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ABSTRACT

Purpose:

Hepatocellular carcinoma (HCC) is a highly aggressive malignancy with a dismal

prognosis that is largely attributed to the capacity of liver cancer stem cells (LCSCs)

to self-renew in response to conventional therapies. Therefore, it is crucial to develop

new therapeutic strategies that target LCSCs to improve the clinical outcomes of

patients with HCC.

Experimental Design:

We surveyed and analyzed publicly available single-cell TCGA (the cancer genome

atlas), single-cell (scRNA-seq) and spatial RNA-sequencing databases from HCC

patient specimens for genes uniquely expressed in LCSCs. We generated and

characterized LCSCs from patient-derived HCC cell lines and used them as tools to

uncover the previously unknown molecular mechanisms associated with the stemness

of LCSCs. We selectively screened a bank of natural compounds to identify drugs that

can specifically target LCSCs for HCC treatment and documented their effects both in

vitro and in vivo.

Results:

TCGA analyses showed that SETD1B expression was aberrantly elevated in HCC,

correlating with poor prognosis and a distinct molecular signature of stemness. We

demonstrated that SETD1B, driven by MAZ, enhances stem characteristics by
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promoting anchorage-independence, cellular adhesion, tumor sphere formation, and

growth via the surface glycoprotein CD24. We identified triptolide (Trip), which

serves as a potent suppressor of LCSC stemness by targeting SETD1B for degradation,

thereby dramatically attenuating HCC progression in vitro and in vivo.

Conclusions:

These findings establish the MAZ/SETD1B/CD24 signaling cascade as a critical

regulatory mechanism of LCSC stemness and highlight Trip as a potential therapeutic

agent for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the most common primary malignancy of the

liver, accounting for approximately 75-85% of all liver cancer cases globally, and its

incidence rate is expected to continue to rise in the next 30 years [1]. HCC is amongst

the top six most prevalent types of malignancies and the third leading cause of

cancer-related deaths worldwide [2, 3]. While HCC typically arises in the context of

chronic liver disease and cirrhosis, with major etiological risk factors including

chronic hepatitis B and C virus infections, recent years of scientific research on the

underlying genetic and molecular pathways have led to the development of targeted

therapies [4, 5]. Although the introduction of these newer treatment modalities, such

as inclusion of lenvatinib, a kinase inhibitor, as a mono- or in combinatorial therapy,

has moderately improved the survival of the patients in recent years, due to unclear

reasons, the majority of patients still experience tumor recurrence and metastasis [6,

7].

Liver cancer stem cells (LCSCs) represent a subpopulation of HCC cell that

possess self-renewal and differentiation capabilities, contributing to tumor initiation,

progression, metastasis, and resistance to conventional therapies [8, 9]. These cells

exhibit distinct phenotypic markers, including EpCAM, CD90, CD133, and CD44,

which are associated with stem-like properties and often linked to poor prognosis and

aggressive clinical outcomes [10, 11]. Increasing evidence suggests that the

resurgence of tumor cells is due to the incomplete eradication of cancer stem cells;

thus, targeted depletion of these cell populations has been a major strategy for the
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treatment of HCC [12, 13]. However, the precise regulatory pathways and signaling

mechanisms governing LCSC maintenance remain unclear, necessitating further

investigation to develop effective LCSC-specific therapeutic strategies.

The maintenance of LCSC stemness is driven by a complex interplay of

molecular mechanisms that sustain self-renewal, differentiation potential, and

tumorigenic capacity, in which epigenetic regulation has emerged as a major

determinant [14, 15]. In cancer, DNA methylation patterns are often dysregulated,

with hypermethylation of tumor suppressor genes and hypomethylation of oncogenic

pathways contributing to unchecked proliferation, invasion, and metastasis [16]. This

dysregulated methylation landscape not only facilitates tumor development but also

plays a central role in maintaining cancer stem cell (CSC) populations [17]. Aberrant

DNA methylation patterns in the promoter regions of tumor suppressor genes, for

instance, can lead to their silencing, enhancing LCSC survival and proliferation.

Additionally, histone modifications, including acetylation and methylation, modulate

chromatin structure and accessibility, impacting transcriptional programs that support

stemness and differentiation pathways in LCSCs [18].

Here we report a novel epigenetic mechanism that governs LCSC properties and

drug resistance. SETD1B (SET Domain Containing 1B) is a histone methyltransferase

that is frequently overexpressed or mutated, leading to aberrant H3K4me3 deposition

and dysregulation of pathways that promote oncogenesis [19, 20]. However, its role in

HCC has not been explored. Intrigued by its high expression in malignant tissues and

close association with poor survival, we generated LCSC surrogates to study SETD1B
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function. Using a combination of scRNA-seq analysis, spatial transcriptomics, and in

vivo animal models, we found that SETD1B maintained LCSC stemness and induced

carcinogenesis by dramatically enhancing anchorage-independent clonal expansion

via the CD24 receptor signaling cascade. Promoter analyses revealed that this high

SETD1B level was controlled by MYC-associated zinc finger protein (MAZ), a

multifunctional protein involved in transcriptional regulation. More importantly, we

demonstrated that SETD1B can be targeted for degradation by triptolide, a naturally

occurring diterpenoid epoxide found in the gold vine, which leads to remarkable

control of tumor growth, even when used as a monotherapy in our preclinical model

of HCC.
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Results

SETD1B is associated with the stem-like properties of hepatocellular carcinoma

To investigate the role of SETD1B in liver cancer, we assessed its expression

characteristics using TCGA database. Our unbiased pan-cancer expression analysis

revealed that SETD1B levels were significantly altered in a number of cancer tissues

compared with their respective normal counterparts (Figure 1A; Figure S1A).

Surprisingly, SETD1B expression was most significantly elevated in hepatocellular

carcinoma (HCC, referred to as LIHC in TCGA) and cholangiocarcinoma (CHOL)

(Figure 1A; Figure S1A-C). This was further corroborated by the spatial

transcriptomics (HRA000437) of patient tumor specimens, which showed a clear

difference in SETD1B expression in HCC as opposed to its adjacent normal tissues

(Figure 1B and C; Figure S1D and E). Notably, even the early stages of LIHC and

CHOL exhibited dramatic up-regulation of SETD1B expression, which remained high

across all stages (Figure S1F and G). Importantly, high SETD1B expression levels

were associated with a poor prognosis in patients with HCC (Figure 1D). These

findings suggested that SETD1B plays a crucial role in the development and

progression of HCC. As SETD1B is involved in regulating the differentiation of

hematopoietic stem cells, we wondered whether it contributed to the maintenance of

LCSCs (liver cancer stem cells) [21, 22]. As we expected, gene set enrichment

analysis (GSEA) revealed a statistically significant (p < 0.05) positive correlation

between SETD1B and pathways governing cell stemness and the expression of

various classical stem cell markers (Figure 1E and F; Figure S1H). To confirm this
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correlation, we obtained HCC and matched normal tissue specimens from both human

patients and Sprague-Dawley (SD) rat orthotopic liver cancer models. Using OCT4 as

a stemness indicator, our immunofluorescence (IF) analyses demonstrated

simultaneous significant up-regulation of OCT4 and SETD1B in cancerous tissues

compared to normal tissues in specimens of both human and rat origin (Figure 1G

and H). Together, these results indicated that SETD1B is closely related to the

stemness of LCSCs, warranting further investigations.

SETD1B is highly expressed in liver cancer stem cells

To reveal the functional role of SETD1B in LCSCs, we dedifferentiated the HCC

cell lines, HCCLM3 and HepG2, by continuous culture in non-adhesion plates in a

stem cell growth medium. After a 21-day self-reprogramming period, both treated

HCCLM3 and HepG2 cells, now denoted as HCCLM3 and HepG2 LCSCs, started

expressing epithelial cell adhesion molecule (EpCAM) and OCT4, which are

characteristic markers of LCSC compared to their wild-type counterparts (Figure 2A

and B). To further complement our IF assessment, we evaluated several other classical

markers of stemness such as CD44, CD133, Nanog, EpCAM, SOX2 and OCT4 by

flow cytometry (Figure 2C and D), RT-qPCR (Figure S2A and B), and Western

blotting (Figure S2C-F) in both treated and wild-type HCCLM3 and HepG2 cells.

