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ARTICLE INFO ABSTRACT

Keywords: Multiple myeloma (MM) is an incurable malignancy of plasma cells that is sensitive to T-5224, an
T-5224 ) AP-1 inhibitor. Previous study indicated that T-5224 inhibits proliferation and induces apoptosis
Ferroptosis in MM cells. However, the high mortality cannot be fully explained. To date, no studies have
PIBK,/AKT investigated ferroptosis induced by T-5224 in MM. Therefore, we further investigated the
Multiple myeloma . . . o X
Bortezomib mechanism by which T-5224 kills MM cells. We observed that T-5224 exhibits antimyeloma

properties both in vitro and in vivo. T-5224-induced MM cell death was reversed by the
ferroptosis-specific inhibitor ferropstatin-1 (Fer-1). The protein levels of the key ferroptosis reg-
ulators GPX4 and SLC7A11 were decreased by T-5224 in MM cells. Furthermore, T-5224 reduced
the phosphorylation of PI3K and AKT signaling pathway components, ultimately causing MM cell
death. Using 740 Y-P, a PI3K activator, and Fer-1, a ferroptosis inhibitor, we discovered that T-
5224 induces ferroptosis through the PI3K/AKT pathway. Bortezomib (BTZ), an FDA-approved
drug for MM treatment, can be administered in combination with other agents. We evaluated
the synergistic effect of BTZ combined with AP-1 inhibitors on MM in vivo. Our findings provide a
better theoretical basis for the potential mechanism of T-5224 and a new perspective on MM
treatment.

1. Introduction

Multiple myeloma (MM) is a currently incurable malignancy of plasma cells and accounts for 10 % of all hematological malig-
nancies [1,2]. Even newly-developed drugs, including immunomodulatory drugs (e.g., lenalidomide), proteasome inhibitors (e.g.,
bortezomib), and autologous stem cell transplantation (ASCT), have dramatically improved the prognosis of MM patients. Nonethe-
less, relapse is inevitable, and some patients will eventually die from treatment-related complications, thus making MM an incurable
cancer [3-5]. T-5224, a newly developed selective activator protein-1 (AP-1) inhibitor, is currently being investigated in phase II
human clinical trials for arthritis treatment [6]. Furthermore, the anti-inflammatory and anticancer properties of this substance have
received increasing amounts of attention [7-9]. The effects of T-5224 are closely linked to apoptosis and tumor progression in
numerous malignancies [8,9]. The AP-1 inhibitor T-5224, is exhibited the capability to restore the sensitivity of acute myeloid leu-
kemia (AML) cells towards cytarabine (Ara-C) [10]. Our previous study revealed that T-5224 inhibits the proliferation and promote the
apoptosis of MM cells [11]. However, T-5224-induced cell death is not fully explained by this mechanism. In this study, we further
explored the mechanism by which T-5224 kills MM cells.
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Ferroptosis is a type of programmed cell death characterized by iron-dependent fatal lipid peroxidation and excessive reactive
oxygen species (ROS) that differs from apoptosis, necrosis, and pyroptosis [12,13]. When cells are exposed to the ferroptosis inducer
erastin, they undergo a series of distinct changes including cell membrane rupture, decreased mitochondrial volume, increased
membrane density, and loss of mitochondrial cristae [14]. Glutathione peroxidase 4 (GPX4) plays a critical role in regulating lipid
peroxidation and the susceptibility of cells to ferroptosis [15]. SLC7A11 and GPX4 are the most critical targets linked to the process of
ferroptosis [16]. Ferroptosis is linked to several pathological and physiological events, and its potential use in cancer treatment is
anticipated [17-19]. Preclinical studies have shown that ferroptosis contributes significantly to the progression of MM [20,21]. This
discovery has indicated the importance of understanding the molecular mechanisms involved in MM. Therefore, initiating ferroptosis
may be a prospective and innovative strategy for MM treatment.

The phosphatidylinositol-3 kinase (PI3K)/AKT signaling pathway is a critical signaling cascade that regulates diverse cellular
processes including cell proliferation, growth, metabolism, and motility [22]. This signaling pathway is one of the most commonly
activated pathways in cancer and maintains the biological characteristics of malignant cells [23,24]. The PI3K/AKT signaling pathway
is crucial for cellular proliferation during MM progression [25,26]. Previous studies have suggested that the inhibition of specific
pathways can improve the effectiveness of cancer therapy through ferroptosis induction [27]. The dual PI3K/HDAC inhibitor
BEBT-908 has been demonstrated the ability to promote immunogenic ferroptosis in cancer cells, the feedback loops and crosstalk
between the PI3K/AKT pathway and ferroptosis are bidirectional and complex [28]. Therefore, we hypothesize that T-5224 induces
MM cell death via the PI3K/AKT signaling pathway.

