Huang et al. Journal of Nanobiotechnology ~ (2025) 23:294 Journal of Nanobiotechno|ogy
https://doi.org/10.1186/512951-025-03356-4

Check for
updates

Translational selenium nanomedicine
synergizes with nab-paclitaxel to enhance
antitumor effects in esophageal squamous
cell cancer via selenoprotein N-mediated ER
stress
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Abstract

Though prescribed as first-line drugs for esophageal squamous cell cancer (ESCC) therapy, the antitumor efficacy
of Nab-Paclitaxel (Nab-PTX) is still unsatisfactory owing to the limitation on the dosage and therapy duration of
Nab-PTX caused by adverse effects. Inspired by the very essential role of Selenoprotein N (SelN) in mediating

the calcium homeostasis and the associated redox homeostasis in cells, herein, in this essay, we screened the
inhibition effect of selenium-containing drugs in different forms on ESCC cell line. Investigation on KYSE-150

cells demonstrated that Nab-PTX in combination with low dosage of LNT-SeNPs may synergistically improve its
antitumor efficacy on ESCC cells through promoting the cellular apoptosis. Proteomics analysis uncovered the core
synergistic mechanism of LNT-SeNPs on Nab-PTX was significantly dependent on the endoplasmic reticulum (ER)
stress induced by SelN-mediated Ca?*-IRE1q, IRE1a(5724)-CHOP-BCL2 axis. SelN knockdown KYSE-150 cell model
further confirmed the very indispensable role of SelN in mediating the synergistic effect on Nab-PTX. Moreover, in
vivo evaluation on KYSE-150 tumor-bearing mice models also demonstrated the supplementation of LNT-SeNPs
with low dosage during the Nab-PTX treatment may synergize the antitumor efficacy and significantly mitigate the
adverse reactions or toxicity resulting from a substantial dose of Nab-PTX. Overall, along with the facile accessibility
of raw materials, this study reports LNT-SeNPs as a synergistic agent to promote the antitumor efficacy of Nab-PTX,
which may be translated as a wide-applicable, efficient and highly safe strategy for clinical treatment of ESCC.
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Introduction

Esophageal squamous cell cancer (ESCC), as a highly
aggressive malignancy tumor, generally has two primary
types with squamous cell carcinoma accounted as more
prevailed type, which accounted for enormous mortal-
ity worldwide [1-4]. Currently, the prevailing treatment
modalities for ESCC are focused on surgery, radiation
therapy, chemotherapy etc. depending on the stage of
the cancer [5]. For most locally advanced ESCC, a com-
bination modality of chemotherapy and radiation ther-
apy (known as neoadjuvant therapy) is primary strategy
to be employed, especially for those patients who are
not suitable for surgery [6-8]. Nab-Paclitaxel (Nab-
PTX) representing as an innovative formulation of the
conventional paclitaxel, has been exploited both as a
monotreatment candidate or a combinative therapy with
other chemotherapeutic drugs such as carboplatin, and
5-FU for advanced, unresectable, or metastatic ESCC
[9-11]. While it offers some advantages over traditional
paclitaxel, such as improved solubility and a potentially

lower incidence of hypersensitivity reactions, adverse
effects like neutropenia, peripheral neuropathy, nausea
and diarrhea still limit the dosage and duration of Nab-
PTX therapy [12]. Therefore, it’s of great significance and
urgency to exploit a wide-applicable, efficient and highly
safe strategy to synergize the antitumor efficacy of Nab-
PTX for ESCC [13]. Selenium (Se) as a trace element for
maintenance of human health, exhibits an indispens-
able role in various physiological processes, e.g. cellular
redox homeostasis, thyroid hormone metabolism, and
immune function [14—18]. Over the years, Accumulating
evidence has highlighted the potential antitumor effects
of selenium, with observational studies suggesting an
association between higher selenium levels (from diet
or supplements) and a reduced risk of certain cancers,
such as prostate, lung, and colorectal cancers, although
the optimal levels for cancer prevention remain to be
fully determined [19-23]. Generally, the physiological
function of selenium element is mediated through its
role as a constituent of selenoproteins [24]. For now, 25
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selenoproteins including the glutathione peroxidases,
thioredoxin reductases, and thyroid hormone deio-
dinases etc. have been identified in the human genome
[25-31]. Among them, selenoprotein N (SelN), a specific
selenoprotein residing in the ER has garnered significant
interest for cancer treatment due to its critical function
in maintaining calcium balance and related redox stabil-
ity [32]. In the recent investigation by Ester Zitoa et al,,
SelN was further demonstrated as a mediator to enhance
its redox-dependent interaction with sarcoplasmic/
endoplasmic reticulum (ER) calcium ATPase (SERCA)
to replenish the calcium reservoir in ER [32]. Therefore,
based on the antitumor mechanism of Nab-PTX, we're
wondering whether it’s feasible that the combinative
therapy of Nab-PTX (the first-line drug for ESCC) and
selenium may improve the treatment outcome of ESCC.
However, high dosage of small-molecule selenocom-
pounds supplementation (e.g. selenite) can be toxic, lead-
ing to selenosis, a condition with symptoms including
gastrointestinal distress, hair loss, nail changes. In more
severe cases, neurological damage was also reported
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[33]. The narrow margin between beneficial and toxic
doses thus confines the wide application of selenium as
a therapeutic agent [33]. Compare with small-molecule
selenocompounds, Se nanoparticles (SeNPs) with great
biocompatibility, delicate size effect and interfacial prop-
erties has approved its great potency in treating various
diseases such as cancer, influenza, osteoporosis, and
allergic dermatitis [34—44]. Therefore, in this essay, we
screened the inhibition effect of selenocysteine (SeCys,),
selenomethionine (SeMet), sodium selenite (Na,SeOs;),
and translational selenium nanoparticles coated with
lentinan (LNT-SeNPs) on ESCC cell line (KYSE-150
cells) and revealed the underlying synergistic potential
of LNT-SeNPs on promoting the antitumor efficacy of
Nab-PTX. Investigation on KYSE-150 cells demonstrated
that Nab-PTX in combination with low dosage (8 uM) of
LNT-SeNPs may synergistically improve its antitumor
efficacy on ESCC cells through promoting the apopto-
sis and inhibiting the metastasis. Proteomics analysis
revealed the core mechanism of LNT-SeNPs (Scheme
1) on promoting the antitumor efficacy of Nab-PTX
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Scheme 1 Schematic illustration on the synergistic antitumor mechanism of LNT-SeNPs with Nab-Paclitaxel on esophageal squamous cell cancer

