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Abstract

Aim: To identify serum biomarkers for non-small cell lung cancer (NSCLC) and assess their potential for early
diagnosis.

Experimental: MB-WCX coupled with MALDI-TOF MS was utilized to profile serum samples from 64 NSCLC
patients and 64 healthy subjects, followed by ClinProTools software and Liquid chromatography-electrospray
ionization-tandem mass spectrometry(LC-ESI-MS/MS) for recognition and characterization of differentially
expressed peaks. Enzyme-linked immunosorbent assay (ELISA) confirmed protein concentrations, while The
Cancer Genome Atlas (TCGA) database was leveraged for validation of candidate biomarkers in a larger cohort.

Results: 39 distinct proteomic m/z peaks were identified for NSCLC subjects, with five of these peaks significantly
distinguishing NSCLC from healthy controls (HC). A model developed using the GA (Genetic Algorithm) with
ClinProt data demonstrated a sensitivity of 84.72% and a specificity of 88.68% in identifying NSCLC patients.
Peaks 2 through 5 were observed to be downregulated in the NSCLC group. Notably, a peptide peak, Peak 1, with an
m/z value of 1,866, identified as a fragment of TUBB, was upregulated in NSCLC. ELISA validated the increased
serum TUBB levels in NSCLC patients (P < 0.001). Furthermore, analysis of TUBB expression in lung cancer tissues
through TCGA data revealed elevated TUBB expression in lung cancer tissues.
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Conclusions: Serum TUBB is identified as a potential diagnostic biomarker for NSCLC, which may benefit early
diagnosis and enhance the survival rate of NSCLC patients.

Keywords: NSCLC, proteomic, serum biomarker, TUBB

INTRODUCTION

Lung cancer (LC) is a leading malignancy and the primary cause of cancer-related deaths in men
worldwide, with its mortality rate consistently ranking among the highest. The most significant risk factor
for LC development is tobacco use. However, with the introduction of screening guidelines and a reduction
in tobacco use, the mortality of LC has decreased. Despite these improvements, lung cancer remained the
second most common malignancy and continued to be the primary contributor to cancer-related deaths in
2020. Data from the International Agency for Research on Cancer (IARC) of the World Health
Organization indicate that LC accounts for 11.4% of global cancer incidence and 18.0% of cancer-related
mortality". Lung cancer (LC) can be classified into two main types: small-cell lung carcinoma (SCLC) and
non-small cell lung carcinoma (NSCLC). The incidence rate of NSCLC exceeds that of SCLC, with NSCLC
accounting for more than 80% of all lung cancer cases. NSCLC can be further categorized into squamous
and non-squamous subtypes™’. Unfortunately, most patients with NSCLC are diagnosed at intermediate
and advanced stages, with only a small portion being diagnosed early enough to benefit from surgical
treatment!**. Therefore, early diagnosis and timely therapeutic intervention are crucial for enhancing
survival outcomes in NSCLC patients.

Biomarkers are measurable biomolecules found in body fluids and tissue samples that can be used to
characterize various conditions. They have been widely used in the early diagnosis of diseases. In recent
years, the use of predictive biomarkers in molecular targeted therapy has significantly changed the
treatment landscape for LC, especially NSCLC'*”. These advancements have further highlighted the
importance of prognostic and predictive biomarkers. Identifying new biomarkers remains crucial for lung
cancer screening, detection, diagnosis, prognosis, prediction, stratification, and monitoring treatment
response.

Notably, mass spectrometry (MS)-based proteomics has become a powerful tool in biological research,
especially in the identification of disease biomarkers™. Numerous studies have demonstrated the
effectiveness of proteomics in identifying disease biomarkers"'”. Furthermore, the collection and
subsequent laboratory analysis of blood samples are relatively less complex and more accessible compared
to other body fluids. Many reports have shown that some low molecular weight proteins in serum or plasma
are associated with pathological conditions, making them potential disease biomarkers">'*. In this study, we
applied purification techniques using magnetic beads in combination with Matrix-Assisted Laser
Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS) to conduct a comparative
serum proteome analysis between individuals with NSCLC and a cohort of healthy subjects. We detected
differential expression peaks that serve as emerging diagnostic indicators for early screening and disease
outcome prediction by comparing the serum proteome profiles. These peaks were further characterized by
LC-ESI-MS/MS. Finally, the protein concentrations in serum were confirmed by enzyme-linked
immunosorbent assay (ELISA) [Figure 1]. Well-validated serum biomarkers may present a more effective
and reliable diagnostic method for NSCLC.

