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1 | INTRODUCTION

The stromal niche plays a pivotal role in AML chemoresistance and energy metabolism
reprogramming is a hallmark of a tumor. 5’-Adenosine monophosphate-activated pro-
tein kinase (AMPK) is an important energy sensor suppressing mammalian target of
rapamycin complex 1 (nTORC1) activity. However, the role of AMPK-mTORC1 path-
way on connecting AML cell energy metabolism reprogramming and chemoresistance
induced by the bone marrow microenvironment (BMM) is not defined. Here, with a co-
culture system that simulates the interaction between BMM and AML cells, it is shown
that stromal contact led to a decreased sensitivity to chemotherapy accompanied by
an increase of oxidative phosphorylation (OXPHOS) activity and mitochondrial ATP
synthesis in AML cells. The increased OXPHOS activity and excessive ATP production
promoted chemoresistance of AML cells through inhibiting AMPK activity and in turn
activating mTORC1 activity. In an in vivo AML mouse model, depletion of AMPK activ-
ity with genetic targeting promoted AML progression and reduced their sensitivity to
chemotherapeutic drugs. Collectively, AML cells’ acquired increased OXPHOS activity
as well as AMPK inhibition could be therapeutically exploited in an effort to overcome
BMM-mediated chemoresistance.
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ultimately relapse despite achieving remission.>* The existence of

chemotherapy-resistant AML clones in the bone marrow (BM) is a

Acute myeloid leukemia (AML) is a malignant disorder characterized by
clonal expansion of abnormally differentiated myeloid lineage cells.>2
The long-term survival of AML patients is still poor as most patients

Abbreviations: 4E-BP1, eukaryotic initiation factor 4E-binding proteins 1; AICAR,
5-aminoimidazole-4-carboxamide ribonucleotide; AML, acute myeloid leukemia; AMPK,
5’-adenosine monophosphate-activated protein kinase; Ara-C, cytarabine; BMM, bone
marrow microenvironment; DNR, daunorubicin; mTORC1, mammalian target of rapamycin
complex 1; NC, negative control; OE, overexpression; OXPHOS, oxidative phosphorylation;
p70S6K, ribosomal protein kinase S6; WT, wild-type

major source of disease recurrence.>® Stromal cells in the bone mar-
row microenvironment (BMM) have been reported to play key roles in
promoting chemoresistance of the leukemia cells.”~19 However, how
bone marrow stromal cells (BMSCs) induced AML chemoresistance
remains unclear.

Energy metabolism reprogramming is an emerging hallmark of

tumor cells.’>12 The discovery of the Warburg effect has drawn
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increasing attention to the role of aerobic glycolysis in cancer cells.?
However, in recent years, the analysis of particularly aggressive and
drug-resistant cancers has demonstrated that the survival of tumor
cells strongly depended on oxidative phosphorylation (OXPHQS),
rather than glycolysis.'* Previous studies have suggested that
chemo-resistant AML cells exhibited high OXPHOS activities,*> and
relied on OXPHOS for survival, and that blocking OXPHOS increased
AML cells chemosensitivity. 16

The main function of mitochondrial OXPHOS is to produce ATP to
provide energy in a cell. AMPK is allosterically activated by phospho-
rylation at a threonine site 172 (T172) within a subunit to respond to
increased AMP/ATP ratio 1718 and negatively controls the protein syn-
thesis and cell growth by restraining the activity of Mammalian target
of rapamycin complex 1 (nTORC1).1? mTORC1 promotes protein syn-
thesis, cell growth, and survival by phosphorylating eukaryotic initia-
tion factor 4E-binding proteins (4E-BPs) and ribosomal protein kinase
S6 (p70S6K). Upon phosphorylation by mTORC1, 4E-BP1 releases
eukaryotic translation initiation factor 4E (elF4E) and enhances 5’cap-
dependent translation of mMRNAs. This results in the increased transla-
tion of pro-survival proteins such as c-Myc, which ultimately promotes
the survival of tumor cells.1?-22 The activation of AMPK was reported
to promote tumor cells apoptosis by inhibiting mTORC1,2324 while
mTORC1 pathways have been reported to be involved in the devel-
opment of AML.2> But it is unknown how the AMPK-mTORC1 path-
way in AML is regulated by intrinsic and extrinsic signals. We sought to
identify AMPK-mTORC1 pathways connecting BMM, AML cell energy
metabolism reprogramming, and chemoresistance.

In this study, we sought to identify novel molecular pathways con-
necting AML cell energy metabolism reprogramming to chemoresis-
tance induced by BMM. We found that stromal contact rendered
AML cells higher OXPHOS activity and more mitochondrial ATP syn-
thesis, which triggered the reduction of AMPK activity and increase
of mMTORC1 activity, resulting in the insensitivity of AML cells to
chemotherapy. Our study reveals a novel mechanism of AML chemore-
sistance from the perspective of energy metabolism, which might have
implications in AML treatment.

2 | MATERIALS AND METHODS
2.1 | Patient samples

This study was approved by the Committee for the Ethical Review
of Research, Fujian Medical University Union Hospital (2018KY061)
and informed consent was obtained from all the bone marrow
providers. Human BM aspirates were collected from AML patients
prior to treatment at Fujian Medical University Union Hospital,
Fuzhou, China. Details on AML patient samples are shown in Table 1.
AML blasts were purified using CD34 microbeads (Miltenyi Biotec,
Shanghai, China). CD34% hematopoietic stem cells (HSCs) were
obtained from BM of healthy donors and were purified using CD34
microbeads.

