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Abstract: Objective: To investigate the mechanism by which the CBX4-HDAC5-CERS6 axis regulates sphingolipid
metabolism in acute myeloid leukemia (AML), with the goal of providing new theoretical foundations for the targeted
therapy of AML. Methods: This prospective study involved 50 AML patients and 50 healthy controls. The expression
levels of CBX4, CERS6, and free ceramide were detected. RNA sequencing, proteomics, and lipidomics were em-
ployed to analyze CBX4's regulatory effects on sphingolipid metabolism-related genes and pathways. Using THP-1
and KG-1 cell lines, we validated the molecular mechanisms of the CBX4-HDAC5-CERSG6 axis through techniques
including gene knockdown (siRNA), overexpression, chromatin immunoprecipitation (ChIP), and dual-luciferase re-
porter assays. CCK-8 assay, flow cytometry, and Western blot were used to analyze the effects of CBX4 on cell prolif-
eration, cell cycle, and key signaling pathways. Results: CBX4 was significantly overexpressed in AML cells, with its
expression levels markedly higher in THP-1 and KG-1 cell lines compared with CD34* normal hematopoietic stem
cells (P<0.05). Analysis of clinical samples revealed that the mRNA expression levels of CBX4 and CERSG6 as well
as free ceramide content were significantly lower in the AML group than the control group (all P<0.05). Mechanistic
studies demonstrated that CBX4 knockdown significantly downregulated both mRNA and protein expression of
CERS®6 (P<0.05) and activated the PI3BK/AKT and MAPK signaling pathways. Furthermore, CBX4 indirectly regulated
CERS® transcription by suppressing HDAC5 expression, and dual-luciferase reporter assays confirmed that HDAC5
directly targets the CERS6 promoter region (P<0.05). Combined use of ceramide synthesis inhibitors synergistically
enhanced the activation of p-AKT/p-PI3K and p-MEK1/2/p-Rafl signaling pathway associated proteins induced by
CBX4 knockdown. Conclusion: The CBX4-HDAC5-CERS6 axis influences AML malignant progression by regulating
sphingolipid metabolism, and targeted intervention of this axis may represent a novel therapeutic strategy for AML.
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Introduction

Acute Myeloid Leukemia (AML) is a malignant
tumor characterized by the abnormal prolifera-
tion of hematopoietic cells, primarily resulting
from the clonal expansion of undifferentiated
myeloid blast cells derived from aberrant hema-
topoietic stem cells (HSCs) [1]. The core mani-
festations of the disease involve blocked differ-
entiation of normal hematopoietic stem cells

coupled with dysregulated self-renewal of ma-
lignant hematopoietic stem cells [2]. Globally,
approximately 120,000 new AML cases are
diagnosed annually, with a mortality rate of
around 30%. The overall prognosis remains
poor, with a five-year survival rate of only 30%-
35%, which significantly diminishes patients’
quality of life and imposes a substantial health-
care burden [3]. Research indicates that the
remodeling of lipid metabolic pathways is a sig-
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nificant contributor to the poor prognosis of
AML [4].

Sphingolipid (SP) metabolism, a key part in lipid
metabolism, plays critical roles in cellular adhe-
sion, proliferation, migration, and death [5]. SP
can be structurally classified into three catego-
ries: sphingosine-1-phosphate (S1P), cerami-
des, and complex SP, with ceramides serving
as the central component of SP metabolism
[6]. Ceramides initiate apoptotic pathways and
induce cell death by activating mitochondrial
permeability, which leads to the release of
harmful substances into the cytosol, represent-
ing a key mechanism through which SP regulate
apoptosis [7]. Ceramide, a homeostatic regula-
tor of SP balance, plays a critical role in cancer
metastasis through its dysregulated or abnor-
mal expression [8].

In the regulatory network of SP metabolism,
CBX4, HDAC5, and CERS6 play distinct yet
closely interrelated roles [9]. CBX4, as a core
component of the Polycomb Repressive Com-
plex 1 (PRC1), exerts dual functions in epigen-
etic regulation and SUMO E3 ligase activity. By
modulating histone modifications and tran-
scription factor activity, CBX4 shapes gene
expression profiles that subsequently regulate
critical cellular processes including prolifera-
tion, differentiation, and inflammatory respons-
es [10]. CBX4-mediated SUMOylation of HIF-1a
plays a critical role in various pathological pro-
cesses, including angiogenesis, atherosclero-
sis, and asthma [11]. This demonstrates that
beyond its involvement in transcriptional regu-
lation, CBX4 also modulates multiple signaling
pathways through its SUMO E3 ligase activity,
thereby influencing cellular functions associat-
ed with SP metabolism [12].

HDACD, a Class lla histone deacetylase, primar-
ily catalyzes both histone and non-histone pro-
teins, thereby modulating chromatin structure
and gene transcription [13]. HDAC5 promotes
tumor cell proliferation and metastasis by inter-
acting with CBX4 to facilitate the transcriptional
repression of tumor suppressor genes [14].
This finding not only suggests that HDAC5S is
potentially regulated by CBX4, but also estab-
lishes HDAC5 as a key regulatory factor in SP
metabolism and its associated diseases [14].

