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Abstract Therapeutic targeting FOXO3A (a forkhead transcription factor) represents a prom-
ising strategy to suppress acute myeloid leukemia (AML). However, the effective inhibitors that
target FOXO3A are lacking and the adaptive response signaling weakens the cytotoxic effect of
FOXO3A depletion on AML cells. Here, we show that FOXO3A deficiency induces a compensa-
tory response involved in the reactive activation of mTOR that leads to signaling rebound and
adaptive resistance. Mitochondrial metabolism acts downstream of mTOR to provoke activa-
tion of JNK/c-JUN via reactive oxygen species (ROS). At the molecular level, FOXO3A directly
binds to the promoter of G protein gamma subunit 7 (GNG7) and preserves its expression, while
GNG7 interacts with mTOR and restricts phosphorylated activation of mTOR. Consequently,
combinatorial inhibition of FOXO3A and mTOR show a synergistic cytotoxic effect on AML cells
and prolongs survival in a mouse model of AML. Through a structure-based virtual screening,
we report one potent small-molecule FOXO3A inhibitor (Gardenoside) that exhibits a strong
mmu.edu.cn (S. Xu), chenjpxn@163.com (J. Chen), houyu@cqmu.edu.cn (Y. Hou).
f Chongqing Medical University.
.

.01.002
ishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:xushuangnian@tmmu.edu.cn
mailto:chenjpxn@163.com
mailto:houyu@cqmu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gendis.2023.01.002&domain=pdf
https://doi.org/10.1016/j.gendis.2023.01.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.sciencedirect.com/science/journal/23523042
www.keaipublishing.com/en/journals/genes-diseases
https://doi.org/10.1016/j.gendis.2023.01.002
https://doi.org/10.1016/j.gendis.2023.01.002


398 Z. Chen et al.
effect of anti-FOXO3A DNA binding. Gardenoside synergizes with rapamycin to substantially
reduce tumor burden and extend survival in AML patient-derived xenograft model. These re-
sults demonstrate that mTOR can mediate adaptive resistance to FOXO3A inhibition and vali-
date a combinatorial approach for treating AML.
ª 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Acute myeloid leukemia (AML) is an aggressive blood ma-
lignancy characterized by the accumulation of myeloid
progenitor cells with uncontrolled proliferation and
impaired differentiation.1 Accumulating evidence indicates
that AML cells are preserved by a multilevel regulatory
network, including cell cycle regulators, transcription fac-
tors, kinase-related factors, epigenetic factors, cytokines,
and niche cells.2,3 These intracellular and niche factors
synergistically accelerate AML progression and cause
chemotherapy resistance, resulting in poor outcomes and
survival of AML patients.1,4 Thus, elucidating the molecular
networks that maintain leukemia cells will expand the un-
derstanding of AML and be beneficial for therapeutic
intervention.

Forkhead box O3 (FOXO3), also named FOXO3A, belongs
to the Forkhead box family that consists of an evolution-
arily conserved group of transcription factors.5 FOXO3A
contains a forkhead winged helix-turn-helix domain (FKH),
which is responsible for FOXO3A binding DNA and regulating
gene expression.6 FOXO3A regulates multiple biological
processes involved in proliferation, differentiation,
apoptosis, and autophagy.7,8 Importantly, it has been
revealed that FOXO3A plays a critical role in leukemia
transformation and progression. FOXO3A shows high
expression in leukemia-granulocyte macrophage progenitor
(L-GMP) compared with GMP.9 A high FOXO3A level is an
adverse prognostic marker and is associated with a poorer
prognosis in AML.10,11 It has been demonstrated that
FOXO3A protects MLL-AF9 leukemia cells from DNA damage
and inhibits myeloid maturation, while loss of FOXO3A in-
duces myeloid differentiation and attenuates the expansion
of AML cells.9,12 Although treating AML by FOXO3A inhibi-
tion shows potential, the pharmacological inhibition of
FOXO3A lacks effective inhibitors.

Abundant efforts have been made to identify key onco-
proteins in leukemia; nevertheless, single-agent targeted
therapies show limited toxicity, and the acquired resistance
further limits intervention efficacy.13 On this basis, drug
combinations show promising potential in leukemia treat-
ment, which have the potential to overcome resistance,
enhance the cytotoxic effect, and expand the range of
treatment.13e15 For instance, synergistic inhibition of Bcl2
and Bruton’s tyrosine kinase abrogates the expansion of
diffuse large B-cell lymphoma (DLBCL).14 A phase III trial has
demonstrated that ibrutinib addition is superior to single
ReCHOP chemotherapy in a subpopulation of DLBCL.15 FLT3-
internal tandem duplication (FLT-ITD) is a prevalent muta-
tion in AML; compared with single treatment of FLTs tyrosine
kinase inhibitors (TKIs), several combinatorial therapies
show outstandingly killing efficiency against AML, including
Notch inhibitor with TKIs, b-catenin inhibitor with TKIs, and
retinoic acid with TKIs.1,16e18 Previous findings show that
FOXO3A deficiency inversely activates JNK/c-JUN signaling
that weakens the cytotoxic effect of FOXO3A depletion on
AML cells,9 suggesting that a combinatorial strategy may
enhance the response of AML cells to FOXO3A inhibition.
Here, we found that FOXO3A deficiency triggered apoptosis
and differentiation of AML cells, but also induced activation
of mTOR signaling. Pharmacological inhibition of mTOR
cooperatedwith FOXO3Adepletion to induceAML cell death.
Further, we uncovered that FOXO3A transcriptionally regu-
lated the expression of multiple genes related to AML pro-
gression, and demonstrated that the target GNG7 (G protein
gamma subunit 7) mediated the inhibitory effect of FOXO3A
on mTOR via GNG7/mTOR interaction. Moreover, we
screened a small molecule, Gardenoside, which interacted
with the helix domain of FOXO3A protein to impede the
function of FOXO3A. The combinatorial use of Gardenoside
and rapamycin (an mTOR inhibitor) substantially delayed
AML progression compared with single-agent treatments,
providing a combinatorial approach for treating AML.

Materials and methods

Mice

C57BL/6J mice and NOD/SCID mice were purchased from
Beijing Sibeifu Science (China). All mice were maintained in
the Animal Center of Army Medical University. The experi-
ments used 8-to-10-week-old mice (both male and female)
and were approved by the Animal Committee of the Insti-
tute of Zoology, Army Medical University.

Cell culture

The human AML cell lines, THP-1, U-937, and HL-60 were
obtained from America Type Culture Collection (ATCC) and
cultured in RPMI1640 with 15% fetal bovine serum (FBS)
(Gibico) and 1% penicillin/streptomycin (Hyclone). HEK293T
cells were cultured in DMEM containing 10% FBS and 1%
penicillin/streptomycin. Primary AML patient cells were
cultured in IMDM supplemented with 20% FBS, 1% penicillin/
streptomycin, and 10 ng/mL human cytokines TPO, SCF,
FLT3L, IL-3, and IL-6 (StemCell Technologies). The use of
patient cells was approved by the institutional review board
of Army Medical University. For drug treatment, rapamycin
(100 nM, Selleck), SP600125 (5 mM, Selleck), acetylcysteine
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(2 mM, Selleck), or Gardenoside (5 mM, TargetMol) were
added to the medium for indicated days.

