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Abstract
BACKGROUND 
Leukemia stem cells (LSCs) are found to be one of the main factors contributing to 
poor therapeutic effects in acute myeloid leukemia (AML), as they are protected 
by the bone marrow microenvironment (BMM) against conventional therapies. 
Gossypol acetic acid (GAA), which is extracted from the seeds of cotton plants, 
exerts anti-tumor roles in several types of cancer and has been reported to induce 
apoptosis of LSCs by inhibiting Bcl2.

AIM 
To investigate the exact roles of GAA in regulating LSCs under different microen-
vironments and the exact mechanism.

METHODS 
In this study, LSCs were magnetically sorted from AML cell lines and the CD34+

CD38- population was obtained. The expression of leucine-rich pentatricopeptide 
repeat-containing protein (LRPPRC) and forkhead box M1 (FOXM1) was 
evaluated in LSCs, and the effects of GAA on malignancies and mitochondrial 
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function were measured.

RESULTS 
LRPPRC was found to be upregulated, and GAA inhibited cell proliferation by degrading LRPPRC. GAA induced 
LRPPRC degradation and inhibited the activation of interleukin 6 (IL-6)/janus kinase (JAK) 1/signal transducer 
and activator of transcription (STAT) 3 signaling, enhancing chemosensitivity in LSCs against conventional 
chemotherapies, including L-Asparaginase, Dexamethasone, and cytarabine. GAA was also found to downregulate 
FOXM1 indirectly by regulating LRPPRC. Furthermore, GAA induced reactive oxygen species accumulation, 
disturbed mitochondrial homeostasis, and caused mitochondrial dysfunction. By inhibiting IL-6/JAK1/STAT3 
signaling via degrading LRPPRC, GAA resulted in the elimination of LSCs. Meanwhile, GAA induced oxidative 
stress and subsequent cell damage by causing mitochondrial damage.

CONCLUSION 
Taken together, the results indicate that GAA might overcome the BMM protective effect and be considered as a 
novel and effective combination therapy for AML.

Key Words: Leukemia stem cells; Gossypol acetic acid; Reactive oxygen species; Mitochondrial dysfunction; Interleukin 
6/janus kinase 1/signal transducer and activator of transcription 3 signaling
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Core Tip: Gossypol acetic acid (GAA) inhibited janus kinase 1/signal transducer and activator of transcription 3 signaling 
activated by interleukin 6 in leukemia stem cells (LSCs). GAA sensitizes to chemoagent, including cytarabine, 
Dexamethasone and L-Asparaginase in LSCs. GAA decreased leucine-rich pentatricopeptide repeat-containing protein and 
subsequent downregulated forkhead box M1, which are critical and necessary for stemness of LSCs. GAA induces 
mitochondrial dysfunction via inducing reactive oxygen species accumulation. GAA might eliminate the effects of inflam-
matory environment on LSCs.

Citation: Ai CJ, Chen LJ, Guo LX, Wang YP, Zhao ZY. Gossypol acetic acid regulates leukemia stem cells by degrading LRPPRC via 
inhibiting IL-6/JAK1/STAT3 signaling or resulting mitochondrial dysfunction. World J Stem Cells 2024; 16(4): 444-458
URL: https://www.wjgnet.com/1948-0210/full/v16/i4/444.htm
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INTRODUCTION
Acute myeloid leukemia (AML) is a hematopoietic disorder characterized by uncontrolled proliferation of immature, 
abnormal blast cells and loss of functional blood cells, resulting in remarkably chemoresistant disease and poor prognosis
[1]. Therapy failure is common in many cases of risk karyotype AML, and most patients develop chemotherapy relapses, 
depending on the mechanisms of recurrence[2].

Rare subsets labeled as the CD34+CD38- population are considered leukemia stem cells (LSCs), which possess 
remarkable proliferative potential[3,4], as also reported in other studies[5,6]. It is well-established that primary 
chemotherapeutic agents might eliminate AML blast cells but not LSCs, indicating that LSCs could be responsible for 
chemoresistance in AML[7,8]. Moreover, original AML behaves differently compared to LSCs[9,10]. Therefore, invest-
igating LSCs is critical for eliminating cancer cells in AML.

Bone marrow microenvironment (BMM) is a key component of leukemia pathogenesis by exerting protective effects on 
LSC against various types of stress, such as oxidative and hypoxic stress[11]. Therefore, novel therapeutic strategies have 
been developed targeting BMM. Inactivation of interleukin 6 (IL-6) via inhibition of janus kinase 1/signal transducer and 
activator of transcription 3 (JAK1/STAT3) signaling leads to the inhibition of LSC survival[12,13]. In chronic myeloid 
leukemia, which is characterized by TKI-resistance, inhibition of JAK1/STAT3 signaling has been found to reduce LSC 
survival and impair its stemness[14]. Recently, it has also been reported that activation of the JAK1 kinase and 
subsequent STAT3 signaling contributes to poor therapeutic outcomes and prognosis in chronic myeloid leukemia cells
[15]. However, the development of effective and efficient BMM-targeted chemotherapeutic agents is still largely needed.

