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Background: Small cell lung cancer (SCLC) has a poor prognosis, creating a need for non-invasive diagnostic biomarkers.
Urinary exosomes, enriched with tumor-derived biomolecules, offer a non-invasive avenue for biomarker discovery. This study
investigates the expression profiles of S100A proteins in urinary exosomes for SCLC detection.
Methods: Urinary exosomes were isolated from 26 male SCLC patients and 26 male healthy controls. The cohort was randomly
divided into discovery and validation sets of 13 patients and 13 controls each. Proteomic profiling using data-independent acqui-
sition mass spectrometry identified differentially expressed S100A proteins. Age- and sex-specific patterns were examined in 210
healthy individuals. Key findings were validated by parallel reaction monitoring.
Results: SCLC exosomes showed significant downregulation of S100A2/A6/A8/A9/A11/A16 (fold change >1.5, p < 0.05) and
specific upregulation of S100A7 (p < 0.001). S100A6 demonstrated superior diagnostic performance with area under the curve
(AUC) = 0.98 (95% CI: 0.94–1.00) in the discovery cohort and maintained AUC = 0.86 (95% CI: 0.71–1.00) in the validation co-
hort. Protein interaction analysis uncovered potential interactions among S100A members, particularly between S100A8/A16 (r
= 0.86, p< 0.001). Age-sex stratification revealed significant population heterogeneity in the abundance of S100A2/A7/A8/A9/A16
(p < 0.001), whereas S100A6 abundance remained stable across subgroups.
Conclusion: Urinary exosomal S100 proteins, particularly the stable and high-performing S100A6, serve as promising non-
invasive biomarkers for male patients with SCLC. The identified population-specific abundance patterns provide a basis for
personalized diagnostics.
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etry

Introduction

Small cell lung cancer (SCLC) is a neuroendocrine
malignancy known for its aggressiveness, rapid prolifera-
tion, early dissemination, and poor prognosis, particularly
in the extensive-stage form. Although significant advance-
ments have been made in multimodal therapy, the 5-year
survival rate remains below 7%, largely due to delayed di-
agnosis and limited monitoring tools [1,2]. Current diag-
nostic practices rely on imaging and tissue biopsies, which
are invasive and unsuitable for real-time disease tracking.
Available serum biomarkers such as neuron-specific eno-
lase (NSE) and Progastrin-Releasing Peptide (ProGRP) of-
fer limited sensitivity and specificity, highlighting an unmet
need for non-invasive, robust, and reproducible diagnostic
alternatives [3].

The S100 protein family is a well-characterized sub-
group of EF-hand calcium-binding proteins, consisting of
25 functionally diverse members: the S100A1–S100A16
subfamily, encoded by genes clustered at the chromo-
some 1q21 locus, and additional non-A members (S100B,
S100G, S100P, S100Z) encoded by genes at other chro-
mosomal loci. The S100 family is involved in several bi-
ological processes in cancer and other physiological con-
texts through interactions with various signaling proteins.
Notably, S100 proteins exert distinct functions through
subtype-specific mechanisms across different forms of lung
cancer [4,5]. Aberrant expression of S100 proteins has been
implicated in multiple cancers, including lung, breast, blad-
der, and cervical carcinomas. However, their role in SCLC,
particularly within exosomes, remains underexplored [4,6–
8].

https://doi.org/10.24976/Discov.Med.202638209.145
https://creativecommons.org/licenses/by/4.0/


1863

Urinary exosomes are extracellular vesicles enriched
in disease-relevant biomolecules. They represent an attrac-
tive platform for liquid biopsy due to their stability, accessi-
bility, and potential to reflect the systemic tumor microen-
vironment. While proteomic profiling of exosomes has
gained traction in oncology, a critical gap remains in char-
acterizing exosomal protein signatures specific to SCLC,
particularly the role of the S100 family within exosomal
compartments [9].

This study addresses that gap by performing a com-
prehensive urinary exosome proteomic analysis using data-
independent acquisition mass spectrometry (DIA-MS) to
interrogate S100 protein abundance in SCLC patients ver-
sus healthy controls. We focused on the S100A family of
proteins due to their consistent differential abundance in our
dataset and their known biological relevance in tumor biol-
ogy. Among the identified candidates, S100A6 emerged as
a demographically stable and diagnostically robust marker,
showing strong discriminatory power andminimal variabil-
ity across age and sex subgroups. By systematically eval-
uating the abundance, interaction, and diagnostic utility of
S100 proteins in urinary exosomes, our study addresses a
significant gap in SCLC biomarker research and introduces
a promising direction for non-invasive diagnostics. By fo-
cusing on this protein family, our work not only uncovers
new diagnostic opportunities but also lays the groundwork
for mechanistic insights into SCLC exosome-mediated tu-
mor biology.

