 
determinant factor of the Fbp1 function needs to be elucidated. On 
the other hand, this bifacial feature of Fbp1 makes it attractive to tar-
get Fbp1 as a therapeutic target. We showed that shRNA-mediated 
knockdown of Fbp1 and pharmacological Fbp1 inhibition had little 
effect on the colony formation ability of mouse KSL cells in this 
paper (Figures 2B and 3A). Similarly, previous reports showed that 
the function of normal hematopoietic stem cells derived from human 
cord blood was totally undamaged by Fbp1 inhibition.58 These re-
sults strongly indicate that Fbp1 inhibition does not compromise the 
normal hematopoietic system and is an ideal therapeutic target of 
Evi1-overexpressing leukemia.

Recent analyses have revealed that AML with high OXPHOS 
activity is related to chemotherapy resistance.59,60 Although the 
mechanisms of this chemotherapy resistance have not yet been dis-
covered, upregulation of OXPHOS by Evi1 overexpression is con-
sistent with the fact that Evi1high AML clinically shows extremely 
high resistance to the conventional chemotherapy. We showed that 
Fbp1 overexpression alone could partially induce OXPHOS activa-
tion to a lesser extent than Evi1 overexpression. This OXPHOS up-
regulation may be indirectly caused by an ATP shortage related to 
downregulation of glycolysis. These data collectively suggest that 
Fbp1 inhibition can ameliorate resistance to chemotherapy in Evi1-
overexpressing leukemia by downregulating OXPHOS.

In summary, our study demonstrated that the activated pentose 
phosphate pathway through transcriptional upregulation of Fbp1 as 
well as catalyzing enzymes is crucial for progression of Evi1-driven 
leukemia. Since inhibition of Fbp1 did not compromise normal 

hematopoiesis, targeting the enzyme can be a promising therapeutic 
approach for Evi1high AML.
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