Patients’ Information

TABLE 1

Mutation status

Cytogenetic profile

46, XY[20]
46, XY[20]
46, XX[20]

PLT (10%/L)

Hb (g/L)

5
5
5

AML cells in bone marrow (%) WBC (10%/L)
72.1 80.08

FAB type
M5

Gender/Age (year)

Male/51
Male /46

No.

None

6.0
7.0
10

61.0

AML#1

None

10
18
16
13
54
37
55
37
42

15.22
71.38
199.4

69.5

M5

M5

AML#2
AML#3
AML#4
AML#5
AML#6
AML#7
AML#8
AML#9

CEBPA

95.3

Female /48
Male /53
Male /29
Male /17

NRAS; TET2; ASXL1; TP53; WT1

WT1

46, XY, inv(16)(p13q22)[20]; CBF3-MYH11

46,XY; CBFS-MYH11

66.7

M4Eo
M5

65.0

283.96

59.6

None

TP53

CEBPA; GATA2; IDH2; WT1; TET2

; FLT3-ITD

None

; MLL-PTD
; FLT3-ITD

None

50.0
5

139.89
48.21

47.8

M5

M2

1.0

87.5

Female /72
Female /50
Female /48

Male /55

46, XX[20
46, XX[20
46,XY[20

117.0
56.0

6.71

95.1

M5

206.81

89.7

M5

47.0

183.58

27.2

M5

AML#10

WABC, white blood cell; HB, hemoglobin; PLT, platelet.
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2.2 | Cell lines and culture condition

Cells were cultured at 37°C in a humidified atmosphere containing 5%
CO,.Human AML cell lines (U937 and HL-60), purchased from the Cell
Bank of Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China), were maintained in medium RPMI-1640 (HyClone,
Logan, UT) supplemented with 10% FBS (Gemini Bio-Products, Sacra-
mento, CA, USA). HS-5 cells, a line of BMSCs, were purchased from
the American Type Culture Collection (ATCC, Manassas, VA) and cul-
tured in medium Dulbecco’s Modified Eagle’s Medium (DMEM/High,
HyClone, Logan, UT) supplemented with 10% FBS. For primary AML
cells, they were isolated and cultured in medium RPMI-1640 with 20%
FBS.

2.3 | Establishment of co-culture system

To simulate the interaction between BMM and AML cells, direct con-
tact co-culture system and non-contact co-culture system were estab-
lished in vitro. For the direct contact co-culture system, HS-5 cells were
seeded at 1.0 x 10° per well in a 6-well plate and were left to adhere
and proliferate until 70% confluency. Then, the supernatant was dis-
carded, and AML cells were placed on the HS-5 cells at 3.5x10° per well
in medium RPMI-1640 supplemented with 10% FBS. The AML cells
expressing human CD45 were selected by magnetic-activated cell sort-
ing (MACS) (Miltenyi Biotec, Shanghai, China) after 24 h. For the non-
contact co-culture system using transwell, AML cells were added into
transwell with an aperture of 1 uM to establish a noncontact co-culture
system with HS-5 cells.

2.4 | Pharmacological agents

Cytarabine (Ara-C, Pharmacia, Italy) and daunorubicin (DNR, New Era
Pharmaceutical Co. LTD, Shandong, China) were obtained from the
central pharmacy of Fujian Medical University Union Hospital, Fuzhou,
China. Oligomycin A, 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR), and Compound C were purchased from MedChemExpress
(Monmouth Junction, NJ, USA).

2.5 | Mitochondrial respiration and ATP
measurement

To evaluate the OXPHOS activities and ATP synthesis, the oxygen con-
sumption rate (OCR) was measured by using a Seahorse XFe24 bioan-
alyzer (Agilent Technologies, Santa Clara, California, USA). The basal
respiration, maximal respiration, and spare respiratory capacity were
examined as OXPHOS indexes. The basal respiration reflects the ener-
getic demand of cells under basal conditions. Maximal respiration indi-
cates the maximum rate of respiration that cells can achieve. The real-
time ATP rate assay is designed to measure total ATP production rates

in living cells. Even more relevant is the ability of this assay to distin-
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guish the fractions of ATP from mitochondrial OXPHOS or glycolysis,
the two main metabolic pathways responsible for ATP production in
mammalian cells. Briefly, AML cells were cultured with or without HS-
5 cells and then removed from the co-cultures and plated in cell-Tak
coated XFe24 Cell Culture Microplates (Agilent Technologies) at aden-
sity of 2 x 10 per well in basal medium containing 2.0 mM glucose,
1.0 mM Glutamine, 2.0 mM pyruvate, and 2.0 mM HEPES. The Sea-
horse XF Mito Stress test kit (Agilent Technologies) and Seahorse XF
real-time ATP rate assay kit (Agilent Technologies) were employed to
evaluate the levels of mitochondrial respiration and ATP synthesis. To
analyze mitochondrial respiration, Oligomycin A (1 uM), flurorcarbonyl
cyanide phenylhydrazone (FCCP, 2 uM), and Rotenone/Antimycin A
(0.5 uM) were added to the injection ports. To evaluate ATP synthesis,
oligomycin A (1.5 uM) and rotenone/antimycin A (0.5 uM) were used.