through SelN-mediated Ca”*-IRE1a(5724)-CHOP-BCL2 axis
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was significantly relied on the excessive Ca** accumula-
tion in ER induced by SelN-mediated Ca®*-IREla, IREla
(S724)-CHOP-BCL2 axis. SeIN knockdown KYSE-150
cell model (KYSE-150/shSeIN cells) further confirmed
the very indispensable role of SeIlN in mediating the
synergistic effect on promoting the antitumor efficacy
of Nab-PTX. Moreover, in vivo evaluation of KYSE-150
tumor-bearing mice models also demonstrated the intra-
venous injection of LNT-SeNPs with low dosage during
Nab-PTX therapy may synergize its antitumor efficacy
and significantly alleviate the side-effects or toxicity.
Overall, this essay reported LNT-SeNPs as a synergistic
agent to promote the antitumor efficacy of Nab-PTX,
which may be translated as a wide-applicable, efficient
and highly safe strategy for clinical treatment of ESCC.

Results and discussion
Synergistic antitumor potential between LNT-SeNPs and
Nab-PTX on ESCC
LNT-SeNPs were firstly prepared via the reaction
between Na,SeO; and Vitamin C (Vc). As observed in
Fig. 1A, the as-prepared LNT-SeNPs exhibited in spheri-
cal shape with an average size of 100 nm, suggesting
the successful preparation. The diameter increasement
(~126.8 nm) and the negatively charged surface (Fig. 1B)
further demonstrated the coating of LNT. The structure
of LNT-SeNPs was then studied by XPS. As indicated in
Fig. 1C, Se 3d at 53.48 eV was detected in the XPS spec-
trum of LNT-SeNPs, demonstrating the successful prep-
aration. The data of UV spectrometer (Figure S1) further
confirmed the structure of LN'T-SeNPs as a similar absor-
bance curve could be detected between SeNPs and LNT-
SeNPs. Taken together, all these data demonstrated the
successful preparation of monodispersed LNT-SeNPs.
According to our previous researches about the anti-
tumor mechanism of SeNPs on various cancer types,
SeNPs may synergize the antitumor efficacy of different
chemotherapeutics through selenoprotein-mediated sig-
naling pathways. Therefore, we’re wondering whether
it's feasible that the combinative therapy of Nab-PTX
(the first-line drug for ESCC) and SeNPs may improve
the treatment outcome of ESCC. Therefore, the cyto-
toxicity of different selenium-containing drugs (SeCys,,
SeM, Na,SeO,, and LNT-SeNPs) was firstly screened on
KYSE-150 cells. As indicated in Fig. 1D, all these drugs
exhibited inhibition effect on the proliferation of KYSE-
150 cells in different extents. However, it should be
noted that Na,SeO, exhibited much stronger cytotoxic-
ity than the other drugs owing to its selenite free form.
Besides that, in comparison with the low inhibition effect
of SeM in a relatively wide concentration range and the
toxicity potential of SeCys, in relatively high concentra-
tion (>8 uM), LNT-SeNPs were thus chosen as the sele-
nium-containing drugs for the following investigations.
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Meanwhile, it was demonstrated that Nab-PTX exhib-
ited apparent antitumor activity when its concentration
larger than 32 ng/mL (Fig. 1E). After that, the combina-
tion antitumor effect between LNT-SeNPs and Nab-PTX
on KYSE-150 cells was further investigated. As shown
in Fig. 1F and I, the antitumor efficacy of Nab-PTX was
significantly improved under the influence of LNT-
SeNPs in a dose-dependent manner (1-8 uM). Besides
that, it's noteworthy that, although LNT-SeNPs amplify
the antitumor efficacy of Nab-PTX, its monotreatment
with KYSE-150 cells all exhibited low cytotoxicity with
cell viability high up to ~90%. Therefore, the synergistic
effect between LNT-SeNPs and Nab-PTX was analyzed
by SynergyFinder software. It could be seen in Fig. 1], the
ZIP synergy score of these two drugs was 17.809, indicat-
ing a strong synergistic effect. Concluding from all these
results, it could be deduced that LNT-SeNPs may signifi-
cantly synergize the antitumor efficacy of Nab-PTX on
ESCC while still preserving low toxicity to cells, which is
highly feasible to be applied in the ESCC treatment.

