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A B S T R A C T   

Intact (whole) cell MALDI TOF mass spectrometry is a commonly used tool in clinical microbi
ology for several decades. Recently it was introduced to analysis of eukaryotic cells, including 
cancer and stem cells. Besides targeted metabolomic and proteomic applications, the intact cell 
MALDI TOF mass spectrometry provides a sufficient sensitivity and specificity to discriminate cell 
types, isogenous cell lines or even the metabolic states. This makes the intact cell MALDI TOF 
mass spectrometry a promising tool for quality control in advanced cell cultures with a potential 
to reveal batch-to-batch variation, aberrant clones, or unwanted shifts in cell phenotype. How
ever, cellular alterations induced by change in expression of a single gene has not been addressed 
by intact cell mass spectrometry yet. In this work we used a well-characterized human ovarian 
cancer cell line SKOV3 with silenced expression of a tumor suppressor candidate 3 gene (TUSC3). 
TUSC3 is involved in co-translational N-glycosylation of proteins with well-known global impact 
on cell phenotype. Altogether, this experimental design represents a highly suitable model for 
optimization of intact cell mass spectrometry and analysis of spectral data. Here we investigated 
five machine learning algorithms (k-nearest neighbors, decision tree, random forest, partial least 
squares discrimination, and artificial neural network) and optimized their performance either in 
pure populations or in two-component mixtures composed of cells with normal or silenced 
expression of TUSC3. All five algorithms reached accuracy over 90 % and were able to reveal even 
subtle changes in mass spectra corresponding to alterations of TUSC3 expression. In summary, we 
demonstrate that spectral fingerprints generated by intact cell MALDI-TOF mass spectrometry 
coupled to a machine learning classifier can reveal minute changes induced by alteration of a 
single gene, and therefore contribute to the portfolio of quality control applications in routine cell 
and tissue cultures.   

1. Introduction 

Matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) is a widely used analytical technique 
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for identification, structural analysis, and quantification of various chemical species, including those constituting complex biological 
samples. In the last decades, MALDI TOF MS found its way even beyond analytical chemistry and has been introduced into clinical 
microbiology, histology, and cell biology [1,2]. The intact cell MALDI TOF MS uses the whole, undisturbed cells as input analytes, 
without the preceding cell lysis, fractionation, or protein extraction. In clinical microbiology, the mass spectra generated by MALDI 
TOF MS of intact bacteria provide unique cellular fingerprints specific for the biotyping of bacterial species and strains, and therefore 
facilitate the diagnostics without the need of extensive bacterial culture [3]. However, the biotyping of eukaryotic cells may represent 
a technological limitation due to the inherent complexity of samples, requiring the development and/or optimization of protocols 
tailored to individual experiments or applications. This involves the standardization of the protocol, in particular, manipulation and 
handling of sample (cell harvesting and washing), preparation of sample for MS (matrix choice, solvent composition, additives, sample 
spotting), and instrumental setup (type of instrument, laser wavelength, and m/z range and acquisition parameters). The mathematical 
methods for spectra pre-processing and data evaluation including multivariate statistical analysis are then determining for proper data 
interpretation. The principal component analysis (PCA), partial least square-discrimination analysis (PLS-DA), hierarchical clustering 
analysis (HCA), and machine learning (ML) are fast-growing approaches in MS data analysis and cell biotyping in particular [4,5]. 
Altogether, the intact cell MALDI TOF MS coupled with suitable mathematical apparatus represents a low-cost, robust simple, and 
straightforward method that allows discrimination of individual cell types, either alone or in mixtures or even the individual cell states 
during differentiation or acquisition of abnormal phenotypes [6,7]. 