MATERIALS AND METHODS
Ethics statement

The research protocol received approval from both the Ethics Committee and the Human Research Review
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Committee at Xi’an Jiaotong University, ensuring compliance with ethical standards and research
regulations. Additionally, all participants signed informed consent forms before the study.

Sample collection

In the ClinProt analysis, 128 serum samples were collected, derived from 64 healthy individuals (32 males
and 32 females) with an average age of 52 years, and 64 NSCLC patients (36 males and 28 females) with an
average age of 58.65 years, who were diagnosed pathologically from January 2018 to May 2020 in the Second
Affiliated Hospital of Xi’an Jiaotong University. The patients were newly identified with their conditions.
Clinicopathological features of the NSCLC patients are detailed in Table 1. None of the NSCLC patients
included in this study had other tumors or inflammatory lung diseases such as COPD, inflammation, or
influenza, and none of the patients had received chemotherapy or radiotherapy before surgery. For the
ELISA assays, we procured 90 serum samples, comprising 42 from healthy controls and 48 from NSCLC
patients. All serum samples were collected from non-fasting patients and healthy individuals. Serum
samples, collected in 3 mL vacuum tubes without anticoagulants, were refrigerated at 4 °C for 1 h.
Subsequently, they were centrifuged at 3,000 g for 20 min at the same temperature. After centrifugation, the
serum was aliquoted into 200 pL fractions and stored at -80 °C for future analysis.

Processing of serum with magnetic beads

We used Magnetic Bead-based Weak Cation Exchange (MB-WCX) kits and magnetic beads separator,
600/384 AnchorChip target platform, and autoFlex III MALDI-TOF-MS, which are all from Bruker
Daltonics Inc., Germany. Serum protein polypeptides were obtained by using MB-WCX. Magnetic bead
binding protein was used to bind protein peptides in serum. The operation methods and steps are as
follows: 1. Use a mixer to thoroughly mix the suspension of magnetic beads for 2 min until the color of
magnetic beads is uniform; 2. Add 10 pL of MB-WCX magnetic beads and 10 pL of the corresponding MB-
WCX magnetic beads binding solution to the PCR tube and mix by pipette, then add 5 pL of serum, mixing
again for 5 times, and let it stand for 5 min; 3. Place the PCR tube in the magnetic bead separator for a
duration of 60 s to allow the beads to bind to the tube wall; subsequently, remove and dispose of the
supernatant; 4. Add 100 uL MB-WCX washing solution, alternately move PCR tube more than 10 times in
the magnetic column, make it fully contact with the washing solution, discard the supernatant, and repeat
steps 3 and 4 for two times; 5. Add 5 uL of elution solution to wash the magnetic beads, and pipette 10
times. After the magnetic beads are attached for 2 min, carefully transfer the supernatant to a clean
centrifuge tube; 6. Introduce 5 pL of MB-WCX stabilizing solution to the centrifuge tube and mix for mass
spectrometry analysis. Eluant can be directly used for MALDI-TOF-MS test or mass spectrometric analysis
within 24 h, being frozen and stored in a refrigerator at -20 °C.