LNT-SeNPs synergize the antitumor efficacy of Nab-PTX at
low dosage

Inspired by the above results, the antitumor mechanism
of LNT-SeNPs and Nab-PTX was further investigated.
As shown in Fig. 2A, in comparison with the strong red
fluorescence in control group, the monotreatment of
LNT-SeNPs or Nab-PTX partially inhibited the cell pro-
liferation as only scattered red fluorescence spot could
be observed under microscope. While in the Compound
group, red fluorescence was hardly to be detected, dem-
onstrating the great antitumor efficacy of LNT-SeNPs
and Nab-PTX. The physiological effect of nanoparticles
was always accompanied with its highly efficient cellular
uptake. Therefore, whether the co-treatment with Nab-
PTX would influence the cellular uptake of LNT-SeNPs
intrigued us. The cellular uptake of LNT-SeNPs by KYSE-
150 cells was thus verified. As shown in Fig. 2B and Fig-
ure S2-S3, both LNT-SeNPs group and Compound group
exhibited very efficient uptake and similar uptake trends
of LNT-SeNPs, confirming the feasibility of co-treatment
of LNT-SeNPs and Nab-PTX.

The antitumor mechanism of LNT-SeNPs and Nab-
PTX co-treatment was thus investigated by flow cytome-
try. As show in Fig. 2C, in comparison with control group,
the monotreatment of Nab-PTX significantly enhanced
the cell cycle arrest at subG1 phase to 8.25% while the
LNT-SeNPs did not influence the cell cycle of KYSE-
150 cells as the cell cycle distribution was comparable
to the control group. Intriguingly, in Compound group,
the cell cycle arrest at subG1 phase was further elevated
for 25% in comparison with Nab-PTX group, verify-
ing the synergistic effect between LNT-SeNPs and Nab-
PTX. At the same time, both Nab-PTX and Compound
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Fig. 1 Preparation of LNT-SeNPs and its synergistic antitumor potential with Nab-PTX on KYSE-150 cells. (A) Morphology of LNT-SeNPs characterized by
TEM. (B) Hydrodynamic size distribution and zeta potential of LNT-SeNPs analyzed by Malvern Zetasizer. (C) The binding energy of Se 3d in LNT-SeNPs.
(D) Cell viability of KYSE-150 cells treated with serials concentration (0-32 uM) of various selenium-containing drugs (SeCys,, SeMet, Na,SeO;, LNT-SeNPs)
after 48 h. (E) Cell viability of KYSE-150 cells treated with serial concentrations (0-128 ng/mL) of Nab-PTX after 48 h. (F-1) Cell viability of KYSE-150 cells
co-treated with Nab-PTX (0-128 ng/mL) and LNT-SeNPs (1-8 uM) after 48 h. (J) Synergistic antitumor effect between LNT-SeNPs and Nab-PTX analyzed by
SynergyFinder with a ZIP synergy score of 17.809 (synergy score > 10 indicates synergistic sensitization). All data are shown as mean+SD (n=3). *P < 0.05,

P <0.01, ***P<0.001, ****P < 0.0001
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Fig. 2 LNT-SeNPs synergize the antitumor efficacy of Nab-PTX on KYSE-150 cells at low dosage. (A) The antitumor efficacy of LNT-SeNPs and Nab-PTX
on KYSE-150 cells detected by EAU assay kits. (B) Representative fluorescent images of cellular uptake of KYSE-150 cells cultured with coumarin-6-loaded
LNT-SeNPs or the Compound (coumarin-6-loaded LNT-SeNPs + Nab-PTX) for 12 h. (C) Cell cycle distribution and quantitative analysis of KYSE-150 cells
after treated with LNT-SeNPs and Nab-PTX for 48 h. (D) Apoptosis of KYSE-150 cells (Annexin V-FITC/PI staining) induced by LNT-SeNPs and Nab-PTX. (E)
Representative photos of colony formation of KYSE-150 cells treated with LNT-SeNPs and Nab-PTX for 14 days. (F) Representative photos of transwell
invasion assay of KYSE-150 cells treated with LNT-SeNPs and Nab-PTX for 24 h. All data are shown as mean+SD (n=3). *P<0.05, **P <0.01, ***P<0.001,

