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Abstract

Purpose Nowadays, the oxidative phosphorylation (OXPHOS) correlated with leukemogenesis and treatment response is
extensive. Thus, exploration of novel approaches in disrupting OXPHOS in AML is urgently needed.

Materials and methods Bioinformatical analysis of TCGA AML dataset was performed to identify the molecular signaling of
OXPHOS. The OXPHOS level was measured through a Seahorse XFe96 cell metabolic analyzer. Flow cytometry was applied
to measure mitochondrial status. Real-time qPCR and western blot were used to analyze the expression of mitochondrial or
inflammatory factors. MLL-AF9-induced leukemic mice were conducted to measure the anti-leukemia effect of chidamide.
Results Here, we reported that AML patients with high OXPHOS level were in a poor prognosis, which was associated
with high expression of HDAC1/3 (TCGA). Inhibition of HDAC1/3 by chidamide inhibited cell proliferation and induced
apoptotic cell death in AML cells. Intriguingly, chidamide could disrupt mitochondrial OXPHOS as assessed by inducing
mitochondrial superoxide and reducing oxygen consumption rate, as well as decreasing mitochondrial ATP production. We
also observed that chidamide augmented HK1 expression, while glycolysis inhibitor 2-DG could reduce the elevation of
HK1 and improve the sensitivity of AML cells exposed to chidamide. Furthermore, HDAC3 was correlated with hyperin-
flammatory status, while chidamide could downregulate the inflammatory signaling in AML. Notably, chidamide eradicated
leukemic cells in vivo and prolonged the survival time of MLL-AF9-induced AML mice.

Conclusion Chidamide disrupted mitochondrial OXPHOS, promoted cell apoptosis and reduced inflammation in AML
cells. These findings exhibited a novel mechanism that targeting OXPHOS would be a novel strategy for AML treatment.
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Introduction Nowadays, the metabolic signal associated with leuke-

mogenesis is extensive, and oxidative phosphorylation

Acute myeloid leukemia (AML) is the clonal hematologi-
cal malignancy, mostly attributing to genomic aberration in
the leukemia-initiating cells or leukemia stem cells (LSCs),
such as gene mutations and chromosomal rearrangements.
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(OXPHOS) appears to play a vital role in AML progress
and treatment response [1]. Numbers of studies have also
reported the importance of mitochondrial OXPHOS in
LSCs. In primary human AML specimens, STAT3-MYC
mediates survival and OXPHOS of LSCs by regulating
SLCIAS [2]. Of note, LSCs are metabolically less active
and rely on OXPHOS rather than glycolysis [3], and dis-
play a unique mitochondrial morphology [4]. Interestingly,
mitochondrial outer membrane protein MTCH2 is essential
to the survival of AML cells. MTCH?2 inhibition leads to an
increase of nuclear pyruvate, as well as pyruvate dehydro-
genase to promote histone acetylation, which subsequently
improves cell differentiation in AML [5]. Deacetylase SIRT3
reprograms mitochondrial metabolism toward OXPHOS
and decreases ROS generation to confer chemoresistance
in AML [6]. Hence, the epigenetic regulation is linked to
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mitochondrial metabolism, highlighting that this process can
be acted as potential therapeutic targets in AML.