Plasmids and lentivirus production

To generate the vectors for specific knockout of FOXO3A
and GNG7, sgRNAs of target genes were designed on the
CRISPOR website (http://crispor.tefor.net/crispor.py)
(Table S1) and cloned into vector lentiCRISPR-V2. To
generate the vectors for the expression of CDKN2D-specific
shRNA, we designed the sequence of shRNAs and cloned
shRNAs into the vector pLKO.1-EGFP-puro (primer se-
quences; Table S1). To generate the vectors of GNG7
expression, we amplified transcriptional regions by RT-PCR
and cloned the regions into a pCDH-puro vector (Table S1).
The pLV-FOXO3A plasmid was purchased from Cyagen and
the MIGR1-MLL-AF9 plasmid was a gift from Dr. Haitao Bai.
For lentivirus production, 293T cells were transfected with
an interesting vector combined with pMD2. G and psPAX2.
For retrovirus production, 293T cells were transfected with
MIGR1-MLL-AF9-GFP plasmid combined with pCL-ECO. The
medium was replaced with fresh medium at 12 h after
transfection and culture supernatants were collected at
48 h and 72 h. The virus was stored at �80 �C until use.
Positively infected cells were isolated using flow cytometry
sorting (GFP) or puromycin treatment.

AML cell line-derived xenograft and PDX model

For xenograft mice, 1 � 106 U-937 cells were transplanted
into the sub-lethally irradiated (2 Gy) NOD/SCID mice
intravenously. After 10 days of transplantation, mice were
treated with vehicle, rapamycin (4 mg/kg, i. p. injection;
three times a week), SP600125 (15 mg/kg, i. p. injection;
three times a week), or combination (rapamycin plus
SP600125) for three weeks. To generate the patient-derived
tumor xenograft (PDX) mouse model, 1 � 106 AML patient-
derived bone marrow (BM) mononuclear cells were trans-
planted into the sub-lethally irradiated (2 Gy) NOD/SCID
mice intravenously, and drug treatment was started 10 days
later. Gardenoside (15 mg/kg) and rapamycin (4 mg/kg)
were administered through intraperitoneal injection. Both
Gardenoside and rapamycin were injected three times a
week for a total of three weeks. All experiments involving
human samples were approved by the Medical Ethics
Committees of Southwest Hospital.

Murine MLL-AF9 leukemia model

MLL-AF9 mice were generated following the protocol of
previous work.19 Briefly, wild-type C57BL/6 J mice were
treated with a dose of 150 mg/kg 5-Fu (SigmaeAldrich) via
intraperitoneal injection andwere sacrificed 5 days later. BM
cells (hematopoietic stem/progenitor cells enriched) were
collected and infected with MLL-AF9 retrovirus twice in the
presence of mouse cytokines (10 ng/mL IL-3, 10 ng/mL IL-6,
20 ng/mL SCF; StemCell Technologies) and 8 mg/mL poly-
brene (SigmaeAldrich). Infected cells were transplanted
into sub-lethally irradiated (7 Gy) C57BL/6 J mice plus
1 � 106 BM cells (freshly isolated from C57BL/6 J mice) via
tail vein injection. When themice developed full-down AML,
primary leukemic BM cells (GFPþ) were collected and sorted
by flow cytometry. The leukemia cells were transduced with
CRISPR-sgFoxO3a lentivirus and then injected into sub-
lethally irradiated (7Gy) C57BL/6 Jmicewith 1� 106 BMcells
via tail vein injection. Ten days after transplantation, mice
were treated with rapamycin (4 mg/kg, i. p. injection; three
times a week), SP600125 (15 mg/kg, i. p. injection; three
times aweek), or combination (rapamycin plus SP600125) for
three weeks.

Cell proliferation and colony-forming assay

To assess the cell proliferation/growth, 2500 cells were
seeded into a 96-well plate in triplicates. At indicated time
points, cell expansion was assessed by number count or
using the Cell Count Kit-8 kit (Beyotime) according to the
manufacturer’s instructions. For the colony-forming assay,
about 10,000 AML patient BM cells or 5000 AML cells (THP-1,
U-937, and HL-60) were plated in 35-mm tissue culture
dishes containing methylcellulose medium (MethoCult
H4434, StemCell Technologies) according to the manufac-
turer’s instructions.

Flow cytometry analysis

Human leukemia cells in peripheral blood, spleen, and BM
were analyzed using PE-anti-human CD45 antibody (Bio-
Legend). APC-anti-human CD11b (BioLegend) was used for
myeloid maturation analysis. For the detection of mTOR
activity, the cells were stained with anti-p-mTOR (Bio-
Legend) or anti-p-S6 (BioLegend) and then incubated with
FITC-anti-mouse antibody (BioLegend). The PE-anti-PThe
FITC Annexin V Apoptosis Detection Kit with PI (BioLegend)
was used for apoptosis analysis. Mito-Tracker Red CMXRos
(Beyotime) was used for mitochondrial staining. Reactive
Oxygen Species Assay Kit (Beyotime) was used for ROS
measurement. All cells were analyzed by Flow cytometry on
BD FACSCanto II and all data were analyzed by FlowJo
software.

Mitochondrial DNA quantification and ATP
measurement

Total DNA was isolated from 100,0000 cultured AML cells
using Hipure Tissue DNA Mini Kit (Magen) according to the
manufacturer’s instructions. Mitochondrial DNA was
analyzed by quantitative PCR (Table S1). The cellular ATP
level was detected using the Enhanced ATP Assay Kit
(Beyotime) according to the manufacturer’s instructions.

Quantitative RT-PCR and ChIP-PCR

The quantitative RT-PCR was performed as described pre-
viously.20 Briefly, total RNA was isolated using the Total RNA
Isolation Kit (Thermo Fisher) according to the manufac-
turer’s instructions. cDNA was reverse-transcribed using
PrimeScript RT reagent Kit (Takara) and subjected to real-
time PCR with SYBR Green Supermix (Bio-Rad) in an iCycler
iQ Real Time PCR Detection System (Bio-rad). All primers
are listed in Table S1. All samples were run in triplicate.
GAPDH was used as an internal control for mRNA.
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ChIP assays were performed using EZ-ChIP Chromatin
Immunoprecipitation Kit (Milipore). In brief, the cells were
fixed with 1% formaldehyde for 10 min, and the fixation re-
action was quenched with glycine to a final concentration of
125 mM. The cells were lysed and sonicated until the desired
lengths were achieved (100e500 bp). Then, 5 mg of anti-
FOXO3A (#12829, Cell Signaling Technology) or control IgG
were used for immunoprecipitation. After the elution of DNA
from precipitated immunocomplexes, quantitative real-
time PCR was performed with specific primers (Table S1).

Western blot and immunoprecipitation assay

For Western blot, AML cells were extracted in RIPA lysis
buffer (Beyotime). Protein extracts were separated by SDS-
PAGE. The antibodies used in this study were against the
following: FOXO3A (1:1000; #12819; Cell Signaling Technol-
ogy), p-mTOR (1:500; 610,301; BioLegend), mTOR (1:500;
20657-1-AP; Proteintech), mTOR (1:2500; 66888-1-Ig; Pro-
teintech); S6 (1:1000; AF0258; Beyotime), p-S6 (1:1000;
AF5899; Beyotime), JNK1/2/3 (1:1000; AF1048; Beyotime),
p-JNK1/2/3 (1:1000; AF1762; Beyotime), C-JUN (1:1000;
AF1612; Beyotime), p-C-JUN (1:1000; AF5779; Beyotime),
GNG7 (1:1000; A62678-020; EpiGentek), andTubulin (1:1000;
AF0001; Beyotime). Immunoprecipitates were analyzed by
Western blot according to standard procedures.