Currently, several biotyping studies demonstrated discrimination of individual cell types based on informative regions in mass 
spectra. Karger et al. published an extensive study of 66 cell lines from 34 species ranging from insects to primates, that have been 
correctly classified by the mass spectra [8]. Two different pancreatic hormone-secreting cell lines were distinguished by Buchanan 
et al. [9]. Kober et al. demonstrate the ability to differentiate toxic effects in cell-based ecotoxicological test systems [10]. In 2015, in 
our study by Valletta et al. reported that MS combined with artificial neural networks (ANN) can quantitatively estimate cell numbers 
in binary mixtures of mouse embryonic stem cells and mouse fibroblasts, or mouse and human embryonic stem cells [6]. In a similar 
study published later, Petukhova et al. demonstrated discrimination of ovarian cancer cell lines and primary cells in two-component 
mixtures [11]. In 2018, we demonstrated that the intact cell MALDI TOF MS-based approach is also highly suitable for monitoring 
subtle alterations in phenotype of a single stem cell line over time, or during differentiation of stem cells and progenitors towards 
terminal phenotypes [12]. In summary, the intact cell MALDI-TOF MS combined with proper biostatistical tools can offer a versatile 
tool for quality control in preclinical or clinical-grade cell cultures, cancer cells discrimination, or gamete phenotyping [7,11,13,14]. 

Up to now, there is no dedicated publication reporting the use of MS biotyping for revealing alterations induced by a single gene 
expression change in a well-defined cellular model. We were therefore curious if the protocol we established previously for stem cell 
quality control can be used for tracing minute changes in cell phenotype [7]. As a model, we used an ovarian cancer cell line with 
downregulated gene coding for tumor suppressor candidate 3 (TUSC3 or N33). The TUSC3 protein constitutes a subunit of the oli
gosaccharyltransferase subunit, contributing to the final steps of N-glycosylation of proteins in endoplasmic reticulum [15]. Loss of 
TUSC3 expression alters the glycosylation of surface molecules and subsequently the proliferation, migration, and cell stress response 
in ovarian cancer cells, and other cancer cell lines [16–18]. In ovarian cancer patients, epigenetic loss of TUSC3 expression correlates 
with poor prognosis and reduced survival [19]. We investigated the TUSC3 gene previously, and prepared several well-characterized 
cellular models, therefore, for this study we chose the TUSC3-silenced SKOV3 ovarian cancer cell line. In the SKOV3 cells, expression of 
TUSC3 gene was downregulated by short hairpin RNA (shRNA) as described previously [16,17]. In this work, the statistical analysis of 
the mass spectra clearly showed different spectral profiles in 2–20 kDa range in cells with normal and silenced TUSC3. Robustness of 
developed method was tested using mass spectra recorded in different technical replicates prepared separately on different days. Effect 
of normalization and number of m/z values as input was tested with the aim of how these data processing affect the accuracy of 
classification models. In summary, we demonstrated the intact cell MALDI-TOF MS when coupled to the proper statistical classifier can 
reveal changes induced by alteration of a single gene. 

2. Material and methods 

2.1. Cell culture 

SKOV3 cells were obtained from American Type Culture Collection (USA) and cultured in high glucose (4.5 g/L) Dulbecco’s 
Modified Eagle Medium (DMEM) enriched with 10 % Fetal Calf Serum (FCS) and 1 % Penicillin/Streptomycin sulphate, at 37 ◦C in 
humidified atmosphere containing 5 % of CO2. TUSC3 expression was downregulated by short hairpin RNA (shRNA) encoded in the 
lentiviral plasmid pLKO.1 and transduced into SKOV3 cells as described previously [18]. pLKO.1 plasmid harboring scrambled short 
hairpin sequence was used as a control. Mycoplasma contamination was investigated on a routine basis using PCR. For analysis, cells 
were enzymatically detached, washed in phosphate buffered saline, counted, and stored in − 80 ◦C as dry pellets. 

2.2. RNA isolation, cDNA synthesis and quantitative real-time RT-PCR 

Total RNA from SKOV3 cell line was isolated using the RNeasy Mini kit (Qiagen) and the quantity and purity were assessed by UV 
spectrometry at 260, 280 and 230 nm. cDNA was synthesized from 1 μg DNase I-digested total RNA using the First-strand cDNA 
Synthesis Kit (Sigma-Aldrich). Expression was relatively quantified using TaqMan probes specific for TUSC3, Hs00185147_m1 and β2- 
microglobulin, Hs99999907_m1 (Applied Biosystems) as described elsewhere and expressed as expression fold change [18]. All PCR 
reactions were performed from at least three independent experiments, and reverse transcriptase-negative and template-negative 
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controls were included. 

