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Abstract

Multiple myeloma (MM) is a hematological malignancy for which a definitive
cure remains elusive. Despite initial responses to treatment, most patients eventually
develop drug resistance and experience relapse, which significantly compromises
their prognosis. Mirol (RHOTT1), a small GTPase localised in the outer mitochondrial
membrane, plays an important role in regulating mitochondrial dynamics. However,
its specific function in tumour lipid metabolism has not been clarified. We
investigated the role of Mirol in MM by integrating transcriptomic and lipidomic
profiling in Mirol-overexpressing MM cells (Karpas-707). RNA-seq and Liquid
Chromatography - Tandem Mass Spectrometry (LC-MS/MS) were used to identify
differentially expressed genes and lipid species, and population-level analyses
including survival and Mendelian randomization (MR) were performed based on data
from public available databases. Functional enrichment and statistical analyses were
carried out using established bioinformatics pipelines. Overexpression of Mirol
induces significant transcriptional changes, with 114 differentially expressed genes
enriched in pathways including lipid metabolism. Lipidomics analysis identified 33
altered lipid species, notably within the phosphatidylcholine (PC) category, though
these differences lost statistical significance after FDR correction. Kaplan-Meier
survival analysis demonstrated that elevated RHOT1 expression correlates with poor
prognosis in multiple myeloma patients. Molecular covariate analysis further revealed
a significant positive causal association between RHOTI1 expression and four
phospholipid species, indicating a mechanistic link between Mirol and phospholipid
metabolism in multiple myeloma. This integrated study reveals a novel role for Mirol
in the pathological pathways of multiple myeloma, potentially through regulation of
phospholipid metabolism. By modulating lipid metabolic pathways, Mirol may serve
concurrently as both a prognostic biomarker and a potential therapeutic target in

multiple myeloma.
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Introduction

Multiple myeloma (MM) is a haematological malignancy originating from bone
marrow plasma cells, which is characterised by clonal proliferation of abnormal
plasma cells and abnormal secretion of monoclonal immunoglobulins ). In recent
years, with the continuous advancement of therapeutic methods, new therapies
including immunomodulators, proteasome inhibitors, monoclonal antibodies, and
chimeric antigen receptor T-cell immunotherapy (CAR-T) have been widely used in
clinical practice!?!, which have significantly prolonged the survival of MM patients [/,
However, MM is still regarded as an incurable disease with a high degree of genetic
and phenotypic heterogeneity, and patients often experience drug resistance and
relapse after initial remission . This makes in-depth understanding of its
pathogenesis and exploration of new molecular targets a key direction of current MM
research.

Increasing evidence suggests that reprogramming of lipid metabolism
profoundly shapes cancer progression” and therapeutic response by altering the
tumor microenvironment (TME)®.In MM, tumor cells stimulate lipolysis in
adipocytes, releasing free fatty acids (FFAs) that are efficiently taken up through
specific fatty acid transporterst’). These FFAs not only serve as energy sources but
also help MM cells adapt to immune and nutrient stress, thereby promoting tumor
growth and survival® However, the molecular mechanisms underlying lipid
metabolic reprogramming in MM remain incompletely understood.

Mirol (encoded by RHOTI1, a mitochondrial Rho GTPase 1) is a small GTPase
localized in the outer mitochondrial membrane °!. Its unique structural features, such
as the EF-hand calcium-binding structural domain, allow it to regulate mitochondrial
function in multiple ways!'”.By sensing changes in intracellular calcium
concentration, these structural domains regulate mitochondrial localization and
movement, thereby affecting their distribution and transport across the
cytoskeleton!!'l Recent  studies have shown that enhancing Mirol-driven

mitochondrial transport, or inducing mitochondrial depolarization by accelerating its
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degradation process, can help to alleviate oxidative stress and inflammatory responses,
and thus alleviate a variety of neurological disorders!'?!.In addition, it has been shown
that Mirol, by regulating mitochondrial localization, enables localized energy supply,
thereby supporting dynamic changes in cell membranes, cytoskeletal remodeling, and
the formation and stabilization of adhesion patches, which play a key role in
high-energy-demanding processes such as cell migration '3 .Recent studies also
suggest that Mirol may maintain mitochondrial functional integrity by inhibiting
mitochondrial autophagy under lipotoxic stress conditions!'*! and may be involved in

[15] suggesting that it may have an important regulatory

the regulation of peroxisomes
role in lipid metabolism. However, the specific function of Mirol in lipid metabolism
and its association with the pathogenesis of multiple myeloma (MM) remain to be
further investigated.