2.6 | Cell viability assay

Cell viability assays were performed to assess the sensitivity of AML
cells to Ara-C and DNR. The cell viability was assessed with Cell Count-
ing Kit-8 (CCK-8; Do Jindo Laboratories, Kumamoto, Japan) accord-
ing to the manufacturer’s instructions. After measuring optical density
(OD) at 450/630 nm, the growth inhibition rate was calculated as fol-
lows: Inhibition rate (%) = (mean ODy450.¢39 Of negative control cells-
mean ODys50-430 Of drug-treated cells) / (mean ODys0-¢30 of negative

control cells-mean ODgysq.430 of blank control cells) x 100%.

2.7 | Real-time fluorescence quantitative PCR

Total RNA was extracted from cells with TRIzol reagent (Invitro-
gen; Thermo Fisher Scientific) by following the manufacturer’s pro-
tocol. The level of AMPK mRNA was quantified by RT-qPCR using
an SYBR Premix Ex Tag (Roche Applied Science, Basel, Switzerland)
and normalized to B-Actin expression. The sequence of AMPK-specific
primers was as follow: forward 5-GCTTTTCAGGCATCCTCAT-3’,
and reverse 5'-CATCCAGCCTTCCATTCTT —3'. The primers for -
Actin were: forward 5'-CCAACCGCGAGAAGATGA-3’, and reverse 5'-
TCCATCACGATGCCAGTG-3".

2.8 | Western blot analysis

Cells were harvested and lysed in RIPA buffer (Dingguochangsheng,
Beijing, China), containing PMSF (CST, Cell Signaling Technology, Dan-
vers, MA, USA), protease inhibitor cocktail, and phosphatase inhibitor
cocktail (CST). Equal amounts of protein extracts were resolved
on 12% SDS polyacrylamide gel electrophoresis and transferred to
0.45-uM PVDF membranes. The membranes were blocked with 10%
nonfat dry milk in 1xTris-buffered saline containing 0.4% Tween-20.
Membranes were probed with Ag-specific Abs. Anti-AMPK, anti-
phospho-AMPKT72 anti-p70S6K, anti-phospho-p70S6KT38? anti-
4E-BP1, anti-phospho-4E-BP 1563 and anti-c-Myc Abs were purchased
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from CST; anti-f-Actin were from Beyotime Biotechnology, Chain. The
membrane-bound primary Abs were detected with HRP-conjugated
goat anti-mouse or goat anti-rabbit secondary Abs (Beyotime Biotech-
nology). HRP activity was detected with a chemiluminescence
detection kit (BOSTER, China). Images were obtained by using
ImagelLab Software (Bio-Rad, Hercules, CA, USA).

2.9 | Lentivirus production and infection

MSCV vector coexpressing human AMPK and zsGreen (pHBLV-CMV-
MCS-3FLAG-EF1-ZsGreen-T2A-PURO) was purchased from Hanheng,
shanghai, China. The AMPK-targeting single guide (sg) RNA sequences
(AMPK exon 1, sgl: 5-GAAGATCGGCCACTACATTC-3’; sg2: 5'-
TACATTCTGGGTGACACGCT-3’) were synthesized by Sangon Biotech
(Shanghai, China). LentiCRISPRv2 was a gift from Brett Stringer (RRID:
Addgene_98290). Lentiviral vectors expressing AMPK-targeting sgR-
NAs were generated as reported,?® and verified by DNA sequenc-
ing. HEK-293T cells were transfected with pMD2.G, psPAX2, and tar-
get plasmids using lipofector3000 (Promega, Madison, WI, USA). The
lentiviral supernatant was harvested at 48 h posttransfection and HEK-
293T cells were replenished with fresh media for another harvest at
72 h posttransfection. The empty vectors were used as a negative con-
trol (NC). The AML cell lines were infected by the produced lentivi-
ral particles. AML cells knocked out AMPK (AMPK-sg1/2) or stable
overexpressing AMPK (AMPK-OE) were selected in the presence of
puromycin (2.5 ug/mL; Sigma-Aldrich, St. Louis, MO, USA) for 10 days.
The efficiency of AMPK knockout was verified by western blot, while
the efficiency of AMPK overexpression was assessed by both RT-qPCR
and western blot.

2.10 | Flow cytometry

All flow cytometry (FCM) studies were performed using single-cell sus-
pensions, and cells were stained in accordance with the standard pro-
tocols. The cytotoxic response was determined by measuring apoptosis
after staining with AnnexinV-allophycocyanine (APC) and AAD (Key-
GEN BioTECH, Jiangsu, China). The percentage of human CD457 cells
in tissues was determined by using APC fluorescent dye-conjugated
human CD45 Ab (BD-Biosciences, NJ, USA).

2.11 | AML xenografts in NCG mice

All experiments involving animals were performed according to proto-
cols approved by the Committee of Research Animals of Fuzhou Gen-
eral Hospital of Nanjing Military Command (2020-044). NOD/SCID/IL-
2rynUII (NCG) mice were purchased from Model Animal Research Cen-
ter of Nanjing University to evaluate the role of AMPK in disease pro-
gression and chemosensitivity. Human AML cells were injected in each
mouse by tail vein in a final volume of 200 uL PBS. The livers, spleens,

and femurs were analyzed with human CD45 Ab conjugated with APC

fluorescent dye. For in vivo treatment of xenografts, day 3 of the trans-
plant, the mice received Ara-C (5 mg/kg intravenously) once every 2
days, 3 times in all. The relative number of human CD45" cells was
expressed as the ratio of the human CD45% cell proportion in the
treated group to that in the untreated group.