Although it has been well-documented that T-5224 induces apoptosis in MM cells [11]. Due to the high mortality rate of MM cells,
there are no reports regarding ferroptosis induced by T-5224 in MM cells. Therefore, we aimed to investigate the potential induction of
ferroptosis by T-5224 and its related mechanisms, and to provide clinical information for treating MM. In this study, we demonstrated
that T-5224 induces ferroptosis and interacts with the PI3K/AKT signaling pathway in MM cells.

2. Materials and methods
2.1. Antibodies and reagents

Antibodies specific for GPX4, SLC7A11, phospho-AKT (Ser473), AKT, Bax and Bcl2 were acquired from Abmart Pharmaceutical
Technology Co., Ltd. (Shanghai, China). An anti-f-actin antibody was acquired from Proteintech.Anti-total-PI3K and anti-phospho-
PI3KCA (Tyr317) antibodies were acquired from Bioss Co., Ltd. (Beijing, China). The secondary antibodies against mouse or rabbit
epitopes were acquired from ApexBio (USA). Bortezomib was purchased from Selleck Chemicals (TX, USA); and ferrostatin-1 (Fer-1)
and 740 Y-P (20 pM) were obtained from MedChemExpress (MCE, USA). T-5224 was purchased from ApexBio (USA).

2.2. Human myeloma cell lines and cell culture

ARP1 cells were a gift from the Cancer Research Institute of Xiangya Medical College, Central South University. ARP1 cells were
authenticated using short tandem repeat (STR) analysis in 2021 and 2024. RPMI8226 cells were obtained from ATCC (Manassas, USA).
RPMI8226 cells were authenticated using short tandem repeat (STR) analysis in 2022. RPMI8226-Luc cells were acquired from
Shanghai Meixuan Biotechnology Co., Ltd. (Shanghai, China), which were authenticated using short tandem repeat (STR) analysis in
2021.All human cell lines are not contaminated with mycoplasma. The cell lines were cultivated in RPMI-1640 medium supplemented
with 10 % FBS and 1 % penicillin/streptomycin at 37 °C with 95 % humidity and 5 % CO,. Normal donor samples were collected after
providing informed consent. The study was performed in accordance with the Helsinki Declaration, the protocol was approved by the
Ethical Review Committee at the Third Xiangya Hospital, Central South University (Changsha, China), and the ethical approval
number is 2018-S090.

2.3. In vitro proliferation assay
Atotal of 5 x 10* cells were seeded in 96-well plates. After treatment with T-5224 for 24 or 48 h. At the specified time points, 20 pl

of CCK8 solution was added to each well, and the plates were further incubated at 37 °C for 2 h. The absorbance at 450 nm was
measured using a multiscan spectrophotometer. The experiment was repeated three times.

2.4. Reactive oxygen species (ROS) assay

MM cells (5 x 10°) were cultured in 6-well plates, treated with T-5224 for 48 h, incubated with DCFH-DA (10 pM) at 37 °C for 30
min, and then softly rinsed with warm PBS. The levels of ROS were determined by flow cytometry.

2.5. Measurement of GSH and malondialdehyde (MDA) levels

MM cells were lysed using RIPA lysis buffer (Beyotime, China) and the level of reduced glutathione was assessed using a reduced
GSH detection kit (Beyotime, China). MDA levels were analyzed using a Lipid Peroxidation MDA Assay Kit (Beyotime, China) ac-
cording to the manufacturer’s instructions.



S. Tang et al. Heliyon 10 (2024) e34397
2.6. Western blot analysis

After being harvested, the cells were washed with PBS,lysed in RIPA buffer supplemented with 1 pM phenylmethanesulfonyl
fluoride (PMSF), and centrifuged for 15 min (4 °C,12000 rpm). The protein concentrations in the supernatants were determined using a
BCA protein assay kit. Subsequently, the proteins were separated via 10 % SDS-PAGE and transferred to polyvinylidene difluoride
(PVDF) membranes(Millipore Corporation, Milford, Massachusetts, USA),which were further blocked with 5 % nonfat milk and
washed with TBST. Afterward, the membranes were incubated overnight with primary antibodies at 4 °C, incubated for 1 h with
secondary antibodies at room temperature and imaged with an imaging system (Bio-Rad, Hercules, CA, USA).

