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Leukemic cells modulate the bone marrow microenvironment to enhance their survival. Lipolysis 
in bone marrow adipose tissue (BMAT) has emerged as a critical factor supporting leukemic cell 
survival, yet understanding its primary role in leukemia development remains limited. Fanconi 
anemia (FA), characterized by a predisposition to acute myeloid leukemia (AML) and hypersensitivity 
to environmental toxins, is a transitional model for studying leukemic transformation. İntegrated 
multi-omics analyses were conducted on BMAT-derived mesenchymal stem/stromal cells (MSCs) from 
healthy donors (HD), AML, and FA patients. These analyses revealed intricate interactions among 
genes, metabolites, and lipids. Particularly noteworthy were the effects observed following the 
inhibition of aryl hydrocarbon receptor (AhR) signaling by StemRegenin1 (SR1). BMAT-MSCs showed 
increased expression of epithelial-mesenchymal transition (EMT) genes in FA and AML, suggesting a 
potential shift towards cancer-associated fibroblasts in the dysregulated marrow microenvironment. 
Identification of potential circadian rhythm biomarkers (NPAS2, PER2, BHLHE40, PER3, CIART) in 
BMAT-MSCs indicates a link between related lipid metabolism genes (e.g., PTGS1, PIK3R1) and SR1 
treatment, implicating them in lipolysis processes. Dysregulation of circadian rhythm-related genes 
(CIART, BHLHE40, NPAS2) in AML BMAT-MSCs, along with changes in circulating lipid metabolites like 
palmitate suggests their role in shaping the leukemia microenvironment. Upregulation of FABP5 and 
CD36 suggests a novel molecular mechanism involving FABP5 in AhR-mediated circadian regulation 
and identifies CD36 as a potential partner for FABP5 in BMAT-MSCs. Overall, this study unveils the 
interplay between AhR signaling, circadian rhythm, and the leukemia microenvironment in BMAT-
MSCs, offering new insights into leukemia pathogenesis and therapeutic opportunities.
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Bone marrow (BM) is the primary site for hematopoiesis, where both cellular and non-cellular components 
create a niche for hematopoietic stem cells (HSCs) and their progeny to perform their life-long functions. 
Mesenchymal stem/stromal cells (MSCs) are key elements of the BM microenvironment, supporting this 
niche by differentiating into adipocytes, osteoblasts, and by secreting soluble factors and extracellular matrix 
components1. Among the cellular components, adipocytes have garnered significant attention in the pathogenesis 
of leukemia. They are active participants in the metabolic crosstalk with HSCs and leukemic cells2.

BM adipocytes possess unique properties, distinguishing them from both white and brown adipocytes3. 
The bone marrow adipose tissue (BMAT) is characterized by a cholesterol-based metabolism rather than being 
primarily lipolytic4. Research has indicated that, in the early stages of leukemia, BM adipocytes contribute to 
establishment of a microenvironment that supports tumor growth5. However, the extensive proliferation of 
leukemic blasts in the BM leads to a rapid reduction in these adipocytes. The literature on how leukemic cells 
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regulate adipocytes and their impact on disease progression is limited. Recent investigations have revealed that a 
diminished size of BM adipocytes is associated with a poor prognosis in acute myeloid leukemia (AML), with AML 
patients exhibiting significantly smaller adipocytes compared to the control group6. Another study has provided 
evidence that AML blasts remodel the BM niche by releasing exosomes, thereby creating a microenvironment 
that favors leukemia growth while simultaneously suppressing normal hematopoiesis7. However, little is known 
about how leukemia cells alter the BM niche to facilitate their growth and evade chemotherapy.

Dioxins/xenobiotics and dioxin-like compounds are toxic substances that emerge as industrial byproducts 
and are highly harmful to biological systems8. Aryl Hydrocarbon Receptor (AhR), also known as the dioxin 
receptor, serves as the main regulator of dioxin-mediated toxic substances9. AhR and circadian clock pathways 
are integrated and exhibit reciprocal regulation, as established in the literature10. The circadian clock is an 
evolutionarily conserved system. It consists of endogenous oscillators that regulate the organism’s physiological 
processes and various metabolic functions. These rhythmic oscillations are necessary for functions such as 
adaptation to environmental stimuli like day-night cycles, sleep-wake cycles, nutrition, and hormone release. 
The circadian clock operates through the transcription-translation feedback loop (TTFL) at the molecular level. 
Four key circadian clock genes, BMAL1 (Brain and Muscle ARNT-Like 1 or Aryl hydrocarbon receptor nuclear 
translocator-like protein 1 (ARNTL)) and CLOCK (Circadian Locomotor Output Cycles Kaput), are responsible 
for positive regulation. At the same time, CRY (CRYPTOCHROME) and PER (PERIOD) are responsible for 
negative regulation11.

AhR and ARNT have exhibited significant homology with the core circadian clock genes, CLOCK and 
BMAL1. These proteins belong to the bHLH/PAS domain-containing family. They are particularly known for 
their roles as regulators of circadian rhythms, mediators of responses to hypoxia, and contributors to xenobiotic 
metabolism12,13. Research has shown that increased levels or activity of circadian clock components (e.g., CLOCK: 
BMAL1) can inhibit tumor growth and proliferation. In this context, various chronotherapeutic interventions 
aim to improve or restore circadian rhythms to suppress cancer development and enhance response to anticancer 
treatments. On the other hand, some studies have shown that core clock genes, such as those found in leukemia 
stem cells, may exhibit tumor-promoting functions depending on the cancer cell state or type14 resulting in 
differentiation and expansion of leukemia stem cells that propagate the disease15.

The circadian clock regulates a diverse number of metabolic pathways, affecting key metabolic enzymes 
transcriptionally through the CLOCK-BMAL1 heterodimer, as well as influencing metabolically active tissues 
indirectly by regulating endocrine factor release in a time-of-day-dependent manner16. Given the critical roles of 
AhR and the circadian clock in glucose and lipid metabolism regulation, desynchronized AhR activity is expected 
to impact metabolic functions17. Moreover, AhR deficiency leads to changes in circadian-controlled metabolites 
such as glucose, insulin, and triglycerides, underscoring the involvement of AhR in circadian regulation18.

Understanding the cellular and molecular mechanisms driving BMAT expansion and its interaction with 
cancerous cells is crucial for developing novel therapies to enhance BM health. Moreover, BMAT biology is a new 
research area with many unknowns, supporting the elucidation of numerous mechanisms awaiting clarification 
related to BM biology and the leukemogenesis process. This exploration can deepen our comprehension of how 
BMAT influences its metabolism and that of tumor cells. On the other hand, the impact of BMAT on normal 
hematopoiesis is contentious in the literature.

Studies have suggested that the circadian clock regulates approximately 10-40% of the transcriptome19,20, and 
around 50% of metabolites exhibit oscillating levels in response to circadian rhythms21. Based on the information 
indicating its widespread regulatory effect, we aimed to delineate the potential effects of BMAT-MSCs on AML 
pathogenesis through the crosstalk between the circadian clock and AhR signaling after treatment with AhR 
antagonist StemRegenin1 (SR1). The literature recognizes a relationship between the circadian clock and 
leukemogenesis. However, unraveling this complex interplay requires a holistic analysis of pathways. In addition 
to the intrinsic events in HSCs, how stromal cells and adipocytes effect HSC biology and leukemogenesis 
through circadian clock regulation perspective is the most unknown side of the mechanisms.

From this point, we conducted a comprehensive study employing a multi-omics approach that included 
RNA sequencing-based transcriptomics, as well as gas chromatography-mass spectrometry (GC-MS) and 
liquid chromatography-quadrupole time-of-flight mass spectrometry (LC-QTOF-MS) for metabolomics 
and lipidomics analysis. This multi-omics analysis provided a holistic understanding of biological processes 
because it considers the interplay between genes, metabolites, and lipids. The study focused on BMAT-MSCs 
from healthy human donors (HD), patients with AML, and patients with Fanconi anemia (FA)—a hereditary 
disease characterized by DNA double-strand breaks, hypersensitivity to xenobiotics, and a predisposition to the 
development of myeloproliferative diseases/AML22–24.

Methods
Cell culture
Bone marrow samples were collected from 3 HD, 3 patients with FA, and 3 patients with AML. Patients with FA 
did not show signs of leukemia or myelodysplastic syndrome at the time of collection. Sample nomenclature and 
information list are shown in Supplementary Table 1. BMAT-MSCs were isolated following the International 
Bone Marrow Adiposity Society (BMAS) guidelines25,26. Bone marrow aspiration samples were centrifuged at 
453g for 10 min to obtain a BMAT fraction. The fatty layer was collected, plasma was separated, and mononuclear 
cells were obtained by Lymphoprep centrifugation at 1050g for 25–30 min at room temperature without brake. 
Cells were cultured in low-glucose Dulbecco’s Modified Eagle Medium (LG-DMEM) (Biowest) supplemented 
with penicillin-streptomycin (100 U/ml and 100 µg/ml, respectively), 1% L-Glutamine (Biowest), and 10% FBS 
(Gibco) in a humidified incubator at 5% CO2 and 37 °C. Adherent cells at 80–90% confluency were passaged, 
and experiments were conducted at passage 3. Immunophenotyping was performed using (Supplementary 
Fig.  1) CD105-APC (BioLegend, #32320), CD29 (BioLegend, #303003), and negative markers CD45-FITC 
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(BioLegend, #304006) and CD34 (BioLegend, #343503) on the BD Accuri C6 v1.0 system. Osteogenic and 
adipogenic differentiation potential was assessed using StemPro kits (StemPro, #A1007201, and #A1007001, 
respectively). Osteogenic differentiation was assessed based on calcium deposition and visualized using phase-
contrast imaging. Adipogenic differentiation was evaluated using Oil Red O staining to visualize lipid droplet 
formation. As a control, undifferentiated BMAT-MSCs were maintained under standard culture conditions for 
14 days. All images were captured using an inverted light microscope. Results are shown in Supplementary 
Fig. 2.