Mass spectrometric analysis

Standard proteins, a standard calibration mixture of peptides and proteins (mass range 1-10 kDa), were
used to calibrate the device with Flexcontrol 2.0 software. After calibration, take 1 uL of the protein-peptide
sample into the Anchorchip target plate and let it dry at room temperature. Subsequently, 1 pL of a-cyano-
4-hydroxycinnamic acid matrix solution was pipetted on the designated spots and let them dry at room
temperature. The samples were detected using MB-WCX-MALDI-TOF MS. Each sample was subjected to
300 laser targeting (5 x 30 times), and the software collected the information and plotted the mass spectra to
generate the polypeptide maps with different m/z. All samples were spotted in triplicate. Combined with
bioinformatics, medical statistics, and genetic algorithms, all data were analyzed with ClinProtools 2.1
software. Smooth the ion current diagram to eliminate the influence of electrophysical noise and chemical
factors caused by the sampling process. The protein differences between groups were analyzed by software,
and the difference peaks were arranged from large to small according to the P value. The statistical model of
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Table 1. Clinicopathological Profiles of 64 NSCLC Patients Analyzed by MALDI-TOF MS

Characteristics No. of cases % of cases

Median age (range, year) 58.65 (29-68)

Gender

Male 36 56.25

Female 28 43.75

Pathological type

LUAD 33 51.6%

LUSC 31 48.4%

TMN stage

1,1 30 46.87

I, v 34 53.13

Degree of pathological differentiation

Medium/highly differentiated 29 4531

Poorly differentiated 35 54.69
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Figure 1. Work flow employed in the detection, characterization, and confirmation of a prospective serum biomarker for NSCLC.

the software can make a preliminary evaluation of the specificity of the differential proteins, establish the
analysis model, and verify the experiment, and select the statistically significant differential proteins
(P <0.05).

Identification of differentially expressed peptides

Following the statistical analysis, the chosen biomarkers, which are peptides or proteins, underwent further
purification and fractionation using Nano Aquity UPLC C18 beads, followed by sequential elution with
solvents containing 5% and 95% acetonitrile. The biomarkers were then directly characterized via LC-ESI-
MS/MS. The obtained sequence information was queried against the UniProt human protein sequence
database (http://www.uniprot.org) to match corresponding proteins and subsequently analyzed with
BioworksBrowser 3.3.1 SP1 software.
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Enzyme-linked immunosorbent assay

Serum samples were evaluated in a blinded manner, with each standard and sample undergoing triplicate
processing. Quantification of TUBB levels was performed utilizing the Human TUBB Enzyme-linked
immunosorbent assay (ELISA) Kit (NO. MB-3907A), following the protocol provided by the manufacturer.
A calibration curve was established to ascertain the TUBB levels within the analyzed samples.

TUBB expression and clinical information in LUAD and LUSC

We obtained ENSG00000196230 (TUBB) expression level in LUSC and LUAD (Lung Adenocarcinoma)
patients from the GEPIA database (http://gepia.cancer-pku.cn/) and performed survival analysis of LUSC
and LUAD patients in the high and low TUBB expression groups. We downloaded the transcriptome data
and clinical information of LUSC and LUAD patients from the TCGA database
(https://portal.gdc.cancer.gov/). The initial datasets obtained from TCGA were transformed into log2
(tpm+1) format using R software, version 4.4.2. For statistical analysis, the ggpubr package within R was
employed, while the ggplotz package facilitated the creation of boxplots. We downloaded
immunofluorescence slides of TUBB protein in lung cancer tissue and normal lung tissue from the HPA
database (https://www.proteinatlas.org/).

Statistical analysis

GraphPad Prism version 10.4 software (GraphPad Software, La Jolla, CA, USA) was employed for the data
analysis. Results are presented as mean values with standard deviation. Two independent sample t-tests
were used to detect differences in plasma TUBB expression levels between the HC group and the NSCLC
group tested by ELISA. For the comparison of distinct groups, a repeated measures analysis of variance
(ANOVA) was conducted, complemented by the least significant difference test for post-hoc analysis. A
threshold of P < 0.05 was applied to assess statistical significance.