In this study, we aimed to explore the role of Mirol in lipid metabolism and its
clinical significance in MM. By integrating transcriptomic and lipidomic analyses of
Mirol-overexpressing MM cells, together with survival analysis of MM patients and
MR analysis of genetic data, we sought to elucidate the molecular mechanisms by

which Mirol modulates lipid metabolism, and to evaluate its potential as both a

prognostic biomarker and a therapeutic target in MM.

Materials and Methods

In this study, we performed combined transcriptomic and lipidomic analyses on
Kapas-707 cells with high Mirol expression to identify the key pathways it affects.
Subsequently, the potential causal relationship between Mirol and lipid
metabolism-related metrics was assessed by combining survival analysis and
two-sample Mendelian randomization analysis based on Genome-Wide Association
Study(GWAS) data. The study design was summarized in Figure 1.

The human MM cell line Karpas-707 (Cellosaurus accession: CVCL 0010),
derived from patient bone marrow, was obtained from a certified cell bank!'®! and
cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS)

and 1% penicillin - streptomycin at 37°C in a humidified incubator with 5% CO>.To
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investigate the biological effects of Mirol overexpression, Karpas-707 cells were
transduced with lentiviral constructs encoding Mirol (RHOTI) (OE-Mirol group) or
an empty vector (EV group) as control. Each experimental condition included at least
three biological replicates to ensure reproducibility and statistical power.
Transcriptomic Profiling and Bioinformatic Analysis

Total RNA was extracted using TRIzol and assessed for integrity before library
preparation with the Illumina mRNA kit.Libraries were sequenced on the Illumina
platform to obtain paired-end FASTQ reads. After quality control to remove adapters,
low-quality bases, and contaminants, reads were aligned to the human reference
genome (GRCh38.112) using HISAT2.Transcript assembly and quantification were
performed with StringTie, and expression levels reported as FPKM and TPM [17],

Differential expression analysis was conducted with DESeq2,defining significant
genes as adjusted P-value<0.05 and |log2FC| = 1. Expression values were
log-transformed and scaled before statistical analysis. Functional enrichment of DEGs
was carried out using clusterProfiler for GO and KEGG analyses ['®), with FDR<0.05
considered significant [/ Volcano plots and heatmaps were generated in R with
ggplot2 and pheatmap.Detailed methods of transcriptomic analyses are provided in
the Supplementary Methods.
Lipidomic Profiling and Bioinformatic Analysis

Cell samples were processed through methanol/MTBE-based extraction,
followed by centrifugation and reconstitution for LC-MS/MS analysis. Liquid
chromatography was conducted using a Ultra Performance Liquid Chromatography
(UPLC) system coupled with a C30 column under a specific gradient elution protocol.
Mass spectrometric detection employed a QTRAP® 6500+ LC-MS/MS system with
Electrospray lonization (ESI) in both positive and negative ion modes. Multiple
Reaction Monitoring (MRM) was used to detect lipid species, with detailed tuning
and calibration for optimized detection.

The analysis included unsupervised PCA performed using the R function prcomp
on unit variance-scaled data 2% Differential metabolites were selected based on VIP >

1 and P-value <0.05 from Orthogonal Projections to Latent Structures-Discriminant
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Analysis (OPLS-DA) results generated by MetaboAnalystR?Y, with log
transformation and mean centering applied.Metabolites were annotated using the
KEGG Compound database and mapped to KEGG Pathway for enrichment analysis,
with significance determined by hypergeometric test P-values!??!.Lipidomics data
analysis was performed using the R language package, which mainly uses the Z-score
standardization and centering method to process the data and supports multivariate
statistical analysis and visualization. Detailed methods of lipid metabolomic analyses
are provided in the Supplementary Methods.

