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Celastrol induces ferroptosis in multiple myeloma associated with

suppression of the squalene synthase-mediated lipid defense axis
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Abstract: Multiple myeloma (MM) remains incurable due to pervasive drug resistance,
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encoded by FDFT1), the first committed enzyme in sterol biosynthesis within the mevalonate
(MVA) pathway, has been linked to ferroptosis defense, but its role in MM is poorly defined.
This study aimed to investigate whether SQS modulates celastrol-induced ferroptosis in MM.
Four MM cell lines (RPMI-8226, U266, KMS-11, SKO-007) were treated with celastrol.
Cell viability, intracellular iron, reactive oxygen species (ROS), malondialdehyde (MDA),
and glutathione (GSH) were measured. Ferroptosis inhibitors (ferrostatin-1, deferoxamine
mesylate) and lentiviral SQS overexpression were used to assess functional dependence.
Bulk RNA-seq data from the MMRF-COMMPASS cohort (n = 764 primary CD138" plasma
cell samples) were analyzed for FDFT 1-ferroptosis correlations and pathway activity using
GSVA and GSEA. Celastrol reduced viability (24-h ICso: 2.41-4.44 pumol/L) with iron
accumulation, ROS elevation, MDA increase, and GSH depletion in all four cell lines.
Ferrostatin-1 and deferoxamine partially rescued viability and restored SQS, GPX4,
SLC7AT11, and FSP1 protein levels. SQS overexpression partially protected RPMI-8226 cells
and mitigated iron/MDA accumulation while preserving GSH. In MMRF-COMMPASS,
FDFT1-high tumors showed significantly elevated ferroptosis defense pathway activity
(GSVA P_adj = 1.37 x 10°% GSEA NES = 2.13, P_adj = 2.68 x 10-%), although FDFT1 was
not an independent prognostic marker (univariate HR = 1.064, P = 0.441; multivariate HR =
1.059, P = 0.482). SQS is a functional ferroptosis defense node in MM. Celastrol-induced
ferroptosis is associated with suppression of the MVA-SQS axis, supported by
pharmacological, genetic, and clinical transcriptomic evidence. These findings provide a
preclinical rationale for targeting SQS-mediated metabolic vulnerability in MM.
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Multiple myeloma (MM) is a plasma-cell malignancy
characterized by substantial biological heterogeneity and

recurrent treatment resistance [1,2].

(GPX4), which
peroxidation [9,10].

collectively ~ suppress  phospholipid

A parallel glutathione-independent

Although proteasome system centered on ferroptosis suppressor protein 1 (FSP1)

inhibitors, immunomodulatory drugs, monoclonal antibodies,
and stem-cell transplantation have improved outcomes,
relapse remains nearly universal, and the disease is considered
incurable [3,4]. This persistent therapeutic failure underscores
the urgent need to identify non-apoptotic cell death pathways
and metabolic dependencies that can be exploited to overcome
resistance in refractory MM clones [5,6].

Ferroptosis is an iron-dependent form of regulated cell
death driven by catastrophic lipid peroxidation, distinct from
apoptosis, necroptosis, and autophagy [7,8]. The canonical
defense axis comprises the cystine/glutamate antiporter
SLC7A11, glutathione (GSH), and glutathione peroxidase 4
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and coenzyme Q10 (CoQ10) provides additional protection at
[11,12],
dihydroorotate dehydrogenase contributes a third layer of

the plasma membrane while mitochondrial
defense [13]. In MM specifically, ferroptosis inducers have
shown promising preclinical activity, and iron metabolism is
increasingly recognized as a determinant of bortezomib
[14-17].

microenvironment

Furthermore, the bone
MM
sensitivity through stromal-cell-driven lanosterol biosynthesis
[18].

The (MVA) pathway is the

biosynthetic route for sterols, including cholesterol, CoQ10,

response marrow

can modulate cell ferroptosis

mevalonate central
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and isoprenoid intermediates [19,20]. Squalene synthase (SQS,
encoded by FDFT1) catalyzes the first committed step in
sterol biosynthesis, converting two molecules of farnesyl
pyrophosphate to squalene [21,22]. MV A-derived metabolites,
particularly CoQ10 and squalene itself, have been implicated
[23-25].  Notably,

accumulation protects certain lymphomas and solid tumors

in ferroptosis  defense squalene
from oxidative cell death [23], whereas the consequences of
SQS suppression in hematological malignancies remain
poorly defined.

