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Leukemia ranks as the one of most common causes of death from tumor. 51.4% of patients with leukemia are over 65 years
old. However, the median overall survival (OS) of elderly leukemia patients is less than one year. It is urgent to explore more
effective treatments for elderly patients with leukemia. Our recent prospective phase II single-arm study has revealed that
combination regimen of granulocyte colony-stimulating factor (G-CSF) and recombinant human thrombopoietin (rhTPO)
could improve the curative effect on elderly patients with leukemia, yet the precise mechanism remains unknown. This study
demonstrated that combination of G-CSF and rhTPO showed greater effect on suppressing leukemia growth than G-CSF or
rhTPO alone in vitro and in vivo. Mechanistically, G-CSF induced pyroptosis through ELANE in leukemia cells. Besides, rhTPO
triggered ferroptosis by EP300 in leukemia cells. Moreover, rhTPO suppressed glutathione peroxidase 4 (GPX4) expression to
induce ferroptosis through blocking the interaction between EP300 and GPX4 gene promoter via associating with EP300. In
summary, this study illuminated that combination regimen of G-CSF and rhTPO improved the curative effect on elderly
patients with leukemia through inducing pyroptosis and ferroptosis of leukemia cells. Therefore, our results provided a
theoretical basis for combination regimen of G-CSF and rhTPO treating leukemia and potential therapeutic targets for
leukemia.
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INTRODUCTION
Leukemia is a life-threatening disease inducing by malignant
disorders of blood cells and bone marrow cells [1, 2], which
ranks as the one of most common causes of death from tumor
[3]. In 2017, 518,485 new cases and 347,583 deaths of leukemia
occurred worldwide [3, 4]. Among patients with leukemia,
51.4% of them are over 65 years old [4]. With the aging of
society, the proportion of elderly leukemia will increase year by
year [3]. However, in the past 30 years, the 5-years survival rate
of elderly leukemia patients over 60 years old is <20% due to
the characteristics of elderly patients, such as numerous
complications and severe bone marrow suppression after
chemotherapy [5, 6]. More badly, the median OS of elderly
leukemia patients is <1 year [7, 8]. Therefore, it is urgent to
explore more effective treatments for elderly patients with
leukemia.
Granulocyte colony-stimulating factor (G-CSF) is the first

growth factor used for the treatment of leukemia in elderly
patients, combined with low-dose cytarabine and aclarubicin
(CAG regimen) [9]. Numerous studies have revealed that the
use of G-CSF after chemotherapy reduces the neutropenia
period, the risk of infection and mortality of patients [10, 11].

Besides, administration of G-CSF before or during chemother-
apy enhances the cytotoxic effect of S-phase specific drugs
(such as arabinoside) on leukemia cells through promoting cell
cycle progression [12, 13]. However, the use of G-CSF remains
controversial due to the increased risk of relapse and poor
effect on neutropenic complications [14]. Thus, combination of
G-CSF and other drugs might overcome limitations of G-CSF to
improve curative effects of G-CSF on leukemia.
Thrombopoietin (TPO) is a critical cytokine that induces

megakaryopoiesis and platelet production [15, 16]. Recombi-
nant human thrombopoietin (rhTPO) is usually utilized for the
treatment of thrombocytopenia after chemotherapy [17, 18].
To date, the effect of rhTPO in leukemia remains unclear. Our
recent prospective phase II single-arm study has revealed that
combination regimen of G-CSF and rhTPO is safer and
improves the curative effect on elderly patients with acute
myeloid leukemia (AML) [19]. However, the precise mechanism
of combination regimen of G-CSF and rhTPO regulation of
leukemia cells needs further exploration.
Therefore, the primary aim of this study was to investigate the

mechanism how G-CSF and rhTPO treated leukemia using in vitro
cell experiments and in vivo experiments in nude mice.
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MATERIALS AND METHODS
Cell culture
Human leukemia cell lines including HL-60 and KG1a were purchased from
the Cell Bank at the Chinese Academy of Sciences (Shanghai, China). Cells
were cultured in the RPMI-1640 medium contained 10% calf fetal serum
and antibiotics in an atmosphere with 5% CO2 at 37 °C.

Cell treatments
Recombinant human G-CSF (10 ng/mL, #P00034, Solarbio, Shanghai, China)
and rhTPO (1 ng/mL, #P00192, Solarbio) dissolved in phosphate buffered
saline (PBS) were used to treat HL-60 and KG1a cells in this study. Besides,
small interfering RNAs (siRNAs) or vectors were transfected into HL-60 cells
using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA).
Then cells were collected for subsequent experiments (except CCK-8 assay)
at 48 h after the transfection.

Cell Counting Kit-8 (CCK-8) assay
CCK-8 assay was performed to detect the proliferation rates of HL-60 and
KG1a cells. First, cells were seeded in the 96-well plate at the
concentration of 1 × 104/ml per well. 10 µL CCK-8 solution (Beyotime
Biotechnology, Shanghai, China) at a 1/10 dilution was added into each
well to incubate HL-60 and KG1a cells at 37 °C for 2 h after indicated
transfections. Subsequently, absorbance at 450 nm was assayed by
Multiscan MK3 (Thermo Fisher Scientific, Waltham, MA, USA). Next, the
means of the optical density (OD) were used to calculate the
proliferation rate using the below formula: (OD of treatment group/OD
of control group) × 100 %.

