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Abstract

The poor outcomes in acute myeloid leukemia (AML) necessitate new treatments. In this work, we identified that anisomy-
cin is a potential selective anti-AML candidate, particularly for those with FLT3-ITD mutation. We found that anisomycin
potently inhibited proliferation and induced apoptosis in multiple AML cell lines. Anisomycin was effective in targeting
progenitor cells isolated from all tested pediatric AML patients, while sparing normal counterparts. Using AML xenograft
mouse models, anisomycin exhibited inhibitory effect on tumor growth throughout the whole duration without causing tox-
icity in mice. The combination of anisomycin with standard of care drugs is synergistic and selective in AML cell culture
system and mouse model. In addition, FLT3-ITD cells were more sensitive to anisomycin than FLT3 WT cells. Mechanistic
studies revealed that anisomycin acted on AML in a p38-independent manner. We found that anisomycin decreased mito-
chondrial respiration by disrupting complex I activity, leading to intracellular oxidative stress. AML p° cells that lack of
mitochondrial respiration exhibited resistance to anisomycin. Finally, we showed that mitochondrial biogenesis contributes
to differential sensitivity of FLT3-ITD and FLT3 WT cells to anisomycin. Our work is the first to systematically demonstrate
that anisomycin is a useful addition to the treatment armamentarium for AML. Our findings highlight the therapeutic value
of mitochondrial respiration inhibition in AML patients harboring FLT3-ITD mutation.
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Introduction

Acute myeloid leukemia (AML) is haematological malig-
nancy characterized by abnormal clonal expansion and aber-
rant differentiation of immature clonal myeloid cells. The core
therapeutic principles are chemotherapy, allogenic hemat-
opoietic stem cell transplantation and palliative care (Roboz
2011). The prognosis of acute myeloid leukaemia (AML)
is poor with five-year survival rates of less than 30% (Thol
and Ganser 2020). Mutations of the receptor tyrosine kinase
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fms-like tyrosine kinase 3 (FLT3), such as FLT3-ITD, result-
ing in constitutive signalling are common in AML and lead
to a high relapse rate (Kiyoi et al. 2020). FLT3 inhibitors,
such as midostaurin, have been approved for the treatment
of AML with FLT3 mutation. The combination of current
FLT3 inhibitors with cytotoxic drugs has not demonstrated an
improvement in overall survival. Hence, patients with refrac-
tory or relapsed AML that fail to respond to standard therapy
still require novel treatment strategies to manage their disease.

Anisomycin is an antibiotic that inhibits protein syn-
thesis in protozoa and yeast (Grollman 1967). It is also
identified as an agonist of p38-mitogen-activated protein
kinases (MAPK) and c-Jun N-terminal kinase (JNK) in
mammalian cells (Barros et al. 1997; Liu et al. 2014).
In addition, anisomycin has been recently revealed as a
potential anti-cancer drug. It is active against a panel of
cancers in pre-clinical models, including osteosarcoma,
colorectal cancer and renal carcinoma (Ushijima et al.
2016; Li et al. 2017; Cao et al. 2017). Of note, low-dose
anisomycin sensitizes glucocorticoid-resistant T-acute
lymphoblastic leukemia (T-ALL) (Liu et al. 2014).
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Anisomycin has been recently shown to selectively tar-
gets chronic myeloid leukemia (CML) cells (Li et al.
2018). The mechanisms of anti-cancer action of aniso-
mycin include GATA-6 degradation, induction of mito-
chondrial dysfunction and activation of p38 MAPK/INK
(Ushijima et al. 2016; Cao et al. 2017; Liu et al. 2013).
Given the potent efficacy of anisomycin in T-ALL and
CML, we hypothesized that anisomycin may be effective
in AML. Using AML xenograft mouse models and pri-
mary patients’ cells, we 1) evaluated in vitro and in vivo
efficacy of anisomycin; 2) determined the combinatory
effect of anisomycin and standard of care (SOC) and 3)
identified the underlying mechanism of action of aniso-
mycin. Our results clearly demonstrate that anisomycin
is active and selective against AML, particularly those
with FLT3-ITD mutation, and acts synergistically with
SOC, via inhibiting mitochondrial respiration.