2.12 | Immunofluorescence labeling and imaging

Fresh mouse tissues were fixed in 4% paraformaldehyde and embed-
ded in paraffin. The tissue sections (4 uM) were stained with hema-
toxylin and eosin (H&E) and analyzed by light microscopy (DM2500,
Leica, Germany). For IF staining, the tissue sections were incubated
with sodium citrate buffer for Ag retrieval, and then for 30 min in
blocking solution containing 1x PBS and 2% BSA (GenView, Shanghai,
China), followed by overnight incubation with anti-human CD45 (1:50;
Abcam, Cambridge, UK) at 4°C; then, the slides were incubated for 1
h at 25°C with a goat-raised secondary Ab conjugated to Alexa Fluor-
488 (1:200in blocking buffer) (Abcam, Cambridge, UK). The slides were
washed 3 times in 0.5% PBST (1xPBS, 0.5% Tween-20) before staining
for 1 minwith the nuclear marker, DAPI (Abcam, Cambridge, UK). Then,
the slides were washed 4 times in 0.5% PBST, covered with a glass cov-
erslip, left to dry in the dark, and their edges sealed with nail hardener.

Images were obtained using a Leica and analyzed using Image J.

2.13 | Statistical analysis

All data were presented as means + standard deviation (-x + SD) from
3 independent experiments. Statistical analyses were performed by
applying variance and Student’s t-test using SPSS statistical software
version 19. P-values below 0.05 were considered indicative of statis-
tical significance (*P < 0.05, **P < 0.01, ***P < 0.001). For the analysis
of western blot data, representative images of 3 independent experi-

ments were used.

3 | RESULTS

3.1 | Coculture of AML cells with HS-5 cells
exhibited higher OXPHOS activity and increased ATP
synthesis

Primary CD34% blasts from AML patients exhibited significantly
increased maximal respiration and spare respiratory capacity com-
pared to CD34+ cells from healthy donors (Fig. 1A and B). We hypothe-
sized that the high OXPHOS activity was a characteristic of AML cellsin
BMM. To investigate the impact of BMM on OXPHOS in AML cells, we
established two co-culture modes, one was direct contact co-culture
system and the other was non-contact co-culture system through tran-
swell, to simulate the interaction between AML cells and BMM. Two
distinct leukemia cell lines, U937 and HL-60, were contact co-cultured

with HS-5 cells, which were a BM-derived stromal cells line (result-
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FIGURE 1 Coculture of AML cells with HS-5 cells exhibited higher OXPHOS activity and increased ATP synthesis. (A) Sequential injections
of oligomycin, FCCP, and rotenone/antimycin were used to obtain mitochondrial respiration dynamics of CD34" cells from the BM of AML patients
and healthy donors (n = 10 for AML patients; n = 5 for healthy donors). (B) The mitochondrial basal respiration, maximal respiration, and spare
respiratory capacity of CD34% cells from the BM of AML patients and healthy donors were analyzed with cell numbers normalized. (C) Sequential
administration of oligomycin, FCCP, and rotenone/antimycin were used to obtain mitochondrial respiration dynamics of AML cells. (D-E) AML cells
were cultured with HS-5 cells in a contact or non-contact co-culture system and then the mitochondrial basal and maximal respiration of AML cells
were analyzed with cell numbers normalized. (F-H) AML cells were cultured with or without HS-5 cells and then the ATP production Capacity was
analyzed with cell numbers normalized. (F) Total ATP production rate, (G) glycolytic, and (H) mitochondrial ATP production rates in AML cells. The
data represent the mean + SD of 3 independent experiments with 3 replicates for each experiment. AML#, AML patients; HD, healthy donors. ns,

no significant difference, *P < 0.05, **P < 0.01, ***P < 0.001
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ing in “co-U937” and “co-HL-60 cells”, respectively). Interestingly, co-
U937 cells exhibited increased basal and maximal respiration, and co-
HL-60 cells showed increased maximal respiration, compared to the
cells without co-culturing with HS-5 cells (mono-U937 or mono-HL-60
cells). Besides, we found that the direct co-cultured AML cells had sig-
nificantly higher OXPHOS activity than non-contact co-cultured AML
cells (Fig. 1C-E). Therefore, we chose the direct contact co-culture sys-
tem for all the subsequent experiments.

Since the main function of mitochondrial OXPHOS is to produce
ATP for cell growth, a real-time ATP production rate assay was car-
ried out. As expected, co-AML cells had increased total ATP production
compared to mono-AML cells (Fig. 1F). ATP in the cell is synthesized by
two mechanisms, that is, mitochondrial respiration and glycolysis. To
explore whether the increase of ATP production in co-AML cells was
due to a higher level of mitochondrial OXPHQOS, the mitochondrial ATP
and glycolytic ATP production were separately evaluated. While gly-
colytic ATP production did not significantly differ between mono- and
co-AML cells (Fig. 1G), the mitochondrial ATP production was signifi-
cantly increased in co-AML cells compared to mono-AML cells (Fig. 1H).
This suggested that AML cells co-cultured with HS-5 cells depended on
mitochondrial OXPHOS for increasing ATP synthesis.