Furthermore, we demonstrated the enhanced tumorigenic capacity of the induced

HCCLM3 LCSCs compared to its parent control in vivo by showing accelerated

tumor growth and significantly larger tumors at the endpoint in nude mice (Figure

2E-G; Figure S2G-I). Collectively, these results indicate the successful induction of
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LCSC in HCCLM3 and HepG2 cell lines. Next, we investigated whether SETD1B

levels were altered in both the cell lines after stem cell induction. Using RT-qPCR and

Western blotting, we found that SETD1B mRNA and protein levels were both

dramatically increased in the HCCLM3 and HepG2 LCSCs groups compared with

their respective parental controls (Figure 2H-J). These findings align with previous

pathological analyses of patient HCC specimens and clearly demonstrate high SED1B

expression in LCSCs.

SETD1B was involved in regulating the stemness of liver cancer stem cells

However, does SETD1B regulate the stemness of LCSCs? To answer this

question, we assessed the changes in LCSC characteristics after SETD1B knockdown

(KD) using RNA interference. Remarkably, after short hairpin RNA

(shRNA)-mediated reduction of SETD1B, we observed significant down-regulation of

all markers of stemness tested, including c-MYC, EpCAM, Nanog, and OCT4, in

both HCCLM3 and HepG2 LCSCs compared to those in the non-targeting controls

(NC) by RT-qPCR (Figure 3A), Western blotting (Figure 3B and C), and flow

cytometry (Figure 3D). These results prompted us to analyze their sphere-forming

capacity, which is a classical functional assessment of their stemness and

tumorigenicity. We found that SETD1B KD greatly inhibited the growth capacity of

stem cell spheres formed by HCCLM3 and HepG2 LCSCs resulting in significantly

smaller sphere sizes (Figure 3E and F; Figure S3A and B). Altogether, these findings

suggest that SETD1B is likely involved in the maintenance of stemness in LCSCs,

thereby playing a regulatory role in the development of HCC.
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SETD1B maintains cell stemness and adhesion

To investigate how SETD1B mediates its function in cellular stemness, we

subjected sorafenib-resistant HCCLM3 cells with and without SETD1B KD to bulk

RNA sequencing (bulk RNA-seq). Differential gene expression analyses identified

numerous significantly changed genes and pathways related to cell stemness (data not

shown), and several such genes exhibiting substantial down-regulation were further

examined through scRNA-seq of HCC specimen. The results showed that CEACAM6

and CD24 were specifically highly expressed in cancer stem cell (CSC) (Figure 4A

and B; Figure S4A). Analysis of pan-cancer expression for CEACAM6 and CD24

revealed that both levels were significantly altered in a number of cancer tissues

compared to their respective normal counterparts, such as breast invasive carcinoma

(BRCA), lung adenocarcinoma (LUAD), and thyroid carcinoma (THCA) (Figure

S4C) [23-25]. However, in HCC, CEACAM6 expression was not prominent, while

CD24 expression was significantly higher compared to normal liver tissues, spatial

transcriptomics (HRA000437) of patient tumor specimens corroborated the findings

(Figure 4C; Figure S4B and C). Moreover, CEACAM6 expression showed no

significant correlation with survival in HCC patients, whereas low CD24 expression

was associated with a longer overall survival in patients with HCC (Figure S4D).

These findings indicate that CD24 serves as a potential prognostic biomarker for HCC,

whereas CEACAM6 does not exhibit the same predictive value [26]. RT-qPCR and

Western blotting further confirmed the reduction of CD24 mRNA and protein levels

in both HCCLM3 and HepG2 LCSCs upon SETD1B KD, respectively (Figure 4D
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and E; Figure S4E). This increase CD24 expression was also found to be positively

correlated with SETD1B expression, suggesting that CD24 is a downstream effector

of SETD1B (Figure 4F). Notably, we found CD24 expression was enriched with

stemness marker (Figure 4G). Indeed, KD of CD24 in HCCLM3 and HepG2 LCSCs

significantly reduced the number of stem cell sphere colonies and resulted in

dramatically reduced sphere sizes (Figure 4H and I; Figure S4F and G). It also

required more stem cells to form a viable sphere (Figure S4I and J), suggesting

reduced tumorigenicity in these cells. To decipher the downstream pathways regulated

by CD24, we performed gene ontology (GO) analyses with CD24 as the only variable

using a publicly available set of bulk RNA-seq data (GSE141503), which resulted in

significant enrichment in various adhesion molecule signaling pathways (Figure 4J

and K). As N-cadherin is the key molecule that govern cell-cell adhesion, we further

assessed their changes in HCCLM3 and HepG2 LCSCs after CD24 KD and found

N-cadherin to be significantly down-regulated by Western blotting (Figure 4L-N;

Figure S4H). Collectively, these findings demonstrate that SETD1B modulates the

expression of CD24, which in turn suppresses the expression of the adhesion

molecule N-cadherin, leading to the suppression of stem cell characteristics in

LCSCs.

Identification of transcription factors that modulate the expression of SETD1B

Next, we sought to elucidate the regulatory mechanism of SETD1B expression in

LCSCs. As such, we adopted an unbiased comprehensive approach to identify

upstream regulators. We first retrieved the promoter sequence of SETD1B and
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screened for potential transcription factors (TF) using the JASPAR database

(https://jaspar.elixir.no). This yielded 32 candidate TFs, of which MAZ (MYC

Associated Zinc Finger Protein) was ranked among the highest according to the

probability of survival in liver cancer patients (Figure 5A; Figure S5A and B). GSEA

enrichment analysis revealed that ZNF384 and MAZ were the top-ranked transcription

factors associated with cellular stemness (Figure 5B). To this end, we obtained

existing datasets for chromatin immunoprecipitation from several cell lines including

HepG2 cells. Our analyses of publicly available ChIP-seq datasets

(http://cistrome.org/db/) revealed that, compared to ZNF384, there were significantly

more reads in the SETD1B promoter region with MAZ (Figure 5C; Figure S5C).

Thus, we selected MAZ for further investigation. In accordance with our in silico

analyses, we confirmed that MAZ mRNA and protein expressions level were both

significantly increased in our established LCSCs compared to their parental controls

(Figure 5D-F). GSEA analysis revealed a positive correlation between MAZ

expression and pathways governing cell stemness (NES: 1.83) (Figure 5G). Our IF

analyses demonstrated a significant increase in MAZ and c-MYC expression in both

human and SD rat HCC specimens in contrast to their normal tissue counterparts

(Figure S5D and E). Furthermore, analysis of a publicly available scRNA-seq data

set on HCC (GSE125449) showed that MAZ was specifically expressed in the CSC

population (Figure 5H; Figure S5F-I). Thus, we investigated whether MAZ drives

SETD1B expression in LCSCs. To this end, through the dual-luciferase reporter assay,

we provided evidence that MAZ functions as a transcription factor of SETD1B and is
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capable of activating SETD1B expression (Figure 5I-K). Moreover, MAZ was highly

expressed in LIHC specimens, and its expression was significantly positively

correlated with that of SETD1B (Figure 5L; Figure S5J). We further investigated the

expression pattern of MAZ in HCC tissues and our established LCSCs. As shown in

Figure 5M-O, IF analysis indicated that both MAZ and SETD1B were co-expressed

in nuclei of the HCC tissues and LCSCs. Together, these results show that MAZ is

highly expressed in HCC, particularly LCSC, which may potentially drive SETD1B

expression that maintains its stemness.