Materials and methods
Primary CD34" cells, cell lines, cell culture and drugs

Frozen AML mononuclear cells (MNC) were obtained
from the Department of Tissue Repository in Xiangyang
No.1 People’s Hospital. Frozen human normal bone mar-
row MNC were purchased from Stemcell Technologies.
CD347" cells were isolated from AML or NBM MNC
by immunomagnetic CD34 microbeads (Miltenyi Bio-
tech). FLT3-ITD positive lines MV4-11, MOMLI13 and
MOML14; and FLT3 wildtype (WT) lines SKNO-1 and
OCI-AML?2 were obtained from American Type Culture
Collection or DSMZ. CD347 cells were maintained using
StemSPAN complete medium (STEMCELL Technologies)
containing human FLT3-ligand Stem cell factor, Interleu-
kin-6 and Interleukin-3 (R&D Systems). Cell lines were
cultured and expanded using RPMI1640 medium sup-
plemented with 10% fetal bovine serum (FBS; Hyclone).
Mitochondria DNA-deficient AML p0O was established
using the same method as described (Hashiguchi and
Zhang-Akiyama 2009). SKNO-1 cells were growing in
the above culturing medium and selected using 1 pg/ml
ethidium bromide, 50 pg/ml uridine and 1 mM sodium
pyruvate (Sigma) for 8 weeks. The lack of mitochondrial
respiration of p0 cells was confirmed using Mito Stress
assay. Supplementation of pyruvate and uridine was halted
during anisomycin treatment. Cytarabine, midostaurin and
anisomycin were purchased from Selleckchem and recon-
stituted in dimethyl sulfoxide (DMSO). Drugs were stored
in -20°C as aliquots. Specific condition for each experi-
ment is described in the figure legends.
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Proliferation assay and combination index (Cl)

8000 cells/well were seeded onto 96-well plate. After 3 days
drug treatment, cell proliferation was determined by measur-
ing bromodeoxyuridine (BrdU) incorporation using BrdU
Cell Proliferation assay kit (Abcam). Combination study
was conducted using the method as described (Chou 2010).
Briefly, the half maximal inhibitory concentration (ICy,) of
was firstly determined using proliferation assay. The cells were
then treated with an equipotent constant-ratio combination of
two drugs, and single drug alone. The Calcusyn median effect
model was used to calculate the CI values and evaluate whether
the combination was synergistic, antagonistic or additive. CI
values of < 1 indicate synergism, CI=1 indicate additivity and
CI> 1 indicate antagonism (Chou and Talalay 1984).

Flow cytometry of AnnexinV

5% 1075 cells/well were seeded onto 6-well plate. After
3 days drug treatment, cells were collected for Annexin
V-FITC and 7-AAD staining (Beckman Coulter). Stained
cells were then processed for flow cytometry analysis on
Beckman Coulter FC500. Annexin V + cells were consid-
ered as apoptotic cells.

Colony formation assay

1000 CD34™ cells, drug at different concentrations and
HSC-CFU methylcellulose medium (Miltenyi Biotec)
were homogeneously mixed and plated onto 6-well plate.
The plate was incubated in 37°C, 5% CO, atmosphere
for 10 days. The number of colonies were observed and
counted under light microscope.

AML xenograft mouse model

This study was carried out in strict accordance with guide-
lines and protocol approved by the Care and Use of Labora-
tory Animals of Hubei University of Medicine. SCID mice
(4-6 weeks old, 20 +2 g) were purchased from Hunan SJA
Laboratory Animal Co., Ltd. One million MOLM-13 or
OCI-AML2 cells in PBS were subcutaneously injected into
the flank of each SCID mouse. After development of pal-
pable tumor, the mice were randomly grouped and treated
with vehicle control (50%/50% DMSO/saline), drug alone or
combination. Specific drug dose and administration routes
were indicated in figure legend. Tumor size were measured
every 3 days. After 2 weeks treatment, mice were euthanized
using CO, inhalation.
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Metabolic assays

