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Abstract
Acute myeloid leukemia (AML) is the most common hematopoietic malignancy with abnormal lipid metabolism. However, 
currently available information on the involvement of the alterations in lipid metabolism in AML development is limited. 
In this study, we demonstrate that FABP5 expression facilitates AML cell viability, protects AML cells from apoptosis, and 
maintains triglyceride production. Our bioinformatics analysis revealed that FABP5 expression was upregulated and cor-
related with unfavorable overall survival of AML patients. FABP5 expression may be used to distinguish normal and AML 
with high accuracy. FABP5-based risk score was an independent risk factor for AML patients. AML patients with highly 
expressed FABP5 predicted resistance to drugs. In vitro study showed that FABP5 expression was remarkably elevated in 
primary AML blasts and an AML cell line. Silencing FABP5 expression attenuated AML cell viability, reduced triglyceride 
production and lipid droplet accumulation, and induced apoptosis. We utilized AutoDock online tool to identify lycorine 
as an FABP5 inhibitor by binding FABP5 at amino acid residues Ile54, Thr56, Thr63, and Arg109. Lycorine treatment 
downregulated the expression levels of FABP5 and its target PPARγ, impaired AML cell viability, triggered apoptosis, and 
reduced triglyceride production in AML cells. These results demonstrate that FABP5 is critical for AML cell survival and 
highlight a novel metabolic vulnerability for AML.
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Introduction

Acute myeloid leukemia (AML) is a heterogeneously hemat-
opoietic malignancy with poor survival [1]. In spite of recent 
advances in therapy, there is a lack of effective means to 
prevent or control AML, leading to the fact that the relapse 
rate is more than 60% in AML patients with high risk [2, 3]. 

Thus, it is urgent to identify novel and promising targets for 
AML therapy.

AML cells highly rely on fatty acid oxidation (FAO) 
as their main source of energy [4]. FAO requires the sup-
port of de novo FA synthesis (FAS) in human leukemia 
[4]. Some genes involved in the metabolism of long-chain 
polyunsaturated fatty acids (PUFAs), such as linoleic acid 
and arachidonic acid, are significantly elevated in myeloid 
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leukemia [5]. Additionally, the levels of long-chain PUFAs 
such as linoleic acid, eicosatrienoic acid, and arachidonic 
acid were significantly upregulated in plasma in AML 
patients [6]. These PUFAs are not only the major struc-
tural components of cell membranes but also the inter-
metabolites for de novo FA synthesis and precursors of 
eicosanoids that promote cancer development [7]. AML 
cells with higher levels of fatty acids have been reported 
to be resistant to venetoclax with azacitidine [8]. Reduc-
ing fatty acid synthase (FASN) expression which catalyzes 
de novo FA synthesis sensitizes AML cells to differen-
tiation therapy [9]. These studies highlight that de novo 
FA synthesis (FAS) is critical to AML cells. However, 
ω3 and ω6 polyunsaturated FAs (PUFAs) such as linoleic 
acid and α-linolenic acid cannot be synthesized de novo 
in human cells [10]. They are from the diet. Therefore, 
identifying the factors that mediate the uptake and trans-
portation of PUFAs in AML is critical to understand AML 
lipid metabolism.

CD36 and FA binding proteins (FABPs) are major 
players in the uptake and transportation of FAs [11]. 
FABP5, one member of the FABP family, has been 
reported to have a high affinity with oleic acid and 
stearic acid, and silencing FABP5 reduced the uptake of 
oleic acid and stearic acid [12, 13]. In addition, FABP5 
uptakes FAs from the extracellular microenvironment 
and traffics them to cellular compartments such as the 
endoplasmic reticulum, mitochondria, nucleus, and per-
oxisomes for de novo FAS [5]. Moreover, FABP5 was 
also identified as one of the upregulated lipid-associated 
essential genes in AML using CRISPR screen [14], and 
FABP5 mediates lipid metabolism in some solid cancers 
such as prostate cancer, cervical cancer, and liver can-
cer [15–17]. These studies indicate that FABP5 mediates 
cancer development in some solid cancers as an onco-
gene, but its role in AML is still unclear.