Circadian synchronization
BMAT-MSCs were seeded into 6-well plates at 1 × 106 cells per well. After seeding, the medium was supplemented 
with 100 nM Dexamethasone (DEX) (Sigma-Aldrich, #50-02-2), and the plates were incubated for 1 h. Cells 
were then collected at the 18th hour and stored at – 80 °C in 500 µl of QIAzol until RNA extraction (Qiagen, 
#79306).

Cell proliferation assay
Cell proliferation was evaluated via WST-1 assay (Roche, #11644807001). Cells were plated in 96-well plates 
and treated with different StemRegenin1 (SR1) (STEMCELL Technologies, #72342) concentrations, an AhR 
antagonist. After incubation, WST-1 reagent was added, and absorbance at 450  nm was measured using a 
microplate reader (TECAN ELISA reader). Absorbance values were normalized to untreated control cells.

AhR antagonist treatment
To investigate the entrainment of the circadian clock in BMAT-MSCs using the AhR antagonist SR1 in vitro, 
we utilized DEX and SR1 dissolved in ethanol and DMSO, respectively. Cells were plated in 6-well plates at a 
concentration of 1 × 106 cells and incubated overnight. The next day, after synchronization, cells were treated 
with SR1 at a final concentration of 1.5 µM based on the results of the WST-1 assay. Cell supernatants and BMAT 
cells were collected at ZT18 for metabolomics and transcriptomics analysis, respectively.

Transcriptomics analysis
The cell culture wells were washed with PBS, and cells were collected in 500 µL QIAzol Lysis Reagent (Qiagen 
#79306) for RNA isolation, which was performed with 100 µL chloroform (Merck #102445) and ethanol (Merck) 
precipitation. The RNA phase was separated by ultracentrifugation at 12,000g for 20 min. RNA precipitation 
was then carried out with a 1:1 v/v RNAphase/Isopropanol (Merck) mixture. The RNA pellets were washed 
with 1 ml of 75% ice-cold ethanol (Merck). The phenol-extracted RNA was further purified using the RNeasy 
Miniprep Kit (Qiagen #74104), with optional on-column DNase treatment, following the manufacturer’s 
instructions. Samples collected at one time point (ZT18) were sequenced. A total of 18 samples were used for 
RNAseq experiments. Quality and quantity measurements of isolated total RNAs were analyzed using both the 
Nanodrop 1000TM spectrophotometer (Thermo Scientific, USA), Qubit (Thermo Fisher Scientific, USA), and 
BioAnalyzer (Agilent, USA). RNA samples with OD260/280 ratios between 1.8 and 2.0, 28 S:18 S ≥ 1, and RNA 
integrity number (RIN) ≥ 8 were used for library construction. For each sample, cDNA libraries were generated 
from 1 µg total RNA using the Illumina Stranded Total RNA Library Prep with Ribo-Zero Plus Kit (Illumina 
#20040529), following the manufacturer’s instructions. Paired-end 100-bp read cDNA libraries were prepared 
in three biological replicates per group, using the HiSeq2500 sequencing platform (Illumina, USA) through a 
commercial sequencing service.

cDNA synthesis from isolated total RNA was conducted using the Nepenthe kit (#NP041011610) for both 
RNAseq and transcriptomic data validation. qRT-PCR studies utilized Gotaq qPCR master mix (Promega 
#A6001) on a Roche Light Cycler 480 fluorometric PCR instrument. The housekeeping gene ACTB served as 
an internal control for mRNA abundance. Reactions were conducted with three biological replicates and three 
technical replicates per sample, including no-template controls (NTCs). Fold changes in target gene mRNA levels 
were calculated using the formula 2^(−ΔΔCt). Gene list and primer sequences are available in Supplementary 
Table 2.

Metabolomics and lipidomics analysis
The metabolomic analysis involved utilizing two orthogonal metabolomics platforms: gas chromatography-
mass spectrometry (GC-MS) and liquid chromatography quadrupole time-of-flight mass spectrometry (LC-
qTOF-MS). Initially, 750 µL of cell culture supernatants were evaporated until dry using a vacuum centrifuge 
concentrator at room temperature (Labconco, refrigerated centriVap concentrator). Upon complete evaporation, 
a 900 µL mixture of methanol: water (9:1 v/v) was added to the pellet of metabolomics samples and centrifuged 
at + 4 °C, 14,000 rpm for 10 min. 400 µL of supernatants were collected into new tubes and repeated evaporation 
under the same conditions. Subsequently, freshly prepared 20 µL of 20 mg/mL methoxyamine hydrochloride 
in pyridine (MeOX-Sigma-Aldrich) was added to the evaporated samples and vortexed, then, were incubated 
in a shaking oven at 37  °C for 30  min. Following the incubation, 50 µL of N-Methyl-N-(Trimethylsilyl)
trifluoroacetamide + 1% trimethylchlorosilane (Sigma, 69478) was added per sample and vortexed and then 
incubated in a shaking incubator at 30 °C for 30 min for derivatization. Samples, after derivatization, underwent 
GC-MS analysis using a Shimadzu GCMS-QP2010 Ultra (Kyoto, Japan), utilizing a DB-5MS stationary phase 
column (30 m + 10 m Duraguard × 0.25 mm i.d., with a film thickness of 0.25 μm). The temperature in the oven 
started at 60 °C, maintained for 1 min, before ramping up from 60 to 325 °C at a rate of 10 °C per minute, where 
it remained for an additional 10 min. An injection volume of 1 µL was employed in a splitless mode. The mass-
to-charge ratio (m/z) range for scanning the samples was set between 50 and 650.
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For lipidomics analysis, the dried-out samples were resolved with 200 µL chloroform by vortexing for 1 min. 
Subsequently, the tubes were centrifuged at 12,000 rpm for 10 min at + 4 °C. The supernatant was transferred 
to new tubes and evaporated to dryness. The dried samples were reconstituted with 150 µL of acetonitrile: 
isopropanol (7:3, v/v) mixture. The entire supernatant was transferred to the vials and then analyzed by LC-
qTOF-MS (Agilent 6530 accurate-mass, California, USA). The analyses were performed in negative and positive 
ionization modes using a C18 (100 × 2.1  mm, 2.7  μm) column with mobile phases consisting of (A) water: 
acetonitrile (6:4, v/v) containing 10 mM ammonium formate (Fluka, #BCBQ4969V) and 0.05% formic acid 
(Merck, #64-18-6,) and (B) isopropanol: acetonitrile (9:1, v/v) containing 10 mM ammonium formate and 0.05% 
formic acid in gradient elution mode. The run time was 27 min and instrument parameters, and gradient elution 
were as previous study27.

Identification of differentially expressed genes, metabolites, and lipids
Firstly, checks for barcode contamination, sequence adapters, and unmapped paired-end sequences were 
done, and a set of standard quality value calculations were performed using the FastQC (v0.11.9) (Babraham 
Bioinformatics, UK). To clean and enhance the quality of the reads, adapter sequences, sequences with a Phred 
score below 20 (Q < 20), bases containing unidentified bases (N) ( N > 5), sequences shorter than 32 bases, and 
low bases in the 3′ terminus of the sequences were trimmed using Trimmomatic software v0.3928. Fastq files 
containing trimmed RNA-seq reads were aligned to the human reference genome GRCh38 by using STAR 
(v2.7.10b) (default parameters). STAR is especially used for RNAseq mapping29. Mapping statistics can be found 
in Supplementary Table 3. After the mapping process, the Cuffdiff command in the Cufflinks suite was employed 
with default parameters. This utilized a false discovery rate (FDR) threshold of ≤ 0.01 to detect differentially 
expressed genes (DEGs) between different conditions30. Differential expression analysis was conducted utilizing 
quartile library normalization, followed by calculation of fragments per kilobase of exon per million mapped 
reads (FPKM) and fold changes.

MS-DIAL (ver. 4.92) software was used to perform deconvolution, peak alignment, and retention time 
correction on complex chromatograms obtained by GC-MS and LC-qTOF-MS-based metabolomics and 
lipidomics analyses. Metabolites were identified by the Fiehn Retention Index Library. Lipids were identified 
with MS/MS spectral libraries (positive and negative, RIKEN) provided by the software manufacturer by 
comparing MS/MS spectra obtained by applying different energy levels (10, 20, and 40 eV). Data matrices from 
both GC-MS and LC-qTOF-MS analyses were separately normalized by QC samples-based LOESS algorithm 
(Locally Weighted Scatterplot Smoothing). After normalization, the data has been scaled according to the mean. 
The normalized data matrices were exported to .csv format and further curation of the data was carried out with 
Excel. Missing values in the data set were filled with half the value of the smallest relative concentration within 
the sample group. Metabolites and lipids containing higher than 50% missing values and identified in the mobile 
phase were excluded from the data matrix. The data integrity was evaluated using principal component analysis 
(PCA) (data not shown).