CERS®G, a key enzyme in the SP synthesis path-
way, primarily catalyzes the production of C16
acyl-chain ceramides. As central intermediates
in sphingolipid metabolism, ceramides regulate
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crucial cellular processes including apoptosis,
proliferation, and stress response [15]. CERS6-
regulated accumulation of C16-ceramide is
closely associated with mitochondrial dysfunc-
tion, aberrant apoptosis, and dysregulated au-
tophagy, playing important roles in cerebral
hemorrhage, neurodegenerative diseases, and
immune regulation [16]. Research demon-
strates that CBX4 can bind to the promoter
region of the CERS6 gene and modulate its
transcriptional activity, thereby influencing
CERS6 expression levels. This mechanism
enables cells to dynamically adjust CERS6 pro-
duction according to metabolic demands,
achieving precise regulation of SP synthesis
[17]. On the other hand, HDAC5 modulates
chromatin compaction at the CERS6 gene locus
through its histone deacetylase activity, conse-
quently influencing transcriptional efficiency.
Such epigenetic alterations governed by HDAC5
can either suppress or activate CERS6 tran-
scription, enabling cells to adapt SP synthesis
according to varying physiological or pathologi-
cal requirements [18]. These findings demon-
strate that CERS6 serves not only as a key
enzyme in SP synthesis - subject to regulation
by both CBX4 and HDAC5 - but also plays a cen-
tral role in diseases associated with aberrant
SP metabolism.

In summary, CBX4, HDAC5, and CERS6 func-
tion coordinately at different levels of SP
metabolism. CBX4 modulates SP-related genes
and signaling pathways through epigenetic reg-
ulation and SUMOylation. HDAC5 fine-tunes
gene expression and protein functions via its
deacetylase activity. CERS6, as the key syn-
thetic enzyme, directly controls ceramide pro-
duction and accumulation. The functional inter-
play among these three components not only
maintains SP metabolic homeostasis but also
contributes to the pathogenesis of various dis-
eases [18]. Elucidating the molecular mecha-
nisms and regulatory networks governing CBX4,
HDAC5, and CERS6 will advance our under-
standing of the complex regulatory mechanism
underlying SP metabolism, potentially revealing
novel therapeutic targets and diagnostic strate-
gies for AML.

Material and methods
Patient population

This study prospectively enrolled patients with
AML admitted to Yuebei People’s Hospital
between January and December 2022. The
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diagnosis was based on the AML classification
criteria issued by the European LeukemiaNet
(ELN) and the National Comprehensive Cancer
Network (NCCN) guidelines [19, 20]. After
obtaining informed consent from the patients,
bone marrow blood samples or bone marrow
biopsy specimens were collected as the study
group (AML, n=50), and peripheral blood from
healthy patients was collected as the control
group (Control, n=50). The study protocol was
approved by the Ethics Committee of Yuebei
People’s Hospital (Approval No.: KY-2021-274).
Inclusion criteria: (1) Meeting the diagnostic cri-
teria for primary AML; (2) Provision of written
informed consent. Exclusion criteria: (1) History
of other malignant tumors; (2) Severe organ
dysfunction or major comorbidities; (3) Refusal
to participate.

Data acquisition

In terms of data acquisition, AML and normal
sample information were obtained from the
Bloodspot database (https://servers.binf.ku.
dk/bloodspot). This database includes the orig-
inal transcriptome analysis results of CBX4 and
the CERS family in AML samples and normal
samples. To validate the differential expression
of ARG in AML versus normal samples, the
GEPIA2 database (http://gepia2.cancer-pku.cn)
was further utilized. Boxplots generated by the
GEPIA2 database further confirmed the diffe-
rential expression patterns predicted by
Bloodspot analysis.

Cell culture

Human AML cell lines (THP-1 and KG-1) and the
human hematopoietic stem cell line CD34*
were all purchased from Precella Company
(Virginia, USA). Cells were cultured in DMEM
supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (P/S).
Growth factors were additionally supplemented
for the CD34* cell line. THP-1 and KG-1 cell
lines were passaged every two days, with medi-
um replacement as needed based on cell den-
sity. CD34"* cells were similarly passaged every
two days, with culture duration limited to 7
days. Culture flasks were incubated in a con-
stant-temperature incubator at 5% CO, and
37°C, and cells in the logarithmic growth phase
were selected for subsequent experiments.

RNA extraction and sequencing
Total RNA was extracted from both cell lines

and clinical samples using TRIzol reagent
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(Invitrogen). For RNA sequencing, RNA integrity
was assessed using a Qubit fluorometer, and
only samples with an RNA Integrity Number
(RIN) >7.0 were used for library preparation.
Paired-end sequencing was performed on the
lllumina HiSegq™ 2000 platform.

Quantitative RT-PCR analysis

Following RNA extraction from both cellular and
clinical samples, high-quality RNA was reverse-
transcribed into cDNA using reverse transcrip-
tase. Quantitative PCR amplification was per-
formed with sequence-specific primers and
SYBR Green master mix on a real-time PCR
detection system. Relative gene expression
was calculated using the 24 method after
normalization to stably expressed reference
genes.

