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metabolic adaptation, and survival pathways [5–8]. In contrast, comparable systematic analyses in 
sarcomas remain scarce. To our knowledge, comprehensive proteomic profiling comparing 2D and 3D 
culture systems in MFS has not been previously reported. By demonstrating that MFS spheroids 
consistently display enhanced hypoxia-associated signaling, ECM remodeling, and metabolic adaptation-
related features, while monolayers prioritize proliferative programs, our findings align with observations 
reported across other tumor types [7, 8, 10, 22] and extend these principles to a clinically challenging 
sarcoma. Importantly, the use of multiple independently derived patient lines indicates that culture 
dimensionality can override inter-line variability, emphasizing its fundamental role in shaping tumor cell 
state. Future integrative analyses comparing these proteomic signatures with publicly available 
transcriptomic datasets from MFS patient cohorts may further clarify the extent to which spheroid-derived 
stress-response programs mirror in vivo tumor biology.

The biological basis for these differences is consistent with well-established properties of 3D tumor 
growth. Spheroid architecture generates diffusion gradients that induce metabolic reprogramming, 
oxidative stress responses, autophagy activation, angiogenic factor secretion, and altered lactate 
metabolism [6, 22]. Hypoxia-induced autophagy has emerged as a central adaptive mechanism in many 
solid tumors, enabling survival under nutrient limitation and oxidative stress through regulation of the 
PI3K-Akt-mTOR signaling axis [23–27]. 3D tumor models frequently exhibit enhanced autophagic activity 
compared with monolayer cultures, reflecting cellular adaptation to spatial constraints and metabolic 
stress [22, 24, 26, 27]. In addition, ECM remodeling and enhanced cell-cell interactions within spheroids 
activate integrin signaling pathways that converge on focal adhesion kinase (FAK) and PI3K-Akt survival 
networks [5, 14]. While the present study was designed as a discovery-oriented proteomic analysis rather 
than a mechanistic perturbation study, the consistent activation of hypoxia- and autophagy-related 
pathways across multiple independent MFS lines provides a strong rationale for future functional 
interrogation of these signaling circuits in 3D sarcoma models.

These divergent proteomic states have important implications for experimental modeling and 
therapeutic exploration in MFS. The spheroid proteome—enriched for ECM organization, angiogenic 
signaling, and stress-adaptation pathways—may reflect biological features associated with the infiltrative 
growth pattern and recurrence-prone behavior characteristic of this sarcoma subtype [10, 16]. Among the 
cancer-associated proteins identified through COSMIC annotation, several components of the PI3K-Akt 
signaling network and autophagy regulatory machinery represent pharmacologically actionable targets 
currently under investigation in sarcoma and other solid malignancies. These observations raise the 
possibility that spheroid systems may reveal therapeutic vulnerabilities that remain masked in 
proliferation-dominated 2D cultures, including potential sensitivity to autophagy inhibition, angiogenic 
blockade, or integrin/FAK-directed therapies [14, 17, 26]. Conversely, monolayer cultures remain 
advantageous for high-throughput functional screening approaches, including genetic perturbation and 
small-molecule screening applications, where efficient cell expansion and assay scalability are important 
considerations [2].

From a translational perspective, an integrated experimental workflow may therefore be optimal. 
Initial discovery in 2D systems can enable scalable screening and rapid hypothesis generation, whereas 
subsequent validation in 3D spheroids provides a more physiologically constrained environment that 
captures hypoxia, structural organization, and stress adaptation. Incorporating morphology-aware 
endpoints—such as spheroid integrity, invasive behavior, and viability under hypoxic stress—may further 
improve the predictive value of preclinical testing [7, 28, 29].