2.7. RNA-sequencing (RNA-seq) analysis

Total RNA was extracted from ARP1 cells treated with T-5224 or DMSO after two days. The cells were harvested, and total RNA was
isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and purified. Quality control, library construction, RNA sequencing, and
bioinformatics analyses were performed by GENEWIZ (Suzhou, China). RNA-Seq was performed via the Illumina NovaSeq 6000
platform. DESeq was applied to identify differentially expressed genes (DEGs) based on a |log2 fold change (FC)| > 0.5 and adjusted P
< 0.05.

2.8. DEGs screening

The Limma R package was utilized to identify DEGs. Which has been significantly expanded for analyzing RNA-seq data. The
identification of eligible DEGs was based on the following criteria: |log2(FC)|> 0.5 and adjusted P < 0.05 [29]. All the data were
visualized by volcano plots and heatmaps using the ggplot2 and Pheatmap packages in R, respectively.

2.9. Functional enrichment analysis

For the enrichment analysis, six samples were divided into T-5224 and DMSO groups. Differential gene expression among these
cohorts was determined using the limma package. The following filter criteria were applied for functional enrichment analysis:
adjusted P <0.05 and |log2FC| > 0.5. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was utilized to identify DEGs
related to specific pathways and was implemented using the ClusteProfiler package in R.

2.10. Gene set enrichment analysis (GSEA)

GSEA was performed using the R package clusterProfiler [30] to determine the functional and pathway differences between the
T-5224 and DMSO groups. The enrichment analysis was performed with GSEA version 4.1.0, which involved the utilization of the
hallmark gene set (h.all.v7.2.symbols.gmt). The analysis was carried out via the GSEA website(https://www.gsea-msigdb.org/gsea/
index.jsp). Default settings were applied for all the other options.

2.11. Transmission electron microscopy (TEM)

The MM cells were harvested and centrifuged for 5 min (4 °C, 1000 rpm), and then fixed in 2.5 % glutaraldehyde for 2 h at 4 °C. To
observe the changes in ultrastructural morphology, particularly mitochondrial ultrastructure. TEM imaging was performed by Serv-
icebio (Wuhan, China).

2.12. Immunohistochemistry (IHC) and immunofluorescence (IF)

The tumor tissue was obtained from tumor-bearing nonobese diabetic-severe combined immunodeficient (NOD-SCID) mice,
embedded in paraffin, and subsequently sectioned. Immunohistochemical staining was conducted to analyze Ki67, GPX4, SLC7A11,
Bax and Bcl2 expression. Immunofluorescence was conducted to analyze the expression of TUNEL and Ki67 in the tumor tissue.

2.13. MM xenograft model

Six-week-old female NOD/SCID mice were acquired from Hunan SJA Laboratory Animal Co., Ltd. (Changsha, China). Mice were
subcutaneously injected with RPMI 8226-Luc cells (5 x 10° cells/100 pl) into the left or right flanks to establish an MM xenograft
model. After 10 days, when a lump had formed, the mice were randomly assigned to four different groups, with 3 mice per group,
including control, T-5224, BTZ and the combination of T-5224 and BTZ groups. Some mice received intraperitoneal injections of BTZ
(1 mg/kg, every 3 days) or T-5224 (20 mg/kg, every day) or the combination of T-5224 and BTZ (20 mg/kg T-5224, every day and 1
mg/kg BTZ, every 3 days) for two weeks and injections of PBS were used as a control. T-5224 was dissolved in DMSO/10 % PEG300/
ddH20.Tumor sizes and body weights were measured every three days, and tumor volumes were calculated using the standard for-
mula: 1/2(length x width?). Bioluminescence imaging (IVIS® Spectrum, PerkinElmer, MA, USA) was used to evaluate tumor volume.
The mice were sacrificed at the completion of treatment. The Institutional Animal Care and Use Committee of Central South University
sanctioned all animal experiments in this research. The approval number is CSU-2023-0147.
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Fig. 1. T-5224 inhibited MM cell proliferation. (A) MM cell lines and PBMCs derived from healthy donors were exposed to various concentrations of
T-5224 (5, 10, or 20 pmol/L) for 24 h or 48 h, after which cell viability was evaluated by the CCK-8 assay. (B) MM cells stained with TUNEL (red)
and DAPI (blue), are depicted in the provided images. (scale bar, 50 pm) (C) Quantitative analysis was conducted. (D-E) MM cells were exposed to
various concentrations of T-5224 for 48 h, and the production of ROS was measured by flow cytometry. *P < 0.05, **P < 0.01, ***P < 0.001, ****P
< 0.0001 vs. Control. (F-G) The relative levels of reduced GSH and increased MDA in MM cells. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001 vs. Control. The results are presented as the mean + standard deviation (SD). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

2.14. Hematoxylin—eosin (HE) staining

The primary organs of the mice were harvested, preserved in 4 % paraformaldehyde, then embedded in paraffin and sectioned.
Five-micrometer-thick sections were subjected to histological examination by H&E staining.