Duolink proximity ligation assay

Duolink proximity ligation assay (PLA) was performed using
Duolink In Situ Red Starter Kit (Sigma-Aldrich) according to
the manufacturer’s instructions. Briefly, U-937 cells were
plated onto poly-lysine-coated coverslips and then fixed in
4% paraformaldehyde for 20 min. Cells were then per-
meabilized in Triton X-100 (0.1%) for 5 min and blocked in
BSA (5%) for 1 h. After blocking, cells were incubated with
primary antibodies (anti-mTOR and anti-GNG7) at 4 �C
overnight. PLA probes were then added, followed by hy-
bridization, ligation, and amplification. Finally, cells were
incubated with the detection solution and visualized by
fluorescence microscopy.

Luciferase reporter assay

The human GNG7 promoter genomic region was amplified
by PCR (Table S1) and then cloned into a pGL3-basic lucif-
erase report vector. The mutant-binding sites were gener-
ated by site-directed mutagenesis (Table S1). The
luciferase report vectors combined with the phRL-SV40
vector (an internal control) were transfected into 293T cells
via polyetherimide, combined with either pLV-puro or pLV-
FOXO3A. The luciferase activity was detected using the
Dual Luciferase Report Gene Assay Kit (Beyotime) according
to the manufacturer’s instructions.

RNA-seq and cleavage under targets and
tagmentation (CUT&Tag)

Total RNA samples were extracted from U-937 cells upon
FOXO3A knockout. RNA-seq was performed by LianChuan
Science (Hangzhou, China) and the libraries were
sequenced by the Illumina HiSeq 2000 platform as 150-bp
pair-ended reads. RNA-seq data were analyzed according to
previous work.21 The CUT&Tag assay and data processing
were conducted as described previously.21 Here, a total of
100,000 leukemia cells were harvested and the antibody
against FOXO3A (#12829, Cell Signaling Technology) was
used to detect the target DNA of FOXO3A.

Structure-based virtual screening of FOXO3A
inhibitors

Briefly, the crystal structure of FOXO3A (PDB ID: 2UZK) was
obtained from the RCSB protein data bank (http://www.
rcsb.org/). Prior to virtual screening, a total of 2356 and
17,580 compounds from the L1000 and L6020 databases
were filtered by pan-assay interference structures
(PAINS).22 Structure-based in silico screening of FOXO3A
inhibitors was performed using Glide in Schrödinger soft-
ware.23 Residues in the crystal structure were defined as
the binding site at which the docking grids were created.
Two stages of virtual screening (SP: standard-precision
mode; and XP: extra-precision mode) with increasing ac-
curacy and computational cost was carried out. At each
stage, only the top 10% scoring compounds were selected to
advance to the next stage. FOXO3A ligand was docked and
scored using the Glide SP mode and the best pose of the
FOXO3A ligand was chosen using the Glide Score. The
binding interaction model of the ligand with human FOXO3A
was analyzed using Pymol. After the extra-precision
screening, the structures and binding interaction modes of
the retained compounds were analyzed and the final 5
compounds (TargetMol) were purchased for bioassay.

Statistics

All statistical analysis was performed using GraphPad
Prism 8 software (GraphPad Software). Comparisons be-
tween groups were analyzed using a two-tailed Student’s
t-test or one-way ANOVA followed by Dunn’s post hoc test.
Survival analysis was performed using the Kaplan-Meier
method with a log-rank (Mantel-Cox) comparison of sur-
vival curves. All data were expressed as mean � standard
deviation (SD). P-values <0.05 were considered statisti-
cally significant.

Results

FOXO3A deficiency induces myeloid maturation
and apoptosis of AML cells

Highly FOXO3A expression has been revealed as an adverse
prognostic factor in AML,10,11 here we studied an AML pa-
tient cohort (TCGA) and found that elevated expression of
FOXO3A correlated with overall shorter survival of AML
patients (Fig. 1A). FOXOs have been found active in murine
AML cells9; to determine the roles of FOXO3A in human AML
cells, we further utilized the published single-cell RNA
sequencing (RNA-seq) data based on 5 healthy donors and
16 AML patients.24 We found that primitive AML cells (HSC-
like, GMP-like, and ProMono-like malignant cells) showed
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Figure 1 FOXO3A is essential for the maintenance of leukemia cells. (A) Kaplan-Meier plots of overall survival in the TCGA cohort
for AML patients stratified based on FOXO3A expression above (FOXO3Ahigh) or below (FOXO3Alow) the median. (B) Single-cell RNA-
seq data showing FOXO3A expression in healthy donor- and AML patient-derived BM cells. Each dot represents one cell. HSC,
hematopoietic stem cell; Prog, progenitor; GMP, granulocyte-macrophage progenitor; Promono, promonocyte; Mono, monocyte.
Data were from GSE116256. (CeE) Growth curves of leukemia cells after transduction with indicated lentivirus (n Z 4). (F, G) Flow
cytometry analysis of apoptosis in leukemia cells using Annexin V/PI staining. The histograms indicate the percentages of Annexin
Vþ cells (n Z 3e4). (H) Flow cytometry analysis of CD11b intensity in leukemia cells (n Z 3). (I) Representative volcano of up-
regulated genes or down-regulated genes by 2-fold or more in U-937 cells transduced with indicated lentivirus (n Z 3). (J) KEGG
pathway analysis of the differentially expressed genes in FOXO3A-deficient leukemia cells. (K) Heatmap of expression of indicated
cell-cycle related genes (n Z 3). Data were from RNA-seq. (L) GSEA plot showing enrichment of gene sets (apoptosis) in FOXO3A-
deficient leukemia cells. Data were from RNA-seq. (M) Representative heatmap of genome-wide FOXO3A CUT&Tag signal around
genes in U-937 cells. TSS, transcription start site; TES, transcription end site. (N) Average diagram of genome-wide FOXO3A
CUT&Tag peaks at TSS and TES regions (�3000 bp). (O) Integrative analysis to identify transcriptome-wide potential targets of
FOXO3A in leukemia cells. DEGs indicate genes with significantly increased or decreased expression upon FOXO3A depletion (FPKM
>1, fold change >2). CUT&Tag indicates genes with significant enrichment in FOXO3A binding (reads per kilobase per million >1).
Red indicates potential positive targets of FOXO3A and blue indicates potential negative targets of FOXO3A. (P) Colony-forming
assay of control and FOXO3A-deficient leukemia cells with or without knockdown of CDKN2D. The number of colonies was counted
at 6e7 days after plating 5000 leukemia cells (n Z 3). Error bars represent mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001; n. s., no
significance; one-way ANOVA.
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higher expression of FOXO3A than their counterparts from
the healthy donors (Fig. 1B). To determine the impact of
FOXO3A deficiency on AML cells, we generated knockout
(KO) cells of FOXO3A using two independent small guide
RNAs (sgRNAs) (Fig. S1A). We found that FOXO3A depletion
substantially inhibited the growth of AML cell lines with
MLL-AF9 translocations (THP-1 and HL-60), as well as an
AML cell line that does not carry MLL translocations (U-937)
(Fig. 1CeE). Annexin V and PI staining showed that FOXO3A
deficiency induced the apoptosis of AML cells (Fig. 1F, G).
Moreover, the expression of the myeloid maturation marker
(CD11b) was higher on FOXO3A-deficient cells (Fig. 1H),
suggesting that FOXO3A inhibited myeloid differentiation.
FOXO3A sustains the proliferation of AML cells
partially via CDKN2D

