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SUMMARY

Acutemyeloid leukemia (AML) is ahematologicmalignancywith apoorprognosis.Wediscovered thatBMAL1
is a ferroptosis suppressor. Furthermore, it was also found to be overexpressed in AMLpatients, affecting the
cell cycle and promoting tumor cell growth andprogression. In this study, we further validated the association
of BMAL1with the progression and survival outcomes of AML. Lipidomic revealed that the levels of ceramide
increased in AMLcells following thedepletion ofBMAL1.Ceramide facilitated ferroptosis in AMLcells. ASAH2
played a key role in this process. BMAL1 could not directly regulate ASAH2 but instead through IKZF2.
Elevated levels of ceramidepromoted thedegradation of the ferroptosis protectionmoleculeGPX4, ultimately
promoting ferroptosis. Furthermore, ceramide treatment has been demonstrated to enhance the responsive-
ness of AML cells to sorafenib. In summary, this study elucidates that BMAL1 depletion remodels ceramide
metabolism to regulate the sensitivity of AML cells to ferroptosis and targeted drug sorafenib.

INTRODUCTION

AML is a malignant clonal disorder distinguished by the uncon-

trolled growth of primitive bone marrow cells. The prognosis

for AML is rather unfavorable, as the 5-year survival rate stands

at amere 30%.1 The global annual mortality rate of AML exceeds

80,000 cases, and it is projected to double in the next twenty

years.2 Currently, chemotherapy serves as the mainstay of

AML treatment. Nonetheless, AML management faces formi-

dable obstacles in the form of drug resistance and relapse, pre-

senting significant challenges. Ferroptosis is an intricately

controlled mechanism of cellular death that is different from

apoptosis.3 Tumor cells display a remarkable sensitivity toward

ferroptosis.4 Consequently, the intentional induction of ferropto-

sis in cancer cells has become a compelling avenue for thera-

peutic intervention.

Ferroptosis is marked by a dysregulation in the intracellular

oxidative-antioxidative equilibrium, leading to the propagation

of lipid peroxidation. The regulation of ferroptosis involves the

participation of a variety of transcription factors. NFE2L2,

HIF1A, HSF1, and BMAL1 exert their regulatory function by

orchestrating the activation of antioxidant genes, thereby safe-

guarding cells against the initiation of ferroptosis.5 GPX4, an

essential antioxidant molecule, serves as a pivotal anti-ferropto-

sis protein.6 Given the widespread expression of GPX4 in most

tumor cells and its critical role in sustaining their survival, target-

ing GPX4 emerges as a paramount strategy for inducing ferrop-

tosis in tumors.7 Accumulated scientific research has provided

compelling findings that highlight the effectiveness of suppress-

ing GPX4 activity to induce ferroptosis as a promising strategy

for overcoming drug resistance to agents such as temozolo-

mide, cisplatin, cetuximab, sunitinib.8–11 In our previous study,

we demonstrated that BMAL1 functions as a suppressor of fer-

roptosis.12 Additionally, the study findings demonstrate that leu-

kemia stem cell proliferation and maintenance are dependent on

BMAL1, in contrast to normal cells.13 What is more, significant

progress has been made in harnessing the potential of BMAL1

as a target for therapeutic strategies in the treatment of solid tu-

mors.14–16 Therefore, targeting BMAL1 represents an effective

strategy for exploring novel treatment strategies for AML.

Dysregulation of lipid metabolism represents a critical event in

the process of ferroptosis. Sphingolipids are a significant constit-

uent of lipids. Recently, a growing bodyof research has implicated

abnormalities in sphingolipid pathways in a multitude of diseases,

with numerous therapeutic agents targeting sphingolipids.17,18

Notably, sphingolipidpathwaysare also intricately linked to tumor-

igenesis.19 The intricate connection between sphingolipid meta-

bolism and the survival and death of tumor cells exerts a profound
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Figure 1. BMAL1-deletion upregulates ceramide level in AML cells
(A) qPCR validation of BMAL1 expression in peripheral blood mononuclear cells from healthy donors (HD [n = 6])and bone marrow cells from newly diagnosed

(n = 9), remission (n = 9), and relapse (n = 9) stage AML patients.

(legend continued on next page)
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influence on the course of the disease and the effectiveness of

therapeutic interventions.20 Ceramide, a key component of sphin-

golipids, operates as a potent signaling molecule in a variety

of cellular activities, encompassing cell proliferation, differentia-

tion, and programmed cell death. Cellular stress triggers an

increase in ceramide levels, thereby promoting tumor cell death

through autophagy,21,22 apoptosis,23 and necrotic apoptosis.24

Conversely, tumor cells evade cellular death by reducing

ceramide levels.25,26 In recent years, there has been growing

interest in leveraging cellular ceramide levels as a potential thera-

peutic strategy for the treatment of AML.27 Targeting ceramide

metabolism-related enzymes, including sphingosine kinases

(SPHKs),28,29 acid ceramidase (AC)30 and glucosylceramide syn-

thase (GCS)31,32 have been explored. However, the role of cer-

amide and its metabolism in ferroptosis remains uncertain.

This study unveils fresh perspectives on the regulatory mech-

anism employed by the ferroptosis suppressor protein BMAL1 in

AML cells. High expression of BMAL1 in AML patients correlates

with poor prognosis. Targeted suppression of BMAL1 through

the IKZF2-ASAH2 pathway reshapes ceramidemetabolism, pro-

moting ferroptosis in AML cells. Significantly, inhibiting BMAL1

enhances AML cell sensitivity to the anticancer drug sorafenib.

In conclusion, this study unravels the mechanistic involvement

of ceramide metabolism in ferroptosis of AML cells and high-

lights the potential of combining BMAL1 inhibitors with cer-

amide/sorafenib to enhance ferroptosis in AML cells. Exploring

clinically applicable BMAL1 inhibitors is a direction and focal

point for future research.

RESULTS

BMAL1-deletion upregulates ceramide level in AML
cells
In our previous study, we found that BMAL1 was overexpressed

in AML, promoting the proliferation of AML cells and tumor

growth.33 Further analysis of clinical samples revealed that

BMAL1 was downregulated in AML patients who achieved

remission compared to newly diagnosed AML patients, while

its expression was upregulated in relapsed AML patients (Fig-

ure 1A). Correlation analysis revealed a significant association

between BMAL1 expression and the proportion of CD34+ cells

in patients (Spearman r = 0.83, p< 0.0001) (Table S1). The clinical

information of the participants can be found in Table S2. Based

on these findings, we then established mice tumor model by

intravenous injection of AML cells. The survival curve results

suggested that high BMAL1 expression shortened the survival

time of the mice, while knocking down BMAL1 had the opposite

effect (Figures 1B and S1A). The Cancer Genome Atlas (TCGA)

data analysis also indicated that BMAL1 was overexpressed

in AML patients and was associated with shortened overall sur-

vival, event-free survival, and progression-free survival (Figures

1C and S1B). Furthermore, our previous investigations have un-

veiled the suppressive role of BMAL1 for ferroptosis under con-

dition induced by RSL3, but not by erastin.12 Therefore, the sup-

pression of BMAL1 to induce ferroptosis in leukemia cells

emerges as a potent therapeutic approach for addressing AML.

Lipid peroxidation serves as a crucial process in the initiation

and progression of ferroptosis.3 Recognizing the significance of

lipid metabolism for ferroptosis, the underlying mechanism by

which BMAL1 may regulate lipid metabolism to impact ferropto-

sis remains undetermined. Therefore, our aim was to delve

deeper into the potential impact of BMAL1 on ferroptosis by

modulating lipid metabolism. First, we knocked down BMAL1

in HL60 cells using shRNA lentivirus (Figure S1A) and subse-

quently performed non-targeted lipidomic analysis. Through

the application of rigorous screening criteria, characterized by a

VIP (variable importance in projection) value exceeding 1 and

a p value below 0.05, we have adeptly discerned four distinct

lipid classes (ceramide [Cer], diglyceride [DG], coenzyme [Co],

and hexosylceramide [Hex2Cer]) from a comprehensive pool of

3,430 lipid molecules belonging to 39 major categories (Fig-

ure S1C). In our analysis of lipid molecules with significant differ-

ences, we discovered that the ceramide class exhibited the

highest number of differentially expressed lipids (Figure S1D).

Subsequently, we conducted amore detailed analysis to investi-

gate the interplay among thesedistinct lipid species. Notably, our

results indicated that ceramidemolecules occupied a central po-

sition within this lipid network (Figure 1D). A correlation between

BMAL1 and the sphingolipid metabolism pathway was unveiled

through analysis of TCGA data (Figure S1E). The correlation re-

sults showed a significant p value of 0.001, indicating a robust

statistical association, along with a correlation coefficient of

0.27. Although the correlation coefficient was relatively weak in

strength, it still denoted a relationship between BMAL1 and

sphingolipid metabolism. Subsequently, we further analyzed

thecarbonchain length andunsaturationof ceramide.Our results

showed that AML cells predominantly expressed ceramides with

total carbon atom counts of 34–36, 38, and 42. Knock down of

BMAL1 resulted in an upward trend in the expression of ceram-

ideswith these total carbon atom counts, although the difference

was not statistically significant (Figure S1F). Additionally, our

analysis revealed that AML cells mainly expressed ceramides

(B) Kaplan-Meier curves of control, BMAL1-OE or BMAL1 shRNA HL60 AML tumor-bearing mice (n = 6 mice/group).

