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Synergistic efficacy of homoharringtonine and venetoclax on
acute myeloid leukemia cells and the underlying mechanisms
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Background: To evaluate whether homoharringtonine (HHT) combined with venetoclax could produce a
synergistic anti-acute myeloid leukemia (AML) effect and determine the underlying mechanisms.

Methods: The effect of HHT and venetoclax combination on cell viability, apoptosis, and mitochondrial
membrane potential was investigated iz vitro using AML cell lines and primary cells. High-throughput
mRNA sequencing was used to analyze mRNA level changes after the application of HHT and venetoclax on
OCI-AMLS3 cells. Western blotting was used to verify the changes in protein expression within the mitogen-
activated protein kinases/extracellular signal-regulated kinase (MAPK/ERK), phosphatidylinositiol 3-kinase
(PI3K)/AKT and p53 pathway. The efficacy of HHT and venetoclax iz vivo and their effects on survival time
were evaluated in a xenograft model established in severe immunodeficiency (NOD/SCID) mice.

Results: Venetoclax and HHT synergistically inhibited the proliferation of AML cells, decreased the
mitochondrial membrane potential, and promoted AML cell apoptosis in a time- and concentration-
dependent manner. Venetoclax combined with HHT increased the expression of the caspase-3, Poly (ADP-
ribose) polymerase (PARP), and YH2AX proteins. HHT enhanced the proapoptotic effect of venetoclax by
reducing the expression of myeloid cell leukemia sequence 1 (Mcl-1). HHT arrested AML cells in G1 phase
of the cell cycle. HHT enhanced the proapoptotic effect of venetoclax by inhibiting the activation of the
MAPK/ERK and PI3K/AKT pathways and activating the p53 pathway. In vive experiments confirmed that
the combination of HHT and venetoclax could inhibit the growth of tumors in AML xenotransplanted mice
and prolong the survival time of tumor-bearing mice.

Conclusions: HHT combined with venetoclax synergistically promoted apoptosis in AML cell lines and
primary cells by inhibiting the activation of the MAPK/ERK and PI3K/AKT pathways and activating the
p53 pathway.
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Introduction recent years. With advances in treatment, approximately

Acute myeloid leukemia (AML) is a hematopoictic 60% to 80% of adult AML patients can achieve complete

malignancy characterized by the rapid growth of remission (CR) through induction chemotherapy, while

myeloid clonal cells. It accounts for approximately 70% most AML patients will show resistance to chemotherapy at

of acute leukemias. The incidence of AML in China is
approximately 3.4/100,000, and it has been increasing in
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some point during the course of the disease. Approximately

20% of AML patients exhibit primary refractory disease,
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and more than 50% of young AML patients and up to
90% of elderly AML patients will eventually relapse (1-3).
The survival of AML cells depends on their expression of
Bcl-2 (4). Overexpression of Bel-2 protein protects cells
from apoptosis and is related to chemotherapy resistance
(5-10). Therefore, inhibiting antiapoptotic Bel-2 family
members is promising in the treatment of AML.

Venetoclax is a selective Bcl-2 inhibitor, and its addition
to Bel-2-overexpressing cancer cells effectively triggers
apoptosis in vitro (11). It is well tolerated and greatly
reduces treatment risk compared with conventional
chemotherapy, but its application as a single agent has low
efficiency in AML patients. Therefore, it is necessary to
explore combination regimens with venetoclax in AML.
Mcl-1 has been demonstrated to play a role in both
inherent and acquired resistance to venetoclax (12,13). The
mechanism by which Mcl-1 blocks apoptosis is by binding
to and sequestering the pro-apoptotic BH3-only proteins
Bim, Puma, Noxa, Bak, and Bax (14), causing the formation
of pores on the mitochondrial membrane is prevented and
cytochrome c is released into the membrane cytoplasm (15).
Combination regimens of venetoclax with hypomethylating
agents (HMAs) or low-dose cytarabine (LDAC) have
received accelerated approval from the US Food and Drug
Administration (FDA) for the treatment of patients aged
75 or older or in newly diagnosed AML patients who are
not candidates for strong chemotherapy. Several centers
have explored venetoclax in combination with other
drugs to synergistically promote apoptosis in AML cells,
and experimental studies have shown that erythromyecin,
cytarabine, histone deacetylase inhibitors (HDACIs),
and the Mcl-1 inhibitor A-1210477 could synergistically
induce apoptosis in AML cells (16,17). Homoharringtonine
(HHT), an indigenous plant-derived antitumor drug in
China, has been used for the treatment of hematologic
malignancies for nearly 30 years, and experimental studies
(18-21) have shown that HHT can promote apoptosis in a
variety of AML cells and can inhibit the protein translation
process and downregulate Mcl-1 expression. HHT has
presented a synergistic effect with venetoclax in inhibition
of Mcl-1 and killing of lymphoma (22). Yu et 4/. found a
combination of HHT with venetoclax and azacitidine exerts
better treatment response in R/R-AML (23). This study
aimed to use AML cell lines and primary cells to study the
effects of venetoclax and HHT combination therapy on
AML cell apoptosis, establishing an AML mouse model
to examine the efficacy and survival time of combination
therapy in vivo, and analyze the drug effects with multi-
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omics sequencing technology. In our study, we focused on
the mechanism of HHT and venetoclax acting on AML,
it was found by transcriptome sequencing and verified
by Western blot and quantitative reverse transcription-
PCR (RT-qPCR) that HHT combined with venetoclax
synergistically promoted apoptosis in AML cell lines and
primary cells by inhibiting the activation of the MAPK/
ERK and PI3K/AKT pathways and activating the p53
pathway. The results of this study provide a theoretical basis
for exploring combination treatment strategies including
venetoclax in AML. We present the following article in
accordance with the ARRIVE reporting checklist (available
at https://atm.amegroups.com/article/view/10.21037/atm-
22-1459/rc).