Since histone acetylation aberration is an important epige-
netic event that is mostly modulated by histone deacetylase
(HDAC) activity, HDAC inhibition with HDAC inhibitors
has been proven to be potent anti-tumor strategies for the
treatment of multiple tumor types [7]. Chidamide (CS055
or tucidinostat), a novel oral HDAC inhibitor, is currently
applied in multiple clinical trials for the treatment of vari-
ous solid cancers and hematological malignancy as mono-
therapy or combination therapy, which inhibits the activity
of HDACI, 2, 3 and 10. Chidamide restrains cell growth and
induces apoptotic cell death, especially in lymphoma and
leukemia [8]. In the preclinical and clinical models, chida-
mide displays encouraging therapeutic response in periph-
eral T-cell lymphoma (PTCL) or T-cell acute lymphoblas-
tic leukemia (T-ALL) by monotherapy or chidamide-based
regimens [9, 10]. In AML, chidamide also blocks the cell
cycle in GO/G1 phase and inhibits cell growth [11-13]. In
addition, chidamide induces DNA double-strand break and
alters the ratio of anti- and pro-apoptotic proteins [11], and
improves the sensitivity to anthracycline drugs by inhibition
of the HDAC3-AKT-P21-CDK?2 axis [12]. In T-ALL, com-
bination of apatinib and chidamide suppresses mitochondrial
respiration and decreases the levels of some rate limiting
enzymes in the OXPHOS [10], suggesting that chidamide
could exert its anti-leukemia on cellular metabolism.

In this study, we found that high OXPHOS was associated
with high expression of HDAC1/3 in AML. Inhibition of
HDAC1/3 by chidamide disrupted mitochondrial OXPHOS
and reduced inflammatory status of AML, providing a new
approach of targeting leukemia in future.

Materials and methods
Bioinformatics analysis

The Cancer Genome Atlas AML dataset (173 patients in
all and 162 patients with full survival data) was down-
loaded from XENA (https://xenabrowser.net/hub/). Gene
set enrichment analysis (GSEA) was performed on Gene
Ontology and Hallmark using clusterProfiler package [14].
Immune infiltration was analyzed by the xCell algorithm
[15] and ssGSEA. Glycolysis score and OXPHOS score
were assessed based on gene set variation analysis (GSVA).
ChIP sequence analysis of GSE111293 from Gene Expres-
sion Omnibus (GEO) was performed by Intergrative Genom-
ics Viewer (IGV).
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Cell lines and reagents

HL-60 and MOLM-13 were cultured in RPMI-1640 (Gibco,
Grand Island, NY, USA) with 10% fetal bovine serum
(Gibco) in an incubator at 37°C with 5% CO,. Chidamide
(Chipscreen Bioscience Ltd., Shenzhen, China) was dis-
solved in dimethyl sulfoxide at a concentration of 50 mM.

Cell viability assay

Leukemic cells were cultured in 96-well plates and treated
with various doses of chidamide alone or combination for
indicated time. The cell viability was detected by Cell
Counting Kit-8 (CCK-8, APExBIO, Houston, TX, USA).
After different treatment, 10 pL CCK-8 solution was added
to each well for incubation for another 4 h, and then cells
were detected using a microplate reader by the optical den-
sity (OD) at 450 nm.

Colony forming unit (CFU) assay

HL-60 and MOLM-13 cells were cultured in methylcellulose
(R&D Systems, Minneapolis, MN, USA) and treated with
chidamide. The CFU were counted and measured on the
indicated day.

Cell death detection

HL-60 and MOLM-13 cells were incubated with chidamide
alone or combination with other drugs, and cell apoptotic
death was measured using Annexin V-FITC and propidium
iodide (PI) staining (Vazyme Biotech, China). Briefly, cells
were collected, and resuspended in binding buffer before
being incubated with Annexin V-FITC and PI for 15 min.
Cell apoptosis was analyzed using BD FACSCanto instru-
ment. SYTOX staining (Thermo Fisher Scientific, Waltham,
MA, USA) was performed as manufacturer’s protocols and
cells were finally subjected to flow cytometry detection.

Analysis of mitotracker and mitosox

After treated with or without chidamide for 48 h, AML cells
were collected and washed with PBS, and then incubated
with 200 nM MitoTracker™ Deep Red FM (Invitrogen
Life Technologies, Carlsbad, CA, USA) in RPMI-1640 for
30 min at 37°C, or incubated with 5 pM MitoSOX™ Red
(Invitrogen) in RPMI-1640 for 15 min. After incubation,
cells were washed and resuspended with PBS, following
with measurement by flow cytometry.
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ATP content measurement

ATP content in AML cells with or without treatment of
chidamide was detected using the Enhanced ATP Assay
Kit (Beyotime Biotech, China) according to the manu-
facturer’s protocols. Briefly, cells were lysed in the ATP
detection lysis buffer and then centrifuged at 12,000 g for
5 min at 4 “C. The supernatant was collected for lumines-
cence detection using TECAN Infinite 200 PRO and the
result was normalized by protein content.

