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ABSTRACT

Acute myeloid leukemia (AML) is a heterogeneous hematologic malignancy characterized by abnormal
cell proliferation, apoptosis repression and myeloid differentiation blockade of hematopoietic stem/
progenitor cells. Developing and identifying novel therapeutic agents to reverse the pathological
processes of AML are of great significance. Here in this study, we found that a fungus-derived histone
deacetylase inhibitor, Apicidin, presents promising therapeutic effect on AML by inhibiting cell prolifera-
tion, facilitating apoptosis and inducing myeloid differentiation of AML cells. Mechanistic investigation
revealed that QPCT is identified as a potential downstream target of Apicidin, which exhibits significantly
decreased expression in AML samples compared with the normal controls and is remarkably up-
regulated in AML cells upon Apicidin management. Functional study and rescue assay demonstrated
that QPCT depletion further promotes cell proliferation, inhibits apoptosis and impairs myeloid differ-
entiation of AML cells, alleviating the anti-leukemic effect of Apicidin on AML. Our findings not only
provide novel therapeutic target for AML, but also lay theoretical and experimental foundation for the

ARTICLE HISTORY
Received 9 May 2022
Revised 8 October 2022
Accepted 27 April 2023

KEYWORDS

Apicidin; histone deacetylase
inhibitor; acute myeloid
leukemia; myeloid
differentiation; QPCT

clinical application of Apicidin in AML patients.

Introduction

Acute myeloid leukemia (AML) is a malignant hematopoietic
neoplasm characterized by arrest of myeloid differentiation,
rapid growth and apoptotic repression of leukemic blasts
arisen from the hematopoietic stem/progenitor cells (HSPCs)
population within the bone marrow'. The incidence rate of
AML is 3-5 per 100,000°. Older people are more susceptible,
with a median onset age of 68 years. AML is the most common
type of acute leukemia in adults with a low survival probability,
particularly in older patients®. The chemotherapeutic regimens
and allogeneic hematopoietic stem cell transplantation (allo-
HCT) remain the first-line treatment choices for AML
patients, which could achieve 5-year survivals of 30% to 35%
in younger patients (age <60 years) and 10%-15% in older
patients (age >60 years)*. In the past decades, great progress
has been made in understanding the genomic landscape and
pathogenesis of AML, which has accelerated translational dis-
coveries and is contributing to a steady improvement in the
outlook and prognosis of AML’. In recent years, several small
molecule-targeted therapies such as the fms-like tyrosine
kinase 3 (FLT3) and isocitrate dehydrogenase (IDH) inhibitors
and the BCL2 inhibitor venetoclax have been approved, and
brought more choices and great benefits for AML patients
unable to receive intensive chemotherapy and allo-HCT®”.
However, the outcome in older patients remains dismal, with

a median survival of only 5 to 10 months®. It is still in urgent
need to develop novel therapies with less intensive and more
tolerable therapeutic effects for the most older AML patients.

Accumulating evidences indicate that epigenetic aberration
contributes to the oncogenic transforming including AML>"°.
Histone deacetylases (HDAC), as one of the major epigenetic
regulators, are key enzymes involved in epigenetic modulation
and catalyze the removal of acetyl from lysine residues in his-
tones and non-histone proteins, causing gene transcriptional
repression and subsequent changes in signaling events''.
HDAC:s have been intensively studied in the past few decades
and increasing evidence indicates that HDACs play diverse
functions in a wide range of physiological and pathological
processes'”. Presently, HDAC family members are appealing
targets for drug exploration and a number of HDAC inhibitors
have been developed, which are emerging as a new class of
targeting agents especially in various cancers including
AML'">", Chidamide, a novel and orally available benzamide-
type HDAC inhibitor, selectively inhibiting the activity of
HDACI, 2, 3, and 10, has been demonstrated to confer promis-
ing therapeutic effect in AML by use alone or in combination
with other chemotherapeutic or targeting agents'>™"”. Apicidin
is a fungal metabolite with potent HDAC inhibitor activity and
has been reported to inhibit cell proliferation in several human
cancer cell lines, including leukemia'®. However, it remains to
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be further investigated about whether Apicidin could be used as
a therapeutic agent in AML.