P < 0.0001
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groups especially the latter one significantly induced S
phase arrest up to about 40%, in comparison with con-
trol group. The analysis on the apoptotic cells (Fig. 2D) by
flow cytometry further confirmed its synergistic effect on
KYSE-150 cells as the apoptotic ratio in Compound group
(62.4%) was 55.2% higher than that from Nab-PTX group
(40.2%). After demonstrating the strong synergistic effect
of LNT-SeNPs and Nab-PTX on inducing cells apoptosis.
Its antitumor efficacy was further investigated by colony
formation assay. As indicated in Fig. 2E, the monotreat-
ment of LNT-SeNPs did not exhibit inhibition effect on
the colony formation of KYSE-150 cells, even promote
the colony formation under 4 uM. In contrast, after com-
bination with Nab-PTX, the colony formation of KYSE-
150 cells was significantly decreased even compared with
Nab-PTX group. Metastasis is commonly reported at the
later stage of ESCC. Therefore, the in vitro invasion assay
was conducted to evaluate the anti-metastatic efficacy of
LNT-SeNPs and Nab-PTX co-treatment. As shown in
Fig. 2F, the co-treatment of LNT-SeNPs and Nab-PTX
significantly decreased the invaded cells from ~1000 to
only ~ 33, indicating the effect of LNT-SeNPs and Nab-
PTX co-treatment on inhibiting the ESCC metastasis.

Taken together, all these data demonstrated that Nab-
PTX in combination with low dosage (8 pM) of LNT-
SeNPs may synergistically improve its antitumor efficacy
on ESCC cells through promoting the apoptosis and
inhibiting the metastasis.

LNT-SeNPs synergize the antitumor efficacy of Nab-PTX
through selenoprotein-mediated ER stress

After demonstrating the synergistic effect between LNT-
SeNPs and Nab-PTX on ESCC, its underlying mecha-
nism was further investigated by proteomics analysis. As
indicated in Fig. 3A, protein expressions between con-
trol group and LNT-SeNPs group or Compound group
exhibited significant differences, and the differentially
expressed proteins were further identified as illustrated
in Fig. 3B. To date, selenium nanoparticles including
LNT-SeNPs generally fulfill its antitumor efficacy or
other physiological functions through selenoprotein as
outlined in Fig. 3C. Therefore, the selenoprotein expres-
sion in KYSE-150 cells/SeIN knockdown KYSE-150 cells
treated with LNT-SeNPs and Nab-PTX was analyzed by
proteomics. As shown in Fig. 3D, compared with the con-
trol group, both the LNT-SeNPs group and Compound
group significantly elevated the selenoprotein-related
expression including SELENOH, SELENON, SEPHS2,
TXNRD1, TXNRD2, and GPX4 in different extents. It
should be noted that the expression of SELENON (SelN)
was the highest, which was ~2 fold to the control group,
indicating the influence of SelN on mediating the sig-
naling pathways. Therefore, the SelN expression stimu-
lated by LNT-SeNPs was further confirmed by western
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blotting analysis. As shown in Fig. 3E, compared with
Control groups, in both the LNT-SeNPs and Compound
groups, the expression of SelN in KYSE-150 cells was
upregulated by 1.2-fold due to the action of LNT-SeNPs.
However, in SeIN knockdown KYSE-150 cells (KYSE-
150/shSelN), LNT-SeNPs did not induce a significant
upregulation of SelN, indicating that the upregulation of
SelN in KYSE-150 cells is dependent on the induction by
LNT-SeNPs. Moreover, in SelN knockdown KYSE-150
cells treated with Compound group, though under the
stimulation of Nab-PTYX, the expression of SelN was still
comparable to control, highlighting the essential role of
LNT-SeNPs in mediating the antitumor-related signaling
pathways.

According to the relevant reports, SelN is a kind of sele-
noprotein to maintain the cellular redox homeostasis and
redox-related calcium homeostasis through regulating
the calcium pump ATP2A2 to protect ER against oxida-
tive damage. Therefore, the correlation between calcium
level and ER function was further investigated. As shown
in Fig. 3F, strong green fluorescence could be detected
in both LNT-SeNPs and Compound group. While in the
Nab-PTX group, although the green fluorescence was
detectable, the intensity was much weaker than that of
the other two treatment groups. All these results collec-
tively indicated that, the excessive Ca?* accumulation in
ER induced by LNT-SeNPs-mediated ER stress-related
signaling pathways is the core mechanism to clarify its
synergistic effect on promoting the antitumor efficacy of
Nab-PTX on esophageal cancer. The enrichment analysis
was thus further investigated to prove the above specula-
tion. As shown in Fig. 3G and H, Gene Set Enrichment
Analysis (GSEA) suggested that, compare with the con-
trol group, genes stimulated by LNT-SeNPs group or
Compound group both enriched in protein processing
in ER pathways, verifying the proposal of SelN-medi-
ated ER stress. KEGG (Fig. 3I and J) and GO (Figure S5)
enrichment analysis also demonstrated this speculation.
Moreover, the protein-protein interaction network (PPI)
analysis (Figure S6) highlighted the interactions between
proteins influenced by LNT-SeNPs in KYSE-150 cells.
Concluding from all these analyses, it could be demon-
strated that the synergistic antitumor efficacy between
LNT-SeNPs and Nab-PTX on ESCC was mainly relied on
SeIN-mediated ER stress.