GAA is a traditional Chinese herbal medicine widely used clinically to treat different diseases with significant 
antitumor effects[16]. Previous studies have reported that GAA exerts anti-tumor effects by inhibiting cell proliferation 
via blocking cell cycle progression and inducing cell apoptosis. Yang et al[17] reported that, in colorectal cancer, GAA 
treatment specifically degrades leucine-rich pentatricopeptide repeat-containing protein (LRPPRC), a key regulator of 
mitochondrial homeostasis and function, thereby acting as an anti-tumor agent. This prompted us to investigate GAA’s 
potential anti-tumor effects on LSCs[17].
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Figure 1 Gossypol acetic acid decreased leucine-rich pentatricopeptide repeat-containing protein and inhibited leukemia stem cell 
progression. A: Molecular structure of gossypol acetic acid (GAA) was presented; B: After being treated with 2.5, 5, 7.5, 10 μmol/L GAA for 24 h, leucine-rich 
pentatricopeptide repeat-containing protein was measured by performing western blot; C: After being cultured with 2.5, 5, 7.5, 10 μmol/L GAA for 24 h, cell viability 
was measured by performing CCK-8 assay. aP < 0.05, vs KG1a-SCs; bP < 0.01, vs KG1a-SCs; cP < 0.05, vs Kasumi-1-SCs; dP < 0.01, vs Kasumi-1-SCs; D: With 
presence of 2.5, 5, 7.5, 10 μmol/L GAA, colony formation assay was performed. LRPPRC: Leucine-rich pentatricopeptide repeat-containing protein; GAA: Gossypol 
acetic acid.

To investigate this possibility, we analyzed the LRPPRC profile status in LSCs derived from AML cell lines. As 
expected, LSCs exhibited higher expression levels of LRPPRC than original AML cells. GAA degraded LRPPRC and thus 
inhibited IL-6/JAK1/STAT3 signaling. Moreover, GAA also downregulated forkhead box M1 (FOXM1), which is 
positively correlated with LRPPRC, in an IL-6/JAK1/STAT3-independent manner.

MATERIALS AND METHODS
Cell cultures and treatment
Human AML cell lines Kasumi-1 and KG1a were bought from Guangzhou Institute of Biomedicine and Health, Chinese 
Academy of Sciences. Cells were maintained in RPMI1640 medium supplemented with 20% fetal calf serum (Gibco) 
stored in the incubator (Life Technology, United States) at 37 °C and 5% CO2 saturation humidity. Culture medium was 
changed for passage every 2-3 d. For GAA treatment, GAA bought from Sigma-Aldrich (Figure 1A) was added into 
original medium at final concentration of 2.5, 5, 7.5, or 10 μmol/L for 24-h incubation followed by certain detection. For 
IL-6 incubation, IL-6 bought from Sigma-Aldrich was added into original medium at final concentration of 5, 10, 25, or 50 
μmol/L for 6-h incubation followed by certain detection. For S3I-210 incubation, S3I-210 bought from Selleck was added 
into original medium at final concentration of 10 μmol/L for 24-h incubation followed by certain detection.

Sorting of LSCs from KG1a and Kasumi-1
Of 5 × 107 cultured cells was collected and washed using 1× Dulbecco’s phosphate-buffered saline (DPBS) for three times. 
After brief centrifugation, supernatant was discard and cell pellet was resuspended in 10 mL of 1× DPBS. CD34+CD38- 
cells were selected using a magnetic bead selection protocol (Miltenyi Biotech, Bergisch Gladbach, Germany). Briefly, the 



Ai CJ et al. GAA regulates survival of LSCs

WJSC https://www.wjgnet.com 447 April 26, 2024 Volume 16 Issue 4

CD34+/CD38- population (Kasumi-1 cells) or CD34+/CD38- population (KG-1 cells) was obtained by incubating with 
CD34-FITC (Biolegend, San Diego, CA United States) and CD38-R-phycoerythrin cyanine7 (CD38-PE-Cy™7; Biolegend) 
in Cell Staining Buffer (Biolegend).