Real-time qPCR assays

Cellular RNA was extracted from AML cells by TRIzol
reagent (Invitrogen), and the cDNA was attained by a
Reverse Transcription System (Thermo Fisher Scientific).
qPCR was performed with qPCR Mix (Vazyme) following
the instructions of the manufacturer. Primer sequences of
gPCR are shown in Table S1, and ACTB was used as an
internal standard.

Western blot analysis

Cells were collected, and lysed with ice-cold RIPA buffer
(Cell Signaling Technology, Danvers, MA, USA). After
centrifugation at 12,000 rpm for 15 min at 4 °C, the protein
lysates was quantified by a bicinchoninic acid (BCA) assay
and separated by SDS-PAGE. The lysates was then trans-
ferred onto the nitrocellulose membranes (Merk Millipore,
Billerica, MA, USA). After blocked with 5% bovine serum
albumin, the membranes were incubated with antibodies
at 4 °C overnight. Primary antibodies were used as fol-
lowing: HK1, LDHA, PFKP, p-AKT, AKT, acetyl-Histone
H3 Lys9 (H3K9ac), acetyl-Histone H3 Lys27 (H3K27ac),
p-IkBa, IxkBa, NF-kB (p65), GAPDH, p-actin, and Histone
Deacetylase Antibody Sampler Kit (Cell Signaling Tech-
nology). The membranes were then washed, and exposed
to the corresponding secondary antibodies for 1 h. Finally,
immunoreactive bands were monitored by chemilumines-
cent imaging system.

Mitochondrial oxygen consumption rate
measurement

To analyze the mitochondrial function, oxygen consump-
tion rate (OCR) was determined according to the instruc-
tion of the Seahorse XF Cell Mito Stress Test Kit (Agilent
Technologies, Santa Clara, CA, USA). Briefly, the sen-
sor cartridge in Seahorse XF Calibrant was hydrated in
a non-CO, incubator at 37°C overnight. AML cells were

adhered to XFe96 cell culture microplates using Cell-Tak
(BD Biosciences, San Jose, CA, USA) and incubated at
37 °C for 1 h before analysis. Oligomycin (1 pM), carbonyl
cyanide-4- (trifluoromethoxy) phenylhydrazone (FCCP,
1 uM), Rotenone (0.5 uM) and Antimycin A (0.5 uM) were
added sequentially at the indicated time points.

In vivo experiment

Bone marrow cells from 5-FU-treated C57BL/6 J mice were
infected with MLL-AFO9 retrovirus with IL-3, IL-6, and SCF
(Peprotech, Rocky Hill, NJ, USA). After receiving with
X-ray irradiation, the recipient mice were transplanted with
bone marrow cells transfected with MLL-AF9 to develop
leukemia. The bone morrow cells from the leukemic mice
were later collected for analysis or applied for second trans-
plantation treated with or without chidamide (25 mg/kg/d)
orally each day for 14 days. The animal study was conducted
with the approval of Institutional Animal Care and Use
Committee.

Statistical analysis

Data were analyzed using GraphPad Prism 8.0 software
(GraphPad Software Inc., La Jolla, CA, USA). The result
was considered significant if p value was less than 0.05
(*p<0.05, ¥**p<0.01, ***p <0.001).