MetaboAnalyst v6.0 tool (https://www.metaboanalyst.ca/) was used for statistical and visualization of the 
metabolomics data. Whether the metabolites of the difference among AML, FA, and HD groups, differential 
expression metabolites (DEMs) were determined by the fold change and Student’s t-test values (p < 0.05) and 
visualized by volcano plots (data not shown) and orthogonal partial least-squares discriminant analysis (OPLS-
DA) (Supplementary Fig.  3A). LipidSuite (https://suite.lipidr.org/) was employed for statistical analysis and 
visualization of the lipidomics data. OPLS-DA (Supplementary Fig.  3B) and Student’s t-test were utilized to 
identify differentiated groups. Univariate analysis, similar to DEMs, was used for differentially expressed lipids 
(DELs).

Functional enrichment analysis
The biological significance of DEGs was assessed through Gene Ontology (GO) analysis, covering biological 
process (BP), cellular component (CC), and molecular function (MF), utilizing the ShinyGO v8.0 ​(​​​h​t​t​p​:​/​/​b​i​o​i​n​f​
o​r​m​a​t​i​c​s​.​s​d​s​t​a​t​e​.​e​d​u​/​g​o​/​​​​​) webtool. To further investigate enriched gene sets, we employed gene set enrichment 
analysis (GSEA) utilizing hallmark gene sets from MSigDB in ShinyGO v0.8 with default parameters.

Metabolite set enrichment analysis (MSEA) was performed using MetaboAnalyst v6.0 with default 
parameters. The statistically differentiated metabolites were matched with related pathways by scanning the 
KEGG database www.kegg.jp/kegg/kegg1.html)31,32.

Lipid Pathway Enrichment Analysis (LIPEA) software (https://lipea.biotec.tu-dresden.de) was employed to 
conduct pathway enrichment analysis of lipids using the Over Representation Analysis (ORA) approach.

Multi-omics integration of transcriptomics and metabolomics
The interaction pathways between DELs and DEGs were established using MetaboAnalyst v6.0’s Joint-pathway 
analysis module. The results were then visualized with STITCH, a protein/compound query plugin in Cytoscape 
v3.10.1 (https://cytoscape.org/) to illustrate biological relationships between metabolites and genes.

Lipid pathway analysis was performed using BioPAN software (https://www.lipidmaps.org/biopan). 
Pathways with a p-value < 0.05 were considered significant. The most stimulated and inhibited lipid reactions 
were identified based on a Z-score > 1.645.

Statistical analysis
GraphPad Prism v9.0.1 (GraphPad Software, USA) was utilized for data visualization and statistical analysis, 
including qRT-PCR analysis and classification of omics data. Gene expression analysis underwent statistical 
analysis using two-way ANOVA, followed by Fisher’s LSD test for multiple comparisons. A significance level of 
p < 0.05 was applied to all experiments, and data are presented as mean ± SEM. Additional details on statistical 
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tests conducted for each experiment, including qRT-PCR and multi-omics data, can be found in the figure 
legends. Criteria for screening DEMs and DELs included p < 0.05, Log2 Fold Change, and VIP > 1, respectively.

Results
We conducted a study involving human BMAT-MSCs obtained from three HD, three patients with AML, and 
three patients with FA, an inherited disease characterized by AML predisposition. We investigated the biological 
role of crosstalk between the circadian clock and AHR signaling after treatment with 1.5 µM SR1 and compared 
the corresponding signaling pathway response with stromal cells obtained from bone marrow pathologies. We 
collected cells and cell culture supernatants under synchronized conditions (exposure to DEX for one hour at 
a concentration of 100 nM) at Zeitgeber Time 18. The workflow of our study, detailing the experimental design 
and multi-omics approaches in BMAT-MSCs exposed to SR1, is illustrated in Fig. 1.

Despite the natural variability in individual patient characteristics (Supplementary Table 1) such as age, 
gender, and disease subtype, the results from individuals within the same group were pooled and analyzed 
collectively. By normalizing treated samples to their respective untreated controls, the influence of individual 
variation was minimized, enabling the focus to remain on the specific effects of SR1 within each group (HD, FA, 
AML). This approach ensured that the observed differences could be attributed to SR1’s impact on the groups 
rather than individual variability. However, the high interindividual variability inherent in human specimens, 
including those from healthy donors and patients, underscores the need for larger sample sizes in future studies 
to better define differences in baseline profiles.

Inhibition of AHR in BMAT-MSCs with SR1 treatment
We initially found that SR1 inhibits AhR signaling by reducing the expression of specific AhR target genes like 
CYP1A1, CYP1B1, and TIPARP, as shown in RNA-seq (Supplementary Table 4). Validation using qRT-PCR 
confirmed decreased CYP1A1 expression levels following SR1 treatment compared to untreated CTRL groups, 
consistent with RNA-seq data (Fig. 2A). Furthermore, three genes (PTGS1, NPAS2, PER2) selected from RNA-
seq results were validated with qRT-PCR, aligning with RNA-seq trends (Fig. 2B).

Evaluation of transcriptomics, metabolomics, and lipidomics data
Transcriptomics data involved exposing cells to SR1 treatment or untreated controls (CTRL), followed by total 
RNA isolation and sequencing as described in the “Methods” section. Transcriptome analysis was conducted on 
18 samples (HD = 3, FA = 3, and AML = 3; SR1 and CTRL, respectively) in BMAT-MSCs, alongside metabolomics 
and lipidomics analyses. All data underwent quality control and trimming, with Phred scores (Q scores) ≥ 30. 
Alignment to the human reference genome (GRCh38) revealed total mapping rates averaging 99.61% and 
99.64% for each sample in CTRL and SR1, respectively (Supplementary Table 3), indicating high-quality data 
suitable for transcriptome analysis. Differentially expressed genes (DEGs) totaled 691 and 420 in SR1 and CTRL 
groups, respectively, with 194 genes overlapping.

In metabolomics data, the quality, reliability, and biological significance of results were assessed. Quality 
control samples were used to ensure data reliability and accuracy. Data were normalized to minimize technical 
variations and enable comparability across different experimental conditions. Metabolites and lipids with over 
50% missing values, exhibiting a RSD value exceeding 30% in QC samples, and identified in the mobile phase 
content were excluded from the data matrix. A total of 159 metabolites and 88 lipids were identified with a 
score value greater than 70 by RI Fiehn library for metabolomics and matching of MS/MS spectra for lipidomic 
analyses.

Classification of all genes, metabolites, and lipids
The multi-omics analysis provided descriptive information for BMAT-MSCs. Untreated CTRL (Fig. 2C) and SR1 
treatment (Fig. 2D) groups were differentiated to assess gene, metabolite, and lipid profiles. Genes were classified 
based on RNA types, while metabolites and lipids were categorized by chemical class. In transcriptomics data, 
most transcripts increased with SR1 treatment across various RNA types, with some specific RNA types observed 
only in the SR1 group. Notably, snoRNA (48) showed a significant upregulation post-treatment. Metabolomics 
data revealed 159 metabolites grouped into 12 classes, including carbohydrates, fatty acyls and nucleic acids. 
Lipidomics identified 88 lipid species across 7 classes, such as encompassing monoglycerides, diglycerides, 
sphingomyelins, and phosphatidylcholines.

Identification and visualization of differentially expressed genes (DEGs), metabolites 
(DEMs), and lipids (DELs)
Classical criteria (p < 0.05, Log2 Fold Change, and VIP > 1) were used to identify DEGs, DEMs, and DELs 
(Supplementary Tables 4, 5, 6, 7, 8). In the untreated CTRL group of BMAT-MSCs, significant DEGs were 
identified as 242, 77, and 242, DEMs as 6, 22, and 7, and DELs as 54, 18, and 44 for AML vs. HD, FA vs. HD, and 
AML vs. FA comparisons, respectively (Fig. 2E). Conversely, in the SR1 treatment group, significant DEGs were 
identified as 389, 148, and 429, DEMs as 25, 20, and 25, and DELs as 3, 49, and 11 for the same comparisons 
(Fig. 2F). Unique DEGs and DEMs markedly increased with SR1 treatment compared to the untreated CTRL 
group across all comparisons, except for DELs in the FA vs. HD comparison, which decreased sharply in AML vs. 
HD and AML vs. FA groups. Hierarchical clustering confirmed differences between hematological malignancies 
(AML and FA) and healthy donors for both SR1 treatment and untreated CTRL. Heatmaps (Fig. 2G–I for CTRL, 
and Fig.  2J–L for SR1 treatment) showed 50 differential genes (padj < 0.05) for transcriptomic data, and 80 
metabolites and lipids for metabolomic and lipidomic data.

Scientific Reports |        (2025) 15:16387 5| https://doi.org/10.1038/s41598-025-93169-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 1.  The workflow of the study. Human bone marrow adipose tissue-derived mesenchymal stem cells 
(BMAT-MSCs) obtained from three healthy donors (HD), three patients with Acute Myeloid Leukemia 
(AML), and three patients with Fanconi Anemia (FA), an inherited disease characterized by AML 
predisposition, is depicted. Cells and cell culture supernatants were collected under synchronized conditions 
(dexamethasone (DEX) for one hour at of 100 nM) at Zeitgeber Time 18. The experimental design and multi-
omics approaches employed in BMAT-MSCs exposed to SR1 are detailed. Created with BioRender.com.
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Functional enrichment analysis of differentially expressed genes (DEGs), metabolites 
(DEMs), and lipids (DELs)
Gene ontology (GO) analysis of DEGs
GO analysis was conducted to discern key biological features from transcriptomic data, with results detailed in 
the top 20 GO terms across BP, CC, and MF (Fig. 3A–F). Notable GO-BP terms indicated significant regulation 
of cellular processes such as migration, morphogenesis, and locomotion with SR1 treatment in AML vs. HD 
and AML vs. FA comparisons (Fig.  3B,F). Additionally, untreated CTRL groups showed similar trends in 
AML vs. HD and AML vs. FA comparisons, with an overlap of 60% (Fig. 3A,E). While gene expression levels 
decreased overall compared to CTRL groups, top three enriched GO-CC terms remained consistent across all 
comparative groups, highlighting increased DEG numbers upon SR1 treatment (Fig.  3; middle). Moreover, 
distinct expression patterns were observed in SR1-treated groups compared to untreated CTRL, particularly 
in EMT-related processes (Fig. 3B; middle). This difference was underscored by alterations in the extracellular 
matrix and related genes, with notable changes in SR1-treated groups (Supplementary Table 9). Additionally, 
GO-MF analysis revealed significant increases in insulin binding function in AML vs. HD comparisons with 
SR1 treatment, indicating potential pathway alterations (Fig. 3B, right). These enriched terms offer insights into 
the role of DEGs in AhR inhibition.