GEPIA analysis
The GEPIA 2 online analysis tool (http://gepia2.cancer-pku.cn) was employed for gene expression analysis by 
comparing to The Cancer Genome Atlas dataset. GEPIA 2 provides a variety of functions, including tumor/normal differ-
ential expression and correlation analysis. Expression correlation of LRPPRC and FOXM1 in whole blood samples, AML 
cell lines and LAML samples was analyzed. |R| > 0.1 and P value < 0.05 were set as selection criteria for identifying as 
statistically significant.

Cell viability assay
Cells were plated into 96-well plates at 1 × 105 cells/well and allowed to attach overnight. Then, different concentrations 
of cytarabine (Ara-C) (0, 0.5, 1, 2, 4 μmol/L), Dexamethasone (Dex) (0, 0.5, 1, 2, 4 μmol/L) or L-Asparaginase (L-Asp) (0, 
0.5, 1, 2, 4 μmol/L) were added into wells for 24-h culture. CCK-8 reagent (Sigma-Aldrich) was added (10 μL/well) for 
extra 4 h incubation. The absorbance (A) at 450 nm was measured using a microplate reader (Synergy 2 Multi-Mode 
Microplate Reader; BioTek, Winooski, VT, United States). By using the following formula: Cell survival rate (%) = 
[(administration group A - negative control group A)/(non-administration group A - negative control group A)] × 100%, 
cell survival rate was calculated.

Colony formation assay
Of 1 × 105 LSCs was suspended in Human Methylcellulose Complete Media (R&D Systems, Inc, Minneapolis, MN, 
United States) and were added into a 6-well dish. Cells were then cultured in 5% CO2 at 37 °C with more than 95% 
humidity for 7 d. On day 7, an optical microscope was employed to observe and count the formed colonies.

Total reactive oxygen species measurement
Of 1 × 106 cells were collected and washed using 1× PBS for three times. Then, 10 μmol/L 2’,7’-dichlorodihydrofluor-
escein diacetate (H2DCFDA, Life Technologies, Cat# D-399) was added and incubated for 1 h. Cells were collected and 
washed using 1× PBS for three times to remove free H2DCFDA. Oxidation of H2DCFDA to the highly fluorescent 2’,7’-
dichlorofluorescein is proportional to reactive oxygen species (ROS) generation and the signals were then read at EX485 
nm/Em535 nm using a GloMax 96 Microplate Luminometer (Promega). Samples were also detected immediately by 
using a flow cytometer (Fortessa, BD Biosciences). A minimum of 10000 cells was analyzed per condition.

Western blot analysis
Total proteins were extracted using Animal Tissue/cells/bacteria total protein isolation kit (DocSense, Chengdu, China) 
from cells. Then, quantification of protein lysates was measured with a protein BCA assay Kit (Bio-Rad) and fractionated 
by 10% sodium-dodecyl sulfate gel electrophoresis and transferred to a nitrocellulose membrane, followed by blockage 
using 5% non-fat milk in TBST for 60 min at 25 °C and then incubated with primary antibody diluted in blocking buffer at 
4 °C overnight: Anti-LRPPRC/GP130 antibody (ab259927, 1:1000); anti-FOXM1 antibody (ab207298, 1:2000); anti-
Peroxiredoxin 3/PRDX3 antibody (ab128953, 1:2000); anti-SOD2/MnSOD antibody (ab68155, 1:1000); anti-catalase 
antibody (ab209211, 1:1000); anti-cleaved caspase-3 antibody (ab32042, 1:1000); anti-cleaved PARP1 antibody (ab32064, 
1:1000); anti-JAK1 antibody (ab133666, 1:2000); anti-JAK1 (phosphor Y1022 + Y1023) antibody (ab138005, 1:1000); anti-
STAT3 antibody (ab68153, 1:2000); anti-STAT3 (phosphor Y705) antibody (ab267373, 1:1000); anti-beta actin antibody 
(ab8226, 1:4000). Washed membranes were then incubated with horseradish peroxidase-coupled Goat Anti-Rabbit IgG 
H&L secondary antibody (1:50000; abcam, ab6721) for 1 h at room temperature and signal was imaged using enhanced 
chemiluminescence according to the manufacturer’s instructions (ECL kit, Life Technologies).

Measurement of mitochondrial membrane potential
Mitochondrial membrane potentials were observed in cells stained with JC-1 dye bought from Life Technology by 
employing a confocal microscope (LSM880, Zeiss, Jena, Germany). Specifically, cells were harvested, washed with ice-
cold PBS. Then JC-1 was added for 20 min incubation at 37 °C. Green florescence emission in its monomer forma and red 
florescence emission in its polymer forms were collected separately. Cells were analyzed by performing flow cytometry 
using a 3 Laser Navios flow cytometers (Beckman Coulter, Brea, CA, United States).