Results

High OXPHOS is correlated high expression
of HDAC1/3 in AML

To investigate the relation of OXPHOS and AML progres-
sion, a survival analysis was applied using AML data from
TCGA. We divided AML patients into two groups based
on OXPHOS score and found that AML patient with high
OXPHOS displayed a short survival (Fig. 1A). GSVA
showed OXPHOS, as well as apoptosis, reactive oxygen
species, glycolysis and fatty acid metabolism pathway were
enriched in high OXPHOS group (Fig. 1B). Additionally,
NF-kB and HDACsSs signaling were also upregulated when
OXPHOS was increased by performing GSEA (Fig. 1C).
To further investigate the function of HDAC family in AML
OXPHOS, we analyzed the expression of HDAC1-10 and
found that Class I of HDACs, such as HDAC1 and HDAC3,
was upregulated in high OXPHOS group by heatmap analy-
sis (Fig. 1D). Quantitative expression analysis further con-
firmed that HDAC1 and HDAC3 were significantly high
expressed in high OXPHOS AML patients (Fig. 1E, F).
We then divided the AML patients into groups accord-
ing to HDAC1 or HDAC3 expression level. Figure 2A, B
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Fig.1 OXPHOS is correlated to HDACs expression in AML.

AML dataset from TCGA was divided into two groups based

OXPHOS score (high and low) and a survival analysis was per-
formed. B High OXPHOS group and low OXPHOS group of AML
patients from TCGA was subjected to GSVA to illustrate the differ-
ence of pathway enrichment. C GSEA was used to analyze the signal-
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Fig.2 AML patients with high HDAC1 or HDAC3 expression dis-

play high OXPHOS. AML patients were divided into two groups
based on HDAC1 (A) or HDAC3 (B) expression and GSVA was
performed to analyze the difference of pathway enrichment. GSEA
was applied to analyze the signaling in low HDACI group and high

Glycolysis score

Oxidative Phosphorylation score

HDACI1 group (C), and in low HDAC3 group and high HDAC3
group (D). AML patients were divided into groups based on the
expression of HDAC1 (E) and HDAC3 (F), and the glycolysis score
and OXPHOS score in each group were displayed
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shows that both patients with high expression of HDACI or
HDAC3 were associated with OXPHOS, reactive oxygen
species, and fatty acid metabolism pathway. GSEA revealed
that gluconeogenesis, glucose metabolism and PD-1 signal-
ing were decreased in low expression of HDAC1 or HDAC3
group (Fig. 2C, D). Glycolysis score and OXPHOS score
were greatly increased in high HDAC3 group, while high
HDACT1 group just showed upregulation of OXPHOS score
(Fig. 2E, F). These data suggested that both HDAC1 and
HDACS3 played important roles in AML OXPHOS.

Chidamide inhibits HDACs and suppresses cell
growth in AML

To investigate the alternation of OXPHOS by inhibition
of HDACs, we applied chidamide, an HDACs inhibitor,
to measure the relationship of HDACs, OXPHOS and leu-
kemic cell growth. Western blot showed that chidamide
could inhibit HDACs expression, especially HDAC3 in
HL-60 and MOLM-13 cells, and greatly induce H3K9ac
and H3K27ac expression. Meanwhile, LDHA and PFKP, as
well as phosphorylated AKT, were reduced, while HK1 was
slightly increased (Fig. 3A). Then, we tested the prolifera-
tion of HL-60 and MOLM-13 cells after chidamide treat-
ment at various concentrations by CCK-8 assay. The results
showed that chidamide suppressed cell viability in dose- and
time-dependent manners (Fig. 3B, C). Both after exposure
of 36 h, 1 pM of chidamide could significantly reduce cell
viability. Similarly, a carboxyfluorescein succinimidyl ester
(CFSE) assay confirmed that chidamide reduced cell growth
in a concentration-dependent manner for 48 h treatment
(Fig. 3D, E), indicative of chidamide could inhibit a short-
term proliferation. To continue to measure the long-term
proliferative suppression, HL-60 and MOLM-13 cells were
cultured in the methylcellulose and treated with chidamide
for 10 days. Figure 3F shows that chidamide inhibited the
high proliferated cells in a long-term culturing. Chidamide
decreased the CFU numbers as well as the diameters at a low
concentration of 0.15 pM (Fig. 3F). Thus, chidamide could
greatly inhibit cell growth in AML cells.