Gene sets enrichment analysis (GSEA) of DEGs
Gene set enrichment analysis (GSEA) was conducted using ShinyGO v0.8, utilizing the R/Bioconductor 
package. Enriched gene sets from the MSigDB hallmark data collection were obtained, with a false discovery rate 
(FDR) threshold of 0.05. These gene sets are highly reliable and curated to include consistently observed genes in 
specific pathways. Hallmark genes were investigated across three comparative groups, including SR1 treatment 
and untreated CTRL, revealing overlapped hallmarks (highlighted in red in Fig.  4A,B). Seven significantly 
enriched hallmarks were observed with SR1 treatment, including epithelial-mesenchymal transition, hypoxia, 
TNFa signaling via NFKB, IL6 jak stat3 signaling, cholesterol homeostasis, estrogen response early, and 
apoptosis (Fig. 4B). Notably, two of these hallmarks, epithelial-mesenchymal transition, and estrogen response 
early, also overlapped with untreated CTRL groups (Fig. 4A). Enriched genes showed at least a 2-fold increase 
after SR1 treatment compared to untreated CTRL. Additionally, hallmark adipogenesis and estrogen response 
late, absent in untreated CTRL groups, were considered, although not exhibiting the highest fold changes as the 
seven hallmarks.

Metabolite sets enrichment analysis (MSEA) of DEMs
Metabolite set enrichment analysis (MSEA) was conducted using MetaboAnalyst v6.0. Overlapped pathways 
were highlighted in a rectangle (Fig.  4C,D), revealing significantly enriched metabolites and pathways after 
SR1 treatment across all comparative groups. Eleven pathways overlapped among the three comparative groups 
after SR1 treatment, compared to only one pathway (arginine biosynthesis) in the untreated CTRL groups. 
Non-overlapped pathways (19) after SR1 treatment in the three comparative groups were examined in pairwise 
comparisons. Notable findings include the presence of the pyrimidine metabolism pathway in both AML vs. 
HD and FA vs. HD comparisons, and common pathways such as arginine biosynthesis, alanine, aspartate, and 
glutamate metabolism, and biosynthesis of unsaturated fatty acids in AML vs. HD and AML vs. FA comparisons. 
Similarly, the starch and sucrose metabolism pathways overlapped in FA vs. HD and AML vs. FA groups.

Untreated CTRL (Fig.  4C): In AML vs. HD comparisons (left), pathways such as arginine biosynthesis, 
fructose and mannose metabolism, and pentose phosphate pathway were significantly enriched (p < 0.05). In 
FA vs. HD comparisons (middle), pathways including galactose metabolism, alanine, aspartate, and glutamate 
metabolism, and citrate cycle (TCA cycle) were enriched (p < 0.05). Lastly, in AML vs. FA comparisons (right), 
pathways such as pantothenate and CoA biosynthesis, thiamine metabolism, and taurine and hypotaurine 
metabolism were significantly enriched (p < 0.05). Particularly, the arginine biosynthesis pathway stood out in 
AML comparisons with untreated CTRL groups, whereas its significance was lost after SR1 treatment.

SR1 treatment (Fig.  4D): In AML vs. HD comparisons (left), significantly enriched pathways included 
arginine biosynthesis, glycerolipid metabolism, pantothenate and CoA biosynthesis, and pentose phosphate 
pathway (p < 0.05). In the FA vs. HD comparison (middle), pathways such as pantothenate and CoA biosynthesis, 
galactose metabolism, and valine, leucine, and isoleucine biosynthesis were enriched (p < 0.05). Lastly, in the AML 
vs. FA comparison (right), enriched pathways included valine, leucine, and isoleucine biosynthesis, nicotinate 
and nicotinamide metabolism, and pantothenate and CoA biosynthesis (p < 0.05). Notably, the pantothenate 
and CoA biosynthesis pathway was enriched across all three comparison groups post-SR1 treatment. Detailed 
information on MSEA is provided in Supplementary Table 10.

Lipid sets enrichment analysis (LSEA) of DELs
LIPEA software was utilized for pathway enrichment analysis of differentially expressed lipids (DELs) identified 
in three comparative groups, both SR1-treated and untreated. In the AML vs. HD comparison, untreated 
CTRL groups showed significant enrichment of pathways such as glycerophospholipid metabolism, ether lipid 
metabolism, and choline metabolism in cancer (p < 0.05), while SR1 treatment groups exhibited enrichment 
in pathways like fatty acid elongation, fatty acid biosynthesis, biosynthesis of unsaturated fatty acids, and fatty 
acid degradation (p < 0.05) (Fig. 5A,B; left). The number of significant lipids in the DELs group decreased from 
54 in the untreated CTRL group to 3 after SR1 treatment, with two lipids overlapping between the two groups: 
DG(51:9) and FA(18:1) (oleic acid) were up-regulated (Supplementary Table 6).

In the FA vs. HD comparison, pathways associated with the sphingolipid signaling pathway, necroptosis, 
and choline metabolism in cancer were enriched in both untreated CTRL and SR1 treatment groups (p < 0.05) 
Fig.  5A,B; middle). Although the same pathways were enriched, the lipid contents within each comparison 
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mostly differed. However, overlapping lipids (diglycerides (DG) and phosphatidylcholine (PC) class) increased 
by approximately 1-fold following SR1 treatment (Supplementary Table 7).

Similar patterns were observed in the AML vs. FA comparison, with pathways related to glycerophospholipid 
metabolism, necroptosis, and choline metabolism in cancer enriched in untreated CTRL groups, while pathways 
associated with glycerophospholipid metabolism, ether lipid metabolism, and choline metabolism in cancer were 
enriched in groups treated with SR1 (p < 0.05) (Fig. 5A,B; right). In both SR1 treatment and untreated controls, 
26 common DELs were downregulated, but their expression was less negative after SR1 treatment. The average 
fold increase of these overlapping 26 lipids after treatment compared to control was 0.861 (Supplementary Table 
8).
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Multi-omics integration of circadian regulation-based transcriptomics and metabolomics 
through AHR Inhibition
In summary, the detailed elucidation below clearly demonstrates the success of the integration analysis in 
identifying distinct pathway networks and their associated DEGs, DEMs, and DELs involved in the circadian 
regulation of AHR inhibition. This underscores the efficacy of the integrated approach in elucidating complex 
molecular interactions underlying intricate biological processes. Further detailed explanations follow below.

Lipid pathway analysis
The network of lipid subclasses and fatty acid (FA) pathways in untreated CTRL and treated SR1 groups among 
the three comparative groups is presented in Fig. 5C,D, respectively.

In the untreated CTRL group, fatty acids exhibited the most suppressed pathways among the three comparative 
groups. In the treated SR1 groups, no reactions or pathways were found after SR1 treatment in contrast to the 
AML vs. HD comparisons. However, the FA vs. HD comparisons revealed that the most active pathway for 
fatty acids was FA(16:1) (palmitoleic acid) -> FA(18:1) (oleic acid), whereas the most suppressed pathway was 
FA(16:0) (palmitate/palmitic acid) -> FA(18:0) (stearic acid), with respective Z-scores of 1.901 and 2.252. In the 
latest comparisons between AML and FA, the active pathway for lipid species was DG(47:0)-> MG(31:0) with 
Z-scores of 1.966, while the suppressed pathway for lipid species included MG(31:0)-> DG(47:1), MG(31:0)-
> DG(49:1), MG(31:0)-> DG(47:0), and MG(31:0)-> DG(49:0) related to triglycerol biosynthesis (triglycerol 
metabolism), with respective Z-scores of 1.831, 1.794, 1.761, and 1.708. Additionally, there was a significant 
increase in MG(31:0) synthesis and a simultaneous decrease in DG(47:0). The active pathway for fatty acids 
was found to be FA(16:0) (palmitate/palmitic acid) -> FA(16:1) (palmitoleic acid), FA(16:0) (palmitate/palmitic 
acid) -> FA(18:0) (stearic acid), while the most suppressed pathway was FA(16:1) (palmitoleic acid) -> FA(18:1) 
(oleic acid) -> FA(18:2) (linoleic acid), with respective Z-scores of 2.305 and 2.012.