Flow cytometric analysis for programed cell death
HL-60 and KG1a cells from each group were collected and washed
twice with incubation buffer including 10 mmol/L HEPES/NaOH (pH
7.4), 140 mmol/L NaCl and 5 mmol/L CaCl2. Next, Cells were resus-
pended into 100 μl PBS containing 1.5 μg/mL Annexin V and moderate
Propidium iodide (PI) (Thermo Fisher Scientific) and incubated at room
temperature (RT) for 15 min in dark. After washing by PBS three times,
cells were resuspended by incubation buffer and analyzed by flow

cytometry (FACSARIA, BD Biosciences, San Jose, CA, USA) as previously
described [20, 21].

In vivo assay
Four-week-old nude mice were raised in an environment free of
pathogen at the experimental animal center. First, xenograft tumor
growth models were established by subcutaneous injection of 1 × 107

KG1a cells into the right dorsal flanks of nude mice. Then mice were
randomized into four groups: control, G-CSF, rhTPO, G-CSF+ rhTPO
groups. Five mice were in each group. At 3 days after injection of KG1a
cells, 45.05 μg/kg G-CSF and 225.25 μg/kg rhTPO dissolved in physio-
logical saline were given by tail vein injection every 3 days. The same
amount of physiological saline was injected into mice of control group.
Subsequently, the size of xenograft tumors formed in nude mice was
measured every 3 days. Then nude mice were sacrificed at day 21 after
injection of KG1a cells followed by the measure of size and weight of
xenograft tumors. All animal experiments were performed in accor-
dance with the Ethic Committee of the China Medical University at
Shengjing Hospital.

Western Blot (WB)
WB was performed to detect cellular level of target proteins in HL-60 and
KG1a cells. Briefly, equal amounts of protein (30 μg) from each group
were loaded and separated by 10% SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) and subsequently transferred onto Immobilon-P
membranes (Merck Millipore, Billerica, MA, USA). Subsequently, the
membranes were blocked with 5% nonfat milk for 2 h at RT followed by
the incubation with the primary antibodies in 1% nonfat milk overnight
at 4 °C. After primary antibody incubation, the membranes were washed
4 times by Tris-buffered saline contained 0.1% Tween20 (TBST) and then
exposed to secondary antibodies including peroxidase-Rabbit Anti-Goat
IgG (1:30000, # BA1060, Boster, Wuhan, Hubei, China) and peroxidase-
Rabbit Anti-Rat IgG (1:20000, # BA1058, Boster). The signals of targeted
proteins were detected by the SuperSignal West Femto Maximum
Sensitivity Substrate kit obtained from Thermo Fisher Scientific. Primary
antibodies used in the present study were listed as follow: anti-ELANE
(1:500, # bs-6982R, Bioss, Beijing, China), anti-cleaved N-terminal GSDMD

Fig. 1 Combination of G-CSF and rhTPO shows greater effect on suppressing leukemia cell proliferation and inducing its death than
G-CSF or rhTPO alone. A The proliferation rate of HL-60 cells or KG1a cells treated with combination of G-CSF and rhTPO, G-CSF or rhTPO.
B Representative images of flow cytometric analysis for programed cell death in HL-60 cells and KG1a cells. The bar graph showed the
quantification of death cell number in each group. *P < 0.05, **P < 0.01.
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(1:1000, #ab215203, Abcam, Cambridge, UK), anti-GAPDH (1:10000, #KC-
5G5, Aksomics, Shanghai, China).

ELISA
The levels of released IL-1β and IL-18 were measured by ELISA kits
(#DG10307H and # DG10298H) obtained from Winter Song Boye (Beijing,
China). Briefly, deionized water was used to dilute the washing buffer to 1×
application buffer. Then 50 μL standards in different concentrations and
10 μL samples were added into different wells of 96-well plate. Triplicates
were made for each sample. Next, 100μL reagent labeled with enzyme was
added into each well except the blank wells to incubate samples at 37 °C for
1 h. After washing, 50 μL color reagent A and B were added into each well to
incubate samples at 37 °C for 15min in dark followed by the termination of
reaction using 50 μL termination solution. Finally, absorbance at 450 nm was
immediately assayed by Multiscan MK3 (Thermo Fisher Scientific).

Co-immunoprecipitation (Co-IP)
KG1a cells were lysed by the non-denaturing lysis buffer. Next, the
supernatant of cell lysis was pre-cleaned with protein A/G magnetic
beads (Thermo Fisher Scientific) for 2 h at 4 °C. Subsequently, about
300 μg of protein were incubated with 1μg G-CSF antibody (#ab181053,
Abcam) or EP300 antibody (#ab275378, Abcam) and 25 microliters of
protein A/G magnetic beads for immunoprecipitation at 4 °C overnight.
Following the incubation with antibody and protein A/G magnetic
beads, protein A/G magnetic beads were collected using magnetic
separation device (Thermo Fisher Scientific), and precipitated com-
plexes were cleansed by washing buffer (Thermo Fisher Scientific).
Finally, bound proteins were analyzed by WB using anti-ELANE (1:500, #
bs-6982R, Bioss) or anti-TPO (1:500, # ab196026, Abcam). Rabbit IgG
was used for negative control.

Detection of malondialdehyde (MDA)
First, HL-60 and KG1a cells were lysed with 1× ice-cold RIPA lysis buffer
(Beyotime, Shanghai, China) and centrifuged followed by discarding
deposit. Next, the supernatant was used for the detection of lipid
peroxidation by Lipid Peroxidation MDA Assay Kit (#A003-1, Nanjing
Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China) according
to the manufacturer’s instructions.

Detection of iron ion concentration
1 × 105 HL-60 and KG1a cells were seeded in the well of 24-well plates and
treated with G-CSF or rhTPO. Next, iron ion concentration was determined
using Iron Colorimetric Assay Kit (#E1042, Applygen, Beijing, China) following
the manufacturer’s protocol. Briefly, cells were collected and homogenized.
Subsequently, the supernatant of cells was collected by centrifuge. Then the
supernatant was incubated with iron reducer for 30min followed by the
incubation with iron probe for 1 h. Finally, absorbance at 593 nm was
immediately detected by Multiscan MK3 (Thermo Fisher Scientific).