3.2 | Coculture of AML cells with HS-5 cells
displayed decreased sensitivity to chemotherapy due
to increased ATP synthesis

Co-AML cells showed decreased sensitivity to chemotherapy, as evi-
denced by the decreased drug-induced growth inhibitory and apopto-
sis (Fig. 2A and B). To investigate the role of mitochondrial ATP syn-
thesis in the acquisition of chemotherapy resistance, Oligomycin A,
a mitochondrial ATPase inhibitor, was employed to inhibit mitochon-
drial OXPHOS-mediated ATP synthesis. After treatment of AML cells
with 10 uM Oligomycin A that did not impair the viability of AML
cells (Supplementary Fig. 2A-C), the mitochondrial ATP synthesis was
significantly reduced (Fig. 2C). The sensitivity to chemotherapy was
then tested under these conditions. Notably, Oligomycin A significantly
increased the chemosensitivity of co-AML cells, but it did not sig-
nificantly affect that of mono-AML cells (Fig. 2D and E). We further
explored the impact of Oligomycin A on the total ATP level of AML
cells. As shown in Fig. 2F, Oligomycin A significantly decreased the
total ATP production in co-AML cells, while it had no effect on that
of mono-AML cells. Moreover, we found that the inhibition of mito-
chondrial ATP synthesis led to a compensatory increase of glycolytic
ATP synthesis in mono-AML cells (Fig. 2G), but similar effect was not
observed in co-U937 cells (Fig. 2F). Although the glycolytic ATP pro-
duction increased in co-HL-60 cells, it was not enough to compensate
for the lack of mitochondrial ATP production after Oligomycin A treat-
ment. Our data indicated that the increased ATP synthesis was associ-
ated with the reduced AML cells chemosensitivity, and the increase of
ATP synthesis was strongly dependent on mitochondrial OXPHOS in
the AML cells co-cultured with HS-5 cells.

3.3 | AMPK activity was inhibited by increased
ATP synthesis in AML cells co-cultured with HS-5
cells

We next investigate the molecular link between increased ATP syn-
thesis and the reduced sensitivity of co-AML cells to chemotherapy.
AMPK activity is influenced by the AMP/ATP ratio, and mTORC1 activ-
ity is repressed by the AMPK checkpoint. Because p70S6K and 4E-BP1
are the direct substrates of mMTORC1, mTORC1 activity was evaluated
by analyzing the expression levels of p-p7056KT38? and p-4E-BP15¢5,
In the co-AML cells, the expression of p-AMPKT172 (AMPK phospho-
rylation) was reduced, while p-p70S6K™38? and p-4E-BP155 were
increased (Fig. 3A). Moreover, we observed increased expression of c-
Myc, which are well-known downstream of mTORC1 (Fig. 3A). These
results suggested that AMPK activity was inhibited, while nTORC1 sig-
naling was up-regulated in co-AML cells.

We next investigated whether the reduced AMPK activity was
caused by the elevated ATP production. When we treated co-AML cells
with Oligomycin A to inhibit mitochondrial ATP synthesis, AMPK activ-
ity was increased, while mTORC1 was inhibited (Fig. 3B). Intriguingly,
Oligomycin A treatment did not affect AMPK or mTORC1 activity in
mono-AML cells (Fig. 3B). These findings suggested that the elevated
mitochondrial ATP synthesis was a causative reason for AMPK inhibi-

tion, and in turn mTORC1 activation in co-AML cells.

34 | AMPK inhibition mediated AML cells
chemoresistance induced by HS-5 cells

Since AMPK functions as a metabolic sensor for ATP status in the cells,
we further investigate the role of AMPK inhibition in stromal cells-
induced chemoresistance. The impact of AMPK modulation with chem-
ical reagents on AML cells in response to chemotherapy was assessed.
Treatment with AICAR, an AMPK agonist, could partially restore the
sensitivity of AML cells to chemotherapy in the co-culture system
(Fig, 4A and B). It may be noteworthy that while treatment of mono-
U937 cells with 1 mM AICAR increased the growth inhibition rate of
200 ng/mL DNR only by approximately 4% (P < 0.05), it may still sup-
port the notion that activation of AMPK can sensitize AML cells to the
commonly used anti-leukemic drugs. On the contrary, treatment with
Compound C, an AMPK antagonist, significantly reduced the sensitiv-
ity of AML cells to chemotherapy (Fig. 4C and D). These results sug-
gested that AMPK inhibition played a key role in the chemoresistance
of co-AML cells.

To further explore the role of AMPK in AML cells’ response to
chemotherapy, AMPK expression was suppressed in U937 cells by
employing an AMPK-CRISPR/Cas9 construct. AMPK knockout induced
a significant decrease in the sensitivity of mono-and co-AML cells to
chemotherapy (Fig. 4E and F). However, AMPK overexpression in U937
cells did not significantly affect their chemosensitivity (Fig. 4G and H),
probably because AMPK overexpression failed to increase AMPK activ-
ity, and did not affect the mTORC1 activity (Fig. 5A).