Joint pathway analysis
As a result of the Joint-pathway analysis, we generated six tables for three comparative groups (Supplementary 
Table 11, all pathways of AML vs. HD, FA vs. HD, AML vs. FA; SR1 and CTRL, respectively), each comprising 
circadian-controlled pathways of DEGs and DEMs in SR1 treatment (Tables  1, 2 and 3, respectively) and 
overlapped significant pathways between SR1 treatment and untreated CTRL (Supplementary Tables 12–14). A 
total of 51 altered pathways were identified in the AML vs. HD groups with SR1 treatment (p < 0.05) (Table 1), 
focusing on 10 circadian-controlled pathways (Table  1). Notable pathways with impact values exceeding 0.1 
included regulation of lipolysis in adipocytes (0.1), insulin signaling pathway (0.42), and circadian rhythm (0.5) 
(Fig. 6A). Additionally, 17 altered pathways were observed in the untreated CTRL, with 7 pathways showing 
overlapping significant changes between SR1 treatment and untreated CTRL, notably NF-kappa B signaling 
pathway (0.09, 0.05) and estrogen signaling pathway (0.25, 0.05) (Fig. 6B, Supplementary Table 12).

In the FA vs. HD comparison, 28 altered pathways were identified with SR1 treatment, focusing on 8 
circadian-controlled pathways (Table 2). Notable pathways included cellular senescence (0.18) and endocrine 
resistance (0.2) (Fig. 6C). Like AML vs. HD, slight increases in impact values were observed for most pathways 
after SR1 treatment. In the untreated CTRL group of the FA vs. HD comparison, 16 altered pathways were 
identified (p < 0.05). Furthermore, we identified 4 pathways exhibiting overlapping significant changes between 
SR1 treatment and untreated CTRL. The impact values for SR1 and CTRL are provided in parentheses for these 
pathways. They encompass the Estrogen signaling pathway (0.09, 0.04), ECM-receptor interaction (0.1, 0.19), 
Prion diseases (0.03, 0.05), and Mineral absorption (0.02, 0) (Fig. 6D, Supplementary Table 13).

For the AML vs. FA comparison, 17 altered pathways were identified with SR1 treatment, focusing on 10 
circadian-controlled pathways (Table 3). Notable pathways included the HIF-1 signaling pathway and fatty acid 
biosynthesis, with high impact values (Fig. 6E). Additionally, one pathway displaying overlapping significant 

Fig. 2.  Comprehensive profiling of genes, metabolites, and lipids of CTRL and SR1 groups. (A,B) Stacked bar 
graphs represent transcript levels determined by two methods: black bars indicate relative transcript levels 
measured using qRT-PCR, while gray bars represent transcript levels obtained via RNA-seq. The results are 
presented as averages of three technical replicates from three biological samples for qRT-PCR and paired-
end reads from three biological replicates for RNA-seq. (A) AhR target gene CYP1A1, normalized to the 
CTRL group, was confirmed using qRT-PCR. This confirmed the differential expression observed in the 
RNA-seq analysis. Significance is indicated by * for p ≤ 0.0332 and ** for p ≤ 0.0021. (B) Additionally, three 
genes (PTGS1, NPAS2, PER2) selected from RNA-seq results were validated in comparison groups under 
SR1 treatment, ensuring the reliability of the RNA-seq data. These genes were not differentiated (n.d.) in 
the untreated control (CTRL) groups based on RNA-seq data. (C,D) Multi-omics analysis of BMAT-MSCs 
revealed distinct classes of total genes (up), metabolites (middle), and lipids (down) using pie charts, showing 
the distribution of these molecules in the untreated CTRL groups and the SR1 treatment groups, respectively. 
(E,F) The visualization depicted the numbers of DEGs (up), DEMs (middle), and DELs (down) using Venn 
diagrams, with overlapping areas representing common genes, metabolites, and lipids between the untreated 
CTRL groups and the SR1 treatment groups. (G,J) Heatmaps illustrated the expression patterns of 50 DEGs, 
(H,K) 80 DEMs, and (I,L) 80 DELs, providing insights into differential expression in the untreated CTRL 
groups and the SR1 treatment groups, respectively, highlighting key differences in molecular profiles. The 
graphs were generated using GraphPad Prism v9.0.1 (A–D), InteractiVenn webtool (https://interactivenn.net/) 
(E,F), GraphBio webtool (http://www.graphbio1.com/en/) (G,J), and MetaboAnalyst v6.0 webtool ​(​​​h​t​t​p​s​:​/​/​w​w​
w​.​m​e​t​a​b​o​a​n​a​l​y​s​t​.​c​a​/​​​​​) (H,I,K,L).
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changes between SR1 treatment and untreated CTRL was detected, including Pathways in Cancer (Fig.  6F, 
Supplementary Table 14). An increase in impact values was observed for this pathway after SR1 treatment.

STITCH interactions
To group genes and metabolites based on their interactions from STITCH, we used Markov clustering (MCL) 
via Cytoscape v3.10.1. We set the granularity parameter (inflation value) to 1, 2, or 4, and the confidence score 
cutoff to 0.4 as their defaults.

In the untreated CTRL group for AML vs. HD comparisons (Fig.  7A), the STITCH interaction network 
highlighted eight clusters of DEGs and DEMs. By merging the smallest clusters into larger ones based on joint 
pathway analysis, we reduced the clusters to four. These clusters were identified by associated pathways. The total 
network visualized 42 nodes and 80 edges (granularity parameter set to 2). CTSD, ACTC1, and SEAP2 genes 
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were singletons and not shown. After SR1 treatment, interactions revealed five clusters of DEGs and DEMs with 
a granularity parameter of 4. The two smallest clusters were merged, resulting in four consolidated clusters, 
consisting of 42 nodes connected by 80 edges. Singleton genes SORB1 and FASN were removed (Fig. 7B).

For FA vs. HD comparisons’ untreated CTRL group (Fig. 7C), one cluster encompassing related pathways 
was detected. A network of 18 nodes connected by 30 edges was generated with a granularity parameter of 1. 
The singleton tryptophan metabolite was removed. With SR1 treatment, two distinct clusters were revealed. This 
resulted in an interaction network of 13 nodes connected by 16 edges, with the granularity parameter set to 4. 
No singletons were detected (Fig. 7D).

In the AML vs. FA comparison’s untreated CTRL analysis (Fig. 7E), one cluster like FA vs. HD comparison 
was found, comprising related pathways. A STITCH interaction network of 30 nodes connected by 168 edges was 
conducted, with a granularity parameter of 4. The singleton gene GSTT2B was removed. After SR1 treatment, 
the number of clusters was reduced from seven to four by merging the smallest clusters into larger ones based 
on joint pathway analysis. This resulted in an interaction network of 35 nodes connected by 60 edges, with the 
granularity parameter adjusted to 4. Singleton genes TBC1D4, SLC22A3, PLCB4, and WASF3 were removed due 
to no connections (Fig. 7F).

Discussion
To our knowledge, this study is the first in the literature to dissect the crosstalk between the AHR signaling 
pathway and circadian rhythm in the context of AML, with a focus on BMAT-MSCs. It has been well 
demonstrated in the literature that hematological malignancies are associated with significant alterations in the 
BM microenvironment usually initiated by the intrinsic events in the preleukemic cells33,34. There is limited data 
on the driver role of the BM microenvironment, leading to the development of leukemia35–39. Recent studies 
showed that the bone marrow adipocytes and their progenitors that reside in the BMAT have a dynamic role 
in shaping the BM niche both under physiological conditions and in leukemia40. In this study, to delineate the 
complex interplay in the leukemic/preleukemic niche through integrated multi-omics analyses, BMAT-MSCs 
from healthy donors, AML patients, and, as a transitional model, Fanconi anemia (FA) patients were studied. 
Inherited conditions like FA and environmental exposure to xenobiotics, chronic inflammation, or previous 
chemotherapy use have all been identified as potential contributors to the development of secondary myeloid 
malignancies including AML. Our recent study has shown alterations in the BM microenvironment between 
healthy donors, FA, and AML patients presenting FA as a suitable transitional model to study leukemogenesis41 
and the potential role of BMAT has been addressed42.

In the present study to demonstrate the AhR signaling pathway-related alterations associated with AML 
pathogenesis in BMAT-MSCs a high-affinity AhR antagonist SR1, known to impact the proliferation and 
differentiation of HSCs, was used43. Studies have shown that by inhibiting AhR, SR1 promotes the self-renewal 
of HSCs and thus has been utilized for the in vitro expansion of HSCs in clinical transplantation44. Furthermore, 
a recent study demonstrated that SR1-induced AhR inhibition was found to induce the expansion of leukemic 
CD34 + cells45. There is limited research on its impact on BM niche components. On the other hand, the effect of 
SR1 on circadian rhythm is not well defined, although some studies have suggested an association between SR1 
and circadian desynchronization46. When comparing the independent enrichment pathways of transcriptomic 
and metabolomic analyses with the integrated joint-pathway analysis utilizing both genes and metabolites, it 
becomes evident that the integrated approach yields more comprehensive and reliable results. This is because 
it considers the interplay between genes and metabolites, providing a holistic understanding of biological 
processes.

Our findings suggest that SR1 induced AhR signal inhibition, thus circadian rhythm enhancement of BMAT-
MSCs altered the molecular event in favor of leukemogenesis. However, starting from the idea that our study 
may not fully mimic the findings observed in in vivo animal models, circadian synchronization was conducted 
to enhance the accuracy and reliability of the in vitro experimental methods. External synchronization signals, 
such as dexamethasone exposure are used to align cellular clocks in the absence of light, which serves as a natural 
time cue47. In vitro, cultured cells could regain proper circadian rhythm through this entrainment method. 
Entrainment aids in comprehending the role of cellular regulators and mimicking the in vivo environment, 
as the cellular response to environmental factors like drugs and xenobiotics varies depending on the circadian 
phase49.