(C) Kaplan-Meier curve indicating overall survival, event free survival and post progression survival of patients based on AML BMAL1 expression from TCGA

database. AML patients were categorized into high-BMAL1 and low-BMAL1 mRNA expression groups utilizing the minimum p value approach.

(D) Lipid-lipid interaction networks. Lipidmolecule pairs with a correlation coefficient of |r|>0.8 and p < 0.05. Chord diagram (left), the points of the inner circle links

represent significantly different lipid molecules, while the outer circle arcs represent lipid subclasses. Colored lines depict the correlation among lipid molecules

within the subclasses. Dark gray lines represent the correlation between different subclasses. Network diagram (right), the nodes represent significantly different

lipid molecules, with larger nodes indicate higher degrees. The color of the lines represents the correlation, where purple indicates positive correlation and green

indicates negative correlation. Thicker lines represent stronger correlations.

(E and F) The level of ceramide and viability analysis of HL60 and MOLM13 cells with control or BMAL1 shRNA (versus blank control group). Cells were treated

with or without RSL3 (0.5 mM) for 24 h. Data are presented as mean ± SD, n = 3 biologically independent samples.

Statistical tests used: (A), Mann-Whitney U test. (B and C), log rank test p values are shown. (E and F), two-way ANOVA using Dunnett multiple comparisons test

with adjusted p values are shown. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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with 0–2 degrees of unsaturation. Knockdown of BMAL1 also led

to an increasing trend in these ceramides, but it was also not sta-

tistically significant (Figure S1G). As a result, our subsequent

research did not specifically concentrate on any particular sub-

class of ceramide, but rather on the overall levels of ceramide.

What’s more, studies have provided evidence linking ceramide

to tumor progression.34,35 However, the intricate relationship be-

tween ceramide and the induction of ferroptosis inAMLcells con-

tinues to baffle researchers. To further validate the influence of

BMAL1 on ceramide levels, we conducted ELISA experiments

to measure changes in ceramide levels. Our investigation re-

vealed a compelling association between the upregulation of

BMAL1 and a significant reduction in ceramide levels, resulting

in a notable decrease in cell deathwithinHL60andMOLM13cells

under RSL3-induced ferroptosis condition (FiguresS1HandS1I).

In contract, thedownregulation ofBMAL1 led toanobservable in-

crease in ceramide levels and a consequential rise in cell death in

the presence of RSL3-induced ferroptosis (Figures 1E and 1F). It

is noteworthy that, under non-ferroptotic conditions, there were

nosignificant changesobserved in ceramide levels andcell death

after either overexpressing or knocking down BMAL1 (Figures

1E, 1F, S1H, and S1I). Based on these comprehensive results,

we propose that under conditions of RSL3-induced ferroptosis,

BMAL1-deletion sensitizes AML cell to ferroptosis by upregulat-

ing ceramide levels.

Ceramide upregulation sensitizes AML cells to lipid
peroxidation and ferroptosis
In order to explore the potential contribution of ceramide to the

regulatory role of BMAL1 in ferroptosis of AML cells, we con-

ducted a comprehensive analysis to examine how alterations

in ceramide levels impact the occurrence of ferroptosis in AML

cells. After determining a non-cytotoxic concentration of C2-

ceramide that did not affect AML cell viability (Figures S2A–

S2C), we performed exogenous C2-ceramide addition experi-

ments at a concentration of 5 mM. Through the inclusion of

exogenous C2-ceramide and the subsequent evaluation of its ef-

fects on AML cells, we discovered that the supplementation of

C2-ceramide facilitated cell death, malondialdehyde (MDA) gen-

eration, and lipid peroxidation (Figures 2A–2C). The aforemen-

tioned results were all reversed by ferrostain-1 (a ferroptosis in-

hibitor) (Figures 2A–2C). Simultaneously, overexpressing BMAL1

reduced the C2-ceramide-promoted cell death, MDA produc-

tion, and lipid peroxidation (Figures 2A–2C). Conversely, when

we inhibited de novo ceramide synthesis using myriocin

(ISP-1), we observed a reversal of the promotion of cell death

induced by BMAL1 knockdown, as well as a suppression of

MDA generation and lipid peroxidation (Figures 2D–2F). To sum-

marize, these collective findings underscore the crucial role of

BMAL1 in exerting regulatory control over the ferroptosis in

AML cells via modulating ceramide levels.

ASAH2 is the key mediator in the elevation of ceramide
levels induced by BMAL1 knockdown
Subsequently, we delved into elucidating the underlying mecha-

nism of BMAL1 knockdown-induced elevation of ceramide

levels during RSL3-induced ferroptosis in AML cells. Through

comprehensive KEGG (Kyoto Encyclopedia of Genes and Ge-

nomes) pathway analysis, we meticulously identified the crucial

enzymes involved in ceramide metabolism (Figure 3A). We

examined the expression trends of these ceramide metabolism

genes in HL60 and MOLM13 cells after either overexpressing

or knocking down BMAL1. Our results revealed that only the

ASAH2 gene exhibited opposite and statistically significant

expression changes following BMAL1 overexpression or knock-

down (Figure 3B). ASAH2, encoding the neutral ceramidase

enzyme, tightly regulates ceramide metabolism by catalyzing

the conversion of ceramide into fatty acids and sphingosine.

Downregulation of ASAH2 leads to ceramide accumulation.

Initially, we investigated the effects of downregulating ASAH2

on ceramide levels and ferroptosis in AML cells. Our findings

revealed that both ASAH2 inhibition using ceranib-1 and

ASAH2 knockdown via shRNA resulted in elevated ceramide

levels (Figures S3A and S3F), which facilitated cell death

(Figures S3B and S3G), MDA production (Figures S3C and

S3H), lipid peroxidation (Figures S3D and S3I), and GPX4

autophagic degradation (Figures S3E and S3J) in AML cells un-

dergoing ferroptosis. Subsequently, western blot experiments

confirmed that BMAL1 overexpression upregulated ASAH2 in

HL60 and MOLM13 cells, while BMAL1 knockdown downregu-

lated ASAH2 (Figures 3C and S4A). Importantly, our results indi-

cated that the overexpression of BMAL1 followed by ASAH2

knockdown increased ceramide levels, cell death, MDA produc-

tion, lipid peroxidation (Figures 3D and S4B–S4D) compared to

the BMAL1 overexpression group. In conclusion, these findings

suggest that BMAL1 modulates ceramide metabolism in AML

cells during ferroptosis by regulating ASAH2.

IKZF2 mediates BMAL1’s regulation of ASAH2
BMAL1 serves as a critical transcription factor, orchestrating the

expression of multiple genes to modulate diverse cellular physi-

ological processes.36 In order to clarify how BMAL1 regulates

ASAH2, we utilized the JASPAR database to predict the sites

where BMAL1 binds to ASAH2. The JASPAR database, known

for its high quality and public accessibility, is a valuable resource

for predicting potential binding sites of transcription factors

within target gene promoter regions. In our study, we focused

on analyzing the 2k bp sequence upstream of the transcription

start site of the ASAH2 gene to predict binding sites for

BMAL1, with a score threshold of 80%. However, our analysis

indicated the absence of BMAL1 binding sites within the pro-

moter region of ASAH2. Furthermore, our investigation of the

public chromatin immunoprecipitation (ChIP) database revealed

no evidence of BMAL1’s direct regulation of ASAH2. Addition-

ally, our ChIP experiment results indicated that BMAL1 was un-

able to bind to the promoter of ASAH2 to directly regulate the

transcription of ASAH2 (Figure 4A). In light of the aforementioned

discoveries, we inferred that BMAL1 regulates ASAH2 through

an intermediary molecule. Hence, we proceeded to analyze

the 1,666 genes predicted to be regulated by BMAL1 and the

294 potential transcription factors for ASAH2. Remarkably, we

discovered an intersection of 24 genes between the two sets

(Figure 4B). Afterward, we explored how the expression of these

24 genes changed in AML cells when BMAL1 was either overex-

pressed or knocked down. Our results revealed that IKZF2

exhibited significant and opposite expression changes after
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Figure 2. Ceramide upregulation sensitizes AML cells to lipid peroxidation and ferroptosis

(A–C) Viability analysis, the level of MDA and the lipid ROS of HL60 andMOLM13 cells with control or BMAL1-OE (versus blank control group). Scale bar: 100 mm.

Cells were treated with RSL3 (0.5 mM) in the presence or absence of C2-ceramide (C2-Cer, 5.0 mM) or ferrostain-1 (Fer-1, 0.5 mM) for 24 h.