Survival and Mendelian Randomization Analysis

Kaplan-Meier survival analysisi>* was performed using RNA-seq transcript per
million (TPM) data from the MMRF-CoMMpass cohort?* The data sets obtained
from University of California, Santa Cruz (UCSO) Xena
(http://xenabroswer.net/hub).Patients with MM were stratified into high and low
RHOTI expression groups based on TPM values. Overall survival (OS) differences
between the two groups were evaluated using the log-rank test.

To assess the causal effect of Mirol (RHOTI) expression on lipid metabolism,
we obtained cis-acting eQTL data from the GTEx portal (https://gtexportal.org)?’! and
aggregated lipid GWAS statistics from the GWAS catalogue and Integrative
Epidemiology Unit (IEU)OpenGWAS platform (https://gwas.mrcieu.ac.uk)?®/. SNPs
associated with RHOTI expression (P < 5 X 10%) were filtered for linkage
disequilibrium (r*< 0.001) and instrument strength (F > 10). Bivariate MR analysis
was performed using R software (TwoSampleMR, v4.4.2), employing inverse
variance weighting (IVW) as the primary estimator *7! supplemented by MR-Egger
regression 128, weighted median [*), and weighted mode [*“'methods. Cochran's Q test
assessed heterogeneity,whilst MR-Egger intercept’®!l and MR-PRESSO*? evaluated
multiplicity effects. Forest plots and scatterplots visualised causal estimates. Multiple
testing correction employed the Benjamini-Hochberg method, with FDR < 0.05

deemed significant 331,


http://xenabroswer.net/hub
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Results

Differential Gene Expression in Mirol-Overexpressing MM Cells

Differential gene  expression analysis revealed 114 DEGs in
Mirol-overexpressing cells compared to the control group( Supplementary Table S1),
including 27 upregulated and 87 downregulated genes (adjusted P-value<0.05,
llog2FC|=1) (Figure 2A). Hierarchical clustering of the top 60 DEGs showed clear
separation between samples (Figure 2B). Notably, genes such as MBOAT2, CAVIN?2,
FADSI, LRPI, and ITPR3 were significantly altered and are functionally enriched in
lipid metabolism and calcium signaling pathways.

Based on differentially expressed genes (DEGs), we performed KEGG, GO, and
GSEA functional enrichment analyses. KEGG analysis (Supplementary Figure S1)
revealed significant enrichment in pathways such as ECM-receptor interaction, focal
adhesion, and PI3K-Akt signaling, indicating potential involvement in disease-related
processes. GO enrichment (Supplementary Figure S2) showed that DEGs were
mainly enriched in the plasma membrane, extracellular exosome, and neuronal cell
body, suggesting that high Mirol expression may affect membrane remodeling and
vesicle-mediated intercellular communication. GSEA analysis (Supplementary Figure
S3) indicated enrichment trends in pathways like TGF-B signaling, inflammatory
response, and oxidative phosphorylation, though these did not reach statistical
significance after multiple testing correction and require further validation.
Mirol-Induced Changes in Lipid Composition Revealed by Lipidomic Data

Lipidomic profiling revealed 1,148 lipid metabolites in total, of which 33
exhibited significant changes in Mirol-overexpressing cells (25 downregulated and 8
upregulated) (Figure 3). PCA and OPLS-DA analyses further highlighted clear
separation between the OE-Mirol and EV groups, and the significant metabolites
were characterized by VIP>1 and P-value < 0.05. Among the most upregulated
species were Phosphatidylcholine (O-16:0 14:1) and Phosphatidylcholine (16:1 17:1),
while Phosphatidylglycerol (18:1 21:1) and Phosphatidylserine (18:1 19:1) were the

most downregulated. None of the metabolite changes remained significant after FDR
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correction. KEGG enrichment analysis (Supplementary Figure S4) revealed
enrichment trends in key pathways such as glycerophospholipid metabolism,
neurotrophin signaling pathway, and adipocytokine signaling pathway, although none

reached statistical significance after multiple testing correction.
High RHOT1 Expression Predicts Poor Prognosis in MM Patients
Patients with high RHOTI expression exhibited significantly shorter overall

survival compared to those with low expression (P-value < 0.05) (Figure 4). These
findings suggest that elevated RHOT expression may serve as a negative prognostic
biomarker in MM.
Causal Influence of RHOTI on Phosphatidylcholine (PC) Metabolism: Evidence from
MR