Fig. 3.  Gene ontology term enrichment analysis of CTRL and SR1 groups. (A–F) are structured as follows: 
Gene Ontology-Biological Process (GO-BP) is shown in the first column (left), Gene Ontology-Cellular 
Component (GO-CC) in the second column (middle), and Gene Ontology-Molecular Function (GO-MF) 
in the third column (right). Horizontally, the figures compare AML versus HD in the first and second rows, 
FA versus HD in the third and fourth rows, and AML versus FA in the fifth and sixth rows. Panels (A), (C), 
and (E) depict comparisons under CTRL conditions, while panels (B), (D), and (F) show comparisons under 
SR1 treatment. (A–F), lollipop plots illustrate pathways sorted by gene count on the x-axis, with point sizes 
representing − log10(FDR) values and colors indicating fold enrichment. The x-axis represents the number 
of genes per pathway, with a color gradient ranging from red (high fold enrichment) to blue (low fold 
enrichment). Larger dots indicate pathways with lower − log10(FDR) values, highlighting their statistical 
significance. This visualization assists in identifying significantly enriched GO terms, with the color gradient 
providing a clear distinction between high and low fold enrichment levels. For example, pathways with larger 
dots and red hues are highly significant, while those with blue and smaller dots show lower significance. All 
graphs were generated using ShinyGO v8.0 (http://bioinformatics.sdstate.edu/go/) webtool.
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Fig. 4.  Gene and metabolite sets enrichment analysis of CTRL and SR1 groups. (A–D) Representing 
comparisons of AML vs. HD (left), FA vs. HD (middle), and AML vs. FA (right) in the untreated CTRL and 
SR1 treatment groups. (A,B) Gene Set Enrichment Analysis (GSEA) highlighted significantly overlapped 
pathways in all three comparison groups, with key hallmarks marked in red for the untreated CTRL (A) and 
SR1 treatment (B) groups. Gene sets were identified using the MSigDB hallmark collection with an FDR 
threshold of 0.05. (C,D) Metabolite Set Enrichment Analysis (MSEA) illustrated pathways with significant 
overlaps within the outlined rectangles for the untreated CTRL (C) and SR1 treatment (D) groups, with a 
significance threshold of p < 0.05. Panels (A,B) were generated using ShinyGO v8.0 ​(​​​h​t​t​p​:​/​/​b​i​o​i​n​f​o​r​m​a​t​i​c​s​.​s​d​s​t​a​
t​e​.​e​d​u​/​g​o​/​​​​​) webtool, and panels (C,D) were generated using MetaboAnalyst v6.0 webtool.
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AhR is a well-defined xenobiotic interacting pathway and the suppression of AhR activity significantly 
diminishes migration, invasion, and proliferation of cancer cells49,50. Moreover, there are effects of also 
circadian rhythm on many associated phenotypes. Korkmaz et al. reported an up-regulation consistent with 
the observed phenotype, as deletion of BMAL1 resulted in increased cell motility and invasion capacity51. Our 
study demonstrated significant hallmarks, particularly hallmark EMT and apoptosis, within the comparative 
groups treated with SR1 (Fig. 4B). Notably, these enriched hallmarks also overlapped with the untreated CTRL 
groups (Fig. 4A). Following SR1 treatment, there was at least a two-fold increase in enriched genes compared to 

Fig. 5.  Lipid sets enrichment and pathway analysis of CTRL and SR1 groups. (A,B) Representing comparisons 
of AML vs. HD (left), FA vs. HD (middle), and AML vs. FA (right) in the untreated CTRL and SR1 treatment 
groups. Lipid enrichment analysis (LSEA) exhibited distinct metabolic signatures and underscored potential 
therapeutic effects on lipid metabolism in (A) the untreated CTRL and (B) SR1 treatment groups using 
LIPEA software (https://lipea.biotec.tu-dresden.de). This analysis highlighted specific lipid pathways and 
their variations across the treatment conditions. (C,D) The lipid pathway analysis using BioPAN ​(​​​h​t​t​p​s​:​/​/​w​w​
w​.​l​i​p​i​d​m​a​p​s​.​o​r​g​/​b​i​o​p​a​n​​​​​) software depicted the network of lipid species and fatty acid pathways, providing a 
comprehensive overview of lipid metabolism changes in response to SR1 treatments. Lipid species and fatty 
acid pathways are illustrated, showing their interactions and the most active and/or suppressed pathways under 
(C) the untreated CTRL and (D) SR1 treatment groups.

 

Scientific Reports |        (2025) 15:16387 13| https://doi.org/10.1038/s41598-025-93169-0

www.nature.com/scientificreports/

https://lipea.biotec.tu-dresden.de
https://www.lipidmaps.org/biopan
https://www.lipidmaps.org/biopan
http://www.nature.com/scientificreports


untreated CTRL, particularly in the context of EMT genes, which correlated with the enhanced motility, adhesion 
invasion and migration phenotype (Fig. 3B; middle). In all comparative groups, AhR inhibition through SR1 
treatment in BMAT cells induced EMT, particularly in AML patients. It is well-defined in cancer cells that 
EMT is associated with an aggressive phenotype together with increased invasive and metastatic properties52. 

Pathway KEGG ID Name CTRL (Log2 FC) SR1 (Log2 FC)

Regulation of lipolysis in adipocytes

hsa:10,000 AKT3 n.d. − 2.89

hsa:5742 PTGS1 n.d. 2.15

hsa:5295 PIK3R1 n.d. 2

hsa:8660 IRS2 n.d. 3.53

C00116 glycerol n.d. − 0.54

Insulin signaling pathway

hsa:2194 FASN 1.63 2.92

hsa:10,580 SORBS1 2.79 3.19

hsa:10,000 AKT3 n.d. − 2.89

hsa:2308 FOXO1 n.d. 3.34

hsa:3099 HK2 n.d. − 1.24

hsa:5295 PIK3R1 n.d. 2

hsa:8660 IRS2 n.d. 3.53

Cellular senescence

hsa:5608 MAP2K6 n.d. − 3.63

hsa:10,000 AKT3 n.d. − 2.89

hsa:2308 FOXO1 n.d. 3.34

hsa:3486 IGFBP3 n.d. − 2.12

hsa:5295 PIK3R1 n.d. 2

hsa:4616 GADD45B n.d. 1.05

Circadian rhythm

hsa:8863 PER3 n.d. − 2.2

hsa:8553 BHLHE40 n.d. − 1.27

hsa:4862 NPAS2 n.d. 2.42

hsa:8864 PER2 n.d. − 2.68

Adipocytokine signaling pathway

hsa:3953 LEPR n.d. 2.15

hsa:10,000 AKT3 n.d. − 2.89

hsa:948 CD36 n.d. 2.19

hsa:8660 IRS2 n.d. 3.53

Phospholipase D signaling pathway

hsa:5332 PLCB4 n.d. 2.03

hsa:10,000 AKT3 n.d. − 2.89

hsa:2185 PTK2B n.d. 3.25

hsa:5321 PLA2G4A n.d. 1.91

hsa:5295 PIK3R1 n.d. 2

hsa:4254 KITLG n.d. − 1.09

Insulin resistance

hsa:10,000 AKT3 n.d. − 2.89

hsa:2308 FOXO1 n.d. 3.34

hsa:948 CD36 n.d. 2.19

hsa:5295 PIK3R1 n.d. 2

hsa:8660 IRS2 n.d. 3.53

Type II diabetes mellitus

hsa:3099 HK2 n.d. − 1.24

hsa:5295 PIK3R1 n.d. 2

hsa:8660 IRS2 n.d. 3.53

Sphingolipid signaling pathway

hsa:5332 PLCB4 n.d. 2.03

hsa:10,000 AKT3 n.d. − 2.89

hsa:1509 CTSD 2.01 2.02

hsa:427 ASAH1 n.d. 1.07

hsa:5295 PIK3R1 n.d. 2.00

Circadian entrainment

hsa:8863 PER3 n.d. − 2.20

hsa:2353 FOS n.d. 5.09

hsa:5332 PLCB4 n.d. 2.03

hsa:8863 PER2 n.d. − 2.68

Table 1.  AML vs. HD-circadian-controlled pathways of DEGs and DEMs from joint pathways analysis in SR1 
treatment.

 

Scientific Reports |        (2025) 15:16387 14| https://doi.org/10.1038/s41598-025-93169-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


However, here we found a similar pattern in the stromal component, the BMAT-MSCs. Previous studies have 
shown that adipocytes within the tumor microenvironment may transition into their activated form and begin 
to act like activated adipocytes called cancer-associated fibroblasts53. Our results, which show enrichment in 
hallmark EMT in AML BMAT-MSCs, particularly after SR1 exposure, are in line with that finding, suggesting 
education of the microenvironment by leukemic cells. Thus, induction of EMT in AML BMAT-MSCs may 
suggest their transformation into an activated phenotype towards leukemia/cancer-associated fibroblasts.