The transcription factor MAZ regulates the expression of SETD1B

To ascertain the regulatory role of MAZ in SETD1B expression, we used a

similar approach, delivered MAZ-targeting shRNA and MAZ CDS into these LCSCs

using lentiviral vectors, and then assessed the alteration of their stemness. Following

MAZ KD, we observed a concomitant down-regulation of SETD1B at both mRNA

and protein levels as well as the stem cell markers Nanog and OCT4 in both

HCCLM3 and HepG2 LCSCs (Figure 6A-D; Figure S6A and B). Similar to our

previous findings, KD of MAZ also led to a significant decrease of the stem cell

sphere growth capacities of HCCLM3 and HepG2 LCSCs (Figure 6E-G; Figure S6C

and D). Interestingly, MAZ overexpress led to a concomitant upregulation of SETD1B

at both transcriptional (Figure 6H) and translational levels (Figure 6K-M), and

LCSCs displayed more pronounced stem-like characteristics (Figure 6I and J). Taken

together, these data indicate that MAZ regulates SETD1B expression in LCSCs which

in turn influences their stemness.
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Triptolide targeting the SETD1B protein inhibits the stemness of stem cells,

inhibiting tumor growth

Thus far, our results have demonstrated the critical role of SETD1B in defining

stem-like characteristics in LCSCs and tumor progression, suggesting potential

therapeutic benefits in targeting this molecule. Unfortunately, there are no available

FDA-approved drug that can target SETD1B; therefore, we surveyed a bank of small

natural molecular drugs that not only exhibit considerable promise in disease

management, but also show potential for targeting SETD1B based on our previous

unpublished data, such as eganelisib, dactolisib, curcumin, trametinib, and triptolide

[27-31]. Molecular docking showed that triptolide (Trip), a natural product derived

from Tripterygium wilfordii, exhibited the strongest binding affinity for SETD1B,

forming hydrogen bonds at multiple sites to establish a stable structure (Figure S7A

and B). Thus, it was chosen for downstream investigation. CCK8 assays revealed that

the IC50 values of Trip on HCCLM3 and HepG2 LCSCs were 83.93 nM and 80.20 nM,

which indicated remarkable drug sensitivity of these cells to this compound (Figure

S7C). In addition, SETD1B KD significantly attenuated the inhibitory effect of Trip

on cell viability (Figure 7A). To explore whether Trip affected SETD1B expression,

we performed analyses on Trip-treated LCSCs with and without SETD1B KD.

Interestingly, Trip treatment led to a dramatic reduction in SETD1B and other

stemness, adhesion, and apoptosis markers in parental LCSCs which became

unresponsive to Trip-treatment after SETD1B KD (Figure 7B-E). Further assessment

with MG132 in HCCLM3 LCSCs revealed that this Trip-induced reduction in
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SETD1B happened at both transcript and protein levels (Figure S7D-G). Moreover,

we unveiled a dosage-dependent reduction in stem cell clonal formation and

proliferation following Trip treatment, which was also abolished by prior SETD1B

KD (Figure S7H-K, S8A and B). Most notably, the Trip-induced dosage-dependent

cell death of both HCCLM3 and HepG2 LCSCs was no longer observed after

SETD1B KD (Figure 7F and G). To further evaluate the target specificity of Trip on

SETD1B, we characterized the effects of two other widely used SETD1B inhibitors

(Chaetocin [19] and UNC0379 [32]) on our LCSCs. Both inhibitors significantly

reduced SETD1B expression and produced phenotypic outcomes consistent with the

SETD1B KD group in our LCSCs. Notably, similar to our previous findings, Trip lost

its function when the LCSCs were pretreated with either one of the inhibitory drugs

(Figure S8C-H). These results demonstrated that Trip inhibits cancer stemness by

suppressing SETD1B expression.

Surprisingly, HCC xenografts showed a significant response to Trip treatment at

nanomolar ranges in our mouse models (Figure 8A-D). However, although SETD1B

resulted in noticeably smaller tumors, similar to previous observations, these tumors

exhibited a substantial decrease in response to Trip treatment even at the highest

dosage tested (Figure 8A-D). Indeed, further pathological analyses showed reduction

of SETD1B, CD24, N-cadherin and Ki67 following Trip treatment in the tumor

xenografts, but reduction of these proteins was no longer seen with SETD1B KD

(Figure 8E-G). Finally, our analysis of public databases revealed that elevated

expression and stemness of the genes SETD1B, CD24, and N-cadherin were
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significantly correlated with poorer prognosis in HCC patients’ post-treatment

(Figure 8H). This correlation implies that a SETD1B-driven stemness

microenvironment negatively affects patient survival rates. Altogether, we identified a

promising therapeutic agent, Trip, that inhibited tumor progression in our preclinical

mouse models of HCC by targeting SETD1B to suppress the stemness of LCSC.

These findings underscore the clinical significance of targeting SETD1B with Trip,

potentially enhancing the therapeutic outcomes.
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Discussion

Cancer stem cells (CSCs) are characterized by their ability to self-renew, drive

tumorigenesis, and confer tumor heterogeneity, which poses a significant challenge

for cancer treatment. Therefore, understanding the molecular basis behind their

stemness is key to the advancement of current therapeutics for HCC [33, 34]. Here,

we report that the methyltransferase SETD1B plays a crucial role in the development

of HCC by contributing to the stemness of liver cancer stem cells (LCSCs). Our

research revealed that SETD1B expression is abnormally high in HCC, especially in

the LCSC subpopulations, which maintains their stem cell-like characteristics.

SETD1B levels are driven by the transcription factor MAZ, which conveys its

function via the surface glycoprotein, CD24, to modulate cellular adhesion and

tumorigenicity. Moreover, SETD1B can be targeted by triptolide for degradation,

leading to the eradication of LCSCs and a dramatic reduction in HCC. Our study not

only uncovered an important contributor of LCSCs in HCC but also provided new

perspectives for potential therapeutic approaches for this devastating disease.

As a member of the human SET1 family, SETD1B is capable of catalyzing the

methylation of histone H3 at lysine 4 (H3K4) [35], and abnormally elevated levels of

SETD1B expression correlate with poor prognostic outcomes in HCC [36]. Similarly,

Chen et al. found that high expression levels of SETD1B were significantly associated

with larger tumor size (p < 0.05), advanced clinical tumor stages (p < 0.01), and the

presence of liver cirrhosis (p < 0.05) [36]. Using multiple bioinformatics approaches,

our research further revealed that SETD1B expression is elevated in HCC stem cells
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compared to HCC cells, potentially accounting for the enhanced tumorigenic potential

observed in HCC stem cells [33, 34]. This is reflected by the association of SETD1B

levels with the global stemness signature as KD of SET1DB simultaneously altered

the expression of characteristic stemness marker genes, suggesting that SETD1B is

capable of systematically reprogramming HCC cells into pernicious cancer stem cells.

A previous study supports this hypothesis by showing that SETD1B plays an

indispensable role in the early stages of organogenesis and is crucial for the

maintenance of long-term hematopoietic stem cells [21, 22]. Once formed, cancer

stem cells maintain their self-renewal capacity within the body through symmetric

and asymmetric division [37]. Typically, the stronger the pluripotency of stem cells,

the less they rely on anchorage for growth, which leads to higher oncogenicity [38]. In

our research, we demonstrated that prolonged cultivation of HCC cells can trigger the

expression of characteristic stem cell-specific genes, indicating their reprogramming

towards LCSC-like cells. Interestingly, SETD1B expression was also highly elevated

during this reprogramming process, which further implicates it in HCC and LCSCs.

Moreover, KD of SETD1B significantly inhibited anchorage-dependent growth and

the size and number of stem cell spheres, leading to decreased cell stemness and

tumorigenic potential. These findings, suggest that SETD1B is an important

contributor of LCSCs stemness and that disrupting SETD1B function can be

beneficial for patients with HCC. As SETD1B has methyltransferase function, which

can potentially exert significant epigenetic changes that influence numerous

stemness-related genes, it is perhaps not surprising that functional perturbation of
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SETD1B alone can have a profound effect on LCSCs [22, 39]. Hence, our results not

only corroborate the observations reported in the previous article but also further

demonstrate the role of SETD1B in HCC by offering a potential explanation at the

cellular and molecular level for its association with poor prognosis.