RESULTS

Serum proteomic profiling of NSCLC and healthy control

A comparative analysis of serum proteomic patterns was conducted between the NSCLC cohort and the
healthy control (HC) group. Serum sample separation using MB-WCX and MALDI-TOF MS revealed
distinct proteomic signatures for NSCLC subjects (colored red) and HC individuals (colored green)
spanning the range of 1 to 10 KDa [Figure 2A and B]. In this mass spectrum, we observed some
differentially expressed peaks between the NSCLC and HC groups. The distribution maps for NSCLC
subjects and HC individuals exhibited minimal overlap, effectively differentiating NSCLC patients from HC
[Figure 2C and D]. Component analysis revealed that a two-dimensional plot of preoperative NSCLC
subjects (colored red) and HC (colored green) demonstrated limited overlap in their respective regions
[Figure 3A and B].

Peak selection and model tests

ClinProTools analysis revealed 39 distinct peaks differentiating the control and NSCLC groups, with five
peaks exhibiting statistical significance determined by the Wilcoxon rank sum test (fold change >1.5;
P <0.001). Of these, one peak (Peak1) was upregulated, while the remaining four were downregulated in
NSCLC patients, as detailed in Table 2. Utilizing the GA (Genetic Algorithm) model with ClinProt data
successfully distinguished NSCLC patients from healthy controls, achieving a sensitivity of 84.72% and a
specificity of 88.68%. This model was based on two peaks at m/z values of 1,866 and 4,194, both with
P values < 0.001. Peak1, with an m/z of 1,866 Da, was the sole upregulated peak showing the highest
differential, with a 5.69-fold increase in expression among NSCLC patients. The comparative expression
levels of Peak1 between NSCLC and HC groups, along with the corresponding ROC curves and AUC
values, are shown in Figure 3C and D.
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Table 2. Average levels of proteins with differentially expressed between NSCLC patients and healthy controls

Mass (m/2) P value :‘,\:S:E +SD) f&l‘::li sD) Fold expression
1,866 0.00969 17.2+£16.21 3.02+2M 5.691
4,194 < 0.000001 1.34+0.64 432+2.67 0.31])
1,008.99 < 0.000001 1.05+0.29 2.994+0.88 0.35]
6,629.52 < 0.000001 3.54+£2.07 10.42+£594 0.33)
1,011.86 < 0.000001 118+0.32 3.61£1.22 0.32]
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Figure 2. Comparative examination of serum proteomic profiles across distinct groups. (A) Typical mass spectrum for a subject with
NSCLC, depicted in red; (B) Typical mass spectrum for a healthy control, depicted in green; (C) Aggregated spectra within the 1-10 kDa
mass range derived from healthy controls (green) and NSCLC (red) groups. (D) Visual representation of mass spectra, known as Gel
view, comparing samples from NSCLC patients with those from healthy individuals.

Identification of NSCLC serum biomarkers

The spectra from NSCLC patients displayed a significantly elevated presence of a peptide with an m/z value
of 1,866 compared to healthy controls (P < 0.001), as depicted in Figure 3B. Through the application of LC-
ESI-MS/MS, the fragmentation analysis of the peptide 1,866 revealed the amino acid sequence
K.MAVTFIGNSTAIQELFK.R by referencing the Mascot database [Figure 4A], which corresponds to a
segment of the TUBB Tubulin beta chain (TUBB), with the accession number IP100011654P04350.

Validation of serum TUBB expression in NSCLC

To identify serum biomarkers for NSCLC and assess TUBB expression levels, ELISA was utilized to
measure serum TUBB levels in both NSCLC patients and a control group, with results presented in
Figure 4B. The average serum TUBB levels were found to be 78.20 + 5.775 pg/mL (range, 65.28-87.64 pg/m)
in HC group, and 112.90 + 7.880 pg/m (range, 101.52-135.34 pg/m) in NSCLC patients, with a statistically
significant difference (P < 0.0001). The data revealed markedly elevated TUBB levels in the NSCLC cohort
[Figure 4B and C], aligning with the patterns observed for the peptide with m/z 1,866, as detailed in Table 2
and Figure 4A. The absence of overlap between samples from NSCLC and HC groups implies that TUBB
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Figure 3. (A) A two-dimensional scatter plot illustrates the principal component analysis distribution, with NSCLC subjects indicated in
red and healthy controls in green, emphasizing the two most variant peaks (m/z: 1,866, 4,194); (B) A three-dimensional representation
post-subgroup dissection in the principal component analysis, contrasting NSCLC subjects (colored red) with healthy controls (colored
green); (C) An analysis of spectral differences at the peak (m/z: 1,866) between NSCLC subjects (colored red) and healthy controls
(colored green); (D) The ROC curve for the peak (m/z: 1,866), including the AUC metric.