The mechanism on SelN-mediated ER stress induced by

LNT-SeNPs and Nab-PTX was then further investigated

As shown in Fig. 4A, ER stress-related differentially
expressed genes including EIF2S1, SelN, WEFS1, and
MAP2K?7 were firstly identified. The associated protein
expressions were further verified by proteomics. As indi-
cated in Fig. 4B, under the stimulation of LNT-SeNPs
and Nab-PTX, ER stress-related proteins especially SSR4,
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Expression of SelN in KYSE-150 cells treated with LNT-SeNPs, Nab-PTX, or both. (F) Representative images of ER tracker and Fluo-4-AM co-stained KYSE-
150 cells after treated with LNT-SeNPs, Nab-PTX, or both, scale bar =10 um. GSEA enrichment analysis between the Control group and (G) LNT-SeNPs
group or (H) the Compound group. KEGG enrichment analysis between the Control group and (I) LNT-SeNPs group or (J) the Compound group. All data

are shown as mean+SD (n=3). *P<0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001

ERLEC1, MAP2K7 were greatly up-regulated, suggest-
ing the activation of ER stress-related signaling pathways.
The ER stress in KYSE-150 cells was thus visualized by
TEM. As shown in Fig. 4C, normal ER in benign status
(indicated by white arrow) could be observed in con-
trol group. While in LNT-SeNPs group, swollen ER was
distinctively detected in the cytoplasm with red arrow
pointed. This phenomenon could also be observed in the
Compound group, with more autophagosomes detected
in the cytoplasm compared with the Nab-PTX group,

highlighting the very essential role of LNT-SeNPs in pro-
moting the ER stress in KYSE-150 cells. Concluding from
all these data and results, it could be speculated that (as
illustrated in Fig. 4D), the up-regulation of SelN induced
by LNT-SeNPs may interfere with the calcium pump,
lead to the excessive Ca** accumulation in ER and finally
result to the ER stress to facilitate the antitumor efficacy
of Nab-PTX.

In order to confirm the indispensable role of SelN in
mediating ER stress in KYSE-150 cells, SelN was knocked
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Fig. 4 Proteomics analysis on ER stress-related proteins. (A) Volcano plot of up- or down-regulated genes in KYSE-150 cells treated with the LNT-SeNPs
and the Compound compare to the control group. (B) Heat map of ER stress-related proteins expression in KYSE-150 cells treated with LNT-SeNPs group
(LNT-SeNPs) and LNT-SeNPs +Nab-PTX group (the Compound group). (C) Representative TEM images of KYSE-150 cells treated with LNT-SeNPs, Nab-PTX,
or both (white arrows indicate normal ER, red arrows indicate swollen ER, yellow arrows indicate autophagosomes, and the MIT indicates mitochondria).
(D) Schematic illustration on the enhancement of SelN-mediated ER stress by LNT-SeNPs. (E) The expression of IRE1q, IRETa (5724), CHOP, and Bcl2 in
KYSE-150 cells and KYSE-150/shSelN cells treated with 64 ng/mL Nab-PTX and 8 uM LNT-SeNPs after 48 h. Cell viability of (F) KYSE-150 cells, and (G) KYSE-
150/shSelN cells treated with 64 ng/mL Nab-PTX and 8 uM LNT-SeNPs after 48 h. Calcium level in the ER of (H) KYSE-150 cells, and (I) KYSE-150/shSelN cells
treated with 64 ng/mL Nab-PTX and 8 uM LNT-SeNPs after 48 h. All data are shown as mean +SD (n=3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

down to establish the KYSE-150/shSelN cell line for fur-
ther verification. Western blotting analysis on the ER
stress-related signaling pathways (IREla-CHOP-Bcl2
axis) was thus further evaluated in both normal KYSE-
150 cells and knockdown KYSE-150/shSelN cells. As
shown in Fig. 4E, the relative expression of IREla (5724)
(1.8), and CHOP (3.1) and Bcl2 (0.3) in normal KYSE-150
cells was significantly elevated by the co-stimulation of
LNT-SeNPs and Nab-PTX. Correspondingly, the rela-
tive expression of Bcl2 (0.6) was distinctively decreased.
In contrast, owing to the knockdown of SelN, the rela-
tive expression of IREla (S724) (1.1), and CHOP (1.4),
and Bcl2 (0.6) in KYSE-150/shSelN cells from Compound
group was comparable to that from Nab-PTX group
(1.08, 1.38, 0.61), indicating the essential role of SelN in
mediating the IRE1a-CHOP-Bcl2 axis to promote ER
stress in KYSE-150 cells. The combinative antitumor
effect of LNT-SeNPs and Nab-PTX was further verified
on both normal KYSE-150 cells and SelN knockdown
KYSE-150/shSelN cells. As shown in Fig. 4F and G and
Figure S4, under the treatment of Nab-PTX, LNT-SeNPs
or both, the difference on cell viability of normal KYSE-
150 cells from each treatment group was distinct. While
in SeIN knockdown KYSE-150/shSelN cells, the cell
viability between the Nab-PTX group and Compound
group was comparable without obvious difference, pre-
liminarily demonstrating the very indispensable role of
SelN in mediating the ER stress in KYSE-150 cells. The
same (Fig. 4H and I), the calcium level in ER of KYSE-
150/shSelN cells also exhibited the similar trend as the
fluorescence intensity of BBcellprobe C93 from Nab-PTX
group and Compound group was nearly the same. It’s
noteworthy that the fluorescence intensity of BBcellprobe
C93 in the LNT-SeNPs group was elevated, even though
the cell viability remained high in normal KYSE-150 cells,
demonstrating the essential role of LNT-SeNPs in pro-
moting ER stress.