After 24 h of treatment different concentrations of anisomy-
cin, oxygen consumption rate (OCR) was measured using
the Seahorse XF24 extracellular flux analyser as previously
described (Varum et al. 2011). Treated cells were transferred in
XF24 well plates coated with BD Cell-Tak (BD Biosciences).
One hour before performing OCR measurement, media was
replaced by XF assay medium and incubated at 37°C in a
CO,-free atmosphere. OCR were measured at as per the XF24
analyzer standard protocol (Seahorse Bioscience). Mitochon-
drial respiratory complex I activity and intracellular reactive
oxygen species (ROS) were measured using Mitochondrial
Complex I Activity Assay kit (Novagen) and CM-H,DCFDA
(Life Technologies) as per the manufacturers’ protocol, and
quantified by measuring the absorbance on Spectramax M5
microplate reader (Molecular Devices).

Measurement of mitochondrial biogenesis

Mitochondrial DNA (mtDNA) copy number and mitochon-
drial mass were measured using the same protocol as previ-
ously reported (Skrtic et al. 2011). Briefly, the relative mtDNA
copy number was determined by quantification of ND1 using a
real-time PCR, and compared relative to nuclear DNA HGB-
1. Mitochondrial mass was estimated by staining cells with
Mitotracker Green (Invitrogen) followed by flow cytometry
analysis of the median fluorescence intensity. ATP levels were
measured by ATP assay kit (Abcam) according to the manu-
facturer’s instructions.

Statistical analyses

All data were obtained from at least three independent experi-
ments with duplicate or triplicate, and were expressed as mean
and standard deviation. For in vitro experiments, analysis of
variance (ANOVA) and unpaired Student t test were utilized.
For in vivo experiments, a total of 10 mice were used to assess
efficacy. A significance level (x) of 0.05 was adopted in all
cases.

Additional methods can be found in the supplemental
information.

Results

Effect of anisomycin and SOC treatment on FLT3-ITD
and FLT3 WT AML cell proliferation and apoptosis

We investigated the effects of the anisomycin alone, and
in combination with cytarabine or midostaurin, on mul-
tiple FLT3-ITD and FLT3 WT AML cell lines. MV4-11
harbors homozygous FLT3-ITD whereas MOML-13 and

-14 harbor heterozygous FLT3-ITD (Chen et al. 2010).
SKNO-1 and OCI-AML2 are cell lines with FLT3 WT. We
found that exposure to anisomycin at low pg/ml concen-
tration range dose-dependently inhibited proliferation in
AML cells by BrdU incorporation method (Fig. 1A). The
IC5, of anisomycin on MV4-11, MOLM-13, MOLM14,
OCI-AML2 and SKNO-1 are~0.09 pg/ml, ~0.13 pg/
ml, ~0.16 pg/ml, ~0.8 pg/ml and ~2 pg/ml, respectively.
Anisomycin also induced apoptosis by flow cytometry of
Annexin V staining in a concentration-dependent manner
(Fig. 1B). It is of interest to note that FLT3-ITD cells are
more sensitive to anisomycin than FLT3 WT cells.

To determine the combination effects of anisomycin and
SOC (cytarabine for FLT3 WT and midostaurin for FLT3-
ITD cells), we designed combination studies according to
the Calcusyn median effect model (Chou 2010). Combi-
nation indices (CI) at 25%, 50% and 75% growth inhibi-
tion were shown in Fig. 1C, D and E. Synergy, as defined
by a CI between anisomycin and SOC, was observed at
all effect levels in all tested AML cell lines. This clearly
indicates that the combination of anisomycin and SOC is
synergistic in targeting AML cells.

Effect of anisomycin and SOC treatment on FLT3-ITD
and FLT3 WT AML and NBM progenitor growth,
differentiation and apoptosis