(D–F) Viability analysis, the level of MDA and the lipid ROS of HL60 and MOLM13 cells with control or BMAL1 shRNA (versus blank control group). Cells were

treated with RSL3 (0.5 mM) in the presence or absence of myriocin (ISP-1, 1.0 mM) or ferrostain-1(Fer-1, 0.5 mM) for 24 h, Scale bar: 100 mm. Before treating with

RSL3, the cells were pre-treated with ISP-1 for 24 h. Data are presented as mean ± SD, n = 3 biologically independent samples.

Statistical tests used: (A, B, D, and E), two-way ANOVA using �Sı́dákmultiple comparisons test with adjusted p values are shown. (C and F), one-way ANOVA using

Tukey multiple comparisons test with adjusted p values are shown. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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BMAL1 overexpression or knockdown (Figure 4C). Moreover,

western blot analysis demonstrated that BMAL1 overexpression

downregulated IKZF2 protein levels, whereas BMAL1 knock-

down resulted in an increase in IKZF2 protein levels (Figures

3C and S4A).

We further conducted experiments to investigate the regula-

tory role of IKZF2 on ASAH2. Initially, the IKZF2 inhibitor NVP-

DKY709 was utilized to assess its influence on the expression

of ASAH2 and the levels of ceramide. According to our findings,

the pharmacological inhibition of IKZF2 resulted in an increase in

ASAH2 mRNA and protein expression, coupled with a decrease

in ceramide levels in HL60 and MOLM13 cells (Figures S5A–

S5C). Subsequent experiments revealed a significant decrease

in ASAH2 mRNA and protein levels, alongside a concurrent in-

crease in ceramide, when IKZF2 was overexpressed in HL60

andMOLM13 cells (Figures 4D–4F and S5D). In contrast, knock-

ing down IKZF2 resulted in an increase in ASAH2 mRNA and

protein levels, as well as a decrease in ceramide levels.

(Figures 4D–4F and S5D).

To further validate the regulation of ASAH2 by BMAL1 through

IKZF2, we conducted predictions of potential binding sites for

BMAL1 within the IKZF2 promoter region and for IKZF2 within

the ASAH2 promoter region using the JASPAR database. The

predicted potential binding sites are illustrated (Figures S5E

and S5F). Continuing with the ChIP experiment, the results indi-

cated a significant increase in the binding of BMAL1 to the po-

tential promoter sites of human IKZF2 and the binding of IKZF2

to the potential promoter sites of human ASAH2when compared

to the control group (Figures 5A, 5B, S5G, and S5H). Following

that, we performed a dual-luciferase reporter gene assay. The

luciferase reporter vectors carrying the full-length promoter se-

quences of human IKZF2 or ASAH2 were co-transfected with

293T cells. Additionally, the luciferase reporter vectors contain-

ing mutated BMAL1 binding sites within the IKZF2 promoter

sequence or mutated IKZF2 binding sites within the ASAH2 pro-

moter sequence were separately co-transfected into 293T cells.

Concurrently, gradient concentrations of overexpressed BMAL1

or IKZF2 plasmids were introduced. Our findings revealed a

dose-dependent suppression of reporter gene activity in cells

co-transfected with luciferase reporter vectors containing intact

IKZF2 or ASAH2 promoter sequences, as the concentration of

overexpressed BMAL1 or IKZF2 plasmids increased (Figure 5C).

Conversely, in cells harboring the IKZF2 promoter sequence with

mutated BMAL1 binding sites or the ASAH2 promoter sequence

with mutated IKZF2 binding sites, our results demonstrated that

the activity of the reporter gene was not inhibited even with the

gradual increase of BMAL1 or IKZF2 overexpression plasmids

(Figure 5D). These results suggest a regulatory role of BMAL1

in ASAH2 expression through IKZF2. Subsequently, we carried

out rescue experiments. When BMAL1 was overexpressed fol-

lowed by overexpression of IKZF2, there was a decrease in

ASAH2 mRNA and protein levels (Figures 5E and 5F), accompa-

nied by an increase in ceramide levels (Figure 5G) under the

circumstances of ferroptosis induced by RSL3. Conversely,

knocking down BMAL1 followed by knocking down IKZF2 re-

sulted in an increase in ASAH2 mRNA and protein levels

(Figures S6A and S6B), coupled with a decrease in ceramide

levels (Figure S6C). In brief, our results provide evidence that

BMAL1 regulates ceramide metabolism through the IKZF2-

ASAH2 pathway.

GPX4 degradation promotes ceramide upregulation-
mediated ferroptosis
The occurrence of ferroptosis is attributed to an imbalance be-

tween cellular oxidation and antioxidant systems. GPX4, an

essential cellular antioxidant, plays a crucial part in preventing

ferroptosis. The process by which different drugs induce cell fer-

roptosis involves accelerating the degradation of GPX4.37,38

Ceramide is closely linked to cellular autophagy.39 Studies

have demonstrated that it enhances the degradation of GPX4,

thereby promoting ferroptosis.21,40 Consequently, it is hypothe-

sized that knocking down BMAL1 leads to elevated ceramide

levels, which in turn promote the degradation of GPX4, ultimately

facilitating ferroptosis in AML cells. According to our research,

increased BMAL1 expression was found to inhibit GPX4 degra-

dation (Figure 5F) without inducing significant changes at the

mRNA level (Figure S7A). Conversely, BMAL1 knockdown was

observed to facilitate GPX4 degradation (Figure S6B) without

causing notable alterations at the mRNA level (Figure S7A). Sub-

sequently, we investigated the influence of BMAL1 on GPX4 via

the IKZF2-ASAH2 pathway. Our findings demonstrated that co-

overexpression of BMAL1 and IKZF2 facilitated cellular auto-

phagy and GPX4 degradation, while also leading to elevated

levels of ceramides, increased cell death, MDA production,

and enhanced lipid peroxidation (Figures 5F, 5G, 6A, S7B, and

S7C). Conversely, the knock down of IKZF2 reversed the promo-

tive effects of BMAL1 knockdown on cellular autophagy, and

GPX4 degradation, ceramide levels, cell death, MDA production,

and lipid peroxidation (Figures 6B, S6B, S6C, S7D, and S7E).

Furthermore, we observed that overexpression of BMAL1

Figure 3. ASAH2 is the key mediator in the elevation of ceramide levels induced by BMAL1 knockdown
(A) The major metabolites and the key sphingolipid metabolic genes associated with ceramide metabolism in KEGG-based sphingolipid metabolism network.

3-KS, 3-ketosphinganine; Sph, sphinganine; DhCer, dihydroceramide; Cer, ceramide; SM, sphingomyelin; GalCer, galactosylceramide; Psy, psychosine; Spho,

sphingosine; C1P, ceramide-1-phosphate; S1P, sphingosine-1-phosphate.

(B) Table shows the average fold change and statistical analysis of 19 sphingolipid metabolic gene expression between BMAL1 shRNA/BMAL1-OE and their

parental WT cell lines of HL60 and MOLM13 cells. Cells were treated with RSL3 (0.5 mM) for 24 h.

(C) Western blot analysis showing indicated protein expression in HL60 and MOLM13 cells with control, BMAL1-OE, or BMAL1 shRNA. Cells were treated with

RSL3 (0.5 mM) for 24 h.

(D) The lipid ROS were assayed of HL60 and MOLM13 cells with control, BMAL1-OE or BMAL1-OE+ASAH2 shRNA. Cells were treated with RSL3 (0.5 mM) for

24 h, Scale bar: 100 mm. Data are presented as mean ± SD, n = 3 biologically independent samples.

Statistical tests used: (B), two-way ANOVA using �Sı́dák multiple comparisons test with adjusted p values is shown. (C), two-way ANOVA using Dunnett multiple

comparisons test with adjusted p values is shown. (D), one-way ANOVA using Tukey multiple comparisons test with adjusted p values is shown. *p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 4. IKZF2 mediates BMAL1’s regulation of ASAH2

(A) ChIP-qPCR assays were performed using anti-BMAL1, FLAG, or IgG, with primer pairs targeting the ASAH2 promoter in 293T cells.

(B) The overlap gene image of BMAL1-regulated genes and potential transcription factors of ASAH2.

(C) Tables show the average fold change and statistical analysis of 24 gene expression between BMAL1 shRNA/BMAL1-OE and their parental WT cell lines of

HL60 and MOLM13 cells. Cells were treated with RSL3 (0.5 mM) for 24 h.

(D–F) qPCR, western blot, and the level of ceramide analysis in HL60 and MOLM13 cells with control, IKZF2-OE, or IKZF2 shRNA. Cells were treated with or

without RSL3 (0.5 mM) for 24 h. Data are presented as mean ± SD, n = 3 biologically independent samples.