Taken together, considering the very indispensable role
of LNT-SeNPs in mediating ER stress-related signaling
pathways to synergize the antitumor efficacy of Nab-
PTX, it could be deduced that the supplementation of
LNT-SeNPs during the conventional Nab-PTX therapy
in ESCC may be highly feasible in clinic.

In vivo synergistic antitumor efficacy of LNT-SeNPs and
Nab-PTX on KYSE-150 tumor-bearing model

The synergistic antitumor efficacy of LNT-SeNPs and
Nab-PTX was thus investigated on BALB/c nude bear-
ing KYSE-150 xenografts as depicted in Fig. 5A. Before
the therapeutic evaluation, the global biodistribution of
LNT-SeNPs through iv. administration was studied in
advance. As detected in Fig. 5B, after single dosage of
ICG-SH-loaded LNT-SeNPs, strong fluorescence inten-
sity could be detected at 24 h-post injection in tumor
tissues and the nanoparticles could retained for another
48 h. Therefore, the administration frequency of LNT-
SeNPs was fixed to every 3 days in the following thera-
peutic evaluation.

After 28 days in vivo therapeutic evaluation, it is aston-
ishing to be seen in Fig. 5C that, G4 group (0.5 mg/kg
LNT-SeNPs and 20 mg/kg Nab-PTX) with the half dos-
age of G5 group (40 mg/kg Nab-PTX) exhibited the simi-
lar inhibition effect on the tumor growth. In contrast,
the resected tumor from G3 group (20 mg/kg Nab-PTX)
was larger than that of G4 or G5 group. Besides that, the
resected tumor from G2 group was comparable to G1
group, preliminarily suggesting the low dosage (0.5 mg/
kg) of LNT-SeNPs was safe to the tissues including the
tumor tissues. Moreover, the great synergistic antitu-
mor effect was applicable in both male and female mice
models. The growth curve of tumor volume from each
treatment group more distinctively demonstrated the
synergistic antitumor efficacy between LNT-SeNPs and
Nab-PTX. As indicated in Fig. 5D and E, tumor volume
from both G4 and G5 group was contained around 200
mm3 while in G3 group, the tumor volume was hardly to
be contained in the later stage and climbed to around 500
mm?, highlighting the very antitumor efficacy of LNT-
SeNPs and Nab-PTX on ESCC. Meanwhile, the body
weight change during the evaluation (Fig. 5F and G) also
demonstrated the co-treatment of LNT-SeNPs and Nab-
PTX was a wide-applicable, efficient and highly safe ther-
apeutic strategy as both male and female mice weights
from G4 group were steady during the whole evaluation
and the trend was similar to the G1 group.

Therefore, the synergistic antitumor efficacy of LNT-
SeNPs and Nab-PTX was further investigated by histo-
logical analysis. As observed in Fig. 5H, compare with
G1 group, pathological changes were hardly to detect in
the liver and kidney slices from G4 group, underlying the
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biosafety of the co-treatment of LNT-SeNPs and Nab-
PTX. While in the tumor slices, in comparison with the
highly active division in G1 group, the purple color repre-
senting the status of nucleus was significantly decreased
in tumor tissues from G4 group. The proliferation status
of tumor was further analyzed by immunohistochem-
istry. As shown in Fig. 51, the apoptosis (presented as
brownish area) was significantly elevated in tumor tissues
from G4 group. This phenomenon was also detected in
tumor tissues from the other treatment groups in differ-
ent extents, which was consistent the results of tumor
volume growth curve. Correspondingly, Ki67 expression,
representing the proliferation of cancer cells, was greatly
decreased in tumor tissues from G4 group. All these data
demonstrated that the co-treatment of LNT-SeNPs and
Nab-PTX was efficient and highly safe strategy to treat
ESCC.