JOURNAL OF
YOU ET AL. JLB LEUKOCYTE 305
BIOLOGY
A Il Mono-culture M Co-culture B Il Mono-culture [l Co-culture
U937 Cells HL-60 Cells
= 100 ** =100 o U937 Cells HL-60 Cells
g g 5 * 2 s
[}
£ 80 £ 80 S S
g 2 a4 21 |
§ o0 § 83 8
S 40 S 40 2 K} -
g £ 2 g
£ 20 = 20 0.1 2 5
5 5 g g
g 0 E 0 Y & <o e e <o =
= = X < \\
[ O,\\N\ c,\}“; \Q\@ g\«\ (\g\«\ I o"?@“‘g QQ(\Q‘;QQ@\ o . o (\o“"\\ o
NS
NN v\?f" ' $@ BT e W 0@’* RS RS
C I +PBS I +10uM Oligomycin A
% 1000 U937 Cells ‘3 500 HL-60 Cells
o —~ ¥ —~
c 2 800 =2 400
g3 §%
83 600 Sg 300
S & 400 8 e 200
o g o £
oS 200 a3 100
S E S E
ss O 3 $8 0
= R\ 0\)\\0‘ =
£ N\OQO’ (¢4 £
D mm Mono-culture+PBS Co-culture+PBS E ‘ )
== Mono-culture+10puM Oligomycin Ams Co-culture+10uM Oligomycin A = +PBS = +10uM Oligomycin A
U937 Cells HL-60 Cells U937 Cells HL-60 Cells
100 s ns e B E100 - - -
e [, gl s mal) Py £ 50 : £30
% 80 {pns N £ 80 e 2
< [T |‘| ° 2 40 o ns
c c
-g 60 |_| :g 60 : 30 § 20 I_I
2 40 2 40 820 'g
< 20 £ 20 g 10 g
E oo i o e o DI =
= \% = W N
& W oW Qog\ Og\ﬁ‘ & VW 060;6@\9 S
g ’ O (@ (@
RO R et e 0\@1 L S RS 0$
] Mono-culture
F B 9lyco-ATP Production Rate mito-ATP Production Rate G B Mono-culture+PBS B8 .10, Oligomycin A
Q *kk
o 20007 U937 Cells g 800 HL-60 Cells S 8004
© . Fkk ¥ —~ - c 2
€ 3 1500 | ns | = 2 600 28 600 4
o © = 0w
50 | | Fiiy 32
22 1000 2 2400 4 ns 9 = 400 4 xx
o < | 1 oE
x £ a £ =3
&£ s00 o = 200 1 H 8 200 {
[= ©° = 9 . £
< E <£ g
T2 0 5 s~ 0 X > 0 S o
° Lo e o e 2 oo\\“‘ e e 5 o
0 o™ & oty R O o W W
,('\Q\) x'\ N ,('\Q\} x'\q\)

FIGURE 2 Coculture of AML cells with HS-5 cells displayed the decreased sensitivity to chemotherapy due to the increased ATP synthesis.
(A) Growth inhibitory effect of 24 h treatment with different concentrations of Ara-C and DNR on AML cells cultured alone or with HS-5 cells was
measured by CCK-8 assay. (B) The percentage of apoptotic cells of 24 h treatment with Ara-C (The concentration of Ara-C was 50 uM for HL-60
cellsand 5 uM for U937 cells) on AML cells cultured alone or with HS-5 cells was expressed as mean + SD from 3 independent experiments. (C) The
mitochondrial ATP production rate of AML cells was significantly inhibited by treatment with Oligomycin A. (D) Growth inhibitory effect of 24 h
treatment with different concentrations of Ara-C and DNR on AML cells after treatment with 10 uM Oligomycin A was measured by CCK-8 assay.
(E) The percentage of apoptotic cells of 24 h treatment with Ara-C (The concentration of Ara-C was 50uM for HL-60 cells and 5 uM for U937 cells)
on AML cells after treatment with 10 uM Oligomycin A was expressed as mean + SD from 3 independent experiments. (F) Total ATP production
rate and (G) glycolytic ATP production rate in AML cells after treatment with Oligomycin A. The data represent the mean + SD of 3 independent
experiments with 3 replicates for each experiment. AML#, AML patients. ns, no significant difference, *P < 0.05, **P < 0.01, ***P < 0.001
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FIGURE 3 AMPK activity was inhibited by increased ATP
synthesis in AML cells co-cultured with HS-5 cells. (A) Representative
western blot analysis of proteins involved in the AMPK-mTORC1
pathway (total AMPK, p-AMPKT172 total p70S6K, p-p70S6KT387,
total 4E-BP1, p-4E-BP15%°, and c-Myc; -actin was used as loading
control) from AML cells cultured alone or with HS-5 cells. The
expression levels of p-p7056KT38? and p-4E-BP15%° were used as
indicators of mMTORC1 activity. (B) Representative western blot
analysis of AMPK-mTORC1 pathway proteins of AML cells after
treatment with 10 uM Oligomycin A. The representative images of 3
independent experiments were used

3.5 | AMPK inhibition increases mTORC1 activity
and c-Myc proteins expression

In co-AML cells, AMPK knockout resulted in the up-regulation of p-
p70S6KT38% p-4E-BP1%¢°, and c-Myc proteins (Fig. 5B). Moreover, in
co-AML cells, AICAR reduced the expression of p-p7056KT387 and
p-4E-BP15%% and c-Myc (Fig. 5C), while Compound C increased the
expression levels of p-p70S6KT38°, p-4E-BP15¢5, and c-Myc (Fig. 5D),
suggesting that the chemoresistance effect of AMPK inhibition is
probably mediated via activating mTORC1. Of note, c-Myc expres-
sion was dramatically increased in co-U937 cells treated with Com-
pound C whereas moderate up-regulation of c-Myc was observed

in co-HL-60 cells. This discrepancy might be due to cell-type speci-

ficity. In general, AMPK inhibition and the subsequent augmentation
of mMTORC1 activity, blocked the chemotherapy sensitivity in co-AML
cells.