may serve as a novel biomarker for NSCLC, and the positive predictive value threshold of TUBB for
predicting lung cancer is the average of mean serum TUBB levels in HC and NSCLC cohort (95.55 pg/mL).
Although there is no obvious correlation between TUBB expression levels and the clinical characteristics of
LUSC patients [Figure 4D], TUBB expression increases with the stage of LUAD patients [Figure 4E].
Moreover, LUAD patients with high TUBB expression had a poorer prognosis, as indicated by a shorter
overall survival (P < 0.05, Figure 4F). Corresponding with the ELISA findings, an analysis of TUBB
expression in LUSC tissues using TCGA and GTEx data or HPA database indicated higher TUBB
expression in cancerous tissues compared to normal tissues (P < 0.05), as depicted in Figure 4C, G and H.
This finding is corroborated by data from the CPATC database, which indicates that TUBB protein is
consistently upregulated in both LUAD and LUSC samples"?.

DISCUSSION

Identifying breast cancer at an early stage is vastly superior to its subsequent treatments, emphasizing the
need to prioritize early screening for this disease. Similarly, discovering biomarkers for lung cancer is
beneficial for its timely diagnosis. In the present study, we employed MB-WCX fractionation in conjunction
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Figure 4. (A) Mass spectrum obtained from LC-ESI-MS/MS for peptides at 1,866 Da m/z; (B) Assessment of TUBB via ELISA across
various groups, with the Y-axis indicating serum protein expression across these groups. Data analysis was performed utilizing
GraphPad Prism software, version 10.4. Results are presented as mean + SD, with statistical significance denoted by P < 0.05 compared
to control groups. *P < 0.05, ****P < 0.0001. (C) Validation of TUBB expression in NSCLC tissue (LUSC and LAUD) based on TCGA
and GTEx datasets; (D) Correlation analysis of TUBB expression with TNM stage and stage of LUSC patients based on TCGA
datasets; (E) Correlation analysis of TUBB expression with TNM stage and stage of LUAD patients based on TCGA datasets. (F)
Survival analysis of TUBB expression with overall survival of LUSC (upper) and LUAD (lower) patients based on TCGA datasets;
(G) Immunofluorescence staining of TUBB in lung cancer tissue based on HPA datasets; (H) Immunofluorescence staining of TUBB in
normal lung tissue based on HPA datasets.

with MALDI-TOF MS to delineate serum proteomic profiles for both NSCLC and healthy control cohorts.
We identified five M/Z signatures that effectively distinguish NSCLC patient samples from those of healthy
individuals. Among them, peak 1 (m/z: 1,866) showed the most significant change between NSCLC and
HC. After further identification, the peptide was confirmed to be a fragment of TUBB. Then, serum TUBB
concentration of patients with NSCLC, HC, and lung disease was detected by ELISA and TCGA analysis.
These findings validate the reliability of ClinProTools in identifying serum biomarkers, and affirm the
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suitability of our analytical approach for this study.