Statistical tests used: (A and C), two-way ANOVA using �Sı́dák multiple comparisons test with adjusted p values are shown. (D–F), two-way ANOVA using Dunnett

multiple comparisons test with adjusted p values are shown. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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followed by ASAH2 knockdown promoted autophagy and

degradation of GPX4, while also increasing levels of ceramide,

cell death, MDA production, lipid peroxidation (Figures 3D, 6C,

and S4B–S4D). Additionally, we observed that exogenous

administration of C2-ceramide reversed the inhibitory effects of

BMAL1 overexpression on cell death, MDA production, lipid per-

oxidation (Figures 2A–2C), autophagy and degradation of GPX4

(Figure S8A). The observed exogenous C2-ceramide addition re-

sults were effectively reversed by the administration of an auto-

phagy inhibitor (Figures S8A and S9A–S9C). In contrast, when

knocking downBMAL1, the de novo ceramide synthesis inhibitor

myriocin could suppress cell death, MDA production, lipid per-

oxidation (Figures 2D–2F), cellular autophagy and GPX4 degra-

dation (Figure S8B). To conclude, the aforementioned findings

indicate that BMAL1 regulates ceramide metabolism via the

IKZF2-ASAH2 pathway, subsequently influencing cellular auto-

phagy and GPX4 degradation, thereby modulating ferroptosis

in AML cells.

BMAL1 depletion boosts AML cell sensitivity to
sorafenib
Then, we considered the possibility that knocking down BMAL1

might enhance the therapeutic outcomes of clinically approved

drugs in the treatment of AML. The drug sorafenib, an FDA

(Food and Drug Administration)-approved targeted anticancer

medication, has been discovered to have dual efficacy in

inducing tumor cell ferroptosis and treating AML.41 Clinical

trials (NCT03247088, NCT05596968, and NCT03132454) are

currently underway to evaluate the use of sorafenib in refractory

AML. Optimizing the strategy of targeting ferroptosis can signif-

icantly enhance the therapeutic response of tumors, particularly

those resistant to sorafenib.42 Consequently, based on our pre-

vious findings, we hypothesize that BMAL1 knockdown may

enhance the anti-AML efficacy of sorafenib.

Our observations indicated that reducing BMAL1 levels in-

creases the sensitivity of AML cells to sorafenib (Figure S10A).

On the other hand, elevating BMAL1 expression reduces the

sensitivity of AML cells to sorafenib (Figure S10B). Furthermore,

it was observed that the exogenous supplementation of C2-cer-

amide led to an increase in cellular death, MDA production, and

lipid peroxidation (Figures S11A–S11C). Notably, these effects

were effectively reversed upon administration of hydroxychloro-

quine or ferrostain-1 (Figures S10C and S11A–S11C). Addition-

ally, the application of ceramide de novo synthesis inhibitor

myriocin or ferrostain-1 demonstrated a significant reduction in

cell death, MDA production, and lipid peroxidation (Figures 7A,

S11D, and S11E) induced by BMAL1 knockdown.

Afterward, we validated the role of the IKZF2-ASAH2 pathway

in BMAL1-mediated enhancement of AML cells sensitivity to sor-

afenib. Our experiments revealed that overexpressing IKZF2 el-

evates ceramide levels and counteracts the cell death inhibition

caused by BMAL1 overexpression in the context of RSL3-

induced ferroptosis (Figures S10D and S10E). In contrast,

knocking down IKZF2 reduces ceramide levels and reverses

the cell death promotion induced by BMAL1 knockdown

(Figures 7B and 7C). Furthermore, knocking down ASAH2 in-

creases ceramide levels and reverses the cell death inhibition

caused by BMAL1 overexpression in the condition of RSL3-

induced ferroptosis (Figures 7D and 7E). In summary, our results

indicate that the downregulation of BMAL1 enhances the sensi-

tivity of AML cells to sorafenib by upregulating ceramide levels

through the IKZF2-ASAH2 pathway. The use of BMAL1 inhibitors

or ceramide significantly enhances the therapeutic effectiveness

of sorafenib in the treatment of AML, and further research is

needed to fully understand its clinical implications.

The BMAL1-IKZF2-ASAH2 pathway enhancing
ferroptosis-mediated AML suppression in vivo

After that, we assessed the anti-AML effects of inhibiting the

BMAL1 under RSL3-induced ferroptosis conditions via the

IKZF2-ASAH2 pathway in vivo (Figure 8A). The AML tumormodel

was established by intravenously injecting HL60 cells (2 3 106/

mice) into male nude mice aged 6–8 weeks. One week after

the intravenous injection of tumor cells into the tail vein, the

mice were evaluated for tumor modeling. Subsequently, mice

meeting the modeling criteria were randomly grouped. Treat-

ment was administered to the mice through intraperitoneal.

The dose of RSL3 was 30 mg/kg, given every other day for a

duration of 2 weeks. Our experimental findings revealed that

overexpressing BMAL1 led to a downregulation of 4-HNE,

MDA, PTGS2 and HMGB1 (markers of ferroptosis), along with

a decrease in ceramide levels (Figures 8B–8F and S12A–

S12E). Mice with overexpression of BMAL1 were observed

to exhibit a higher tumor burden, along with pronounced

hepatosplenomegaly (Figures 8G–8J and S12F–S12I). In

contrast, the knockdown of BMAL1 was observed to promote

ferroptosis, characterized by elevated ceramide levels;

increased levels of 4-HNE, MDA, and HMGB1; upregulation of

PTGS2mRNA; reduced hepatosplenomegaly inmice; and allevi-

ated tumor burden (Figures 8B–8J and S12A–S12I). Additionally,

Figure 5. IKZF2 mediates BMAL1’s regulation of ASAH2

(A) ChIP-qPCR assays were performed using anti-BMAL1, FLAG, or IgG, with primer pairs targeting the IKZF2 promoter in 293T cells.

(B) ChIP-qPCR assays were performed using anti-IKZF2, FLAG, or IgG, with primer pairs targeting the ASAH2 promoter in 293T cells.

(C) Luciferase assays of 293T cells co-transfected with a luciferase reporter containing a full-length human IKZF2 (left) or ASAH2 (right) promoter sequence and an

escalating amount of BMAL1 (left) or IKZF2 (right) overexpression plasmid.

(D) Luciferase assays were performed on 293T cells co-transfected with a luciferase vector carrying either a full-length WT IKZF2 (left) or ASAH2 (right) promoter

sequence, or a promoter sequence containing amutated proximal or distal BMAL1 (left) or IKZF2 (right) binding site, together with 160 ng of BMAL1 (left) or 200 ng

of IKZF2 (right) overexpression plasmid.

(E–G) qPCR, western blot, and the levels of ceramide analysis in HL60 andMOLM13 cells with control, BMAL1-OE or BMAL1-OE +IKZF2-OE. Cells were treated

with or without RSL3 (0.5 mM) for 24 h. Data are presented as mean ± SD, n = 3 biologically independent samples.

Statistical tests used: (A and B), two-way ANOVA using �Sı́dák multiple comparisons test with adjusted p values are shown. (C and D), one-way ANOVA using

Dunnett multiple comparisons test with adjusted p values are shown. (E–G), two-way ANOVA using Tukey multiple comparisons test with adjusted p values are

shown. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 6. GPX4 degradation promotes ceramide upregulation-mediated ferroptosis

(A and B) The lipid ROS were assayed of HL60 and MOLM13 cells with vector, BMAL1-OE, BMAL1 shRNA, BMAL1-OE+IKZF2-OE, or BMAL1 +IKZF2 shRNA.

Cells were treated with or without RSL3 (0.5 mM) for 24 h, Scale bar: 100 mm.

(legend continued on next page)
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overexpression of IKZF2 or depletion of ASAH2 promoted fer-

roptosis and alleviated tumor burden (Figures 8B–8J and

S12A–S12I). Contrarily, the depletion of IKZF2 suppresses fer-

roptosis, thereby exacerbating the tumor burden (Figures 8B–

8J and S12A–S12I). The aforementioned findings were consis-

tent with our in vitro results. Taken together, our AML animal

model experiments provide compelling evidence that targeting

BMAL1 can effectively induce tumor cell ferroptosis through

the IKZF2-ASAH2 pathway, resulting in a potent anti-AML

response. These findings hold significant promise for optimizing

therapeutic strategies against AML targeting BMAL1.

DISCUSSION

BMAL1 serves as a suppressor of ferroptosis, and inhibiting it

can promote ferroptosis. Furthermore, BMAL1 has been linked

to tumor development and is considered an adverse prognostic

factor for AML. AML cells are particularly sensitive to ferroptosis,

making the targeting of BMAL1 an effective strategy for AML

treatment. This study found that inhibiting BMAL1 can reshape

ceramide metabolism through the IKZF2-ASAH2 pathway, ulti-

mately promoting ferroptosis in AML cells and enhancing their

sensitivity to the targeted drug sorafenib. These results highlight

the potential of targeting BMAL1 as a promising approach in the

development of anti-AML strategies.