Given the critical role of SETD1B in enhancing HCC stemness and progression,

we explored its upstream regulatory mechanism. Our study revealed that MAZ was

highly expressed in HCC and acted as a driver of SETD1B expression. Interestingly,

we found that down-regulation of SETD1B in LCSC leads to reduced cell stemness

due to a concomitant decrease in c-MYC levels. Traditionally, MAZ is known as an

important regulator of c-MYC expression, which directly influences the self-renewal

and maintenance of pluripotency in stem cells [40, 41]. Our results provided further

evidence that MAZ-mediated regulation of c-MYC and changes in cellular stemness

may be executed in part by SETD1B. However, MAZ has also been shown to

modulate the alternative splicing of the c-MYC gene, which in turn impacts the

self-renewal capacity and the maintenance of pluripotency in stem cells [40, 41], and

concurrently, it also engages in interactions with CDK6, thereby sustaining the

functional integrity of hematopoietic stem cells [42]. Therefore, MAZ and SETD1B

may synergistically regulate HCC stemness, but further research is needed to

determine whether MAZ alone can influence these cellular stemness-related genes

alone. However, how does SETD1B influence HCC stemness? The current study

offers a plausible mechanism by showing SETD1B-dependent regulation via the

CD24 transmembrane glycoprotein. CD24 functions as a modulator of cell migration,
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invasion, and proliferation [43]. At the same time, CD24 is also a marker of stemness

as it is highly expressed in transit-amplifying cells [44, 45]. We conducted gene

ontology (GO) enrichment analysis on RNA sequencing data from samples with high

and low expression of CD24. The analysis revealed significant enrichment of cellular

components and biological processes related to cell-matrix adhesion, which may be

regulated by CD24 through its commonly implicated downstream Hippo or p53

pathways resulting in alteration of adhesion molecules [46, 47]. This finding is

consistent with previous studies on the maintenance of stem cell characteristics. Given

the widespread increase in histone methylation in stem cells [48, 49], SETD1B

possesses the capability to catalyze the methylation of histone H3 at lysine 4 (H3K4)

[35]. We speculate that SETD1B may influence the levels of histone H3K4

trimethylation (H3K4me3) in LCSCs, thereby regulating the expression of CD24.

This regulatory effect may further affect the stemness characteristics and

spheroid-forming ability of stem cells. However, further analysis of the methylation

status is needed to uncover the specific molecular mechanisms by which SETD1B

regulates CD24 expression.

The ongoing development of novel targeted therapies has significantly bolstered

the survival rates of patients [50]. A variety of compounds derived from natural plant

sources, recognized for their potential to inhibit liver cancer, have paved the way for

innovative therapeutic approaches for tumor management [51, 52]. As SETD1B is a

critical regulatory factor in HCC progression, targeting this protein for degradation

may be a potential therapeutic strategy [53]. Consequently, through selective
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screening of natural products, we discovered that triptolide (Trip) could specifically

target SETD1B for degradation and trigger dosage-dependent cell death in LCSCs in

vitro and in vivo. We find that the ability of Trip for targeting SETD1B is likely

attributable to the ability of the hydroxyl group in Trip to form a stable hydrogen bond

with the carboxylic acid group of arginine at position 185, lysine at position 125 and

133, and asparagine at position 111 within the active site of the SETD1B protein. This

interaction suggests the possible formation of a SETD1B-Trip complex, which is then

shunted to the proteasome for degradation [54]. However, the exact mechanism of this

degradation requires further research. More importantly, we observed that Trip

significantly suppressed the expression of adhesion molecules and the ability to form

spheres in LCSCs, thereby promoting apoptosis in LCSCs. This result suggests that

LCSCs enhance their defense mechanisms against external cytotoxic factors by highly

expressing adhesion molecules, and the intervention of Trip effectively weakens this

defense [55, 56]. In addition, by targeting ERCC3 and regulating the c-MYC/miRNA

cluster/target gene axis, Trip significantly enhances its ability to induce apoptosis in

liver cancer cell lines both in vitro and in vivo [57]. Nevertheless, Trip possesses the

capability to not only effectively inhibits liver cancer, but also influences other

malignancies, including lung cancer, pancreatic cancer, nerve tumors, and prostate

cancer, through various signaling pathways. Specifically, Trip exerts its antitumor

effects by modulating critical signaling pathways such as Nrf2-ARE,

PI3K/AKT/mTOR, Notch, and β-Catenin/Wnt [57-63]. Notably, unlike conventional

chemotherapeutic drugs, which are mostly administered intravenously, previous
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research reports have indicated that Trip is primarily administered orally. Unlike

gavage administration, we employed an ad libitum feeding method for drug delivery,

which has also shown significant inhibitory effects on the liver cancer growth. This

discovery offers a potential novel therapeutic strategy and a much less invasive

regimen for clinical application.

In summary, our study uncovered a previously unknown signaling axis that

maintains the stemness of LCSCs, wherein SETD1B, under the transcriptional control

of MAZ, drives tumorigenicity via CD24. Targeting this molecular cascade by Trip

results in the destruction of LCSCs, which in turn drastically hampers HCC

progression. These data constitute an important scientific basis for potential

therapeutic strategies for HCC (Figure 9).
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Materials and methods

Animal Models

The study was approved by the Ethics Committee of the Army Medical

University. We established a Sprague Dawley (SD) rat (Vital River, Zhejiang, China)

model of primary liver cancer (PLC) according to previous methods [64]. Briefly,

5-week-old male Sprague-Dawley (SD) rats were intraperitoneally injected with 1%

diethylnitrosamine (DEN) at a dose of 100 mg/kg. The following day, they were

administered nitrosomorpholine (NMOR) solution at a concentration of 100 ppm.

Liver samples were collected at predetermined time intervals for histological analysis.

Nude mice were purchased from the Vital River (Zhejiang, China) and kept in a

specific pathogen-free (SPF) environment to reduce the risk of pathogen infection.

Two million HCCLM3 LCSCs suspended in PBS were subcutaneously injected into

the flank of nude mice. Mice are feed ad libitum. The onset and progression of the

tumors were continuously monitored and measured with a digital caliper as early as

day 3 following implantation until the tumor size reached the maximum volume

allowed by the institution, at which point the mice were sacrificed and the tumor

samples were collected for analyses. The volume of the tumor was estimated using the

formula volume = (π/6) × length × width2 [65].

Cell Lines and Culture Conditions

Human liver cancer cell (LCCs) lines HCCLM3 and HepG2, were donated by

the researchers. To generate LCSCs from the respective cell lines, cells were
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trypsinized at approximately 90% confluence and dissociated into single cells by

gentle pipetting. The cells were pelleted by centrifugation, washed twice with PBS,

and resuspended in a complete culture medium to a final concentration of 2000

cells/mL. DMEM/F12 medium supplemented with EGF (20 ng/mL), FGF (10 ng/mL),

N2 (1%), B27 (2%) was used to culture liver cancer stem cells (LCSCs) [66]. The cell

suspension was left undisturbed at 5% CO2 and 37°C until the cell spheres reached

approximately 100 μm in diameter, at which point the spheres were collected for

continuous passage. After three passages, the cells were assessed for stemness and

used in subsequent experiments. LCSCs and LCCs lines were cultured in DMEM/F12

and H-DMEM (Gibco, USA) supplemented with 10% FBS (ExCell Bio, China) and

1% penicillin/streptomycin, respectively, and maintained at 37°C and 5% CO2 unless

indicated otherwise. All cell cultures were tested negative for Mycoplasma.

Western Blotting

Cells were lysed using RIPA buffer with PMSF (1:100, Solarbio, Beijing)

according to the previously described method [67]. The lysates were separated by

SDS-PAGE and transferred onto nitrocellulose membranes. The membranes were then

blocked and incubated with various primary antibodies overnight at 4oC. For detection,

the membranes were incubated with HRP-conjugated secondary antibodies and the

chemiluminescence was captured by ECL chemiluminescence imaging system

(Bio-OI-X6, China). Densitometrical analysis of the protein bands was performed

using ImageJ software. Antibodies and dilution factors are listed in Supplementary
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Table S1.

RT-qPCR

The total RNA was isolated from the samples using TRIzol reagent (Invitrogen,

Life Technologies, USA). Complementary DNAwas synthesized from the RNA using

the prime™ RT reagent kit (TaKaRa, Tokyo, Japan) following the manufacturer's

instructions. qPCR was carried out using SYBR PremixExTaq™II (TaKaRa, Tokyo,

Japan). The relative gene expression levels were calculated using the 2^-ΔΔCt method

with GAPDH serving as the reference for normalization [68]. Primers are listed in

Supplementary Table S2.