Methods
Study Cohort

Prior to the study initiation, informed consent was ob-
tained from all study participants before being enrolled.
The study adhered to the standards outlined in the Decla-
ration of Helsinki and was approved by the Ethics Commit-
tee of Beijing Shijitan Hospital (No. 5, 2017). The study
cohort comprised small cell lung cancer (SCLC) patients
and healthy controls (HC) recruited from Beijing Shijitan
Hospital, CapitalMedical University between January 2019
and January 2024. SCLC was pathologically confirmed by
two senior pathologists through histopathological examina-
tion, and immunohistochemical detection of chromogranin
A, synaptophysin, and CD56, to ensure accurate diagnosis.
Clinical assessments included tumor staging using the Vet-
erans Administration Lung Study Group (VALSG) system
and Eastern Cooperative Oncology Group (ECOG) perfor-
mance status evaluation.

Exclusion criteria for SCLC patients were as follows:
(1) presence of other histopathological types of lung cancer
or secondary lung tumors; (2) concurrent autoimmune dis-
eases, severe cardiovascular diseases, diabetes, or chronic
liver or kidney diseases; (3) acute urinary tract infection or
hematuria; (4) prior treatment with chemotherapy, radio-
therapy, targeted therapy, or immunotherapy before sam-
ple collection; and (5) urinary albumin/creatinine ratio≤30

mg/g. Exclusion criteria for healthy controls were as fol-
lows: (1) history of malignant tumors; (2) presence of au-
toimmune diseases, cardiovascular diseases, diabetes, or
chronic liver or kidney diseases; (3) acute urinary tract in-
fection or hematuria; (4) abnormal routine blood or urine
test results; and (5) urinary albumin/creatinine ratio ≤30
mg/g.

This study included two distinct cohorts. The first co-
hort was designed to explore and validate changes in S100A
proteins abundance in SCLC patients, and this included 26
male SCLC patients and 26 male healthy controls. A sim-
ple random sampling method was applied using the ran-
dom number table function in SPSS 27.0 (Armonk, NY,
USA) to randomly assign the cohort to the discovery set
(13 patients and 13 healthy controls) and the validation set
(13 patients and 13 healthy controls). The randomization
process was performed by an independent statistician, and
age and smoking history were assessed to confirm that no
baseline differences existed between the two groups. The
second cohort comprised healthy individuals stratified into
seven age groups: 0–6, 7–14, 15–30, 31–44, 45–59, 60–
79, and >80 years. Each group included 30 individuals, 15
males and 15 females. This cohort was specifically utilized
for mass spectrometry analysis to investigate age- and sex-
related variations in S100A proteins expression.

Isolation and Identification of Exosomes From
Human Urine Samples

Midstream urine samples were collected from SCLC
patients prior to chemoradiotherapy and from healthy con-
trols. All collection procedures adhered to the standardized
protocols established by our group previously [10]. All par-
ticipants provided written informed consent prior to sample
collection. Upon collection, urine samples were immedi-
ately processed or stored at –80 °C until further use.

To separate exosomes, urine samples were thawed at
37 °C and then centrifuged in steps. The first centrifugation
step was performed in a Sorvall ST 8R centrifuge (Thermo
Scientific, Waltham, MA, USA) and continued for 30 min-
utes, at 4 °C and 2000 ×g. After that, centrifugation of the
supernatant was repeated for 45 minutes at 10,000 ×g and
4 °C to get rid of big vesicles. For supernatant filtration, a
0.45 µm polyethersulfone membrane (Millipore, Billerica,
MA, USA, catalog number: R6BA09493) was used, and
then was concentrated using a type 70 Ti rotor (Beckman
Coulter, Brea, CA, USA) via ultracentrifugation for 70min-
utes, at 100,000 ×g and 4 °C. The pellet was resuspended
in 10 mL of ice-cold 1× PBS (pH 7.4) and ultracentrifuged
again under the same conditions. The final exosome pel-
let was resuspended in 100 µL of PBS and stored at –80
°C. Three microliters (µL) from each sample were mixed to
make composite samples for quality control. The following
volumes were subsequently added to these aliquots: 20 µL
for transmission electron microscopy (TEM) and Western
blotting, and 10 µL for nanoparticle tracking analysis.
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To analyze exosomal morphology, TEM was per-
formed according to the exosome characterization proto-
cols by the International Society for Extracellular Vesicles
(ISEV). The experimental procedure involved applying 10
µL of purified extracellular vesicle suspension onto a cop-
per mesh grid, followed by a 60-second incubation period.
An absorbent paper was used to absorb the residual liquid.
Uranyl acetate solution (10 µL, 2% solution) was added
for 60 seconds to perform the negative staining, followed
by removal of excess staining reagent. The prepared grid
was air-dried at ambient temperature before being subjected
to TEM analysis using a Hitachi HT-7700 system (Hitachi
High-Tech, Tokyo, Japan) with an accelerating voltage of
100 kV. Morphological assessment was conducted by ac-
quiring electron micrographs.

NTA analysis was performed using a ZetaVIEW
TWIN instrument (Particle Metrix, Meerbusch, Germany)
calibrated with 100 nm polystyrene beads. Samples were
diluted with PBS to 1–5 × 108 particles/mL and measured
at 25 °C; five technical replicates were acquired for each
biological sample.