GPX4 utilizes glutathione (GSH) as an essential cofactor to

exert its antioxidant function, thus serving as a key determinant

in protecting against ferroptosis.43 Currently, the chemical com-

pounds that trigger ferroptosis can be divided into two main cat-

egories: those that target the cystine/glutamate antiporter sys-

tem (system Xc�) and those that target GPX4. The former

class acts by impeding cystine uptake, leading to a reduction

in GSH synthesis and subsequent GPX4 inactivation. When

GPX4 function is impaired or lost, it can lead to the ineffective

elimination of lipid peroxidation byproducts, resulting in their

continuous accumulation, membrane damage, and eventual

rupture. When investigating the promotion or inhibition of ferrop-

tosis by a molecule, GPX4 is typically a primary focus. Targeting

GPX4 to induce ferroptosis in tumor cells has proven to be an

effective strategy for developing novel cancer therapies.7,44,45

Ceramide has been shown to promote autophagy.39 Thayyulla-

thil et al. demonstrated that the elevation of ceramide levels,

mediated by acid sphingomyelinase, enhances cellular auto-

phagy and leads to GPX4 degradation, thereby promoting fer-

roptosis in tumor cells.40 Furthermore, Ai-Hua Xu’s team uncov-

ered a correlation between osteoporosis in type 2 diabetes

patients and ferroptosis in osteoblasts under high glucose con-

ditions.21 This mechanism involves high glucose inducing the

activation of acid sphingomyelinase and an increase in ceramide

levels, subsequently promoting cellular autophagy and GPX4

degradation, ultimately resulting in ferroptosis in osteoblasts.

Therefore, based on these insights, we hypothesize that knock-

ing down BMAL1 promotes AML cells ferroptosis, potentially

through increased GPX4 degradation. Experiments validated

our hypothesis. In this study, knocking down BMAL1 resulted

in elevated ceramide levels during ferroptosis in AML cells, ulti-

mately promoting the degradation of GPX4 and facilitating fer-

roptosis. This mechanism is consistent with the current majority

of anticancer drugs that promote ferroptosis of tumor cells.

ASAH2 is the crucial enzyme involved in BMAL1-orchestrated

regulation of ceramide metabolism. An increasing number of

studies have found that ASAH2 is closely associated with

tumors.46 When ASAH2 activity is inhibited, ceramide levels in-

crease, promoting the death of tumor cells.47,48 Liangping Su

et al. found that increased expression levels of b5 integrin are

correlated with unfavorable prognosis and chemoresistance in

both pancreatic and lung cancer.49 Its resistance mechanism in-

volves the upregulation of ASAH2 via b5 integrin, causing a

decrease in ceramide levels and reduced ROS production,

thereby inhibiting chemotherapy-induced pyroptosis. Adminis-

tering a ceramidase inhibitor can restore tumor cell sensitivity

to chemotherapy. Additionally, ASAH2 plays a role in enabling

colon cancer MDSCs to evade ferroptosis by inhibiting the P53

pathway.50 Zhongbin Deng’s team discovered that in breast

cancer, the decline of ASAH2 in myeloid cells triggers an up-

surge in TREM2+ macrophages, where ceramide assumes a

pivotal role.51 This cascade ultimately fosters the emergence

of enervated CD8+ T cells, propelling tumor progression. Ku-

maran Sundaram et al. revealed that in mouse fibroblasts,

depriving them of neutral ceramidase renders them resistant to

necrotic cell death caused by nutrient deprivation.52 This resis-

tancemechanism involves increased ceramide levels, enhanced

autophagy, and subsequent clearance of damaged proteins and

organelles. Furthermore, Roberta Rosa’s team uncovered that in

colorectal cancer cells, elevated SPHK1-mediated reduction in

ceramide levels leads to resistance to cetuximab.53 Similar to

prior research, our study demonstrated that upregulated cer-

amide facilitated the death of AML cells. Notably, in our research,

we found that reducing BMAL1 led to the downregulation

of ASAH2, resulting in elevated ceramide levels. This, in turn,

enhanced autophagy and promoted the degradation of GPX4,

subsequently facilitating ferroptosis in AML cells. Ultimately,

ASAH2 mediates alterations in ceramide levels, thereby exerting

regulatory influence over multiple downstream biological

signaling cascades, ultimately determining the fate of tumor

cell. The role of ASAH2 and ceramide varies across different tu-

mor types, and further exploration is needed to understand their

function in AML.

Ferroptosis has been observed in a range of cancer types,

such as pancreatic cancer, colorectal cancer, and breast can-

cer.54 Moreover, various therapeutic agents have shown the

ability to induce ferroptosis. Sulfasalazine and sorafenib pro-

mote ferroptosis in hepatocellular carcinoma cells by inhibiting

the function of SLC7A11.55,56 Gemcitabine and cisplatin induce

ferroptosis in pancreatic and colorectal cancer cells by selec-

tively targeting GPX4.57,58 Research findings have indicated

(C) Western blot analysis showing indicated protein expression in HL60 and MOLM13 cells with control, BMAL1-OE, or BMAL1-OE + ASAH2 shRNA. Cells were

treated with or without RSL3 (0.5 mM) for 24 h. Data are presented as mean ± SD, n = 3 biologically independent samples.

Statistical tests used: (A and B), one-way ANOVA using Tukey multiple comparisons test with adjusted p values are shown. (C), two-way ANOVA using Tukey

multiple comparisons test with adjusted p values is shown. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 7. BMAL1 depletion boosts AML cell sensitivity to sorafenib

(A) Viability analysis of HL60 and MOLM13 cells with control or BMAL1 shRNA (versus blank control group). Cells were treated with sorafenib (1.25, 0.4 mM) in

the presence or absence of myriocin (ISP-1, 1.0 mM) or ferrostain-1 (Fer-1, 0.5 mM) for 24 h. Before treating with sorafenib, the cells were pre-treated with ISP-1

for 24 h.

(B and C) The level of ceramide and viability analysis of HL60 and MOLM13 cells with control, BMAL1 shRNA or BMAL1+ IKZF2 shRNA (versus blank control

group). Cells were treated with or without sorafenib (1.25, 0.4 mM) for 24 h.

(D and E) The level of ceramide and viability analysis of HL60 and MOLM13 cells with control, BMAL1-OE or BMAL1-OE+ASAH2 shRNA (versus blank control

group). Cells were treated with or without sorafenib (1.25, 0.4 mM) for 24 h. Data are presented as mean ± SD, n = 3 biologically independent samples.

Statistical tests used: (A), two-way ANOVA using �Sı́dák multiple comparisons test with adjusted p values is shown. (B–E), two-way ANOVA using Tukey multiple

comparisons test with adjusted p values are shown. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 8. The BMAL1-IKZF2-ASAH2 pathway enhancing ferroptosis-mediated AML suppression in vivo

(A) The schematic diagram of the complete mouse experiment procedure.

(B–F) The level of 4-HNE (B), MDA (C), PTGS2 mRNA (D), and ceramide (F) in the hepatic tumors tissue, and the level of serum HMGB1 (E) were assayed at the

endpoint time after treatment (n = 4 mice/group).

(G) The weight of mice at the endpoint time after treatment (n = 4 mice/group).

(H) The GFP+ leukemia cells in peripheral blood of HL60 leukemia recipient mice at indicated days in treatment groups (n = 4 mice/group).

(legend continued on next page)
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that etoposide’s efficacy against AML stems from its induction of

ferroptosis, achieved through the reduction of intracellular GSH

levels and the inhibition of GPX4 activity.59 Dihydroartemisinin

enhances autophagy, leading to accelerated degradation of

ferritin and promoting ferroptosis in AML cells.60,61 Sulfasala-

zine, by targeting SLC7A11 and inhibiting cystine uptake, pro-

motes cellular ferroptosis and enhances the efficacy of daunoru-

bicin-cytarabine against AML.62 Moreover, research has

demonstrated that inhibition of SPHK results in an elevation of

ceramide levels. The increased ceramide, by reducing MCL-1

expression through ATF4, facilitates tumor cell apoptosis,

thereby enhancing the effectiveness of navitoclax and sorafenib

against AML.63 Overall, inducing tumor cells ferroptosis proves

to be a highly effective strategy in the fight against cancer. Sor-

afenib, a ferroptosis-inducing agent and a frontline therapy for

AML, frequently encounters drug resistance during treatment,

posing a critical issue that demands immediate solution. In this

study, the suppression of BMAL1 has been demonstrated to

heighten intracellular ceramide levels, thereby promoting the

sensitivity of AML cells to sorafenib. This discovery introduces

a fresh perspective and trajectory for anti-AML research. Further

investigations are warranted to explore the clinical implications

of BMAL1 small molecule inhibitors.

Limitations of the study
This study utilized tumor cell lines to construct the tumor

model, which differed to some extent from the actual tumor

condition. It is worth exploring the potential use of a human-

ized immune system AML patient-derived xenograft (PDX)

mouse model to investigate the function of BMAL1 and cer-

amide for AML drug resistance. Moreover, while short-chain

C2-ceramide is a commonly employed surrogate in experi-

ments for its ability to permeate cell membranes and modulate

the intracellular ceramide pool,64 it cannot fully replace the

functions of natural ceramide. Hence, future studies could

incorporate natural ceramide to more accurately validate the

underlying mechanisms.

