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Chitosan-stabilized selenium nanoparticles (Ch-SeNPs) are promising agents for cancer therapy due to their
unique physicochemical properties, including spherical morphology and uniform size distribution. This study
investigates the molecular mechanisms underlying their antitumoral effects, with a focus on the nuclear prote-
ome. Quantitative proteomic analysis revealed 343 nuclear proteins, 47 of which showed significant changes
following Ch-SeNPs treatment. Key regulators such as CDK1 and CDC5 were implicated in cell cycle arrest and
tumor suppression pathways. Ch-SeNPs also affected processes including mRNA metabolism and cytoskeleton
organization. In addition, Ch-SeNPs significantly inhibited tumor growth in a murine melanoma model, sup-

porting their therapeutic potential.

1. Introduction

In the current field of cancer treatments, nanotechnology has
emerged as a crucial player [1], offering innovative approaches to
combat tumors with enhanced precision and efficacy [2,3]. Nano-
particles enable targeted drug delivery [4], minimizing side effects, and
enhancing therapeutic efficacy [5]. Their ability to cross biological
barriers and specifically target cancer cells holds great promise in
providing novel oncological interventions [6,7].

Among the different types of nanoparticles that are currently being
under study for tumor treatments, selenium nanoparticles (SeNPs) are
particularly interesting, since they have already shown their ability to
induce cell cycle arrest and senescence, thus impairing tumoral growth
[8,9]. However, although some of the biomolecular mechanisms by
which SeNPs exert their action have already been studied, there is still a
need for a better understanding of such pathways, specially at the nu-
clear level where these SeNPs seems to play a particularly relevant role.

Proteomics, particularly quantitative proteomics, is a suitable tech-
nique for unraveling the mechanisms of action of novel antitumor agents
[10]. By identifying and quantifying protein changes, quantitative pro-
teomics approaches offer a comprehensive understanding of the mo-
lecular processes underlying the effects of new antitumor compounds
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[11]. Among the different strategies, stable isotopic labeling by amino
acids in cell culture (SILAC) remains the most widely employed strategy,
due to its high accuracy and versatility [12]. The method involves
growing two populations of cells: one in a culture medium containing
normal ("light") amino acids and the other in a medium with isotopically
labeled ("heavy") amino acids. Over time, the cells incorporate these
amino acids into their proteins, resulting in one population with "light"
proteins and another with "heavy" proteins. After the incorporation
period, the two cell populations are combined, and their proteins are
extracted, digested into peptides, and analyzed using mass spectrom-
etry. The mass spectrometer can distinguish between the "light" and
"heavy" peptides based on their mass differences. By comparing the
signal intensities of the corresponding "light" and "heavy" peptides, the
relative abundance of proteins between the two cell populations can be
determined [13].

Analyzing the entire cellular proteome presents significant chal-
lenges due to its complexity, dynamic range, and the vast number of
proteins involved, which can hinder the detection of subtle but func-
tionally important alterations [14]. Focusing on specific subcellular
compartments, such as the nucleus, helps reduce this complexity and
increases analytical sensitivity and selectivity. The rationale for target-
ing the nuclear proteome lies in the nucleus central role in regulating
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gene expression, DNA replication, and cell cycle progression, which are
processes frequently disrupted in cancer. In addition, Ch-SeNPs have
been shown to affect these nuclear functions, particularly transcriptional
regulation and cell cycle control [15]. Therefore, nuclear proteomics
may allow for the identification of targets and pathways that might
remain undetected in whole-cell lysates.

Based on the above, in this work we have used the SILAC strategy in
combination with a nuclear protein purification method to gain insights
into the mechanisms of action of Ch-SeNPs at the nuclear level.
Furthermore, in addition to finding important targets responsible for the
cytotoxic action of this NPs in tumor cells, an in vivo experiment using a
murine model of melanoma has been carried out, which has allowed us
to evaluate the efficacy of Ch-SeNPs treatment in a more complex
environment. The results obtained have contrasted previous studies and
have supported the therapeutic potential of Ch-SeNPs as an antitumor
agent.