Here in this study, we found that Apicidin presents promis-
ing therapeutic effect on AML by inhibiting cell proliferation,
promoting apoptosis and inducing myeloid differentiation of
AML cells. Mechanistic investigation revealed that glutaminyl-
peptide cyclotransferase (QPCT) is up-regulated by Apicidin
treatment, presents aberrantly decreased expression in AML
patients compared with normal controls and functions as an
important regulator in myeloid differentiaiton and AML patho-
genesis, partly underlying the anti-leukemic effect of Apicidin
on AML. Our findings not only provide novel therapeutic target
for AML, but also lay theoretical and experimental foundation
for the clinical application of Apicidin in AML patients.

Materials and methods
Human samples

Human bone marrow samples of AML patients and iron
deficiency anemia (IDA) normal controls were collected
from the hematology department of the affiliated hospital of
Jining Medical University. Informed consent to perform the
biological studies was obtained from the individuals examined,
and the related study was approved by the medical scientific
research ethics committee of Affiliated Hospital of Jining
Medical University and has been conducted in accordance
with the Declaration of Helsinki. Mononuclear cells (MNCs)
of the samples were isolated by Ficoll density gradient [d =
1.077 g/ml] for subsequent RNA extraction or culture with
Apicidin treatment. The characteristics of AML patients used
in this study were presented in Table SI.

Cell culture and treatment

THP-1 and HL-60 were purchased from cell resource center of
Shanghai Institutes for Biological Science, Chinese Academy of
Sciences; 293T was purchased from cell resource center of
Institutes of Basic Medical Sciences, Chinese Academy of
Medical Sciences; NB4 was purchased from cell resource cen-
ter of Procell company. THP-1 and NB4 were cultured in
PRMI 1640 medium (Hyclone); HL-60 and primary MNCs
were cultured in Iscove’s modified Dubecco’s Medium
(IMDM) (Hyclone); 293T was cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Hyclone). All cultures were supple-
mented with 10% fetal bovine serum (FBS) (Gibco), 100 U/ml
penicillin and 100 pg/ml streptomycin (Sigma-Aldrich) at
37°C in 5% CO,. The macrophage-like differentiation of
THP-1 and HL-60 was induced with PMA (Sigma-Aldrich)
at final concentration of 10 nM. The granulocytic differentia-
tion of NB4 and HL-60 was induced with ATRA (Sigma-
Aldrich) at final concentration of 2 uM. Apicidin (Cat. No.:
HY-N6735) was purchased from MedChemExpress (MCE)
and used to treat AML cells at final concentration of 1 uM.

RNA extraction and Qrt-PCR analysis

Total RNA was extracted from cell samples using TRIzol
Reagent (Invitrogen) and quantified using the NanoDrop

2000 spectrophotometer (Thermo Scientific). The first strand
of cDNA was synthesized using Moloney murine leukemia
virus (M-MLV) reverse transcriptase (Invitrogen) according
to the manufacturer’s instructions. Oligo (dT) was used as the
primer for reverse transcription of mRNA. GAPDH was used
as the loading control. qRT-PCR was performed in a Bio-Rad
CFX-96 System (Bio-Rad) using the SYBR Premix (ABclonal).
The primers used for reverse transcription and qRT-PCR are
listed in Table S2.

Plasmid construction

The shRNA sequences for QPCT and corresponding control
were synthesized, annealed and inserted into pSIHI1-H1-
copGFP (System Biosciences). The oligonucleotides used for
plasmid construction are listed in Table S3.

Lentivirus production and cell infection

The recombination lentiviruses for knockdown were produced
in 293T cells using pSIH1-HI1-copGFP-based constructs.
Lentivirus packaging was performed using the pPACKHI1
HIV Lentivector Packaging Kit (LV500A-1, System
Biosciences) according to the manufacturer’s instructions.
The virus particles in the culture supernatant were condensed
by ultracentrifugation and subsequently used to infect the
AML cells in 6-well plates with 5pug/mL polybrene
(SigmaAldrich).