Integration of multi-omics data from circadian regulation-based transcriptomics and metabolomics 
has highlighted overlapping pathways associated with circadian rhythm, circadian entrainment, regulation 
of lipolysis in adipocytes, and the phospholipase D signaling pathway upon SR1 treatment in AML vs. HD 
and AML vs. FA, excluding FA vs. HD comparisons. It is worth that the circadian rhythm pathway revealed 
significant downregulation of CIART (Supplementary Table 4) and BHLHE40 transcription factors, as well as 
significant upregulation of the NPAS2 gene in both AML vs. HD and AML vs. FA comparisons (Tables 1 and 
3). Recent research has shown that palmitate can influence BMAL1 expression and phosphorylation levels, 
thereby dampening clock gene expression and increasing fatty acid synthesis in adipocytes54. However, our data 
revealed that in AML vs. FA comparisons, palmitic acid, also known as hexadecanoic acid, was significantly 
downregulated (-1.17 Log2FC) with SR1 treatment. Additionally, CIART and BHLHE40 circadian repressor 
genes were downregulated. Consistent with our findings, previous studies have demonstrated that palmitate can 
induce alterations in CIART expression. CIART and BHLHE40 repress BMAL1:CLOCK activity via a mechanism 
dependent on histone deacetylase, serving as transcriptional repressors that impact the core circadian clock 
machinery55,56. Therefore, it is plausible that circulating lipid metabolites may act as diurnal systemic signals, 
influencing clock behavior within the BMAT.

Moreover, a study has reported that the expression of NPAS2 was increased in AML patients and promoted 
AML cell growth57. The present study identified NPAS2, PER2, BHLHE40, PER3, and CIART as potential 
biomarkers of circadian rhythm, offering novel markers or targets for the treatment of BMAT-MSCs with 
hematological malignancies. Further experimental investigation is warranted to comprehensively understand 
the contribution to AML pathogenesis. On the other hand, our findings indicate that following SR1 treatment, 
in AML comparison groups, both PTGS1 and PIK3R1 genes, which are associated with lipid metabolism, were 
matched in both regulation of lipolysis in adipocytes and the phospholipase D signaling pathway. However, the 
specific effects of these genes on lipolysis are not yet fully understood. Nevertheless, due to their association 
with lipid metabolism, it is conceivable that these genes may play an indirect or direct role in lipolysis processes. 
The PTGS1 gene has been validated using qRT-PCR (Fig. 2B). Shafat et al. investigated the interactions between 
adipocytes and leukemic cells and showed substantial release of free fatty acids through lipolysis in BMAT 
meeting the energy needs of leukemic cells, thereby facilitating their survival. They also reported that free 
fatty acids transport by FABP4 in co-culture4. In our study, it is worth mentioning that BMAT-MSCs exhibited 
differential expression of FABP5 (a rhythmic gene) and FABP2 genes, distinct from the FABP population in 
BMAT adipocytes (FABP4). In the comparison between AML and HD, following SR1 treatment, expressions of 
FABP5 (n.d.: no differentiated) (n.d., 2.67 Log2FC), FABP2 (n.d., 3.07 Log2FC), and CD36 (n.d., 2.19 Log2FC) 

Pathway KEGG ID Name CTRL (Log2 FC) SR1 (Log2 FC)

Cellular senescence

hsa:5608 MAP2K6 n.d. − 3.49

hsa:595 CCND1 n.d. 1.24

hsa:10,111 RAD50 n.d. − 2.72

hsa:5728 PTEN n.d. − 4.87

hsa:8878 SQSTM1 n.d. − 4.58

Insulin resistance

hsa:948 CD36 n.d. 3.36

hsa:5728 PTEN n.d. − 4.87

hsa:9882 TBC1D4 n.d. 1.02

Endocrine resistance
hsa:595 CCND1 n.d. 1.24

hsa:5566 PRKACA n.d. 1.95

Pantothenate and CoA biosynthesis C00106 uracil n.d. − 0.63

Focal adhesion

hsa:1311 COMP n.d. 1.83

hsa:595 CCND1 n.d. 1.24

hsa:5728 PTEN n.d. − 4.87

ABC transporters

hsa:19 ABCA1 n.d. − 1.55

C00135 histidine n.d. 1.32

C00116 glycerol n.d. − 0.35

Growth hormone synthesis, secretion and action
hsa:5608 MAP2K6 n.d. − 3.49

hsa:5566 PRKACA n.d. 1.95

Fat digestion and absorption
hsa:19 ABCA1 n.d. − 1.55

hsa:948 CD36 n.d. 3.36

Table 2.  FA vs. HD-circadian-controlled pathways of DEGs and DEMs from joint pathways analysis in SR1 
treatment.
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Pathway KEGG ID Name CTRL (Log2 FC) SR1 (Log2 FC)

HIF-1 signaling pathway

hsa:7010 TEK − 1.90 − 1.94

hsa:3099 HK2 n.d. − 1.20

hsa:3459 IFNGR1 n.d. 1.13

hsa:3569 IL6 n.d. − 3.03

hsa:5295 PIK3R1 n.d. 1.83

hsa:3162 HMOX1 n.d. − 1.05

hsa:284 ANGPT1 n.d. 1.64

Circadian rhythm

hsa:8863 PER3 n.d. − 2.12

hsa:8553 BHLHE40 n.d. − 1.12

hsa:4862 NPAS2 n.d. 2.86

Choline metabolism in cancer

hsa:2353 FOS 2.20 4.51

hsa:6581 SLC22A3 n.d. 2.19

hsa:10,810 WASF3 n.d. 1.19

hsa:5321 PLA2G4A n.d. 1.56

hsa:5295 PIK3R1 n.d. 1.83

hsa:80,310 PDGFD n.d. 2.96

Insulin resistance

hsa:9586 CREB5 n.d. − 2.30

hsa:5728 PTEN n.d. 3.61

hsa:3569 IL6 n.d. − 3.03

hsa:4792 NFKBIA n.d. 1.17

hsa:5295 PIK3R1 n.d. 1.83

hsa:9882 TBC1D4 n.d. − 1.16

Phosphatidylinositol signaling system

hsa:5332 PLCB4 n.d. 1.54

hsa:3632 INPP5A n.d. − 1.15

hsa:3613 IMPA2 n.d. 2.31

hsa:5728 PTEN n.d. 3.61

hsa:8821 INPP4B n.d. − 1.39

hsa:5295 PIK3R1 n.d. 1.83

Cellular senescence

hsa:595 CCND1 n.d. − 1.09

hsa:891 CCNB1 n.d. − 1.46

hsa:983 CDK1 − 2.19 − 1.51

hsa:5728 PTEN n.d. 3.61

hsa:8878 SQSTM1 n.d. 4.07

hsa:3569 IL6 n.d. − 3.03

hsa:5295 PIK3R1 n.d. 1.83

Regulation of lipolysis in adipocytes

hsa:155 ADRB3 n.d. 1.33

hsa:5742 PTGS1 n.d. 1.86

hsa:5743 PTGS2 n.d. 1.37

hsa:5295 PIK3R1 n.d. 1.83

Fatty acid biosynthesis

hsa:2194 FASN 1.60 2.40

C00249 palmitate n.d. − 1.17

C00712 oleic acid n.d. − 1.13

Phospholipase D signaling pathway

hsa:5332 PLCB4 n.d. 1.54

hsa:2185 PTK2B 2.47 2.72

hsa:5321 PLA2G4A n.d. 1.56

hsa:5295 PIK3R1 n.d. 1.83

hsa:80,310 PDGFD n.d. 2.96

hsa:4254 KITLG n.d. − 1.10

Circadian entrainment

hsa:8863 PER3 n.d. − 2.12

hsa:2353 FOS n.d. 4.51

hsa:5332 PLCB4 n.d. 1.54

Table 3.  AML vs. FA-circadian-controlled pathways of DEGs and DEMs from joint pathways analysis in SR1 
treatment.

 

Scientific Reports |        (2025) 15:16387 16| https://doi.org/10.1038/s41598-025-93169-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 6.  Joint pathway analysis of SR1 and CTRL groups. (A–F) Joint-pathway analysis using MetaboAnalyst 
v6.0 webtool was conducted, encompassing all pathways of AML vs. HD (top row), FA vs. HD (middle row), 
and AML vs. FA (bottom row) to assess significantly altered transcriptomic and metabolomic data in (A,C,E) 
the SR1 treatment and (B,D,F) the untreated CTRL groups. Each circle in the visualization represents a single 
metabolic pathway, with the area of the circle proportional to the pathway’s impact, and the color gradient 
indicating pathway significance, ranging from highest (red) to lowest (yellow). The x-axis represents pathway 
impact, while the y-axis shows − log10(p-value), indicating the significance of each pathway.
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were significantly upregulated, while FABP3 (2.93, n.d. Log2FC) was found to be significantly downregulated, 
respectively in untreated CTRL and treated SR1 (Supplementary Table 12). Its functions span a diverse spectrum, 
highlighting the varied roles and associated signaling pathways of FABP5 in metabolic syndrome, adipogenesis, 
lipid homeostasis, proliferation, differentiation, metastasis, airway remodeling, inflammation, apoptosis, and 
autophagic responses58. Consistent with our results, involvement of FABP5 in lipolysis in adipose tissue and fatty 
acid transport in brain endothelial cells has been reported59,60. The present study may reveal a novel molecular 
mechanism explaining the upregulation of FABP5 resulting in increased lipolysis through an AHR-mediated 
circadian regulation. We also propose that CD36 might be a key partner for FABP5 in BMAT-MSC. CD36 
and FABP5 overexpression and a switch to fatty acid metabolism in tumors have been linked with increased 
resistance to chemotherapy and correlated strongly with poor prognosis61,62. It is suggested that FABP5 and 
CD36 play a role in cancer development by influencing EMT-related signaling pathways63. In parallel with this 
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context, after SR1 treatment, we demonstrated the enrichment of hallmarks of EMT and the gain of an activated 
phenotype in BMAT-MSC favoring cancer development. Furthermore, we observed an upregulation of CD36 
and FABP5 genes in the PPAR signaling pathways. These findings collectively provide potential evidence linking 
CD36 and elevated free fatty acids from BMAT-MSCs to AML progression.