2. Materials and methods
2.1. Synthesis and characterization of Ch-SeNPs

Chitosan-stabilized selenium nanoparticles (Ch-SeNPs) were syn-
thesized following a previously published procedure [16]. Briefly, 7.5
mL of 0.23 M ascorbic acid and 5 mL of 2.4 M acetic acid were mixed
with 10 mL of an aqueous chitosan polysaccharide solution (0.5 % w/v).
Afterwards, 0.51 M sodium selenite was slowly added to the mixture.
The formation of Ch-SeNPs were noted through the change of the
dispersion from colorless to red. Then, 10 mL of the dispersion were
dialyzed against 2 L of distilled water using a 12 kDa MWCO membrane
for 2 h at room temperature. Synthesized Ch-SeNPs were stored at 4 °C
up to two months.

Synthesized Ch-SeNPs were observed by Transmission Electron Mi-
croscopy (TEM). Droplets of the dispersion were placed onto a holey
carbon film on copper grids. Micrographs were obtained with a JEOL
JEM 1400 PLUS operating at 120 kV.

2.2. Cell culture

Two cell types were employed in this work: HepG2, used in the in
vitro experiments, and B16 cells, used in the in vivo experiments. HepG2
cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10 % fetal bovine serum (FBS) and 1 % penicillin/
streptomycin at 37 °C and 5 % CO». B16 cells were cultured in DMEM,
supplemented with 10 % FBS, L-glutamine and penicillin and strepto-
mycin at 37 °C in a humidified 5 % CO5 atmosphere. Cells were har-
vested under exponential growth, centrifuged and placed in 1x10°/50 pl
of PBS before injection.

2.3. Quantitative proteomics

2.3.1. Metabolic labeling

HepG2 cells were maintained in DMEM supplemented with 10 %
dialyzed FBS, 100 units per 100 mL of penicillin/streptomycin and
either naturally occurring isotopes (“light”) or stable isotope-labeled
(“heavy”) '3Cg arginine and lysine amino acids. Culture media were
refreshed when 80% (8 x 10° cells) plate confluence was reached and the
cells were grown for at least 6 doublings to allow full incorporation of
the labeled amino acids. To verify the complete incorporation of 3Ce-
Lys and '3Cg-Arg in isotopically heavy medium after eight cell divisions,
an MS analysis of a protein digest was performed (data not shown). The
SILAC-based quantitative proteomics analysis was conducted using two
independent biological replicates.

2.3.2. Exposure to Ch-SeNPs and isolation of nuclear proteins
HepG2 cells labeled with “heavy” (direct SILAC) or “light” (reverse
SILAC) amino acids were exposed to 1 mg/L of Ch-SeNPs for 72 h. The
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concentration of Ch-SeNPs and the exposure time were selected based on
previous studies [15], as these conditions have been shown to induce an
approximately 50 % reduction in cell viability, providing a suitable
model for evaluating cellular responses to treatment. Cells grown in
either “light” or “heavy” media were harvested, counted and mixed in a
1:1 ratio. Then, isolation of nuclear proteins was carried out with the
Qproteome Nuclear Protein kit (Qiagen). Briefly, cells were washed with
PBS and centrifuged 5 min at 450 xg (4 °C). Once cells were resuspended
in 500 pL of lysis buffer, 25 pL of detergent solution were added and
vortex mixed for 10 s. Cells were centrifuged 5 min at 10,000xg (4 °C).
Afterwards, the pellet (which contains cell nuclei) was re-suspended in
nuclear protein lysis buffer. After 5 min centrifugation at 10,000xg, the
nuclear pellet was re-suspended in 50 pL of extraction buffer NX1. The
mixture was then incubated for 30 min at 4 °C and centrifuged at
12000 g for 10 min. The nucleic-acid binding proteins were isolated in
the supernatant. For the extraction of “insoluble” nuclear proteins, the
pellet was re-suspended in 100 pL of extraction buffer NX2 and incu-
bated for 1 h. Finally, the suspension was centrifuged at 12,000xg for
10 min to obtain the “insoluble” nuclear proteins fraction.