Cell proliferation assay

AML cells, infected with lentivirus and/or treated with
Apicidin, were plated in 96-well plate at a density of 10,000
cells/well and incubated in 10% CCK-8 (Dojindo) diluted in
normal culture medium at 37°C for 1.5 hours. Then prolifera-
tion rates were determined at 0, 24, 48, and 72 h by measuring
the absorbance (A) with a microplate reader set at 450 and 630
nm. All experiments were performed in triplicate. The relative
cell viability in each time point was calculated as follows:
Agest group/Acontrol group> in Which the relative cell viability in
control group was normalized as “1” in each time point.

Cell apoptosis assay

AML cells, infected with lentivirus and/or treated with
Apicidin, were starved in low FBS medium for 48 h and then
collected, washed once with PBS and re-suspended in the 1x
binding buffer. Apoptotic cells were stained with APC-
Annexin V and 7-AAD (Biolegend) at room temperature for
20 min and immediately analyzed by flow cytometry.

Flow cytometry analysis

AML cells were treated with Apicidin or infected with lenti-
virus followed by induction toward macrophage-like and gran-
ulocytic differentiation, respectively, and harvested at 48 h of
differentiation. The cells were rinsed twice with PBS, resus-
pended in 100 pl PBS and incubated with APC-conjugated
anti-CD14 or anti-CD11b (eBioscience) at 4°C for 30 min.



Then the cells were washed with 1 ml PBS, re-suspended in
300 pl PBS and analyzed immediately using a DxFLEX flow
cytometer (Beckman).

Chromatin Immunoprecipitation (ChIP)

HL-60 cells were seeded onto 10-cm plates and grown to
approximately 70% confluence. Then the cells were treated
with dimethyl sulfoxide (DMSO) or Apicidin for 48 h and
ChIP was performed using Chromatin Immunoprecipitation
Kit (WLA106a, Wanleibio) according to the manufacturer’s
instructions. The precipitated DNA was amplified by PCR. All
the primers used for ChIP-PCR are listed in Table S4. Primary
antibodies against the following proteins were used: H3K27ac
(ab177178; Abcam), H3K9ac (ab177177; Abcam), and IgG
provided in the ChIP Kit (WLA106a, Wanleibio).

Western blot

Total proteins were extracted from AML cells and/or corre-
sponding controls using RIPA buffer (50 mM Tris-HCI, pH
7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium
deoxycholate, 0.1%SDS) supplemented with 1 mM PMSF and
Protease inhibitor mixture (PI0015, Leagene Bio). The protein
concentration was determined using BCA Protein Assay Kit
(P0010, Beyotime). Protein samples were separated on 10%
SDS-PAGE gels and then transferred to PVDF membranes.
Membranes were blocked with 5% skimmed milk in TBS-T
and incubated with primary antibodies at 4°C overnight.
Primary antibodies against the following proteins were used:
QPCT (A6711; ABclonal), and actin (AC004; ABclonal).
Horseradish peroxidase-conjugated secondary antibodies
were used (ZSGB-BIO). Signals were detected using an ECL
(enhanced chemiluminescence) kit (Millipore).

Statistical analysis

Student’s t-test (two-tailed) was performed to analyze the data.
The statistically significant difference was considered only
when P value was less than 0.05. All data were shown as
mean + SD. *P < .05; **P < .01, ***P < .001.

Results

Apicidin presents significant anti-leukemic effect on AML
cells

Apicidin is a cyclic tetrapeptide isolated from Fusariumsp with
HDAC inhibitor activity, whose chemical structure is shown in
Figure 1. To investigate whether Apicidin confers anti-
leukemic effect on AML cells, we used Apicidin to treat AML
cell lines (THP-1, NB4 and HL-60) and primary AML cells
derived from the bone marrows of three different AML
patients. Then cell proliferation, apoptosis and myeloid differ-
entiation of AML cells were evaluated. Apicidin presented
striking inhibitory effect on the proliferation of AML cell
lines (Figure 2a-c, top panel) and remarkably facilitated cell
apoptosis (2A-C, middle panel). The expression of myeloid
differentiation markers CD14 or/and CD11b also exhibited
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Figure 1. Chemical structure of Apicidin.

significantly increased expression in the three AML cell lines
after Apicidin management according to the flow cytometric
analyses (Figure 2a-c, bottom panel). The same results were
also observed in the primary AML cells (Figure 2d-f).
Collectively, the results indicate that Apicidin may be used as
a promising and alternative therapeutic agent for AML by
inhibiting proliferation, faciliating apoptosis and inducing
myeloid differentiation of AML cells.