2.3. Western blotting and immunoprecipitation 

Harvested cells were washed two times with 1 × PBS and resuspended in the NP-40 lysis buffer containing 50 mM Tris-Cl (pH 7.4), 
150 mM NaCl, 2 mM EDTA, 1 % NP-40, 50 mM NaF and supplemented with phosphatase inhibitor cocktail (Sigma Aldrich) and 
protease inhibitor cocktail (Complete, Roche). Protein extracts (15 μg) quantified by BCA protein assay (Pierce, Austria), were mixed 
with 2 × Laemmli sample buffer (100 mM Tris pH 6.8, 4 % SDS, 200 mM DTT, 20 % glycerol and 0.1 % bromophenol blue) boiled for 3 
min and resolved by 10 % sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The resolved proteins were then 
electroblotted to the 0.45-μm PVDF membrane (Millipore) and incubated with the primary antibodies (TUSC3, Ab65213 and actin, 
Ab1801 both from Abcam, UK) and diluted 1:500–1:1,000 at 4 ◦C overnight. The blots were developed using horseradish peroxidase- 
conjugated secondary antibodies (anti-rabbit HRP no. 7074 (Cell Signaling, USA) anti-mouse HRP Ab50043 (Abcam, UK), both 
1:4,000 and Immobilon Western HRP substrate (Millipore, Czech Republic) according to the manufacturer’s instructions. 

2.4. Chemicals for mass spectrometry 

Sinapinic acid (SA), alpha-cyano-4-hydroxycinnamic acid (CHCA), trifluoroacetic acid (TFA), and ammonium bicarbonate (ABC) 
were purchased from Sigma-Aldrich (Steinheim, Germany). Acetonitrile (ACN) was purchased from Penta (Prague, Czech Republic). 
Water was double distilled using a quartz apparatus from Heraeus Quarzschmelze (Hanau, Germany). IVD bacterial test standard (BTS) 
was purchased from Bruker Daltonik GmbH (Bremen, Germany). 

2.5. Sample preparation for intact cell MALDI TOF MS analysis 

Matrix solution was prepared by dissolving 30 mg of SA in 1 mL of ACN/H2O (70/30 v/v) acidified by 7.5 % of TFA. Frozen cell 
pellets were thawed on ice and diluted with ice-cold 150 mM ABC buffer. The cell suspension in ABC was then mixed with SA matrix to 
reach the final concentration 12.5 × 106 cells per mL. 2 μL of the suspension containing 25 × 103 cells were spotted on 384-well steel 
target plate in technical replicates (n = 5) and dried at room temperature under dust-free conditions. 

2.6. Spectra acquisition and processing 

For mass spectrometry, the MALDI 7090 TOF-TOF instrument (Shimadzu Kratos Analytical) equipped with the 2 kHz ultra-fast 
solid-state UV laser (Nd-YAG: 355 nm) was used. Mass spectra were acquired in the linear positive ion mode, in mass region 2–20 
kDa, with pulse extraction set to 12.5 kDa. The calibration was performed externally using the Bacterial Test Standard 3.5–17 kDa. In 
total 175 mass spectra acquired from seven different mixtures of SKOV3scrambled shRNA and SKOV3TUSC3 shRNA in five technical replicates 
recorded in five different days were used. 

The mass spectra exported in the mzML file format were pre-processed using the R project (4.0.4), MALDIquant package, MAL
DIrppa, and subsequently analyzed using additional R packages enabling multivariate statistical modeling [20]. Before pre-processing 
of mass spectra, the low-quality spectra were identified by semi-automatic screening implemented in the MALDIrppa package. The 
procedure is based on robust scale estimators of median intensities and derivative spectra [21]. The spectral pre-processing workflow 
followed standard procedures adopted from the MALDIquant package. Standard processing of mass spectra involved several steps: 