To determine the effect of anisomycin on growth and dif-
ferentiation of AML progenitor cells, we plated CD34"
cells purified from individual AML patients’ bone mar-
row or peripheral blood onto semi-solid hematopoietic
stem cell-colony formation unit methylcellulose. The
total number of colonies, including colony-forming unit-
granulocyte (CFU-G), colony-forming unit-macrophages
(CFU-M) and colony-forming unit-granulocyte mac-
rophages (CFU-GM) was counted two weeks later. The
typical morphology of CFU-G and CFU-M was shown
in Supplementary Fig. 1. The patients’ characteristics are
summarized in supplementary Table 1. To determine the
possible selective anti-AML activity of anisomycin, NBM
CD34" cells were used as normal control. We observed the
remarkable reduction of colony formation in AML CD34*
cells exposed to anisomycin (Fig. 2A). We found that ani-
somycin decreased colony formation in all tested AML
samples (n=_8) and the effective concentration was as low
as 0.25 pg/ml (Fig. 2B). In contrast, anisomycin at only
highest concentration significantly decreased colony for-
mation of NBM CD34% cells. Similarly, anisomycin at the
same concentration induced significantly more apoptosis
in AML than NBM CD347 cells (Fig. 2C). Consistent with
cell lines, we observed a correlation between FLT3-ITD
and anisomycin’s efficacy, that FLT3-ITD CD34% cells
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were more sensitive to anisomycin compared to FLT3
WT cells (Supplementary Table 1). Of note, the combina-
tion of anisomycin and SOC is significantly more effective
in inhibiting colony formation and inducing apoptosis in
AML progenitor cells while sparing normal counterparts
(Fig. 2D and E). Our results demonstrate that the combina-
tion of anisomycin and SOC preferentially inhibits AML
compared to NBM progenitor cells.

Effect of anisomycin and SOC treatment on FLT3-ITD
and FLT3 WT AML xenograft tumor growth

To further confirm the effect of anisomycin in AML, we
established two independent AML xenograft mouse mod-
els using OCI-AML?2 and MOLM-13 cells. We subcutane-
ously implanted cells into mouse flank. After development
of palpable tumors, mice were given anisomycin, SOC alone
or the combination. We have monitored toxicity signs dur-
ing the whole treatment duration, including body weight,
appearance (eg, skin and fur), nausea, vomiting, diarrhea,
limb weakness, muscle tremors and neurologic signs. We did
not observe body weight change (Supplementary Fig. 2) and
other overt signs of toxicity in any treatment group, dem-
onstrating that mice are tolerable to the dose of each drug
administrated. Anisomycin delayed tumor growth beginning
at 3 days of the initial treatment and its inhibitory effect was
observed throughout the duration of treatment in both FLT3
WT and FLT3-ITD AML xenograft mouse models (Fig. 3).
SOC drugs, such as cytarabine and midostaurin, moderately
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delayed OCI-AML2 and MOLM-13 tumor growth. Impor-
tantly, the efficacy of the combination of anisomycin and
SOC was significantly more than single drug alone. The
combination completely arrested AML tumor growth. Con-
sistent with the in vitro findings, TUNEL staining demon-
strated an increase in tumor cell apoptosis in SOC-treated
group or anisomycin-treated group compared to control
(Fig. 4). In addition, we observed a marked increase in indi-
vidual cell apoptosis in the combination treatment group as
compared to single drug groups.

Anisomycin acts on AML via inhibiting
mitochondrial respiration

As a well-known agonist of p38-MAPK, anisomycin expo-
sure results in a rapid activation of p38 (Barros et al. 1997;
Liu et al. 2014). In agreement with previous reports, we also
observed the increased phosphorylation of p38 in MOLM-13
cells after anisomycin treatment (Supplementary Fig. 3A).
However, p38 depletion did not rescue the pro-apoptotic
effect of anisomycin in MOLM-13 cells (Supplementary
Fig. 3B and C), indicating that anisomycin acts on AML
cells in a p38-independent manner. In contrast, we found
that both MOLM-13 (FLT3-mutant) and OCI-AML2 (FLT3
WT) cells treated with anisomycin displayed a reduced
baseline OCR and were non-responsive to uncoupling of
mitochondrial oxidative phosphorylation via FCCP (Fig. 5A
and B), suggesting that anisomycin disrupts mitochondrial
respiration and mitochondrial respiratory capacity in AML.
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Fig.2 Selective inhibitory effects of anisomycin in AML CD34*
cells. (A) Colony formation of AML CD34" cells in the presence of
control (DMSO) and anisomycin (2 pg/ml). The differential inhibi-
tory effects of anisomycin on colony formation (B) and survival (C)
of CD347 cells isolated from individual FLT3-ITD and FLT3 WT
AML patients and healthy normal bone marrow donors. The num-
ber of apoptotic cells was indicated by the percentage of Annexin V

We performed time course analysis of apoptosis and mito-
chondrial respiration after anisomycin treatment to deter-
mine which event occurs first. We found that anisomycin at
2 pg/ml disrupted mitochondrial respiration as early as 1-h
treatment and induced apoptosis as early as 12-h treatment
(Supplementary Fig. 4). This data clearly indicate that inhi-
bition of mitochondrial respiration is not the consequence
of apoptosis induction in anisomycin-treated AML cells. In
contrast, anisomycin disrupts mitochondrial respiration, fol-
lowed by apoptosis induction in AML cells.