2.15. Statistical analyses

The data were analyzed using R 3.6.1 and GraphPad Prism 7.0 software (GraphPad Software, La Jolla, CA, USA). All results are
presented as the mean + standard deviation (SD), and comparisons among two groups were evaluated by Student’s t-test. Differences
among three or more groups were evaluated by one-way ANOVA. P < 0.05 was considered to indicate statistical significance.

3. Results
3.1. T-5224 exhibits anti-MM properties in vitro

T-5224 exhibits antitumor effects on various malignant tumor types [8-11]. Our previous study indicated that T-5224 inhibits
proliferation and promotes apoptosis induced cell death in MM cells [11]. We aimed to further investigate more possibilities regarding
whether T-5224 can induce alternative forms of cell death. MM cells and peripheral blood mononuclear cells (PBMCs) were exposed to
T-5224 or DMSO for 48 h. The effect of AP-1 inhibitors on cell viability was evaluated (Fig. 1A). Our results indicated that T-5224
exhibited significant antimyeloma effects in a dose-dependent manner, but had nearly no effect on PBMCs isolated from healthy
donors. Furthermore, TUNEL staining revealed that, the T-5224 group had a greater percentage of TUNEL-positive cells than did the
control group (Fig. 1B and C). Ferroptosis leads to various cellular alterations, including the accumulation of ROS, Subsequently, we
identified changes in the generation of ROS produced during ferroptosis. The results revealed that T-5224 increased ROS levels in MM
cells (Fig. 1D and E). Subsequently, we determined that compared with the control, T-5224 led to a reduction in the level of GSH and
increased the level of one of the final products of excess lipid oxidation MDA (Fig. 1F and G).Thus,T-5224 inhibits proliferation and
induces ferroptosis in MM cells.

3.2. T-5224 exhibits anti-MM properties in vivo

Based on our in vitro experimental results, we aimed to investigate whether T-5224 can suppress the growth and proliferation of an
RPMI8226-luc cell-derived xenograft mouse model. RPMI8226-luc cells were subcutaneously injected into either the left or right flank
of mice to establish an MM xenograft model, and the tumor-bearing mice were subsequently treated with 20 mg/kg T-5224(Fig. 2A).
As expected, compared with those in the control group, the tumor sizes in the T-5224-treated group were markedly reduced (Fig. 2B).
In addition, we observed a notable decrease in tumor volume relative to that in the control group (Fig. 2C). Furthermore, the tumor-
bearing mice treated with T-5224 did not exhibit significant weight loss during treatment, which indicates no notable toxicity.
(Fig. 2D). The immunohistochemistry results demonstrated that treatment with T-5224 had a significant impact on ferroptosis and
apoptosis biomarkers (GPX4, SLC7A11, Bcl2, and Bax) in tumor tissues. As expected, T-5224 treatment decreased GPX4, SLC7A11 and
Bcl2 expression and increased Bax expression in tumor tissues (Fig. 2E). Additionally, compared to those in the control group, H&E
staining revealed that T-5224 (20 mg/kg) did not cause discernible damage to the heart, liver, spleen, or kidneys of the tumor-bearing
mice (Fig. 2F). This finding indicated that T-5224 suppresses tumor growth and initiates the ferroptosis signaling pathway in vivo. This
evidence indicates that T-5224 inhibits the growth of MM cells in vivo, without causing any adverse reactions.