Methods
Materials

Phosphorylated and total MEK, ERK, AK'T, CDK2, c-Myc,
p21, CyclinD1, p53, caspase-3, PARP, Bax, Bcl-2, Bel-xL,
Bim, Mcl-1, and B-actin antibodies were purchased from
Cell Signaling Technology (Beverly, MA, USA). Human
CD45 antibody was purchased from Abcam (Cambridge,
MA, USA). Venetoclax was purchased from Selleck
Company (Houston, TX, USA). HHT was purchased from
Solarbio Science & Technology Co., Ltd.

Cell lines and primary cells

OCI-AML3, THP-1, MV4-11, and MOLM13 cell lines
were purchased from the American Type Culture Collection
(Manassas, VA, USA) and cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS). Bone
marrow samples were obtained from AML patients attended
in the Affiliated Cancer hospital of Zhengzhou University.
Mononuclear cells were isolated by Ficoll-Hypaque (Sigma
Aldrich) density gradient centrifugation. The study was
conducted in accordance with the Declaration of Helsinki
(as revised in 2013). The study was approved by the Ethics
Committee of the Affiliated Cancer Hospital of Zhengzhou
University, China (approval No. 2019-KY-0017-001) and
informed consent was taken from all the patients.

Cell proliferation assay

Cells were seeded in 96-well plates (5x10°~1x10" cells/well)
in triplicate and treated with different drugs (venetoclax
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and HHT) for 24, 48, or 72 h. Subsequently, 10 pL of
Cell-Counting Kit-8 (CCK-8) proliferation assay reagent
(Tongren Institute of Chemistry, Japan) was added to
each well, followed by incubation for an additional 2 h at
37 °C. Cell numbers were assessed based on the production
of formazan, which was quantified by determining the
absorbance at 450 nm using a microplate reader (Biotech,
NY, USA). The concentration of HHT is 0.5-400 nM, and
the concentration of venetoclax is 0.5 nM-10 pM.

Apoptosis assay

Induction of apoptosis was assessed using an apoptosis
detection kit (China Nanjing Kaiji Company). The
concentration of HHT is 1 nM-100 nM, and the
concentration of venetoclax is 0.1 nM-10 uM. After
treatment with venetoclax and HHT alone or in
combination for 8 or 24 h, the cells were washed twice with
phosphate-buffered saline (PBS), resuspended in binding
buffer, and incubated with Annexin V-FITC and propidium
iodide (PI) for 15 min. Apoptotic cells were analyzed by
flow cytometry using a Navios flow cytometer (Beckman
Coulter, Brea CA, USA). The results were expressed as a
percentage of Annexin V positive cells to the total number
of cells. Combination indices (CI) were calculated using
CompuSyn software to determine interactions (synergy, CI
<l; additive, CI =1; or antagonism, CI >1).

Mitochondrial membrane potential analysis

After treatment with venetoclax and HHT alone or in
combination for 24 h, cells were harvested, and JC-1, a
cationic lipid fluorescent dye, was used to stain the cells.
During apoptosis, the mitochondrial transmembrane
potential decreases, JC-1 exists in the cytoplasm in the
form of monomers, and the number of polymers decreases.
Flow cytometry was used to determine whether JC-1
existed in the form of monomers or polymers to detect
changes in mitochondrial transmembrane potential. Green
fluorescence represents JC-1 monomers, whereas red
fluorescence represents JC-1 aggregates. The concentration
of HHT is 2-30 nM, and the concentration of venetoclax is
0.5 nM=1 M.

RNA sequencing analysis

OCI-AML3 cells were lysed in TRIzol after treatment with
HHT, venetoclax, or their combination for 24 h, and then
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RNA was isolated. The sequencing reaction was performed
using Illumina HiSeq. Differentially expressed gene
analysis, cluster analysis, Gene Ontology (GO) enrichment
analysis, pathway enrichment analysis, and other functional
annotations were performed at Nanjing Personal Aksomics
Company Limited (Nanjing, China). The concentration of
HHT is 20 nM, and the concentration of venetoclax is 1 pM.

Cell cycle analysis

After treatment with venetoclax and HHT alone or in
combination for 24 h, cells were harvested and fixed overnight
with 75% ethanol at 4 °C, followed by washing twice with
PBS and incubation in buffer containing 50 pg/mL PI and
100 pg/mL RNase A for 15 min at room temperature. Cell
cycle analysis was conducted using a Navios flow cytometer
(Beckman Coulter, Brea, CA, USA). The DNA content was
analyzed by flow cytometry. ModFit software (Verity Software
House, Inc., Topsham, ME, USA) was used for data analysis.
The concentration of HHT is 2 nM, and the concentration of
venetoclax is 0.5 nM-1 pM.

Quantitative reverse transcription-polymerase chain
reaction (qRT-PCR)

Total RNA was extracted using TRIzol (Invitrogen Life
Technologies, Carlsbad, CA, USA) and immediately
transcribed into cDNA by a Reverse Transcription Kit
(TaKaRa, Dalian, China). Fast Start Universal SYBR Green
Master Mix (ROX) (Roche, Germany) was used following
the instructions of the supplier. Amplification was performed
in 3 stages: the holding stage (94 °C for 10 min), the cycling
stage (40 cycles of 94 °C for 10 s, 60 °C for 30 s), and the
melting stage (72 °C for 3 min). Relative gene expression
levels were calculated using the 2**“ method with B-actin as
an internal control. The concentration of HHT is 1-20 nM,
and the concentration of venetoclax is 0.5 nM-10 pM.The
sequences of the primers used for qRT-PCR are shown in
Tuble 1.