In this study, we performed bioinformatics analysis 
and found that FABP5 was remarkably elevated and posi-
tively associated with worse survival of AML patients 

in the TCGA-LAML dataset. Therefore, in this study, 
we investigated FABP5’s roles in AML cells. We found 
that FABP5 expression was significantly upregulated 
in AML primary blasts and AML cell lines. Inhibiting 
FABP5 expression by RNAi reduces cellular triglyceride 
and lipid droplet accumulation, decreases cell viability, 
and induces AML apoptosis. Importantly, we identified 
lycorine as an FABP5 inhibitor. Our results suggest that 
FABP5 may present a potential prognostic biomarker 
for AML patients and provide a novel target for AML 
therapy.

Materials and methods

Public AMLdata collection

ggplot2 in Xiantaoxueshu (https:// www. xiant ao. love/) was 
performed on cleaned RNA sequencing data from TCGA-
LAML and Genotype-Tissue Expression (GTEx) to compare 
FABP5 expression between AML (n = 173) and normal sam-
ples (n = 70). Packages dplyr, survival, and survminer of R 
language (version 3.6.3) were conducted on TCGA-LAML, 
Gene Expression Omnibus (GEO) datasets (GSE71014 
(n = 104), GSE12417 (n = 79), and GSE37642 (n = 124)) 
for overall survival (OS) analysis. Samples were divided by 
FABP5-High (> its median expression) and FABP5-Low 
(≤ its median expression). OS curves were visualized by 
ggsurvplot.

Receiver operating characteristic (ROC) curve analysis 
was performed on TCGA-LAML or TCGA-LAML & GTEx 
datasets using Xiantaoxueshu (https:// www. xiant ao. love/).

Univariate and multivariate regression analyses

A total of 140 AML patients with complete clinical data in 
the TCGA-LAML dataset (https:// www. xiant ao. love/) were 
selected for univariate and multivariate regression analyses 
in order to examine whether FABP5 expression was an inde-
pendent prognostic risk factor for AML. P < 0.05 is consid-
ered as an independent prognostic factor.

Primary AML samples, AML cell lines, and reagents

AML patients’ specimens were conducted in accordance 
with the Declaration of Helsinki. Normal peripheral blood 
was obtained from anonymous age-matched healthy donors. 
Bone marrow (BM) aspirate specimens and peripheral blood 
of AML were obtained from Guizhou Provincial People’s 
Hospital (institutional review board [IRB] no. 2016(58)). 
Non-AML BM samples were collected from patients with 
suspected leukemia who were subsequently shown to have 

Fig. 1  FABP5 expression is upregulated and correlates with poor sur-
vival in AML patients. (A) The expression pattern of FABP family 
members between normal and AML samples in the TCGA-LAML 
dataset. (B) mRNA expression of FABP family members between 
normal and AML samples in TCGA-LAML dataset. P value was cal-
culated using the Wilcoxon test. (C) Association of FABP5 expres-
sion with OS of AML patients. (D) FABP5 expression in MV4-11 
cells, white blood cells from healthy donors, primary AML blasts, 
and BM. Non-AML BM samples represent the samples from the 
patients with suspected leukemia who were subsequently shown 
to have no leukemia involvement. Western blot was used to detect 
FABP5 expression. β-actin or GAPDH served as loading controls. (E) 
AUCs of FABP5 expression in 1-year, 3-year, and 5-year survival of 
AML patients (n = 173). (F) ROC curve of FABP5 as a marker to dis-
tinguish normal (n = 70) and AML (n = 173)
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Fig. 2  Risk score, the distribu-
tions of survival status, and 
OS. Left panel: risk score 
distribution, survival status, and 
heatmaps of 8 genes (ASCC1, 
AIFM1, MPI, ETFB, ACOT7, 
CAMK1D, NACA, and 
ATXN7). Upper right panel: 
upper- Kaplan–Meier OS curves 
of patients in high- and low-risk 
groups. Lower right panel: time-
dependent ROC curves verified 
the prognostic performance of 
risk score. (A) TCGA-LAML-
training set; (B) TCGA-LAML-
internal set; (C) GSE37642
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no leukemia involvement by a series of examinations. All 
specimens were handled according to legal and ethical 
standards. Informed consent was obtained from all patients 
for being included in the study.

Murine C1498 and human MV4-11 AML cell lines were 
purchased from ATCC. C1498 cells were cultured in RPMI 
1640 supplemented with 10% fetal bovine serum (FBS), 
100 μg/mL streptomycin, and 100 μg /mL penicillin. MV4-
11 cells were cultured in Iscove’s Modified Dulbecco’s 
Medium (IMDM) supplemented with 10% FBS, 100 μg/
mL streptomycin, and 100 μg /mL penicillin. Cells were 
incubated in a humidified atmosphere of 5%  CO2 at 37 °C. 
Lycorine was purchased from MedChemExpress LLC.