As a transcription factor, FOXO3A regulating gene expression
shows cell-type dependence7 and the exact targets of
FOXO3A in AML cells remain unclear. To explore the under-
lying molecular mechanisms of FOXO3A-regulated AML cell
function, we performed RNA-seq analysis and found that 327
genes in FOXO3A-deficient U-937 cells were considerably up-
regulated comparedwith control cells, while 202 genes were
significantly down-regulated (>2-fold change; P < 0.01;
Fig. 1I). The major signaling pathways enriched with the
differentially expressed genes including hematopoietic cell
lineage, Wnt signaling, mTOR signaling, FOXO signaling,
apoptosis, NOTCH signaling, and cell cycle (Fig. 1J). Specif-
ically, several genes encoding cyclin-dependent kinase in-
hibitors showed elevated expression, including CDKN2A,
CDKN2B, and CDKN2D. In contrast, multiple genes encoding
cyclins or cyclin-dependent kinases showed decreased
expression, including CCNB1, CCNB2, CCNB3, and CDK2
(Fig. 1K), suggesting that FOXO3A deficiency inhibited cell
cycling of AML cells at the molecular level. Gene set
enrichment analysis (GSEA) of the RNA-seq data further
revealed that the set of genes up-regulated in FOXO3A-
deficient cells showed enrichment for apoptosis and cyto-
kine receptor interaction, while the set of genes down-
regulated showed enrichment for NOTCH signaling and Wnt
beta-catenin signaling (Fig. 1L; Fig. S1BeD).

To search the direct targets of FOXO3A, we profiled the
genome-wide FOXO3A binding site utilizing FOXO3A cleav-
age under targets and tagmentation (CUT&Tag) strategy
with U-937 cells. The CUT&Tag data based on FOXO3A-
deficient cells showed no obvious peaks (Fig. S1E, F), while
the data based on control cells showed that FOXO3A mainly
bound to transcription start site (TSS) regions of the genes
(Fig. 1M, N), confirming the specially and transcriptionally
regulatory roles of FOXO3A in AML cells. Through integra-
tive analysis of RNA-seq and CUT&Tag data, we identified
38 genes directly regulated by FOXO3A, including genes up-
regulated by FOXO3A (e.g., DNTT, NOTCH3, and GNG7) and
genes down-regulated by FOXO3A (e.g., CDKN2D, ZNF254,
and GPR18) (Fig. 1O and Table S2). To substantiate these
data, we conducted a chromatin immunoprecipitation PCR
assay (ChIP-PCR) and demonstrated the occupancy of
FOXO3A at promoter regions of NOTCH3, CDKN2D, CD70,
and DNTT (Fig. S1G). Moreover, the quantitative RT-PCR
(qRT-PCR) data verified the change in gene expression
observed in RNA-seq data (Fig. S1H). Consistently, we found
evident binding peaks of FOXO3A at TSS or TES of these
targets, associated with the changed abundance of RNA-seq
peaks (Fig. S1I). NOTCH3 has been demonstrated to pro-
mote AML transformation and progression,25 while CDKN2D
is a well-known growth repressor in leukemia.26 To deter-
mine whether FOXO3A preserved AML cell expansion by
inhibiting the expression of CDKN2D, we knocked down the
expression of CDKN2D using two independent short hairpin
RNAs (shRNAs). We observed that the knockdown of CDKN2D
partially restored the colony-forming capacity of FOXO3A-
deficient cells (Fig. 1P), suggesting that FOXO3A sustained
AML cell expansion partially via inhibiting the expression of
CDKN2D.
mTOR activity is elevated in AML cells with FOXO3A
depletion

It has been revealed that FOXO3A deficiency inversely ac-
tivates JNK/c-JUN signaling that weakens the cytotoxic
effect of FOXO3A depletion on AML cells,9 suggesting the
phenomenon of adaptive resistance of AML cells to FOXO3A
inhibition. Here, we found that the set of up-regulated
genes showed enrichment for up-regulated gene set
encoding products correlated with PI3K- Akt and mTORC1
(mTOR complex 1) pathways (Fig. 1I, 2A). It has been
revealed that mTOR is hyperactivated in approximately 60%
of AML patients and mTOR is essential for the proliferation
and survival of leukemia cells.27,28 To further explore the
response of mTOR signaling to FOXO3A inhibition, we used
phospho-flow analysis and observed an elevated level of
phospho-mTOR (p-mTOR) in FOXO3A-deficient cells
compared with their counterparts, as well as for the p-S6
intensity in FOXO3A-deficient cells, a well-known down-
stream protein of mTOR by phosphorylation (Fig. 2BeD).
Moreover, the Western blot results confirmed that FOXO3A
deficiency elevated the level of p-mTOR and p-S6 (Fig. 2E).
Consistent with previous findings,9 we also found that loss
of FOXO3A resulted in substantially increased protein levels
of p-JNK, p-C-JUN, and total C-Jun (Fig. 2E). The mTOR
signaling governs cell mitochondrial metabolism that pro-
duces energy for cells and affects multiple signaling,
eventually playing a vital role in the growth and maturation
of leukemia cells.27 To acquire further insight into the
mitochondrial metabolism of AML cells after FOXO3A
deletion, we analyzed the mitochondrial count in AML cell
lines using mitochondrial DNA measurement. We observed
increased mitochondrial mass in FOXO3A-deficient cells
compared with control cells, as well as increased ATP
production (Fig. S2A, B). To further strengthen the above
results, we utilized DCFH-DA to detect ROS produced by
mitochondrial metabolism and observed elevated ROS
levels in FOXO3A-deficient cells (Fig. S2C), suggesting that
FOXO3A deficiency elevated mitochondrial metabolism.

To determine whether the increased mTOR activity
contributed to the increased mitochondrial metabolism, we
administrated rapamycin treatment to inhibit mTOR activ-
ity. Notably, the increased mitochondrial mass and ATP
production in FOXO3A-deficient cells were considerably
abolished by rapamycin treatment (Fig. S2D, E). The JNK/C-
JUN signaling is critical for the survival of AML cells,9,29 and



Figure 2 FOXO3A deficiency activates mTOR signaling. (A) GSEA plot showing enrichment of gene sets in FOXO3A-deficient
leukemia cells. Data were from RNA-seq. (BeD) Flow cytometry analysis of p-mTOR and p-S6 in leukemia cells transduced with the
indicated lentivirus. The histograms indicate the mean fluorescence intensity (MFI) analysis of p-mTOR and p-S6 (n Z 3e4). (E)
Western blot of indicated proteins in lysates prepared from leukemia cells (n Z 3). (FeH) In vitro cell viability assay of leukemia
cells using CCK8, with the treatment of different doses of rapamycin for 48 h (n Z 3). (IeL) Flow cytometry analysis of apoptosis in
leukemia cells using Annexin V/PI staining, with the treatment of rapamycin (100 nM) or SP600125 (5 mM) for 48 h. The histograms
indicate the percentages of Annexin Vþ cells (n Z 3e5). (M) Representative images of Wright-Giemsa staining of U-937 cells with
indicated drug treatment. Scale bar Z 10 mm. Error bars represent mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001; n. s., no
significance; one-way ANOVA.
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it has been demonstrated that ROS generated by mito-
chondrial metabolism induces activation of JNK/C-JUN
signaling.30,31 Thus, we speculated that FOXO3A inhibition
induced activation of JNK/C-JUN via mTOR signaling. To
confirm the hypothesis, we treated FOXO3A-deficient cells
with rapamycin or a ROS scavenger N-acetyl-cysteine
(NAC). We observed an efficient decreased ROS level and
decreased protein levels of p-JNK and p-C-JUN in FOXO3A-
deficient cells with the addition of rapamycin or NAC (Fig.
S2F, G), indicating that FOXO3A depletion induced inverse
activation of JNK/C-JUN via the mTOR-ROS axis.