Western blot analysis (WB)

Cell samples were washed with ice-cold phos-
phate-buffered saline (PBS), and total proteins
were extracted using cell lysis buffer. The
lysates were centrifuged at 12,000xg for 15
minutes at 4°C, and the supernatants were col-
lected. Protein concentrations were determined
using a BCA protein assay kit. Equal amounts of
protein (40 ug) were separated by 15% SDS-
PAGE and electrophoretically transferred to
Millipore PVDF membranes. Immunoreactive
proteins bound were visualized using an en-
hanced chemiluminescence (ECL) kit (Millipo-
re). GAPDH served as the internal loading con-
trol, and all experiments were performed in
triplicate.

Cell grouping

Gene knockdown models were established by
transfecting siRNA targeting the gene of inter-
est, while overexpression models were con-
structed using lentiviral infection. In the THP-1
cell line, the following groups were established:
CBX4 knockdown group (si-CBX4), CBX4 over-
expression group (oe-CBX4), CERS6 knock-
down group (si-CERS6), HDAC5 knockdown
group (si-HDAC5), SUMO inhibition group (ML-
792), and RING1B knockdown group (si-
RING1B. To further validate the functional role
of CBX4, the si-CBX4 group was subdivided into
several treatment subgroups: CERS6 overex-
pression group (si-CBX4+oe-CERS6), SUMO
inhibition group (si-CBX4+ML-792), fumonisin
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Bl-induced ceramide synthesis inhibition
group (si-CBX4+Inhibitorl), GW4869-induced
ceramide synthesis inhibition group (si-CBX4+
Inhibitor2), and combined inhibition group
(si-CBX4+Inhibitor1&2).

Cell proliferation assay

THP-1 cells was seeded into a 96-well plate at
100 pL per well and pre-cultured at 37°C in a
5% CO, atmosphere for 12-24 hours to allow
cell adhesion. After attachment, the experi-
mental groups were replaced with fresh medi-
um containing specific drug concentrations,
while the control groups were replaced with
drug-free medium, followed by continued cul-
ture for the predetermined duration. Subse-
quently, 10 uL of CCK-8 solution was added to
each well, ensuring gentle dispensing using
pipette tip to avoid bubble formation. After uni-
form mixing, the plates were incubated at 37°C
for 1-4 hours in the dark. Following incubation,
the development of orange-yellow color in the
wells was observed, and the absorbance was
measured at 450 nm using a microplate
reader.

Cell apoptosis assay

THP-1 cells were collected and centrifuged at
1000 rpm for 5 minutes, followed by wash with
pre-cooled PBS for three times. After staining
according to the manufacturer’s protocol, resid-
ual antibodies were removed by washing twice
with PBS. The cells were resuspended in 300-
500 pL of PBS containing 1% BSA, filtered
through a 300-mesh nylon membrane, and
transferred into flow cytometry tubes for imme-
diate analysis or storage at 4°C protected from
light.

Cell cycle analysis

THP-1 cells were collected, centrifuged, and
washed twice with pre-cooled PBS. The cell
concentration was adjusted and then fixed with
70% ice-cold ethanol. After fixation, ethanol
and cellular debris were thoroughly removed by
centrifugation. Subsequently, the cells were
then treated with RNase A and stained with
propidium iodide (PI). Red fluorescence was
detected using a BD FACSAria lll flow cytometer
(BD Biosciences), and cell cycle distribution
was analyzed based on DNA content.

Lipidomic analysis

THP-1 cell samples were mixed with an internal
standard extraction solution, vortexed, and
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centrifuged. The supernatant was collected for
liquid chromatography-tandem mass spectro-
metry (LC-MS/MS) analysis. Chromatographic
separation was performed on a Thermo Accu-
core™ C30 column using a gradient elution at a
flow rate of 0.35 mL/min and an injection vol-
ume of 2 pL. Mass spectrometry was conduct-
ed with an electrospray ion source, with the
mass spectrometry voltage set to 5500 V in
positive ion mode and -4500 V in negative ion
mode. The curtain gas was set to 45 psi (Gas 1)
and 55 psi (Gas 2), and the collision-induced
ionization parameter was set to a medium level.
The CDS 3.1 data processing software was
used to integrate the detected chromatograph-
ic peaks for quantification. The quantitative
results were normalized, and both qualitative
and quantitative lipidomic analyses were
performed.

Proteomic analysis

Proteomic analysis was performed using a
mass spectrometry-based quantitative appro-
ach. Total proteins were first extracted from
cells via ultrafiltration concentration and ace-
tone precipitation, followed by reduction, alkyl-
ation, and tryptic digestion to generate pep-
tides. Mass spectrometric analysis was carried
out on a timsTOF Pro instrument equipped with
a CaptiveSpray nano-electrospray ion source.
Data-independent acquisition (DIA) was per-
formed using the diaPASEF method to simulta-
neously obtain high-accuracy mass spectral
information for both precursor and fragment
ions. Finally, the DIA-NN software was used
to match the raw mass spectrometry data
against the UniProt human protein sequence
database.