Quantitative reverse transcription-PCR (qRT-PCR)
Total RNAs from HL-60 and KG1a cells were extracted using TRIZOL (Invitrogen,
USA). The first-strand cDNA was made by PrimeScript II 1st Strand cDNA
Synthesis Kit (TaKaRa Biotechnology, Dalian, Liaoning, China) according to the
manufacturer’s instructions. The amount of target RNA was normalized to the
amount of internal control (GAPDH) and the results were given by 2−△△Ct

relative to the control sample. The qRT-PCR was performed by SYBR Green
(Takara Biotechnology, China). The primer sequence was as follows: GPX4
forward: 5′-TCAGCAAGATCTGCGTGAAC-3′, reverse: 5′-GGGGCAGGTCCTTCTC-
TATC-3′; EP300 forward: 5′-CCTGAGTAGGGGCAACAAGAAGA-3′, reverse: 5′-
ATGAGGCGGATCACAAAGAAGAC-3′; GAPDH forward: 5′-AACGGATTTGGTCG-
TATTGGG-3′, reverse: 5′-CCTGGAAGATGGTGATGGGAT-3′.

Fig. 2 Combination of G-CSF and rhTPO exerts greater effect on inhibiting leukemia growth than G-CSF or rhTPO alone in vitro.
A Volume of xenograft tumors formed in nude mice injected with KG1a cells and treated with combination of G-CSF and rhTPO, G-CSF or
rhTPO. B Representative images of xenograft tumors formed in nude mice injected with KG1a cells and treated with combination of G-CSF
and rhTPO, G-CSF or rhTPO. The bar graph showed weights of xenograft tumors. *P < 0.05, ***P < 0.001.
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Dual-luciferase reporter gene assay
GPX4 gene promoter region was inserted into luciferase reporter gene
vectors. After co-transfected with luciferase vectors and blank expression
vector or EP300 expression vector, KG1a cells seeded into the 24-well plates
were treated with or without rhTPO and subsequently subjected to luciferase
activity determination by the Dual-Luciferase Reporter Assay System
(Promega, Madison, WI, USA) at 48 h after transfection.

Chromatin immunoprecipitation (ChIP)
In brief, KG1a cells were crosslinked by 1% formaldehyde for 15 min at
RT and then stopped by Glycine. Next, KG1a cells were lysed by
sonication to shear DNA. Subsequently, 25 mg DNA chromatin sample
was adjusted to a total volume of 500 mL in 450 ml of the dilution buffer
contained protease inhibitors. Chromatin samples were then incubated
with 1 μg EP300 antibody (#ab275378, Abcam) or anti-rabbit IgG (Cell
Signaling Technologies, Danvers, MA, USA) and incubated with protein
A/G magnetic beads overnight at 4 °C with gentle rotation. After the
overnight incubation, magnetic beads were collected by magnetic
separation device (Thermo Fisher Scientific) and cleaned. Next,
immunoprecipitated DNAs were eluted with 100 μL elution buffer
contained Proteinase K at 62 °C for 2 h. Then DNAs were purified and
dissolved in the elution buffer. Finally, chromatin DNAs were analyzed
by PCR and qRT-PCR. Primers used were listed as followed: GPX4
promoter 1 forward: 5′-CTGGGCAACACAGCAAGA-3′, reverse: 5′-GGCCA-
GACAACCTGAGAATAC-3′; GPX4 promoter 2 forward: 5′- CATGCG-
CAGTCGCCAAC-3′, reverse: 5′-AGACGCGTCGGTGTTGAG-3′; GAPDH
promoter forward: 5′-AAAAGCGGGGAGAAAGTAGG-3′, reverse: 5′-
AAGAAGATGCGGCTGACTGT-3′.

Statistical analysis
Quantitative data were present as mean ± standard deviation (SD) in
this study. Statistical differences were analyzed using SPSS 20 software
(SPSS Inc., Chicago, IL, USA). Samples and animals were randomly
allocated to each experimental group and blinded to the investigator.
Besides, estimation tests for sample size were not carried out in our
animal studies. Moreover, no samples or animals were excluded from

the analysis. In addition, the unpaired Student’s t-test was performed
for the comparation between two groups, while statistics among
multiple groups were analyzed by the post-hoc Tukey’s test following
One way ANOVA. P < 0.05 was considered as statistically significant.

RESULTS
Combination of G-CSF and rhTPO shows greater effect on
suppressing leukemia cell proliferation and inducing its death
than G-CSF or rhTPO alone
To identify the effect of combination of G-CSF and rhTPO on HL-
60 and KG1a cell proliferation, CCK-8 assay was performed.
Results found that combination of G-CSF and rhTPO, G-CSF
alone and rhTPO alone could suppress HL-60 and KG1a cell
proliferation, and combination of G-CSF and rhTPO showed
greatest effect (Fig. 1A). Besides, HL-60 and KG1a cell prolifera-
tion was dramatically inhibited at 48 h (Day 2) after the
treatment of combination of G-CSF and rhTPO (Fig. 1A). Thus,
HL-60 and KG1a cells were treated by combination of G-CSF and
rhTPO for 48 h in this study.
In addition, programed cell death of HL-60 and KG1a cells was

detected using Annexin V and flow cytometric analysis. Results
showed that combination of G-CSF and rhTPO induced pro-
gramed cell death of HL-60 cells more effectively than G-CSF or
rhTPO alone (Fig. 1B). Therefore, these results suggested that
combination of G-CSF and rhTPO showed greater effect on
suppressing leukemia cell proliferation and inducing leukemia cell
death than G-CSF or rhTPO alone.