To test whether the elevated mTOR and JNK/C-JUN ac-
tivity antagonized the growth inhibition and apoptosis
mediated by FOXO3A depletion in AML cells, we treated
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AML cells with a series of doses of mTOR inhibitor (rapa-
mycin) or JNK inhibitor (SP600125). With the treatment of
rapamycin or SP600125, FOXO3A-deficient cells showed
more obvious growth arrestment compared with sgControl
cells (Fig. 2FeH; Fig. S3A, B), suggesting that inhibition of
mTOR or JNK enhanced the cytotoxic effect of FOXO3A
depletion on AML cells. To further explore the combinato-
rial effects, we performed a colony-forming assay and
found that FOXO3A-deficient cells with the treatment of
rapamycin gave rise to a minimum number of total colonies
(Fig. S3CeE). Moreover, the Annexin V and PI staining
showed that the addition of rapamycin or SP600125 both
induced significantly increased apoptosis in FOXO3A-defi-
cient cells compared with FOXO3A depletion alone, and
rapamycin treatment was superior to SP600125 addition
(Fig. 2IeL). To further strengthen these data, we per-
formed Wright-Giemsa staining and found that the addition
of rapamycin or SP600125 to FOXO3A-deficient U-937 cells
Figure 3 Combinatorial inhibition of mTOR and FOXO3A suppres
derived xenograft. After 10 days of transplantation, NOD/SCID mice
injection; three times a week), SP600125 (SP) (15 mg/kg, i. p. inje
SP600125) for three weeks. (B, C) Flow cytometry analysis of human
mice at the end of treatment. The histograms indicate the perce
weight analysis of recipient mice at the end of treatment (n Z 5). (
indicated treatment. (F) Experimental schematic for murine MLL-A
mice were treated with the vehicle, rapamycin (4 mg/kg, i. p. injec
three times a week), or a combination (rapamycin plus SP600125) fo
inhibitor treatment. (H) Spleen weight analysis of recipient mice at
mouse cohorts (nZ 6 each) with indicated treatment. Error bars re
ANOVA or Mantel-Cox test.
resulted in morphological change consistent with myeloid
maturation and apoptosis (Fig. 2M). Together, these results
revealed that FOXO3A inhibition induced reactive activa-
tion of mTOR signaling, and combinatorial inhibition of
FOXO3A and mTOR was an effective approach to kill AML
cells.
Combinatorial inhibition of mTOR and FOXO3A
displays anti-AML efficacy in vivo

To further test the potential of combinatorial inhibition of
FOXO3A and mTOR in AML therapy, immunodeficient mice
(NOD/SCID) transplanted with U-937 AML cells were
treated with either rapamycin (4 mg/kg, i.p., three times a
week)32 or SP600125 (15 mg/kg, i.p., three times a
week),33 or vehicle for three weeks (Fig. 3A). Human CD45
(hCD45) detection showed that FOXO3A deficiency
ses AML in vivo. (A) Experimental schematic for AML cell line-
were treated with vehicle (Ve), rapamycin (Ra) (4 mg/kg, i. p.
ction; three times a week), or a combination (rapamycin plus
-CD45-positive leukemia cells in PB, spleen, and BM of recipient
ntages of hCD45þ leukemia cells in PB (n Z 5e7). (D) Spleen
E) Kaplan-Meier survival of the mouse cohorts (n Z 6 each) with
F9 leukemia model. After the second transplantation, recipient
tion; three times a week), SP600125 (15 mg/kg, i. p. injection;
r three weeks. (G) Spleen image of recipient mice at the end of
the end of treatment (n Z 5). (I) KaplaneMeier survival of the

present mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001; one-way
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attenuated engraftment of leukemia cells in peripheral
blood (PB) of mice, and the treatment of rapamycin or
SP600125 both resulted in a substantial reduction in leu-
kemia burden of mice (transplanted FOXO3A-deficient
cells) compared with their counterparts (Fig. 3B, C).
Moreover, the treatment of rapamycin resulted in the least
splenomegaly in mice (transplanted FOXO3A-deficient
cells) (Fig. 3D), as well as minimum hCD45þ infiltrates in
the spleen and bone marrow (BM) (Fig. 3C). Consistent with
the antileukemic activity of combinatorial inhibition of
FOXO3A and mTOR, mice that received rapamycin treat-
ment showed statistically longest survival (Fig. 3E), vali-
dating the combinatorial approach for treating AML by dual
inhibition of FOXO3A and mTOR. To test whether combi-
natorial inhibition of mTOR and FOXO3A suppressed murine
leukemogenesis, hematopoietic stem/progenitor cells
(HSPCs) from wild-type C57BL/6 J mice were transduced
with MLL-AF9-GFP retrovirus to generate AML mice. Next,
the sorted leukemia cells (GFPþ BM cells) from AML mice
were transduced with sgFoxO3a lentivirus to deplete
FoxO3a and then transplanted into lethally irradiated
recipient mice (Fig. 3F). Consistently, dual inhibition of
FoxO3a and mTOR resulted in relieved splenomegaly, along
with decreased spleen weight (Fig. 3G, H). Moreover, this
combinatory approach substantially diminished the per-
centage of leukemia cells (GFPþ) in PB, spleen, and BM in
recipient mice (Fig. S3F). Recipient mice of MLL-AF9-
transduced FoxO3a-deficient HSPCs developed and died of
AML significantly slower than recipients of MLL-AF9-trans-
duced wild-type HSPCs (Fig. 3I), while rapamycin or
SP600125 treatment further prolonged the survival of AML
recipients (Fig. 3I). Thus, these data demonstrated that
combinatory inhibition of FOXO3A and mTOR efficiently
delayed AML progression in vivo.
FOXO3A inversely inhibits mTOR via its
transcriptional target GNG7

To further explore the underlying molecular mechanisms of
FOXO3A regulating mTOR activity, we analyzed the
expression of mTOR upon FOXO3A depletion in AML cells.
The mRNA and protein levels of mTOR were comparable in
sgControl and sgFOXO3A cells (Fig. S4A; Fig. 2E), suggesting
that FOXO3A regulated the phosphorylation of mTOR,
rather than the expression of total mTOR. It has been
revealed that the regulators of mTOR, tuberous sclerosis
complex proteins 1 (TSC1), Sestrin3, and Rictor are tran-
scriptional targets of FOXOs34,35; however, the expression
of the above-mentioned genes in FOXO3A-deficient cells
showed no obvious change (Fig. S4B). Next, we screened
the mediator of FOXO3A regulating mTOR activity via
integrative analysis of differentiated genes (data from RNA-
seq) and the upstream regulators of mTOR (e.g., small
GTPases, kinases, G-protein-coupled receptors, growth
factors)36 (Fig. 4A). Importantly, we identified a novel
modulator, the G protein gamma subunit 7 (GNG7) (Fig. 1O,
4A), which is a subunit of heterotrimeric G protein and
ubiquitously expressed in multiple cells but is down-regu-
lated in various cancers.37,38 G proteins interact with mul-
tiple effector molecules such as phospholipase and G
protein-coupled receptor kinases (GRK) for downstream
signal transduction.39,40 It has been revealed that GNG7 is
associated with mTOR activity, but the underlying mecha-
nisms remain largely unknown.41e43 Here, we found an
interaction between GNG7 and mTOR via the immunopre-
cipitation assay (Fig. 4B). We further confirmed a physical
interaction between GNG7 and mTOR via the in situ prox-
imity ligation assay (PLA) (Fig. 4C), implying that GNG7
affected mTOR activation via direct interaction. Indeed,
we knocked out GNG7 in AML cells via sgRNA and found that
loss of GNG7 substantially elevated the p-mTOR level, as
well as p-C-JUN and total C-JUN levels (Fig. 4D). The
phosphor-flow analysis showed an elevated level of p-mTOR
in GNG7-deficient cells compared with their counterparts
(Fig. 4E), demonstrating that GNG7 inhibited phosphory-
lated activation of mTOR.