Western blotting was used to verify the expression of
protein in the urine exosome. After lysis, equal protein
amounts were separated on 12% Tris-HCl SDS-PAGE gels
and transferred to PVDFmembranes via a Trans-Blot Turbo
system (Bio-Rad, CA, USA). Membranes were blocked at
room temperature for 2 h with gentle shaking. CD9 pri-
mary antibody (Abcam, Cambridge, UK; catalog number:
ab236630; 1:1000) was incubated overnight at 4 °C. Af-
ter three 15-min washes in TBST, horseradish peroxidase-
conjugated secondary antibody (Bioss, Beijing, China; anti-
Rabbit IgG, Lot:158560; diluted by 1:2000) was applied
for 2 h at room temperature. The target components were
finally detected using enhanced chemiluminescence (ECL,
Bio-Rad, cat. t#170–5061).

Proteomics Analysis of the Urinary Exosome
Protein Extraction

Exosomes were thawed immediately at 37 °C and
lysed using 5 × radioimmunoprecipitation assay (RIPA)
buffer. The mixture was thoroughly vortexed, followed by
30 minutes of incubation on ice with intermittent mixing.
BCA assay was used to determine protein concentration.
The BCA working reagent was mixed with a 5 µL aliquot
of each lysate, and the total protein yield was calculated as
the product of concentration and total lysate volume.

Protein Digestion, Desalination, and Library Construction
A 200 mM solution of dithiothreitol (DTT, Amresco,

Solon, Ohio, USA; Lot: M109-5G) was used to reduce
a 200 µg aliquot of extracted proteins from each sample,
which was then incubated at 37 °C for 1 hour. Then, 50 mM
ammonium bicarbonate (ABC, Sigma-Aldrich, St. Louis,
Missouri, USA; Lot: A6141-500G) buffer was used to di-
lute the sample fourfold, followed by the addition of trypsin

(trypsin-to-protein ratio of 1:50) and incubation overnight
at 37 °C. 50 µL of 0.1% formic acid (FA, Sigma-Aldrich,
St. Louis, Missouri, USA; Lot: T79708) was added to
stop the digestion. A C18 column was utilized to desalt
the peptides, then washed with 100% acetonitrile (ACN,
J.T.Baker, Phillipsburg, New Jersey, USA; Lot: 34851),
and eluted with 70%ACN. The combined eluents were then
lyophilized and stored at –80 °C until further analysis.

For peptide fractionation, samples were separated on
a Waters BEH C18 column (4.6 × 250 mm, 5 µm) using
an EASY-nLC1200 UHPLC system at 1 mL/min flow rate
(column oven 50 °C). Mobile phases consisted of 2% ACN
(pH 10.0, phase A) and 98% ACN (pH 10.0, phase B). A
multi-step gradient was applied: 5% B (0–5 min), 8% B (5–
35 min), 18% B (35–57 min), 32% B (57–59 min), 95% B
(59–63 min), and 5% B (63–67 min). Eluates monitored at
214 nmwere collected at 1-min intervals and combined into
six fractions. After vacuum drying, fractions were recon-
stituted in 0.1% FA and spiked with iRT standard peptides
(Biognosys, Schlieren, Zurich, Switzerland).

The spectral librarywas constructed in data-dependent
acquisition (DDA) mode using an Orbitrap Eclipse mass
spectrometer (Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA) coupled to an EASY-nLC1200 system.
Tryptic peptides were loaded onto a 25-cm analytical col-
umn (100 µm ID, ReproSil-Pur C18-AQ 1.5-µm beads) and
separated with a 65-min gradient: 6–12% B (0–13 min),
12–30% B (13–46 min), 30–40% B (46–53 min), 95% B
(53–54 min), 95% B (54–64 min), and 6% B (64–65 min)
at 300 nL/min (solvent A: 0.1% FA; B: 80% ACN/0.1%
FA). MS1 spectra were acquired at a resolution of 120,000
at m/z 200 (350–1500 m/z) with an automatic gain control
(AGC) target of 3 × 106 and a maximum injection time of
50 ms. Following each full MS1 scan, the 40 most intense
precursor ions were selected for tandem MS analysis with
an isolation width of 1.6 m/z. MS2 spectra were acquired
at 15,000 resolution at m/z 200 with a normalized collision
energy of 33%, an AGC target of 5 × 104, and a maximum
injection time of 22 ms. Precursor dynamic exclusion was
enabled with a duration of 16 s to minimize redundant ac-
quisition of the same precursor.

Liquid Chromatography-Tandem Mass Spectrometry
(LC-MS/MS) Data-Independent Acquisition (DIA)

For quantitative proteomic analysis, the same LC con-
figurations and solvent systems were employed, consist-
ing of an EASY-nLC1200 system (Thermo Fisher Scien-
tific, Waltham, MA, USA) coupled with a 25-cm C18 col-
umn (Beijing Qinglian Biotech Co., Ltd., Beijing, China).
Peptides were separated using an identical 65-min gradi-
ent as described for library generation. DIA was performed
on the Orbitrap Eclipse mass spectrometer with consistent
MS parameters: MS1 at 120,000 resolution (350–1500m/z,
50 ms max IT) and MS2 scans at 15,000 resolution (200–
2000 m/z, 22 ms max IT) using 33% HCD energy. Forty-
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two variable isolation windows covering the 350–1500 m/z
range were implemented for comprehensive peptide frag-
mentation.