Western blotting

ACK lysis buffer (Solarbio Life Sciences, China) was 
used to lyse red blood cells in peripheral blood and BM 
aspirates. The resulting cells were washed with pre-
chilled 1 × phosphate buffer saline (PBS), then lysed 
with RIPA buffer supplemented with protease and 

phosphatase inhibitor cocktails (Roche, Indianapolis, 
IN). Protein samples were fractionated by SDS-PAGE 
and transferred to polyvinylidene dif luoride (PVDF) 
membranes. After blocking, PVDF membranes were 
incubated with indicated primary antibodies against 
FABP5, PPARγ, GAPDH, β-Actin, and Tubulin, respec-
tively. Antibodies were bought from Cell Signaling. 
After being washed, the membranes were incubated 
with horseradish peroxidase-labeled anti-rabbit or anti-
mouse antibody for 1 h at room temperature. Protein 
bands were detected by an enhanced chemiluminescence 
detection system (Millipore), and the protein band sig-
nals were visualized using a chemiluminescence imag-
ing system (Genegenome XRQ). Image J was applied to 
quantify the signal intensity of protein bands.

Development andvalidationof the risk score

First, 1540 differentially expressed genes (DEGs) co-
expressed with FABP5 were obtained by Venn diagram to 
intersect 2000 genes co-expressed with FABP5 (spearman 

Fig. 3  Nomogram in predicting AML patient survival. (A) The nomogram in predicting the 1-year, 3-year, 2-year, and 5-year 3-year overall 
survival. (B) Calibration curves of the nomogram. Hosmer-Leme show test in R language was performed to plot nomogram calibration curves
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correlation of |R|> 0.431, P < 0.05) with 6240 DEGs 
(|logFC|≥ 2, adjusted P < 0.05). TCGA-LAML samples 
were randomly divided into a training set and an internal 
set at a ratio of 7:3. Univariate Cox survival was run on 
1540 DEGs expressed with FABP5 to get 142 survival-
related genes. In the training set, the least absolute shrink-
age and selection operator (LASSO) analysis was applied 
to 142 survival-related genes to identify the optimal genes 

with the best discriminative capability to get prognostic 
signature genes. The risk score was developed based on 
those optimal candidate genes and LASSO coefficients as 
follows:

Riskscore =

n
∑

i=1

�i ∗ Ei

Fig. 4  Implication of FABP5 expression in drug sensitivity. AML patient samples were classified into high- and low-FABP5 groups by the 
median of FABP5 expression. P values were calculated using the Wilcoxon test
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where n is the total number of the risk score; β i is the coef-
ficient of the i−th gene; Ei indicates the z-score transformed 
relative expression value of i-th gene. In the validation data-
set, “β i ” used was the same as that in the TCGA-LAML 
training set. AML patients were classified into high- and 
low-risk score groups by the median of the risk score. ROC 
R package was used to plot ROC curves.

Overall, 125 AML patients with mutation information and 
survival information in TCGA-LAML were downloaded from 
the web (https:// portal. gdc. cancer. gov/) and used to develop a 
nomogram using the R language nomogram function, rms, and 
survival packages. Calibration curves were generated using the 
R language calibration function and rms package.

Drug sensitivity

pRRophetic package was used to predict clinical drug 
responses using gene expression data and in vitro drug sen-
sitivity in cell lines provided by Cancer Genome Project 
[18]. Wilcoxon test was applied to calculate P values.

Transfection

Cells were cultured in a medium without antibiotics for 8 h and 
transfected with 50 nM siRNA against FABP5 or negative con-
trol (siNC) using EntransterTM-R4000 Transfection Reagent 
(Engreen Biosystem) for 8 h, then supplemented with 10% FBS 
for 40 h. The sequences were as follows: human siFABP5 5'-UCA 
UUC UCU UAA UUA ACU CCU-3', mouse siFABP55'-GAU CCC 
UUA UGA CUG AUA UAU-3', siNC 5'-ACG UGA CAC GUU CGG 
AGA ATT-3'. Silencing efficacy was verified by Western blotting.

Cell count kit (CCK8) assay

Cell viability was measured by optical density (OD) values at 
450 nm using a CCK8 assay kit (Shanghai Yeasen Biotechnol-
ogy Co., Ltd., Shanghai, China) following the instructions.

