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Background: Glioblastoma multiforme (GBM) is a highly aggressive brain tumor with poor prognosis, highlighting the need for
novel therapeutic approaches. Vimentin plays a critical role in cancer cell motility, with elevated expression observed in various
cancers. This study aimed to evaluate the effects of L-sarcolysine (L-S) on the migration and adhesion of U-87 cells, with a particular
focus on vimentin.

Methods: VIM expression and its prognostic significance were assessed in GBM tissue samples and cells. Molecular docking was
performed to elucidate the binding interactions between L-S and vimentin, with emphasis on phosphorylation sites. Experimentally,
the effects of L-S on viability, proliferation, apoptosis, migration, adhesion, and gene expression were evaluated in U-87 cells.
Results and Conclusion: Upregulation of VIM was detected in both GBM tissues and U-87 cells. Molecular docking demonstrated
that L-S interacts with vimentin at key residues involved in filament stabilization, including Ser39. In vitro assays showed that
L-S significantly inhibited U-87 cell migration (p < 0.01), enhanced cell adhesion to the ECM (p < 0.01), and modulated VIM
expression (p < 0.05). Collectively, these findings underscore the potential of L-S as an effective anti-migratory agent and highlight
innovative therapeutic strategies targeting intermediate filaments.
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Introduction
Glioblastoma multiforme (GBM) remains one of the most aggressive and lethal human cancers, characterized by poor
prognosis and treatment resistance.! According to the latest statistics, the median overall survival for GBM patients is
approximately 10.4 to 19 months, depending on various factors such as age, treatment protocols, and molecular characteristics
of the tumor.” The five-year survival rate also remains low, estimated at 5-10%.>* The current standard of care for GBM
primarily involves a multimodal approach combining maximal safe surgical resection, radiotherapy, and chemotherapy.
Despite advances in these therapies, the prognosis for GBM patients remains poor due to several intrinsic and extrinsic factors.
The tumor’s critical location often limits the feasibility of complete surgical removal, as GBM exhibits aggressive infiltration
into surrounding brain tissue. Additionally, the blood-brain barrier (BBB) poses a significant obstacle by restricting the
penetration of many therapeutic agents. Tumor heterogeneity and the immunosuppressive microenvironment further con-
tribute to resistance against conventional treatments.”’ To overcome these challenges, novel targeted strategies such as
molecular inhibitors, immunotherapies, and nanoparticle-based drug delivery systems have been developed.®® Nonetheless,
issues including poor stability, potential toxicity, and limited therapeutic efficacy persist in nanomedicine, underscoring the
ongoing need for innovative therapeutic agents to improve GBM patient outcomes. '’

Intermediate filaments play crucial roles in maintaining cellular structure and supporting tissue integrity. Vimentin, a type 111
intermediate filament, is generally expressed in cells of mesenchymal origin, but its expression in epithelial cells and association
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with metastatic behavior has also been confirmed.''™'* This protein plays important roles in maintenance of cellular integrity and
resistance to stress, and vimentin knockout mice show impaired wound healing ability."* Vimentin has been shown to regulate

cell migration via interaction with paxillin, integrin 064 and myosin II."

Phosphorylation of specific amino acid residues in
vimentin critically regulates filament dynamics and cellular functions, particularly in cell motility and cancer progression. For
example, phosphorylation at Ser39 by Aktl and PAK enhances cancer cell motility and promotes filament assembly.
Additionally, phosphorylation at Ser56 and Ser83 drives mitotic filament disassembly, while phosphorylation at Ser7 and
Ser34 by PKC facilitates integrin trafficking. These post-translational modifications underscore the essential roles of these
residues in modulating vimentin function and its involvement in tumor aggressiveness and metastatic processes.'®>* In an
insightful study, siRNA-mediated knockdown of vimentin (VIM) was shown to impair GBM cell migration. Furthermore,
treatment of GBM-derived cells with glycogen synthase kinase-3 (GSK-3) inhibitors caused rapid downregulation of VIM,
suggesting that anti-migratory compounds targeting GSK-3 influence vimentin cytoskeletal dynamics, thereby contributing to
their anti-invasive effects.”> Another study reported that vimentin forms complexes with molecules such as Nogo receptor (NgR),
modulating TGFp1-mediated migration and invasion in GBM cells; knockdown of VIM in this context also suppressed cell
migration and invasion.?* In addition, the use of anti-vimentin nanobodies has been found to reduce GBM cell invasion,
concomitant with increased expression of the tight junction protein ZO-1, indicating that targeting vimentin can enhance cell-cell
adhesion and limit invasiveness.*’