Protein Identification and Quantification
The Spectronaut software (version 16.0; Biognosys,

Schlieren, Zurich, Switzerland) was used to process mass
spectrometry data from fractionated pools (DDA MS data,
6 fractions) and single-shot samples (DIA MS data) to
construct a hybrid spectral library. The library was used
to search MS data from single-shot samples for protein
identification and quantification. We searched the hu-
man UniProt reference proteome (20,361 target sequences,
retrieved on 2022-03-17) with carbamidomethylation as
a fixed modification and acetylation of the protein N-
terminus and oxidation of methionines as variable modi-
fications. A trypsin/P cleavage rule was used, which al-
lowed for up to two miscleavages and peptide lengths of 7
to 52 amino acids. The “Local Normalization” technique in
Spectronaut was used to make protein intensities the same.
Each peptide had to have at least three fragments and no
more than six fragments, to make a spectral library. A false
discovery rate (FDR) of 1% was used for proteins and pre-
cursors, and only proteins that cleared the filter were re-
ported.

Functional Analysis of Proteins and Differentially
Expressed Proteins (DEPs)

Raw data were standardized using the median method
to minimize experimental variation. Data with more than
50%missing values were removed, and the remainingmiss-
ing values were imputed using the K-nearest neighbors
(KNN) method. DEPs were identified based on an average
fold change>1.2 and an adjusted p-value< 0.05; then, con-
sidering the disease characteristics of SCLC, a more strin-
gent threshold of fold change>1.5 and p< 0.05was used as
the final screening criterion for differential S100A proteins
to improve the specificity of candidate biomarkers. Func-
tional analysis of proteins and DEPs was conducted using
Gene Ontology (GO) terms obtained from the GO database,
with proteins categorized according to molecular function,
biological process, and cellular component. In addition,
protein–protein interaction networks were predicted using
the STRING database.

Protein Validation by Parallel Reaction Monitoring
(PRM)
Protein Extraction and Digestion

Exosomal proteins were isolated and extracted fol-
lowing the standardized protein extraction procedure de-
scribed in the preceding urinary exosome proteomics anal-
ysis section. For proteomic analysis, 1 mM dithiothreitol
(DTT, 37 °C, 1 h) was used to reduce 60 µg of protein
from each sample, and iodoacetamide (room temperature,
dark, 1 h) was used for alkylation. Enzymatic digestion was

performed using Trypsin Gold (Promega, V5111) at a 1:50
(w/w) enzyme-to-substrate ratio in 50 mM ammonium bi-
carbonate buffer (37 °C, 16 h). Digested peptides were de-
salted using C18 cartridges (Waters), dried by vacuum cen-
trifugation, and stored at –80 °C. A pooled reference sample
was generated by combining equal aliquots from individual
digests for downstream fractionation.

HPLC Fractionation
A Rigol L3000 HPLC (RIGOL Technologies, Inc.,

Beijing, China) with a C18 column (Waters BEH C18 4.6
× 250 mm, 5 µm) was used to fractionate pooled peptides.
The column oven was set to 50 °C and the flow rate was 0.7
mL/min. To make a gradient elution, we employed mobile
phases A (100%water, 0.1% formic acid) and B (100% ace-
tonitrile, 0.1% formic acid). The solvent gradient was set as
follows: 8% B for 0 minutes, 12% B for 5 minutes, 30% B
for 30 minutes, 40% B for 9 minutes, 95% B for 1 minute,
and 95% for 15 minutes. The eluates were monitored at
UV 214 nm, collected at one tube per minute, and finally
combined into 3 fractions. All fractions were dried under
vacuum and reconstituted in 0.1% (v/v) formic acid (FA) in
water.

LC-MS/MS Analysis-DDA Mode
Shotgun proteomics analyses were performed using a

Q Exactive HF-X mass spectrometer (Thermo Fisher Sci-
entific, Waltham, Massachusetts, USA) in data-dependent
acquisition mode. A 1 µg peptide sample was loaded onto
a custom-made C18 Nano-Trap column (2 cm × 100 µm,
3 µm). Peptide separation was carried out on an analytical
column (25 cm × 75 µm, 100 Å) using an 80-minute lin-
ear gradient from 0 to 95% solvent B, with a flow rate of
600 nL/min. The gradient profile was as follows: 8% B at
0 min, 8–12% B at 7 min, 12–30% B at 48 min, 30–40%
B at 10 min, and 40–95% B at 15 min. Mass spectrome-
try data were acquired using a Nanospray Flex™ (NSI) ion
source, with the ion spray voltage set to 2.4 kV and the ion
transfer tube temperature set to 275 °C. The instrument was
operated in DDA mode with the following parameters: full
MS1 scan range was set to m/z 350–1500, with a resolution
of 120,000 at m/z 200, a C-trap maximum capacity (auto-
matic gain control, AGC target) of 3× 106, and amaximum
C-trap injection time of 80 ms. The top 40 precursor ions
with the highest ion intensity in each full MS1 scan were
selected for fragmentation via higher-energy collisional dis-
sociation (HCD) for MS2 detection. The MS2 parameters
were set as follows: resolution of 15,000 at m/z 200, a C-
trap maximum capacity (AGC target) of 5 × 104, a maxi-
mum C-trap injection time of 45 ms, a normalized collision
energy of 27%, an intensity threshold for triggering MS2 of
1.1 × 104, and a dynamic exclusion duration of 16 s.
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LC-MS/MS Analysis-PRM Mode
The reconstituted sample was analyzed using an