Apoptosis

Apoptosis was determined using Annexin V/PI Kit (Shanghai 
Yeasen Biotechnology Co., Ltd., Shanghai, China). Briefly, 
1 ×  106 cells were collected, washed with 1 × PBS, suspended 
in 200 μl binding buffer plus 5 μl Annexin V-FITC, incubated 
at room temperature for 15 min in the dark, and then added 2 μl 
propidium iodide (PI) and 200 μl binding buffer. Cellular apop-
totic rates were evaluated by flow cytometry (BD Biosciences, 
USA) and analyzed using Flowjo 10.

BODIPY staining

Lipid droplet accumulation was detected using BODIPY 
493/503 staining (Thermo Fisher Scientific, Molecular 

Probes™) following the protocol [5]. BODIPY 493/503 
staining fluorescent dye emits bright green fluorescence. 
Cells were transfected with siNC (50  nM), siFABP5 
(50 nM), pCMV (empty vector, EV) (1 μg), and pCMV-
FABP5 (overexpressing FABP5, OE-FABP5) (1 μg) for 
48 h, respectively. Cells were collected, washed with PBS to 
remove media/serum, stained with 2 μM BODIPY 493/503 
staining solution in PBS in the dark for 15 min at 37 °C, 
washed with PBS to remove the staining solution, and resus-
pended in PBS supplemented with 2% FBS to obtain a single 
cell suspension for flow cytometry.

Triglyceride measurement

Triglyceride production was measured using the Adipo-
genesis Detection Assay kit (colorimetric/Fluorometric, 
ab102513). Briefly, cells were collected after cells were 
transfected with siFABP5 or siNC or treated with 2 μM 
lycorine for 48 h, washed with PBS, added with 100 μl lipid 
extraction solution, sealed, incubated at 95 °C for 30 min, 
cooled at room temperature, and shaken to mix solution for 
1 min to release triglycerides. The reaction was set up by 
following the instruction provided by the manufacturer. OD 
values were read at 570 nm. Triglyceride production was 
calculated following the instructions.

Molecular docking

Lycorine structure (pubChem CID:72,378) was downloaded 
from PubChem (https:// pubch em. ncbi. nlm. nih. gov/) and 
saved it as sdf format, then converted its sdf format to mol2 
format using OpenBable software. The crystal structure of 
the FABP5 protein (PDB: 5HZ5) was downloaded from the 
PDB database. Lycorine and FABP5 structures were pro-
cessed by AutoDock (version 1.5.6) [19]. PyMOL was used 
to visualize lycorine-FABP5 binding.

Statistical analyses

R language (v3.6.3) was used for the statistical analysis of 
public datasets. The data are represented as means ± SD. P 
values of the difference in gene expression between normal 
tissues and AML were calculated using Wilcoxon signed 
rank test. P values of Kaplan–Meier survival analysis were 
calculated using the log-rank test. The differences between 
the two groups were compared using Student’s t test. The dif-
ferences among more than two groups were compared using 
one-way ANOVA plus Bonferroni post-test. P < 0.05 was con-
sidered statistically significant. P values are indicated in the 
figures with asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001; ns: not significant. Data were analyzed 
using GraphPad Prism software (GraphPad Prism, version 
5.01, GraphPad Software.Inc., San Diego, CA, USA).
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Results

FABP5 expression was upregulated and predicted 
poor overall survival of AML patients

Since FABP5 has been shown to be one of the upregulated 
lipid-associated essential genes in AML using CRISPR 
screens [14], we investigated the expression pattern of 
FABP family members in TCGA-LAML samples. FABPs 
2/3/5/7 had alterations > 2.5% (Supplementary Fig. 1A). The 
heatmap revealed that FABP4 and FABP5 were upregulated 
in TCGA-LAML (Fig. 1A). FABPs 1/6/7 were downregu-
lated, while FABPs 2/5 were upregulated in TCGA-LAML 
patient samples relative to normal samples (Fig. 1B). FABP2 
expression was not associated with OS (Supplementary 
Fig. 1B), while FABP5 was associated with unfavorable OS 
(Fig. 1C). We verified that FABP5 expression was upregu-
lated in primary AML blasts and AML cell line (Fig. 1D, 
Supplementary Table 1). To assess the power of FABP5 
expression to predict the OS of AML patients, ROC curves 
were constructed. AUCs were 0.526 at 1 year, 0.636 at 
3 years, and 0.658 at 5 years, respectively (Fig. 1E). AUC in 
distinguishing normal and AML was 0.896 (Fig. 1F). These 
results indicate that high FABP5 expression may predict 
AML patient OS and diagnose AML.