Celastrol is a pentacyclic triterpenoid, itself an MVA
pathway product, isolated from Tripterygium wilfordii [26],
with broad anti-inflammatory and antitumor activities [27,28].
In MM, celastrol inhibits proliferation and induces apoptosis
through NF- ¥ B and proteasome inhibition [29,30]. Recent
studies have linked celastrol to ferroptosis in multiple cancer
types [31-33], but whether ferroptosis contributes to its anti-
MM activity and which metabolic nodes are involved remain
unknown.

In the present study, we investigated whether SQS
modulates celastrol-induced ferroptosis in MM. We assessed
ferroptosis-associated phenotypes in four human MM cell
lines, evaluated the functional contribution of SQS through
pharmacological rescue and genetic overexpression, and
interrogated the clinical transcriptomic context of FDFT1 in
the MMRF-COMMPASS cohort (n = 764). Our findings
identify SQS as a functional ferroptosis defense node whose
suppression is associated with celastrol-induced cell death in
MM.

2. Materials and Methods

2.1. Cell Culture and Reagents

RPMI-8226 (Chinese Academy of Sciences, Shanghai,
China), U266, KMS-11, and SKO-007 (gifts from Prof. Jian
Hou, Changzheng Hospital,
maintained in RPMI-1640 (Gibco, Grand Island, NY, USA)
supplemented with 10% fetal bovine
penicillin/streptomycin at 37 °C in a humidified 5% CO:

Shanghai, China) were

serum and 1%

incubator. All cell lines were confirmed mycoplasma-negative.
Celastrol (purity > 98%, Sigma-Aldrich, St. Louis, MO, USA;
catalog no. C0869; molecular formula Cx9H3304, molecular
weight 450.61 g/mol) was dissolved in dimethyl sulfoxide
(DMSO) as a 50 mmol/L stock; the final DMSO concentration
in culture medium did not exceed 0.1% (v/v). Ferrostatin-1
(Fer-1; SMLO0583) and deferoxamine mesylate (DFOM;
D9533) were purchased from Sigma-Aldrich. Antibodies used
were: SQS (ab236666, Abcam, Cambridge, UK), GPX4
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(52455, Cell Signaling Technology, Danvers, MA, USA),
SLC7A11 (HA721868, HuaAn Biotechnology, Hangzhou,
China), FSP1 (24972S, Proteintech, Rosemont, 1L, USA),
SREBP2 (ab30682, Abcam), and GAPDH (D11005, Sangon
Biotech, Shanghai, China).

2.2. Cell Viability Assay

Cells were seeded in 96-well plates at a density of 1-2 x
10* cells per well and treated with celastrol at concentrations
of 0-10 umol/L for 24, 48, or 72 h. For rescue experiments,
Fer-1 (5 pmol/L) or DFOM (10 umol/L) was added 1 h before
celastrol treatment. Cell viability was assessed using the Cell
Counting Kit-8 (CCK-8;

according to the manufacturer's instructions. Absorbance at

Dojindo, Kumamoto, Japan)
450 nm was measured using a BioTek microplate reader
(Agilent, Santa Clara, CA, USA). Half-maximal inhibitory
concentration (ICso) values were calculated by non-linear
regression using GraphPad Prism 10.0 (GraphPad Software,

San Diego, CA, USA).
2.3. Biochemical Assays and ROS Detection

After 24 h of celastrol treatment, intracellular iron
concentration was measured using a colorimetric iron assay
kit (NJJCBIO, Nanjing, China). Malondialdehyde (MDA)
levels were quantified using the thiobarbituric acid reactive
substances (TBARS) assay kit (Beyotime Biotechnology,
Shanghai, China). Reduced glutathione (GSH) was measured
using a GSH assay kit (Beyotime Biotechnology). All
measurements were normalized to total protein concentration
determined by the bicinchoninic acid (BCA) method.
Intracellular reactive oxygen species (ROS) were detected
using 10 umol/L 2',7'-dichlorofluorescein diacetate (DCFH-
DA; Beyotime Biotechnology). Cells were incubated with
DCFH-DA for 30 min at 37 °C, washed twice with phosphate-
buffered saline, and imaged using an Olympus IX73
fluorescence microscope (Olympus, Tokyo, Japan). Mean
fluorescence intensity was quantified using ImageJ software
(National Institutes of Health, Bethesda, MD, USA). All
assays were performed in triplicate and repeated at least three

times.
2.4. Western Blotting

Cells were lysed in radioimmunoprecipitation assay
(RIPA) buffer (Beyotime Biotechnology) containing protease
and phosphatase inhibitor cocktails. Protein concentration was
determined by the BCA assay. Equal amounts of protein (20-
30 pg per lane) were separated by sodium dodecyl sulfate-
transferred to