EASY nLC 1200 ultra-high-pressure system (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) coupled
to a Q Exactive HF-X mass spectrometer operating in PRM
mode. The sample was reconstituted in 0.1% formic acid
prior to analysis. Chromatographic conditions were identi-
cal to the DDA method. PRM acquisition parameters were
set in this order: MS1 resolution at 60,000, MS2 resolution
at 60,000, m/z range 350–1500, full scan AGC target of 3×
106, injection time of 80 ms, normalized collision energy of
27%, PRM target value of 5× 104, and maximum injection
time of 45 ms.

Data Analysis
Unique peptides (7–25 amino acids; no missed cleav-

ages, methionine oxidation, or N-terminal modifications)
were selected from the DDA data based on spectral qual-
ity. Skyline 22.2 was used for spectral library creation and
analysis. Database searching allowed for trypsin digestion
(cleavage before proline), up to two missed cleavages, cys-
teine carbamidomethylation (fixed), and N-terminal acety-
lation/methionine oxidation (variable modifications). Pre-
cursor charges (2, 3, 4), product ion charges (1, 2), and b/y/a
ions were considered; fragment ion selection started from
the third to the last amino acid. The mass error tolerance
was 0.02 Da. A 1% FDR was applied for proteins and pre-
cursors, and only those that passed the filter were reported.

Statistical Analysis
SPSS 27.0 and GraphPad Prism 9.5.1 were used for

the statistical analyses and data were presented as mean ±
standard deviation or median with interquartile range. Nor-
mality was assessed using the Shapiro–Wilk test. Compar-
ative analyses between groups utilized t-tests for normally
distributed continuous variables, Mann-Whitney U tests
for non-normally distributed data, and Chi-squared tests
for categorical variables. Correlation analyses were con-
ducted using Pearson’s correlation for normally distributed
data and Spearman’s rank correlation for non-normally
distributed data. Diagnostic performance was evaluated
through receiver operating characteristic (ROC) curve anal-
ysis, with statistical significance defined as p < 0.05.

Results

Patient Demographics and Clinical Characteristics
The study comprised 26 male SCLC patients and

26 age- and gender-matched healthy controls (Table 1).
There were no significant differences in age (65.2 ± 9.3
vs. 65.6 ± 9.0 years, p = 0.89) or smoking history (non-
smokers: 31%; ever-smokers: 69%, p = 1.00) between
groups. Among SCLC patients, 81% (21/26) were diag-
nosed at the extensive stage, and 85% (22/26) exhibited
an Eastern Cooperative Oncology Group (ECOG) perfor-

mance status of 0–1. Serum neuron-specific enolase (NSE)
levels were significantly elevated in patients compared to
controls (median [IQR]: 48.96 [28.98–99.78] vs. 10.84
[9.27–13.90] ng/mL, p < 0.0001). The study workflow is
shown in details in Fig. 1.

Urinary Exosomes Characterization in SCLC
TEM was used to confirm the existence of exosomes

in the urine samples of SCLC patients. The following
applied techniques allowed confirmation of the alignment
of exosome morphology and dimensions with established
characteristics. TEM analysis confirmed the characteristic
vesicular morphology of exosomes, revealing spherical bi-
layer membrane structures (Fig. 2A). Furthermore, NTA re-
vealed that the average diameter of the isolated exosomes
was 154.1 nm (Fig. 2B). To further verify the successful
isolation of exosomes, western blot analysis was performed
to examine the expression of the exosomal surface marker
CD9 (Fig. 2C). The results demonstrated that CD9 was de-
tectable in exosomal samples extracted from both the SCLC
patient group and HC group. Taken together, these find-
ings confirm the successful isolation and identification of
urinary exosomes.

S100A Proteins Identification in Urinary Exosomes
Using DIA mass spectrometry, we profiled the uri-

nary exosomal proteomes of 13 patients with SCLC and 13
healthy controls, with a particular emphasis on the S100A
proteins. Our analysis detected several S100 family mem-
bers in both groups, including S100A2, S100A6, S100A7,
S100A8, S100A9, S100A11, and S100A16. A heatmap il-
lustrating the hierarchical clustering of these S100A pro-
teins is presented in Fig. 3A. GO analysis was conducted
for these seven proteins, with results displayed in Fig. 3B.
Additionally, protein–protein interaction networks among
these S100 members were predicted using the STRING
database, as shown in Fig. 3C.