Cleavage under targets and tagmentation
(CUT&Tag)

Intact cells were immobilized using concana-
valin A-coated magnetic beads. After permeabi-
lization, target protein-specific primary antibod-
ies and Protein A-Tn5 transposase complexes
were sequentially added to precisely localize
the transposase to antibody-bound chromatin
regions. Magnesium ions were then introduced
to activate the transposase, enabling simulta-
neous DNA cleavage and sequencing adapter
ligation at target sites. The reaction was termi-
nated, and tagmented DNA fragments were
released by Proteinase K digestion. Following
purification, indexed primers were used for PCR
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Table 1. Baseline characteristics of the clinical samples

Characteristics AML (n=50) Control (n=50) t/x%/Z P
Sex, n (%) 0.367 0.545
Male 30 (60.00) 27 (54.00)
Female 20 (40.00) 23 (46.00)
Age, years, (X £s) 53.14+11.94 50.17+11.06 1.290 0.200
FAB classification, n (%) / /
M3 8 (16.00) /
M5 42 (84.00) /
Specimen type, n (%) 21.951 0.000
Peripheral blood 32 (64.00) 50 (100.00)
Bone marrow 18 (36.00) 0 (0.00)
WBC, x10%L, [M (P, P_))] 13.52(9.41, 17.86) 16.82 (9.32, 20.41) 2.074 0.038
HGB, g/L, [M (P, P,.)] 83.15 (43.17, 126.59) 91.06 (44.79, 131.86) 0.812 0.417
PLT, x10%/L, [M (P, P_)] 37.61 (5.26, 197.62) 30.41 (5.18, 189.37) 0.357 0.721

LDH, IU/L, [M (P,,, P,,)]

612.15 (189.59, 6142.07)

684.66 (183.01, 6187.72) 0.109 0.913

WBC: White blood cell count. HGB: Hemoglobin. PLT: Platelet count. LDH: Lactate dehydrogenase.

amplification to construct sequencing libraries
suitable for high-throughput analysis.

Co-Immunoprecipitation (Co-IP)

Cells were lysed under non-denaturing condi-
tions to preserve native protein-protein interac-
tions. After pre-clearing, the lysate was incu-
bated overnight at 4°C with a specific antibody
against the “bait” protein. Protein A/G magnet-
ic beads were then added to capture antibody-
antigen complexes, followed by multiple wash-
es to remove non-specific binding. Finally, the
complexes were eluted by boiling and analyzed
by Western Blotting to detect the “prey” pro-
tein. An isotype IgG was used as a negative
control, and input lysate served as a positive
reference to verify interaction specificity.

Dual-luciferase reporter experiment

THP-1 cells were first transfected with a lucifer-
ase reporter gene, followed by co-transfection
with siRNA. Cells were harvested 24 hours
post-transfection and analyzed using the Dual-
Luciferase Reporter Assay System (Beyotime
Biotechnology, Cat. No. RG0O27).

Statistical analysis

All bioinformatics and statistical analyses were
performed in the R environment. The limma
package was employed for normalization and
differential expression analysis of raw sequenc-
ing data, with thresholds set at |log2FC|>1 and
adjusted P<0.05. KEGG pathway enrichment
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analysis of differentially expressed genes
(DEGs) was conducted using the clusterProfiler
package (enrichKEGG function), and visualiza-
tion was performed using ggplot2. All statistical
analyses were conducted using SPSS 26.0,
and graphs were generated using GraphPad
Prism (version 9.0). The Shapiro-Wilk test was
applied to assess normality. Normally distrib-
uted continuous variables were expressed as
mean * standard deviation (X#s) and com-
pared using the independent samples t-test.
Non-normally distributed data were presented
as median (P, P..) and analyzed using the
Mann-Whitney U test. Categorical variables
were described as n (%) and compared using
the x2 test. P<0.05 was considered statistically
significant.

Results
Baseline characteristics of clinical samples

No significant differences were observed
between the AML and control groups in base-
line characteristics including sex, age, hemo-
globin (HGB), platelet count (PLT), and lactate
dehydrogenase (LDH) (all P>0.05). However,
significant differences were found in white
blood cell count (WBC) and sample type
(P<0.05) (Table 1).