Further, we found that loss of FOXO3A decreased the
expression of GNG7 mRNA and protein (Fig. 4F, G), implying
that GNG7 was a potential mediator of FOXO3A regulating
mTOR activity. To determine whether GNG7 was a direct
transcriptional target of FOXO3A, we analyzed the CUT&-
Tag data and found obvious FOXO3A-CUT&Tag peaks at the
promoter regions of GNG7 (Fig. 4H), implying a regulatory
effect of FOXO3A on GNG7 transcription. Next, we searched
for the consensus FOXO3A-binding site (GTAAACAA) in the
proximal promoter regions of GNG7 and found four poten-
tial binding sites (Fig. 4I). The ChIP assay revealed the
direct binding of FOXO3A to site 3 at promoter regions of
GNG7 (Fig. 4J). The luciferase activity of a construct con-
taining the wild-type-binding site showed apparent in-
creases in FOXO3A expression, but the construct with a
mutant binding site did not (Fig. 4K, L), indicating that
FOXO3A directly bound to the promoter regions and
induced expression of GNG7. To further determine whether
the decreased GNG7 level contributed to the reactive
activation of mTOR in FOXO3A-deficient cells, we admin-
istered lentivirus transduction to induce GNG7 over-
expression in FOXO3A-deficient cells. GNG7 overexpression
efficiently restricted activation of mTOR and C-JUN induced
by FOXO3A depletion (Fig. 4M), suggesting a FOXO3A-GNG7-
mTOR regulatory axis. Moreover, restoring the expression of
GNG7 in FOXO3A-deficient cells enhanced the inhibitory
effect of FOXO3A depletion on the colony-forming capacity
of AML cells (Fig. 4N). Taken together, these data suggested
that FOXO3A inversely inhibited mTOR via its transcrip-
tional target GNG7.
Structure-based virtual screening and validation
assays identify Gardenoside as a potential FOXO3A
inhibitor

To identify potential FOXO3A inhibitors, we conducted a
FOXO3A DNA-binding domain (DBD) structure-based virtual
screening of the compounds from the Approved Drug Li-
brary (L1000) and the Selected Natural Compound Library
(L6020) (Fig. 5A, B). The three-dimensional structure of
FOXO3A DBD was obtained from RCSB Protein Data Bank
(PDB id 2UZK).44,45 The helix 3 subunit of FOXO3A DBD is
essential for DNA recognition and binding.45 We obtained
the top 5 candidate compounds that showed the highest
scores based on their docking to FOXO3A’s helix 3 pockets
(Fig. 5B, C). The docking models suggested that the five



Figure 4 FOXO3A inversely inhibits mTOR via its transcriptional target GNG7. (A) Integrative analysis to identify targets of
FOXO3A regulating mTOR activity in leukemia cells. DEGs indicate genes with significantly increased or decreased expression upon
FOXO3A depletion. mTOR regulators indicated genes reported to function as upstream regulators of mTOR. (B) Western blot of
proteins immunoprecipitated from cell lysates of U-937 cells (n Z 3). WCL, whole-cell lysates. (C) In situ ligation assay to detect
GNG7/mTOR interaction in U-937 cells. As a negative control, proximity ligation was performed using an anti-GNG7 antibody and
IgG. Nuclei were visualized using DAPI staining. Scale bar Z 10 mm. (D) Western blot of indicated proteins in lysates prepared from
leukemia cells transduced with indicated lentivirus (n Z 3) (E) Flow cytometry analysis of p-mTOR in leukemia cells. The histo-
grams indicate the MFI analysis of p-mTOR (n Z 3e4). (F) Relative mRNA expression of GNG7 in leukemia cells (n Z 4). (G) Western
blot of GNG7 protein in lysates prepared from leukemia cells (n Z 3). (H) FOXO3A CUT&Tag peaks around the GNG7 gene loci. (I)
The predicated FOXO3A-binding sites (black) in the upstream promoter regions of the human GNG7 gene. (J) Quantitative ChIP-PCR
was utilized to detect the binding of FOXO3A at the promoter regions of GNG7 in leukemia cells (n Z 4). IgG served as a negative
control. Enrichment relative to the input is shown. (K) Schematic for wild-type and mutant GNG7 promoter-luciferase constructs.
(L) Luciferase activity analysis in 293T cells transfected with a luciferase-reported vector (PGL3) with the wild-type or mutant
promoter of GNG7, as well as pLV and pLV-FOXO3A constructs (n Z 5). (M) Western blot of indicated proteins in lysates prepared
from control and FOXO3A-deficient cells (THP-1) with or without overexpression (OV) of GNG7 (n Z 3). (N) Colony-forming assay of
control and FOXO3A-deficient leukemia cells with or without overexpression of GNG7, the number of colonies was counted at 6e7
days after plating 5000 leukemia cells (n Z 3). Error bars represent mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001; n. s., no
significance; Student’s t-test or one-way ANOVA.
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inhibitors bound tightly to FOXO3A protein and blocked its
helix 3 pockets (Fig. 5D). We then assessed the effect of
these compounds on FOXO3A inhibition and identified three
compounds (STOCK1N-05715, STOCK1N-50932, and Gar-
denoside) that displayed significant effects on the expres-
sion of FOXO3A’s target (GNG7 or CDKN2D) (Fig. 5E).
Through the luciferase reported assay, we discovered that
Gardenoside inhibited FOXO3A binding DNA with a half-
maximal inhibitory concentration (IC50) of 7.1 mM, which
was superior to STOCK1N-05715 and STOCK1N-50932
(Fig. 5F). Gardenoside is a natural compound extracted
from the fruits of Gardenia and shows hepatoprotective
potential.46 We found that Gardenoside interacted with the
helix 3 subunits by forming hydrogen bonds with DCB10,



Figure 5 Identification of FOXO3A inhibitors through structure-based virtual screening. (A) Pyramid flowchart to identify FOXO3A
from the Approved Drug Library (L1000) and the Selected Natural Compound Library (L6020). (B) Docking models were developed
based on the crystal structure of the FOXO3A DNA-binding domain (DBD). The red round indicates helix 3 pockets. (C) The two-
dimensional structure of the top 5 candidate compounds. (D) Binding model of top 5 candidate compounds in FOXO3A helix 3
pockets. (E) Relative mRNA expression of GNG7 and CDKN2D in U-937 cells with the treatment of the vehicle or indicated molecules
(5 mM) for 24 h. (F) Inhibition of 3 candidate compounds on FOXO3A DNA binding in vitro using luciferase activity analysis. 293T cells
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DAB9, DCA8, Lys207, and Asn208 (Fig. S4C). To further
confirm the inhibitory effect of Gardenoside on FOXO3A
DNA binding, we conduct CUT&Tag analysis and found that
FOXO3A depletion and Gardenoside treatment both led to
rare FOXO3A-binding peaks (Fig. 5G, H), while Gardenoside
treatment had no considerable effect on the abundance of
FOXO3A protein (Fig. S4D). Moreover, the ChIP-PCR assay
revealed that the Gardenoside treatment substantially
impeded FOXO3A binding to the promoter regions of its
targets (NOTCH3, CDKN2D, CD70, and DNTT ) (Fig. 5I;
Fig. S1G). Consistently, Gardenoside treatment induced the
altered expression of genes in AML cells, like the change in
FOXO3A-deficient cells (Fig. 5J; Fig. S1H). Moreover, Gar-
denoside treatment also resulted in the decreased expres-
sion of GNG7 and subsequently induced reactive activation
of mTOR in AML cells (Fig. 5E, K, L). Altogether, our data
revealed that Gardenoside was a potential inhibitor of
FOXO3A, and Gardenoside treatment could impair the
transcriptionally regulatory function of FOX3A. Neverthe-
less, whether Gardenoside affected other targets requires
further exploration.
Gardenoside combined with rapamycin delays AML
progression in vivo