Combination of G-CSF and rhTPO exerts greater effect on
inhibiting leukemia growth than G-CSF or rhTPO alone in vitro
To further confirm the effect of combination of G-CSF and
rhTPO on leukemia in vivo, a xenograft tumor mouse model
was established by subcutaneously injecting KG1a cells into

Fig. 3 G-CSF but not rhTPO triggers pyroptosis of leukemia cells. A The protein level of N-GSDMD in HL-60 cells and KG1a cells treated
with combination of G-CSF and rhTPO, G-CSF or rhTPO. B The levels of IL-1β and IL-18 in the cultured medium detected by ELISA. **P < 0.01,
****P < 0.0001.
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the right dorsal flanks of nude mice followed by tail vein
injection of G-CSF and rhTPO. Results showed that tumors
developed from KG1a cells in mice treated with combination of
G-CSF and rhTPO, G-CSF alone and rhTPO alone were smaller
and lighter than tumors in mice of control group (Fig. 2A–C).
Besides, tumors developed from KG1a cells in mice treated
with combination of G-CSF and rhTPO were smallest and
lightest (Fig. 2A–C). Thus, these data indicated that combina-
tion of G-CSF and rhTPO exerted greater effect on inhibiting
leukemia growth than G-CSF or rhTPO alone in vitro.

G-CSF but not rhTPO triggers pyroptosis of leukemia cells
Above results had indicated that G-CSF and rhTPO induced
programed cell death of HL-60 and KG1a cells. Pyroptosis is an

inflammatory programmed cell death and numerous inflam-
matory cytokines are involved in this progress [22, 23]. As
G-CSF and rhTPO are related to inflammatory, the effect of
G-CSF and rhTPO on pyroptosis was detected. Pyroptosis leads
to Gasdermin D (GSDMD) cleavage and release of inflammatory
cytokines such as interleukin-1β (IL-1β) and IL-18 [22, 24].
Therefore, cleaved GSDMD and released IL-1β and IL-18 are
markers for pyroptosis. WB and ELISA results demonstrated
that combination of G-CSF and rhTPO and G-CSF alone
increased the level of cleaved GSDMD and released IL-1β and
IL-18 in HL-60 and KG1a cells, whereas rhTPO alone had no
effect on the cleavage of GSDMD and the release of IL-1β and
IL-18 (Fig. 3A, B). Thus, these data indicated that G-CSF but not
rhTPO triggered pyroptosis of leukemia cells.

Fig. 4 G-CSF induces pyroptosis through ELANE in leukemia cells. A Representative images of Co-IP using a G-CSF antibody in KG1a cells
followed by detection of ELANE protein level by WB. Rabbit IgG was used as negative control. B The mRNA and protein level of ELANE in KG1a
cells treated with ELANE siRNAs. C Representative images of flow cytometric analysis for programed cell death in KG1a cells treated with
G-CSF or combination of G-CSF and ELANE siRNA. The bar graph showed the quantification of death cell number in each group. D The protein
level of N-GSDMD in KG1a cells treated with G-CSF or combination of G-CSF and ELANE siRNA. E The levels of IL-1β and IL-18 in the cultured
medium of KG1a cells treated with G-CSF or combination of G-CSF and ELANE siRNA detected by ELISA. NC: negative control. *P < 0.05,
**P < 0.01, ***P < 0.001.
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G-CSF induces pyroptosis through neutrophil elastase (ELANE)
in leukemia cells
Next, the mechanism of G-CSF triggering pyroptosis of leukemia
cells was explored. A previous study has revealed that G-CSF
interacts with ELANE [25]. ELANE could induce pyroptosis through
cleaving and activating GSDMD [26]. First, Co-IP was performed
using anti-G-CSF to identify whether G-CSF associated with ELANE
in leukemia cells. Results found that G-CSF interacted with ELANE
in KG1a cells (Fig. 4A).
To further determine whether G-CSF induced pytoptosis of

leukemia cells through ELANE, siRNA was utilized to silence
ELANE expression in KG1a cells. Indeed, transfection of ELANE
siRNA dramatically silenced ELANE mRNA and protein expres-
sion (Fig. 4B), and ELANE siRNA2 was utilized for subsequent
experiments. Next, flow cytometric analysis indicated that
silence of ELANE reversed the effect of G-CSF on programmed
cell death of KG1a cells (Fig. 4C). Moreover, transfection of siRNA
NC had no effect on programmed cell death of KG1a cells (Fig.
4C). Furthermore, WB results showed that silence of ELANE
increased G-CSF-reduced cleaved GSDMD in KG1a cells (Fig. 4D).
In addition, silence of ELANE abolished the effect of G-CSF on
the release of IL-1β and IL-18 in KG1a cells (Fig. 4E). These results
together suggested that G-CSF induced pyroptosis through
ELANE in leukemia cells.

RhTPO but not G-CSF induces ferroptosis of leukemia cells
Ferroptosis is a new identified type of programmed cell death and
caused by accumulation of iron-dependent lipid peroxidation,
which has been found in leukemia [27–29]. However, the roles of
G-CSF and rhTPO in ferroptosis are largely unknown. Thus,
markers for ferroptosis including MDA level and iron ion
concentration were detected followed by the treatment of
combination of G-CSF and rhTPO, G-CSF alone and rhTPO alone.
Results revealed that combination of G-CSF and rhTPO and rhTPO
alone elevated MDA level and iron ion concentration in HL-60 and
KG1a cells, yet G-CSF alone had no effect on MDA level and iron
ion concentration (Fig. 5A, B). Above data suggested that rhTPO
but not G-CSF triggered ferroptosis of leukemia cells.