3.3. RNA-seq revealed that T-5224 regulates the expression of related genes and pathways

To systematically investigate the potential molecular mechanisms by which T-5224 modulates gene expression, we next conducted
RNA-Seq to analyze the transcriptomes of T-5224-treated cells and the changes in gene expression. We identified a total of 1328 DEGs
between T-5224-treated and DMSO-treated cells. With the DMSO group as the reference, 619 (46.6 %) genes and 709 (53.4 %) genes
were found to be upregulated and downregulated, respectively, in the T-5224 group. A heatmap and volcano plot were generated to
visualize the overlapping DEGs between the T-5224 and DMSO groups (Fig. 3A and B). The expression heatmap of the top 100 DEGs of
these 1328 genes (Fig. 3C). We then performed KEGG analysis of the DEGs that might participate in cancer related pathways. The
analysis revealed potential associations with pathways in cancer and the PI3K/AKT signaling pathway, and the critical role of the
PI3K/AKT signaling pathway is well recognized in MM cells [25,26].The results of the analysis are presented in Table 1 and Fig. 3D and
E. We next further verified these findings.
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Fig. 2. T-5224 exerts antitumor effects in an MM xenograft model. (A) The diagram illustrates the process of treating MM with T-5224 in vivo. (B)
The representative images of RPMI8226-luc xenograft tumors were captured after T-5224 treatment (n = 3). (C) The tumor volume was measured in
each group. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Control. (D) The body weights of the xenograft model mice were measured after T-5224(20 mg/
kg) treatment. (E)Representative images of GPX4, SLC7A11, Bcl2 and Bax immunohistochemical staining were obtained from tumor tissues in each
group. (scale bars: 50 pm) (F) HE staining was conducted to assess histopathological alterations in primary organs from MM xenograft mice. The
results are presented as the mean + standard deviation (SD).

3.4. T-5224 induces ferroptosis in MM cells

Ferroptosis has become a hot topic, particularly in the context of cancer and MM [19-21]. In a previous study, T-5224 was shown to
inhibit proliferation and induced apoptosis, causing cell death in MM cells [11]. However, the high mortality cannot be fully explained,
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Table 1

Kyoto Encyclopedia of Genes and Genomes enrichment analysis results (P < 0.05).
D Pathway Counts P value
ko05200 Pathways in cancer 41 3.56E-04
ko04151 PI3K-Akt signaling pathway 29 7.09E-03
ko04024 cAMP signaling pathway 19 1.15E-04
ko04062 Chemokine signaling pathway 15 3.19E-03
ko04621 NOD-like receptor signaling pathway 15 5.67E-03
ko04064 NF-kappa B signaling pathway 14 3.12E-03
ko04620 Toll-like receptor signaling pathway 11 1.90E-04
ko04630 JAK-STAT signaling pathway 11 2.49E-02
ko04668 TNF signaling pathway 9 4.07E-03
ko04380 Osteoclast differentiation 9 2.40E-02
ko03030 DNA replication 7 3.21E-04
ko05235 PD-L1 expression and PD-1 checkpoint pathway in cancer 7 4.25E-02
ko04658 Th1 and Th2 cell differentiation 7 4.72E-02
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Fig. 4. T-5224 induces ferroptosis in MM cells. (A) MM cells were exposed to T-5224 (20 pM) in the presence or absence of the ferroptosis inhibitor
Fer-1 (5 uM) for 48 h, after which cell viability was evaluated by the CCK-8 assay. *P < 0.05, **P < 0.01, ***P < 0.001 for T-5224 vs. T-5224 in
combination with Fer-1(B) GSEA was conducted on the T-5224 group and DMSO group. (C) The protein levels of GPX4 and SLC7A11 in MM cells
were evaluated by western blotting. f-actin served as the protein loading control. (D) The histogram displays the relative gray values. *P < 0.05,
**P < 0.01, ***P < 0.001 vs. Control (E)Transmission electron microscopy (TEM) was utilized to observe the occurrence of ferroptosis before and
after T-5224 treatment in MM cells. Red arrowheads: mitochondrial crista destruction, which occurs during the iron death stage. The results are
presented as the mean =+ standard deviation (SD). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

and our objective was to further investigate more possibilities regarding whether T-5224 can induce other forms of cell death. We
treated MM cells with cell death inhibitors and then treated them with T-5224. Fer-1, a ferroptosis specific inhibitor, reversed
T-5224-induced cell death in MM cells (Fig. 4A). To further clarify the signaling pathways associated with T-5224 in MM cells, we
analyzed the DEGs between the T-5224 and DMSO groups using GSEA. Ferroptosis was enriched, indicating that the ferroptosis
pathway may be involved (Fig. 4B). Previous studies have demonstrated that GPX4 and SLC7A11 are inactivated and depleted, and can
inhibit cysteine metabolism, which results in increased lipid peroxidation and the occurrence of ferroptosis [20,21,31,32].These
findings indicate that decreased GPX4 and SLC7A11 expression is indicative of ferroptosis. Subsequently, we investigated the influence
of T-5224 on ferroptosis-related proteins (SLC7A11 and GPX4) by western blotting, and the results indicated that SLC7A11 and GPX4
were effectively inhibited by T-5224 at the protein level in MM cells (Fig. 4C and D). Transmission electron microscopy (TEM) was
used to examine the morphological characteristics of cells undergoing ferroptosis. The results revealed that T-5224 triggered shrunken
mitochondrial volume and increased the membrane density in MM cells (Fig. 4E), indicating the occurrence of ferroptosis.