3.6 | AMPK knockout promoted AML progression
and chemoresistance in mice

Although the role of the AMPK inhibition in the chemoresistance of
AML cells was demonstrated in the in vitro assays, the impact of AMPK
activity on in vivo AML progression and chemosensitivity remained to
be determined. To address this issue, a xenograft model of AML was
developed in NCG mice by using U937 leukemic cells with knockout
of AMPK expression. The femurs, spleens, and livers of AML mice were
analyzed.

The vascular structures were dramatically damaged in the femoral
BM of U937AMPK:sgl mice, differently from those of U937WT and
U937NCse mice (Fig. 6A), indicating a severe disease invasion. A higher
leukemia burden in femoral BM was observed in U937AMPK-sg1l mjce
(Fig. 6A-D), than that in the U937WT and U937NC-s& mice. Moreover,
a higher rate of AML engraftment in the extramedullary organs and a
more prominent splenomegaly were observed in U937AMPK-sgl mice
compared with other groups (Fig. 6E-H; Supplementary Fig. 1). These
results collectively suggested that AMPK inhibition promotes AML
progression in vivo.

Finally, we assessed the impact of AMPK inhibition on sensitiv-
ity of AML mice to Ara-C. Consistent with the results from in vitro
chemosensitivity testing, AMPK inhibition in the mouse model also sig-
nificantly reduced chemosensitivity in vivo (Figs 61 and J), suggesting
that AMPK inhibition is essential not only to promote AML progres-
sion, but also to facilitate chemoresistance.

4 | DISCUSSION

AML cells are characterized by their intimate contact with the stro-
mal microenvironment in the BM.2728 This interaction protects malig-
nant cells from spontaneous apoptosis, promotes proliferation and
drug resistance.”2? But the precise molecular details of this interac-
tion remain elusive. Here, we found that co-culturing with HS-5 cells,
a type of BMM-derived stromal cells, rendered AML cells resistant
to chemotherapy via elevating OXPHOS activity and mitochondrial
ATP synthesis of AML cells. To explore that the increase of OXPHOS-
mediated ATP production induced by HS-5 cells is an important factor
affecting the chemoresistance of AML cells, Oligomycin A, the mito-
chondrial ATP synthase inhibitor, was employed to inhibit the mito-
chondrial ATP production of AML cells. We found that treatment of co-
AML cells with Oligomycin A enhanced their sensitivity to Ara-C and
DNR while having no effect on mono-AML cells, and that such poten-
tiating effect resulted from the decreased total ATP production in co-
AML cells. These results clearly suggest that BMM-induced reprogram-
ming of energy metabolism in AML cells was involved in the acquisi-

tion of chemotherapy resistance. Although the involvement of energy
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FIGURE 4 AMPK inhibition mediated the chemoresistance of AML cells induced by HS-5 cells. (A) Growth inhibitory effect of 24 h
treatment with different concentrations of Ara-C and DNR on AML cells after treatment with 1 mM 5-aminoimidazole-4-carboxamide
ribonucleotide (AICAR) was measured by CCK-8 assay. (B) The percentage of apoptotic cells of 24 h treatment with Ara-C (The concentration of
Ara-C was 50 uM for HL-60 cells and 5 uM for U937 cells) on AML cells after treatment with 1 mM AICAR was expressed as mean + SD from 3
independent experiments. (C) Growth inhibitory effect of 24 h treatment with different concentrations of Ara-C and DNR on AML cells after
treatment with 5 uM Compound C was measured by CCK-8 assay. (D) The percentage of apoptotic cells of 24 h treatment with Ara-C (The
concentration of Ara-C was 50 uM for HL-60 cells and 5 uM for U937 cells) on AML cells after treatment with 5 uM Compound C was expressed as
mean + SD from 3 independent experiments. (E) Growth inhibitory effect of 24 h treatment with different concentrations of Ara-C and DNR on
U937 cells knocked out for AMPK was measured by CCK-8 assay. (F) The percentage of apoptotic cells of 24 h treatment with Ara-C (The
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FIGURE 4 (Continued)

concentration of Ara-C was 50uM for HL-60 cells and 5 uM for U937 cells) on U937 cells knocked out for AMPK was expressed as mean + SD from
3 independent experiments. (G) Growth inhibitory effect of 24 h treatment with different concentrations of Ara-C and DNR on
AMPK-overexpressing U937 cells. (H) The percentage of apoptotic cells of 24 h treatment with Ara-C on AMPK-overexpressing U937 cells was
expressed as mean + SD from 3 independent experiments. The data represent the mean + SD of 3 independent experiments with 3 replicates for
each experiment. CON, wide type; NC, empty vector control; AMPK-OE, AMPK overexpression; AMPK-sg1/2, AMPK gene was knocked out. ns, no