S100 Family Members Differential Abundance
Expression Analysis

Quantitative analysis of the DIA data revealed dis-
tinct expression profiles of S100 proteins between the two
groups. Notably, S100A2, S100A6, S100A7, S100A8,
S100A9, S100A11, and S100A16 showed significant dif-
ferential expression (fold change >1.5, p < 0.05). Among
these, the levels of S100A2, S100A6, S100A8, S100A9,
S100A11, and S100A16 were significantly lower in the
SCLC group than in the healthy controls (p < 0.01;
Fig. 4A,B,D–G). In contrast, S100A7 was the only protein
that exhibited a significant upregulation in SCLC patients
(p < 0.001; Fig. 4C).
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Table 1. Demographics of SCLC patients and healthy control subjects.
SCLC patient (n = 26) healthy control (n = 26) Test statistic p

Age 65.2 ± 9.3 65.6 ± 9.0 t = 0.123 p = 0.89
Gender /

Female 0 (0%) 0 (0%)
Male 26 (100%) 26 (100%)

Smoking habit χ2 = 0.000 p = 1.00
Nonsmoker 8 (31%) 8 (31%)
Ever smoker 18 (69%) 18 (69%)

Clinical stage
Limited stage 5 (19%)
Extended stage 21 (81%)

ECOG
0–1 22 (85%)
≥2 4 (15%)

NSE (ng/mL) 48.96 (28.98∼99.78) 10.84 (9.27∼13.90) Z = –5.124 p < 0.0001
SCLC, Small cell lung cancer; ECOG, Eastern Cooperative Oncology Group; NSE, neuron-specific
enolase.

Fig. 1. Comprehensive workflow of S100 protein analysis in urinary exosomes from SCLC patients. SCLC, Small cell lung cancer.

Correlation Analysis of Different Abundance of S100
Proteins in Urinary Exosomes

Fig. 4H demonstrates the correlation analysis of S100
protein abundance, suggesting potential coordinated or

antagonistic roles in SCLC-related pathways. Notably,
S100A2 exhibited strong positive correlations with S100A8
(r = 0.79), S100A11 (r = 0.72), and S100A16 (r = 0.82)
all at p < 0.001, indicating a possible synergistic in-
volvement in inflammatory or oncogenic processes. Con-
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Fig. 2. Identification of urinary exosomes. (A) Transmission electron micrograph showing characteristic bilayer membrane structure
of isolated urinary exosomes (scale bar: 100 nm). (B) Nanoparticle tracking analysis (NTA) displaying the size distribution of urinary
exosomes, with an average diameter of 154.1 nm. (C) Western blot analysis identified the exosomal surface marker CD9 in exosome
samples from both SCLC patients and HCs.

Fig. 3. Functional annotation and pathway analysis of S100 proteins. Comprehensive bioinformatics analysis of S100 proteins. (A)
Heatmap visualization of protein abundance patterns across SCLC and healthy control groups. (B) Gene Ontology (GO) enrichment anal-
ysis highlighting biological processes, cellular components, and molecular functions. (C) Clustering analysis of differentially expressed
proteins.

versely, S100A6 displayed divergent associations, show-
ing a negative correlation with S100A7 (r = –0.63, p <

0.001), yet positive correlations with S100A8 (r = 0.63, p

< 0.001), S100A11 (r = 0.84, p < 0.001) and S100A16 (r
= 0.64, p < 0.001), implying context-dependent regulatory
mechanisms. The robust correlation between S100A8 and
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Fig. 4. Differential abundance and correlation analysis of S100A proteins in SCLC. Comparative protein abundance analysis of
S100 family members between SCLC patients and healthy controls (SCLC = 13, HC = 13). (A–G) Quantitative representation of protein
abundance levels for S100A2, S100A6, S100A7, S100A8, S100A9, S100A11, and S100A16. (H) Correlation matrix illustrating complex
inter-protein relationships and statistical significance (**, p < 0.01; ***, p < 0.001).

S100A16 (r = 0.86, p < 0.001) further underscores their
potential as co-regulated biomarkers in urinary exosomes.

Changes in the Abundance of S100 Proteins in
Urinary Exosomes in Different Age and Sex Groups

The study investigated the abundance patterns of S100
proteins (S100A2, S100A6, S100A7, S100A8, S100A9,
S100A11, and S100A16) in healthy individuals across
different age groups (Fig. 5A–G). Quantitative analysis
revealed sex differences in five urinary S100 proteins
(S100A2, S100A7, S100A8, S100A9, and S100A16),
while S100A6 and S100A11 exhibited no sex-dependent
variations (Fig. 5H). Notably, S100A6, characterized by
its stable abundance profile unaffected by sex and distinct
age-related trends, was prioritized for further investigation.
Therefore, subsequent studies will focus on validating the
role of S100A6 in SCLC pathogenesis, with an emphasis on
its potential as a robust biomarker for clinical diagnostics.

Validation of S100A6 Abundance Using PRM
To validate the differential abundance of S100A6 ob-

served in the DIA analysis, a targeted mass spectrometry
approach, PRM analysis, was utilized. The result con-
firmed the downregulation of S100A6 in urinary exosomes
of SCLC patients compared to healthy controls (p = 0.0018)
(Fig. 6A).