Western blot analysis

After treating cells with different drugs for 24 h, cultured
cells were harvested, washed with PBS, and then lysed
with ice-cold lysis buffer. The cell lysate was centrifuged
at 14,000 xg for 15 min at 4 °C, and then the protein
concentration of the cellular supernatant was determined
using the bicinchoninic acid (BCA) reagent. Western
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Table 1 Primer sequences for qRT-PCR
AKT forward: 5'-GTGGCTATTGTGAAGGAGGGTTGG-3'

AKT reverse: 5'-GCAGGCAGCGGATGATGAAGG-3'
CDK2 forward: 5'-GGCCATCAAGCTAGCAGACT-3'
CDK2 reverse: 5'-GAATCTCCAGGGAATAGGGC-3'
ERK forward: 5'-TACACCAACCTCTCGTACATCG-3'
ERK reverse: 5'-CATGTCTGAAGCGCAGTAAGATT-3'
MEK forward: 5'-CCACGTCATTGCCGTTAAGC-3'
MEK reverse: 5'-GCACGATGTAGGGGCAGTC-3'
Myc forward: 5'-CCACAGCAAACCTCCTCACAG-3'
Myc reverse: 5'-GCAGGATAGTCCTTCCGAGTG-3'
p21 forward: 5'-CCTGTCACTGTCTTGTACCCT-3'
p21 reverse: 5'-GCGTTTGGAGTGGTAGAAATCT-3'
p53 forward: 5'-GAGGTTGGCTCTGACTGTACC-3'
p53 reverse: 5'-TCCGTCCCAGTAGATTACCAC-3'
B-actin forward: 5'-CGCTGCGCTGGTCGTCGACA-3'
B-actin reverse: 5'-GTCACGCACGATTTCCCGCT-3'

gRT-PCR, quantitative reverse transcription-polymerase chain
reaction.

blotting was performed after sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), with
the cellular proteins transferred onto a preactivated
polyvinylidene fluoride (PVDF) membrane (Millipore,
Billerica, MA, USA). The membranes were blocked with 5%
nonfat milk for 1 h and incubated with primary antibodies
overnight at 4 °C. After incubation with the primary
antibody, the blots were washed 3 times with TBST buffer,
and membranes were incubated with secondary antibodies
for 1 h at room temperature. The target protein bands
were visualized using enhanced chemiluminescence (ECL)
and exposed to X-ray film. Immunoreactive proteins were
visualized using the Odyssey Infrared Imaging System (Li-
Cor, Lincoln, NE), as per the manufacturer’s instructions.
Densitometry measurements were made using Odyssey
V3.0 (Li-Cor). B-actin was used as a loading control. The
concentration of HHT is 1-20 nM, and the concentration
of venetoclax is 0.5 nM-10 pM.

In vivo experiment

Protocol of construction of firefly luciferase-expressing
MOLM13 cells was defined in reference (24). NOD/
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SCID mice (5-6 weeks, female) were purchased from
GemPharmatech Co., Ltd. MOLM13 cells (5x10°)
transfected with luciferase were injected into mice through
the tail vein, and live imaging was performed on the 4th day
to confirm that the AML xenograft model was successfully
established. Mice were anesthetized with isoflurane gas,
and fluorescein sodium salt substrate (concentration:
15 mg/mL) was injected intraperitoneally. Intravital
imaging of mice using a Small Animal Intravital Imager.
The average fluorescence intensity of three sites in each
mouse was used as the final fluorescence intensity, which
indirectly reflected the tumor burden of the mice. The
mice were randomly divided into 4 groups of 9 mice each,
namely, the control group, venetoclax group (100 mg/kg,
intragastric administration, QD), HHT group (1 mg/kg,
intraperitoneal injection, QD), and combination group.
The weight of the mice in each group was monitored, and
the tumor load changes were observed by in vive imaging.
The extramedullary infiltration of AML cells was detected
by immunohistochemistry. The hCD45+ cell ratio of the
bone marrow was detected by flow cytometry. The survival
time of mice was observed and recorded, and survival curves
were drawn. Animal experiments were performed under
a project license (No. 20200322) granted by the Ethics
Review Committee of life sciences, Zhengzhou University,
in compliance with Zhengzhou University’s guidelines for
the care and use of animals.

Statistical analysis

Two-group comparisons were made with Student’s #-test.
The significance threshold was set at P<0.05. Error bars
represent the SD. All statistical analyses were carried out
with SPSS version 18.0.

Results
Inbibitory effect of HHT and venetoclax on proliferation

The effect of HHT and venetoclax monotherapy on the
viability of several AML cell lines, including THP-1, OCI-
AML3, MV4-11, and MOLM13, was investigated by the
CCK-8 assay. The results are shown in Figure 1A4,1B. Both
HHT and venetoclax inhibited the viability of the 4 cell
lines in a dose- and time-dependent manner. The half-
maximal inhibitory concentrations (IC50) of venetoclax
and HHT for the THP-1, OCI-AML3, MV4-11, and
MOLM13 cell lines are shown in Figure 1C. According
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Figure 1 The proliferation-inhibiting effects of HHT and venetoclax on AML cell lines. (A) Proliferation inhibition curves of THP1,
OCI-AML3, MV4-11, and MOLM13 cell lines treated with different concentrations of venetoclax at 24, 48, and 72 h. (B) Proliferation
inhibition curve of THP1, OCI-AML3, MV4-11, and MOLM13 cell lines treated with different concentrations of HHT at 24, 48, and
72 h. (C) The IC50 values of venetoclax and HHT in AML cell lines (THP1, OCI-AML3, MV4-11, MOLM13) at 24, 48, and 72 h. The
color bar on the right indicates the range of IC50 value. HHT, homoharringtonine; AML, acute myeloid leukemia.
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to the IC50 values, OCI-AML3 and THP-1 cells were
relatively resistant to venetoclax, whereas MV4-11 and
MOLMI13 cells were relatively sensitive.