ATP measurement
Before ATP analyzing, cells were cultured in original medium for 24 h and then collected and washed using 1× PBS. Then 
CellTiterGlo kit was employed to detect ATP content by using luciferase chemiluminescence Multiskan spectrum 
microplate reader (Thermo Electron Corporation, Waltham, MA, United States).

Data analysis and statistics
All data are presented as mean ± SD. Statistical differences between different groups were analyzed by one way ANOVA 
post hoc Dunnett T-test using Prism 6 (GraphPad Software, San Diego, CA, United States). The correlation of gene 
expression was evaluated in the GEPIA database using Spearman’s correlation analysis. Value of P < 0.05, P < 0.01, P < 
0.001 was considered statistically significant.

http://gepia2.cancer-pku.cn
http://gepia2.cancer-pku.cn
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RESULTS
LRPPRC promotes malignancies in SCs derived from KG1a and Kasumi-1
To evaluate the potential roles of LRPPRC in SCs derived from KG1a and Kasumi-1, we adopted magnetic bead sorting to 
enrich LSCs from these two cell lines, separately, to investigate whether LRPPRC expresses differentially in LSCs 
compared to AML cells. LSCs were selected by being co-cultured with PE-labeled CD34 and FITC-labeled CD38. As 
shown in Figure 2A, over 85% of cells were CD34+CD38-, which was regarded as LSCs after magnetic bead sorting 
followed by flow cytometry assay, which was significantly higher than those in KG1a or Kasumi-1 cells. This result 
indicated successful enrichment of LSCs from KG1a and Kasumi-1 cells. Then, total protein was fractionated and detected 
by western blot to evaluate LRPPRC expression levels. As shown in Figure 2B, LRPPRC was detected to be upregulated 
in KG1a-SCs and Kasumi-1-SCs significantly, demonstrating that LSCs maintained significant higher LRPPRC levels.

Based on the widely investigated oncogenic role, we further conjectured that LRPPRC expression could affect LSCs to 
alter the in vitro biological functions and subsequently affecting leukemia progression. We transfected short hairpin RNA 
targeting to LRPPRC mRNA and efficiently knockdown LRPPRC expression in LSCs after 48-h transfection (Figure 2C). 
We then evaluate the effects of LRPPRC knockdown in LSCs by detecting cell viability from day 1 to 5 and colony assays. 
Expectedly, LRPPRC knockdown significantly decreased cell viability in LSCs from day 1 to 5 and inhibited colony 
formation (Figure 2D and E).

GAA degraded LRPPRC and inhibited LSCs progression
It is reported that GAA acts as an anti-tumor agent, via targeting to LRPPRC and resulted in protein degradation[16], we 
treated KG1a-SCs and Kasumi-1-SCs with GAA with different concentrations ranged from 2.5-10 μmol/L for 24 h. By 
performing western blot, it is presented that 5-10 μmol/L GAA treatment significantly decreased LRPPRC protein levels 
after 24 h via promoting protein degradation (Figure 1B), without affecting LRPPRC transcription (data not shown). By 
considering that LRPPRC acts as a oncogenic factor in several kinds of cancer[18,19], we then evaluate the effect of GAA 
on KG1a-SCs and Kasumi-1-SCs cell viability and colony formation. As shown in Figure 1C, GAA treatment ranged from 
5-10 μmol/L significantly decreased cell viability. In colony assay, long-term GAA treatment also inhibited colony 
formation ability in KG1a-SCs and Kasumi-1-SCs (Figure 1D).

GAA induced chemosensitivity via degrading LRPPRC
LRPPRC is reported to be critical for chemoresistance in cancer cells[17], and promotes us to confirm whether GAA 
treatment affects chemoresistance in KG1a-SCs and Kasumi-1-SCs. Three commonly used chemotherapeutic agents, 
including Ara-c, Dex, or L-Asp, were used to treat KG1a-SCs and Kasumi-1-SCs with or without addition of 5 μmol/L of 
GAA. As it is shown in Figure 3A, presence of GAA significantly decreased cell viability with the presence of GAA. It is 
also observed that co-treatment of chemoagent and GAA obviously increased cleaved-caspase 3 and cleaved-PARP, 
demonstrating that GAA might increase chemosensitivity in KG1a-SCs and Kasumi-1-SCs. To further confirm whether 
GAA promotes apoptosis induced by chemoagent, we then detected cleaved-caspase 3 and cleaved-PARP after 
chemotreatment. Expectedly, addition of 5 μmol/L GAA obviously increased cleaved-caspase 3 and cleaved-PARP with 
the presence of 1 μmol/L Ara-c, Dex or L-Asp (Figure 3B).