Next, Annexin V-PI staining assay was used to test
whether chidamide could induce apoptotic cell death. We
found that chidamide increased apoptosis in a dose-depend-
ent manner both in HL-60 and MOLM-13 cells after 48 h
treatment (Fig. 4A, B). Similarly, more cellular death was
observed by SYTOX staining assay after cells were exposed
to 1 pM and 2 pM chidamide (Fig. 4C, D), indicating that
chidamide could promote apoptosis in AML cells.

Chidamide disrupts OXPHOS in AML

Since HDAC inhibitors could change the enrichments of his-
tone acetylation at the promoter region of target genes and
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regulate gene expression, we then continued to analyze ChIP
sequence data from GSE111293, of which U937 cells were
treated with HDAC1/HDACS3 inhibitor Entinostat and pan
HDAC inhibitor Panobinostat, and then subjected to ChIP
sequence using antibody against H3K9ac and H3K27ac.
The results showed that Entinostat (E) and Panobinostat (P)
treatment decreased histone H3 acetylation enrichment at
the promoters of mitochondrial metabolism related genes,
including ATP5SA and UQCRC2 (Fig. 5A, B). Similarly, in
HL-60 and MOLM-13 cells, chidamide also reduced the
expression of ATP5SA and UQCRC?2 (Fig. 5C), further sug-
gesting that the mitochondrial metabolism were regulated
by HDAC inhibitors.

To address the role of OXPHOS in AML, we detected the
change of metabolism after chidamide treatment. AML cells
cultured with chidamide had exhibited higher production
of mitochondrial superoxide than control cells as assessed
by MitoSOX staining (Fig. 6A, B). MitoTracker staining
also confirmed the mitochondrial balance was disrupted
in HL-60 and MOLM-13 cells (Fig. 6C, D). Additionally,
we measured mitochondrial respiration using the XFe96
cell metabolic analyzer. Culture with chidamide signifi-
cantly reduced mitochondrial respiration in AML cells, as
evidenced by a decrease in the levels of basal respiration,
maximal respiration and ATP production (Fig. 6E-H). Since
maximal respiration reflects the cell ability to respond to
energy demands, our result indicated that AML cells treated
with chidamide could decrease metabolic demand (Fig. 6G,
H). Furthermore, ATP measurement was also confirmed by
luminescence detection. Figure 61, J reveals that chidamide
effectively reduced ATP content in HL-60 and MOLM-13
cells. Hence, chidamide could disrupt OXPHOS in AML.

Importantly, we observed that glycolysis inhibitor
2-Deoxy-D-glucose (2-DG) could enhance the apoptotic
effect of chidamide and lead to growth blockage (Fig. 7A-C)
in AML cells. However, FCCP, Oligomycin, or Metformin
could not improve cell sensitivity (Figure S1). Furthermore,
chidamide augmented HK1 expression, while 2-DG reduced
the elevation of HK1 (Fig. 7D). Thus, 2-DG-inhibited glyco-
lysis might promote OXPHOS in AML cells, which facili-
tated AML cells to be more sensitive to OXPHOS inhibitor
to achieve therapeutic benefit.

Chidamide suppresses inflammation in AML

Moreover, ChIP sequence analysis from GSE111293 also
showed that Entinostat and Panobinostat treatment reduced
histone H3 acetylation enrichment at the promoter of IkB
(Fig. 8A). Consistently, IkB/NF-kB signaling was decreased
in low HDACS3 patients with low expression of a set of genes
related to IxB/NF-xB signaling, including some important
inflammatory factors, such as TLRs and S100A (Fig. 8B,
C). Thus, chidamide was used to inhibit HDACS3 to test the
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Fig.3 Chidamide inhibits HDACs and suppresses cell growth in
AML. A AML cells were treated with different doses of chidamide
for 48 h and subjected to western blot for the expression of HDACs
and metabolic proteins. AML cells were treated chidamide for 24 h
(B) or 36 h (C), and CCK-8 assay was applied to detect cell viability.