Venetoclax and HH'T synergistically promoted apoptosis in
AML cells

According to above results, both venetoclax and HHT
could inhibit the growth of AML cells. We measured the
apoptosis rate in response to monotherapy and combination
treatment with flow cytometry. Figure 24,2B show that
venetoclax and HH'T induced apoptosis in AML cell lines
in a concentration- and time-dependent manner, and the
combination of venetoclax and HHT had a synergistic
effect on apoptosis (CI <1). The bone marrow of 11
newly diagnosed AML patients (AML#01-AML#11) was
extracted, and mononuclear cells were isolated. The clinical
characteristics of AML patients are shown in 7able 2. Both
venetoclax and HHT induced apoptosis in primary AML
cells in a concentration-dependent manner, and the 2 drugs
had a synergistic proapoptotic effect (CI <1; Figure 2C,2D).
The IC50 values of AML#01-AML#11 primary cells treated
with venetoclax were calculated based on the viable cell rate
and are shown in Figure 2E.

In addition, we also examined apoptosis-related proteins
in the mitochondrial pathway and Becl-2 family apoptosis
regulatory proteins by Western blotting. As shown in
Figure 2F, venetoclax increased the protein expression
of cf-Caspase3, cf-PARP, and YH2AX in AML cells, and
these effects were further enhanced by combination
with HH'T. Caspase is the key executor of apoptosis, and
the apoptotic process is actually the process of caspase
activation and cascade reactions. Caspase-3 exists in cells
in the form of inactive zymogen and is activated to become
cf-caspase-3 upon apoptosis. cf-Caspase-3 degrades
PARP to generate an 89 kDa fragment called cf-PARP, a
post-translational modifying enzyme that maintains the
structural integrity of chromosomes, participates in DNA
replication and transcription, and plays an important role in
maintaining cell stability and survival. yH2AX is formed by
phosphorylation of Ser-139 residues of the histone variant
H2AX, an early cellular response that induces DNA double-
strand breaks. Therefore, detection of the YH2AX protein
can reflect the extent of DNA damage (25).

Next, we detected changes in apoptosis-related genes at
the mRNA level with qRT-PCR. As shown in Figure 2G,
venetoclax and HHT monotherapy had no significant effect on
Bcl-2 expression, and HH'T monotherapy had no significant
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effect on Mcl-1 expression (P>0.05). Figure 2E,2H shows
that venetoclax increased Mcl-1 protein expression, HHT
decreased Mcl-1 protein expression, and the Mcl-1 protein
expression in the combination group was decreased compared
to that in the venetoclax monotherapy group. Expression of
the proapoptotic protein Bax was increased in the HHT group
and further increased in the combination group. The level of
the proapoptotic protein Bak was increased in the venetoclax
and HH'T monotherapy groups and the combination group.
The expression of the proapoptotic protein Bim was increased
in the venetoclax and HHT monotherapy groups and further
increased in the combination group.

Venetoclax and HHT synergistically decreased
mitochondrial membrane potential

The loss of mitochondrial transmembrane potential
occurs in early apoptosis and is associated with the
release of cytochrome ¢ and regulated by Bcl-2 family
proteins (26). JC-1, a membrane-permeable lipophilic
cationic fluorochrome that accumulates in mitochondria
in live cells, was used as a probe of mitochondrial
transmembrane potential. Figure 3 shows that venetoclax
and HHT monotherapy induced a loss of mitochondrial
transmembrane potential at 24 h, and the combination of
venetoclax and HHT significantly enhanced this effect.

Transcriptome sequencing and envichment analysis showed
that differentially expressed genes were enviched in the
PIBK-AKT, p53, and MAPK/ERK pathways and mainly
participated in the cell cycle process

The previous results showed that HHT can cooperate with
venetoclax to promote AML cell apoptosis. To explore the
mechanism underlying the synergistic effects induced by
venetoclax and HHT, we treated OCI-AML3 cells with
venetoclax, HH'T, and the combination of the 2 agents
for 24 h and then performed transcriptome sequencing.
Figure 44 shows that compared to the venetoclax group,
the combination group had 117 upregulated genes and 361
downregulated genes. Figure 4B shows the top 20 upregulated
and downregulated genes. Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis was performed based on
the KEGG database. Figure 4C shows that the differentally
expressed genes were mainly enriched in the PI3K-AKT,
p53, and MAPK/ERK pathways. GO enrichment analysis
(according to molecular functions, biological processes, and
cell components) was performed to determine the main
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Table 2 Clinical characteristics of AML patients

Yua

n et al. Anti-leukemia efficacy of HHT combined with venetoclax

Number Sex (yigfs) Fab type Blasts (%) Fusion gene Mutation Karyotype
AML#01 Female 52 M1 98.4 (=) FLT3-ITD, NPM1, IDH2, TET2 46,XX
AML#02 Male 46 M5 74.0 (-) FLT3-ITD, FLT3-TKD, PTPN11 No cleavage
AML#03  Female 70 M2 74.4 (-) c-KIT, JAK2 45,X,-Y,t(8,21)(q22;922)
AML#04  Female 60 M2 59.2 AML1-ETO TET2 46,XX,t(8,21)(922;922)
AML#05  Female 74 M2 52.0 (=) (=) 46,XX
AML#06 Female 44 M5 51.6 =) (=) 46,XX,t(2;2;21)(912;937;921)
AML#07 Male 21 M2 86.8 (=) c-KIT 45,X,-Y,t(8,21)(q22;922)
AML#08  Female 67 M4 71.6 (=) FLT3-TKD, NPM1, IDH2, PTPN11 46,XX
AML#09 Male 46 M2 78.0 AML-ETO KIT 46,X,-7,+4,1(8,21)
AML#10 Male 70 M2 54.8 @) @) 45,X,-Y,1(8;21)(022;G22)
AML#11 Female 60 M2 59.0 (=) IDH2 46,XX,1(4;14)(q22;931),add(6)(p24)
AML, acute myeloid leukemia.
g
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Figure 3 The mitochondrial membrane potential in AML cell lines treated with venetoclax and HHT. HH'T, homoharringtonine; AML,
acute myeloid leukemia. *, P<0.05; **, P<0.01; ***, P<0.001, compared with the control group.

biological functions of the differentially expressed genes.
Figure 4D shows that the differentially expressed genes were
primarily enriched in the cytoplasm and mainly participated
in the biological process of the cell cycle.