To confirm whether the impact of GAA on LSCs is due to degrade LRPPRC or not, LRPPRC was overexpressed before 
GAA treatment. As it is shown in Figure 4A, LRPPRC overexpression significantly reversed degradation of LRPPRC 
caused by GAA treatment. As expected, in LRPPRC overexpressed cells, chemosensitivity was significantly decreased 
(Figure 4B), indicating that the effect of GAA on promoting chemosensitivity is mainly via inducing LRPPRC degra-
dation.

GAA inhibited JAK1/STAT3 signaling activated by IL-6
IL-6 is a pleiotropic inflammatory cytokine that has a central role in inflammatory response and malignancy[20]. In classic 
IL-6 signaling, binding of IL-6 to IL-6R on the cell surface is critical to initiate intracellular signaling. By considering that 
GAA affects IL-6/STAT3 signaling in human non-small cell lung cancer cells[21,22], we detected whether GAA treatment 
affects IL-6/JAK1/STAT3 signaling or not. As it is presented in Figure 5A, after 4-h incubation with different concen-
tration of IL-6 ranged from 5-50 ng/mL, phosphorylation of JAK1 (p-JAK1) and phosphorylation of STAT3 (p-STAT3) 
were obviously activated, without disturbing p-JAK1 and p-STAT3 protein levels. Thus, we further added 10 ng/mL IL-6 
to KG1a-SCs or Kasumi-1-SCs pretreated with 5 μmol/L GAA for 24 h, for 4-h incubation. As shown in Figure 5B, IL-6 
treatment activated JAK1/STAT3 signaling, without affecting p-JAK1, p-STAT3 or LRPPRC protein levels. Expectedly, 
pretreatment of GAA significantly inhibited JAK1/STAT3 stimulated by IL-6.

The roles of IL-6 in BMM controls leukemic multipotent progenitor cell fate and contributes to maintenance of self-
renewal capacity of LSCs[23,24]. To further evaluate whether IL-6/JAK-1/STAT3 signaling regulation of self-renewal 
capacity of LSCs is reversed by GAA, we employed 5 μmol/L S3I-201, a pharmacological inhibitor of STAT3 signaling. 
As shown in Figure 6A and B, addition of GAA or S3I-201 respectively inhibited cell viability and colony formation. 
Notably, addition of S3I-201 to KG1a-SCs or Kasumi-SCs pretreated with GAA further decreased malignancies. These 
results indicated that IL-6/JAK1/STAT3 signaling is partially inhibited by GAA and results in loss of self-renewal in 
LSCs.

GAA decreased FOXM1 via regulating LRPPRC
FOXM1 is a crucial regulator of cancer development and found often to be overexpressed in AML[25]. It is also reported 
to be tightly involved in regulating LSC survival[26]. By considering that LRPPRC is reported to tightly regulate FOXM1
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Figure 2 Leucine-rich pentatricopeptide repeat-containing protein knockdown decreased cell viability and colony formation in KG1a-SCs 
and Kasumi-1-SCs. A: After magnetic sorting, sorted or original cells were analyzed by flow cytometry after double staining using CD34-PE/CD38-FITC. CD34+

/CD38- proportion was considered as leukemia stem cell subpopulation. aP < 0.05, vs KG1a group; bP < 0.05, vs Kasumi-1 group; B: Leucine-rich pentatricopeptide 
repeat-containing protein (LRPPRC) expression was measured by performing western blot. aP < 0.05, vs KG1a group; bP < 0.05, vs Kasumi-1 group; C: After short 
hairpin RNA (shRNA) transfection targeting to LRPPRC mRNA for 48 h, LRPPRC protein level was measured. aP < 0.05, vs KG1a group or Kasumi-1 group; bP < 
0.05, vs Kasumi-1 group; D: Cell viability was measured from day 1 to 5 after LRPPRC knockdown (shLRPPRC group). aP < 0.05, vs KG1a-SCs shScram group; bP < 
0.05, vs Kasumi-1-SCs shScram group; E: Colony formation assay was performed to evaluate the effect of LRPPRC knockdown. LRPPRC: Leucine-rich 
pentatricopeptide repeat-containing protein.
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Figure 3 Gossypol acetic acid treatment enhanced chemosensitivity and apoptosis after chemotreatment. A: 0.5, 1, 2 or 4 μmol/L of cytarabine 
(Ara-C), Dexamethasone (Dex) or L-Asparaginase (L-Asp) was used for chemotreatment with or without presence of 5 μmol/L of gossypol acetic acid (GAA), 24-h 
later, cell viability was measured by performing CCK-8 assay. aP < 0.05, vs mock group; B: KG1a-SCs or Kasumi-1-SCs was co-cultured with 1 μmol/L of Ara-c, Dex 
or L-Asp with or without 5 μmol/L of GAA for 24 h, and cleaved-caspase 3 and cleaved-PARP were measured by performing western blot. LRPPRC: Leucine-rich 
pentatricopeptide repeat-containing protein; GAA: Gossypol acetic acid; Ara-C: Cytarabine; Dex: Dexamethasone; L-Asp: L-Asparaginase.