Conclusions
In essence, this research represents a significant advancement

in identifying BMAL1, which modifies ceramide metabolism

through the IKZF2-ASAH2 pathway, ultimately impacting ferrop-

tosis in AML cells (Figure S13). Our study proposes a potential

treatment approach for AML by combining BMAL1 inhibitors

and ceramide. Further research is necessary to assess the clin-

ical viability of BMAL1 inhibitors and ceramide, paving the way

for their clinical implementation.
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BMAL1 Cell signaling technology RRID:AB_2728705

IKZF2 Cell signaling technology RRID:AB_2799221

SQSTM1 Cell signaling technology RRID:AB_2799160

LCA/B Cell signaling technology RRID:AB_2617131

Anti-rabbit IgG Cell signaling technology RRID:AB_2099233

GPX4 Abcam RRID:AB_10973901

ASAH2 Abcam RRID:AB_2058852

b-actin Abcam RRID:AB_2223210

Biological samples

Human PBMC and BM samples the Third Xiangya Hospital, Central South

University

This paper

Chemical, peptides, and recombinants proteins

BCA Protein Assay Kits Thermo Fisher Scientific Cat#23225

RIPA lysis buffer Beyotime Cat#P0013B

PVDF membrances Millipore Cat#IPFL00010

Fetal bovine serum GibcoTM Cat#A5670701

RPMI 1640 GibcoTM Cat#11875119

Penicillin-streptomycin Beyotime Cat#C0222

Lipo8000TM Transfection Reagent Beyotime Cat# C0533-1.5ml

RSL3 Selleck Cat#S8155

Sorafenib Selleck Cat#S7397

Hydroxychloroquine Selleck Cat#S4430

Ferrostain-1 Selleck Cat#S7243

C2 Ceramide MCE Cat#HY-101180

Myriocin MCE Cat#HY-N6798

MDA Beyotime Cat# S0131M

BSA Thermo Fisher Scientific Cat#11021029

Hematoxylin stain Beyotime Cat#C0107-100ml

Eosin stain Beyotime Cat#C0109

4% paraformaldehyde Servicebio Cat#G1101-500ML

Lipid Peroxidation Probe -BDP 581/591

C11

Dojindo Cat#L267

30% Gelatin Buffer Solution 29:1 Beijing Dingguo Changsheng

Biotechnology Co., Ltd.

Cat#MMR007

1.0M Tris-HCl pH6.8 Beijing Dingguo Changsheng

Biotechnology Co., Ltd.

Cat# WB-0021

1.5M Tris-HCl pH8.8 Beijing Dingguo Changsheng

Biotechnology Co., Ltd.

Cat# WB-0013

TEMED Sangon Biotech Cat#A610508-0025

Isopropyl Alcohol Chron chemicals Cat# 67-63-0

Ethyl Alcohol Chron chemicals Cat#64-17-5

Trichloromethane Chron chemicals Cat#67-66-3

Methyl alcohol Chron chemicals Cat# 67-56-1

Tween 20 Yeasen Biotechnology (Shanghai) Cat#60305ES76

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics approval and consent to participate
The human samples involved in this study were approved by the Ethics Committee of the Third Xiangya Hospital of Central South

University (Q.24058). All participants provided written informed consent.

Human materials
The bone marrow for all research designs was sourced from AML patients, and the peripheral blood was obtained from healthy vol-

unteers. The study received approval from the Ethics Committee of the Third Xiangya Hospital, Central South University. All partic-

ipants provided signed informed consent. The clinical information of the participants can be found in Table S2.

Animals
The animal experiments were approved by the Animal Experiment Ethics Committee of the Third Xiangya Hospital of Central South

University (IACUC.2021-159), ensuring compliance with ethical guidelines. The mice were kept in a pathogen-free barrier facility with

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

lumiBest Superior ECL Luminescence

Reagent

Share-bio Cat#SB-WB011

Puromycin Thermo Fisher Scientific Cat#A1113803

Polybrene Beyotime Cat#C0351-1ml

TRIzol Thermo Fisher Scientific Cat#15596026CN

PrimeScriptTM RT reagent Kit (Perfect Real

Time)

Takara Cat#RR037A

Hieff� qPCR SYBR Green Master Mix (No

Rox)

Yeasen Biotechnology (Shanghai) Cat#11201ES08

Critical commerical assay

Cell Counting kit-8 Abiowell Cat#AWC0114

Firefly & Renilla Luciferase Reporter Assay

Kit

Meilunbio Cat#MA0518-2

4-HNE ELISA Kit Jonlnbio Cat# JL46304

Ceramide ELISA Kit mlbio Cat#ml037872

Human HMGB-1(High Mobility group

protein B1) ELISA Kit

Elabscience Cat#E-EL-H1554

ChIP assay kit Abcam Cat#ab500

Experimental models: Cell lines

HL60 The Cell Resource Center, Peking Union

Medical College

RRID: CVCL_0002

MOLM13 The Cell Resource Center, Peking Union

Medical College

RRID: CVCL_2119

Experimental models: Organisms/strains

BALB/c nude mice Changsha Slac Jingda Laboratory Animal

Co., Ltd.

N/A

Oligonucleotides

Primers used for real-time PCR,list in

Table S3

this paper N/A

Software and algorithms

GraphPad Prism 9.0 GraphPad N/A

FACSVerse flow cytometry system BD Biosciences N/A

ImageJ software ImageJ N/A

CFX ManagerTM BIO-RAD N/A

Other

lipidomic dataset This paper https://www.ebi.ac.uk/metabolights/

MTBLS11557.
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daily cleaning and weekly pathogen testing. They were exposed to a 12-hour light-dark cycle and had access to plentiful food and

water. Each cage housed five mice, and all procedures involving the mice during the experiment adhered to principles of animal wel-

fare.Male nudemice, ranging in age from 6 to 8weeks, were sourced fromHunan SJA Laboratory Animal Co., Ltd. for utilization in the

experiment.

METHOD DETAILS

Cell culture
Acute myeloid leukemia cells HL60(RRID: CVCL_0002), MOLM13(RRID: CVCL_2119) were acquired from the Cell Resource Center,

Peking Union Medical College (PCRC). HL60, MOLM13 were cultured using RPMI1640 medium,1% Penicillin-Streptomycin anti-

biotic. The cell lines were all verified by STR typing every year and tested negative for mycoplasma. The cells were incubated in a

sterile and humidified incubator at 37�Cwith 5%CO2. To facilitate cell spreading, 6-well plates were utilized, with each well contain-

ing 5✖ 105 cells and a volume of 2ml. The cell culture plates were placed in a specialized incubator for cell cultivation. Following that,

the cells were gathered by means of centrifugation after the appropriate time of action, or continued for other purposes. All exper-

imental operations were carried out on an ultra-clean bench and all experimental equipment was sterilized. The experimental

personnel were strictly adhering to the aseptic operation norms.

Human samples
This study was approved by the Ethics Committee of the Third Xiangya Hospital of Central South University (Q.24058). Written con-

sent was obtained from each donor of human tissue samples used in this study, and all methods adhered to the Declaration of Hel-

sinki. The healthy control group consisted of 6 samples, while each of the other groups included 9 samples. Participants were

randomly assigned to the experimental and control groups using a simple randomizationmethod. The samples for the healthy control

group were peripheral blood. The samples for newly diagnosed, remitted, and relapsed patients were bone marrow. Specifically, the

bonemarrow samples from newly diagnosed patients were selected to have a CD34+ proportion greater than 90%. To isolate mono-

nuclear cells from peripheral blood or bone marrow, label a 15 mL centrifuge tube and add 4 mL of lymphocyte separation medium

per tube. Take 4 mL of fresh bone marrow/blood, dilute with PBS at a 1:1 ratio, and mix well. Slowly add the diluted anticoagulated

blood to the upper layer of the lymphocyte separation medium along the tube wall, then centrifuge at 500g for 25-30minutes at room

temperature. After centrifugation, three layers will form: the top layer contains plasma and PBS, the bottom layer contains red blood

cells and granulocytes, and the middle layer contains the lymphocyte separation medium. A white cloudy layer of mononuclear cells

(mainly lymphocytes andmonocytes, with some platelets) will be visible at the interface of the top andmiddle layers. Remove some of

the top layer liquid, leaving approximately 1 mL, and use a pipette to collect the mononuclear cell layer. Transfer to a new 15 mL

centrifuge tube, add 10 mL PBS, mix well, and centrifuge at 500g for 5 minutes. Discard the supernatant. If there are many red blood

cells, add 3-5 times the cell volume of red blood cell lysis buffer, incubate at room temperature for 5 minutes, and centrifuge at 500g

for 5 minutes. Discard the supernatant. Finally, resuspend the cells in 1 mL PBS, mix well, centrifuge at 500g for 5 minutes, and

discard the supernatant.