HHT blocked the AML cell cycle in G1 phase by increasing
the expression of p21 and decreasing the expression of
c-Myc, CDK?2, and CyclinD1

Cell cycle histogram, cell cycle-related genes, and protein
changes were measured in AML cells treated with venetoclax

and HHT. Figure 5A shows that HHT could induce G1

© Annals of Translational Medicine. All rights reserved.

phase arrest in AML cell lines. The combination of HHT
and venetoclax further enhanced this effect. Additionally,
qRT-PCR was used to detect the expression of p21, CDK2,
and c-Myc at the mRNA level. HHT upregulated the
expression of p21 and downregulated the expression of
CDK2 and c-Myc at the mRNA level (Figure 5B). Western
blotting was used to detect the expression of cell cycle-
related proteins. Venetoclax and HHT both upregulated the
expression of p21 protein, while HHT also downregulated
the expression of CDK2, CyclinD1, and c-Myc proteins.
This effect was further enhanced when combined with
venetoclax (Figure 5C).

Ann Transl Med 2022;10(8):490 | https://dx.doi.org/10.21037/atm-22-1459
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Figure 4 Differential gene expression analysis and enrichment results of transcriptome sequencing samples. (A) Volcano plot of differentially

expressed genes in OCI-AMLS3 cells in the combination group and the venetoclax group (blue dots indicate downregulated genes, red dots

indicate upregulated genes; B represents the venetoclax group, and F represents the combination group). (B) The top 20 upregulated and

downregulated genes between the combination group and the venetoclax group in OCI-AMLS3 cells. The color bar on the right in red and

green indicates the fold change from high to low. (C) KEGG enrichment analysis of differentially expressed genes. (D) GO enrichment

analysis of differentially expressed genes. HH'T, homoharringtonine; FDR, false discovery rate; KEGG, Kyoto encyclopedia of genes and

genomes; GO, gene ontology.

The combination of venetoclax and HHT inhibited the
PIBK/AKT and MAPK/ERK pathways and activated the
p53 pathway

Through transcriptome sequencing, we found that the
differentially expressed genes were mainly enriched in the
PI3K-AKT, p53, and MAPK/ERK pathways. We used qRT-

© Annals of Translational Medicine. All rights reserved.

PCR and Western blotting to detect the expression of the key
molecules in the above pathways at the mRNA and protein
levels for verification. The results are shown in Figure 6.
In 2 AML cell lines (OCI-AML3 and MV4-11) and 2 AML
primary cell lines (AML#06 and AML#07), venetoclax
increased the expression of the AKT gene and decreased
the expression of the p53 gene, while HHT increased the

Ann Transl Med 2022;10(8):490 | https://dx.doi.org/10.21037/atm-22-1459
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Figure 5 The expression of cell cycle-related proteins and molecules related to cell cycle regulation at the gene and protein level in cells
treated with venetoclax and HHT. (A) Cell cycle analysis of AML cell lines (OCI-AML3 and MV4-11) after treatment with venetoclax and
HHT monotherapy or combination therapy for 24 h. (B) The expression of p21, CDK2, and c-Myc at the mRNA level in AML cell lines
after treatment with venetoclax and HHT for 24 h. (C) The expression of p21, CDK2, CyclinD1, and c-Myc at the protein level in AML
cell lines and primary AML cells after treatment with venetoclax and HHT for 24 h. *, P<0.05; **, P<0.01; ***, P<0.001, compared with the
control group. *, P<0.05; ¥, P<0.01; *, P<0.001. HHT, homoharringtonine; AML, acute myeloid leukemia; con, control group.

expression of p53 and decreased the expression of the ERK
gene. Compared with that in the venetoclax group, the
expression of AKT and ERK genes in the combination
group was decreased, while the expression of the p53 gene
was increased, and the difference was statistically significant
(P<0.05; Figure 64). According to the results of Western
blotting in Figure 6B, venetoclax and HHT monotherapy

© Annals of Translational Medicine. All rights reserved.

each decreased the expression of p-AKT, and the expression
of p-AKT further decreased in the combination group,
indicating that the activation of the PI3K-AKT pathway
was inhibited. HHT monotherapy increased p53 protein

expression, and in combination with venetoclax, the
expression of p53 protein was further increased, indicating
that the p53 pathway was activated. The combination of

Ann Transl Med 2022;10(8):490 | https://dx.doi.org/10.21037/atm-22-1459
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Figure 6 The expression of the key molecules in the PI3K/AKT, MAPK/ERK, and p53 pathways at the mRNA and protein levels as
determined by qRT-PCR and Western blotting. (A) The effects of venetoclax and HHT on gene expression in AML cells. (B) Effects of

venetoclax and HHT on protein expression in AML cells.

*, P<0.05; **, P<0.01; ***, P<0.001, compared with the control group. ¥, P<0.05; ™,

P<0.01. HHT, homoharringtonine; AML, acute myeloid leukemia; qRT-PCR, quantitative reverse transcription-polymerase chain reaction;

con, control group.

venetoclax and HHT decreased the expression of p-MEK
and p-ERK proteins, which meant that the activation of the
MAPK/ERK signaling pathway was inhibited. MAPK/ERK
activation promoted cell proliferation and increased Mcl-1
protein expression.