Fig. 1. Mass spectra processing workflow. Raw mass spectra in n technical replicates were processed, and the informative features selected. Data 
stabilization was performed to reduce the technical variability and unwanted signal bias as an inherent intra-experimental quality control. 
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briefly, the initial quality control, transformation and smoothing (Savitzky-Golay filter) with halfwindowSize = 100, baseline 
correction (statistics-sensitive non-linear iterative peak-clipping, SNIP) with 500 iterations, intensity calibration (

∑
Xi = 1, where Xi 

are intensities of corresponding peaks in mass spectra), spectra alignment (removing the non-systematic shift in technical replication 
acquired on a different day), trimming (2–10 kDa), and peak detection using MAD noise estimation algorithm with signal-to-noise = 10 
and a half-window size = 20 [22,23]. To eliminate artifacts in spectral data, the feature matrix of detected peaks was constructed only 
from the peaks that were detected at least in 20 % of total mass spectra. Peak lists for all mass spectra were converted to the feature 
matrix. Established matrix m x n consists of spectral data, where m represents selected m/z values and n are the IDs of individual 
samples. The i-th row of the matrix (n) shows the intensities of selected peaks (m) of the i-th samples (mixture). The feature matrix 
reduces the data from the original n × 400 000 to n × 75. Established matrix of spectral data was used for further multivariate sta
tistical methods and development of selected classifiers. In summary, the process is schematically described in Fig. 1. 

2.7. Multivariate statistical analysis 

A total of 175 mass spectra measured were analyzed in this study. PCA was initially used to reveal the data structure and to verify 
the results visually. The Partial Least Squares-Discriminant Analysis (PLS-DA), k-nearest Neighbors Algorithm (k-NN), Random Forest 
(RF), Decision Tree (DT), and ANN algorithms were chosen for the development of classification models. Data were split into training 
(70 %) and test cohorts (30 %). Cross-validation (CV) was performed. Considering the size of the sample, a 10 × repeated 5-fold CV was 
used with the “one standard error (SE)” rule for selecting the least complex model with the average cross-validated accuracy within the 
lowest root mean square error (RMSE) from that in the optimal model. All multivariate analyses and modeling were done in the R 
environment and validated in OriginPro 2023b SR1 licensed to the University of Cagliari. 

3. Results and discussion 

Short hairpin RNA-mediated silencing of TUSC3 gene was performed as described previously by Vaňhara (2013) and validated by 
quantitative real time PCR and western blotting (Fig. 2) [17]. Expression of TUSC3 by shRNA was downregulated to approximately 30 
% when compared to control cells containing scrambled shRNA sequence. 

For intact cell MALDI TOF MS, the samples of SKOV3scrambled shRNA and SKOV3TUSC3 shRNA cells were prepared as described above 
and analyzed independently under identical conditions in five different days to document the technical reproducibility of the mea
surements. The representative mass spectra of SKOV3scrambled shRNA and SKOV3TUSC3 shRNA cells are demonstrated in Fig. 3. In 
SKOV3TUSC3 shRNA spectral data, several peaks show clear up- or downregulation, e.g. m/z 4910 ± 1 Da and 6087 ± 1 Da (down
regulation) and 4937 ± 1 Da (upregulation) (Fig. S1). The Kendall correlation coefficient τ = 0.26 for SKOV3scrambled shRNA and 
SKOV3TUSC3 shRNA spectral datasets indicated low similarity between the groups. The SKOV3scrambled shRNA and SKOV3TUSC3 shRNA 
groups, however, contain minor intrinsic variability, induced probably by pipetting errors or by inherent inconstancies during sample 
handling (spotting, sample plate cleaning, protein degradation in process of preparation, the residues of buffer within cell pellets), or 
the physical variability of the method itself (Fig. S2). The Kendall correlation coefficient within the datasets reached τ = 0.95 for 
SKOV3scrambled shRNA and τ = 0.92 for SKOV3TUSC3 shRNA, respectively. 

The visual observation was confirmed by PCA and HCA. Both analyses clearly discriminated the SKOV3scrambled shRNA and 
SKOV3TUSC3 shRNA cells. HCA was then performed to assess the relative hierarchical contribution of differences in molecular profiles in 
cell samples. PCA performed on data revealed separated clusters corresponding to SKOV3scrambled shRNA and SKOV3TUSC3 shRNA cells 
(Fig. 4A), however, an obvious grouping effect inside the cell clusters related to batch effects of individual measurements was present. 