Correlation analysis was applied to assess the association 
between FABP5 protein expression and clinicopathological 
factors in AML. When BM blasts ≤ 20%, the percentage of 
AML patient number between low FABP5 vs. high FABP5 

was 24.5% vs. 15.2% (P = 0.026; Supplementary Table 2), 
indicating that the less BM AML burden, the more AML 
patients with low FABP5 expression. In contrast, when 
BM blasts > 20%, the percentage of AML patient numbers 
between low FABP5 vs. high FABP5 was 25.2% vs. 35.1% 
(P = 0.026; Supplementary Table 2), indicating that the 
more BM AML burden, the more AML patients with high 
FABP5 expression. Between low-FABP5 vs. high-FABP5, 
BM blasts were 33.72% vs. 44%, and PB blasts were 61.76% 
vs. 69.83%, indicating that AML patients with high FABP5 
had higher BM blasts and PB blasts. These results indicate 
that AML burden increase in BM is corresponding to high 
FABP5 expression. Moreover, multivariate regression analy-
sis revealed that age, gender, FLT3 mutation, IDH1 R172 
mutation, NPM1 mutation, and FABP5 were unfavorable 
prognostic factors for AML (Supplementary Table 3). Taken 
together, FABP5 expression predicts the AML blast amount 
and worse OS for AML patients.

Establishment ofFABP5‑related risk score in AML

To look for candidate genes for establishing FABP5-related 
risk score in AML, a Venn diagram was run on FABP5 co-
expressed genes (Supplementary Table 4) and DEGs (Sup-
plementary Table 5) to identify DEGs co-expressed with 
FABP5 (Supplementary Table 6), which were analyzed by 
univariate Cox survival to generate 142 survival-related 
DEGs co-expressed with FABP5(Supplementary Table 7), 
further analyzed using LASSO to obtain ASCC1, AIFM1, 
MPI, ETFB, ACOT7, CAMK1D, NACA, and ATXN7 
for constructing a risk score (Supplementary Fig. 2A). A 
highly dense state of death was distributed in high-risk 
score area, indicating that risk score was reliable in predict-
ing survival status of AML patients (Fig. 2A, left panel). 
The high-risk group correlated with an unfavorable OS of 
AML patients, and risk score AUCs for 1 year, 3 years, and 
5 years were 0.838, 0.811, and 0.818, respectively (Fig. 2A, 
right panel). Similar patterns were validated in an internal 
set (Fig. 2B) and an external set (Fig. 2C). These results 
demonstrated that the risk score in predicting prognosis 
was reliable.

The association of the risk score 
with clinicopathological characters

To examine whether risk score was an independent clinical 
factor in AML, univariate and multivariate COX regression 
analyses were conducted. Both age and risk score were inde-
pendent factors influencing the prognosis of AML patients. 
The hazard ratio (HR) of the risk score was 8.03 with 95% 
CI (3.97 ~ 16.24, P = 6.53E-09), indicating that the risk score 

Fig. 5  The effect of FABP5 expression on triglyceride production, 
lipid droplet accumulation, AML cell viability, and apoptosis. (A) 
Inhibiting FABP5 expression by RNAi. Cells were transfected with 
siRNA against FABP5 (siFABP5) or negative control (siNC) for 
48 h. Western blot was applied to detect FABP5 expression. GAPDH 
served as an internal loading control. (B) The effect of silencing 
FABP5 expression on triglyceride production. At 48  h after trans-
fection, triglyceride production was measured using the Adipogen-
esis Detection Assay kit. P value was calculated using Student’s t 
test. **P < 0.01, ***P < 0.001. (C) The effect of FABP5 expression 
on cellular lipid accumulation. Cells were transfected with siNC, 
siFABP5, empty vector(EV), and OE-FABP5, respectively. At 48  h 
after transfection, cells were stained for BODIPY 493/503 fluorescent 
dye for detecting lipid accumulation. P values were calculated using 
one-way ANOVA. *P < 0.05. (D) The effect of FABP5 expression 
on AML cell viability. Cells were transfected with siFABP5 or siNC. 
Cell viability was determined by CCK8 assay. P values were calcu-
lated by one-way ANOVA. (E) The effect of FABP5 expression on 
apoptosis. At 48 h after transfection, cells were collected and stained 
with Annexin V/PI. Apoptosis was determined by flow cytometry. P 
values were calculated using Student’s t test. (F) The effect of silenc-
ing FABP5 on PPARγ expression. Western blot was applied to detect 
PPARγ expression. Tubulin served as a loading control. (G) PPARγ 
mRNA expression levels between normal and AML samples in 
TCGA-LAML dataset. P value was calculated using the Wilcoxon 
test. (H) ROC curve of PPARγ in TCGA-LAML