L-sarcolysine (L-S), also known as Melphalan, is an alkylating agent primarily used to treat hematological malig-
nancies and has demonstrated synergistic effects with other anticancer drugs.’®?’ Although the therapeutic efficacy of

L-S spans several cancers,?® !

its effects on GBM cell viability and metastasis have not yet been reported. L-S exerts its
effect by forming DNA adducts and activating apoptotic pathways.** In melanoma cells, L-S has been shown to reduce
cell motility, particularly under hypoxic condition, by inhibiting the expression of carbonic anhydrase XII and the
phosphorylation of FAK, both of which are essential for cell migration and invasion.’® Despite its potent anticancer
activity and demonstrated benefits in progression-free and overall survival, high doses of L-S are associated with
increased toxicity, including renal dysfunction.**-*

To our knowledge, the effect of L-S on the motility of GBM cells has not been previously investigated. Therefore, the
potential of L-S as an anti-migration agent against GBM was explored, with a particular focus on its interaction with
vimentin in U-87 cells. VIM expression was evaluated in GBM tissue samples and cells, and molecular docking was
performed to characterize the binding interactions between L-S and vimentin. Experimental validation was carried out by
assessing the effects of L-S on U-87 cell viability, apoptosis, migration, adhesion, and gene expression, providing

a comprehensive evaluation of its anti-metastatic potential.

Methods

Analysis of VIM Expression and Its Prognostic Significance in GBM
VIM expression in GBM was evaluated in comparison to normal tissue using GEPIA2 (http://gepia2.cancer-pku.cn/), where

boxplot analysis was employed to compare log2-transformed TPM (transcripts per million) expression levels between 163
tumor samples and 207 normal samples. Additionally, the prognostic significance of VIM expression was assessed; Kaplan-
Meier survival curve was generated to analyze the impact of VIM expression levels on patient survival over time.

VIM expression was further analyzed in GBM and U-87 cells using microarray data from GEO database (http://www.ncbi.
nlm.nih.gov/geo). For differential expression analysis, GSE4290 dataset was selected, which includes 77 GBM samples and
23 non-tumor control samples. Although the number of non-tumor controls was smaller compared to GBM samples, this
dataset provides a relevant comparison. Additionally, GSE4536 dataset was examined, comprising gene expression profiles of
U-87 cells and neural stem cells. Data analysis was performed using GEO2R, with p values adjusted using the “ggplot2”
package in R. A significance threshold of p < 0.05 and log2 fold change (log2FC) > 0.5 were applied.

Molecular Docking
To investigate the interactions between L-S and vimentin, molecular docking was performed using the 3D structure
of vimentin retrieved from AlphaFold (UniProt ID: P08670; Average pLDDT=77.3). The 3D structures of L-S (CID:
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460612) and Simvastatin (CID: 54454), which serves as a reference vimentin inhibitor, were retrieved in SDF format
from PubChem (https://pubchem.ncbi.nlm.nih.gov/). Docking was carried out on Proteins Plus server (https://

proteins.plus/), which optimizes protonation states and hydrogen atom coordinates while assessing binding affinities
and orientations between the protein and ligand. Docking was performed using the JAMDA algorithm with a site
radius of 6.5 A and high-precision parameters. The docking score represents the predicted binding free energy in
arbitrary units specific to the JAMDA scoring function, where more negative values indicate stronger predicted
binding affinity. Intermolecular interactions in the best docking poses were visualized using PoseEdit in both 2D and
3D formats.®>®

Cell Culture and Treatment

Human GBM cells (U-87 cell line) and normal fibroblasts (HFF-3 cell line) were sourced from Pasteur Institute (Tehran, Iran),
and cultured using Dulbecco’s modified Eagle’s medium-high glucose (Capricorn) supplemented with 10% fetal bovine serum
(neoFroxx). Cells were maintained at 37°C in a humidified incubator with 5% CO,, and subcultured by 0.25% trypsin-1 mM
EDTA (Biowest). For treatment, stock solutions of L-S (Sigma) were prepared using dimethyl sulfoxide (DMSO) as solvent,
and final concentrations (25, 50, and 100 pM) were prepared freshly using complete medium.