RhTPO triggers ferroptosis by E1A binding protein P300
(EP300) in leukemia cells
Subsequently, the mechanism of rhTPO inducing ferroptosis of
leukemia cells was illuminated. A previous study has demon-
strated that TPO associates with EP300 [30], which could enhance
GPX4 gene transcription to inhibit ferroptosis [31]. Then Co-IP was
performed using anti-TPO to determine whether TPO interacted
with EP300 in leukemia cells. Results confirmed that TPO
associates with EP300 in KG1a cells (Fig. 6A).
To further identify whether rhTPO induced ferroptosis of

leukemia cells by EP300, EP300 was overexpressed by transfection
of expression vector into KG1a cells. Transfection of EP300
expression vector significantly increased EP300 expression (Fig.
6B). Next, flow cytometric analysis revealed that EP300 over-
expression neutralized the effect of rhTPO on programmed cell
death of KG1a cells (Fig. 6C). Besides, transfection of blank
expression vector had no effect on programmed cell death of
KG1a cells (Fig. 6C). Moreover, EP300 overexpression abolished the
effect of rhTPO on increasing MDA level and iron ion concentra-
tion in KG1a cells (Fig. 6D, E). These results indicated that rhTPO
triggered ferroptosis by EP300 in leukemia cells.

RhTPO suppresses GPX4 expression through blocking the
interaction between EP300 and GPX4 gene promoter via
associating with EP300 in leukemia cells
As EP300 regulates GPX4 gene transcription to inhibit ferroptosis
[31], the effect of rhTPO on GPX4 gene transcription was
detected. QRT-PCR analysis showed that rhTPO reduced GPX4
mRNA level whereas EP300 overexpression reversed the effect
of rhTPO on GPX4 mRNA expression (Fig. 7A). Besides, dual-
luciferase reporter gene assay revealed that the luciferase
activity of KG1a cells transfected with reporter gene vectors
containing GPX4 gene promoter region was decreased by the
treatment of rhTPO, whereas the effect of rhTPO was abolished
by the transfection of EP300 expression vector (Fig. 7B). These
results suggested that rhTPO suppressed GPX4 gene transcrip-
tion through EP300.
EP300 modifies GPX4 gene transcription through binding

with GPX4 gene promoter [31]. Therefore, the effect of rhTPO
on the association between EP300 and GPX4 gene promoter
was determined by ChIP. Results indicated that EP300 bound
with GPX4 gene promoter in KG1a cells (Fig. 7C). However,
rhTPO inhibited the binding of EP300 with GPX4 gene
promoter (Fig. 7C). In addition, above results had indicated
that rhTPO associated with EP300. Thus, rhTPO suppressed
GPX4 expression through blocking the interaction between
EP300 and GPX4 gene promoter via associating with EP300 in
leukemia cells.

DISCUSSION
This study revealed that combination of G-CSF and rhTPO showed
greater effect on suppressing leukemia growth than G-CSF or
rhTPO alone in vitro and in vivo. Mechanistically, G-CSF induced
pyroptosis through ELANE in leukemia cells. Besides, rhTPO
triggered ferroptosis by EP300 in leukemia cells. Moreover, rhTPO
suppressed GPX4 expression to induce ferroptosis through
blocking the interaction between EP300 and GPX4 gene promoter
via associating with EP300.
Numerous studies have indicated that G-CSF could induce

apoptosis of leukemia cells. For instance, G-CSF induces apoptosis
in leukemia cells through upregulating microRNA-146a [32].
Besides, G-CSF augments cytarabine and etoposide-triggered
apoptosis in leukemia cells [33, 34]. Moreover, G-CSF triggers
apoptosis in radiation-induced murine leukemia cell line C2M-A5
[35]. Except leukemia cells, G-CSF also induces apoptosis of B cells
in bone marrow derived from healthy donors [36]. These studied
have demonstrated that G-CSF could induce programmed cell

Fig. 5 RhTPO but not G-CSF induces ferroptosis of leukemia cells.
A The level of MDA in HL-60 cells or KG1a cells treated with
combination of G-CSF and rhTPO, G-CSF or rhTPO. B The intracel-
lular ferrous iron levels in HL-60 cells or KG1a cells treated with
combination of G-CSF and rhTPO, G-CSF or rhTPO. ***P < 0.001,
****P < 0.0001.
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death in leukemia cells and other cells. However, the role of G-CSF
in pyroptosis remains unknown. Thus, our study revealed the
effect of G-CSF on inducing pyroptosis for the first time.
The role of rhTPO or TPO on programmed cell death is

controversial. For example, TPO prevents apoptosis of H9C2
cells against doxorubicin-induced cardiotoxicity [37]. Besides,
TPO attenuates aplastic anemia serum-induced apoptosis in
the mouse myeloid progenitor cells through STAT3/STAT5
pathway [38]. In addition, TPO reduces apoptosis of mega-
karyocytes [39]. By contrast, TPO induces apoptosis of porcine
ovarian follicular cells [40]. More importantly, a recent study
has indicated that rhTPO promotes apoptosis of HL-60 cells
[41]. To date, the effect of rhTPO or TPO on ferroptosis is largely
unknown. Therefore, the present study demonstrated the role
of rhTPO in triggering ferroptosis for the first time.
In fact, G-CSF therapy attenuates ELANE mutation-caused

neutropenia which might develop leukemia [25, 42]. However,
the regulatory effect of G-CSF on ELANE has not been reported.
G-CSF could modify the activation of target protein [43], so it
might bind with ELANE to activate ELANE and subsequently
induce pyroptosis in leukemia cells.