[27,28], we employed GEPIA database online tool to analyze correlation of LRPPRC with FOXM1 in whole blood, AML 
cell lines and AML pathological samples. As it is shown in Figure 7A, FOXM1 and LRPPRC are transcriptionally and 
positively correlated in whole blood (r = 0.47; P < 0.001), AML cell lines (r = 0.44; P = 0.00016) and LAMA samples (r = 
0.19; P = 0.012). LRPPRC knockdown or overexpression decreased or increased FOXM1 (Figure 7B), indicating that 
LRPPRC positively regulates FOXM1 in KG1a-SCs and Kasumi-1-SCs. We then measured the expression of FOXM1 
downstream ROS scavenger genes, including PRDX3, MnSOD, and catalase. To confirm whether LRPPRC affects FOXM1 
via IL-6/JAK1/STAT3 signaling, S3I-210 was employed. As shown in Figure 7C, without being affected by S3I-210, GAA 
treatment significantly decreased FOXM1 and its downstream target genes, indicating that LRPPRC regulates FOXM1 
and its downstream genes in an IL-6/JAK1/STAT3-independent manner.

GAA decreased mitochondrial homeostasis via degrading LRPPRC
In our precious findings, LRRPRC was presented to be a mitochondrial protector against oxidative stress[17]. This 
promotes us to evaluate the effect of GAA on mitochondrial function. As presented in Figure 8A, GAA treatment, but not 
S3I-210, significantly induced ROS accumulation, especially under hypoxic condition. By performing flow cytometry, it is 
also observed that both in hypoxia and normoxia condition, GAA treatment obviously increased ROS levels in KG1a-SCs 
and Kasumi-1-SCs (Figure 8B). Then we evaluate the effect of GAA treatment on mitochondrial homeostasis by 
performing JC-1 staining. Expectedly, GAA treatment significantly increased JC-1 FITC-positive proportion in KG1a-SCs 
and Kasumi-1-SCs, indicating that GAA might affect mitochondrial homeostasis and potentially result in mitochondrial 
dysfunction (Figure 8C). Analysis of LDH leakage presented that GAA treatment significantly increased cell membrane 
impact (Figure 8D). We further confirmed whether disturbance of mitochondrial homeostasis induced by GAA induces 
mitochondrial dysfunction by detecting mitochondrial DNA (mtDNA) content (Figure 8E) and ATP synthesis (Figure 8F). 
Expectedly, GAA treatment significantly decreased mtDNA content and ATP synthesis, indicating that GAA might 
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Figure 4 Gossypol acetic acid induced chemosensitivity via degrading leucine-rich pentatricopeptide repeat-containing protein. A: After 
being transfected with leucine-rich pentatricopeptide repeat-containing protein-coding plasmid, overexpression efficiency was measured by performing western blot. a

P < 0.05, vs vector group; B: After being pre-treated with gossypol acetic acid (GAA), KG1a-SCs or Kasumi-1-SCs were treated with cytarabine for extra 24 h and cell 
viability was measured. aP < 0.05, mock/GAA group. LRPPRC: Leucine-rich pentatricopeptide repeat-containing protein; GAA: Gossypol acetic acid.

regulate stemness of LSCs via inducing mitochondrial dysfunction.

DISCUSSION
Our study has established the critical role of GAA in the regulation of cell proliferation, chemosensitivity, and self-
renewal of LSCs derived from AML cells. Our results show that GAA exerts anti-tumor effects by inhibiting the IL-6/
JAK1/STAT3 signaling pathway through promoting the degradation of LRPPRC, which is a critical component of IL-6/
JAK1/STAT3 signaling. In addition, we have identified the role of GAA in degrading LRPPRC, resulting in the downreg-
ulation of FOXM1, which plays a critical role in the regulation of survival, quiescence, and self-renewal of LSCs. 
Furthermore, considering that LRPPRC regulates redox homeostasis, mitochondrial homeostasis, gene expression, and 
energy metabolism[29,30], we also found that GAA induces oxidative stress, loss of mitochondrial homeostasis, 
mitochondrial mass, and energy metabolism.