The encoded protein Class I B-tubulin of TUBB is an important subtype of p-tubulin. As we all know,
microtubules are polymer structures composed of tubulin subunits. Each subunit is composed of an o and B
subunits together. It is not only an important part of the cytoskeleton, but also the basic component of the
spindle during mitosis"*. Among them, p-tubulin has been identified as a variety of isotypes, such as Class I
B-Tubulin and Class III 8-Tubulin, etc. Yu et al. found that miR-195 can directly target TUBB and affect the
sensitivity of NSCLC cells to microtubule-targeting agents (MTAs), thereby promoting chemoresistance in
NSCLC patients"”. In addition, TUBB is also regulated by CHEK1, which has been shown to modulate
chemoresistance!”. Moreover, some studies have shown that g-tubulin serves as a significant target for anti-
cancer therapeutics"®. Furthermore, aberrant level of certain B-tubulin isoforms correlates with
chemotherapy response in solid tumors"***. Bouras et al. also proposed that g-tubulin functions as a specific
antigen for cancer, particularly in individuals with colorectal carcinoma and additional gastrointestinal

neoplasms such as gastric, esophageal, and pancreatic malignancies™.

Currently, among the multiple p-tubulin isoforms, Class III f-tubulin (TUBB3) has been studied more
frequently. A number of studies have demonstrated its pivotal role in tumor development. For example,
TUBBS3 expression is significantly linked to molecular markers of breast cancer'”. Moreover, the expression
of TUBB3 expression correlates with tumor differentiation and lymph node metastasis, indicating the
potential effect of TUBB3 in tumor differentiation and metastasis”'. Of course, Class III g-tubulin has also
been identified as a biomarker for a variety of cancers, including ovarian, colorectal, lung, and other solid
tumors®*. Furthermore, overexpression of Class III p-tubulin in cancer cells has been implicated in
resistance to doxorubicin®”. In addition, recent studies have shown that patients with colorectal cancer who
overexpress Class II p-tubulin (TUBB2) have a greatly reduced life expectancy. They found that Class II -
tubulin protein promotes cancer growth and metastasis and is not required to have a microtubule form in
the process®”.

24-26

However, there are not many studies on Class I -tubulin (TUBB) currently. We discovered that the peptide
region of TUBB can be used as a predictive biomarker for NSCLC based on a proteomic approach. In
addition, Gao et al. evaluated the diagnostic value of serum tumor markers carcinoembryonic antigen
(CEA), cytokeratin 19 fragment (CYFRA21-1), squamous cell carcinoma-associated antigen (SCCAg),
neuron-specific enolase (NSE), and progastrin-releasing peptide (ProGRP) for different pathological types
of lung cancer". The results showed that the diagnostic sensitivity of CEA for LADC was 62.8%, and the
specificity was 93.1%; the diagnostic sensitivity and specificity of SCCAg for LSCC were 64.6% and 91.2%,
respectively. The diagnostic sensitivity and specificity of ProGRP for SCLC were 83.1% and 98.0%,
respectively. In this study, we successfully distinguished NSCLC patients from healthy controls with a
sensitivity of 84.72% and a specificity of 88.68% using a GA (genetic algorithm) model constructed based on
TUBB and another peak and ClinProt data, which effectively improved its ability to identify patients”. This
is, to a certain extent, beneficial for the early diagnosis of NSCLC, thus improving the survival rate of
patients™,

Study limitations

We must acknowledge the limitations that are present within this work. The study’s sample size is relatively
limited, and the specimens were derived exclusively from a localized population, which might restrict the
applicability and broad extrapolation of our findings. Future studies should expand the sample size and
include patients of different races, regions, and clinical characteristics to enhance the universality and
reliability of the research results. Secondly, due to the absence of research on the expression of TUBB in
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other types of lung cancer or non-pulmonary diseases, the specificity of TUBB as a diagnostic biomarker
cannot be ascertained. Future studies should investigate the expression of TUBB in other tumor tissues and
benign pulmonary conditions to determine its specificity for NSCLC. Furthermore, our study lacks an in-
depth exploration of the mechanisms of TUBB in NSCLC. Although we have established a correlation
between TUBB levels and NSCLC, the biological processes and pathways through which TUBB contributes
to or is regulated in the pathogenesis of NSCLC remain unclear. Further mechanistic studies are necessary
to elucidate the role of TUBB in the progression of NSCLC and to determine its potential as a therapeutic
target.
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