A previous study has demonstrated that EP300 interacts with
cAMP response element‑binding protein (CREB) and facilitates the
binding between CREB and GPX4 gene promoter, and subse-
quently CREB enhances GPX4 gene transcription to inhibit
ferroptosis [31]. This study found that rhTPO suppressed GPX4
expression to induce ferroptosis through blocking the interaction
between EP300 and GPX4 gene promoter via associating with
EP300. Thus, rhTPO might suppress the association between
EP300 and CREB by competitive binding EP300 in leukemia cells.
Numerous types of programmed cell death are simultaneously

involved in the progress of human disease. Therefore, the
promising therapeutic targets, drugs or combined therapies
usually regulate more than one type of programmed cell death
concurrently. For example, mixed lineage kinase 3-induced
pyroptosis and ferroptosis of cardiomyocytes contributes to
myocardial fibrosis [44]. Besides, tumor-specific antigens and
neoantigens are ideal targets to trigger pyroptosis and ferroptosis
in cancer cells simultaneously [45]. In addition, histone deacety-
lase inhibitor quisinostat induces apoptosis, pyroptosis, and
ferroptosis in tongue cancer cells at the same time [46]. Therefore,
pyroptosis/ferroptosis dual-inductive combinational anti-cancer

Fig. 6 RhTPO triggers ferroptosis by E1A binding protein P300 (EP300) in leukemia cells. A Representative images of Co-IP using a EP300
antibody in KG1a cells followed by detection of TPO protein level by WB. Rabbit IgG was used as negative control. B The mRNA level of EP300
in KG1a cells transfected with EP300 expression vector. C Representative images of flow cytometric analysis for programed cell death in KG1a
cells treated with rhTPO or combination of rhTPO and EP300 expression vector. The bar graph showed the quantification of death cell number
in each group. D The level of MDA in KG1a cells treated with rhTPO or combination of rhTPO and EP300 expression vector. E The intracellular
ferrous iron levels in KG1a cells treated with rhTPO or combination of rhTPO and EP300 expression vector. OE overexpression, vec expression
vector. **P < 0.01, ****P < 0.0001.
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therapy could improve curative effects [47], which is why
combination regimen of G-CSF and rhTPO shows greater effects
than G-CSF or rhTPO alone.

CONCLUSION
In summary, this study demonstrated that combination of G-CSF
and rhTPO showed greater effect on suppressing leukemia growth
than G-CSF or rhTPO alone in vitro and in vivo. Mechanistically,
G-CSF induced pyroptosis through ELANE in leukemia cells.
Besides, rhTPO triggered ferroptosis by EP300 in leukemia cells.
Moreover, rhTPO suppressed GPX4 expression to induce ferrop-
tosis through blocking the interaction between EP300 and GPX4
gene promoter via associating with EP300. These results provided
a theoretical basis for combination regimen of G-CSF and rhTPO
treating leukemia and potential therapeutic targets for leukemia.

REFERENCES
1. Berg S, Nand S. Neurological complications of the leukemias across the ages. Curr

Neurol Neurosci Rep. 2017;17:13.
2. Juliusson G, Hough R. Leukemia. Prog Tumor Res. 2016;43:87–100.

3. Li B, Tang H, Cheng Z, Zhang Y, Xiang H. The current situation and future trend
of leukemia mortality by sex and area in China. Front Public Health.
2020;8:598215.

4. Disease GBD, Injury I, Prevalence C. Global, regional, and national incidence,
prevalence, and years lived with disability for 354 diseases and injuries for 195
countries and territories, 1990–2017: a systematic analysis for the Global
Burden of Disease Study 2017. Lancet. 2018;392:1789–858.

5. Thol F, Ganser A. Treatment of relapsed acute myeloid leukemia. Curr Treat
Options Oncol. 2020;21:66.

6. Patnaik MM, Tefferi A. Chronic myelomonocytic leukemia: 2020 update on
diagnosis, risk stratification and management. Am J Hematol. 2020;95:97–115.

7. Soura EN, Karikas GA. Acute myeloid leukaemia: recent data on prognostic gene
mutations, in relation to stratified therapies for elderly patients. J BUON.
2019;24:1326–39.

8. Podoltsev NA, Stahl M, Zeidan AM, Gore SD. Selecting initial treatment of acute
myeloid leukaemia in older adults. Blood Rev. 2017;31:43–62.

9. Hoshina H, Takei H. Granulocyte-colony stimulating factor-associated aortitis in
cancer: a systematic literature review. Cancer Treat Res Commun.
2021;29:100454.

10. Mackey MC, Glisovic S, Leclerc JM, Pastore Y, Krajinovic M, Craig M. The timing of
cyclic cytotoxic chemotherapy can worsen neutropenia and neutrophilia. Br J Clin
Pharm. 2021;87:687–93.

11. Rizzo A. Use of granulocyte colony-stimulating factor for adult cancer patients:
current issues and future directions. Future Oncol. 2021;17:3411–3.

Fig. 7 RhTPO suppresses GPX4 expression through blocking the interaction between EP300 and GPX4 gene promoter via associating
with EP300 in leukemia cells. A The mRNA level of EP300 in KG1a cells treated with rhTPO or combination of rhTPO and EP300 expression
vector. B GPX4 gene promoter activity analyzed by relative luciferase reporter activities in KG1a cells treated with rhTPO or combination of
rhTPO and EP300 expression vector. C Immunoprecipitated chromatin associated with EP300 was analyzed using ChIP followed by PCR for the
GPX4 gene promoter in KG1a cells treated with or without rhTPO. The bar graph showed the quantification of EP300 occupancy on the GPX4
gene promoter by qRT-PCR in KG1a cells treated with or without rhTPO. OE overexpression, vec expression vector. **P < 0.01, ***P < 0.001.