Circadian entrainment illustrates how organisms adapt to their environment through Zeitgebers. Our 
study is the first to demonstrate that exposure to SR1 alters the circadian rhythm in BMAT-MSCs, leading 
to dysregulation in rhythmicity and homeostasis through AhR-mediated modulation of circadian clocks. 
These xenobiotic stimuli impact clock gene expression, PER1 or PER2, resulting in decreased expression. In 
our investigation, we observed a significant decrease in PER2 expression by -2.68 Log2FC in the AML versus 
HD group treated with SR1. Furthermore, in both AML versus HD and AML versus FA comparison groups 
under SR1 treatment, we demonstrated alterations in the expression of PER3 (− 2.20 and − 2.12 Log2FC), FOS 
(5.09 and 4.51 Log2FC), and PLCB4 (2.03 and 1.54 Log2FC) genes, respectively. Recent studies indicate that the 
absence of PER3 impacts peripheral oscillators differently through photic signals and is strongly associated with 
circadian dysfunction in humans64,65. In AML, a study has suggested a potential link between downregulation of 
circadian clock genes, particularly PER3, and dysregulation of the cell cycle, which may promote the proliferation 
of blastic cells66. When considering these genes alongside existing literature, SR1 as a non-photic zeitgeber could 
potentially regulate photic entrainment responses67,68. Our findings suggest the presence of a photoentrainment 
phenotype. The intricate molecular mechanisms underlying photic entrainment involve various regulatory 
factors. Based on our joint pathway analysis, we propose a novel model for the photic entrainment of BMAT-
MSCs’ circadian clock, particularly in AML stroma, through AhR inhibition. Interestingly, the comparison of the 
AML group highlights circadian entrainment. In this context, we suggest that the relationship between AhR and 
the circadian rhythm may be case- or tissue-specific. Overall, our data has provided evidence that xenobiotics 
may disrupt the physiological balance of the circadian clock system.

In SR1 treatment, lipid pathway analysis findings indicated common but also opposite reactions in 
comparative groups (FA vs. HD) vs. (AML vs. FA). In the untreated CTRL group, initially, the reactions where 
stearic acid converts to oleic acid and then to linoleic acid were most suppressed, but these reactions were not 
observed following SR1 treatment. Research has reported that oleic acid acts as a Zeitgeber on human visceral 
adipose tissue, subcutaneous adipose tissue, and intestinal and stomach explant cultures via alteration in the 
circadian rhythm of their clock genes on these tissues. Additionally, they found a significant correlation between 
oleic acid and circadian core clock genes (PER2 and PER3). Our data supports that both metabolomic and 
lipidomic analyses show a significant decrease in oleic acid levels in AML vs. HD and AML vs. FA. Additionally, 
PER3 gene expression was found to be decreased in both comparisons based on transcriptomic data. However, 
in the comparisons between FA vs. HD, LIPEA analysis indicates an accumulation of oleic acid in FA. In this 
comparison, pathways associated with maintaining energy homeostasis were observed such as fat digestion 
and absorption, ABC transporters, pantothenate, and CoA biosynthesis. It has been reported that 50% of FA 
patients develop lipid metabolism disorder69 and altered lipid metabolism may contribute to BM failure in FA70. 
Moreover, oleic acid-induced lipid accumulation through the regulation of circadian genes has been described71.

Integrated data reveals overlapping pathways related to cellular senescence and insulin resistance 
among three comparative groups following SR1 treatment (Tables 1, 2 and 3). Our findings suggest that the 
upregulation of PIK3R3 plays a pivotal role in regulating cellular senescence in both AML vs. HD and AML vs. 
FA comparisons. Furthermore, we observed a significant downregulation of MAP2K6 in both AML vs. HD and 
FA vs. HD comparisons. Within both FA vs. HD and AML vs. FA comparisons, the tumor suppressor PTEN 
emerges as a common gene in the cellular senescence pathway, although it is not exclusively associated with this 
pathway. While no significant difference was observed in the untreated CTRL group for both comparisons (n.d.), 
PTEN exhibited downregulation (-4.87 Log2FC) in the FA vs. HD comparison, but significant upregulation 
(3.61 Log2FC) in the AML vs. HD comparison. The opposite expression patterns of PTEN in these two groups 
are consistent with the known association of PTEN-deficient cells with Fanconi anemia72. Interestingly, in 
our study, PTEN emerged as a highly decreased differentially expressed gene following SR1 treatment. PTEN-
knockout mouse embryonic fibroblasts exhibit cellular senescence because of PTEN deficiency73. Moreover, 
PTEN dysfunction is strongly associated with decreased survival rates, chemotherapy resistance, and disease 
progression in various human cancers74.

Fig. 7.  Schematics of gene-metabolite interactions. (A–F) The STITCH network illustrates interactions 
between differentially expressed genes (DEGs) and differentially expressed metabolites (DEMs), with adjusted 
p-values < 0.05 for DEGs (circles) and p-values < 0.05 for DEMs (rounded rectangles). Comparisons are 
shown for (A) untreated CTRL, (B) SR1 treatment in AML versus HD groups, (C) untreated CTRL, (D) SR1 
treatment in FA versus HD groups, and (E) untreated CTRL, (F) SR1 treatment in AML versus FA groups. 
Markov clustering (MCL) via Cytoscape v3.10.1 was employed to group genes and metabolites based on their 
interactions from STITCH. The granularity parameter (inflation value) was set to 1, 2, or 4, and the confidence 
score cutoff was set to 0.4, following default settings. (A–F) The STITCH network illustrates interactions 
between differentially expressed genes (DEGs) and differentially expressed metabolites (DEMs), with adjusted 
p-values < 0.05 for DEGs (circles) and p-values < 0.05 for DEMs (rounded rectangles). Comparisons are 
shown for (A) untreated CTRL, (B) SR1 treatment in AML versus HD groups, (C) untreated CTRL, (D) SR1 
treatment in FA versus HD groups, and (E) untreated CTRL, (F) SR1 treatment in AML versus FA groups. 
Markov clustering (MCL) via Cytoscape v3.10.1 was employed to group genes and metabolites based on their 
interactions from STITCH. The granularity parameter (inflation value) was set to 1, 2, or 4, and the confidence 
score cutoff was set to 0.4, following default settings.
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Mitochondrial dysfunction has been implicated in age-related alterations, thereby contributing to the 
development of senescent phenotypes75. Erythronic acid has represented a novel hallmark in mitochondrial 
metabolism dysfunction76 and in the present study, erythronic acid emerges as the most significantly altered 
metabolite in both comparison groups following SR1 treatment (AML vs. HD: 3.91 Log2FC, AML vs. FA: 4.41 
Log2FC). Finally, in the insulin resistance pathway, there were no significant changes in gene expressions in the 
three comparison groups under basal conditions (untreated CTRL), whereas DEGs were identified after SR1 
treatment. A study examining differences between glucose homeostasis of adipose tissue showed that BMAT 
adipocytes exhibit resistance to insulin-stimulated glucose uptake compared to brown and white adipose tissue 
adipocytes77. Our findings also indicate that the insulin resistance pathway was affected in all three comparison 
groups following SR1 treatment in BMAT-MSCs.

Conclusion
In conclusion, the application of integrated RNA transcriptomics, metabolomics, and lipidomic analyses to 
BMAT of HD, AML, and FA patients indicated the presence of a complex interplay between genes and metabolites 
in the leukemic/preleukemic niche in both basal state, and particularly after exposure to AhR inhibition by 
SR1. Furthermore, a close crosstalk between AhR signaling and the circadian rhythm in relevance to myeloid 
leukemia was demonstrated.

Considering the limited data on the role of BMAT in leukemogenesis in humans, this study, conducted on 
patients with AML and FA BMAT-MSCs, focuses on AhR signaling and circadian regulation. It has identified 
potential biomarkers/pathways and lipid metabolite therapeutic candidates that target the circadian rhythm.

Fanconi anemia has emerged as a suitable transitional model to study the development of secondary leukemia. 
While the findings on AML samples may point to BMAT alterations induced by leukemic cells per se, FA samples 
reflect primary niche alterations in the preleukemic state, suggesting a possible driver role in developing myeloid 
neoplasia such as AML. Among the multi-omics presented here, one of the interesting findings is the hallmark 
EMT, particularly enriched in BMAT-MSCs upon SR1 exposure in both FA and AML patients. This indicates 
the transformation of adipocytes into an activated phenotype towards cancer-associated fibroblasts even before 
the development of leukemia in FA.

It is well known that FA patients, due to defective DNA repair are highly susceptible to exposure to mutagenic 
agents, environmental toxins, and xenobiotics23,78. Given the current results demonstrating significant alterations 
in BMAT-MSCs between HD, FA, and AML samples, particularly after AhR inhibition it may be suggested that 
BMAT is a critical tissue serving as a reservoir for dioxins/xenobiotics which may lead to alterations in FA 
and dysregulated microenvironment in time leading to malignant transformation. The present study brings out 
candidate pathways and biomarkers that may have implications in hematological diseases including BM failure 
syndromes and malignancy. There is a need for future studies on human bone marrow samples in relevant 
diseases to identify therapeutic targets of the marrow microenvironment.

Data availability
The original contributions of this study are detailed in the article and Supplementary Material. Furthermore, the 
RNA sequencing (RNA-seq) data generated in this study have been deposited in the Gene Expression Omnibus 
(GEO) database under the accession number GSE283315. For further inquiries, please contact the correspond-
ing authors.
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