ROC Analysis
The ROC curve analysis was conducted in two inde-

pendent phases to assess S100A6 as a diagnostic biomarker
for SCLC. During the discovery phase, S100A6 demon-
strated exceptional discriminative capacity with an AUC of
0.98 (95% confidence interval [CI]: 0.94–1.00, p< 0.0001),
effectively distinguishing SCLC patients from healthy con-
trols (Fig. 6B). This robust performance was subsequently
validated in an independent cohort, where the biomarker
maintained strong diagnostic accuracy with an AUC of 0.86
(95% CI: 0.71–1.00, p< 0.01). The consistent AUC values
across both study phases suggest that S100A6 possesses re-
liable diagnostic potential for SCLC detection (Fig. 6C). In
comparison, serum NSE, a conventional clinical biomarker
for SCLC, yielded an AUC of 0.91 (95% CI: 0.821.00, p<
0.0001) in the same overall cohort (Fig. 6D), further high-
lighting the non-invasive diagnostic utility of urinary exo-
somal S100A6.

Discussion

This study introduces a novel proteomic approach uti-
lizing urinary exosomes to identify diagnostic biomark-
ers for SCLC, with a focused analysis of S100A proteins,
which are known to regulate intracellular calcium home-
ostasis. Through proteomic profiling of urinary exosomes
from male patients with SCLC, six members of the S100A
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Fig. 5. Age- and gender-specific variations in S100 proteins abundance in urinary exosomes. Analysis of S100 protein abundance
dynamics in healthy individuals (n = 210, divided into 7 age subgroups with 30 subjects per subgroup, 15 males and 15 females in
each subgroup) stratified by age and gender. (A–G) Age-dependent trends in urinary exosomal protein levels: S100A2 (A), S100A6
(B), S100A7 (C), S100A8 (D), S100A9 (E), S100A11 (F), and S100A16 (G). (H) Gender-specific differences in total S100A proteins
abundance, with statistical significance denoted (ns, not significant, *, p < 0.05, ***, p < 0.001).

Fig. 6. Diagnostic performance of urinary exosome S100A6 protein biomarker. (A) Differential levels of S100A6 in urinary exo-
somes of SCLC patients within the validation cohort (SCLC = 13, HC = 13; **, p < 0.01). (B) ROC curve of S100A6 in the discovery
cohort (SCLC = 13, HC = 13) with an AUC of 0.98. (C) ROC curve of S100A6 in the validation cohort (SCLC = 13, HC = 13) with an
AUC of 0.86. (D) ROC curve analysis of serum NSE in the overall cohort (SCLC = 26, HC = 26) with an AUC of 0.91.

https://www.discovmed.com/


1871

family, S100A2, S100A6, S100A8, S100A9, S100A11, and
S100A16, were found to be significantly downregulated,
while S100A7 was notably upregulated by 1.8-fold. Us-
ing DIA-MS and PRM validation, S100A6 was identified
as a particularly promising diagnostic biomarker, showing
excellent performance with an AUC of 0.98 in the discov-
ery cohort and 0.86 in the validation cohort. These find-
ings support the utility of S100A6 as a minimally invasive
biomarker for the detection of SCLC.

The emphasis on the S100 family was motivated
by their well-documented involvement in cancer biol-
ogy, including their roles in immune regulation, epithe-
lial mesenchymal transition (EMT), and inflammation [8,
11,12]. Protein-protein interaction analysis using STRING
revealed strong co-expression and functional connectiv-
ity among S100 members, suggesting a coordinated regu-
latory mechanism in the SCLC tumor microenvironment.
S100A6, in particular, exhibited consistent detectability,
demographic stability, and robust ROC performance, mak-
ing it a clinically viable candidate for non-invasive diag-
nostics. This biomarker-focused strategy allowed the study
to explore mechanistic relevance and clinical potential in
depth, avoiding the dilution of findings that can result from
broader, less targeted proteomic analyses.

Previous studies have shown that S100A6 expression
is decreased in both glioma [13] and SCLC tissues [14],
where it was shown to possess tumor-suppressive func-
tions. Specifically, Li et al. [14] demonstrated that reduced
S100A6 level in SCLC promoted tumor migration and in-
vasion through the MAPK and TGF-β pathways. The re-
sults are in contrast with studies in ovarian cancer, where
S100A6 was found to be upregulated and associated with
increased proliferation [15]. Mechanistically, S100A6 may
influence oxidative stress, apoptosis, and immune regula-
tion, pathways often disrupted in SCLC. Its downregulation
in tissues may reflect intrinsic tumor cell properties, while
its decreased presence in urinary exosomes might suggest
selective packaging processes within the tumor microenvi-
ronment. For example, reduced secretion of S100A6 into
exosomes could impair extracellular matrix remodeling or
immune evasion, as seen in stromal reprogramming pro-
cesses [16]. This dual-level observation positions exoso-
mal S100A6 not only as a surrogate for tissue expression
but also as a potential indicator of systemic pathological
activity, strengthening its role in liquid biopsy-based diag-
nostics.

Notably, this study distinguishes itself from prior
research by using urinary exosomes as a non-invasive
biomarker discovery, rather than relying on tumor tissues or
serum. It also shows that S100A6 abundance remains sta-
ble across age and gender subgroups, expanding its clinical
relevance. Some outliers in S100A6 abundance observed
in the study may indicate poor prognosis, a phenomenon
previously reported by He et al. [17].