ShRNAKnockdown

The P3 generation cell spheres, having undergone enrichment and identification,

were washed and digested to achieve a cell density of 1.5 × 105 cells/mL. Cells were

transiently transfected with Lipofectamine 3000 following the recommended

protocols. For stable transfection, the cells were subjected to puromycin selection for

an initial 24-hour period. Subsequently, an additional 48 hours of selection was

performed to ensure the enrichment of puromycin-resistant cells, indicating successful

transfection. The successfully transfected cells were identified and expanded for

large-scale culture in preparation for further experimental use. Stable cells were

maintained in the complete culture medium with an additional 2 μg/mL puromycin.

The shRNA sequences used are listed in Supplementary Table S3.
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Viability Assay

The HCCLM3 and HepG2 LCSCs with and without SETD1B KD were treated

with Trip at 0, 25, 50, and 100 nM for 48 h. The cells were then incubated with CCK8

at 10% (v/v) for 1 h at 5% CO2 and 37°C and after which the cell medium was

collected for absorbance measurement at 450 nm using a conventional microplate

reader (Bio-Rad, Berkeley, CA).

Flow Cytometry

Stem cell spheres were dissociated into single cell suspensions at a density of 5 ×

106 cells/mL. The cells were then labeled with anti-CD133-FITC and CD44-FITC

(BD, USA) and preserved in cold PBS until they were processed on a BD

LSRFortessaTM X-20 flow cytometer (BD Biosciences, USA). The data were analyzed

using the FlowJo software. To asses apoptosis, the cells were treated with DMSO or

Trip at 37°C for 48 h prior to collection and resuspended in 100 μL of binding buffer

(BD, USA). Next, the cells were incubated with FITC-conjugated Annexin V (BD,

San Jose, CA, USA) and propidium iodide (PI, BD, USA) at room temperature for 30

min before being analyzed by flow cytometry. The antibodies and dilutions used are

listed in Supplementary Table S1.

Luciferase Reporter Assay

To construct a luciferase reporter gene vector containing the SETD1B promoter,
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the full-length SETD1B promoter containing wild-type or mutant-type was

respectively cloned into pGL3-basic vectors (GeneCreate, Wuhan, China). The cells

were co-transfected with or without the MAZ overexpression (OE) vector using

Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) in HCCLM3 cells. After 48 h

of incubation, the activities of firefly and Renilla luciferase were measured using the

Dual Luciferase Reporter Assay Kit (Promega, Madison, WI, USA) [69].

Bulk RNA Sequencing

Total RNA from sorafenib-resistant HCCLM3 with and without SETD1B

knockdown (KD) was extracted using the TRIzol reagent. RNA was then submitted to

Majorbio Bio-pharma Biotechnology Co., Ltd. (Shanghai, China) for high-throughput

transcriptome sequencing. RNA-seq data was analyzed using the Majorbio cloud

platform (https://www.majorbio. com). To re-analyze the existing dataset, bulk

RNA-seq data from breast cancer stem cells with CD24 KD (GSE141503) were

obtained from the NCBI Gene Expression Omnibus

(https://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?acc=GSE141503) [70]. The

visualization of Gene Ontology (GO) enrichment analysis was performed by

https://www. bioinformatics.com.cn.

Single-cell RNA Sequencing Analysis

Single-cell RNA sequencing (scRNA-seq) data of patient HCC specimens under

the accession number GSE125449 was obtained from the GEO database [71]. We
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employed Seurat version 4.3.0, a suite of analytical procedures, for the scRNA-seq

data. This workflow encompasses quality control, normalization of the data, feature

selection, and execution of both linear and non-linear dimensionality reduction

techniques. Furthermore, we performed cell clustering to identify distinct cell clusters

and utilized differential expression analysis to identify cluster-specific biomarkers.

Finally, we assigned cell type identities to these clusters based on the molecular

signatures defined by CellMarker (http://117.50.127.228/CellMarker/) [72]. The

expression of MAZ, CD24, and other genes specific to each cell clusters was

visualized using R 4.1.0.

Spheroid Formation Assay

HCCLM3 and HepG2 LCSCs were seeded in 96-well culture plates at a density

of 256 cells/well (n = 5). Cells were treated with chaetocin (100 or 200 nM),

UNC0379 (2.5 or 5 μM), or triptolide (50 or 100 nM) for the first 48 hours, and their

tumor sphere formation was subsequently assessed by light microscopy after 15 days

of culture.

Statistical analysis

All data are presented as mean ± standard deviation (SD). Statistical analysis was

performed using the GraphPad Prism 9 software. Unpaired Student’s t-test or ANOVA

with post hoc Dunnett’s or Tukey’s test were used for comparison. Statistically

significance was set at p < 0.05. All experiments were independently repeated at least
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three times, and a specific number of biological replicates is indicated in each graph.

Data Availability

All data used in this study were acquired from the TCGA database

(http://cancergenome.nih.gov/), UALCAN database

(https://ualcan.path.uab.edu/cgi-bin/ualcan-res.pl), Cistrome DB database

(http://cistrome.org/db/#/), Gene Expression Omnibus (GEO) datasets

(https://www.ncbi.nlm.nih.gov/geo/), and TIMER: Tumor IMmune Estimation

Resource (https://cistrome.shinyapps.io/timer/). Genome Sequence Archive (GSA) for

humans (https://ngdc.cncb.ac.cn/gsa-human/). The sources and accession numbers of

the re-analyzed datasets are listed in Supplementary Table S4. Unprocessed and

processed bulk RNA-seq data of SETD1B KD cells generated in this study are

available upon request.

Acknowledgments

This work was supported by the National Natural Science Foundation of China

(B06023, 11832008), the Fundamental Research Funds for the Central Universities

(2024CDJXY017), and University Basic Scientific Research Operating Grant

(0221005203005). We thanks to Prof. Dr. Mingxing Lei, and Prof. Dr. Wanqian Liu of

Chongqing University and Dr. Liang Du of Chongqing University Cancer Hospital for

their guidance.



30

Author Contribution Statement

G.Y, X.X, and Y.L: conceptualization and design of the study; G.Y, Z.W, W.SX

and X.X: method development, writing, review and revision of the manuscript; G.Y,

G.YH, and X.ZL: data acquisition, analysis, and interpretation; Y.L and X.X:

technical and material support. Y.L and X.X: funding acquisition and study

supervision. All the authors have read and approved the manuscript.

Conflict of Interest Statement

The authors declare no competing interests.

References

1. Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer J Clin.

2024; 74: 12-49.

2. Li C, He WQ. Global prediction of primary liver cancer incidences and mortality

in 2040. J Hepatol. 2023; 78: e144-e6.

3. Rumgay H, Arnold M, Ferlay J, Lesi O, Cabasag CJ, Vignat J, et al. Global

burden of primary liver cancer in 2020 and predictions to 2040. J Hepatol. 2022;

77: 1598-606.

4. Ward JW, Hinman AR. What Is Needed to Eliminate Hepatitis B Virus and

Hepatitis C Virus as Global Health Threats. Gastroenterology. 2019; 156:

297-310.



31

5. Ou TY, Huy LD, Mayne J, Shih CL, Mai Xuan H, Thi Hong Nguyen N, et al.

Global mortality of chronic liver diseases attributable to Hepatitis B virus and

Hepatitis C virus infections from 1990 to 2019 and projections to 2030. J Infect

Public Health. 2024; 17: 102443.

6. Jin H, Shi Y, Lv Y, Yuan S, Ramirez CFA, Lieftink C, et al. EGFR activation

limits the response of liver cancer to lenvatinib. Nature. 2021; 595: 730-4.

7. Peng Z, Fan W, Zhu B, Wang G, Sun J, Xiao C, et al. Lenvatinib Combined With

Transarterial Chemoembolization as First-Line Treatment for Advanced

Hepatocellular Carcinoma: A Phase III, Randomized Clinical Trial (LAUNCH). J

Clin Oncol. 2023; 41: 117-27.