Bone marrow samples were used to predict a novel functional profile for predicting prognosis in pediatric patients 
with AML[31]. It has been demonstrated that the sensitivity of AML cells to ligand-induced activation of STAT3 might be 
considered as a predictor of event-free survival and overall survival in pediatric patients with AML. IL-6 activates the 
JAK1/STAT3 signaling and thus acts as a key cytokine[32]. GAA was reported to inhibit IL-6/JAK1/STAT3 signaling and 
result in suppressing the STAT3-DNA binding activity and its regulatory roles in its downstream target genes, including 
Bcl-2 and Bcl-xL[27]. In the present study, we found that GAA pretreatment inhibited activation of JAK1/STAT3 
signaling stimulated by IL-6. GAA inhibited phosphorylation of JAK1 and STAT3 after IL-6 was added, indicating that 
GAA might affect IL-6 and IL-6 receptor interaction. However, further investigation is necessary to reveal the exact 
molecular mechanism.

FOXM1 is a critical member of forkhead box transcription factor family, reported to be involved in regulating multiple 
physiological processes. In contrast to other family members of forkhead box transcription factor family, FOXM1 is 
mainly expressed and activated in proliferating cells due to its role in promoting cell cycle progression[33,34]. Many 
studies have implicated FOXM1 in tumorigenesis as it is overexpressed in a variety of human malignancies. For instance, 
gene expression profiles in a number of carcinomas[35]. High expression of FOXM1 in glioblastoma correlates with the 
tumorigenicity of the glioma cells[36]. In prostate cancer, FOXM1 overexpression is also highly correlated with metastasis
[37]. Importantly, FOXM1 is reported to be required for survival, quiescence and self-renewal of LSCs in vivo via 
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Figure 5 Gossypol acetic acid treatment inhibited interleukin 6/janus kinase 1/signal transducer and activator of transcription 3 signaling. 
A: After being treated with 5-50 ng/mL interleukin 6 (IL-6) for 6 h, western blot was performed to detect IL-6/janus kinase 1/signal transducer and activator of 
transcription 3 (IL-6/JAK1/STAT3) signaling including STAT3, p-STAT3, JAK1, p-JAK1; B: After being pre-treated with gossypol acetic acid for 24 h, 10 ng/mL IL-6 
was added for 6-hour extra incubation and IL-6/JAK1/STAT3 signaling including STAT3, p-STAT3, JAK1, p-JAK1 was detected. aP < 0.05, vs IL-6 (-) group; bP < 
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0.05, vs IL-6 (+) group. LRPPRC: Leucine-rich pentatricopeptide repeat-containing protein; GAA: Gossypol acetic acid; IL-6: Interleukin 6; JAK1: Janus kinase 1; 
STAT3: Signal transducer and activator of transcription 3.

Figure 6 Gossypol acetic acid inhibits leukemia stem cells partially via inhibiting interleukin 6/janus kinase 1/signal transducer and 
activator of transcription 3 signaling. A and B: After being treated with gossypol acetic acid (GAA) or treated with S3I-210 for 24 h, cell viability was 
performing by employing CCK-8 assay (A), and colony formation ability was measured (B). aP < 0.05, vs GAA/S3I-201(-) group; bP < 0.05, vs GAA (+) group. GAA: 
Gossypol acetic acid.

activation of Wnt/β-catenin signaling pathway by directly binding to β-catenin and subsequently stabilizing β-catenin 
protein. By considering its promoting effects on LSCs, FOXM1 is considered as a potential therapeutic target for 
selectively eliminating LSCs[24]. In this study, we found LRPPRC is upregulated in LSCs compared to AML cells. More 
importantly, in whole blood sample, AML cell lines and LAML samples, LRPPRC and FOXM1 are positively correlated 
transcriptionally. It is observed that, in LSCs, LRPPRC is positively associated with FOXM1 and thus modified its 
downstream target genes, including PRDX3, MnSOD and catalase. However, IL-6/JAK1/STAT3 signaling is irrelevant 
with FOXM1 expression, indicating that GAA affects LSCs survival and proliferation, at least partially, via two different 
manners.

There is growing evidence that mitochondria play an important role in tumor growth as they regulate apoptosis and 
ROS production[38]. ROS are by-products of oxidative respiration, which can be generated in the tricarboxylic acid cycle. 
mtDNA, a small circular genome, encodes 13 proteins of the ETC machinery. Dysregulated mtRNA could lead to 
mitochondrial protein alterations, influencing ETC activity and leading to excess ROS production. FOXM1 is required for 
redox homeostasis and survival of several cancers via the regulation of tricellular ROS accumulation[39]. In our results, 
GAA treatment significantly induced ROS accumulation, especially under hypoxic conditions, but not by inhibiting IL-6/
JAK1/STAT3 signaling. Moreover, we found that GAA treatment decreased mitochondrial membrane potential, causing 
disturbance of mitochondrial homeostasis, cell membrane impact, energy metabolism, and mitochondrial mass. However, 
it is still unclear whether LRPPRC degradation caused by GAA or subsequent downregulation of FOXM1 is the main 
cause of mitochondrial dysfunction, which needs further investigation. Moreover, in this study, we failed to evaluate the 
effects of LRPPRC in nude mice, which is worth to be performed in further investigation.