In addition to S100A6, S100A2 was also signifi-
cantly downregulated in urinary exosomes of SCLC pa-
tients, echoing Wang et al.’s [18] findings in SCLC tissue
where the protein was undetectable, in contrast to its ele-
vated expression in non-small cell lung cancer (NSCLC)
subtypes and hepatocellular carcinoma [19]. This suppres-
sion may not only involve transcriptional regulation but
also epigenetic mechanisms such as promoter hypermethy-
lation, as reported in breast and bladder cancers [20,21].
Conversely, S100A2 is often upregulated in NSCLC sub-
types like squamous cell carcinoma and adenocarcinoma,
underscoring its context-dependent role: a tumor suppres-
sor in SCLC but potentially oncogenic in NSCLC.

The study also reported elevated levels of S100A7 in
urinary exosomes of SCLC patients, consistent with pan-
cancer data from the Cancer Genome Atlas (TCGA), which
shows increased expression of this gene in various tumor
types including NSCLC, bladder, breast, cervical, cholan-
giocarcinoma, colon, and esophageal cancers [22]. This
finding aligns with reports in lung squamous cell carci-
noma [23], bladder cancer [24], cervical cancer [7], and oral
squamous cell carcinoma [25]. S100A7 is further known
for its prognostic value, being associated with poor out-
comes, metastasis, and resistance to immunotherapy [7,24,
26,27]. Mechanistically, S100A7 promotes tumor progres-
sion through multiple pathways such as AKT, NF-κB, and
ERK via interactions with JAB1 and RAGE [28,29]. It
also induces epigenetic alterations, impairs mismatch repair
systems [22], and promotes angiogenesis through the IGF-
1/RAGE/VEGF axis [30], positioning it as a key regulator
of malignancy and a promising therapeutic target.

S100A11 was also found to be decreased in urinary
exosomes of SCLC patients, supporting prior observations
of its tumor-suppressive role in SCLC, colorectal cancer
(CRC), and bladder cancer [31,32]. In contrast, S100A11
functions as an oncogene in NSCLC, where it enhances tu-
mor proliferation [33,34]. Its reduced exosomal levels, de-
spite potentially unchanged serum concentrations, may re-
sult from selective exosomal exclusion in SCLC, highlight-
ing the need to consider compartment-specific biomarker
profiles.

Furthermore, the study showed that S100A16 was sig-
nificantly downregulated in SCLC urinary exosomes, con-
sistent with findings in CRC and oral cancers, where re-
duced level promotes proliferation and EMT through path-
ways like JNK/p38MAPK [35,36]. However, this contrasts
with studies in lung adenocarcinoma (LUAD), pancreatic
cancer, and osteosarcoma, where S100A16 is upregulated
and associated with poor outcomes [37–39]. These differ-
ences likely reflect tissue-specific regulatory mechanisms,
such as hypomethylation in LUAD and hypermethylation
in SCLC, which modulate both expression and exosomal
secretion of S100A16 [37].

Additionally, the study found decreased levels of
S100A8 and S100A9 in urinary exosomes from SCLC pa-
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tients, in contrast to their increased expression in NSCLC
and other cancer types [40]. This may reflect a strat-
egy of immune evasion through reduced exosome-mediated
immunomodulatory signaling, weakening antitumor re-
sponses in SCLC.

In conclusion, the study highlights the diagnostic and
mechanistic relevance of S100A6 and other S100 proteins
as promising non-invasive biomarkers in SCLC. The de-
mographic stability and strong diagnostic performance of
S100A6, especially in a cohort where 81% were in the ex-
tensive stage, addresses key limitations of tissue biopsies
by offering a non-invasive method for disease monitoring.
Stratified abundance patterns across age and sex also sup-
port the development of personalized reference intervals.

Several limitations of this pilot study should be ac-
knowledged. First, the relatively small sample size may
introduce a risk of model overfitting. Therefore, further
validation in large-scale, multi-ethnic, and multi-center in-
dependent cohorts is required to confirm the robustness
and generalizability of our findings. Second, sex-stratified
validation was only performed in healthy individuals, and
the diagnostic performance of S100A6 in female patients
with SCLC remains unvalidated. Future prospective stud-
ies should include female SCLC patients to evaluate its clin-
ical applicability across both sexes. Third, most patients in
this study were extensive-stage SCLC; thus, future inves-
tigations should focus on limited-stage disease to explore
the early diagnostic utility of this biomarker. Finally, al-
though we focused on protein abundance profiles, further
studies are warranted to elucidate the underlying molecular
mechanisms and regulatory pathways, which will help fully
define the clinical potential of these biomarkers. Finally, al-
though the study emphasized protein abundance levels, fur-
ther exploration of molecular mechanisms and regulatory
pathways is needed to fully understand the clinical poten-
tial of these biomarkers.

Conclusion

In summary, our findings establish urinary exoso-
mal S100 proteins, particularly S100A6, as valuable non-
invasive biomarkers for detecting SCLC in male patient.
The identification of demographic-specific abundance pat-
terns for other S100 family members also provides crucial
baseline information for developing personalized diagnos-
tic and prognostic strategies. This study represents a sig-
nificant step towards improving early diagnosis and under-
standing the molecular mechanisms underlying this aggres-
sive malignancy.
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