2.3.3. SDS-page and in-gel digestion

Proteins were separated by means of SDS-PAGE on 10 % SDS-
polyacrylamide gels. After electrophoresis and Coomassie Brilliant
Blue staining, gel lanes were cut into approximately 20 sections. Gel
bands were de-stained in 25 mM ammonium bicarbonate/50 % aceto-
nitrile, cut into smaller pieces, dehydrated with acetonitrile and dried.
Gel pieces were incubated with a 12.5 ng/pL trypsin solution in 25 mM
ammonium bicarbonate overnight at 37 °C. To extract the peptides, gel
pieces were incubated with acetonitrile and 5 % formic acid, dried using
vacuum centrifugation and reconstituted in 12 pL of and aqueous solu-
tion containing 2 % acetonitrile and 0.1 % formic acid.

2.3.4. Mass spectrometry analysis

Analysis was performed with a nanoflow LC-MS/MS. Peptides frac-
tions were loaded onto a C18 trap column (0.3 x 10 mm, SGE) and then
separated on a reverse-phase column (75 pm x 25 cm fused silica
capillary C18 HPLC PepMap column, 3 pm, 100 A, Thermo) selecting a
linear gradient of 5-95 % acetonitrile in 0.1 % aqueous solution of
formic acid. A nano LC ultra 1D plus system (Eksigent) delivered the
mentioned gradient at a flow-rate of 200 nL/min through the analytical
column up to a stainless nano-bore emitter (Proxeon). An LTQ XL linear
ion trap mass spectrometer (Thermo Scientific) scanned and fragmented
the peptides operating in data-dependent Zoom Scan and MS/MS
switching mode using the three most intensive precursor ions detected
in a survey scan from 400 to 1600 u (three scans). In order to monitor the
entire 12C/!3C isotopic envelope of most doubly and triply charged
peptides, the ZoomScan mass window was set to 12 Da. Singly charged
ions were excluded for MS/MS analysis. Resulting raw files were con-
verted to mgf files to enable MASCOT database search. The Uniprot
Homo sapiens data base was searched using the MASCOT protein
identification software (v2.3 MatrixScience). Search restrictions were
set: trypsin specificity with one missed cleavage allowed, methionine
oxidation and '®Cs-Arg and '2Ce-Lys as variable modifications. Mini-
mum precursor and fragment-ion mass accuracies for 1.2 and 0.3 Da
were used. At least one unique peptide (bold-red peptides meaning
highest scoring peptide matching to protein with highest total score)
was required for protein identification and at least two unique peptides
were required for quantification. The cut-off values for MASCOT scores
of peptides and proteins were set to 40 (p < 0.05) and 46 (p < 0.01),
respectively. The false positive rate was estimated by searching the same
spectra against the Uniprot Homo Sapiens decoy database. QuiXoT
open-source software (version 1.3.26) was used to calculate the relative
quantification ratios (Rgyac) of identified proteins based on peak area.
Verification of all protein ratios obtained by QuiXoT was carried out by
manually inspecting all quantified peptides.
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2.4. Gene expression analysis

Trizol reagent (Invitrogen) was employed to isolate total RNA from
HepG2 cells exposed to Ch-SeNPs (1 mg/L and 72 h). The quantity of
extracted RNA was measured using a NanoDrop One (Thermo Fisher
Scientific). A Quantitec reverse transcription kit (Qiagen) was used for
the synthesis of cDNAs and for the integrated removal of genomic DNA
contamination. For the RT-qPCR analysis, TagMan gene expression as-
says and TagMan Fast advance master mix (Thermo Fischer Scientific)
were used according to manufacturer’s instructions. The references of
Tagman gene expression assays used are listed in Table 1. The relative
expression of genes was normalized using GAPDH as the endogenous
control. Gene expression in each sample was calculated as 2-AACt. All
RT-qPCR analyses were carried out using the same biological replicates
employed in the SILAC proteomics experiments to ensure consistency
across datasets.