Apicidin increases QPCT expression in AML cells

Different HDAC inhibitors may act on different HDAC family
members, generally leading to increased histone acetylation
level and subsequent gene expression alterations'®. To further
reveal the underlying molecular mechanism of Apicidin in
AML treatment, we consulted the expression profiling data
of AML (GSE79605) and Apicidin treatment®’, and also the
profiling data of chidamide management (GSE199466),
another HDAC inhibitor like Apicidin. Many candidate
genes were selected for experimental validation in Apicidin-
handled AML cells (data not shown). QPCT, encoding
a pituitary glutaminyl cyclotransferase and responsible for
the presence of pyroglutamyl residues in many neuroendo-
crine peptides®', is one of the identified differential genes
which presented remarkably increased expression in AML
cell lines (Figure 3a) and primary AML cells (Figure 3b,c)
upon Apicidin treatment. To demonstrate whether increased
QPCT expression in Apicidin-treated AML cells is associated
with alteration of H3K27ac and H3K9ac levels in QPCT pro-
moter region, we conducted H3K27ac and H3K9ac ChIP
experiment using HL-60 cells treated with DMSO and
Apicidin. Ultrasonication effiency of the genomic DNA was
detected by agarose gel electrophoresis and presented in
Figure 3d. Four pairs of PCR primers (primer pairs 1-4)
were designed covering four different possible regions binded
by H3K27ac and H3K9ac in QPCT promoter (Figure 3e). The
H3K27ac and H3K9ac ChIP-PCR results indicated that
Apicidin management significantly enhanced H3K27ac and
H3K9ac binding to the primer pair 1, primer pair 2 and primer
pair 3 expanded promoter regions of QPCT, compared with
DMSO group (Figure 3f). Collectively, the results demon-
strated that Apicidin may facilitate QPCT expression in AML
cells by increasing H3K27ac and H3K9ac levels in QPCT
promoter region.
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Figure 2. Apicidin inhibits proliferation, promotes apoptosis and induces myeloid differentiation of AML cells. (a-c) THP-1 (a), NB4 (b), and HL-60 (c) cells were treated
with Apicidin for 48-72h. Then cell proliferation was evaluated by CCK-8 assay, cell apoptosis analyses were performed using double staining of Annexin V and 7-AAD
followed by flow cytometry assay, and myeloid differentiation markers CD14 and/or CD11b were characterized by flow cytometric analyses. (d-f) The bone marrow
MNCs were isolated from three independent AML patients and treated with Apicidin for indicated times. Then cell proliferation was evaluated by CCK-8 assay, cell
apoptosis analyses were performed using double staining of Annexin V and 7-AAD followed by flow cytometry assay, and myeloid differentiation markers CD14 and
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H3K9ac binding sites in QPCT promoter region. (f) ChIP-Qrt-PCR analysis of H3K27ac and H3K9ac binding level in the QPCT promoter region after Apicidin treatment in

HL-60 cells. *P< .05, **P< .01, ns: not significant, Student’s t-test.

QPCT exhibits aberrantly decreased expression in AML
patients and increases upon myeloid induction of AML cell
lines

Presently, the role of QPCT in AML pathogenesis has never
been reported. To evaluate its function in AML, we first
detected QPCT expression in the bone marrow-derived mono-
nuclear cells (MNCs) of AML patients and normal controls,
which indicates that QPCT presented significantly decreased
expression in AML samples at both the mRNA and protein
levels (Figure 4a,b). No significant correlation between QPCT
expression and different AML karyotypes was observed in our
samples. AML development is often accompanied with mye-
loid differentiation blockade**™**. To explore whether aberrant
expression of QPCT influences the myeloid differentiation
process, we also analyzed the expression of QPCT using qRT-
PCR and western blot during the PMA induced macrophage-
like differentiation of THP-1 and HL-60 cells, and ATRA
induced granulocytic differentiation of NB4 and HL-60 cells.
The results showed that QPCT presents gradually increased
expression during the PMA/ATRA-induced myeloid differen-
tiation of AML cell lines at both mRNA and protein levels
(Figure 4c-f). These results sugggest that aberrant expression

of QPCT in AML may correlate with myeloid differentiation
blockade and mediate AML pathogenesis.