HL-60 (D) and MOLM-13 (E) cells were exposed to 1 pM and 2 pM
chidamide for 48 h and subjected to CFSE staining measurement. F
AML cells were treated with 0.15 pM chidamide for 10 days, and the
numbers and diameters of CFU were measured. Data were presented
as mean +SD, *p <0.05, **p <0.01, ***p <0.001
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inflammatory status. We showed that chidamide inhibited
the expression p-IkBa and NF-xB (p65) (Fig. 8D), which
was consistently with the result in Fig. 8A, B. Meanwhile,
inflammatory cytokines, such as IF144, ISG15 and CXCL10
was also reduced after low dose of chidamide treatment
(Fig. 8E), which might lead to reduce the inflammatory state
and reactivate immune cells in the microenvironment.
Since OXPHOS signature is correlated to inflamma-
tion or immunity [16], and chidamide could decrease the
production of inflammatory cytokines, we continued to
investigate how HDACs influence immunity in AML.
We found that patients with high HDAC3 expression
displayed low enrichment of CD8 T cells and NK cells
(Figure S2A) by performing ssGSEA using TCGA data.
Unsupervised clustering revealed comparable patterns
of checkpoint proteins between high and low HDAC3
groups. However, activated NK cells showed effective
infiltration in low HDAC3 group (Figure S2B). Although
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ATP5A (A) and UQCRC?2 (B) after treatment with HDAC inhibitors.
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in HL-60 and MOLM-13 cells. **p <0.01, **¥*p <0.001

the relationship between the immune cells in HDAC3
high and low groups was comparable (Figure S2C), sig-
nificant abundance of immune infiltration in CD8 T cells
and NK cells were also observed in low HDAC3 group
compared with the high group (Figure S2D). These data
suggested that immune infiltration, especially CD8 T and
NK cell, might be regulated by HDAC3 in AML patients,
implying the HDAC inhibitors might improve the status
of AML microenvironment.

Chidamide eradicates leukemic cells in vivo

Notably, the bone marrow cells from MLL-AF9-induced
mice (Fig. 9A, B) were used for CCK-8, CFU assay, GFP
detection and Annexin V-7AAD staining (Fig. 9C-F).
The MLL-AF9 leukemic cells exposure to chidamide led
to reduction of cell viability, as well as CFU numbers
and diameters (Fig. 9C, D). Chidamide also reduced GFP
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«Fig.6 Chidamide disrupts mitochondrial OXPHOS in AML. HL-60
(A) and MOLM-13 (B) were exposed to 0.5 pM and 1 pM chida-
mide for 48 h and MitoSOX staining was detected. HL-60 (C) and
MOLM-13 (D) were exposed to 0.5 uM and 1 pM chidamide for 48 h
and subjected to MitoTracker measurement. AML cells were cultured
with chidamide for 48 h, and exposed to Oligomycin (1 pM), FCCP
(1 uM) and Rotenone and Antimycin A (Rot/AA, 0.5 uM), and the
OCR was analyzed in HL-60 (E) and MOLM-13 (F). ATP produc-
tion, basal respiration and maximal respiratory capacity in HL-60 (G)
and MOLM-13 (H) treated with chidamide were shown. Chidamide
treated HL-60 (I) and MOLM-13 (J) cells were applied to measure
ATP production by luminescence detection. Data were presented as
mean +SD, *p <0.05, **p <0.01, ***p <0.001

expression of leukemic cells and increased cell apoptosis
(Fig. 9E, F). Similarly, chidamide decreased the expression
of UQCRC2 and ATPS5A in murine leukemic cells (Fig. 9G).
After second transplantation of MLL-AF9 leukemic cells,
the mice were treated intragastrically with or without chi-
damide. A prolonged life span was observed after treat-
ment with chidamide (Fig. 9H). Flow cytometric analysis
showed decreased c-Kit*Gr-1" leukemic cells of the periph-
eral blood in chidamide-treated mice (Fig. 9I). Therefore,
chidamide could eradicate leukemic cells in vivo.