2.5. In-vivo inhibition of melanoma tumor growth

12 weeks old females in the C57BL/6J background, weighting
~20-25 g, were injected intradermally (ID) in both sides of the back
with 1x10% B16 cells. Animals were housed and used in specific
pathogen-free (SPF) conditions at the CNIC (Spanish National Center for
Cardiovascular Research) animal facility. All animal procedures were
approved by the ethics committee of the Comunidad Auténoma de
Madrid and conducted in accordance with the institutional guidelines
that comply with the European Institutes of Health’s; Directive 2010/
63/EU of the European Parliament and the Council on the Protection of
Animals Used for Scientific Purposes (Official Journal of the European
Union. Vol. 53:33-79, 2010). 5 days after intradermal B16 injections,
tumors became established (~50 mm3) into the mice at the minimum
size to begin the treatment with the NPs. A control group of non-treated
mice was analyzed in parallel. Ch-SeNPs were prepared at a final con-
centration of 200 mg/L 50 pl of vehicle (synthesis media) alone or
containing Ch-SeNPs were injected intra tumor with a 25G needle in the
right and left back sides, respectively. Treatment as described was per-
formed on alternate days. The mice body weights and tumor sizes were
recorded on alternate days after treatment. The tumor size was deter-
mined by Ratio (Ref. 6369H15) digital caliper measurements and
calculated as length x width x height. After 10-15 days, mice with tu-
mors >1.5 cm in diameter were sacrificed. The tumor suppression rate
(TSR) was calculated to quantify the antitumor efficacy of Ch-SeNPs
treatment compared to control and vehicle groups. For each animal,
tumor volume was measured at each timepoint of the experiment using
digital calipers. The TSR for day 13 was calculated according to the
following formula:

TSR(%) = [1 — Mean tumor volume of treated group/Mean tumor
volume of control group] x 100

The mean tumor volume for each group was determined by aver-
aging the tumor volumes of all animals in that group at the end of the
treatment period. TSR values were calculated for the Ch-SeNPs-treated
group in comparison to both the control group and the vehicle-treated
group. The resulting percentage represents the degree of tumor
growth inhibition induced by the treatment relative to the reference
group.

Table 1

References of TagMan gene expression assays used for the RT-PCR analysis.
Gene RefSeq Assay ID
CDK1 NM_001170406 Hs00938777_ml
CCNB1 NM_031966.3 Hs01030099_ml
CCNA2 NM_001237.3 Hs00996788_ml
CDKN1A NM_000389.4 Hs00355782_ml
GAPDH NM_001256799.2 Hs03929097 gl
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3. Results and discussion
3.1. Characterization of Ch-SeNPs

Although the synthesis of Ch-SeNPs has been previously carried out
with an extensive physico-chemical characterization, TEM micrographs
were acquired in order to verify the size and morphology of the newly
synthesized Ch-SeNPs. As shown in Fig. 1, well-dispersed Ch-SeNPs were
obtained, with nanoparticles exhibiting spherical morphology and ho-
mogeneous sizes of around 40-60 nm.

3.2. Mechanisms of action of Ch-SeNPs at the nuclear level

In previous studies [8,9], we identified some of the biomolecular
mechanisms of action related to the antitumoral potential of Ch-SeNPs.
Since some of these findings were directly related with the action of
Ch-SeNPs over nuclear proteins, we designed a SILAC-based assay
focused on the nuclear proteome, in order to gain deeper insights into
these mechanisms. Thus, we conducted an extensive SILAC experiment
(Fig. 2) that included purification of the nuclear proteome. 343 proteins
were identified, with 236 meeting the criteria for protein quantitation.
These criteria include the identification of at least two unique peptides
with a MASCOT score >46 (p < 0.01). The majority of these proteins
exhibited a SILAC ratio close to 1, as expected for a 1:1 mixture.
Applying a threshold ratio of 1.30, commonly used in quantitative
proteomics to define biologically relevant changes, we identified 47
altered proteins, with 22 upregulated and 25 downregulated upon
Ch-SeNPs exposure (Table 2).