QPCT acts as an important regulator in AML
leukemogenesis

To further elucidate the role of QPCT in AML, we make use of
the recombined lentiviruses that express specific ShRNA for
QPCT (lenti-shQPCT) to infect THP-1 and HL-60 cells,
respectively, which resulted in significant down-regulation of
QPCT expression at both mRNA and protein levels in THP-1
(Figure 5a) and HL-60 (Figure 5b) cells. Decreased QPCT
expression in THP-1 cells contributed to remarkable cell pro-
liferation (Figure 5c) and apoptosis repression (Figure 5d), and
also strikingly impaired PMA induced macrophage-like differ-
entiation as revealed by decreased CD14 expression according
to the flow cytometric analysis (Figure 5e). Likewise, lenti-
virus-mediated knock-down of QPCT expression in HL-60
cells further exacerbated the malignant phenotype of leukemia,
characterized by increased cell proliferation (Figure 5f),
reduced apoptosis (Figure 5g) and myeloid differentiation
blockade with decreased CD14 (Figure 5h) and CDI11b
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(Figure 5i) expression. Taken together, these results demon-
strated that low expression of QPCT in AML cells may con-
tribute to the pathogenesis and progression of AML by
simultaneously increasing cell proliferation, reducing apopto-
sis and arresting myeloid differentiation.

QPCT partly underlies the anti-leukemic effect of Apicidin
on AML

To further demonstrate that whether Apicidin exerts its anti-
leukemic role in AML by increasing QPCT expression, we
performed rescue assay. THP-1 and HL-60 cells were infected
with lenti-shQPCT or lenti-ctr]l twenty-four hours later, the
cells were changed into fresh complete medium with Apicidin
or DMSO. As expected, lenti-shQPCT infection resulted in
significant down-regulation of QPCT in both DMSO and
Apicidin treated groups, and Apicidin up-regulated QPCT
expression even in the presence of shQPCT in THP-1

(Figure 6a) and HL-60 (Figure 6b) cells. Lenti-shQPCT-
mediated depletion of QPCT partly alleviated the anti-
leukemic effect of Apicidin as revealed by increased cell pro-
liferation of THP-1 and HL-60 (Figure 6c¢,d) cells, partial
apoptosis repression (Figure 6e,f) and decreased CD14
(Figure 6g,h) or/and CD11b (Figure 6i) expression as compar-
edto lenti-shQPCT+Apicidin with lenti-ctrl+Apicidin. These
results demonstrated that QPCT may act as a potential down-
stream target and partly mediates the therapeutic effect of
Apicidin on AML.