The signaling pathways of venetoclax combined with HHT

in AML cells

"To summarize the above conclusions, the signaling pathways

© Annals of Translational Medicine. All rights reserved.

of HHT and venetoclax in AML cells are condensed in
Figure 7.

Synergistic antileukemia effect of venetoclax plus HHT

in vivo

Compared with that in the control group, the fluorescence
intensity was significantly reduced in the venetoclax

group and the HHT group (P<0.001) and was lowest
in the combination group (P<0.001; Figure 84,8B). At

Ann Transl Med 2022;10(8):490 | https://dx.doi.org/10.21037/atm-22-1459
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Figure 7 The signaling pathways impacted by combination treatment with venetoclax and HHT in AML cells. HH'T, homoharringtonine;

AML, acute myeloid leukemia.

d10, 3 mice from each group were sacrificed, and iz vivo
imaging showed lung, liver, spleen, kidney, and femur AML
cell infiltration in the mice (Figure §C). The spleen was
immunohistochemically stained with hematoxylin and eosin
(HE) and hCD45 antibodies. The expression of hCD45
was the lowest in the combination group (Figure §D). Flow
cytometry showed that compared with that in the control
group, the proportion of hCD45+ cells in the bone marrow
of the venetoclax group was reduced, but this difference
was not statistically significant (P>0.05). The proportions of
hCD45+ cells in the bone marrow of the HHT group and
the combined treatment group were significantly reduced,
and the combination treatment group had the lowest
proportion (P<0.01). Compared with that in the venetoclax
group, the proportion of hCD45+ cells in the bone marrow
decreased in the combination group (P<0.05; Figure $E,8F).
Body weight was significantly lower in the control group
than in the venetoclax group, HHT group, and combination
group, and the differences were statistically significant
(P<0.01; Figure 8G). Survival time was prolonged in the
venetoclax group, HHT group, and combination group
compared with the control group (P<0.05), and combination
treatment had the most significant effect on survival time

(P<0.01; Figure $H).

Discussion

Apoptosis is a major mechanism by which multicellular
organisms remove senescent and incompetent cells
and maintain their stability. It is especially important in
preventing cancer development, and it occurs in millions of

© Annals of Translational Medicine. All rights reserved.

cells in the human body every minute. Mitochondria play a
key role in apoptosis, and caspase protease activity is essential
for apoptosis. Once activated, caspases cleave hundreds of
different proteins, leading to rapid cell death with unique
biochemical and morphological characteristics (27). Caspase
proteases can be activated through cell surface death
receptors (extrinsic pathway) (28) or through mitochondria
(intrinsic pathway) (29). Most stimuli lead to mitochondrial
outer membrane permeabilization, and cytochrome C
is released into the cytoplasm which binds to apoptosis-
associated factor 1 (Apaf-1), forming a multimer that binds
caspase-9 and activates it. Then, activated caspase-9 activates
other caspases, such as caspase-3, thereby inducing apoptosis.

Mitochondrial outer membrane permeability (MOMP)
is mainly regulated by members of the Bcl-2 protein family.
This family can be subdivided into proapoptotic effector
proteins (Bax and Bak), proapoptotic BH3-only proteins
(Bid Bim, Puma, Noxa, Hrk, Bik, Bmf, and Bad), and
antiapoptotic Bcl-2 proteins (Bel-2, Bel-xL, Mcl-1, Al,
Bcl-B, and Bcl-w). In most cases, Bax or Bak activation
requires their direct interaction with members of the BH3-
only protein family, which causes conformational changes
in Bax and Bak to form oligomers that permeate the
outer mitochondrial membrane and induce the opening
of mitochondrial membrane lipid pores. The BH3-only
protein family can be subdivided into activators (capable
of directly activating Bax/Bak) and sensitizers (neutralizing
the inhibition of apoptosis by antiapoptotic Bcl-2 proteins).
Most BH3-only protein mimetic drugs (called BH3
mimetics) are sensitizers, and Bax and Bak activity are
counteracted by antiapoptotic Bel-2 proteins that prevent

Ann Transl Med 2022;10(8):490 | https://dx.doi.org/10.21037/atm-22-1459
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Figure 8 The effect of venetoclax and HHT on AML xenograft mice. (A) Tumorigenesis of AML xenograft mice treated with venetoclax

and HHT alone or in combination. (B) Fluorescence intensity values in AML xenograft mice. (C) Imaging of sacrificed mice. (D) HE and

hCD45+ immunohistochemical staining results of the liver, spleen, and lungs in AML xenograft mice at d10 (magnification, x200 for liver
and lung, x400 for spleen). (E,F) hCD45+ expression in bone marrow cells from AML xenograft mice at d10. (G) The weight curve of AML
xenograft mice. (H) Survival curve of AML xenograft mice. Statistical analysis of data was performed by the 7-test (*, P<0.05, **, P<0.01, ***,
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MOMP and apoptosis by binding to BH3-only proteins
(preventing them from interacting with Bax and Bak) or by
binding to activated Bax or Bak.

Venetoclax is a highly targeted therapeutic agent that
binds almost exclusively to Bcl-2 when used at clinically
achievable concentrations (11). In cells with consistently

© Annals of Translational Medicine. All rights reserved.

high expression of Bcl-2 and relatively low expression of
other pro-survival proteins, termed Bcl-2-dependent disease,
inhibition of Bcl-2 is sufficient to trigger apoptosis in a high
proportion of cells, in which case venetoclax can hit the
Bcl-2 “bull’s eye” and monotherapy can produce high rates
of CR, as in chronic lymphocytic leukemia (CLL) (11,30).