◂

Annals of Hematology (2023) 102:1073–1086 1081



1 3

Annals of Hematology (2023) 102:1073–10861082



1 3

is a superior predicator for the prognosis of AML patients 
(Supplementary Table 8). To explore the clinical signifi-
cance of risk score, we developed a nomogram showing a 
high-risk score on the side of low OS (Fig. 3A), indicat-
ing that a high-risk score predicts low OS. The calibration 
curves showed that the nomogram-predicted OS was highly 
consistent with the actual 1-year OS (Fig. 3B), highlighting 
the risk reliability.

Prediction of drug resistance based on FABP5 
expression

Inhibiting FABP5 synergized taxane-mediated the cytotoxic 
and tumor-suppressive effects in prostate cancer cells [20], 
suggesting that FABP5 is involved in drug sensitivity. There-
fore, we examined whether FABP5 expression was impli-
cated in drug sensitivity in AML. AML patients with high 
FABP5 expression had higher IC50s of some targeted drugs 
(dasatinib, erlotinib, imatinib, lapatinib) and chemo-drugs 
(AZD0530, AZD6482, AKT inhibitor VIII, etc.) than AML 
patients with low FABP5 expression (Fig. 4, Supplementary 
Fig. 3), indicating that high FABP5 expression was corre-
lated with in drug resistance in AML.

InhibitingFABP5 
expressionreducedlipidaccumulation, impaired AML 
cell viability, and induced apoptosis

To investigate the role of FABP5 expression in AML cells, 
FABP5 expression was silenced (Fig. 5A). Since FABP5 has 
been shown to promote de novo FA synthesis and the uptake 
and transport of FAs [21, 22], and cellular lipids store as tri-
glycerides (TAGs) in lipid droplets, therefore, we examined 
the effect of FABP5 expression on TAG production in AML 
cells. Inhibiting FABP5 expression remarkably reduced TAG 
production in AML cells (Fig. 5B). Next, we examined the 
effect of FABP5 expression on lipid droplet accumulation. As 
illustrated in Fig. 5C, inhibiting FABP5 expression remark-
ably reduced lipid droplet accumulation, while overexpressing 

FABP5 increased lipid droplet accumulation. Since TAG is 
one of the major energy sources to support cell viability, cell 
survival, and anti-apoptosis, we examined the effect of FABP5 
expression on AML cell viability and apoptosis. As expected, 
silencing FABP5 expression reduced cell viability (Fig. 5D) 
and induced apoptosis (Fig. 5E). These results indicated that 
FABP5 expression facilitates lipid accumulation in AML cells 
and promotes AML cell viability and anti-apoptosis.

Since FABP5 facilitates the uptake of FAs from the 
outside of cells, thus increasing FAs in cells, cellular FAs 
can stimulate peroxisome proliferator-activated receptor-γ 
(PPARγ) [23], which mediates lipid metabolism [24] and 
FA transport [25], we inferred that FABP5 might affect 
PPARγ expression. Silencing FABP5 expression signifi-
cantly downregulated PPARγ expression (Fig. 5F), indi-
cating that FABP5 may mediate lipid metabolism through 
PPARγ in AML cells. PPARγ expression was upregulated 
in AML (Fig. 5G), and its AUC was 0.92 in distinguish-
ing normal and AML (Fig. 5H), indicating that PPARγ is 
clinically relevant to AML. Taken together, these results 
indicate that lipid-related energy is critical for AML cell 
viability and anti-apoptosis and targeting FABP5 disrupts 
lipid metabolism is promising for AML therapy.