3.5. T-5224 triggers ferroptosis in MM cells by inhibiting the PI3K/AKT signaling pathway

The phosphatidylinositol 3-kinase-protein kinase B (PI3K/AKT) signaling pathway is known to participate in the process of cell
death [26].Excessive activation of the PI3K/AKT signaling pathway facilitates malignant transformation of cells by regulating
numerous cellular processes, including tumor cell proliferation, apoptosis, immune evasion and drug resistance [22,33]. To elucidate
the mechanisms underlying the antimyeloma effects of T-5224, we performed RNA-Seq and KEGG analyses. The results (Fig. 3E)
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Fig. 5. The PI3K/AKT signaling pathway is involved in AP-1 inhibitor-induced ferroptosis. (A) MM cells were exposed to T-5224 (20 pM) for 48 h.
The protein levels of p-AKT(Ser473), total AKT, p-PI3K (Tyr317), and total PI3K were assessed by western blotting. (B) MM cells were exposed to T-
5224 (20 pM) for 48 h. The protein levels of Bcl2 and Bax in MM cells were assessed by western blotting. (C) MM cells were exposed to T-5224 in the
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Fig. 6. The combination of T-5224 and BTZ exerts more potent antimyeloma activity in vivo. (A) The diagram illustrates the process of MM
treatment with T-5224 alone or in combination with BTZ in vivo. (B) The quantification of tumor cells in mice was conducted using bioluminescence
analysis. Bioluminescence images of mice treated with PBS, T-5224 (20 mg/kg), BTZ (1 mg/kg) or the combination of T-5224 and BTZ at the
indicated time points.(C) Representative images of RPMI8226-luc xenograft tumors were captured after different treatments (D) The tumor volume
was measured for each group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 The combination of T-5224 and BTZ vs. Control, T-5224/BTZ
vs. The combination of T-5224 and BTZ. (E) The representative images of Ki67 immunohistochemical staining were obtained from tumor tissues in
each group. (scale bars: 50 pm). (F-G) The representative images of mouse tumor tissues stained with TUNEL (red) and DAPI (blue) (scale bar, 50
pm). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 The combination of T-5224 and BTZ vs. Control, T-5224/BTZ vs. The combination of T-
5224 and BTZ. (H-I) The representative images of Ki67 immunofluorescence staining were obtained from tumor tissues in each group. (scale bars:
50 pm). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 The combination of T-5224 and BTZ vs. Control, T-5224/BTZ vs. The combination of

T-5224 and BTZ. The results are presented as the mean + standard deviation (SD). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article).

revealed that the PI3K/AKT signaling pathway may be significantly involved in the anticancer bioactivity of T-5224 in MM cells.
Western blot analysis confirmed that T-5224 reduced the phosphorylation of PI3K at the Tyr317 site, and further dephosphorylated
AKT at the Ser473 site, while total PI3K and total AKT expression were unchanged, suggesting that the PI3K/AKT signaling pathway
may be involved in T-5224-induced cell death in MM cells (Fig. 5A). Additionally, T-5224 downregulated Bcl2 expression and
upregulated Bax expression, thereby promoting the activation of intrinsic apoptotic pathways in MM cells (Fig. 5B). Inhibition of the
PI3K/AKT signaling pathway can induce ferroptosis in cancer cells [27,28]. Our results indicated that T-5224 induced ferroptosis in
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MM cells. Hence, we postulated that T-5224 might induce ferroptosis by inhibiting the PI3K/AKT signaling pathway. To verify this
hypothesis, we selected 740-Y-P, a PI3K/AKT activator, and Fer-1, a ferroptosis inhibitor, for subsequent experimental investigations.
MM cells were subjected to treatment with Fer-1 in the presence or absence of T-5224, and the findings demonstrated that Fer-1
reversed the inhibition of the PI3K/AKT pathway triggered by T-5224 in MM cells (Fig. 5C). We found that the PI3K/AKT pathway
activator 740 Y-P reversed the T-5224-induced decrease in GPX4 and SLC7A11 expression (Fig. 5D); therefore, we inferred that the
activation of the PISK/AKT signaling pathway by 740 Y-P inhibited ferroptosis induced by T-5224.In conclusion, these findings
indicated that T-5224 triggered ferroptosis via the PI3K/AKT signaling pathway in MM cells.