polyacrylamide gel electrophoresis and
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polyvinylidene difluoride membranes (Millipore, Billerica,
MA, USA). Membranes were blocked with 5% non-fat milk
for 1 h at room temperature and incubated with primary
antibodies overnight at 4 °C. After washing, membranes were
incubated with horseradish peroxidase-conjugated secondary
antibodies (Cell Signaling Technology) for 1 h at room
temperature. Signals were developed using enhanced
chemiluminescence (Thermo  Fisher
Waltham, MA, USA) and imaged on a ChemiDoc MP system

(Bio-Rad, Hercules, CA, USA). Densitometric analysis was

reagent Scientific,

performed using ImageJ with GAPDH as the loading control.
2.5. Lentiviral SQS Overexpression

A lentiviral vector expressing human FDFT1 (SQS) with a
GFP reporter and puromycin resistance cassette was
constructed by Obio Technology (Shanghai, China). RPMI-
8226 cells were transduced at a predetermined multiplicity of
infection in the presence of 6-8 pg/mL polybrene. Stable
transductants were selected with 2 pg/mL puromycin for 2
weeks, after which GFP-positive cells exceeded 90% as
confirmed by fluorescence microscopy. SQS overexpression
was validated by western blotting. An empty vector-

transduced cell line served as the negative control.
2.6. Bioinformatic Analysis of MMRF-COMMPASS Data

Bulk RNA-seq data and clinical
information from the MMRF-COMMPASS study were

retrieved via TCGAbiolinks [34]. Primary bone marrow

corresponding

CD138" plasma cell samples (n = 764) were selected for
analysis. Gene-level raw counts were normalized using the
variance-stabilizing transformation implemented in DESeq2
[35]. Pearson correlation coefficients between FDFTI
expression and 24 core ferroptosis-related genes were
calculated, with Benjamini-Hochberg (BH) false discovery
rate (FDR) correction applied for multiple testing. Survival
analysis was performed using Kaplan-Meier estimation and
Cox proportional hazards regression via the survival R
package [36], with multivariate models adjusted for age, sex,
and International Staging System (ISS) stage. Pathway
activity was estimated using gene set variation analysis
(GSVA) with single-sample gene set enrichment analysis
(ssGSEA) [37], utilizing custom ferroptosis-related gene sets
and Hallmark/KEGG gene sets from the Molecular Signatures
Database (msigdbr) [38]. Differential expression between
FDFT1-high and FDFT1-low groups (defined by median split)
was analyzed using limma [39], and gene set enrichment

analysis (GSEA) was conducted using fgsea [40]. A two-sided
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P < 0.05 or FDR < 0.05 was considered statistically

significant.
2.7. Statistical Analysis

Wet-lab experiments were performed at least three
independent times. Data are presented as mean + standard
deviation (SD). Comparisons between two groups were
performed using the two-tailed Student's t-test. Multiple group
comparisons were analyzed by one-way or two-way analysis
of variance (ANOVA) followed by Dunnett's post hoc test, as
appropriate. All statistical analyses for experimental data were
conducted using GraphPad Prism 10.0. For bioinformatic
analyses, statistical significance was defined as P < 0.05 or
FDR < 0.05 after BH correction.

3. Results

3.1. Celastrol Reduces MM Cell Viability and Induces

Ferroptosis-Associated Biochemical Changes

Celastrol reduced the viability of RPMI-8226, U266,
KMS-11, and SKO-007 cells in a concentration- and time-
dependent manner (Figure la). The 24-h ICso values were
2.41, 2.66, 3.30, and 4.44 pmol/L, respectively, with RPMI-
8226 showing the greatest sensitivity. After 24 h of treatment,
celastrol significantly increased intracellular iron and MDA
levels, decreased GSH content (Figure 1b-d), and elevated
DCFH-DA fluorescence, indicating increased ROS production
(Figure le), in all four cell lines. These changes are consistent

with oxidative stress and a ferroptosis-associated phenotype.
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Figure 1. Celastrol reduces MM cell viability and induces
ferroptosis-associated biochemical changes. (a) Viability of
RPMI-8226, U266, KMS-11, and SKO-007 cells after
treatment with celastrol for 24, 48, or 72 h, measured by
CCK-8 assay. (b-d) Intracellular iron, malondialdehyde
(MDA), and glutathione (GSH) levels after 24 h of celastrol
treatment. (e) Representative DCFH-DA fluorescence images
and quantification of mean fluorescence intensity after 24 h.
Data represent mean + SD (n = 3). *P < 0.05, **P < 0.01,
***P <0.001 vs. DMSO control.