A false discovery rate of 0.3 % was estimated by the number of hits
against the reverse sequence/total hits (p < 0.01). The mean relative
standard deviation (RSD) of ratios obtained from biological replicates
was lower than 20 %, indicating good agreement between experiments.
Subcellular localization of each protein was checked in Gene Ontonlogy
(GO) database and confirmed that more than 62 % of identified proteins
came from the nucleus, 31 % from cytoplasm, 3 % from endoplasmic
reticulum, 2 % from mitochondria and 2 % from plasma membrane, thus
showing the usefulness of the purification protocol followed to enrich
nuclear proteins. We also categorized the proteins based on their mo-
lecular and cellular functions using GO database, and the results pointed
out that exposure to Ch-SeNPs mainly affected the mRNA metabolism,
the cell cycle and the transcription process.

The antitumor potential of Ch-SeNPs, demonstrated in previous
studies [15,59], involves the arrest of the cell cycle in the S-G2/M phase.
The protein CDK1 (Rgipac = —1.46), known for promoting replicative
DNA synthesis, was identified as the primary factor responsible for the
G2/M phase cell cycle arrest [17]. Our quantitative proteomics findings
further support this cell cycle arrest by confirming the inhibition of
CDK1 and other affected proteins. Since no other crucial proteins
directly involved in the cell cycle were detected, we conducted gene
expression analysis using the qPCR technique (Fig. 3). This experiment
validated the inhibition of CDK1 and revealed alterations in other genes
that corroborate the cell cycle arrest. P21 upregulation (CDKN1A),
known to inhibit the kinase activity of CDK1 [18], along with the in-
hibition of CCNB1 and CCNA1, which form a complex with CDK1 and
are essential for cell progression into mitosis [19,20] were among the
confirmed effects.

Among the proteins experiencing deregulation, CDC5 (Rspac =
—1.39) stands out as a vital component of the pre-mRNA splicing com-
plex, crucial for cell cycle progression in yeast, plants, and mammals
(Fig. 4). There is evidence suggesting CDC5L overexpression in various
tumors, including glioma and hepatocellular carcinoma. Knockdown of
CDC5L has been shown to significantly impede tumor cell proliferation
in glioma and hepatocellular carcinoma by inducing cell cycle arrest at
the G2/M phase. In osteosarcoma, CDC5L overexpression has been
linked to poor prognosis, making its inhibition a potential therapeutic
strategy [21,22]. Other deregulated proteins play key roles in sister
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Fig. 1. TEM micrographs show the synthesized Ch-SeNPs exhibiting a spherical morphology and homogeneous sizes ranging from 40 to 60 nm.
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Fig. 2. Schematic representation of the SILAC-based quantitative proteomics
approach used to identify key nuclear proteins involved in the antitumor effect
of Ch-SeNPs.

chromatids cohesion and condensation during the mitosis process,
essential for proper chromosome segregation from the S phase to
metaphase. SMC1 (Rspac = —1.45) is instrumental in establishing
linkages between duplicated DNAs during the S phase, contributing to
DNA damage repair and maintaining genomic stability. Inhibiting SMC1
has been associated with growth suppression in various cancer cells
through G1/8S cell cycle phase arrest [23-25]. WAPL (Rgipac = —1.37)
and its interaction with PDS5B (Rgpac = —1.33), both inhibited by

Ch-SeNPs, are crucial in the cohesion process. Human WAPL expression
has been linked to tumor progression, and inhibiting this protein arrests
cells at the S phase [26]. Another protein required for chromosome
segregation during mitosis is ERH (Rgpac = —1.30), essential for
recovering from cell cycle arrest induced by compounds like Ch-SeNPs.
RNAi-mediated ERH knockdown leads to G2/M arrest [27-29]. Related
to cell cycle arrest, CHC1 (Rgjrac = —1.41) and AP2B1 (Rgppac = —1.44),
both downregulated by Ch-SeNPs, play roles in membrane trafficking
and mitosis. Altered CHC function could contribute to oncogenesis, as
CHC inhibition results in growth arrest, cessation of DNA synthesis,
overduplication of centrosomes, and senescence [30-33]. On a different
note, NOLC1 (Rgpac = 1.92), a phosphoprotein essential for rRNA
synthesis and ribosome biosynthesis, induces a DNA damage response at
telomeres when overexpressed, promoting apoptosis and cell cycle ar-
rest [34,35].