This phenomenon was reported e.g. in mass spectrometry imaging, quantitative MS and proteomics or bacterial biotyping [24–26]. 
In eukaryotic cells, the batch effects of MS can decrease the sensitivity of analysis and limit the biotyping-based quality control [7]. The 

Fig. 2. Expression of TUSC3 was downregulated by shRNA transduced into the SKOV3 cells. The decrease of TUSC3 expression is visualized by 
western blotting (A), and by qRT-PCR as mean ± SD fold change (B). 
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batch effect (Fig. 4A) is caused by pipetting errors or natural irregularities in sample handling (spotting, cleaning of sample plates, 
protein degradation during the preparation process, buffer residues in cell pellets) or the principial variability of the method itself 
(MALDI TOF MS). The phenomenon of batch effects makes the MALDI MS method generally not suitable for absolute quantification, 
and represents an issue also in intact cell mass spectrometry. The physico-chemical reasons of batch effects involve the process of 
sample-matrix crystallization, where the size of co-crystals and the effect of "sweet spots" cause variations in the measured intensities 
All of these discrepancies create an overall undesired variability in the measurement, which is usually referred to as the ’batch effect’. 
To overcome these limits and reduce the measurement-dependent fluctuations, the values of peak intensities were median centered 
(Fig. 4A and B) and Mood’s median test (alpha = 0.05) was used to identify those peaks that significantly differed between groups [27]. 
Despite the fact we were able to acquire the peaks at the particular m/z values reproducibly, the event of repeated measurement 
introduced the unwanted variability into the peak intensities, as illustrated in Fig. 4C using 4939 Da peak intensity as an example. This 
explains the observation from PCA analysis. Fig. 4D demonstrates centering effect reducing fluctuations of 4939 Da peak intensity in 
SKOV3scrambled shRNA and SKOV3TUSC3 shRNA cells. To further visualize the similarities and divergences in the mass spectra, we con
structed the heat maps based on peak intensities (Fig. 4E and F). All data in the spectral matrix were Z-score normalized across the 
groups. The heatmaps clearly revealed two clusters in data, dependent solely on peak intensities. Similarly, the reduction of the batch 
effect by median centering improved the discrimination of the SKOV3scrambled shRNA and SKOV3TUSC3 shRNA heat maps. The grouping 
effect observed in Fig. 4A was reduced upon median centering of data (Fig. 4B). First two principal components (PC1 and PC2) cover 
approximately 85 % of total data variability in both the non-centered and median-centered data. However, when the median-centered 
data were used, the contribution of PC1 increased, indicating a decrease of the technical variability in spectral data. In summary, we 
used the median-centered data for further analysis. 

We were then curious whether we can discriminate spectral patterns of SKOV3TUSC3 shRNA cells in two-component mixtures with 
SKOV3scrambled shRNA control cells using the same panel of peaks as described above. We prepared analytes containing SKOV3scrambled 

shRNA and SKOV3TUSC3 shRNA cells in a series of volume ratios (1:0, 9:1, 8:2, 1:1, 2:8, 1:9, and 0:1) and then processed for mass 
spectrometry as described above (Fig. S3). 

Computations involved two methodological approaches: 1) model-free, unsupervised, with light pre-treatment, and 2), model-free, 
unsupervised, and with light pre-treatment, and the second one with pre-treatment and more addressed to the differentiation of the 
cells. In the first method, raw mass spectra were resampled (resample factor 55) and transformed to the matrix consisted of 5070 rows 
(signals from mass spectra) and 175 columns (mass spectra). The data were then normalized by mean centering or by standard de
viation division and analyzed by PCA (Fig. 5A and B). The corresponding loading plot then provided the importance of each variable 
for PC1, PC2, and PC3 (Fig. S4). The first method shows that each group of cell mixtures lies in a specific plane, indicating the possible 
classification. 