Expression profiles of CERS and CBX4 in AML
databases

Analysis of the BloodSpot database revealed
that the expression levels of CERS1-CERS5

Am J Cancer Res 2025;15(11):4885-4904
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Figure 1. The expression profile of CBX4 and CERS in AML from database. Note: (A-F) CERS1-CERS6 expression
profiles across AML karyotypes analyzed via Bloodspot database. (G) CBX4 expression profiles across AML karyo-
types analyzed via Bloodspot database. (H-M) Analysis of CERS1-CERS6 expression in AML vs. Normal Controls via

GEPIA2 database. "P<0.05.

remained largely unchanged across different
AML karyotypes (Figure 1A-E), whereas the ex-
pression level of CERS6 was significantly ele-
vated in various AML karyotypes (Figure 1F).
The expression level of CBX4 also elevated
across AML karyotypes (Figure 1G). Further
validation using the GEPIA2 database showed
that CERS1-4 expression did not differ signifi-
cantly between normal and AML samples
(P>0.05) (Figure 1H-K), while CERS5 and CE-
RS6 expression levels were significantly eleva-
ted in AML samples (P<0.05) (Figure 1L, 1M).
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Expression profiles across cell lines and clini-
cal validation

Transcriptome sequencing results of THP-1 and
CD34" cell lines showed that the CBX family
members were expressed in both cell lines, and
CBX4 showing markedly higher expression in
THP-1 cells than CD34"* cells (Figure 2A). qPCR
and Western blot analyses confirmed that both
MRNA and protein expression of CBX4 were up-
regulated in THP-1 and KG-1 cell lines (Figure
2B, 2C). Clinical sample validation further sup-
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ported these findings: qPCR showed that the
expression levels of CBX4 and CERS6 in the
AML group were significantly higher than those
in the control group (P<0.05) (Figure 2D, 2E).
LC-MS/MS analysis revealed that ceramide lev-
els were significantly reduced in the AML group
compared to the control group (P<0.05), but no
significant difference was observed between
bone marrow and peripheral blood samples
within the AML group (P>0.05) (Figure 2F, 2G).

Validation of the cell model

In the THP-1 cell line, both protein and mRNA
expression of CBX4 in the si-CBX4 group were
significantly decreased compared to the NC
group (P<0.05) (Figure 3A, 3B). In contrast,
these levels in the oe-CBX4 group were signifi-
cantly increased compared to the NC group
(P<0.05) (Figure 3C, 3D). After 48, 60, and 72
hours of culture, THP-1 cell proliferation was
significantly enhanced in the si-CBX4 group
compared to the NC group (P<0.05) (Figure
3E). No significant change in THP-1 cell prolif-
eration was observed in the oe-CBX4 group
compared to the NC group (P>0.05) (Figure
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3F). Cell apoptosis in the si-CBX4 group showed
no significant difference compared to the NC
group (P>0.05) (Figure 3G, 3H). The expression
of cell cycle-related proteins CCND1, CCND2,
CCND3, and CDK4 in the si-CBX4 group was
significantly elevated compared to the NC
group (P<0.05) (Figure 3l). Furthermore, THP-1
cells in the si-CBX4 group exhibited shortened
G1 phase and prolonged S phase (Figure 3J,
3K). However, no significant differences in cell
cycle-related protein expression were detected
in the oe-CBX4 group compared to the NC
group (P>0.05) (Figure 3L).

Lipid metabolism

Quantitative lipidomic analysis identified a total
of 847 lip metabolites in THP-1 cells from the
si-CBX4 group (Figure 4A). These were primari-
ly categorized into six major classes: sterol lip-
ids (ST), SP, prenol lipids (PR), glycerophospho-
lipids (GP), glycerolipids (GL), and fatty acids
(FA), with GP, GL, and SP being the most abun-
dant (Figure 4B). A total of 170 differentially
expressed lipid molecules were identified, of
which 63 were up-regulated and 107 were
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Figure 4. Lipid metabolism. Note: (A) Diagram of lipid subclass composition. (B) Pie chart of lipid classification. (C)
Volcano plot of quantitative lipids. (D) Top 10 up-regulated and down-regulated lipids. (E) KEGG enrichment of differ-
entially expressed lipids. (F) KEGG classification chart of differentially expressed lipids. (G) Heatmap of differentially
expressed lipids. (H) Differential expression of ceramide molecules among differential lipids. *P<0.05, *"P<0.01.

down-regulated. The top 10 up-regulated and
down-regulated lipid molecules were analyzed
(Figure 4C, 4D). KEGG enrichment and classifi-
cation analysis of the differentially expressed
lipid molecules indicated that SP metabolism
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and adipocytokine signaling pathway were the
most significantly affected (Figure 4E, 4F). The
expression of lipid molecules in THP-1 cells of
the si-CBX4 group showed overall differences
compared to the NC group. Except for
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Cer(d18:2/26:1), the expression of ceramide
molecules in the si-CBX4 group was significant-
ly lower than that in the NC group (P<0.05)
(Figure 4G, 4H).
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CBX4 positively regulates
CERS6

Both CERS6 mRNA and pro-
tein expression levels in the
si-CBX4 group were signifi-
cantly decreased compared
to the NC group (P<0.05)
(Figure 5A, 5B). The expres-
sion of PCNA, a marker of cell
proliferation activity, was sig-
nificantly upregulated in the
si-CERS6 group compared to
the NC group (P<0.05) (Figure
5C). Cell proliferation in the
si-CERS6 group increased
significantly over time and
was markedly higher than
that in the NC group (P<0.05)
(Figure 5D). In contrast, cell
proliferation in the si-CBX4+
oe-CERS6 group was signifi-
cantly decreased compared
to the NC group after 60
hours (P<0.05) (Figure 5E).
Furthermore, the expression
of cell cycle-related proteins
in the si-CBX4+oe-CERS6
group was reduced relative to
the NC group (Figure 5F).