Animal model
GFP-labeled HL60 cells were administered to the mice via tail vein injection at a concentration of 23106 cells per mouse. After a

seven-day period, the mice were assessed and randomly assigned to different groups (simple randomization). Throughout the entire

experiment and the data analysis process, the experimenters were blinded to the group assignments. ① The mice assessing the

impact of BMAL1 on survival received no additional therapeutic interventions. Daily monitoring and recording of their survival status

was conducted, with euthanasia performed when the score met the criteria for an endpoint, as specified by animal welfare guidelines

in tumor research.65–67 ② The mice underwent RSL3 drug therapy, administered through intraperitoneal injections at a dosage of

30 mg/kg every two days for a duration of two weeks. The drug formulation process followed the recommended guidelines

provided by the manufacturer. And the untreated group received corresponding solvent injections. After the completion of the

drug treatment, specific tissues from the mice were collected for the assessment of various indicators. Peripheral blood was

collected via the enucleation method. Mice were euthanized by cervical dislocation, and their liver tumor tissue was quickly excised

under sterile conditions on ice. Blood samples were processed and analyzed according to the protocol provided by the HMGB1

ELISA kit. Liver tumor tissues were processed and analyzed using the established protocols for the 4-HNE, MDA, and ceramide

assay kits. Detailed information on these kits can be found in the ‘‘key resources table’’ section. The specific procedure for hema-

toxylin and eosin (H&E) staining of liver tumor tissue is described in the "hematoxylin eosin staining" section. Total RNA from liver

tumor tissues was extracted using the TRIzol method. The procedure was as follows: an appropriate amount of tumor tissue was

excised and placed into a 1.5 mL centrifuge tube, which was then labeled with the mouse group, sample number, experiment

date, and experimenter’s name. The tube was subsequently snap-frozen in liquid nitrogen. All subsequent procedures were per-

formed in a dedicated RNA extraction workstation. The 1.5 mL centrifuge tube was placed on an ice box, and 100 mL of TRIzol

was added. The tissue was homogenized thoroughly using a handheld tissue grinder. An additional 900 mL of TRIzol was used to

wash the grinder rod, ensuring full recovery of any remaining tissue. A new grinder rod was used for each sample to prevent
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cross-contamination. After mixing thoroughly, the sample was left on ice for 10 minutes. For every 1000 mL of TRIzol, 200 mL of chlo-

roform was added, and the mixture was shaken vigorously. Subsequent steps are described in the "real-time PCR" section.

Untargeted lipidomic
Initially, we successfully acquired HL60 cells with efficient knockdown of BMAL1 through the shRNA lentivirus, as outlined in the

"lentivirus packaging and infection" section. Subsequently, we plated both control and BMAL1-knockdown HL60 cells in optimal

growth condition onto 10-cm dishes at a density of 13107 cells per dish. To guarantee a sufficient cell count for sequencing (>13

107 cells per sample), we grouped two dishes of cells as one set. These cells were then treated with RSL3 (0.5 mM) for a duration

of 24 hours. Following the completion of drug treatment, the cells from the two dishes within each set were collected into a 1.5 ml

centrifuge tube at 2000 rpm for 3 minutes. The cells were then washed three times with 1 ml of DPBS per tube. After thoroughly

removing the DPBS, the cells were promptly frozen in liquid nitrogen and stored at -80�C. The samples were prepared for sequencing

one day after being stored. Combine the cell sample with 200 mL of chilled water, 20 mL of lipid internal standard mixture, and 800 mL

of cold methyl tert-butyl ether. Gently agitate the mixture for 30 seconds using a vortexer. Subsequently, introduce 240 mL of meth-

anol and continue vortexing for an additional 30 seconds. Subject the sample to ultrasonication at a temperature of 4�C for a duration

of 20minutes, and subsequently, incubate it for 30minutes. To extract lipids, centrifuge the sample at 10�C for 15minutes at a speed

of 14,000 g. Following centrifugation, use a vacuum centrifuge to dry the upper organic layer. Prior to analysis, reconstitute the lipid

extract in a solution containing isopropanol and acetonitrile, with a volume ratio of 9:1. To perform untargeted lipidomic, the extracted

sample was subjected to liquid chromatography-mass spectrometry. Specifically, the lipids were separated using a Waters

ACQUITY PREMIER CSH C18 column (1.7 mm, 2.1*100 mm) under specific chromatographic conditions. The mobile phase used

for separation comprised of a mixture of acetonitrile and water (in a 6:4 volume ratio as phase A) and a mobile phase of acetonitrile

and isopropanol (in a 1:9 volume ratio as phase B). The mobile phase was applied at a flow rate of 300 mL/min, while the column tem-

perature wasmaintained at 45�C throughout the analysis. The gradient elution processwas initiatedwith a composition of 30%Band

held for 2 minutes. Subsequently, a linear increase to 100% B was achieved over a period of 23 minutes. The gradient was then re-

turned to 30%Bwithin 1 minute, followed by a 9-minute equilibration period. The samples were kept in an autosampler at a constant

temperature of 10�C throughout the analysis. To minimize signal fluctuations, a random injection sequence was employed. Mass

spectrometric detection was conducted using a Thermo ScientificTM Q Exactive mass spectrometer featuring an electrospray ioni-

zation (ESI) source. Data acquisition was performed in both positive and negative ionization modes. To analyze the lipidome, we im-

plemented a data-dependent acquisition (DDA) approach for MS/MS analysis. After each full MS1 scan, we recorded 10MS2 scans.

The resolution was set at 70,000 atm/z 200 forMS1 and 17,500 atm/z 200 forMS2. Additionally, we utilized ESI settings that included

a heater. The LipidSearch platform was utilized to perform peak identification, peak extraction, and lipid identification for both lipid

molecules and internal standard lipid molecules. Before analysis, a thorough quality assessment was conducted on the data. R 4.3.0

was then utilized for data analysis and image acquisition.

Western blot
Following cell collection, a double wash was performed using pre-cooled PBS. The required volume of RIPA lysate was then added,

and the cell lysate was subjected to sonication. The cells were subsequently lysed for 30 minutes at a temperature of 4�C. The su-

pernatant was collected (Conditions:10 minutes, 4�C, 12,000 rpm.). Protein quantification was performed using BCA method. The

8%-12% concentration of SDS-PAGE gel for western blot. 30-40 mg protein per well. The electrophoresis conditions: 80 volts for

30 minutes, followed by 120 volts for 90 minutes. Wet transfer was used to transfer protein. The transfer membrane conditions:

290 milliamps for 90 minutes. PVDF membrane was used. The blocking buffer is 5% skim milk with 0.1% concentration of TBAT.

The environment was 4�C for 2 hours. After the blocking step, the target antibody was used for incubation at 4�C overnight. The sec-

ondary antibody used the 5% skim milk with a dilution ratio of 1: 5 000. Incubation conditions of secondary antibody was 4�C for 2

hours. After using 0.1%TBST to wash the membrane for 3 times, wash with TBS for the last time. Pierce stripes are visualized using

the ECL Western Blotting Substrate kit. ImageJ software was used for quantitative analysis. The control protein using Actin.

Real-time PCR
After corresponding treatment, HL60, MOLM13 cells were collected by centrifugation. Total RNA of cells was extracted by TRIZOL

method. Each sample was added with 1000 mL of TRIzol and incubated on ice for 5 minutes. Then, 200mL of chloroform was added,

followed by vigorous shaking for 15 seconds and incubation on ice for 3 minutes. Centrifugation was performed at 4�C for 15minutes

at 12,000g. The upper aqueous phase was transferred to a new EP tube and mixed with an equal volume of isopropanol, then placed

at -20�C for 30 minutes. Subsequent centrifugation was conducted at 4�C for 10 minutes at 13,000g, and the supernatant was dis-

carded. The precipitate was gently washed twice with 1mL of 75% ethanol (prepared with DEPC water) under centrifugation at

7,000g for 5 minutes each time. Finally, the supernatant was discarded, and after complete ethanol evaporation, 7mL of DEPC water

was added to dissolve the RNA. Takara kit was used for reverse transcription. After reverse transcription, SYBRGreenMaster Mix kit

was used for qPCR. Gene expression analysis was standardized by the control gene ACTB.
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MDA
We employed the Beyotime MDA (malondialdehyde) lipid oxidation kit for our study. The experimental procedures adhered to the

manufacturer’s protocol. Tissue or cell samples were lysed using a western blot lysate solution. For tissue, the weight of tissue ac-

counts for 10% of the lysate. For cells, 0.1ml lysate was used for every one million cells. The supernatant was collected by centri-

fuging the samples at 12,000g for 10 minutes at 4�C. Following sample preparation, the protein concentration was determined.

The sample was subjected to a heat treatment at 100�C for 15 minutes using a water bath. Afterward, the sample was allowed to

cool down to room temperature in the samewater bath, and the supernatant was collected by centrifugation at 1000g for 10minutes.