The second method follows the procedure described in the section “Spectra acquisition and processing”. Eigenvalue analysis 
indicated presence of three major factors, where two factors contribute to the overall variability ~80 %. The PCA analysis clearly 
discriminated the pure SKOV3scrambled shRNA and SKOV3TUSC3 shRNA as well as the respective cell mixtures (Fig. 6A). The relative 
abundance of five preselected m/z values is shown using normalized stacked bar chart in Fig. 6B. Signal at 4910 ± 1 Da decreased 
when TUSC3 is silenced whereas the abundance of signal at 4937 ± 1 Da increased. Several m/z values were downregulated upon 
TUSC3 silencing (e.g. 4910, 5117, 6045, and 6087 Da) and only a few were upregulated (e.g. 4937 and 8566 Da). 

Unsupervised hierarchical cluster analysis using Euclidean distance matrix with Ward’s method further confirms results obtained 
by PCA (Fig. 6C). The hierarchical cluster analysis identified groups based on the similarity of mass spectra fingerprints. Seven distinct 

Fig. 3. Representative mass spectra of SKOV3scrambled shRNA and SKOV3TUSC3 shRNA cells. Highlighted regions indicate the m/z values that signifi
cantly differ in peak intensity. Asterisk (*) indicates the m/z values corresponding to the SA matrix adduct (+206 Da). 
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clusters were generated from spectral data according to mixture compositions. The gradual joining of groups based on the increasing 
ratio of individual components in the population is shown. The associated heat map demonstrated a striking separation of data into 
seven distinct groups. Z-score normalized across groups was performed for heat map visualization. 

To verify whether the ratio between SKOV3scrambled shRNA and SKOV3TUSC3 shRNA can be predicted based on computationally 
processed spectral data, five machine learning (ML) algorithms – the Partial Least Square-Discrimination Analysis (PLS-DA), Decision 
Trees (DT), Random Forests (RF), Artificial neural networks (ANN) and k-Nearest Neighbors algorithm (k-NN), were investigated on 
the experimental spectral data. We used the peak intensities as the input variables for the ML algorithms. Architectures of classification 
algorithms were optimized to reduce the complexity of the classifier to improve prediction accuracy and hence to reduce the potential 
of overfitting. For DT, an algorithm with a root node, five internal nodes, seven leaf nodes, and three dominant variables (4909, 4939, 

Fig. 4. Reduction of batch effects using the median-centered data; PCA of non-centered (A) and median-centered (B) spectral data recorded from 
SKOV3scrambled shRNA and SKOV3TUSC3 shRNA in technical pentaplicates from five independent measurements. The intensity of peak at m/z = 4939 Da 
was used for demonstration of non-centered data (C) and median-centered data (D). Horizontal lines indicate median, boxes the first and third 
quartile, and whiskers the minimum and maximum values that fall within 1.5 times interquartile range. Heat maps of non-centered data (E) and 
median-centered data (F) were constructed from all peak intensities (feature matrix). Numbers 1–5 indicate replicates measured on different days. 
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Fig. 5. Three-dimensional visualization of PCA of 175 mass spectra recorded from 7 binary cell mixtures for mean-centered data in PC1-PC3 space 
(A) and standard deviation-divided data (B). 

Fig. 6. Three-dimensional visualization of PCA of 175 mass spectra recorded from 7 binary cell population mixtures (A). Normalized stacked bar 
chart of selected m/z values as an average for individual cell mixtures (B). Heat map with hierarchical clustering analysis (Ward metric) of the 75 m/ 
z signals (C). 
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and 8402) was used. For RF, 500 decision trees and a maximum of five variables for each tree were selected as the best structures. The 
variables 4909 and 8566 were identified as the most significant. For ANNs, the architecture containing five neurons in one hidden layer 
with 422 wt performed best. The training of ANN classifiers converged after 50 iterations. Performance for all optimized classifiers was 
compared and provided as the accuracy of prediction using 10 × repeated 5-fold CV (Fig. 7A). Results show that all classifiers had a 
significant performance in the dataset. For k-NN, 96.1 % accuracy was obtained (95 % confidence interval is used for all data, CI =
90.4–98.9 %). For DT 99.0 % accuracy was obtained (Cl = 94.7–100.0 %). For RF 100.0 % accuracy was obtained (Cl = 96.5–100.0 %). 
For ANN 100.0 % accuracy was obtained (Cl = 96.5–100.0 %). Finally, PLS-DA with 100 % accuracy (Cl = 96.5–100 %). The optimal 
number of components was determined based on the Q2Y parameter, which estimates the predictive performance of the model 
through the 5-fold cross-validation. The model’s maximum Q2Y value indicates the number of components at which overfitting begins. 
A classifier based on PLS-DA was optimized for 15 components when the root mean square error (RMSE) reached a constant value and 
accuracy reached 100 % (Fig. 7B and C). In the case of pure populations only, the accuracy reached 100 % consistently (data not 
shown). 