Ann Transl Med 2022;10(8):490 | https://dx.doi.org/10.21037/atm-22-1459
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More often, Bcl-2 is only the target, and direct inhibition of
Bel-2 is not sufficient to “hit the bull’s eye”. The killing of
cells by venetoclax depends on a series of secondary events,
including secondary inhibition of other pro-survival proteins
by displaced BH3-only proteins (31,32). These cells are not
strictly dependent on Bcl-2. In most diseases where cells
are affected in this manner, additional stimulation may be
required to maximize apoptosis and achieve high response
rates. The expression of Bcl-2 in AML is heterogeneous,
with only a few patient samples showing significant
sensitivity #z vitro (4). In line with this, in a phase II clinical
trial of venetoclax monotherapy for relapsed AML, only
19% of patients achieved CR/Cri with a short median
response (4). These data suggest that Bel-2 inhibition by
venetoclax in AML has a “hammer” effect and that Bcl-2 is
an important target but not a “bull’s eye”. Therefore, it is
imperative to explore combination therapeutic strategies for
venetoclax.

The PI3K/AKT pathway plays a key role in the control
of cell growth, survival, transcription, protein translation,
differentiation, migration, apoptosis, and autophagy (33).
Abnormal activation of the PI3K/AKT/mTOR pathway
is present in approximately 30% of human tumors, and
analysis of AML primary cells has shown that up to 80%
of patients exhibit structural activation of the PI3K/AKT/
mTOR pathway (34). The AKT proto-oncogene encodes a
serine-threonine protein kinase, and activated AKT moves
to the cytoplasm or nucleus, where phosphorylated AKT
acts on GSK3 and Bcl-2 family proteins, thereby affecting
metabolism, survival, and proliferation (35). AKT induces
the binding of phosphorylated Bad and 14-3-3 proteins,
thereby allowing Bcl-2 and Bcl-xL to exert antiapoptotic
functions (36) or block the intrinsic protease activity of
caspase-9 (37). AKT also phosphorylates p21 on Thr-
145 (near the carboxyl terminus of p21), which activates
cytosolic CyclinD1, leading to cell cycle progression to G1/
S phase for mitosis (38). AKT upregulates the cell cycle
promoter c-Myc by upregulating transcript levels and
protein expression.

The cell cycle is the process underlying cell replication.
The cell cycle transition from G1 to S and G2 to mitosis
is regulated by the sequential activation and inactivation of
CDK protein family members (serine/threonine protein
kinases). The activity of CDKs (CDK2, CDK4, and CDK6
in G1 phase, CDK2 in S phase, and CDKI1 in G2 and
M phases) remains stable during the cell cycle. Excessive
activation of CDKs can lead to unregulated cell division and
tumor development.
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P21 is a well-known cell cycle inhibitor, and p53 is the
main transcriptional regulator of p21. Various stresses,
including DNA damage and oxidative stress, can upregulate
p53 activity and subsequently lead to p21 expression (39).
P21 binds to the cell cycle protein E/CDK2 and cell cycle
protein D/CDK4 complexes, leading to G1 phase cell
cycle arrest. It has been shown that Bcl-2 inhibition can
overcome resistance to p53-activated apoptosis by shifting
the cellular response from G1 phase arrest to apoptosis,
achieving impressive antileukemic efficacy in vitro and
in vivo (40). In this study, we performed GO enrichment
analysis after transcriptome sequencing and found that the
differentially expressed genes after the addition of HHT
compared to the venetoclax monotherapy group were
mainly involved in cell cycle regulation. We further verified
that HHT blocked the AML cell cycle in G1 phase using
cell cycle experiments. Further validation by qRT-PCR and
Western blot showed that HHT alone and in combination
with venetoclax significantly upregulated the expression of
p21 and downregulated the expression of CDK2 and Myc
at the gene and protein level, causing cell cycle arrest.

In this study, transcriptome sequencing revealed that
PI3K-AKT pathway-related genes were differentially
expressed after treatment with HHT combined with
venetoclax. Further validation by qRT-PCR and Western
blot showed that HHT alone downregulated AKT gene
and p-AKT protein expression, and upon combination
treatment with venetoclax, p-AKT levels further decreased,
thereby inhibiting the activation of the PI3K-AKT pathway,
upregulating the expression of its downstream factor p21,
and downregulating CDK2, CyclinD1, and Myc proteins.
CyclinD1 and Myc protein expression causes cell cycle
arrest in G1 phase. HHT inhibits the activation of the
PI3K/AKT signaling pathway to achieve the synergistic
anti-AML effect of venetoclax.

There are 2 distinct but ultimately convergent apoptotic
pathways in mammalian cells (41): the Bcl-2 regulatory
pathway (also known as the endogenous, mitochondrial, or
stress pathway), which is activated by stress conditions (e.g.,
cytokine deprivation, endoplasmic reticulum stress, or DNA
damage), and the death receptor pathway, which is activated
by linking members of the tumor necrosis factor receptor
(INFR) family with intracellular death structural domains
(Bcl-2 and p53 represent 2 important nodes in the apoptosis
signaling pathway). In the Bcl-2-regulated apoptotic
pathway, cell death is caused by the transcriptional and/or
post-transcriptional upregulation of the proapoptotic BH3-
only member of the Bcl-2 protein family. BH3-only proteins
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bind to and repress pro-survival Bcl-2 proteins, resulting
in the release of the cell death effectors Bax and Bak
(42-44). Activation of Bax/Bak leads to MOMP, an
irreversible event in apoptotic signaling, and subsequent
activation of the caspase cascade reaction, which dismantles
the cell (43). YH2AX proteins can reflect the extent of DNA
damage and are a marker of DNA double-strand breaks (25).
The results of the present study showed that venetoclax
alone increased the expression of caspase-3, YH2AX, and
PARP proteins in AML cells, and their expression was
further increased by combination treatment with HHT,
indicating that HHT can enhance the proapoptotic effect of
venetoclax.