Proteomic analysis

By constructing mutants of
CBX4, the aim was to investi-
gate the protein modification
mechanisms between CBX4
and CERSG6. The protein do-
main results are shown in
Figure 6A. In the ACDM
mutant, H3K27me3 protein
expression was decreased,
while SUMO1 and CERSG pro-
tein expression were signifi-
cantly increased (P<0.05)
(Figure 6B). The gene expres-
sion levels in the si-CBX4
group were generally higher
than those in the NC group
(Figure 6C). KEGG pathway
enrichment analysis indicat-

ed primary regulation of nicotinate and nicotin-
amide metabolism and cholesterol metabolism
(Figure 6D). Compared to the NC group, the
expression of lipid-related DEGs in the si-CBX4

Am J Cancer Res 2025;15(11):4885-4904
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group was significantly decreased (Figure 6E).
KEGG pathway enrichment analysis revealed
primary regulation of steroid biosynthesis
(Figure 6F). This involved 9 DEGs and 12 KEGG
pathways related to lipid metabolism (Figure
6G, 6H). Compared to the NC group, both the
oe-CBX4 and si-CBX4 groups showed signifi-
cant differences in the expression of lipid
metabolism-related genes (P<0.05) (Figure 6l).

CBX4 targets CERS6 and its regulatory role

CUT&Tag analysis precisely identified the chro-
matin binding sites between CBX4 and CERS6
(Figure 7A), while Co-IP further validated their
targeting relationship (Figure 7B). With increas-
ing concentration of the SUMOylation inhibitor
ML-792, SUMO2/3 protein expression corre-
spondingly decreased, while SUMO1 protein
expression was completely abolished (Figure
7C). In the si-CBX4+ML-792 group, elevated
inhibitor concentrations led to partial restora-
tion of SUMO1 protein expression, accompa-
nied by a gradual increase in SUMO02/3 expres-
sion (Figure 7D). In the si-RING1B group, pro-
tein expression levels of CBX4, CERS6, and
RING1B showed no significant changes com-
pared to the NC group (Figure 7E). The protein
expression of RING1B in the si-CBX4+si-
RING1B group was significantly decreased
compared to the NC group (Figure 7F).

CBX4 interacts with HDACS5 to regulate CERS6

CUT&Tag analysis identified the binding sites
between CBX4 and HDAC5 (Figure 8A), while
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Co-IP further validated the targeting of the
HDAC family by CBX4 (Figure 8B). The HDAC5
MRNA expression was significantly increased in
the si-CBX4 group (P<0.05) and significantly
decreased in the oe-CBX4 group (P<0.05)
(Figure 8C). HDACS5 protein expression was sig-
nificantly elevated in the si-CBX4 group (Figure
8D). Co-IP further confirmed the mutual target-
ing relationship between HDAC5 and CERS6
(Figure 8E). CERS6 was found to interact with
HDAC family proteins (Figure 8F). CERS6 pro-
tein expression was significantly upregulated in
the si-HDAC5 group (P<0.05) (Figure 8G). The
reciprocal targeting between HDAC5 and CBX4
was further verified by Co-IP (Figure 8H). In the
si-HDAC5 group, cell proliferation increased
gradually over time. However, starting from 48
hours, the cell proliferation in the si-HDAC5
group was significantly lower than that in the
control group (P<0.05) (Figure 8I).

Dual-luciferase assay was performed to verify
the transcriptional regulatory role of HDAC5

The regulatory relationship between HDAC5
and CERS6 was verified by dual-luciferase
assay. The promoter plasmid was constructed,
and compared to the empty promoter group,
the luciferase activity was significantly en-
hanced (P<0.05) in untreated THP-1 cells, sug-
gesting increased HDAC5 promoter activity
(Figure 9A). In contrast, the luciferase activity
was markedly reduced in si-CBX4 THP-1 cells,
with a significant decrease in HDAC5 promoter
activity (P<0.05) (Figure 9B).
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The role of CBX4 in ceramide regulation

KEGG pathway enrichment analysis of RNA
sequencing and proteomics data revealed that
CBX4 is involved in regulating multiple lipid
metabolism and acetylation signaling pathways
(Figure 10A, 10B). Compared to the NC group,
the protein expression of PP2A, CBX4, and
CERS6 was downregulated in the si-CBX4, si-
CBX4+Inhibitorl, si-CBX4+Inhibitor2, and si-
CBX4+Inhibitor1&2 groups. Notably, the down-
regulation of CBX4 protein expression was
more pronounced in the si-CBX4+Inhibitor2
and si-CBX4+Inhibitor1&2 groups. Conversely,
PCNA protein expression was upregulated in all
four groups, with a more marked upregulation
observed in the si-CBX4+Inhibitor2 and si-
CBX4+Inhibitor1&2 groups (Figure 10C, 10D).
Analysis of key proteins regulating cell growth
and survival signaling pathways in SP metabo-
lism showed that si-CBX4 induced the activa-
tion of p-AKT/p-PI3K and p-MEK1/2/p-Rafl. A
synergistic enhancement in the activation of
p-AKT/p-PI3K, p-MEK1/2, and p-Rafl was
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observed when CBX4 knockdown was com-
bined with inhibitor treatment (Figure 10E,
10F).