MR analysis indicated that RHOTI expression may causally influence PC
species. This inference was based on 24 independent SNPs used as instrumental
variables (Supplementary Table S2).The inverse-variance weighted (IVW) method
revealed significant positive associations between RHOT! expression and several PC
subtypes(Figure 5), including PC(14:0 _18:2) (OR = 1.14, 95% CI: 1.05 - 1.24,
P-value = 0.002, P-FDR = 0.040), PC(18:0_22:6) (OR = 1.15, P-value = 0.001,
P-FDR=0.039), PC(O-18:0 _14:0) (OR =1.17, P-value = 0.001, P-FDR = 0.028), and
PC(O-18:0 16:1) (OR = 1.16, P-value = 0.002, P-FDR = 0.040). No significant
associations were detected using alternative MR methods(Supplementary Table
S3).Cochran’s Q test and MR-Egger regression detected no significant heterogeneity
or horizontal pleiotropy MR-PRESSO and sensitivity analyses further confirmed the

robustness of the results (Supplementary Table S4).

Discussion

In this study, we investigated the role of Mirol (RHOTI) in regulating lipid
metabolism in MM using multi-omics data, survival analysis and MR analysis. The
results showed that there were differentially expressed genes associated with lipid
metabolism in the transcriptomic data of the Mirol high-expression group, and that
high Mirol expression significantly shortened the overall survival of MM patients. In

addition, there was a causal association between Mirol and four PC lipids, suggesting
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that Mirol may influence the progression of MM through lipid metabolic pathways.
Mitochondria acquire phospholipids from the endoplasmic reticulum via
endoplasmic reticulum-mitochondria contact sites (EMCSs). Mirol, a small GTPase
located on the mitochondrial outer membrane, not only regulates mitochondrial
transport along the cytoskeleton to facilitate its association with the endoplasmic
reticulum, but also plays a crucial role in mitochondrial dynamics, energy
maintenance, and calcium homeostasis. [9-12], though its specific role in tumour
metabolism remains unclear. Transcriptomic analysis revealed that Mirol
overexpression induces significant transcriptional alterations in multiple myeloma
cells, identifying 114 differentially expressed genes (DEGs). DEGs induced by Mirol
overexpression were enriched in networks including the PI3K-Akt signaling pathway
and focal adhesions. The PTEN-PI3K/Akt pathway is recognised as a key molecular
pathway in malignant cell progression and development 4. Previous studies have
demonstrated the role of integrin-B 7 in MM cell adhesion [**|. These findings suggest
that Mirol may promote disease progression by regulating these signaling pathways
and influencing MM cell adhesion, proliferation, and migration. GO enrichment
analysis further indicates that DEGs are significantly enriched in the plasma
membrane, exosomes, and neuronal cytoplasm, suggesting Mirol may participate in
membrane lipid biogenesis, vesicular transport, and metabolic signal transduction
across cells !l Previous studies have demonstrated that in hematological
malignancies, exosome release influences interactions between tumor cells and other
cells, thereby promoting disease progression by suppressing immune responses and
triggering drug resistance [*¢1. Consequently, Mirol may regulate metabolic adaptation
processes by influencing extracellular signal perception and transduction systems.
Statistical significance of differential lipid metabolites was no longer significant
after FDR correction for lipid metabolome. Meta-analyses have shown that higher
lipid levels (e.g. Low-Density Lipoprotein (LDL), High-Density Lipoprotein (HDL),
total cholesterol, and triglycerides) are associated with a reduced risk of MM, and in
particular, higher triglyceride levels are causally associated with MM risk*”l. Thus

changes in key lipid molecules such as PC (16:1 17:1) and PG (18:1 _21:1) suggest



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.03.24.000165. This version posted March 25, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

that Mirol may be involved in the regulation of membrane lipid dynamics by
modulating glycerophospholipid and PC synthesis pathways.