8. Huang T, Song X, Xu D, Tiek D, Goenka A, Wu B, et al. Stem cell programs in

cancer initiation, progression, and therapy resistance. Theranostics. 2020; 10:

8721-43.

9. Babaei G, Aziz SG, Jaghi NZZ. EMT, cancer stem cells and autophagy; The

three main axes of metastasis. Biomed Pharmacother. 2021; 133: 110909.

10. Asakura N, Nakamura N, Muroi A, Nojima Y, Yamashita T, Kaneko S, et al.

Expression of Cancer Stem Cell Markers EpCAM and CD90 Is Correlated with

Anti- and Pro-Oncogenic EphA2 Signaling in Hepatocellular Carcinoma. Int J

Mol Sci. 2021; 22: 8652..

11. Suetsugu A, Nagaki M, Aoki H, Motohashi T, Kunisada T, Moriwaki H.

Characterization of CD133+ hepatocellular carcinoma cells as cancer

stem/progenitor cells. Biochem Biophys Res Commun. 2006; 351: 820-4.



32

12. Lee TK, Guan XY, Ma S. Cancer stem cells in hepatocellular carcinoma - from

origin to clinical implications. Nat Rev Gastroenterol Hepatol. 2022; 19: 26-44.

13. Yamashita T, Wang XW. Cancer stem cells in the development of liver cancer. J

Clin Invest. 2013; 123: 1911-8.

14. Kang TG, Lan X, Mi T, Chen H, Alli S, Lim SE, et al. Epigenetic regulators of

clonal hematopoiesis control CD8 T cell stemness during immunotherapy.

Science. 2024; 386: eadl4492.

15. Alsayed R, Sheikhan K, Alam MA, Buddenkotte J, Steinhoff M, Uddin S, et al.

Epigenetic programing of cancer stemness by transcription factors-non-coding

RNAs interactions. Semin Cancer Biol. 2023; 92: 74-83.

16. Lee AV, Nestler KA, Chiappinelli KB. Therapeutic targeting of DNAmethylation

alterations in cancer. Pharmacol Ther. 2024; 258: 108640.

17. Liu H, Song Y, Qiu H, Liu Y, Luo K, Yi Y, et al. Downregulation of FOXO3a by

DNMT1 promotes breast cancer stem cell properties and tumorigenesis. Cell

Death Differ. 2020; 27: 966-83.

18. Jin ML, Jeong KW. Histone modifications in drug-resistant cancers: From a

cancer stem cell and immune evasion perspective. Exp Mol Med. 2023; 55:

1333-47.

19. Redd PS, Ibrahim ML, Klement JD, Sharman SK, Paschall AV, Yang D, et al.

SETD1B Activates iNOS Expression in Myeloid-Derived Suppressor Cells.

Cancer Res. 2017; 77: 2834-43.



33

20. Portelinha A, Wang S, Parsa S, Jiang M, Gorelick AN, Mohanty S, et al.

SETD1B mutations confer apoptosis resistance and BCL2 independence in B

cell lymphoma. J Exp Med. 2024; 221: e20231143.

21. Kranz A, Anastassiadis K. The role of SETD1A and SETD1B in development

and disease. Biochim Biophys Acta Gene Regul Mech. 2020; 1863: 194578.

22. Schmidt K, Zhang Q, Tasdogan A, Petzold A, Dahl A, Arneth BM, et al. The

H3K4 methyltransferase Setd1b is essential for hematopoietic stem and

progenitor cell homeostasis in mice. Elife. 2018; 7: e27157..

23. Iwabuchi E, Miki Y, Kanai A, Miyashita M, Kijima G, Hirakawa H, et al. The

interaction between carcinoembryonic antigen-related cell adhesion molecule 6

and human epidermal growth factor receptor 2 is associated with therapeutic

efficacy of trastuzumab in breast cancer. J Pathol. 2018; 246: 379-89.

24. Sinjab A, Han G, Treekitkarnmongkol W, Hara K, Brennan PM, Dang M, et al.

Resolving the Spatial and Cellular Architecture of Lung Adenocarcinoma by

Multiregion Single-Cell Sequencing. Cancer Discov. 2021; 11: 2506-23.

25. Liu Y, Chudgar N, Mastrogiacomo B, He D, Lankadasari MB, Bapat S, et al. A

germline SNP in BRMS1 predisposes patients with lung adenocarcinoma to

metastasis and can be ameliorated by targeting c-fos. Sci Transl Med. 2022; 14:

eabo1050.

26. Castelli G, Pelosi E, Testa U. Liver Cancer: Molecular Characterization, Clonal

Evolution and Cancer Stem Cells. Cancers (Basel). 2017; 9: 127.



34

27. Hou W, Liu B, Xu H. Triptolide: Medicinal chemistry, chemical biology and

clinical progress. Eur J Med Chem. 2019; 176: 378-92.

28. Kitson RRA, Kitsonova D, Siegel D, Ross D, Moody CJ. Geldanamycin, a

Naturally Occurring Inhibitor of Hsp90 and a Lead Compound for Medicinal

Chemistry. J Med Chem. 2024; 67: 17946-17963.

29. Hao M, Chu Y, Lei J, Yao Z, Wang P, Chen Z, et al. Pharmacological

Mechanisms and Clinical Applications of Curcumin: Update. Aging Dis. 2023;

14: 716-49.

30. Khan ZM, Real AM, Marsiglia WM, Chow A, Duffy ME, Yerabolu JR, et al.

Structural basis for the action of the drug trametinib at KSR-bound MEK. Nature.

2020; 588: 509-14.

31. Shenkenberg TD, Von Hoff DD. Mitoxantrone: a new anticancer drug with

significant clinical activity. Ann Intern Med. 1986; 105: 67-81.

32. Zhang X, Chen Z, He X, Wang J, Zhong J, Zou Y, et al. SUMOylation of SETD8

Promotes Tumor Growth by Methylating and Stabilizing MYC in Bladder

Cancer. Adv Sci (Weinh). 2025; 12: e2501734.

33. Meacham CE, Morrison SJ. Tumour heterogeneity and cancer cell plasticity.

Nature. 2013; 501: 328-37.

34. Magee JA, Piskounova E, Morrison SJ. Cancer stem cells: impact, heterogeneity,

and uncertainty. Cancer Cell. 2012; 21: 283-96.



35

35. Shinsky SA, Monteith KE, Viggiano S, Cosgrove MS. Biochemical

reconstitution and phylogenetic comparison of human SET1 family core

complexes involved in histone methylation. J Biol Chem. 2015; 290: 6361-75.

36. Chen D, Li T, Wang C, Lei G, Wang R, Wang Z, et al. High‑level SETD1B gene

expression is associated with unfavorable prognosis in hepatocellular carcinoma.

Mol Med Rep. 2019; 19: 1587-94.

37. Morrison SJ, Kimble J. Asymmetric and symmetric stem-cell divisions in

development and cancer. Nature. 2006; 441: 1068-74.

38. Hatina J, Kripnerova M, Houdek Z, Pesta M, Tichanek F. Pluripotency Stemness

and Cancer: More Questions than Answers. Adv Exp Med Biol. 2022; 1376:

77-100.

39. Wang J, Yu H, Dong W, Zhang C, Hu M, Ma W, et al.

N6-Methyladenosine-Mediated Up-Regulation of FZD10 Regulates Liver

Cancer Stem Cells' Properties and Lenvatinib Resistance Through

WNT/beta-Catenin and Hippo Signaling Pathways. Gastroenterology. 2023; 164:

990-1005.

40. Wang J, Cheng H, Li X, Lu W, Wang K, Wen T. Regulation of neural stem cell

differentiation by transcription factors HNF4-1 and MAZ-1. Mol Neurobiol.

2013; 47: 228-40.

41. Zheng C, Wu H, Jin S, Li D, Tan S, Zhu X. Roles of Myc-associated zinc finger

protein in malignant tumors. Asia Pac J Clin Oncol. 2022; 18: 506-14.



36

42. Mayer IM, Doma E, Klampfl T, Prchal-Murphy M, Kollmann S, Schirripa A, et

al. Kinase-inactivated CDK6 preserves the long-term functionality of adult

hematopoietic stem cells. Blood. 2024; 144: 156-70.