Certain deregulated proteins, despite not having a direct association
with the cell cycle, exemplify the notable ability of Ch-SeNPs to signif-
icantly diminish tumors, making their expression modifications a sub-
ject of clinical interest (Fig. 4). PLEC (Rsiac = —4.07), for instance,
while it plays a critical role in organizing the cytoskeleton network in
normal cells, its expression and mislocalization in tumor cells contribute
to tumor progression. Silencing PLEC expression in pancreatic cancer
cells has been demonstrated to negatively impact proliferation, inva-
sion, and migration [36]. Another intriguing protein is SUMO2 (Rgjrac
= —1.78), involved in reversible post-translational modification known
as sumoylation. This modification is crucial for maintaining genomic
integrity, regulating gene expression, and intracellular signaling.
Numerous studies have established SUMO-regulated mechanisms in
various cancers, and the inhibition of this protein has shown promise in
reducing tumors. Consequently, compounds inhibiting SUMO are un-
dergoing clinical trials for cancer treatment [37,38]. RSU1 (Rgpac =
—1.40), an oncoprotein influencing cellular proliferation, differentia-
tion, survival, and gene expression, has been associated with cancer
development. Approximately 30 % of human tumors harbor RSU1 mu-
tations, with certain cancers, such as pancreatic cancer, exhibiting RSU1
mutations in nearly 100 % of cases. Similar to SUMO, RSU1 inhibition
constitutes a primary objective in numerous anticancer therapies
[39-41]. A parallel situation is observed with SMARCC1 (Rgpac =
—1.34), a complex contributing to gene expression regulation by
altering chromatin structure and enhancing the androgen receptor’s
transactivation. This protein is upregulated in prostate cancer, and its
mutations are present in 20 % of all human cancers [42,43]. Addition-
ally, H1.4 (Rsiac = —1.41), participating in nucleosome spacing and
higher-order chromatin structure formation, specifically induces cell
proliferation arrest upon depletion [44]. Lastly, PHB (Rgpac = 2.02)
regulates mitochondrial respiration activity, and its overexpression re-
presses AR-induced gene activation and suppresses tumor growth,
particularly in the context of aging [45].

On another hand, Ch-SeNPs trigger mechanisms that safeguard the
cell (Fig. 4). Notably, the protein PRDX1 (Rgipac = 1.38) plays a key role
in this group. As an antioxidant protein, PRDX1 mitigates the adverse
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Table 2
Differentially expressed proteins in HepG2 cells exposed to 1 mg/L of Ch-SeNPs.

Accession Protein Name Common Rsiac RSD

number (gi) Name (%)