As a major component of the cell membrane, phosphatidylcholine (PC) plays a
pivotal role in rapidly proliferating tumour cells, not only participating in membrane
synthesis but also regulating T cell activation, protein kinase C signalling pathways,

[38

and immune responses °%. Research indicates that PC can suppress CD8* T cell

infiltration and cytotoxic function via the lysophosphatidic acid pathway, thereby

391 Furthermore, as a vital component of the

weakening antitumour immunity
mitochondrial membrane!*’, PC not only maintains mitochondrial membrane
structural integrity but also supports mitochondrial function by regulating inner

414921 particularly within the

membrane protein transport and energy metabolism!
nervous system, PC deficiency may lead to mitochondrial dysfunction, disrupting
energy supply and metabolic homeostasis/**). Another MR study indicated that
multiple myeloma correlates positively with serum triglyceride and
phosphatidylinositol ~ levels, = whereas elevated  phosphatidylethanolamine,
phosphatidylcholine, and sterol ester levels are associated with reduced disease risk
(4] The MR analysis in this study similarly demonstrated a significant positive causal
relationship between RHOTI expression levels and four PC molecules, which
remained statistically significant after FDR correction. This suggests that Mirol may
constitute a novel pro-tumour mechanism by promoting PC synthesis, enhancing
membrane synthesis capacity, exacerbating immune evasion, or improving metabolic
adaptability. Concurrently, Kaplan-Meier analysis revealed significantly reduced
overall survival in patients with high RHOTI expression, further underscoring its
potential value as an adverse prognostic factor at the clinical outcome level.
Combining transcriptomic and lipidomic findings at the cellular level, these
discoveries collectively indicate that Mirol may influence membrane lipid dynamics
by regulating glycerophospholipid and PC synthesis pathways. Survival analysis and
MR analysis at the population level further validate this hypothesis.

The present study suffered from certain limitations. The lipidomic analysis failed

to reach statistical significance after FDR correction, which needs to be validated by
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expanding the sample size in the future. In addition, despite the strong causal
inference ability of MR analyses, the SNP data of the instrumental variables used
were mainly from European populations, and the population limitation of the samples
may have some impact on the results. Further studies are still needed to validate the
specific metabolic pathways mediated by Mirol and analyze its role in other aspects

of the membrane.

Conclusions

The present study reveals a novel role for Mirol in the pathological pathways of
multiple myeloma by regulating lipid metabolism. Through modulating lipid
metabolic pathways, Mirol may function as both a prognostic biomarker and a
potential therapeutic target in multiple myeloma. These findings indicate that Mirol
promotes MM progression by modulating phospholipid metabolism, highlighting its

potential as a prognostic marker and therapeutic target.
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To investigate the prognostic role of RHOTI1/Mirol in multiple myeloma
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Figure 1.0Overview of the Study Design

(A)Cellular-level multi-omics analysis: Transcriptomic and lipidomic profiling were
performed on Kapas707 cells overexpressing Mirol (OE-Mirol) and vector control
cells to identify differentially expressed genes and metabolites. Enrichment analysis
was conducted to explore the affected pathways.

(B) Population-level data analysis: Survival analysis using Kaplan—Meier curves was
performed based on RHOT1 expression levels in the MMRF-CoMMpass dataset. A
two-sample Mendelian randomization (MR) analysis was conducted to investigate the
potential causal relationship between RHOT1 expression (exposure) and lipid
metabolism-related traits (outcome) based on GWAS summary data.The main MR
method was inverse-variance weighted (IVW), with MR-Egger, weighted median,
weighted mode, and simple mode used as supplementary methods. Sensitivity
analyses included pleiotropy and heterogeneity tests, as well as MR-PRESSO to

detect potential outliers.
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Figure 2. Differential gene expression and clustering analysis induced by Mirol
overexpression

(A)Volcano plot of differentially expressed genes (DEGs)

(B) Heatmap of top 60 DEGs ranked by adjusted P-value
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Figure 5. Forest plots of Mendelian Randomization analysis of RHOT1 Gene on
Phosphatidylcholine Subtypes

Abbreviations: OR, odds ratio; CI, confidence interval; P-FDR ,adjusted P-value