Consistent with the previous work (Cao et al. 2017;
Chambers and LoGrasso 2011), we further found that ani-
somycin dose-dependently reduced mitochondrial complex
I activity in MOLM-13 and OCI-AML2 cells (Fig. 5C and
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staining. Combination of anisomycin with standard of care (SOC)
significantly further inhibits colony formation (D) and induces apop-
tosis (E) in AML CD34" cells (n=3) but not NBM CD34" cells
(n=2). Cytarabine at 100 nM was used for FLT3 WT AML and
NBM samples and midostaurin at 50 nM was used for FLT3-ITD
samples. Anisomycin at 0.5 pg/ml was used in combination studies.
* p<0.5, compared to control; #, p <0.5, compared to SOC

D). As expected, increased intracellular ROS was observed
in anisomycin-treated AML cells (Fig. SE). To confirm that
the ability of anisomycin in inducing apoptosis was associ-
ated with its capacity to inhibit mitochondrial respiration,
we generated AML p° cells that are incapable of performing
mitochondrial respiration (Hashiguchi and Zhang-Akiyama
2009). We showed that these p° cells exhibited a minimal
level of basal OCR and completely non-responsive to FCCP
stimulation (Supplementary Fig. 5), indicative of defective
mitochondrial respiration. We further showed that anisomy-
cin is ineffective in inducing apoptosis in p° cells but not
parental AML cells (Fig. 5F). This clearly demonstrates that
disruption of mitochondrial respiration is the predominant
mechanism of anisomycin’s action in AML.
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MOLM-13 (C and D) xenografts. The mice were given anisomycin

FLT3-ITD cells have increased mitochondrial
biogenesis and basal oxygen consumption
compared to FLT3 WT cells

To investigate whether mitochondrial biogenesis contributes to
differential sensitivity of FLT3-ITD and FLT3 WT cells to ani-
somycin, we measured mitochondrial characteristics of both cell
types. MV4-11, MOLM-13 and MOLM-14 displayed higher
mitochondrial mass, increased copy number of mitochondrial
DNA (mtDNA), higher OCR and ATP levels than SKNO-1 and
OCI-AML2 (Fig. 6). These results suggest that FLT3-ITD AML
cells are likely to be more metabolically active and dependent on
mitochondrial respiration than FLT3 WT AML cells.

Discussion

Advances in genomics have revealed the extensive hetero-
geneity and complex mutational landscape in de novo and
relapsed AML (Kishtagari et al. 2020). There are at least
11 genetic classes and 20 subsets, taking into account dif-
ferentiation states in leukemic blast cells (Papaemmanuil
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et al. 2016; Arber et al. 2016). Therefore, targeting common
and essential among different molecular subclasses of AML
represents an alternative therapeutic strategy for AML. War-
burg’s aerobic glycolysis of reprogramming energy metab-
olism plays important role in cancer and has therapeutic
value. However, studies have suggested that mitochondrial
oxidative phosphorylation is likely more important than
Warburg’s paradigm for blood cancer, particularly for leu-
kemia stem cell. AML stem cells have increased mitochon-
drial biogenesis and basal oxygen consumption compared to
normal hematopoietic cells (Skrtic et al. 2011). AML stem
cell-enriched primary populations are metabolically dormant
and are dependent on oxidative respiration rather than gly-
colysis for energy generation (Lagadinou et al. 2013). In
addition, ALL cells have increased mitochondrial biogenesis
whereas glycolytic activity is comparable than normal coun-
terparts (Fu et al. 2017). Targeting mitochondrial respiration
for leukemia therapy has therefore been garnered because
mitochondria respiration is not only an effective but also
selective target in leukemia. Consistent with the emerging
evidence showing that AML stem cell rely on mitochon-
drial respiration for maintenance and survival (Skrtic et al.
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Fig.6 FLT3-ITD has higher
mitochondrial biogenesis than
FLT3 WT cells. FLT3-ITD cells
demonstrate higher mitochon-
drial mass (A), more mitochon-
drial DNA (B), higher OCR (C)
and ATP level (D) than FLT3
WT cells. *p <0.05, compared
to AML cells
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2011; Lagadinou et al. 2013), we identify that anisomycin
selectively eliminates AML bulk and CD34" progenitor cells
through disruption of mitochondrial respiration.