Annotation of the proteomic dataset with COSMIC cancer-associated proteins also indicates that 
dimensionality-dependent rewiring extends into canonical oncogenic signaling networks rather than being 
restricted to general metabolic housekeeping pathways [2]. Environmental cues including oxygen 
availability, ECM composition, and mechanical tension, therefore appear capable of reshaping oncogenic 
signaling programs in a context-dependent manner. Such plasticity supports the concept that 3D culture 
systems may more faithfully capture context-specific oncogene dependencies and potential therapeutic 
windows than conventional monolayer models [5, 30, 31].
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From a technical perspective, this study leveraged the depth and quantitative reproducibility of Zeno 
SWATH-DIA proteomics combined with library-free DIA-NN analysis and retention-time alignment 
strategies [18–20]. The high consistency observed across biological replicates enabled robust exploratory 
analyses—including PCA, hierarchical clustering, volcano plots, and pathway enrichment—while 
minimizing the risk of overfitting. Such analytical rigor is essential to confidently distinguish biologically 
meaningful state transitions from technical variation in large-scale proteomic datasets.

In this work, we deliberately employed single-cell-derived spheroids in order to isolate the intrinsic 
impact of culture dimensionality on tumor cell proteomic programs. While multicellular organoid systems 
incorporating stromal, immune, or endothelial compartments may more closely approximate the full tumor 
microenvironment, they also introduce additional biological complexity that can obscure tumor cell-
autonomous signaling responses. The current approach therefore provides a controlled framework for 
defining how 3D growth alone reshapes the molecular state of MFS cells.

Several limitations should nevertheless be acknowledged. Although spheroids reproduce certain 
aspects of tumor microenvironmental stress, they lack immune components, vascular structures, and 
stromal heterogeneity and therefore capture only part of the tumor ecosystem [4, 32]. Co-culture models 
incorporating fibroblasts or endothelial cells, as well as organotypic ECM systems with defined stiffness, 
may provide improved representation of cell-cell signaling and matrix mechanics that contribute to MFS 
invasiveness [33, 34]. In addition, our analysis focused on steady-state proteomic profiles at a single time 
point. Temporal profiling during spheroid formation may reveal early adaptive responses and dynamic 
pathway activation preceding the proteomic landscape observed at later stages. Furthermore, post-
translational regulatory layers—including phosphorylation, ubiquitination, and acetylation—likely play 
critical roles in modulating stress signaling and survival pathways [6, 18, 35]. Future phosphoproteomic or 
post-translational modification (PTM)-focused DIA workflows could therefore uncover additional 
regulatory dimensions [36]. Finally, although the use of eight patient-derived lines improves 
representativeness, stratification according to tumor grade, anatomical origin, or genomic background may 
reveal clinically relevant subtype-specific proteomic programs [9, 37].

Looking forward, several avenues for further investigation emerge from these findings. Mechanism-
oriented perturbation studies—including targeted inhibition of the PI3K-Akt-mTOR axis or 
pharmacological modulation of autophagy—may clarify causal relationships between the pathways 
identified here and spheroid survival phenotypes. Integrating proteomic measurements with isotope-
resolved metabolomics could further elucidate metabolic rewiring associated with 3D growth states [22]. 
Comparative testing of candidate therapeutic agents—including autophagy inhibitors, hypoxia-targeting 
compounds, CDK inhibitors, transcriptional modulators, and integrin/FAK/PI3K pathway inhibitors—
across both 2D and 3D systems may help identify context-dependent vulnerabilities relevant for MFS 
therapy [17, 26, 38]. Ultimately, spatially resolved proteomic profiling of clinical tumor specimens could 
determine whether the 3D-enriched molecular signatures identified in this study localize to hypoxic or 
invasive tumor niches in vivo and whether their presence correlates with recurrence risk or therapeutic 
resistance [24, 27, 39].

In conclusion, culture dimensionality emerges as a first-order determinant of the proteomic landscape 
in MFS. 3D spheroid growth accentuates microenvironment-associated stress responses—including 
hypoxia adaptation, autophagy activation, and ECM remodeling—whereas monolayer culture preferentially 
supports proliferative programs. By combining deep quantitative proteomics with multiple patient-derived 
models, this study delineates complementary roles for 2D and 3D systems in sarcoma research and 
provides a resource for future mechanistic and therapeutic investigations aimed at bridging preclinical 
models and the complex tumor microenvironment of MFS.
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