X. Wang et al.

1749

Cancer Gene Therapy (2022) 29:1742 – 1750



12. Yang D, Cheng X, Bu X, Yan Z, Wu T, Zhang Y. Granulocyte-macrophage colony-
stimulating factor enhances effect of temozolomide on high-grade glioma cells.
Anticancer Drugs. 2020;31:950–8.

13. Peng W. G-CSF treatment promotes apoptosis of autoreactive T cells to restrict
the inflammatory cascade and accelerate recovery in experimental allergic
encephalomyelitis. Exp Neurol. 2017;289:73–84.

14. Lohmann DJA, Asdahl PH, Abrahamsson J, Ha SY, Jonsson OG, Kaspers GJL, et al.
Use of granulocyte colony-stimulating factor and risk of relapse in pediatric
patients treated for acute myeloid leukemia according to NOPHO-AML 2004 and
DB AML-01. Pediatr Blood Cancer. 2019;66:e27701.

15. Nakamura-Ishizu A, Suda T. Multifaceted roles of thrombopoietin in hemato-
poietic stem cell regulation. Ann N Y. Acad Sci. 2020;1466:51–58.

16. Kuter DJ. Managing thrombocytopenia associated with cancer chemotherapy.
Oncol (Williston Park). 2015;29:282–94.

17. Zhu Q, Yang S, Zeng W, Li M, Guan Z, Zhou L, et al. A real-world observation of
eltrombopag and recombinant human Thrombopoietin (rhTPO) in lymphoma
patients with chemotherapy induced thrombocytopenia. Front Oncol.
2021;11:701539.

18. Xu Y, Song X, Du F, Zhao Q, Liu L, Ma Z, et al. A randomized controlled study of
rhTPO and rhIL-11 for the prophylactic treatment of chemotherapy-induced
thrombocytopenia in non-small cell lung cancer. J Cancer. 2018;9:4718–25.

19. Liu X, Shi H, Shen J, Li Y, Yan W, Sun Y, et al. Dual growth factor (rhTPO + G-CSF)
and chemotherapy combination regimen for elderly patients with acute myeloid
leukemia: a phase II single-arm multicenter study. Int J Gen Med. 2021;14:6093–9.

20. Guo Y, Zhu X, Sun X. COTI-2 induces cell apoptosis in pediatric acute lympho-
blastic leukemia via upregulation of miR-203. Bioengineered. 2020;11:201–8.

21. Zhou Q, Zhang L. MicroRNA-183-5p protects human derived cell line SH-SY5Y
cells from mepivacaine-induced injury. Bioengineered. 2021;12:3177–87.

22. Fang Y, Tian S, Pan Y, Li W, Wang Q, Tang Y, et al. Pyroptosis: A new frontier in
cancer. Biomed Pharmacother. 2020;121:109595.

23. Liu X, Zhang Z, Ruan J, Pan Y, Magupalli VG, Wu H, et al. Inflammasome-activated
gasdermin D causes pyroptosis by forming membrane pores. Nature.
2016;535:153–8.

24. Frank D, Vince JE. Pyroptosis versus necroptosis: similarities, differences, and
crosstalk. Cell Death Differ. 2019;26:99–114.

25. Skokowa J, Dale DC, Touw IP, Zeidler C, Welte K. Severe congenital neutropenias.
Nat Rev Dis Prim. 2017;3:17032.

26. Kambara H, Liu F, Zhang X, Liu P, Bajrami B, Teng Y, et al. Gasdermin D exerts
anti-inflammatory effects by promoting neutrophil death. Cell Rep.
2018;22:2924–36.

27. Friedmann Angeli JP, Schneider M, Proneth B, Tyurina YY, Tyurin VA, Hammond
VJ, et al. Inactivation of the ferroptosis regulator Gpx4 triggers acute renal failure
in mice. Nat Cell Biol. 2014;16:1180–91.

28. Guo J, Xu B, Han Q, Zhou H, Xia Y, Gong C, et al. Ferroptosis: A novel anti-tumor
action for cisplatin. Cancer Res Treat: Off J Korean Cancer Assoc. 2018;50:445–60.

29. Du J, Wang T, Li Y, Zhou Y, Wang X, Yu X, et al. DHA inhibits proliferation and
induces ferroptosis of leukemia cells through autophagy dependent degradation
of ferritin. Free Radic Biol Med. 2019;131:356–69.

30. Wang J, Huo K, Ma L, Tang L, Li D, Huang X, et al. Toward an understanding of the
protein interaction network of the human liver. Mol Syst Biol. 2011;7:536.

31. Wang Z, Zhang X, Tian X, Yang Y, Ma L, Wang J, et al. CREB stimulates GPX4
transcription to inhibit ferroptosis in lung adenocarcinoma. Oncol Rep.
2021;1:45–88.

32. Li X, Xu L, Sheng X, Cai J, Liu J, Yin T, et al. Upregulated microRNA-146a
expression induced by granulocyte colony-stimulating factor enhanced low-
dosage chemotherapy response in aged acute myeloid leukemia patients. Exp
Hematol. 2018;68:66–79. e3

33. Kitagawa J, Hara T, Tsurumi H, Kanemura N, Kasahara S, Shimizu M, et al. Cell
cycle-dependent priming action of granulocyte colony-stimulating factor (G-CSF)
enhances in vitro apoptosis induction by cytarabine and etoposide in leukemia
cell lines. J Clin Exp Hematop. 2010;50:99–105.

34. Sheng X, Zhong H, Wan H, Zhong J, Chen F. Granulocyte colony-stimulating
factor inhibits CXCR4/SDF-1alpha signaling and overcomes stromal-mediated
drug resistance in the HL-60 cell line. Exp Ther Med. 2016;12:396–404.