Viability Assay

Cell viability was assessed using alamarBlue reagent. Briefly, U-87 and HFF-3 cells were cultured in 96-well plates at
densities of 8000 and 10,000 cells per well, respectively. Then after, cells were treated with increasing concentrations of
L-S for 24, 48 and 72 h. Cell viability was assessed at the end of each time point by adding alamarBlue solution (0.1 mg/
mL, Sigma), followed by 3 h incubation at 37°C. Optical density (OD) was measured at 600 nm using microplate
spectrophotometer (BioTek Epoch), and cell viability (%) was calculated.

Apoptosis Assay

To detect apoptosis in U-87 cells following L-S treatment, annexin V-FITC and propidium iodide (PI) staining was performed.
Briefly, U-87 cells were treated with 100 uM L-S, while untreated and DMSO treated cells were considered as controls. After
48 h treatment, 100,000 cells per sample were collected, centrifuged at 1200 rpm for 4 min and washed twice with phosphate-
buffered saline (PBS). The cell pellets were stained with annexin V-FITC and PI (Sigma) and flow cytometry analysis was
conducted using BD FACSCalibur instrument, acquiring data from 10,000 cells per sample. FL1-H and FL2-H channels were
used to detect annexin V-FITC and PI fluorescence, respectively. Gating was performed using FlowJo V10 software to
distinguish live cells (annexin V—/PI-), necrotic cells (PI+ only), early apoptotic cells (annexin V+ only), and late apoptotic
cells (annexin V+/PI+). Experiments were conducted in triplicate to ensure reproducibility.

Migration Assay

To determine the effects of L-S on the migration ability of GBM cells, scratch assay was performed. To achieve this,
U-87 cells were seeded in 24-well plates and cultured for 24 h to form a monolayer. Then, a straight scratch was made
using a micropipette tip, followed by PBS washing and treatment with 100 uM L-S in serum-free medium. To note,
untreated and DMSO treated cells were considered as controls. Photomicrographs were captured at 0 and 24 h, and the
gap area was quantified using ImagelJ software to calculate the rate of cell migration.

Adhesion Assay

To investigate whether L-S could affect the adhesion ability of U-87 cells, adhesion assay was performed. Briefly, 96-
well plates were coated with fibronectin (5 pg/mL, Solarbio) and incubated at 4°C overnight for polymerization. Plates
were then blocked with 0.2% bovine serum albumin (Biosera) at 37°C for 1 h. L-S-treated U-87 cells were harvested and
seeded onto the coated wells, while untreated and DMSO treated cells were considered as controls. Following
1 h incubation at 37°C, non-adherent cells were removed with PBS, and alamarBlue was used to calculate viability as
previously described.*”
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Gene Expression Analysis

The expression of candidate genes was analyzed by qPCR. In summary, total RNA was extracted from cells treated with
L-S and their respective controls using isopropanol and chloroform according to the manufacturer’s protocol (DENA
ZIST Asia). cDNA synthesis was then performed with oligo-dT, random hexamers and M-MuLV reverse transcriptase
following the manufacturer’s instruction (Pars Toos). To verify the fidelity of synthesized cDNAs, PCR was conducted
on all samples using primers for TATA box binding protein (TBP) as a housekeeping control, and the PCR products were
analyzed by electrophoresis on 1% agarose gel. Quantification of VIM and P53 expression was then performed using
SYBR green-based qPCR kit (Pars Toos) on LightCycler 96 System (Roche). Primer sequences are shown in Table 1.
The PCR cycling conditions were as follows: 95°C for 12 min, followed by 40 cycles of denaturation at 95°C for 15 sec,
annealing at 55°C for 30 sec and extension at 72°C for 30 sec. Data analysis was performed using LinReg PCR software,
and relative gene expression was calculated using the standard curve method.

Statistical Analysis
Data were analyzed using one-way ANOVA followed by Tukey’s test in GraphPad Prism 10.4. Results are expressed as
mean * standard deviation (SD), and p value < 0.05 and < 0.01 were considered statistically significant.