Discussion

Targeted drug therapy remains the primary
treatment approach for AML, however, patient
prognosis remains unsatisfactory [21]. The
rapid proliferation of AML cells results in signifi-
cant alterations in their metabolic characteris-
tics, and aberrant metabolic patterns not only
support leukemic cell survival but also contrib-
ute to drug resistance, thereby influencing
treatment outcomes [22]. In recent years,
researchers have shifted their focus toward tar-
geted therapies related to lipid metabolism.

Both bioinformatics analyses and clinical sam-
ples have revealed that compared to normal
samples, AML samples exhibit a significant
downregulation in the expression of both CBX4
and CERS6, accompanied by a marked reduc-
tion in free ceramide levels [22, 23]. This con-
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sistent expression pattern suggests that CBX4 tory network of ceramide metabolic dysregula-
and CERS6 may jointly participate in the regula- tion in AML. In tumor metabolic reprogramming,
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HDAC family members often serve as key exec-
utors of epigenetic regulation, involved in the
regulatory cascade linking CBX4 downregula-
tion and reduced CERS6 expression [24].
Studies have shown that CBX4 can recruit
HDAC5 to specific gene promoter regions,
thereby influencing downstream gene tran-
scription [14, 25]. As HDAC5 also plays an
important role in SP metabolism, it is likely to
function as a bridging molecule between CBX4
and CERSBG, coordinating the signaling between
epigenetic alterations and metabolic remodel-
ing [26]. Subsequent cellular validation further
verified the precise role of HDAC5 within this
regulatory axis, providing a new theoretical
foundation for therapeutic strategies targeting
SP metabolism in AML.

Based on our apoptosis study, no significant
increase in apoptosis was observed in the si-
CBX4 group, a phenomenon that may be relat-
ed to the inherent apoptosis resistance charac-
teristics of AML cells. Research indicates that
leukemia stem cells often establish robust anti-
apoptotic barriers through mechanisms such
as upregulating anti-apoptotic BCL-2 proteins,
and CBX4 knockdown alone may be insufficient
to overcome this barrier [27]. Cell proliferation
in the si-CBX4 group was significantly enhanced
after 48, 60, and 72 hours of culture. As an epi-
genetic regulator, CBX4 knockdown may direct-
ly upregulate cyclin expression by relieving
transcriptional repression of cell cycle-related
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genes. Furthermore, our preliminary research
suggests that disruption of the CBX4-HDAC5-
CERS6 axis may lead to ceramide metabolism
disorders, thereby affecting downstream prolif-
erative signaling pathways [19]. As an impor-
tant lipid second messenger, decreased
ceramide levels may relieve the inhibition of
pro-survival pathways, thus promoting cell pro-
liferation [28]. The cell cycle reprogramming
induced by CBX4 knockdown may reflect unique
metabolic adaptation strategies of AML cells.
Rapidly proliferating leukemia cells need to
reconfigure their metabolic networks to meet
biosynthetic demands, and the lipid metabo-
lism pathways regulated by CBX4 may play a
key role in this process [29]. In summary, CBX4
demonstrates unique functional complexity in
AML - while its knockdown does not directly
affect apoptosis, but significantly promotes cell
proliferation by regulating cell cycle progres-
sion and metabolic reprogramming. These find-
ings provide a theoretical basis for developing
novel therapeutic strategies targeting this
pathway.

Lipidomic analysis revealed that CBX4 knock-
down led to significant alterations in the overall
lipid profile of THP-1 cells, with the SP metabo-
lism pathway being the most significantly dis-
turbed. Specifically, the expression levels of
multiple long-chain ceramide molecules were
significantly downregulated, confirming that
CBX4 is an important regulatory factor in main-

Am J Cancer Res 2025;15(11):4885-4904
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Figure 10. The role of CBX4 in ceramide regulation. Note: (A, B) KEGG pathway analysis of CBX4 involvement in
acetylation and lipid metabolic signaling pathways. (C) Effect of its inhibitor on the expression of key proteins in SP
metabolism. (D) Inhibitor effect on key proteins for SP metabolism. (E) Effect of the inhibitor on the expression of key
proteins in disease progression. (F) Inhibitor effect on key proteins in disease progression.