41322923 plectin isoform 1la PLEC —4,07 13,81

4506687 40S ribosomal protein S15 RPS15 —-2,71 0,86

5453740 myosin regulatory light chain ~ MYLA12 -1,82 14,59
12A

54792069 small ubiquitin-related SUMO2 -1,78 0,89
modifier 2 isoform a
precursor

4504257 histone H2B type 1-C/E/F/G/  H2BC4 -1,74 19,97
I

7330335 chloride intracellular channel ~ CLIC4 -1,58 18,46
protein 4

4502709 cyclin-dependent kinase 1 CDK1 -1,46 7,28
isoform 1

30581135 structural maintenance of SMC1A —1,45 12,10
chromosomes protein 1A

4504445 heterogeneous nuclear HNRNPA1 -1,45 16,43
ribonucleoprotein Al isoform
a

15431288 60S ribosomal protein L10a RPL10a —1,44 19,40

4557469 AP-2 complex subunit beta AP2B1 —1,44 17,89
isoform b

4885379 histone H1.4 H14 -1,41 16,00

4758012 clathrin heavy chain 1 CHC1 —1,41 12,69

4758302 enhancer of rudimentary ERH -1,40 13,45
homolog

4506753 ruvB-like 1 RUVB1 -1,40 3,85

6912638 ras suppressor protein 1 RSU1 -1,40 3,75
isoform 1

11067747 cell division cycle 5-like CDC5 -1,39 9,69
protein

5902076 serine/arginine-rich splicing SRSF10 -1,37 14,14
factor 1 isoform 1

42734325 wings apart-like protein WAPL -1,37 14,99
homolog

4506697 40S ribosomal protein S20 RPS20 -1,36 11,27
isoform 2

110611218 ribosome-binding protein 1 RBP1 -1,34 14,83

188536047 SWI/SNF complex subunit SMARCC1 -1,34 7,42
SMARCC1

7657269 sister chromatid cohesion PDS5B -1,33 15,08
protein PDS5 homolog B

21361114 mitochondrial 2-oxogluta- M20M -1,32 4,83
rate/malate carrier protein

51477708 heterogeneous nuclear HNRNPD -1,31 2,54
ribonucleoprotein DO isoform
d

21464101 14-3-3 protein gamma YWHAG 1,31 2,49

4503477 elongation factor 1-beta EFB1 1,32 3,98

5031653 pre-mRNA-splicing factor SPF27 1,32 5,30
SPF27

7706326 pre-mRNA branch site protein ~ SF3B6 1,33 16,12
pl4

24234747 interleukin enhancer-binding ILF3 1,36 20,00
factor 2 isoform 1

4505591 peroxiredoxin-1 PRDX1 1,38 18,46

47271443 serine/arginine-rich splicing SRSF2 1,38 0,17
factor 2

5031875 lamin isoform C LMNC 1,38 19,27

62414289 vimentin VIM 1,39 17,73

304555581 elongation factor 1-delta EFD1 1,41 13,73
isoform 1

11024700 mitochondrial import inner TIMM13 1,42 7,95
membrane translocase
subunit

4503249 protein DEK isoform 1 DEK 1,48 17,58

31543164 THO complex subunit 6 THOC5 1,57 19,66
homolog isoform 1

4503507 eukaryotic translation EIF21 1,69 3,81
initiation factor 2 subunit 3

5803165 protein transport protein SEC61B 1,72 19,92
Sec61 subunit beta

11545813 UPF0428 protein CXorf56 CXorf56 1,79 14,14

isoform 1
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Table 2 (continued)

Accession Protein Name Common Rsiac RSD

number (gi) Name (%)

148596949 nucleolar and coiled-body NOLC1 1,92 8,70
phosphoprotein 1

4505087 protein mago nashi homolog MAGOH 1,95 19,75

4505773 prohibitin PHB 2,02 13,66

7657381 pre-mRNA-processing factor PRPF19 2,03 9,58
19

16507237 78 kDa glucose-regulated HSPAS 3,57 19,56
protein precursor

12025678 alpha-actinin-4 ACTN4 9,58 3,30

effects of reactive oxygen species (ROS) and exhibits the potential to
enhance natural killer cell cytotoxicity while suppressing oncogenic
proteins such as c-Myc [46]. Furthermore, there is evidence of activated
translation and transcription, reflected in the upregulation of numerous
proteins involved in these processes, including SPF27 (Rgipac = 1.32),
SF3B6 (Rsiiac = 1.33), ILF3 (Rgiac = 1.36), EFB1 (Rgiac = 1.32), EFD1
(RSILAC = 1.41), THOCS5 (RSILAC = 1.57), and EIF2I (RSILAC = 1.69)
[47-50].