Lycorine was identified as an FABP5 inhibitor

Although inhibiting FABP5 expression by a genetic 
approach such as RNAi is feasible in bench experiments, 
systemic administration of RNAi against genes of interest 
for cancer therapy faces many challenges such as serum 
degradation. Currently, there are two commercially avail-
able, but very expensive FABP5 inhibitors: FABP5-IN-1 and 
SBFI26. FABP5-IN-1 was shown to have an antinociceptive 
effect [26]. SBFI26 suppressed malignant characteristics of 
PC3-M cells through inhibiting FABP5/PPARγ signaling 
[14]. Therefore, we searched for potential lipid-lowering 
compounds to target FABP5. We found that lycorine m1ay 
bind to FABP5 using AutoDock [27]. The chemical structure 
of lycorine was shown in Fig. 6A. Lycorine bound to FABP5 
at amino acid residues Ile54, Thr56, Thr63, and Arg109 in 
β-barrel consisting of ten anti-parallel β-strands capped by 
two α-helices (Fig. 6B). The binding affinity between lyco-
rine-FABP5 vs. SBFI26-FABP5 was − 9.13 vs. − 8.66 kcal/
mol (Supplementary Table 9), indicating that lycorine has a 
higher affinity with FABP5 than SBFI26.

To verify whether lycorine may inhibit FABP5, we exam-
ined the effect of lycorine on FBAP5 expression. Lycorine 
treatment downregulated FABP5 and its target PPARγ expres-
sion in a time-dependent manner (Fig. 6C,D). Like siFABP5, 
lycorine decreased cell viability (Fig. 6E), reduced triglyceride 
production (Fig. 6F), and induced apoptosis in dose- and time-
dependent manners (Fig. 6G). These results indicated that lyco-
rine exerted its action via targeting FABP5/PPARγ pathway.

Fig. 6  Lycorine-targeted FABP5. (A) Lycorine chemical structure. 
(B) Lycorine-FABP5 binding. Ala-Alaine, Thr-Threonine, Arg-argi-
nine. (C, D) The effect of lycorine on the expression levels of FABP5 
and PPARγ. Cells were treated with 2 μM lycorine for the indicated 
time. Western blot was applied to detect protein expression. P values 
were calculated by one-way ANOVA. (E) The effect of lycorine on 
cell viability. Cell viability was determined by CCK8 assay. P values 
were calculated by two-way ANOVA. (F) The effect of lycorine on 
triglyceride production. Cells were treated with 2  μM lycorine for 
48 h. Triglyceride production was measured using the Adipogenesis 
Detection Assay kit. P value was calculated using Student’s t test. (G) 
The effect of lycorine on apoptosis. Cells were collected and stained 
with Annexin V/PI. Apoptosis was determined by flow cytometry. P 
values were calculated using two-way ANOVA

◂
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Discussion

AML cells with elevated PUFAs acquire energy in an FAO-
dependent manner. FAO is supported by de novo FAS, which 
relies on FA uptake and transport. However, what factors in 
AML cells mediate the uptake and transportation of FAs 
remains unclear. Here, our study demonstrates that FABP5 
expression plays important roles in AML cell triglyceride 
production and lipid accumulation, viability, and anti-apop-
tosis. Inhibiting FABP5 by RNAi inhibited AML cell viabil-
ity, induced apoptosis, and reduced triglyceride production. 
Importantly, we identified lycorine as an FABP5 inhibitor.

FABP5 expression clinically correlates with AML 
prognosis and predicts drug resistance in AML

Our results revealed that FABP5 expression was remarkably 
elevated in TCGA-LAML samples, an AML cell line, and 
primary AML blasts in peripheral blood and bone marrow. 
Elevated FABP5 mRNA expression was correlated with poor 
overall survival of TCGA-LAML patients, supporting that 
highly expressed FABP5 expression is associated with worse 
overall survival in several cancers such as prostate cancer [28], 
cervical cancer [16], and clear cell renal cell carcinoma [5]. 
Additionally, FABP5 expression may distinguish normal and 
AML samples with high AUC values. Moreover, FABP5 alone 
and FABP5-based risk score independently predicted the OS of 
AML patients with relatively high accuracy. Our results indicate 
that FABP5 expression was clinically correlated with AML.

Our study showed that FABP5 expression was implicated 
in drug resistance in AML. The samples with highly expressed 
FABP5 had higher IC50 values in multi-drugs than the samples 
with lowly expressed FABP5 in TCGA-LAML dataset, imply-
ing that FABP5 expression in AML cells is involved in drug 
resistance, consistent with the study that inhibiting FABP5 aug-
mented taxane-mediated the cytotoxic and tumor-suppressive 
effects in prostate cancer cells [15], and pancreatic ductal adeno-
carcinoma cells with highly expressed FABP5 were significantly 
resistant to all-trans retinoic acid (ATRA) relative to PCDA cells 
without FABP5 expression [29], curcumin-sensitized retinoic 
acid-resistant MDA-MB-468 cells to ATRA by downregulating 
FABP5 expression [30]. Therefore, it is plausible that FABP5 
expression in AML might contribute to drug resistance.