Results

Analysis of VIM expression in GBM revealed significant upregulation compared to normal tissue. Boxplot analysis using
GEPIA2 demonstrated a marked increase in log2-transformed TPM expression levels, with tumor samples exhibiting
significantly higher VIM expression than normal samples (p < 0.05, Figure 1A). Additionally, survival analysis by
Kaplan-Meier curve indicated that VIM expression levels affect patient survival over time (Figure 1B). These findings
were corroborated by microarray data from GSE4290 dataset, where VIM expression was elevated in GBM samples
relative to non-tumor controls (log2FC > 1, adjusted p value < 0.05; Figure 1C). Similarly, analysis of GSE4536 dataset
revealed upregulation of VIM in U-87 cells compared to neural stem cell lines (Figure 1D). Collectively, these data
confirm VIM overexpression in GBM and highlight its prognostic value.

Molecular docking analysis revealed that L-S interacts with vimentin at key residues involved in filament stabiliza-
tion, forming hydrogen bonds with Ser37 and Ser39, the latter being a known phosphorylation site that modulates
filament assembly (Figure 2A). The docking scores were calculated using the JAMDA scoring function, an empirical
method specific to the ProteinsPlus platform, where more negative values indicate stronger predicted binding affinity in
arbitrary units. Although not directly comparable to binding energies expressed in kcal/mol by other algorithms, the
JAMDA score of —1.381 suggests favorable binding for L-S with vimentin in this context. For comparison, Simvastatin,
a known vimentin inhibitor, docked to the same binding pocket displayed hydrogen bonding with Ser39 and a similar
JAMDA score of —1.479, indicating comparable binding strength under the same scoring metric (Figure 2B).

Viability assay was conducted on U-87 cells and normal cells to assess the effects of L-S over time. As presented in
Figure 3A, results of alamarBlue assay showed that L-S at concentrations of 25 uM and 50 pM did not significantly
impact U-87 cell viability over 24, 48 and 72 h. At concentration of 100 pM, L-S reduced viability to 88.7%, 89.6% and
82.6% after 24, 48 and 72 h, respectively. ICs, values calculated via nonlinear regression were 246.2, 200 and 183.1 uM
at 24, 48 and 72 h, respectively. Additionally, cell counting revealed that 100 pM L-S considerably decreased the number
of U-87 cells after 48 h (Figure 3B). For HFF-3 cells, L-S concentrations of 25 pM and 50 uM showed no significant
effect on viability after 48 h. However, upon treatment with 100 uM L-S, viability of HFF-3 cells reduced to 87%

Table | Sequence of Primers and Product Length Used for gPCR

Gene Name | Forward (5' to 3’) Reverse (5’ to 3') Product Size (bp)
TBP ACAACAGCCTGCCACC GAATAGGCTGTGGGGTCAG 120
P53 GTTCCGAGAGCTGAATGAGG TTATGGCGGGAGGTAGACTG 123
VIM GCGTGACGTACGTCAGCAATATGA | GTTCCAGGGACTCATTGGTTCCTT | 218
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(Figure 3C). Detection of apoptosis in U-87 cells showed a slight increase in the late apoptotic cell population upon
treatment with 100 uM L-S (5.04%), compared to 3.43% and 1.3% in DMSO and untreated cells, respectively
(Figure 3D). These results collectively indicate that 100 uM L-S modestly reduces viability and induces limited apoptosis
at 48 h. Based on these findings, a concentration of 100 uM L-S, half of its ICs, in U-87 cells at 48 h, was selected for
subsequent experiments.

Migration assay was conducted to assess the effect of L-S on U-87 cell motility. Phase-contrast images taken before
and 24 h after treatment with 100 pM L-S showed significant reduction in migration compared to controls (Figure 4A).
Statistical analysis confirmed that L-S significantly (p < 0.01) reduced U-87 cell migration (Figure 4B). Specifically,
untreated and DMSO treated cells exhibited migration rate of 100% and 94%, respectively, whereas L-S treatment
reduced migration to 34.5% at 24 h. Adhesion assay was also performed to evaluate the effect of L-S on cell adhesion to
the ECM (Figure 4C). Treatment with 100 uM L-S for 24 h significantly (p < 0.01) increased U-87 cell adhesion
compared to controls. Specifically, L-S treatment increased adhesion by 170%, while adhesion rate in untreated and
DMSO control groups were 100% and 97.8%, respectively (Figure 4D). Gene expression analysis using qPCR revealed
that 100 uM L-S significantly (p < 0.05) reduced the expression of VIM, while also increasing P53 expression
(Figure 4E). These findings collectively suggest that L-S can inhibit GBM cell migration and enhance cell-ECM
interactions, potentially limiting tumor progression.