3.2. Celastrol Suppresses SQS and Ferroptosis-Defense
Proteins; Inhibitors Rescue the Phenotype

Celastrol treatment for 24 h suppressed SQS protein
abundance in a concentration-dependent manner in all four
MM cell lines (Figure 2a). The ferroptosis-defense proteins
GPX4, SLC7A11, and FSP1, as well as the MVA pathway
master regulator SREBP2, were also reduced. To confirm
ferroptosis dependence, Fer-1 (a lipid peroxidation inhibitor)
and DFOM (an iron chelator) were employed. Both inhibitors
partially attenuated celastrol-induced loss of viability
(Supplementary Figure S1), reduced celastrol-associated ROS
elevation, iron accumulation, and MDA production, and
restored GSH levels in RPMI-8226 cells
(Supplementary  Figure S2). Western blot
demonstrated that both Fer-1 and DFOM  significantly
reversed celastrol-mediated suppression of SQS, GPX4,

partially

analysis
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SLC7A11, and FSP1 in RPMI-8226 cells (Figure 2b). The
incomplete rescue indicates that ferroptosis contributes to
celastrol-induced cytotoxicity but may not be the sole cell

death mechanism involved.
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Figure 2. Celastrol suppresses SQS and ferroptosis-defense
proteins; Fer-1 and DFOM rescue. (a) Representative western
blots and densitometric quantification of SQS, GPX4,
SLC7A11, FSP1, and SREBP2 upon celastrol treatment for 24
h in RPMI-8226, U266, KMS-11, and SKO-007 cells. (b)
Representative western blots for SQS, GPX4, SLC7A11, and
FSP1 in RPMI-8226 cells pre-treated with Fer-1 (5 umol/L)
or DFOM (10 umol/L) before celastrol exposure. Numbers
below each blot indicate densitometric quantification
normalized to GAPDH. Data are presented as mean = SD (n =
3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. DMSO control;
&P < 0.05, &&P < 0.01, &&&P < 0.001 vs. respective

celastrol-treated group.

3.3. SQS Overexpression Partially Protects RPMI-8226

Cells from Celastrol

To provide genetic evidence for the functional role of SQS,
stable SQS-overexpressing RPMI-8226 cells were generated.
SQS protein abundance was increased by approximately 1.38-
fold relative to the empty vector control (Figure 3a, b).
Compared with vector control cells, SQS-overexpressing cells
showed significantly greater viability after celastrol exposure
(Figure 3c), reduced intracellular iron and MDA levels, and
partial preservation of GSH (Figure 3d-f). These results
provide genetic evidence that SQS expression levels modulate
celastrol sensitivity and ferroptosis-associated biochemical

changes in MM cells.
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Figure 3. SQS overexpression partially protects RPMI-8226
cells from celastrol-induced cytotoxicity. (a, b) Validation of
SQS overexpression by western blotting and densitometry. (c)
Cell viability after celastrol treatment. (d-f) Intracellular iron,
MDA, and GSH levels. Data represent mean + SD (n = 3). *P
< 0.05, **P < 0.01, ***P < 0.001 vs. DMSO; &P < 0.05,
&&P < 0.01, &&&P < 0.001 vs. respective celastrol-treated

group.

3.4. Clinical Transcriptomic Context from MMRF-
COMMPASS

To place the in vitro findings in a clinical context, we
analyzed the MMRF-COMMPASS cohort (n = 764 primary
FDFT1
expression did not differ significantly across ISS stages
(Kruskal-Wallis P = 0.068) and was not associated with
overall survival in univariate (HR = 1.064, 95% CI: 0.908-
1.247, P = 0.441) or multivariate Cox regression adjusted for
age, sex, and ISS stage (HR = 1.059, P = 0.482). These
findings indicate that FDFT1 is not an independent prognostic

bone marrow CDI138" plasma cell samples).

biomarker in MM, consistent with its role as a metabolic
enzyme supporting ferroptosis defense rather than a driver of
disease progression.