FABP5 expression promotes AML TAG production, 
lipid droplet accumulation, cell viability, 
and anti‑apoptosis

Obesity is a risk factor for myeloid leukemia [31]. Under-
standing the molecular mechanism leading to elevated 
FAs and subsequent obesity in AML patients is crucial for 

guiding nutritional support for AML patients. Upregulated 
FABP5 may uptake more PUFAs into AML cells for de novo 
FAS, supporting elevated FAs in AML cells. We showed 
that silencing FABP5 expression decreased TAG produc-
tion and lipid droplet accumulation in AML cells, indicating 
that FABP5 expression promotes lipid accumulation in AML 
cells. Given that FABP5 promotes diet-induced obesity [32] 
and the uptake of oleic acid and stearic acid for de novo FAS 
[12, 13], a diet with less oleic acid and stearic acid should be 
beneficial for AML patients to prevent obesity.

Our results were consistent with the study showing that 
stable silencing FABP5 expression decreased lipid droplets in 
gastric cancer cells [33]. In contrast, transient silencing FABP5 
expression increased TAG production in ARPE-19 cells (a 
human retinal pigment epithelial cell line) [34] and increased 
lipid droplets in prostate cancer cells [5]. These studies indicate 
that FABP5 mediates lipid metabolism in a context-dependent 
manner. In addition, silencing FABP5 expression led to lipid 
deprivation, thus inhibiting AML cell viability and inducing 
apoptosis. Our results support that inhibiting FABP5 blunted 
the viability of liver cancer cells [17] and induced apoptosis 
in clear cell renal cell carcinoma cells [35], T regulatory cells 
[36], and gastric cancer cells [37]. Collectively, our results 
indicate that FABP5 is a potential target for AML therapy.

Lycorine is an FABP5 inhibitor

Our results demonstrated lycorine as an FABP5 inhibitor. 
Lycorine is bound to the FABP5 β-barrel, the binding pocket 
for FABP5 inhibitors [38]. The binding affinity of lycorine to 
FABP5 was very close to that of 5M7 (an FABP5 inhibitor) 
[38], − 9.13 versus − 9.46. Lycorine bound to FABP5 residues 
at Ile54, Thr56, Thr63, and Arg109. Lycorine has two OH 
groups carrying negative charges, which may generate strong 
electrostatic interactions with a positive charge of Arg109, 
thus maintaining lycorine-FABP5 structural stability. We 
identified SBFI-26 binding at Ala78 and Arg109 in FABP5, 
and SBFI-26 was reported to bind at Arg109, Arg129, and Tyr 
131 in FABP5 [39]. The discrepancy of binding sites between 
SBFI-26 and FABP5 might stem from different methods, in 
which Arg109, Arg129, and Tyr131 were identified based 
on the SBFI-26-FABP5 complex formed with the addition 
of SBFI-26 before FABP5 protein was crystallized [39]. In 
spite of the differences, Arg109 is a commonly shared binding 
site for FABP5 inhibitors, thus supporting that lycorine is an 
FABP5 inhibitor. As expected, lycorine exerts its function via 
inhibiting FABP5/PPARγ signaling in AML cells. In agree-
ment with our study, lycorine induced human leukemia cell 
apoptosis [15] and exerted a lowering lipid effect [15]. Taken 
together, our studies indicate that lycorine exerts a lipid-low-
ering effect in AML cells via targeting the FABP5 pathway.
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Limitations and conclusion

There are several limitations to this study. First, FA metabo-
lism mediates myeloid differentiation in leukemogenesis. We 
did not examine whether FABP5 expression would medi-
ate AML cell differentiation. Second, we did not determine 
the association of serum FABP5 levels with AML patient 
prognosis due to limited available AML samples. Third, the 
experiments we performed were in vitro study. In spite of 
these limitations, we demonstrate that FABP5 expression is 
clinically relevant to AML and a promising target for AML 
therapy. In addition, our study provides insight to guide 
nutritional support for AML patients. Importantly, we iden-
tify lycorine as an FABP5 inhibitor. FABP5 is oncogenic in 
several cancer types, and lycorine is cheap and affordable. 
Therefore, targeting FABP5 signaling might be a promising 
therapeutic target for AML and feasible.
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