significant difference, *P < 0.05, **P < 0.01, ***P < 0.001
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FIGURE 5 AMPK inhibitionincreases mTORC1 activity and c-Myc proteins expression. (A) Representative western blot analysis of
AMPK-mTORC1 pathway proteins (total AMPK, p-AMPKT172 total p70S6K, p-p7056KT387, total 4E-BP1, p-4E-BP1565, and c-Myc; B-actin was
used as loading control) of AMPK-overexpressing U937 cells. (B) Representative western blot analysis of AMPK-mTORC1 pathway proteins in
U937 cells knocked out for AMPK expression. (C) Representative western blot analysis of AMPK-mTORC1 pathway proteins from AML cells after
treatment with 1 mM AICAR. (D) Representative western blot analysis of AMPK-mTORC1 pathway proteins in AML cells after treatment with 5
uM Compound C. WT, wide type; NC, empty vector control; AMPK-OE, AMPK overexpression; AMPK-sg1/2, AMPK gene was knocked out. The

representative images of 3 independent experiments were used

metabolism in leukemia chemoresistance has been proposed by previ-
ous studies, 39 how energy surplus in AML cells regulates chemore-
sistance of AML cells has not been studied.

Our study provides novel insights into the molecular pathways

linking energy metabolism reprogrammed by BMM in AML cells to

chemoresistance. AMPK is not only a central regulator of energy home-
ostasis but also is an important energy sensor that is affected by
the AMP/ATP ratio in cell. We further showed evidence supporting
that the increased OXPHOS and mitochondrial ATP synthesis in AML
cells caused the inhibition of AMPK, which in turn promotes mTORC1
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activation and the translation of proteins involved in cell growth and
survival. Collectively, BMM induced AML cells to rely on mitochondrial
OXPHOS to produce ATP for energy supply, which inhibited AMPK
activity and in return upregulated mTORC1 activity, eventually pro-
moting AML cell chemoresistance. This implied that AMPK-mTORC1
pathway integrated information about the availability of energy to
coordinate the synthesis or breakdown of cellular components (e.g.,
some proteins).

The structure and function of AMPK protein have aroused great
interest since it is understood that AMPK protein acts as the central
regulator of intracellular energy homeostasis. It is noteworthy that the
role of AMPK in the progression of cancers including leukemia is con-
troversial. A study reports that AMPK inhibits tumor growth in oxida-
tive stress 31 whereas other studies demonstrate that AMPK promotes
tumor growth.3233 Although the exact role of AMPK in AML remains
elusive, this study identifies a novel mechanism by which AML cells
develop resistance to anti-leukemic drugs. The lack of AMPK activ-
ity due to knocking out AMPK in AML cells activated mTORC1 sig-
naling and reduced the chemosensitivity of AML cells. Similar to the
in vitro, a xenograft model of human AML cells was carried out in
NCG mice and we found that lack of AMPK activity promoted AML
progression and reduced their sensitivity to chemotherapeutic drugs,
indicating that AMPK had a tumor suppressor effect in AML. Unex-
pectedly, we found that overexpression of AMPK did not alter the
chemosensitivity of AML cells. A plausible explanation might lie in the
fact that AMPK acts mainly through its activity,3* which coincides with
the increase/decrease in chemosensitivity of AML cells after treat-
ment with AICAR/Compound C. To further confirm this, we explored
the changes of AMPK-mTORC1 signaling pathway after AMPK over-
expression in AML cells, and found that AMPK overexpression did not
lead to anincrease in AMPK activity, confirming that it is the activity of
AMPK rather than its protein levels that accounts for the chemosensi-
tivity of AML cells.

In addition, AMPK has been reported by previous studies to be asso-
ciated with survival and proliferation of AML cells, 23> but most of
these studies did not directly link AMPK with the chemosensitivity of
AML. To date, only one previous report has linked AMPK to drug sen-
sitivity in AML. That study found that activation of the AMPK-ULK1
signaling pathway reduces the sensitivity of AML to bromodomain
and extraterminal domain (BET) inhibitors, independent of the mTOR
pathway.3¢ In our present study, gain-in-function and loss-of func-
tion experiments that did not result in AML cells apoptosis have ver-
ified that, when co-cultured with BMSCs, AMPK inhibition promoted
mTORC1 hyper-activation to mediate chemoresistance. The mTORC1
hyper-activation was associated with the increase of c-Myc, which
were supposed to contribute to the chemoresistance. Our work thus
highlighted the importance of AMPK-mTORC1 axis in AML chemore-
sistance and suggested a promising therapeutic opportunity through
intervening AMPK and mTORC1 activity in AML.

It is interesting to determine how BMM reprograms energy
metabolism in AML cells. Previous studies have also reported that
BMM could increase mitochondria mass and promote OXPHOS activ-

ity of AML cells, eventually leading to chemoresistance.’>3” Our

results showed that OXPHQOS activity was increased after contact
coculture, but not after transwell-coculture, indicating that direct con-
tact with stromal cells was essential to increase OXPHOS activity in
AML cells. The exact mechanism of BMM-mediated AML cell energy
metabolism reprogramming warrants further investigation.

In conclusion, our work reveals the role of OXPHOS/AMPK/
mTORC1 pathway on linking energy metabolism reprogramming
to AML chemoresistance induced by BMM. Blocking the crosstalk
between BMM and AML cells, or interfering with energy metabolismin
AML, may represent novel therapeutic strategies to treat the chemore-
sistant leukemia.
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