CONCLUSION
In summary, our study provides the first evidence of GAA used as a potential chemoagent specifically targeting LSCs by 
blocking BMM and LRPPRC in AML cells. GAA blocks pro-inflammatory cytokines and also induces mitochondrial 
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Figure 7 Gossypol acetic acid positively regulates forkhead box M1 in and interleukin 6/janus kinase 1/signal transducer and activator of 
transcription 3 signaling independent manner. A: By employing GEPIA online tool, the correlation between leucine-rich pentatricopeptide repeat-containing 
protein (LRPPRC) and forkhead box M1 (FOXM1) in whole blood, acute myeloid leukemia cell lines and LAML samples were analyzed; B: After efficiently knockdown 
LRPPRC in KG1a-SCs and Kasumi-1-SCs, LRPPRC and FOXM1 protein levels were measured by performing western blot. aP < 0.05, vs shScram group; C: After 
being cultured with gossypol acetic acid (GAA), or pharmacology inhibitor S3I-210 for 24 h, FOXM1 and its downstream target genes, including PRDX3, MnSOD and 
catalase, were measured by performing western blot. aP < 0.05, vs GAA(-)/S3I-210(-) group. LRPPRC: Leucine-rich pentatricopeptide repeat-containing protein; GAA: 
Gossypol acetic acid; FOXM1: Forkhead box M1.



Ai CJ et al. GAA regulates survival of LSCs

WJSC https://www.wjgnet.com 455 April 26, 2024 Volume 16 Issue 4

Figure 8 Gossypol acetic acid induced reactive oxygen species, disturbed mitochondrial homeostasis and resulted in mitochondrial 
dysfunction. A: Under normoxia and hypoxia conditions, after being treated with gossypol acetic acid (GAA) or S3I-210 for 24 h, cell viability was measured by 
performing CCK-8 assay. aP < 0.05, vs mock group; B: After being treated with or without GAA, cells were stained using H2DCFDA and detected by performing flow 
cytometry; C: After being cultured by GAA under hypoxia condition, mitochondrial homeostasis was measured by performing JC-1 staining. JC-1 FITC proportion was 
considered as disturbed mitochondrial homeostasis; D-F: After being cultured by GAA or S3I-210, LDH leakage was detected to measure cellular membrane impact 
(D); total ATP synthesis (E) and mitochondrial DNA mass (F) were measured to confirm the effects of GAA on mitochondrial function. aP < 0.05, vs mock group.

dysfunction via the LRPPRC/FOXM1 axis. Thus, this study suggests GAA as a novel chemoagent targeting LSCs for the 
treatment of AML.

ARTICLE HIGHLIGHTS
Research background
The presence of leukemia stem cells (LSCs) is one of the major contributors of poor prognosis and outcome of myeloid 
leukemia. By considering the anti-chemoagent property of LSCs, it is still a major challenge of developing chemoagent 
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targeting to this sub-population of acute myeloid leukemia (AML).

Research motivation
The subpopulation of AML is characterized by remarkable anti-agent property, which leads to poor therapeutic effects. 
Instead of searching chemoagent exerting cytotoxic effect against LSCs, developing chemoagent or molecule exerting 
anti-stemness might be a promising strategy.

Research objectives
We aimed to evaluate the effects of gossypol acetic acid (GAA) on stemness of LSCs. We also evaluated the malignent 
behaviors after GAA treatment.

Research methods
LSCs were magnetically sorted from AML cell lines and the CD34+CD38- population was obtained. The expression of 
leucine-rich pentatricopeptide repeat-containing protein (LRPPRC) and forkhead box M1 was evaluated in LSCs, and the 
effects of GAA on malignancies and mitochondrial function were measured.

Research results
GAA treatment decreased LRPPRC, and thus inhibiting interleukin 6/janus kinase 1/signal transducer and activator of 
transcription 3 signaling. As a result, GAA treatment decreased stemness and enhanced chemosensitivity in LSCs.

Research conclusions
Our results indicate that GAA might overcome the bone marrow microenvironment protective effect and be considered 
as a novel and effective combination therapy for AML.

Research perspectives
It is worth investigating how GAA results degradation of LRPPRC. Meanwhile, it is worth to evaluate the effects of GAA 
in AML mice model to evaluate the therapeutic effect in vivo.
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