Pearson correlation analysis revealed significant
associations between FDFT1 and ferroptosis core genes after
BH correction (Table 1; Figure 4a). Key findings include a
positive correlation with FSP1/AIFM2 (r = 0.135, FDR =
0.001), a negative correlation with IREB2/IRP2 (r = -0.240,
FDR < 0.001), the iron regulatory protein that promotes iron
uptake and ferroptosis sensitivity, and the strongest positive
correlation with GSR (glutathione reductase; r = 0.425, FDR <
0.001), linking MVA pathway activity to glutathione
homeostasis. This pattern — positive with FSP1 and GSR,
negative with IREB2 — is consistent with a model in which
elevated SQS expression supports a ferroptosis-resistant

cellular state.
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GSVA/ssGSEA identified significant pathway activity
differences between FDFT1-high and FDFTI1-low tumors
(Table 1; Figure 4b). Ferroptosis defense was elevated in
FDFT1-high tumors (P_adj = 1.37 x 10°), as was the
ferroptosis core gene set (P_adj = 1.7 x 10*), while the
ferroptosis induction pathway was not significantly different
(P_adj = 0.364). GSEA confirmed ferroptosis defense
enrichment (NES = 2.13, P_adj = 2.68 x 10-) and identified
oxidative stress response (NES = 2.53), mTORCI signaling
(NES = 2.88), and sterol biosynthesis (NES = 3.03) as top
enriched pathways in FDFT1-high tumors (Figure 4c, d). The
convergence of GSVA and GSEA —

ferroptosis defense but not induction elevated in FDFT1-high

both showing

tumors — provides cohort-level support for the hypothesis

that SQS supports ferroptosis defense in MM.

Figure 4. Clinical transcriptomic analysis of FDFT1 in
MMRF-COMMPASS (n = 764). (a) Correlation heatmap:
MVA pathway genes vs. ferroptosis core genes. (b) GSVA
pathway comparison: FDFT1-high vs. FDFT1-low (selected
pathways). (¢) GSEA enrichment dotplot for top enriched
pathways. (d) GSEA enrichment plot for the ferroptosis

defense gene set.
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Table 1. FDFT1-ferroptosis gene correlations and pathway
activity in MMRF-COMMPASS (n = 764)

Gene / Pathway ror NES P value FDR (BH)
Correlation (Pearson

1)

GSR (glutathione +0.425 6.83 x 103  <0.001
reductase)

FSP1/AIFM2 +0.135 1.93 x 10+ 0.001
IREB2 (IRP2) -0.240 1.93x 10" <0.001
GPX4 +0.060 0.096 0.145 (NS)
SLC7A11 -0.051 0.161 0.228 (NS)
GSVA pathway

(P_adj)

Ferroptosis defense - - 1.37x 107
Ferroptosis core - - 1.7x10*
Ferroptosis induction - - 0.364 (NS)
GSEA (NES)

Ferroptosis defense 2.13 - 2.68 x 107
Oxidative stress 2.53 - 547 %102
response

mTORCI signaling 2.88 - 3.72 x 10720
Sterol biosynthesis 3.03 - 3.94 x 103

NS, not significant. Full correlation matrix and GSVA results are

provided in Supplementary Materials.
4. Discussion

In this study, we demonstrate that celastrol exerts anti-
MM efficacy by inducing a regulated cell death cascade with
a robust ferroptotic component, and that this process is
associated with suppression of the MVA-SQS lipid defense
axis. Through a combination of phenotypic characterization,
pharmacological rescue, genetic overexpression, and clinical
transcriptomic analysis, we identify SQS as a functional
modulator of celastrol responsiveness in MM.

Ferroptosis is characterized by catastrophic lipid ROS
accumulation resulting from failure of cellular antioxidant
defense systems, primarily governed by the System Xc-GSH-
GPX4 axis and the parallel FSP1-CoQ10 system [7-12]. Our
results show that celastrol exposure in MM cells leads to iron
overload, GSH depletion, MDA accumulation, and ROS
elevation, all of which are attenuated by the ferroptosis
inhibitors Fer-1 and DFOM. Importantly, SQS protein levels
were downregulated upon celastrol exposure, and this
reversed by ferroptosis

downregulation was partially

inhibitors. These observations place SQS within the

ferroptotic cascade, although whether its suppression
represents an upstream trigger or a secondary consequence of
oxidative injury warrants further investigation.