Discussion

L-S is an L-phenylalanine nitrogen mustard DNA-alkylating agent employed in the treatment of a variety of hemato-
logical malignancies and solid tumors*®** Although the anticancer effects of L-S are well-established, its anti-metastatic
potential remains poorly understood. Importantly, to date, the impact of L-S on GBM cell viability, migration, and
adhesion has not been explored. Our study addresses this critical gap by demonstrating, for the first time, the significant
effects of L-S on these key processes in U-87 cells, thereby providing novel insights into its potential therapeutic
applications in GBM management.
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Findings of the present study revealed upregulation of VIM in GBM tissue samples, as well as U-87 cells, and
highlight its prognostic value. Additionally, molecular docking demonstrated that L-S interacts with vimentin at critical
residues potentially involved in filament stabilization. Results of in vitro experiments demonstrated that 100 pM
L-S slightly reduced cell viability and induced apoptosis at 48 h; however, it significantly inhibited the migration of
U-87 cells and enhanced cell adhesion to the ECM. Notably, viability of normal cells treated with 100 uM L-S remained
higher compared to GBM cells. These findings suggest that, while L-S modestly induces cytotoxicity in both GBM and
normal cells, its effects on metastatic behavior were more pronounced. Additionally, L-S modulated gene expression by
decreasing VIM, a marker of cell motility. Collectively, these results indicate that L-S predominantly targets metastasis-
related processes, likely through downregulation of vimentin expression and activity, rather than inducing cell death or
broadly impairing viability.

Vimentin is an intermediate filament protein involved in cell signaling, migration, and invasion across various cancer
types.'" 1343 A few numbers of small-molecule inhibitors targeting vimentin have shown therapeutic potential in diverse
diseases. For example, Withaferin A reduced vimentin levels, thereby affecting multiple cellular processes.** Additionally,
Simvastatin induces cell death in vimentin-expressing cancer cells, and FiVel disrupts vimentin networks in mesenchymal
cancers, leading to mitotic catastrophe.**® In the present study, L-S was found to downregulate VIM expression, which
correlated with reduced cell motility and enhanced cell adhesion. The negative regulation of vimentin in response to L-S may
involve several molecular pathways. One potential mechanism is the modulation of the PI3K/Akt pathway, which is known to
regulate vimentin expression. The ability of L-S to induce oxidative stress could lead to decreased Akt activity, resulting in
reduced vimentin levels. Additionally, downregulation of vimentin may be mediated by reactive oxygen species (ROS); since
L-S increases ROS levels, it can significantly influence various cellular responses, including the modulation of cytoskeletal
proteins like vimentin.*”** Collectively, our observations provide valuable insights into the mechanisms by which L-S may
exert its effects, highlighting the therapeutic potential of targeting cell migration in GBM. A limitation of the current study is
the absence of direct experimental validation of L-S binding to vimentin, such as co-immunoprecipitation or biophysical
assay, which are essential to confirm protein-ligand interactions. While molecular docking and qPCR analyses provide strong
evidence, future studies incorporating these functional assays will be critical to validate and extend our findings. Furthermore,
studies involving a broader range of GBM cell lines, normal neural cell types, as also GBM models, such as orthotopic
xenografts, are warranted to refine L-S as a targeted therapy.

In conclusion, this study establishes L-S as a promising anti-metastatic agent for GBM treatment, with vimentin
playing a central role in its therapeutic efficacy. L-S significantly inhibits GBM cell migration and enhances ECM
adhesion by downregulating vimentin expression, a key driver of tumor invasiveness. These findings underscore the
potential of targeting vimentin to curb GBM metastasis, while also emphasizing the need for further investigation into
optimal dosing strategies and safety profiles to support the clinical development of L-S as a targeted therapy.
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