Despite these protective responses, certain proteins showed
increased expression associated with tumor progression. A notable
example is YWHAG (Rgyac = 1.31), a protein that plays a crucial role in
coordinating cell cycle progression, regulating responses to DNA dam-
age, and is upregulated in melanoma cells resistant to cisplatin, etopo-
side, fotemustine, or vindesine [51,52]. Another protein showing
increased expression is VIM (Rgyac = 1.39), whose overexpression im-
pedes apoptosis and enhances invasion [53]. Lastly, DEK (Rgiac =
1.48), HSPAS (Rsipac = 3.57), and ACTN4 (Rgiac = 9.58) are upregu-
lated proteins whose depletion results in slower tumor growth, making
them potential biomarkers associated with malignant phenotypes
[53-57].

3.3. In-vivo inhibition of melanoma tumor growth after Ch-SeNPs
exposure

To study the potential of Ch-SeNPs to suppress tumor growth, we
challenge the mice ID with poorly immunogenic tumor cells of mela-
noma origin in syngeneic C57BL/6J mice. The B16 cell line is widely
used as a mouse model for melanoma induction that mimics human
melanoma [58]. This subcutaneous model allows the development of
~1 x 1 cm tumors in approximately two weeks, becoming necrotic
when they exceed this size. Bl16-induced melanoma aggressively pro-
gresses within a dynamic microenvironment, allowing the study of
anti-tumor effect of several molecules. The mice were then ID injected
with 1x10° B16 cells in both flanks on day 0 of the experiment. After the
formation of a ~50 mm3, mice were treated intra-tumour (i.t.) with the
vehicle alone or with Ch-SeNPs (200 mg/L) in the right and left flank,
respectively, on alternate days. The treatment least until the control
tumors reach >1.5 c¢cm in diameter, approximately 2 weeks. After
treatment, the mice were sacrificed, and the tumors volume calculated
(Fig. 5A).

The average volume of the tumor growth was monitored every two
days (Fig. 5B). At the beginning of the treatment, on day 5, the average
tumor volume of the control mice was 65.234 + 20.998 mm?, likely the
average volume of the vehicle-treated tumor and the Ch-SeNPs treated
tumors was 58.576 + 21.932 mm? and 92.206 + 25.126 mm?, respec-
tively, in the same period (Fig. 5B). After 13 days, the average tumor
volume of the control increased to 609.078 + 189.431 mm°® (8.6-fold
increase), the vehicle treated tumors volumen increased to 574.420 +
127.301 mm? (13.2-fold increase) whereas the Ch-SeNPs treated tumors
volume barely increased to 119.170 + 26.604 mm>, meaning only 1.8-
fold increase of the tumor volume in the same period (Fig. 5C). The
tumor suppression rate analysis shows significant differences among
vehicle mice and Ch-SeNPs treated mice (Fig. 5C).Therefore, i.t.
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administration of 200 mg/L Ch-SeNPs substantially suppressed tumor
growth (Fig. 5D). Furthermore, we also monitored the weight and
general health parameters of mice, and we did not observe a significant
body weight changes (Fig. 5C) or worsening of general health of the
mice derived of the treatment with Ch-SeNPs.

4. Conclusions

In this study, we characterized chitosan-stabilized selenium nano-
particles (Ch-SeNPs), confirming their spherical morphology and

homogeneous size (40-60 nm) through TEM imaging. To investigate
their molecular mechanisms of action, we applied a SILAC-based
quantitative proteomic approach focused on the nuclear subproteome.
This strategy revealed significant alterations in 47 nuclear-enriched
proteins, mainly involved in mRNA metabolism, transcription, and cell
cycle regulation, thus highlighting the efficacy of the purification pro-
tocol and the nuclear impact of Ch-SeNPs. Functional analyses identified
CDK1 as a central target mediating the observed S-G2/M cell cycle ar-
rest, further validated by gene expression studies. Additionally,
deregulated proteins such as PLEC, SUMO2, RSU1, and SMARCC1,
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linked to tumor progression, demonstrated the broader antitumor po-
tential of Ch-SeNPs beyond cell cycle disruption. Importantly, the in
vivo evaluation of Ch-SeNPs in a murine melanoma model, significantly
reduced tumor growth without adverse effects on body weight or gen-
eral health, supporting their therapeutic safety and efficacy.
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