Therefore, the biosafety of such treatment strategy
was further investigated by serum biochemical analy-
sis. As indicated in Fig. 5] and M and S7, the adminis-
tration of Nab-PTX distinctively disturbed the liver and
kidney function, especially in high dosage (40 mg/kg),
as the index levels of ALT, AST, TG, TC, creatinine, and
urea were increased severalfold in comparison with the
control group. In contrast, all these indices level from
G4 group, though elevated slightly, were all contained in
normal range, confirming the satisfactory biosafety of the
co-treatment of LNT-SeNPs and Nab-PTX. In order to
confirm the satisfactory biosafety was derived from the
function of selenium, we preliminarily determined the
selenium concentration both in mice serum and tumor
tissues. As shown in Fig. 5N and O, selenium concentra-
tion in G4 group was much higher than that form G3 and
G5 group, which was comparable with the selenium con-
centration in G2 group.

Overall, it could be concluded the supplementation
of LNT-SeNPs with low dosage during the ESCC treat-
ment by Nab-PTX may synergistic the antitumor efficacy
and significantly mitigate the adverse effects or toxicity
resulting from a high dose of Nab-PTX. which may be
translated as a wide-applicable, efficient and highly safe
therapeutic strategy for clinical treatment of ESCC.

Immune response induced by LNT-SeNPs and Nab-PTX
through SelN-mediated ER stress

Considering the highly metastasis potential of ESCC in
later stage, the immune status of mice was also evalu-
ated by Elisa kits to determine the cytokine levels in
mice serum and tumor tissues. As indicated in Fig. 6A
and D, the levels of TNF-a (representing the innate
immune response) and IFN-y (representing the adap-
tive immune response) in serum or tumor tissues from
both male and female mice models co-treated with
LNT-SeNPs and Nab-PTX were significantly enhanced.
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Intriguingly, though exhibiting the similar antitumor effi-
cacy, 40 mg/kg Nab-PTX did not distinctively promote
the mice immune response, considering its side-effects
and toxicity to the major organs. Therefore, all these data
proved, except for the great synergistic antitumor effi-
cacy through promoting cell apoptosis, the co-treatment
of LNT-SeNPs and Nab-PTX may also efficiently trigger
the specific antitumor immune response to fight against
ESCC.

Therefore, the essential role of SeIN in mediating this
entire antitumor activity was further verified in tumor
tissues. As detected in Fig. 6E and F, strong Ca** signal
presenting as green fluorescence was only observed in
G2 and G4 group with LNT-SeNPs administration. Cor-
respondingly, apparent up-regulation on SelN expres-
sion was also observed in G2 and G4 group. Concluding
from all these results, it could be deduced that through
the supplementation of LNT-SeNPs, mice underwent
Nab-PTX therapy may better trigger the specific antitu-
mor immune response through the autophagy induced
by the SelN-mediated ER stress in tumor tissues, which is
observed in the aforementioned TEM results for KYSE-
150 cells.

Conclusions

In this essay, we screened the inhibitory effect of sele-
nium-containing drugs (SeCys,, SeM, Na,SeO;, and
LNT-SeNPs) on ESCC cell line (KYSE-150 cells) and
revealed the underlying synergistic potential of LNT-
SeNPs on promoting the antitumor efficacy of Nab-PTX.
Investigation on KYSE-150 cells demonstrated that Nab-
PTX in combination with a low dosage (8 uM) of LNT-
SeNPs may synergistically improve its antitumor efficacy
on ESCC cells through promoting the apoptosis and
inhibiting the metastasis. Proteomics analysis revealed
the core mechanism of LNT-SeNPs on promoting the
antitumor efficacy of Nab-PTX was significantly relied on
the excessive Ca?* accumulation in ER induced by SelN-
mediated ER stress-related signaling pathways. SelN
knockdown KYSE-150 cell model (KYSE-150/shSelN
cells) further confirmed the very indispensable role of
SeIN in mediating the synergistic effect on promoting
the antitumor efficacy of Nab-PTX. Moreover, in vivo
evaluation on KYSE-150 tumor-bearing mice models also
demonstrated the supplementation of LNT-SeNPs with
low dosage (0.5 mg/kg, i.v.) during the ESCC treatment
by Nab-PTX may synergize the antitumor efficacy and
significantly mitigate the adverse effects or harmfulness
resulting from elevated doses of Nab-PTX. Overall, along
with the facile accessibility of raw materials, this study
reports LNT-SeNPs as a synergistic agent to promote the
antitumor efficacy of Nab-PTX, which may be translated
as a wide-applicable, efficient and highly safe strategy for
clinical treatment of ESCC.
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Fig. 5 In vivo synergistic antitumor efficacy of LNT-SeNPs and Nab-PTX on BALB/c nude bearing KYSE-150 xenografts. (A) Schematic diagram of the
evaluation protocol for BALB/c nude bearing KYSE-150 xenografts, assigned to five groups: G1 (saline, i.v.), G2 (0.5 mg/kg LNT-SeNPs, i.v.), G3 (20 mg/kg
Nab-PTX, i.v), G4 (0.5 mg/kg LNT-SeNPs and 20 mg/kg Nab-PTX; i.v), and G5 (40 mg/kg Nab-PTX, i.v.). (B) Global biodistribution profile of BALB/c nude
bearing KYSE-150 xenografts administered with ICG-SH-loaded LNT-SeNPs in 72 h. (C) Photos depicting excised tumors from various therapeutic cohorts.
The plot of tumor volume vs. time from (D) male, and (E) female mice in each treatment group. Body weight changes in (F) male, and (G) female mice
during the whole evaluation. (H) Histological analysis of kidney, liver, hematoxylin and eosin staining highlighted the tumor sections, with a scale indica-
tor=>50 pm. (I) Immunohistochemical analysis of TUNEL and Ki-67 expression in slices of tumor, scale indicator=50 pm. Serum biochemical analysis of
liver and kidney function including (J) alanine aminotransferase (ALT), (K) aspartate aminotransferase (AST), (L) creatinine, (M) urea level in each treat-
ment group. Se concentrations in mice (N) serum and (O) tumor tissues determined by ICP. All data are shown as mean+SD (n=3). *P <0.05, **P<0.01,