3.6. AP-1 inhibitors combined with proteasome inhibitors significantly inhibit MM tumor growth in vivo

BTZ has become a widely used first-line therapeutic agent for MM treatment. Our previous findings showed that the combination of
T-5224 and BTZ has synergistic cytotoxic effects on MM cells by suppressing the IRF4/MYC axis pathway in vitro [11]. Based on the
results of the in vitro experiments, a xenograft model was constructed by subcutaneously injecting RPMI8226-luc cells into SOD/SCID
mice, which were then treated with T-5224 (20 mg/kg) monotherapy or in combination with BTZ (Fig. 6A). The experiment involved
the random division of mice into four different groups, including control, T-5224, BTZ, and the combination of T-5224 and BTZ. We
further studies were conducted in MM xenograft mice.

The tumor burden evaluated by luciferase activity, was significantly lower in the mice treated with the combination of T-5224 and
BTZ than in the mice in the control, T-5224 and BTZ groups (Fig. 6B). The combined treatment led to a significant reduction in tumor
burden, as indicated by a decrease in tumor volume. (Fig. 6C and D). This finding indicates the significant inhibitory effect of the
combination treatment on tumor growth.

Furthermore, the immunohistochemistry results showed that the combination treatment resulted in significantly fewer Ki67 (a
proliferation marker) positive cells (Fig. 6E). The immunofluorescence results (Fig. 6G) were similar to the immunohistochemistry
results. Furthermore, the impact of T-5224 on apoptosis was investigated by using TUNEL staining. The combination group exhibited a
greater percentage of TUNEL-positive cells than did the control group, T-5224 and BTZ groups (Fig. 6F). Overall, these findings
demonstrated that the combination of T-5224 and BTZ is highly effective in vivo.
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3.7. Evaluation of the safety of T-5224 combined with bortezomib in vivo

To assess the toxicity of various drugs in vivo, MM xenograft mice were subjected to various treatments including PBS, T-5224, BTZ,
or the combination of T-5224 and BTZ. This drug combination had no notable toxicity at the applied doses, and the mice did not show
significant reductions during treatment (Fig. 7A). On the 14th post-injection day, all the mice were euthanized, and their blood and
primary organs were harvested for further examination. Histological evaluation via H&E staining revealed that compared with the
control treatment, BTZ monotherapy, T-5224 monotherapy and combined T-5224 and BTZ treatment showed no discernible patho-
logical alterations in the heart, liver, spleen, or kidneys of the mice (Fig. 7B). These findings indicate that the combination of T-5224
and BTZ has low toxicity and minimal adverse reactions in vivo. In summary, these findings indicate that the combined therapy was
well tolerated.

4. Discussion

Despite the approval of novel drugs for MM treatment, MM patients are still considered incurable [34]. Addressing these challenges
is crucial for improving clinical outcomes. T-5224, a selective AP-1 inhibitor, is promising for treating arthritis [6]. Research has
demonstrated its promising therapeutic potential for various types of cancer [8,9]. We confirmed the antimyeloma effect of T-5224 in
vitro, confirming its initial therapeutic potential [11]. However, the high mortality cannot be fully explained, and this study aimed to
investigate whether T-5224 could induce other forms of cell death. Therefore, we conducted a comprehensive exploration both in vitro
and in vivo.

Ferroptosis is a novel form of cell death associated with multiple apoptotic mechanisms, and is characterized by lipid peroxidation
and iron accumulation. The process of ferroptosis involves the regulation of numerous genes and signaling pathways, leading to a
cascade of intricate biochemical reactions [35,36]. Recent research has demonstrated the efficacy of ferroptosis inducers in killing
tumor cells [37]. Compared with normal cells, cancer cells exhibit greater iron requirements, and this dependence on iron increases
susceptibility to ferroptosis [38]. In this study, we found that T-5224 is correlated with ferroptosis in MM cells, highlighting the crucial
importance of ferroptosis in MM progression. Ferroptosis is a nonapoptotic form of cell death, that is induced by the aggregation of
ROS [39,40].In terms of morphology, ferroptosis leads to the mitochondria in cells undergo shrinkage, increased density of the
mitochondrial membrane, and destruction of mitochondrial ridges [20]. GPX4 and SLC7A11 have been identified as crucial regulators
of ferroptosis, when GPX4 and SLC7A11 expression is low, resulting in the accumulation of ROS and subsequent ferroptosis [31,32,41].
The levels of GPX4 and SLC7A11 are reduced, resulting in an imbalance in ROS production and elimination [20]. We found that T-5224
increased the levels of ROS and MDA, and reduced the level of GSH in MM cells; moreover, T-5224 effectively inhibited GPX4 and
SLC7A11 expression in MM cells. Fer-1 treatment prevented T-5224 induced MM cell death, indicating the occurrence of ferroptosis.
These results suggest that T-5224 exerts its potential anticancer effects by inducing ferroptosis in MM cells. All of these findings
provide evidence for its clinical application in the future.