43. Altevogt P, Sammar M, Huser L, Kristiansen G. Novel insights into the function

of CD24: A driving force in cancer. Int J Cancer. 2021; 148: 546-59.

44. Chosa N, Ishisaki A. Two novel mechanisms for maintenance of stemness in

mesenchymal stem cells: SCRG1/BST1 axis and cell-cell adhesion through

N-cadherin. Jpn Dent Sci Rev. 2018; 54: 37-44.

45. Ooki A, VandenBussche CJ, Kates M, Hahn NM, Matoso A, McConkey DJ, et al.

CD24 regulates cancer stem cell (CSC)-like traits and a panel of CSC-related

molecules serves as a non-invasive urinary biomarker for the detection of

bladder cancer. Br J Cancer. 2018; 119: 961-70.

46. Li D, Hu M, Liu Y, Ye P, Du P, Li CS, et al. CD24-p53 axis suppresses

diethylnitrosamine-induced hepatocellular carcinogenesis by sustaining

intrahepatic macrophages. Cell Discov. 2018; 4: 6.

47. Zhou X, Yan Z, Hou J, Zhang L, Chen Z, Gao C, et al. The Hippo-YAP signaling

pathway drives CD24-mediated immune evasion in esophageal squamous cell

carcinoma via macrophage phagocytosis. Oncogene. 2024; 43: 495-510.

48. Huang H, Weng H, Zhou K, Wu T, Zhao BS, Sun M, et al. Histone H3

trimethylation at lysine 36 guides m(6)A RNA modification co-transcriptionally.

Nature. 2019; 567: 414-9.



37

49. Hu S, Song A, Peng L, Tang N, Qiao Z, Wang Z, et al. H3K4me2/3 modulate the

stability of RNA polymerase II pausing. Cell Res. 2023; 33: 403-6.

50. Cheng K, Cai N, Zhu J, Yang X, Liang H, Zhang W. Tumor-associated

macrophages in liver cancer: From mechanisms to therapy. Cancer Commun

(Lond). 2022; 42: 1112-40.

51. Reisenauer KN, Aroujo J, Tao Y, Ranganathan S, Romo D, Taube JH.

Therapeutic vulnerabilities of cancer stem cells and effects of natural products.

Nat Prod Rep. 2023; 40: 1432-56.

52. Adorno-Cruz V, Kibria G, Liu X, Doherty M, Junk DJ, Guan D, et al. Cancer

stem cells: targeting the roots of cancer, seeds of metastasis, and sources of

therapy resistance. Cancer Res. 2015; 75: 924-9.

53. Wang Y, Deng B. Hepatocellular carcinoma: molecular mechanism, targeted

therapy, and biomarkers. Cancer Metastasis Rev. 2023; 42: 629-52.

54. Rodriguez-Blanco J, Salvador AD, Suter RK, Swiderska-Syn M, Palomo-Caturla

I, Kliebe V, et al. Triptolide and its prodrug Minnelide target high-risk

MYC-amplified medulloblastoma in preclinical models. J Clin Invest. 2024; 13:

e171136.

55. Park DJ, Sung PS, Kim JH, Lee GW, Jang JW, Jung ES, et al. EpCAM-high liver

cancer stem cells resist natural killer cell-mediated cytotoxicity by upregulating

CEACAM1. J Immunother Cancer. 2020; 8: e000301.



38

56. Zhou L, He L, Liu CH, Qiu H, Zheng L, Sample KM, et al. Liver cancer stem

cell dissemination and metastasis: uncovering the role of NRCAM in

hepatocellular carcinoma. J Exp Clin Cancer Res. 2023; 42: 311.

57. Li SG, Shi QW, Yuan LY, Qin LP, Wang Y, Miao YQ, et al. C-Myc-dependent

repression of two oncogenic miRNA clusters contributes to triptolide-induced

cell death in hepatocellular carcinoma cells. J Exp Clin Cancer Res. 2018; 37:

51.

58. Wang J, Zhang ZQ, Li FQ, Chen JN, Gong X, Cao BB, et al. Triptolide interrupts

rRNA synthesis and induces the RPL23‑MDM2‑p53 pathway to repress lung

cancer cells. Oncol Rep. 2020; 43: 1863-74.

59. Hamdi AM, Jiang ZZ, Guerram M, Yousef BA, Hassan HM, Ling JW, et al.

Biochemical and computational evaluation of Triptolide-induced cytotoxicity

against NSCLC. Biomed Pharmacother. 2018; 103: 1557-66.

60. Nardi I, Reno T, Yun X, Sztain T, Wang J, Dai H, et al. Triptolide inhibits Wnt

signaling in NSCLC through upregulation of multiple Wnt inhibitory factors via

epigenetic modifications to Histone H3. Int J Cancer. 2018; 143: 2470-8.

61. Sun YY, Xiao L, Wang D, Ji YC, Yang YP, Ma R, et al. Triptolide inhibits

viability and induces apoptosis in liver cancer cells through activation of the

tumor suppressor gene p53. Int J Oncol. 2017; 50: 847-52.

62. Feng J, Xu M, Wang J, Zhou S, Liu Y, Liu S, et al. Sequential delivery of

nanoformulated alpha-mangostin and triptolide overcomes permeation obstacles



39

and improves therapeutic effects in pancreatic cancer. Biomaterials. 2020; 241:

119907.

63. Garg B, Giri B, Majumder K, Dudeja V, Banerjee S, Saluja A. Modulation of

post-translational modifications in beta-catenin and LRP6 inhibits Wnt signaling

pathway in pancreatic cancer. Cancer Lett. 2017; 388: 64-72.

64. Wang S, Yuan X, Yang Z, Zhang X, Xu Z, Yang L, et al. Matrix

stiffness-dependent PD-L2 deficiency improves SMYD3/xCT-mediated

ferroptosis and the efficacy of anti-PD-1 in HCC. J Adv Res.2025;73: 265-282.

65. Cai J, Yi M, Tan Y, Li X, Li G, Zeng Z, et al. Natural product triptolide induces

GSDME-mediated pyroptosis in head and neck cancer through suppressing

mitochondrial hexokinase-IotaIota. J Exp Clin Cancer Res. 2021; 40: 190.

66. Sun J, Luo Q, Liu L, Zhang B, Shi Y, Ju Y, et al. Biomechanical profile of cancer

stem-like cells derived from MHCC97H cell lines. J Biomech. 2016; 49: 45-52.

67. Gao Y, Wang S, He L, Wang C, Yang L. Alpinetin Protects Chondrocytes and

Exhibits Anti-Inflammatory Effects via the NF-kappaB/ERK Pathway for

Alleviating Osteoarthritis. Inflammation. 2020; 43: 1742-50.

68. Rao X, Huang X, Zhou Z, Lin X. An improvement of the 2^(-delta delta CT)

method for quantitative real-time polymerase chain reaction data analysis.

Biostat Bioinforma Biomath. 2013; 3: 71-85.

69. Zheng X, Huang M, Xing L, Yang R, Wang X, Jiang R, et al. The circRNA

circSEPT9 mediated by E2F1 and EIF4A3 facilitates the carcinogenesis and

development of triple-negative breast cancer. Mol Cancer. 2020; 19: 73.



40

70. Fritz AJ, Hong D, Boyd J, Kost J, Finstaad KH, Fitzgerald MP, et al. RUNX1

and RUNX2 transcription factors function in opposing roles to regulate breast

cancer stem cells. J Cell Physiol. 2020; 235: 7261-72.

71. Ma L, Hernandez MO, Zhao Y, Mehta M, Tran B, Kelly M, et al. Tumor Cell

Biodiversity Drives Microenvironmental Reprogramming in Liver Cancer.

Cancer Cell. 2019; 36: 418-30 e6.

72. Hu C, Li T, Xu Y, Zhang X, Li F, Bai J, et al. CellMarker 2.0: an updated

database of manually curated cell markers in human/mouse and web tools based

on scRNA-seq data. Nucleic Acids Res. 2023; 51: D870-D6.



41

Figure

Figure 1. SETD1B is associated with the stem-like properties of hepatocellular

carcinoma (HCC).