taining intracellular SP homeostasis, particu-
larly normal ceramide levels. In terms of cell
proliferation regulation, si-CBX4 caused a sig-
nificant decrease in the expression of its key
downstream effector molecule, CERS6, which
in turn promoted cell proliferation and altered
the cell cycle progression [30]. When CERS6
was overexpressed in the context of CBX4
knockdown, the pro-proliferative phenotype
induced by CBX4 deficiency was partially re-
versed, strongly demonstrating that CERS6
serves as a core downstream mediator through
which CBX4 regulates cell proliferation [31].
Proteomic and mutant verification results eluci-
dated the potential reasons for the above phe-
nomena at the molecular level. By constructing
a truncated mutant of CBX4, the study found
that the deletion of its SUMO E3 ligase activity
domain led to a significant upregulation of
SUMO1 modification and CERS6 protein ex-
pression, accompanied by a decrease in
H3K27me3 levels [32]. This key finding sug-
gests that CBX4 likely regulates the protein sta-
bility and expression level of CERS6 through its
SUMOylation-dependent post-tranlational mod-
ification and the repressive histone modifica-
tion state maintained by the PRC1 complex,
thereby influencing the entire sphingolipid met-
abolic network [33]. This indicates that the core
mechanism by which CBX4 regulates SP metab-
olism is as follows: CBX4, through its protein
modification functions and potential epigenetic
regulation, inhibits HDAC5 expression, thereby
alleviating HDAC5-mediated transcriptional
repression of the CERS6 gene promoter, and
ultimately maintaining CERS6 expression and
ceramide synthesis. When CBX4 is knocked
down (si-CBX4), this repressive regulation is
lifted, leading to upregulation of HDAC5, sup-
pression of CERS6 expression, and reduction
of ceramide synthesis [34, 35]. Consequently,
SP metabolic balance is disrupted, and pro-
survival and pro-proliferative signaling path-
ways such as PI3BK/AKT and MAPK are activat-
ed, collectively driving the malignant progres-
sion of AML.

To further validate the targeting relationships of
CBX4, CUT&Tag and Co-IP experiments directly
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confirmed that CBX4 can bind to both CERS6
and HDACD5, establishing interactions between
them. Importantly, the key regulatory hierarchy
is reflected in the transcriptional repression of
HDAC5 by CBX4 [36]. Knockdown of CBX4 led
to a significant upregulation of HDAC5 mRNA
and protein levels, whereas CBX4 overexpres-
sion had the opposite effect, indicating that
CBX4 is an upstream transcriptional repressor
of HDACbS. This relationship was further sup-
ported by dual-luciferase reporter gene assays,
which confirmed that CBX4 suppressed the
promoter activity of HDAC5 [37]. Co-IP experi-
ments further verified the interaction between
HDAC5 and CERSG6, and knockdown of HDAC5
resulted in upregulated CERS6 protein expres-
sion. Mechanistically, HDAC5 directly acts on
the CERS6 promoter and inhibits its transcrip-
tional activity [38]. This clearly outlines a regu-
latory pathway: CBX4, by repressing HDAC5
expression, alleviates the transcriptional re-
pression of the CERS6 promoter by HDACS,
ultimately maintaining CERS6 expression and
ceramide synthesis [39, 40]. When CBX4
knockdown was combined with ceramide syn-
thesis inhibitors, it synergistically enhanced the
activation of the PIBK/AKT and MAPK signaling
pathways. The potential mechanism behind
this phenomenon is that CBX4 knockdown and
pharmacological inhibition work together to
exacerbate the depletion of intracellular cera-
mide [41]. As a known tumor-suppressive lipid
molecule, decreased ceramide levels release
the brake on pro-survival signaling pathways,
thereby strongly activating the AKT and MEK/
ERK pathways and driving malignant cell prolif-
eration [42]. This explains why targeted inter-
vention of this axis could represent an effective
therapeutic strategy [43]. In summary, these
findings reveal a sophisticated cascade regula-
tory model in AML: CBX4 acts as an upstream
regulatory factor that indirectly promotes
CERSG expression and ceramide synthesis by
transcriptionally repressing HDACDS, thereby
helping to maintain a relative metabolic bal-
ance and suppress excessive proliferative sig-
naling [44]. When CBX4 function is lost, this
balance is disrupted. Upregulated HDAC5 sub-
sequently represses CERSG6 transcription, lead-
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ing to decreased ceramide levels [45].
Ultimately, by relieving the inhibition on the
PIBK/AKT and MAPK pathways, this process
vigorously promotes the malignant progression
of leukemia.

While this study elucidates the regulatory role
of the CBX4-HDAC5-CERSG6 axis in SP metabo-
lism in AML, several limitations should be
noted. First, this study primarily relies on in
vitro cell line models and lacks validation
through in vivo animal experiments. Subsequent
animal studies are still needed to evaluate the
function of this axis within the complex tumor
microenvironment, its impact on leukemogen-
esis and progression, and potential systemic
toxicity. Second, the precise epigenetic mecha-
nisms by which HDAC5 suppresses CERS6
transcription have not been fully elucidated.
The indirect pathway through which CBX4 regu-
lates HDAC5 expression also requires further
clarification.

Conclusion

Aberrant CBX4 expression alters SP metabo-
lism in AML by modulating HDAC5-mediated
repression on CERS6. Reduced CBX4 expres-
sion attenuates the inhibitory effect on HDACS5,
leading to HDAC5 upregulation and enhanced
repression of CERS6 transcription. Consequen-
tly, CERS6 downregulation disrupts SP biosyn-
thesis and compromises cellular membrane
stability.
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