The PI3K/AKT axis is crucial for cancer cell survival in various malignancies, including MM. Previous research has shown that it
regulates cellular physiology, including cancer cell proliferation, metabolism, survival, and protein synthesis [42]. Activation of the
PI3K/AKT signaling pathway is associated with the metastasis of bladder cancer (BLCA) cells [24]. Additionally, the involvement of
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Fig. 7. The combination of T-5224 and BTZ exhibited unremarkable organ toxicity in SOD/SCID mice. (A) The body weights of the MM xenograft
mice were measured after treatment with PBS, T-5224(20 mg/kg), BTZ (1 mg/kg) or the combination of T-5224 and BTZ. (B) HE staining was
conducted to assess histopathological alterations in primary organs from the MM xenograft mice. (scale bars: 50 pm).
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Fig. 8. Summary of T-5224 induces ferroptosis via the PI3K/AKT signaling pathway in MM cells. T-5224 inhibits the PI3K/AKT signaling pathway,
leading to the inhibition of SLC7A11 and GPX4 expression. A reduction in SLC7A11 and GPX4 leads to decreased clearance of ROS, ultimately
causing an increase in ROS levels and subsequent ferroptosis in MM cells. This leads to MM cell death. 740-Y-P is a PI3K/AKT activator, and Fer-1 is
a ferroptosis inhibitor. The red arrow and green arrow represent inhibiting and promoting effects, respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

the PI3K/AKT/mTOR pathway in cancer has been demonstrated through its regulation of ferroptosis [28,43]. According to Zhao et al.
[26], the inhibition of PI3K induced ferroptosis in MM cells. However, the specific impact of T-5224 on ferroptosis via the PI3K/AKT
signaling pathway remains unclear. Our RNA-Seq analysis revealed the downstream targets of AP-1 and the underlying molecular
mechanism in MM cells following T-5224 treatment. RNA-Seq and KEGG analyses demonstrated that the DEGs between the T-5224
and DMSO groups were enriched in the PI3K/AKT signaling pathway in MM cells. Furthermore, we confirmed that T-5224 inhibited
the phosphorylation of PI3K(Tyr317) and AKT(Ser473), and ultimately caused MM cell death, indicating the crucial role of the
PI3K/AKT signaling pathway in the regulatory processes of T-5224 in MM cells. Mechanistically, Fer-1, a ferroptosis inhibitor, reversed
T-5224-induced inactivation of the PI3K/AKT signaling pathway in MM cells, highlighting the crucial and innovative role of fer-
roptosis in MM treatment. Moreover, the activation of this pathway reversed the decreases in GPX4 and SLC7A11 expression induced
by T-5224. Therefore, the PI3K/AKT signaling pathway at least partly mediates ferroptosis. Our study provides evidence that T-5224
deactivates the PI3K/AKT signaling pathway and ultimately induces ferroptosis (Fig. 8).

BTZ is a first-in-class proteasome inhibitor for treating MM. Clinical studies have indicated that compared with intravenous in-
jection, subcutaneous injection of BTZ can reduce the occurrence of adverse events, while maintaining similar overall response rates
[44,45].In preclinical animal studies, BTZ has been shown to induce tail vein injury and occlusion in mice, making drug administration
challenging. Consequently, many studies have administered BTZ intraperitoneally by injection in animal models [45,46]. Previous
studies have shown that the combination of T-5224 and BTZ is more cytotoxic than T-5224 monotherapy in vitro [11]. In this study, we
demonstrated that T-5224 reduced the tumor burden in MM xenograft mice, and synergistically promoted the antimyeloma effect of
BTZ in vivo, consistent with previous in vitro experiments. Moreover, compared with the control group, the combined treatment group
did not exhibit obvious weight loss. HE staining did not reveal signs of visceral injury in the combined treatment group, confirming the
safety of using this therapeutic approach in vivo.

5. Conclusions

In conclusion, our study showed that T-5224 suppressed the proliferation and growth of MM cells both in vivo and in vitro.
Mechanistically, T-5224 inhibited the PI3K/AKT signaling pathway and ultimately induced ferroptosis, at least partially contributing
to its anticancer effects. Our findings provide a preclinical foundation and insights for the potential application of T-5224 as a ther-
apeutic agent in MM management. We aimed to provide a novel perspective for the field of MM treatment.

However, a limitation of this study is that we did not collect additional measurement parameters from the mice. Future studies are
needed to thoroughly consider all relevant factors to provide more comprehensive results.
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