To avoid a systemic bias in the protocol or data analysis, we performed the in-lab validation. We prepared new samples from frozen 
cell pellets of the same biological batch, recorded 75 mass spectra in total, and used the trained classifiers to predict the composition of 
two-component mixtures. In the validation dataset, the accuracy of all classifiers was reduced. For the k-NN, 94.1 % accuracy was 
obtained (Cl = 85.6–98.4 %). For DT 94.1 % accuracy was obtained (Cl = 85.6–98.4 %) For the RF 98.5 % accuracy was obtained (Cl =
92.1–100 %). For the ANN 98.5 % accuracy was obtained (Cl = 94.7–100 %). Finally, PLS-DA with 100 % accuracy (Cl = 94.7–100 %). 
When the trained PLS-DA classifier with optimized parameters was used to predict classification for the in-lab validation dataset, all 
data were correctly classified (75 from 7 cell mixtures) (Fig. 7D). The same result was achieved when ANN classifier was used (data not 
shown). Results for classification accuracy using PLS-DA classifiers with 2, 5, 8, and 10 components are provided as supplementary 
figure Fig. S5. 

Next, to investigate, whether the classification algorithm is affected by dominant “marker” peak, we reduced the number of input 
variables by iterative random selection and performed the classification. Interestingly, even when the number of variables decreased 
from the original 75 variables to 20 only (10 random selections were performed), the accuracy of classification models did not decrease 
significantly. The accuracy of the PLS-DA model still reached 100 %. This finding suggests that the classification model is not influ
enced by a small number of dominant peaks and rather it is the cumulative effect of high number of variables with rather low weight 
that determines the robustness and accuracy of the model. It also indicates that the number of variables can be further reduced without 
compromising the performance of the algorithm. However, the reduction of variables entering the analysis can introduce a systemic 
bias that might be difficult to otherwise exclude. Similarly, when a high number of peak intensities (up to 300 were tested) was used for 
calculations, it resulted in comparable outcomes. The individual contribution of variables and the variable importance for the pro
jection (VIP) were then calculated. VIP score then confirms that cumulative contribution of variables is necessary for the correct 
classification. The VIP plot is visualized in Fig. S6. Interestingly, when the mass spectra without median centering were used as inputs 
for ML classifiers, the performance of classifiers was not impaired significantly for pure SKOV3scrambled shRNA and SKOV3TUSC3 shRNA cell 
samples. However, when mass spectra of the cell mixtures were used for classification without median centering, the classification 
error increased significantly. This suggests that ML applied on median-centered spectral data provides a highly robust tool for spectral 
analysis. 

4. Conclusions 

Our study reports the applicability of computationally processed intact cell MALDI-TOF MS spectral profiles for revealing changes 
in cell phenotypes induced by a single gene expression change. We investigated the machine learning algorithms (k-nearest neighbors, 
partial least squares discriminant analysis, decision tree, artificial neural network, and random forest) for the classification of two- 
component mixtures containing control and TUSC3-silenced cells. Our work also supports the use of mass window 2–10 kDa for 
robust and reproducible mass spectra as demonstrated in ovarian cancer cell line. We optimized preprocessing of mass spectra and 
construct classifiers that reveal even subtle changes in mass spectra related to corresponding to the targeted alteration of gene 
expression. In addition, analysis of peaks contributing to the spectral pattern can reveal new molecular biomarkers specific for cell 
types, metabolic states, and even genotypes. 
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