Discussion

OXPHOS, as well as other catabolic pathways, such as gly-
colysis, glutamine metabolism, and fatty acid metabolism,
is crucial for the cellular energy metabolism and survival.
OXPHOS-associated metabolic rewiring is extensive in leu-
kemogenesis, leukemia maintenance and treatment resist-
ance [1]. An increase in OXPHOS could help AML cells to
survive in stressed condition and evade apoptosis. Pharma-
cological targeting of mitochondrial OXPHOS metabolism
is therefore an attractive area in AML therapy [17].
Aberrant expression and recruitment of HDACs play
critical roles in leukemogenesis and disease progression.
HDACS are the key epigenomic modulators in the nucleus
that forms multiprotein complexes to deacetylate histones,
controlling the transcription of numbers of genes which are
required for leukemia initiation and development. Alterna-
tion of the expression or activity of HDACs are observed
in solid tumors as well as leukemia [18]. For example,
HDACS3 is reported to be critical to control DNA damage
as well as maintaining genome stability, while deletion
of HDAC3 greatly reduces DNA repair capacity [19, 20].
Chemotherapy upregulates HDAC3 expression in leukemic
cells, while inhibition of HDAC3 decreases drug resistance
through repressing the activation of AKT [20]. Consistently,
upregulation of HDAC3-AKT-P21-CDK2 signal is observed
in anthracycline-resistant AML cells [12]. In t(8;21)
AML cells, HDAC3 binds to RUNXI1 to collaborate with
RUNXT1, contributing to repressing AML1-ETO-dependent

transcription [21]. HDAC3 inhibition by RGFP966 increases
apoptosis and attenuates ontogenetic protein expression,
including B-catenin, MYC and WT1 [22]. Importantly,
HDACS3 translocates to mitochondria to drive inflamma-
tion in an IL-1p-dependent manner by deacetylating and
inactivating the FAO enzyme HADHA [23], suggesting
that HDAC3 couples mitochondria through configuring
cell metabolism. In this study, we showed that both HDAC1
and HDAC3 were strongly correlated to AML OXPHOS
(Figs. 1, 2). Chidamide effectively inhibited HDAC3 expres-
sion and reduced mitochondrial OXPHOS, giving evidence
that HDAC3 was a target to intervene OXPHOS in AML
(Figs. 3, 5, 6).

The metabolism of tumor cell has been identified as a
hallmark, and tumor cells switch between glycolysis and
OXPHOS to adapt their energy requirement and to sat-
isfy the needs of proliferation. Recent studies report that
in numbers of tumor types, cells switch to mitochondrial
OXPHOS for maintaining a high proliferative rate [24].
AML cells also heavily rely on OXPHOS [3], while inhibi-
tion of OXPHOS could efficiently reduce cell proliferation
[17, 25]. Cells acquire metabolic remodeling by regulating
metabolic enzymes by translation or post-translation modi-
fication. Acetylation/deacetylation is considering as a major
regulatory metabolic mechanism and alters in tumors [26].
The role of HDAC3 in controlling DNA damage and gene
expression is well reported. However, we provided new
data that HDAC3 could regulate mitochondrial OXPHOS
in AML cells by reducing OCR and ATP production (Fig. 6).