(A) The pan-cancer-view of SETD1B. (B) Spatial transcriptomics (HRA000437)

analysis of SETD1B expression in liver tumor-adjacent tissue and HCC tissue. (C)

The UMAP of spatial transcriptomics (HRA000437) analysis showing the expression

of SETD1B in in liver tumor-adjacent tissue and HCC tissue. (D) Overall survival

prognosis of SETD1B in liver cancer. (E) Enrichment of stemness signaling pathways

associated with SETD1B. (F) Correlation and p-value ranking of stemness-related
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markers CD44, MYC, Nanog, CD133, EpCAM, and OCT4 with SETD1B. (G)

Immunofluorescence (IF) staining of SETD1B and OCT4 in normal and tumor

specimens. (H) Quantification of SETD1B and OCT4 fluorescence in each normal

and tumor specimens. ** p < 0.01, *** p < 0.001.
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Figure 2. SETD1B is highly expressed in liver cancer stem cells (LCSCs).

(A) (B) IF staining of EpCAM and OCT4 in HCCLM3/HepG2 cells and LCSCs. (C)

(D) Flow cytometry (FC) detection of stemness markers (CD4 and CD133) in

HCCLM3/HepG2 cells and LCSCs. (E) Tumor formation capabilities of HCCLM3

cells and HCCLM3 LCSCs in nude mice. (F) Statistical analysis of tumor weight. (G)

Statistical analysis of tumor volumes. (H) Gene expression of SETD1B in

HCCLM3/HepG2 cells and LCSCs. (I) Protein expression of SETD1B in

HCCLM3/HepG2 cells and LCSCs. (J) Quantitative image analysis of SETD1B
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expression. ** p < 0.01, *** p < 0.001.
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Figure 3. SETD1B maintains stem cell characteristics in liver cancer cells.

(A) Expression of SETD1B and stemness markers genes (c-MYC, EpCAM, Nanog and
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OCT4) in HCCLM3 and HepG2 LCSCs after SETD1B KD. (B) (C) Expression and

quantification of SETD1B, EpCAM and c-MYC proteins in HCCLM3 and HepG2

LCSCs after SETD1B KD. (D) FC detection of stemness markers (CD44, CD133) in

HCCLM3 and HepG2 LCSCs after SETD1B KD. (E) Assessment of spheroid

formation ability in HCCLM3 and HepG2 LCSCs after SETD1B KD. (F)

Quantification of the diameters in HCCLM3 and HepG2 LCSCs after SETD1B KD. *

p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 4. SETD1B KD down-regulates LCSC stemness via surface CD24

glycoprotein.

(A) Volcano plot for SETD1B-low vs SETD1B-high. (B) Single-cell RNA sequencing

(GSE125449) analysis of CD24 gene expression across distinct cellular clusters. (C)
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Spatial transcriptomics (HRA000437) analysis of CD24 expression in liver

tumor-adjacent tissue and HCC tissue. (D) (E) The proteins expression and

quantification of CD24 and EpCAM after SETD1B KD. (F) Correlation of SETD1B

with CD24 gene expression. (G) Enrichment of CD24 with stemness signaling

pathway. (H) Spheroid formation ability of HCCLM3 and HepG2 LCSCs after CD24

KD. (I) Quantification of spheroid formation ability and clone number of HCCLM3

and HepG2 LCSCs after CD24 KD. (J) (K) GO enrichment (Cellular Component and

Biological Process) for high and low gene expression of CD24. (L)-(N) Proteins

expression and grayscale value statistics of EpCAM and N-cadherin after CD24 KD.

** p < 0.01, *** p < 0.001.
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Figure 5. MAZ transcriptionally regulates SETD1B expression in LCSCs.

(A) Screening of transcription factors that can regulate SETD1B using the JASPER

database. (B) NES and p-value of transcription factors associated with stemness

enrichment. (C) SETD1B enrichment at MAZ binding sites (reads per million). (D)

mRNA expression of MAZ in HCCLM3/HepG2 cells and LCSCs. (E) Expression of

MAZ proteins in HCCLM3/HepG2 cells and LCSCs. (F) Quantification of MAZ

proteins in HCCLM3/HepG2 cells and LCSCs. (G) Enrichment of MAZ in stemness

signaling pathway. (H) Expression MAZ in single-cell data (GSE125449). (I) The
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JASPAR database predicted the binding motif of MAZ. (J) Schematic diagram of dual

flourescenece reporter plasmid mutation sites for MAZ and SETD1B. (K) Effects of

MAZ on transcriptional activity in wild-type SETD1B versus mutant-type SETD1B. (L)

Correlation between SETD1B and MAZ expression levels. (M)-(O) IF staining of

MAZ and SETD1B in HCC tissue and LCSCs. ** p < 0.01, *** p < 0.001, ns: no

significant difference.
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Figure 6. MAZ induces liver cancer stemness via SETD1B.

(A) (B) The proteins expression and grayscale value statistics of MAZ, SETD1B,

Nanog and OCT4 in HCCLM3 LCSCs after MAZ KD. (C) (D) The proteins

expression and quantification of MAZ, SETD1B, Nanog and OCT4 in HepG2 LCSCs

after MAZ KD. (E) Spheroid formation ability of HCCLM3 and HepG2 LCSCs after

MAZ KD. (F), (G) Quantification of the diameters of HCCLM3 and HepG2 LCSCs
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spheroids after MAZ KD. (H) Expression of MAZ and SETD1B gene in HCCLM3 and

HepG2 LCSCs after MAZ OE. (I) Spheroid formation ability of HCCLM3 and HepG2

LCSCs after MAZ OE. (J) Quantification of the diameters of HCCLM3 and HepG2

LCSCs spheroids after MAZ OE. (K-M) The proteins expression and grayscale value

statistics of MAZ, SETD1B, Nanog and OCT4 in HCCLM3 and HepG2 LCSCs after

MAZ OE. * p < 0.05, ** p < 0.01, *** p < 0.001, ns: no significant difference.
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Figure 7. SETD1B-expressing LCSCs are sensitive to triptolide treatment.

(A) Detection of cell viability for Trip (0, 25, 50, 100 nM) treatment on HCCLM3 and

HepG2 LCSCs. (B) The proteins expression of SETD1B, CD24, stemness markers

(Nanog and c-MYC), adhesion molecules marker (N-cadherin) and BCL2/BAX after

Trip treatment on HCCLM3 and HepG2 LCSCs. (C)-(E) Quantification of the
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grayscale values of proteins after Trip treatment on HCCLM3 and HepG2 LCSCs. (F)

(G) Detection and statistical analysis of cell apoptosis after Trip treatment on

HCCLM3 and HepG2 LCSCs by FC. * p < 0.05, ** p < 0.01, *** p < 0.001, ns: no

significant difference.
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Figure 8. Triptolide inhibits HCC progression by suppressing SETD1B-driven

stemness.

(A) In vivo living imaging of Trip’s effect on tumor formation in nude mice. (B)

Impact of Trip on the tumorigenicity of HCCLM3 LCSCs in nude mice. (C)

Statistical analysis of tumor volumes. (D) Statistical analysis of tumor weights. (E)

Histological staining (H&E) analysis of tumor tissues from each group. (F)

Immunohistochemical staining of tumor tissues with SETD1B, CD24, N-cadherin and
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Ki67. (G) The statistical assessment of the mean fluorescence of SETD1B, CD24,

N-cadherin and Ki67 in tumor tissues from each group. (H) Correlation between

SETD1B-CD24, CD24-N-cadherin, and SETD1B-mediated LCSC stemness and poor

prognosis in patients with HCC, respectively. * p < 0.05, ** p < 0.01, *** p < 0.001,

ns: no significant difference.
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Figure 9. Graphical summary of the effect and mechanism of triptolide on

LCSCs.

The schematic illustrates a pivotal signaling axis, MAZ/SETD1B/CD24, which is

essential for maintaining the stem-like properties of LCSCs. In this pathway, the

transcription factor MAZ upregulates SETD1B, which promotes tumorigenicity via

the downstream effector CD24. Targeting this molecular cascade with the therapeutic

agent triptolide effectively eradicates LCSCs, leading to marked inhibition of HCC

progression.