Add 200 mL supernatant to the 96-well plate. The absorbance was determined by a Microplate Reader at 532nm.

Lipid peroxidation
Lipid Peroxidation Probe-BDP 581 Universe 591 C11 kit (Dojindo, L267) was employed as a tool to carry out the experiment. For

experimental operation, refer to the manufacturer protocol. After cell counting using a cytometer, HL60 and MOLM13 cells with

vigorous growth were seeded at a concentration of 23 105 cells/ml in 8-well plates. Subsequently, the appropriate drugs were intro-

duced for treatment. The cell culture plates were kept in a temperature-controlled incubator set at 37�C with a 5% CO2 atmosphere

for the specified period. The supernatant was removed after centrifugation to collect cells (1000r, 3 mins). Wash the cells with 1640

medium 1 ml for 2 times. BDP 581x591 C11 working buffer was used to re-suspend cells. Put the plate back to the incubator for

30 mins. Following that, the supernatant was eliminated through centrifugation, and the cells were subjected to two washes using

phenol red-free HBSS 1 ml. Cells were re-suspended by adding HBSS 1 ml, and subsequently, a fluorescence microscope was em-

ployed for observation and image capture within 30 minutes.

Chromatin immunoprecipitation
We used ChIP kit to carry out the experiment. The experimental procedure followed the protocol of the manufacturer. The first step

was cell fixation and collection. For cell fixation, the cell culture dish was supplemented with an equivalent volume of 37% formal-

dehyde, resulting in a final concentration of 1%. At the end of fixation, add glycine to neutralize unreacted formaldehyde. Following a

pre-cooled PBS wash and subsequent centrifugation, the cells were gathered. Subsequently, appropriate treatments were applied

before proceeding with sonication. Cut the DNA into fragments of 200 - 1000 bp in size using an ultrasonic breaker. Make sure to keep

the sample at 4�C throughout the sonication process. Third, the corresponding antibodies were added to the chromatin for cross-

linking at 4�C overnight. Fourth, the antibody-chromatin was cross-linked with the magnetic beads at 4�C for 4h. At the end of cross-

linking, DNA was purified using magnetic beads. The DNA samples obtained from purification were subjected to real time

quantitative.

Cell viability assay
HL60 and MOLM13 cells, characterized by favorable growth status, were harvested via centrifugation and subsequently resus-

pended using PBS. The cell density was quantified using a cell counting plate. Upon application of the specific conditions, the cells

were transferred to 96-well plates at a density of 5*104 cells per well for seeding. The plates were subjected to incubation for the

specified duration in an incubator maintained at 37�Cwith 5%CO2. Upon completion of the specified duration, 10 mL of CCK8 detec-

tion reagent wasmeticulously added to each well and gently mixed. The 96-well plates were then repositioned in the incubator for an

additional 1.5-2 hours. Ultimately, the absorbance at 450 nm was assessed using a Microplate Reader.

Lentivirus packaging and infection
We used well-grown 293T cells for lentiviral packaging. At the outset, 293T cells were introduced into a 10cm dish on the initial day.

The suitable seeding density was 70-80% of the cells growing to 10 cm dishes after 24 hours. The day after, a specific ratio of the

packaging plasmid and the target plasmid was delivered into 293T cells through transfection (pVSV-G: psPAX2: target

plasmid =1:3:2,totaling 15 mg/ dish). The transfection reagent was lipo8000. The virus was collected 48 hours after transfection. Viral

processing conditions: 400g, 4min.Then filter it through a 0.45mmfilter. If used immediately, it can be stored for up to a week at 4�C. If
long-term storage is required, dispense and store in a -80�C refrigerator. When the virus was used to infect cells, the ratio of virus to

medium was 1:1. The concentration of polybrene was 10mg/ml. The cells were infected for 24 hours and then replaced with a new

virus and infected for another 24 hours. At the end of the infection, puromycin was added for screening for 3 days. Finally, infection

efficiency was determined using qPCR or western blot.

Flow cytometry
A suitable number of cells were seeded in a 6-well plate and subjected to the corresponding conditions for the necessary time period.

Afterward, the cells were harvested by centrifugation and and subjected to two rounds of washing with pre-cooled PBS. Each tube

was supplemented with 100 mL of 13 binding buffer, and the cells were then resuspended using a pipette gun. The dye should be

added while avoiding exposure to light. The non-stained group does not receive any dye, the single-stained group is treated with

either Annexin V or PI, and the double-stained group is treated with both Annexin V and PI. The mixture should be gently mixed using

a pipette gun.Upon completion of a 15-minute incubation period at room temperature, ensuring adequate protection from any light

exposure, an additional 300 mL of 13 binding buffer was introduced. After a thorough blending process, the cell suspension was
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meticulously relocated to 5mL flow tubes, ensuring complete shielding from any light interference. Subsequently, within a time frame

of one hour, the samples were expeditiously subjected to analysis using a state-of-the-art flow cytometer. The gating strategy for

apoptosis detection involved the use of two single-stained tubes to separate negative cells, ensuring that over 95% of the cells

were distributed in the LL quadrant. Annexin V single staining ensured that over 95% of the cells were distributed in the LL+LR quad-

rants, while PI single staining ensured that over 95% of the cells were distributed in the LL+UL quadrants.

Hematoxylin eosin staining
After the mice tissues were extracted, they were fixed in paraformaldehyde for more than 24h, and gradient dehydration was per-

formed after the fixation was completed. After dehydration, the tissue was embedded in paraffin and sliced. The slices underwent

a baking process at 60�C for a duration of 12 hours. Subsequently, the slices were subjected to a dewaxing procedure: initially,

they were immersed in xylene for three cycles of 20 minutes each. Following this, the slices were sequentially exposed to ethanol

concentrations of 100%, 100%, 95%, 85%, and 75%,with each concentrationmaintained for 5minutes. Finally, the slices were thor-

oughly rinsed with distilled water for a period of 5 minutes. The hematoxylin stain was applied for a duration ranging from 1 to 10 mi-

nutes, followed by a thorough rinse with distilled water. Subsequently, the blue color was restored by treating the sample with PBS.

As for eosin staining, it was performed for a period of 1 to 5minutes, after which the sample was rinsed with distilled water. The slices

underwent two cycles of immersion in xylene for a duration of 10 minutes each. Ultimately, the slices were carefully sealed with

neutral gum and subjected to microscopic observation.

Bioinformatics analysis
The Biostatistics analysis was conducted using R version 4.3.0, employing a two-sided test. TheMann-Whitney U test was utilized for

comparisons between the two groups. Pearson’s correlation test was applied for correlation analysis. AML patients were stratified

into BMAL1-high and BMAL1-low mRNA expression groups using the minimum p-value method.68 Survival analysis was performed

using the Kaplan-Meier method and the log-rank test. p < 0.05 was set as statistically significant.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were presented asmean ±SD. The data underwent a Shapiro-Wilk normality test prior to analysis. For normally distributed data,

unpaired two-tailed t-tests were used for comparisons between two groups, while one-way or two-way ANOVA followed by post hoc

Dunnett, Tukey, or �Sı́dák test were employed for comparisons involving three or more groups. Non-normally distributed data were

analyzed using non-parametric tests, with theMann-Whitney U test for comparisons between two groups and the Kruskal-Wallis test

followed by the Dunn post hoc test for analyses involving three or more groups. Survival analysis was conducted using the log-rank

test, and correlation analysis was performed using Spearman’s rank correlation. All statistical analyses were performed using Prism

9.0 (GraphPad). For all graphs: ns: p >0.05; *, p <0.05; **: p<0.01, ***: p<0.001, ****: p<0.0001.

e6 iScience 28, 112054, April 18, 2025

iScience
Article

ll
OPEN ACCESS


	ISCI112054_proof_v28i4.pdf
	BMAL1-depletion remodels ceramide metabolism to regulate ferroptosis and sorafenib chemosensitivity in acute myeloid leukemia
	Introduction
	Results
	BMAL1-deletion upregulates ceramide level in AML cells
	Ceramide upregulation sensitizes AML cells to lipid peroxidation and ferroptosis
	ASAH2 is the key mediator in the elevation of ceramide levels induced by BMAL1 knockdown
	IKZF2 mediates BMAL1’s regulation of ASAH2
	GPX4 degradation promotes ceramide upregulation-mediated ferroptosis
	BMAL1 depletion boosts AML cell sensitivity to sorafenib
	The BMAL1-IKZF2-ASAH2 pathway enhancing ferroptosis-mediated AML suppression in vivo

	Discussion
	Limitations of the study
	Conclusions

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Ethics approval and consent to participate
	Human materials
	Animals

	Method details
	Cell culture
	Human samples
	Animal model
	Untargeted lipidomic
	Western blot
	Real-time PCR
	MDA
	Lipid peroxidation
	Chromatin immunoprecipitation
	Cell viability assay
	Lentivirus packaging and infection
	Flow cytometry
	Hematoxylin eosin staining
	Bioinformatics analysis

	Quantification and statistical analysis