In addition to supplying the power for the cell survival,
mitochondria are also regarded as the powerhouses of immu-
nity [16]. In colorectal adenocarcinoma, OXPHOS-related
prognostic signature is associated with immune infiltration.
Higher gene expression of immune checkpoint and tumor
mutation burden exist positively with higher OXPHOS risk
score [27]. Similarly, in hepatocellular carcinoma, the five-
gene OXPHOS-related signature is associated with immune
cell infiltration as well as tumor stemness [28]. In AML,
EVT-701, an electron transfer chain complex I inhibitor,
reduces the OXPHOS and PD-L1 expression in cytarabine-
resistant leukemic cells to improve the anti-tumor response
[29]. Thus, OXPHOS-mediated immune response can be
used for prognostic prediction for tumor patients. In this
study, we also found that HDAC3 expression predicted CD8
T and NK cell infiltration and inflammatory status, while
chidamide could reduce inflammatory signaling (Fig. 8, S2),
revealing its novel role in regulating metabolism-controlled
inflammation and immune infiltration.

Chidamide has been studied as a monotherapy in sev-
eral cancer types, which is currently used as a second-line
therapy in T-cell lymphoma treatment [30]. Currently,
chidamide is mostly used in combination with chemo-
therapy, immunotherapy or targeted therapy in numbers
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Fig.8 Chidamide relieves cell inflammatory status. A ChIP sequence
analysis from GSE111293 for H3K9ac and H3K27ac on the pro-
moter of [kB after treatment with HDAC inhibitors. B GO-GSEA was
applied to analyze the inflammatory signaling in AML patients from
TCGA. C The heatmap of inflammatory factors in NF-xB signaling

of clinical trials in hematological malignancies [8]. Dau-
norubicin, idarubicin, and cytarabine were DNA-damaging
agents that widely used in AML, and low dose of chida-
mide could improve the therapeutic effect [31]. A Phase
I/IT study shows the strategy of chidamide, decitabine,

between HDAC3 high and low groups was displayed. D HL-60 and
MOLM-13 were exposed to different doses of chidamide for 48 h
and subjected to western blot. E Cells were treated with 0.5 pM chi-
damide for 48 h and qPCR was performed. Data were presented as
mean =+ SD, *p <0.05, **p <0.01, ***p <0.001

cytarabine, aclarubicin, and granulocyte colony-stimulat-
ing factor combination in patients with relapsed or refrac-
tory AML achieves favorable benefit [32]. Chidamide
also enhances the anti-leukemic activity of venetoclax,
a selective Bcl-2 inhibitor, by increasing DNA damage
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«Fig.9 Chidamide eradicates murine leukemic cells in vivo. A The
chart of procedure for collecting leukemic cells in mice. B Murine
bone marrow cells transfected with the MLL-AF9 were transplanted
to the recipient mice to develop leukemia. Then the leukemic cells
were collected for PCR to detect MLL-AF9 fusion gene expres-
sion (n=3). CCK-8 (C) and CFU (D) assays were performed after
chidamide treatment. The GFP expression (E), apoptosis (F), and
UQCRC2 and ATP5A mRNA expression (G) were displayed. (H)
The survival of mice treated with or without chidamide. (I) Periph-
eral blood cells were collected to detect the ratio of c-KittGr-1~
after treatment with chidamide for 14 days. *p<0.05, **p<0.01,
*#%p <0.001

and promoting apoptotic cell death [11, 13]. In this study,
we found that chidamide restrained leukemic cells by
reduction of cell proliferation and induction of apoptosis
(Figs. 3, 4, 9). Furthermore, inhibition of glycolysis by
2-DG could improve the sensitivity of AML cells to chida-
mide. Mechanically, 2-DG reduced the expression of HK1
increased by chidamide (Fig. 7), indicating that switching
the AML cells to OXPHOS by inhibition glycolysis could
improve the efficacy of HDAC inhibitors.

Therefore, chidamide could act as an OXPHOS inhibi-
tor to disrupt AML mitochondrial OXPHOS and eradicate
leukemic cells. This study demonstrated that targeting
OXPHOS will be a new strategy by reducing cell metabo-
lism and improving immune status in AML treatment.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12094-023-03079-8.
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