The anti-cancer activities of anisomycin have been shown
in various types of cancer. In particular, a recent study shows
that anisomycin selectively inhibits CML CD347 cell survival,
colony formation and self-renewal (Li et al. 2018). Our find-
ings on the inhibitory effects of anisomycin in AML CD34*
cells correlate well with the previous work by showing that
anisomycin with similar ICs,, range is effective in inhibiting
both CML and AML progenitor cells, and acts synergistically
with SOC drugs (Fig. 2). The synergism between anisomycin
and anti-cancer drugs were also reported in solid tumors (Liu
et al. 2014; Cao et al. 2017; Jin et al. 2013; Abayasiriwardana
et al. 2007). Our findings that the combination of anisomy-
cin with midostaurin or cytarabine synergistically eliminated
AML CD34* cells without affecting normal hematopoietic
CD347 cells, suggesting the therapeutic window of anisomy-
cin and SOC combination in AML. This is further confirmed
in AML xenograft mouse models that the combination com-
pleted arrests tumor growth without causing significant toxic-
ity in mice (Fig. 3 and Supplementary Fig. 2). It is worthy of
investigating the effects of anisomycin using AML patient-
derived xenotransplant mice model. We speculate that ani-
somycin is highly likely to be effective in targeting primary
AML samples in vivo, particularly given our observations
on the inhibitory effects of anisomycin as single drug alone

@ Springer

N

> O
s

=

Relative expression of m(NDI

1.0

0.5

Relative ATP level

0.0

'\"'3
o\?\ o~ N
AN &

and its combination with standard of care on AML primary
CD34" cells derived from patients. Interestingly, our find-
ings further reveal that AML cells with FLT3-ITD are more
sensitive to anisomycin compared to those that are FLT3
WT (Figs. 1 and 2, and Supplementary table 1). FLT3-ITD
occurs in approximately 30% of all AML cases and confers
a poor prognosis (Daver et al. 2019). The potent efficacy of
anisomycin on FLT3-ITD cells adds anisomycin to the list of
candidates to treat AML with FLT3-ITD.

Anisomycin acts on CML cells via suppressing Wnt/p-
catenin without affecting p38 activity (Li et al. 2018). Although
anisomycin increases p38 activity in AML cells, we found that
anisomycin acted on AML cells via p38-independent man-
ner (Supplementary Fig. S3). We found that anisomycin dis-
rupted mitochondrial respiration via suppressing complex I
and induced oxidative stress. The rescue study confirmed that
mitochondrial respiration inhibition is the mechanism of aniso-
mycin’s action in AML (Fig. 5). It seems that the mechanisms
of action of anisomycin in cancer are cancer cell type specific.
In addition, our work further revealed the basis of hypersensi-
tivity of FLT3-ITD cells to anisomycin that the varying levels
of mitochondrial biogenesis between FLT3-ITD and FLT3 WT
AML cells (Fig. 6). This highlights the therapeutic value of
inhibition of mitochondrial respiration in targeting FLT3-ITD
AML. It is worthy of pursing in silico experiment on the link
between increased mitochondrial biogenesis factors and worse
clinical outcome in AML patients.
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In conclusion, our work demonstrates anisomycin is
active and selective against AML through inhibition of
mitochondrial respiration. Our work also demonstrate that
mitochondria-regulated biochemical pathways is a selective
target in AML and warrants further therapeutic exploitation,
particularly in AML patients with FLT3-ITD mutation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10863-021-09918-z.
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