35. Handa A, Kashimura T, Kawano N, Yamamoto A, Yoshida S, Jinnai I, et al.
Granulocyte-colony stimulating factor induced apoptosis in radiation-induced
murine leukemia cell line. Leukemia. 1997;11:387–8.

36. Zhai SZ, Guo HD, Li SQ, Zhao XS, Wang Y, Xu LP, et al. Effects of granulocyte
colony-stimulating factor on proliferation and apoptosis of B cells in bone mar-
row of healthy donors. Transpl Proc. 2020;52:345–52.

37. Wang H, Wang H, Liang EY, Zhou LX, Dong ZL, Liang P, et al. Thrombopoietin
protects H9C2 cells from excessive autophagy and apoptosis in doxorubicin-
induced cardiotoxicity. Oncol Lett. 2018;15:839–48.

38. Qian J, Cao X, Shen Q, Cai YF, Lu W, Yin H, et al. Thrombopoietin promotes cell
proliferation and attenuates apoptosis of aplastic anemia serum-treated 32D cells
via activating STAT3/STAT5 signaling pathway and modulating apoptosis-related
mediators. Cell Transpl. 2021;30:963689720980367.

39. Li W, Morrone K, Kambhampati S, Will B, Steidl U, Verma A. Thrombocytopenia in
MDS: epidemiology, mechanisms, clinical consequences and novel therapeutic
strategies. Leukemia. 2016;30:536–44.

40. Sirotkin AV, Sanislo P, Schaeffer HJ, Florkovicova I, Kotwica J, Bulla J, et al.
Thrombopoietin regulates proliferation, apoptosis, secretory activity and intra-
cellular messengers in porcine ovarian follicular cells: involvement of protein
kinase A. J Endocrinol. 2004;183:595–604.

41. Wang N, Lyu N, Min X, Wang LL, Zhu HY. [Effect of rhTPO to the proliferation and
apoptosis of acute myeloid leukemia cell lines]. Zhongguo Shi Yan Xue Ye Xue Za
Zhi. 2021;29:389–94.

42. Olofsen PA, Bosch DA, Roovers O, van Strien PMH, de Looper HWJ, Hoogen-
boezem RM, et al. PML-controlled responses in severe congenital neutropenia
with ELANE-misfolding mutations. Blood Adv. 2021;5:775–86.

43. Chakraborty A, Tweardy DJ. Granulocyte colony-stimulating factor activates a 72-
kDa isoform of STAT3 in human neutrophils. J Leukoc Biol. 1998;64:675–80.

44. Wang J, Deng B, Liu Q, Huang Y, Chen W, Li J, et al. Pyroptosis and ferroptosis
induced by mixed lineage kinase 3 (MLK3) signaling in cardiomyocytes are
essential for myocardial fibrosis in response to pressure overload. Cell Death Dis.
2020;11:574.

45. Yu J, Wang Q, Zhang X, Guo Z, Cui X. Mechanisms of neoantigen-targeted
induction of pyroptosis and ferroptosis: from basic research to clinical applica-
tions. Front Oncol. 2021;11:685377.

46. Wang X, Liu K, Gong H, Li D, Chu W, Zhao D, et al. Death by histone deacetylase
inhibitor quisinostat in tongue squamous cell carcinoma via apoptosis, pyr-
optosis, and ferroptosis. Toxicol Appl Pharm. 2021;410:115363.

47. Xu R, Yang J, Qian Y, Deng H, Wang Z, Ma S, et al. Ferroptosis/pyroptosis dual-
inductive combinational anti-cancer therapy achieved by transferrin decorated
nanoMOF. Nanoscale Horiz. 2021;6:348–56.

AUTHOR CONTRIBUTIONS
XW and XL conceived the study and performed all experiments. HW wrote the
manuscript, all authors have read and commented on the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

AVAILABILITY OF SUPPORTING DATA
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Huihan Wang.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

X. Wang et al.

1750

Cancer Gene Therapy (2022) 29:1742 – 1750

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Combination regimen of granulocyte colony-stimulating factor and recombinant human thrombopoietin improves the curative effect on elderly patients with leukemia through inducing pyroptosis and ferroptosis of leukemia cells
	Introduction
	Materials and methods
	Cell culture
	Cell treatments
	Cell Counting Kit-8 (CCK-8) assay
	Flow cytometric analysis for programed cell death
	In vivo assay
	Western Blot (WB)
	ELISA
	Co-immunoprecipitation (Co-IP)
	Detection of malondialdehyde (MDA)
	Detection of iron ion concentration
	Quantitative reverse transcription-PCR (qRT-PCR)
	Dual-luciferase reporter gene assay
	Chromatin immunoprecipitation (ChIP)
	Statistical analysis

	Results
	Combination of G-nobreakCSF and rhTPO shows greater effect on suppressing leukemia cell proliferation and inducing its death than G-nobreakCSF or rhTPO alone
	Combination of G-nobreakCSF and rhTPO exerts greater effect on inhibiting leukemia growth than G-nobreakCSF or rhTPO alone in�vitro
	G-nobreakCSF but not rhTPO triggers pyroptosis of leukemia cells
	G-nobreakCSF induces pyroptosis through neutrophil elastase (ELANE) in leukemia cells
	RhTPO but not G-nobreakCSF induces ferroptosis of leukemia cells
	RhTPO triggers ferroptosis by E1A binding protein P300 (EP300) in leukemia cells
	RhTPO suppresses GPX4 expression through blocking the interaction between EP300 and GPX4 gene promoter via associating with EP300 in leukemia cells

	Discussion
	Conclusion
	Author contributions
	Competing interests
	Availability of supporting data
	ADDITIONAL INFORMATION