Discussion

AML is a heterogeneous and aggressive hematopoietic disor-
der characterized by malignant proliferation and apoptotic
repression of clonal neoplastic cells and also differentiation
blockade of myeloid blasts***®. Mechanistic insights reveal
that increasing numbers of gene mutations, chromosome
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Figure 5. QPCT regulates the proliferation, apoptosis and myeloid differentiation of AML cells. (a-b) THP-1 and HL-60 cells were infected with lenti-ctrl and lenti-
shQPCT, replaced with fresh medium 24h later and cultured for another 48h. Then QPCT expression was detected by Qrt-PCR and western blot in THP-1 (a) and HL-60
cells (b). (c-d) Cell proliferation was evaluated by CCK-8 assay (c) and cell apoptosis analyses were performed using double staining of Annexin V and 7-AAD followed by
flow cytometry assay (d) in infected THP-1 cells. (e) CD14 expression was evaluated by cytometric analyses in THP-1 cells that were infected with lenti-shQPCT (or lenti-
ctrl) followed by PMA induction. (f-g) Cell proliferation was evaluated by CCK-8 assay (f) and cell apoptosis analyses were performed using double staining of Annexin
V and 7-AAD followed by flow cytometry assay (g) in infected HL-60 cells. (h) CD14 expression was evaluated by cytometric analyses in HL-60 cells that were infected
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.05, **P< .01 and ***P< .001, Student’s t-test.
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translocations, deletions and other genetic abnormalities con-
tribute to the onset and progression of AML*"%,
Accumulating evidence also demonstrates that epigenetic dys-
regulations including DNA methylation and histone deacety-
lation also play essential roles in the pathogenesis of AML,
which further aggravates the biological complexity of
AML?>*°, On the other hand, the great progress in epigenetic
regulators contributing to AML development supports the
rationale for the use of epigenetic drugs in patients with
AML’". In recent years, small molecule-mediated targeting of
key regulators in epigenetic aberrancy represents a novel and
alternative therapeutic strategy for AML, especially for the
refractory/relapsed patients®. Azacitidine and decitabine
belong to the cytidine analogues and could be used as hypo-
methylating agents by inhibiting the activity of DNA
methyltransferase’, which in combination with venetoclax
presented promising therapeutic effect and well-tolerable
results in elderly patients with AML>*. Besides, different
kinds of HDAC inhibitors such as Panobinostat, Vorinostat
and Trichostatin A have also been developed and found to
promote cell death, autophagy, apoptosis, or growth arrest in
preclinical AML models®. Apicidin, a cyclic tetrapeptide, is
a natural fungal metabolite and inhibits HDACs at nanomolar
concentrations’®, which has been reported to induce apoptosis
via a mitochondrial/cytochrome-c-dependent pathway in
AML cell lines'®. Here in this study, we further demonstrated
that Apicidin exhibits encouraging anti-leukemic activity in
AML cell lines and primary AML cells by not only promoting
cell apoptosis, but also inhibiting cell proliferation and indu-
cing myeloid differentiation.

Subsequently, mechanistic investigation revealed that
QPCT may act as a potential downstream target of Apicidin,
which presented significantly increased expression in
Apicidin-handled AML cells. Here, QPCT was chosen mainly
because of our preivous work in which QPCT was identified as
one of the top fifty up-regulated genes elicted by Chidamide
treatment in bone marrow derived mesenchymal stem cells
according to the profiling data. And it has been reported that
both Apicidin and Chidamide could inhibit the activity of
HDAC2 and HDACS3, resulting in elevation of histone acetyla-
tion level and subsequent increased gene expression®”*,
Increasing evidence indicates that histone acetylation is an
important determinant of gene expression by regulating tran-
scription, chromatin remodeling and nuclear architecture,
whose abnormal alterations mediated by the dysfunction of
histone acetyltransferase (HAT) and HDAC have been impli-
cated in various pathophysiological processes, including AML
pathogenesis®*’. QPCT was further demonstrated to present
aberrantly decreased expression in AML patient samples com-
pared with the normal controls and exerts tumor suppressive
role in AML development by regulating cell proliferation,
apoptosis and myeloid differentiation. We also demonstrated
that increased binding of H3K27ac and H3K9ac in QPCT
specific promoter regions after Apicidin management may
contribute to enhanced QPCT expression in Apicidin-treated
AML cells. However, as to whether H3K27ac and H3K9ac
alterations in QPCT promoter regions mediate the low expres-
sion of QPCT in AML samples, it is not invloved in this work
and will be further investigated in the future.
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Apicidin confers therapeutic effect in AML via QPCT

Figure 7. Schematic representation of Apicidin-mediated therapeutic effect on
AML. Apicidin increases QPCT expression and confers therapeutic effect on AML
by simultaneously inhibiting cell proliferation, promoting apoptosis and inducing
myeloid differentiation of AML cells.
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Taken together, we summarized a model of Apicidin- and
QPCT-mediated involvement in AML pathogenesis
(Figure 7). Apicidin presents outstanding therapeutic effect
on AML by inhibiting cell proliferation, facilitating apoptosis
and inducing myeloid differentiation of AML cells. QPCT is
identified as a potential downstream target of Apicidin,
which exhibits remarkably increased expression in AML
cells upon Apicidin management. Functional study and res-
cue assay reveal that QPCT depletion further promotes cell
proliferation, inhibits apoptosis and impairs myeloid differ-
entiation of AML cells, alleviating the anti-leukemic effect of
Apicidin on AML. Our findings not only provide novel
therapeutic target for AML, but also lay theoretical and
experimental foundation for the clinical application of
Apicidin in AML patients.
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