To assess the therapeutic potential of Gardenoside in AML,
we treated AML cells with a series of doses of Gardenoside,
we found that Gardenoside treatment inhibited the
expansion of AML cells (Fig. 6AeC). With the treatment of
rapamycin, Gardenoside-treated cells showed more obvious
growth arrest compared with their counterparts
(Fig. 6AeC), suggesting that inhibition of mTOR enhanced
the cytotoxic effect of Gardenoside. To further explore the
combinatorial effects, we performed a colony-forming
assay and found that the combinatorial treatment of Gar-
denoside and rapamycin gave rise to a minimum number of
total colonies of AML cells (Fig. 6D). Moreover, the Annexin
V and PI staining showed that the dual addition of Gar-
denoside and rapamycin resulted in significantly increased
apoptosis in AML cells compared with single-agent treat-
ment (Fig. S4EeG), suggesting the combinatorial toxicity.
To further assess the therapeutic potential of Gardenoside
in inhibiting human primary AML cells, leukemia cells from
three AML patients were treated with Gardenoside and
rapamycin. Gardenoside and rapamycin both suppressed
the proliferation of all three sets of primary AML cells
(Fig. 6E). Notably, the combinatorial of Gardenoside and
rapamycin led to a severely decreased cell growth
compared with single-agent treatment (Fig. 6E). Moreover,
Gardenoside combined with rapamycin resulted in
were transfected with a luciferase-reported vector (PGL3) with th
Representative heatmap of genome-wide FOXO3A CUT&Tag signal a
or without treatment of Gardenoside (5 mM). TSS, transcription s
genome-wide FOXO3A CUT&Tag peaks at TSS and TES regions (�3
binding of FOXO3A at the promoter regions of indicated genes in U-
relative to the input is shown. (J) Relative mRNA expression of in
Gardenoside (5 mM) for 48 h (n Z 3). (K, L) Flow cytometry analy
analysis of p-mTOR (n Z 3e4). Error bars represent mean � SD. *P <

t test or one-way ANOVA.
markedly reduced sizes of colonies from patient leukemia
cells (Fig. 6F), suggesting that the leukemia malignancy of
combinatorial-treated AML cells was substantially
impaired.

To evaluate the therapeutic efficacy of the combinato-
rial approach in vivo, we transplanted primary AML cells
into sub-lethally irradiated NOD/SCID mice, generating a
patient-derived xeno-transplantation (PDX) AML mouse
model. The recipient mice were treated with Gardenoside
(15 mg/kg, i. p, three times/week) or rapamycin (4 mg/kg,
i. p, three times/week), or vehicle for three weeks
(Fig. 6G). Flow cytometry analysis of engrafted AML cells in
recipient mice by hCD45 staining revealed a considerably
decreased proportion of AML blast in PB upon Gardenoside
or rapamycin treatment, and the combination treatment
showed the best efficiency (Fig. 6H, I). Recipient mice
treated with Gardenoside or rapamycin had a longer me-
dian survival (66.5 and 63 days, respectively); overall, mice
receiving combination treatment had a statistically longer
survival (88 days) (Fig. 6J). To determine the safety of the
combinatory approach for in vivo treatment, we examined
the toxic effects of the combinatorial use of Gardenoside
and rapamycin on C57BL/6 J mice over 4 weeks (Fig. 6K).
We observed no evidence of body weight loss (Fig. 6L) nor
any physical damage on multiple organs (Fig. 6M). We found
that the total number of BM cells, hematopoietic progenitor
cells (HPC), and Lin�Sca-1þc-Kitþ (LSK) cells showed
negligible change with or without inhibitor treatment
(Fig. 6NeP). The frequency and the total number of he-
matopoietic stem cells (HSC) (CD34�LSK) also exhibited
slight change, but the total number of long-term HSC
(CD48�CD150þLSK, named SLAM HSC) was decreased in the
inhibitor-treated mice compared with their counterparts
(Fig. 6Q, R). Taken together, our data indicated that Gar-
denoside combined with rapamycin partially repressed he-
matopoiesis, but efficiently delayed AML progression and
improved survival in vivo.
Discussion

It has been revealed that FOXO3A has crucial roles in he-
matopoiesis and leukemogenesis, and loss of FOXO3A in-
duces apoptosis and myeloid maturation of AML cells.8,9

Here, we further uncovered the underlying molecular
mechanisms of FOXO3A preserving AML cells, as well as the
unrecognized molecular reactivation to FOXO3A inhibition.
We discovered that FOXO3A restricted the activation of
mTOR signaling by transcriptionally inducing the expression
of GNG7, which directly interacted with mTOR and inhibi-
ted the activation of its phosphorylation. Based on these
e wild-type promoter of GNG7 and pLV-FOXO3A constructs. (G)
round genes in control and FOXO3A-deficient cells (THP-1) with
tart site; TES, transcription end site. (H) Average diagram of
000 bp). (I) Quantitative ChIP-PCR was utilized to detect the
937 cells (n Z 4). IgG served as a negative control. Enrichment
dicated genes in U-937 cells with the treatment of vehicle or
sis of p-mTOR in U-937 cells. The histograms indicate the MFI
0.05, **P < 0.01, ***P < 0.001; n. s., no significance; Student’s



Figure 6 Gardenoside combined with rapamycin delays AML progression in vivo. (AeC) In vitro cell viability assay of leukemia cells
using CCK8, with the treatment of vehicle or rapamycin (100 nM), along with different doses of Gardenoside for 48 h (n Z 4). (D)
Colony-forming assay of leukemia cells with the treatment of indicated inhibitors (rapamycin, 100 nM; Gardenoside, 5 mM; combi-
nation, rapamycin plus Gardenoside). The number of colonies was counted at 6e7 days after plating 5000 leukemia cells (nZ 3). (E) In
vitro proliferation assay of BMprimary leukemia cells derived fromAMLpatients using CCK8,with the treatment of indicated inhibitors
for 48 h. (F) Representative images of colony-forming of BM leukemia cells derived from patient 3. Scale bar Z 100 mm. (G) Exper-
imental schematic for PDX. Patient 3-derived BM leukemia cells were transplanted into the NOD/SCID recipient mice. After 10 days of
transplantation, NOD/SCID mice were treated with vehicle, Gardenoside (15 mg/kg, i. p. injection; three times a week), rapamycin
(4 mg/kg, i. p. injection; three times a week), or a combination (Gardenoside plus rapamycin) for three weeks. (H, I) Flow cytometry
analysis of human-CD45-positive leukemia cells in PB of recipient mice at the end of inhibitor treatment. The histograms indicate the
percentages of hCD45þ leukemia cells in PB (n Z 5). (J) Kaplan-Meier survival of the mouse cohorts (n Z 5 each) with indicated
treatment. (K) Experimental schematic for the treatment of inhibitors. Wild-type C57BL/6 J were treated with vehicle, or Gar-
denoside (15 mg/kg, i. p. injection; three times a week) plus rapamycin (4 mg/kg, i. p. injection; three times a week) for 4 weeks. (L,
M) The weight of the body and organs of mice with indicated inhibitor treatment. The weight was recorded at the end of treatment
(nZ 5). (N)Count of total BM cells inmice at the end of treatment (nZ 5). (O, P)Count of HPC and LSK cells in BM ofmice at the end of
treatment (nZ 5). (Q) Flow cytometry analysis of HSC (CD34�LSK or CD48�CD150þLSK) in BM cells ofmice at the end of treatment. (R)
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findings, we demonstrated that the combinatorial inhibition
of FOXO3A and mTOR resulted in a synergistic cytotoxic
effect on AML cells and prolonged survival in a mouse model
of AML. Moreover, we identified that Gardenoside was a
potential FOXO3A inhibitor that exhibited anti-leukemia
activity, and the combinatorial use of Gardenoside and
rapamycin was a novel approach for AML intervention.