The functional relevance of SQS downregulation is
supported by genetic rescue experiments. Enforced SQS
overexpression in RPMI-8226 cells was sufficient to partially
attenuate celastrol-induced cytotoxicity, reduce intracellular
iron and MDA accumulation, and preserve GSH levels. SQS

catalyzes the first committed step in sterol biosynthesis within

6/10

the MVA pathway [21,22]. MVA-derived metabolites,
including CoQ10 and squalene, have been shown to reinforce
ferroptosis defense [23-25]. It is therefore plausible that SQS
suppression by celastrol compromises the cellular pool of
these protective intermediates, thereby lowering the threshold
for lipid peroxidation. The FSP1-CoQI10 axis [11,12] and
DHODH-mediated mitochondrial defense [13] represent
parallel ferroptosis-suppressing systems that may also be
affected when MVA pathway flux is disrupted. Interestingly,
the relationship between MVA pathway perturbation and
ferroptosis appears context-dependent: squalene accumulation
protects certain solid tumor cells and lymphomas from
oxidative cell death [23], whereas in our hematological model,
SQS downregulation is associated with enhanced ferroptotic
sensitivity.

The downregulation of SREBP2 observed in our western
blot data is notable, as SREBP2 is the master transcriptional
regulator of MVA pathway genes including FDFT1. Celastrol
has previously been reported to modulate SREBP signaling in
other cancer contexts [27,28]. It is therefore possible that
celastrol suppresses SQS expression at least in part through
SREBP2 downregulation, rather than through direct physical
interaction with the SQS protein. This transcriptional
mechanism would be consistent with the observed parallel
downregulation of GPX4, SLC7A11, and FSP1, which are
known targets of SREBP2 and related lipid metabolic
regulatory networks. We acknowledge that the present study
does not establish a direct physical interaction between
celastrol and SQS, and the causal chain linking celastrol,
SREBP2, SQS, and ferroptosis requires further mechanistic
dissection.

The clinical transcriptomic analysis of the MMRF-
COMMPASS cohort (n = 764) provides translational context.
FDFT1 expression was not independently associated with
overall survival, indicating that SQS is not a prognostic
biomarker but rather a functional metabolic target. This is not
surprising, as many validated drug targets are not themselves
prognostic markers; their therapeutic relevance lies in
druggability and functional contribution to resistance
FDFT1-high

significantly elevated ferroptosis defense pathway activity but

phenotypes.  Critically, tumors  showed
not ferroptosis induction pathway activity, providing cohort-
level evidence that SQS expression is associated with a
ferroptosis-resistant state in MM. The positive correlation
between FDFT1 and FSP1 (r = 0.135) and GSR (r = 0.425),
together with the negative correlation with IREB2 (r = -0.240),

connect MVA pathway activity to both the glutathione-
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dependent and glutathione-independent ferroptosis defense
arms, as well as to iron regulatory signaling.

Several limitations should be acknowledged. First, the
present study is restricted to in vitro models; rigorous in vivo
validation using human MM xenograft or immunocompetent
models will be essential to establish translational relevance.
Second, loss-of-function experiments (SQS knockdown or
knockout) and pharmacological controls with known SQS
inhibitors such as zaragozic acid A or lapaquistat would
further strengthen the causal evidence. Third, the downstream
metabolic consequences of SQS suppression-particularly
regarding carbon flux redistribution within the MVA pathway
and direct measurement of CoQ10, squalene, and cholesterol
depletion-remain to be elucidated using stable-isotope-
resolved metabolomics. Fourth, the mechanism by which
celastrol downregulates SQS and SREBP2, whether through
direct transcriptional modulation, post-translational effects, or
upstream signaling interference, requires further investigation.
Fifth, while the MMRF-COMMPASS analysis provides
correlative clinical support, prospective validation in
independent cohorts is needed.

From a translational perspective, our findings position the
MVA-SQS axis as a candidate metabolic vulnerability in MM.
Given that statins are clinically used, and SQS inhibitors
[41,42],

repurposing these agents or developing SQS-selective

represent a promising repurposing  strategy
inhibitors in combination with established anti-MM therapies
represents a rational future direction. The observation that
celastrol, a natural product with known anti-inflammatory and
anti-tumor activities [27-30], can modulate this axis further
supports the exploration of MV A-targeting strategies for MM

treatment.
5. Conclusions

Our study demonstrates that celastrol induces ferroptosis-
associated cell death in multiple myeloma cells, and that this
process is functionally associated with suppression of the
MVA-SQS lipid defense axis. Pharmacological rescue with
ferroptosis inhibitors, genetic overexpression of SQS, and
clinical MMRF-
COMMPASS cohort collectively support SQS as a ferroptosis

transcriptomic  evidence from the

defense node whose modulation influences celastrol
sensitivity in MM. These findings provide a preclinical
rationale for further investigation of SQS-targeted strategies to

overcome drug resistance in MM.
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