Overexpression of antiapoptotic Bel-2 family members
has been shown to be associated with chemoresistance
in leukemia cell line models and poor clinical outcomes.
Antiapoptotic Bcl-2 family members, such as Bcl-2, Bcl-
xL, and Mcl-1, as well as sequester proapoptotic BH3-only
proteins, such as Bim, were shown to block the activation
of the proapoptotic proteins Bax and Bak and ultimately
prevent MOMP, cytochrome C release, and apoptosis (45).
Venetoclax releases Bim from Bcl-2, reducing the association
of Bim with Bcl-2, but this was offset by an increased
correlation of Bim with Mcl-1, stabilizing Mcl-1 and leading
to venetoclax resistance. The results of this study showed
that venetoclax alone increased Mcl-1 protein expression in
AML cells, HHT alone decreased Mcl-1 protein expression,
and combination treatment decreased Mcl-1 protein
expression levels compared to that in the venetoclax-alone
group, thus allowing Bim to bind more to Bcl-2 to activate
Bax/Bak, which may be a result of HHT synergistically
promoting one of the mechanisms of the proapoptotic effect
of venetoclax.

TP53 is one of the most important genes in human
cancer, and p53 is a key factor in the killing or silencing
of tumor-initiating cancer cells (often considered stem/
progenitor cells). In unstressed cells, p53 protein levels are
very low, as it is a target for degradation by the E3 ubiquitin
ligase MDM?2 proteasome (46). Meanwhile, p53 is activated
in response to many stress stimuli, including oncogene
activation and DNA damage. Upon activation, p53 directly
regulates the transcription of approximately 500 genes
and indirectly regulates many others, thereby controlling
a variety of cellular processes, including cell cycle arrest,
cellular senescence, DNA repair, metabolic adaptation, and
cell death (47,48). Furthermore, p53 induces apoptosis in
untransformed cells primarily through direct transcriptional
activation of the proapoptotic BH3-only proteins Puma
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and Noxa. Activated p53 acts on BH3-only proteins such
as Puma and Noxa to induce apoptosis through the Bcl-2
regulatory pathway (49,50). Post-translational modifications
such as phosphorylation significantly affect the functions of
different Bcl-2 family proteins. Bad, which antagonizes Bcl-
2, Bcl-xL,, and Bcl-w, must combine inhibition of MAPK
and PI3K signaling by dephosphorylation at 2 different
serine residues to exert its proapoptotic function (51). The
mouse double minute 2 (MDM2) inhibitor downregulates
Mcl-1 by increasing ERK2 phosphorylation stabilization
and upregulation, negatively regulates the Ras/Raf/MEK/
ERK pathway, and activates glycogen synthase kinase-3
(GSK3) to regulate Mcl-1 phosphorylation and promote its
degradation, thereby overcoming AML resistance to Bcl-
2 inhibitors (52). MEK inhibitors were shown to effectively
downregulate Mcl-1 in AML cell lines and primary AML
cells, including CD34+38-123+ leukemia stem cells, and
to synergize with ABT-737 (which induces Mcl-1 through
ERK activation) in vive assays (53). Our study showed
that HHT upregulates p53 gene and protein expression,
activating the p53 pathway and downregulating p-MEK
and p-ERK protein expression, thereby inhibiting the
MEK/ERK pathway and subsequently causing increased
degradation of the Mcl-1 protein. In this way, HHT
increases the proapoptotic effect of venetoclax.

In this study, transcriptome sequencing revealed
that p53 and MAPK/ERK pathway-related genes were
differentially expressed when HHT was combined with
venetoclax. Further validation by qRT-PCR and Western
blot showed that venetoclax alone downregulated p53
gene expression, while HHT alone upregulated p53
expression, downregulated p-MEK protein expression, and
downregulated ERK gene and p-ERK protein expression,
and the combination of the 2 upregulated p53 gene and
protein expression and downregulated p-MEK and p-ERK
protein expression. HHT can synergize with the anti-AML
effect of venetoclax by activating the p53 pathway and
inhibiting the MAPK/ERK signaling pathway.

"To investigate how HH'T reduces Mcl-1 expression, we
first examined the expression of the Mcl-1 gene by qRT-
PCR after 24 h of drug treatment. The qRT-PCR results
showed that HHT did not downregulate Mcl-1 at the
transcriptional level, while the Western blot assay showed
that HHT downregulated Mcl-1 protein levels in AML
cell lines and primary cells, and the Mcl-1 protein levels in
the combination group were decreased compared with the
venetoclax-alone group. These results suggest that HH'T
decreases Mcl-1 expression, reduces Mcl-1/Bim binding,
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and increases Bim release, mainly at the level of protein
translation, thereby promoting apoptosis in concert with
venetoclax. Although the precise molecular mechanism
remains to be determined, we hypothesize that HHT
induces cell cycle arrest by inhibiting the PI3K/AKT
pathway, activating the p53 pathway to upregulate p21
expression, followed by downregulating c-Myc, CyclinD1,
and CDK2 expression. Activating the p53 pathway
also inhibits the MAPK/ERK pathway to enhance the
downregulation of Mcl-1 and promote Bim release, exerting
a synergistic proapoptotic effect.

Conclusions

The aim of this study was to investigate the mechanism of
the synergistic antileukemic effect of HHT and venetoclax.
Our study generated the following 4 conclusions. First,
HHT could exert a synergistic anti-AML effect with
venetoclax by promoting apoptosis and blocking cell
cycle progression in AML cells. Second, HHT exerts a
synergistic proapoptotic effect with venetoclax by reducing
the expression of the Mcl-1 protein. Third, transcriptome
sequencing, qRT-PCR, and Western blotting showed that
HHT played a synergistic antileukemic role by inhibiting
the PI3K-AKT and MAPK/ERK pathways and activating
the p53 pathway. Finally, HHT combined with venetoclax
significantly inhibited AML progression and significantly
prolonged survival time in xenograft mice. The results of this
study provide a theoretical basis for exploring combination
treatment strategies including venetoclax in AML.
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