The intervention of AML largely relies on the under-
standing of molecular regulatory networks. Although several
genes including MLL, Myc, NOTCH, and b-catenin have been
uncovered to play critical roles in the expansion andmyeloid
differentiation of AML cells,2,47 the molecular networks
preserving AML cells remain largely unknown. Emerging ev-
idence shows that FOXO3A is also a vital gene in AML pro-
gression. Highly phosphorylated FOXO3A and high FOXO3A
expression are adverse prognostic factors in AML.10,11

FOXO3A is required to preserve the immature state of AML
cell lines and is essential for the progression of MLL-AF9-
induced leukemia.9 It has been revealed that the histone
methyltransferase MLL4 positively regulates FOXO3A-
dependent genes to inhibit myeloid maturation.12 The gene
expression array data showed about 78 dysregulated genes
upon FoxO1/3/4 deletion in murine LSK cells.9 Ectopic
FoxO3a expression reversed the expression of FoxOs-regu-
lated genes (e.g., TSC22d3, Tek, Myl10, Gdpd3, and Col1a2)
in MLL4-deficient MLL-AF9 leukemia cells.12 However,
whether the above-mentioned genes are direct targets of
FOXO3A is unknown (lacking ChIP and rescue evidence);
thus, how FOXO3A preserves AML cells remains obscure.
Here, we utilized RNA-seq, CUT&Tag-seq, and ChIP-PCR to
uncover multiple direct targets of FOXO3A, including
NOTCH3, CDKN2D, DNTT, CD70, and GNG7. Our data showed
that FOXO3A promoted the transcription of NOTCH3, which
has been demonstrated to promote AML transformation and
progression.25 In contrast, we found that FOXO3A directly
inhibited the transcription of CDKN2D, which is a well-known
inhibitor for cell cycling via inducing G0/G1 phase arrest.48 It
has been revealed that CDKN2D suppresses the expansion of
acute promyelocytic leukemia cells26; here, we demon-
strated that the knockdown of CDKN2D substantially
restored the colony-forming capacity of FOXO3A-deficient
cells. Thus, through the molecular and functional experi-
ments, we uncovered a unique context-dependent role of
FOXO3A in preserving AML cells via its multiple targets.

mTOR is an evolutionally conserved kinase and has been
found hyperactivated in AML patients.27,28,49 Inhibition of
mTOR (using rapamycin) suppresses expansion and induces
apoptosis of AML, acute lymphoblastic leukemia, and
chronic lymphocytic leukemia cells, indicating that leuke-
mia cells require activated mTOR signaling to preserve
proliferation and survival.28,49,50 However, hyperactivated
mTOR signaling drives leukemia stem cells (LSCs) to exit
quiescence and eventually impairs LSC self-renewal,51,52

suggesting the dual roles of mTOR in leukemia cells. mTOR
forms two independent multiprotein-containing complexes,
mTORC1, and mTORC2. mTORC2 can phosphorylate Akt,
and the activated Akt directly inhibits FOXO3A via phos-
phorylation.27,53 Inhibition of mTORC2 leads to a reactive
Count of CD34�LSK and SLAM HSC (CD48�CD150þLSK) in BM cells of
*P < 0.05, **P < 0.01, ***P < 0.001; n. s., no significance; Student’s
activation of FOXO3A in leukemia cells, which protects
leukemia cells from exhaustion.54 FOXO3A is also reported
to inhibit mTOR signaling via its transcriptional target TSC1
in hematopoietic FL5.12 cells,34 suggesting an interplay
between FOXO3A and mTOR signaling. Here, we discovered
that FOXO3A restricted the activation of mTOR by inducing
the expression of GNG7, which directly interacted with
mTOR and inhibited the phosphorylation of mTOR. It seems
that FOXO3A and mTOR mutually restrict each other, which
may result in limited cytotoxicity on leukemia cells by
single-target inhibition. Emerging evidence has demon-
strated that combinatorial inhibition is a promising strategy
for treating multiple cancers,13 such as dual inhibition of
KRAS and FGFR1 in lung cancer,55 combinatorial anti-GD2
and anti-CD47 in neuroblastoma,56 and synergistic inhibi-
tion of NOTCH and FLT3 in AML.25 Here, we demonstrated
that the combinatory inhibition of FOXO3A and mTOR effi-
ciently killed AML cells and delayed AML progression in
vivo, superior to single inhibition. However, whether there
are more effective drug combinations to treat AML requires
further screening.

Multiple transcription factors have been demonstrated to
play pivotal roles in tumorigenesis and targeting transcrip-
tion factors is a promising strategy for anticancer ther-
apy.2,47 Transcription factors have proved difficult to inhibit;
regardless, several inhibitors have been developed. For
instance, the small-molecule NSC59984 induces mutant p53
protein degradation via the ubiquitin-proteasome
pathway.57 The artepillin C disrupts the formation of the
CREB/CRTC2 transcriptional complex which is a key regu-
lator of hepatic gluconeogenesis.58 Siomycin A inhibits the
transcriptional activity of FOXOM1 and induces apoptosis of
AML cells.59 Through structure-based virtual screening, we
reported a potential inhibitor of FOXO3A, Gardenoside,
which is a natural compound extracted from the fruits of
Gardenia. Gardenoside showed a strong capacity to inhibit
FOXO3A DNA binding and impede the regulation of FOXO3A
on its targets, e.g., CDKN2D, NOTCH3, and GNG7, causing a
substantial biological impact on AML cells. It has been re-
ported that Gardenoside inhibits hepatocyte pyroptosis via
the CTCF/DPP4 signaling,60 as well as regulating the
expression of P2X3 and P2X7 receptors in rats.61 Although
Gardenoside combined with rapamycin efficiently delayed
AML progression and improved survival in vivo, it remains
unknown whether Gardenoside regulates other factors and
the target engagement of Gardenoside in leukemia cells re-
quires further deep exploration. Moreover, Gardenoside only
moderately inhibited the transcriptional activity of FOXO3A
with IC50 values of 7.1 mM. Thus, further studies are war-
ranted to optimize the FOXO3A inhibitors to improve their
bioavailability, inhibitory effect, and therapeutic efficacy.

Overall, our results provided mechanistic evidence for
the response of mTOR to FOXO3A inhibition in AML cells,
revealing that mTOR inhibition enhanced the cytotoxic ef-
fect of FOXO3A depletion on AML cells. Moreover, we
identified a potential FOXO3A inhibitor and demonstrated
that Gardenoside combined with an mTOR inhibitor may be
an effective therapeutic strategy for treating AML.
mice at the end of treatment. Error bars represent mean � SD.
t-test, one-way ANOVA, or Mantel-Cox test.
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