P <0.001, ****P<0.0001

Materials and methods

Materials

For our experiment, we acquired SeCys,, SeM, and
Na,SeO; from Aladdin based in Shanghai. Lentinan
and ascorbic acid were also sourced from this supplier.
We procured PI, ER tracker, and Fluo-4-AM, which are
essential fluorescent probes, from Thermo Fisher Scien-
tific in the United States. For the immunological aspect,
Cell Signaling Technology provided us with antibod-
ies targeting PERK, CHOP, and Bcl2. Additionally, we
secured a specific anti-PERK antibody from Abcam in
Cambridge, UK, and anti-SeIN came from Santa Cruz
Biotechnology. To measure cytokine levels, we used
ELISA kits designed for IFN-y, TGF-B, and TNF-a, which
we obtained from Solarbio Co., Ltd in Beijing.

Synthesis and characterization of LNT-SeNPs

LNT-SeNPs were prepared according to our previously
reported protocol. In brief, 2 mL LNT solution at a con-
centration of 1 mg/mL was firstly prepared and extruded
through 0.22 pm filter membrane for further use. 2 mL,
10 mM Na,SeOj; solution was then mixed with the above
solution at volume ratio of 1:1 (V/V). After that, 2 mL, 40
mM Vc solution was added into the above mixture drop
wisely with the volume constant to 10 mL. After reac-
tion for 10 h, the resultants (LNT-SeNPs) were dialyzed
against ultrapure water for 24 h to remove the unreacted
LNT, Na,SeO, and Vc. The morphology, size distribution,
surface charge, and chemical structure of LNT-SeNPs
were investigated by transmission electron microscope
(TEM, Hitachi H-7650, 100 kV), Malvern zetasizer (Mal-
vern Instruments Co., Ltd., UK), and X-ray photoelectron
spectroscopy (XPS, Thermoescalab 250Xi). The selenium
content in LNT-SeNPs was quantified using ICP-MS.

Cell line and cell culture

We acquired KYSE-150 cells, a type of esophageal squa-
mous carcinoma line, from the American Type Culture
Collection in Manassas, Virginia. Another variant, KYSE-
150/shSelN, was obtained from Haixing Biosciences in
Suzhou, China. We cultured these cells in 1640 Medium,
enriched with penicillin (100 units per milliliter) and
streptomycin (50 units per milliliter), along with a 10%
addition of fetal bovine serum. The incubation took place

at 37 degrees Celsius within a moist environment, sup-
plemented by 5% carbon dioxide.

Cytotoxicity of LNT-SeNPs on KYSE-150 cells

To assess the cytotoxicity, the KYSE-150 cells were used
to investigate the antitumor efficacy of LNT-SeNPs on
ESCC through CCK-8 assay. Briefly, we plated KYSE-
150 cells at a density of 2,000 cells per well into a 96-well
plate, followed by an overnight incubation. After that,
cells were treated with various selenium-containing
drugs (SeCys,, SeM, Na,SeO;, LNT-SeNPs, 0-32 uM),
Nab-PTX (0-128 ng/mL), or the mixture of Nab-PTX
(0-128 ng/mL) and LNT-SeNPs (1-8 uM). Incubate for
48 h, then introduce CCK-8 to each well and allow for
an additional 2-hour incubation period. Finally, detect
96-well plate with microplate reader (Gene 5, Biotek) at
450 nm, and the cell viability of each treatment group
was calculated by percentage to the control group. The
synergistic antitumor efficacy between LNT-SeNPs and
Nab-PTX was analyzed by SynergyFinder website.

EdU assay

The synergistic antitumor efficacy between LNT-SeNPs
and Nab-PTX was further investigated by EdU assay. In
brief, we plated KYSE-150 cells at a density of 20,000 cells
per well into a 6-well plate and allowed them to incu-
bate overnight. After that, we add 8 uM LNT-SeNPs, 64
ng/mL Nab-PTX, or both of them in to the plate. Cells
underwent a wash with PBS following a 24-hour incuba-
tion, then received a 2-hour treatment with EdU. Finally,
the proliferation status of each treatment group was
detected under fluorescent microscope according to the
protocol provided by manufacturer.

Cell cycle arrest induced by LNT-SeNPs and Nab-PTX

We utilized flow cytometry to assess the combination
impact of LNT-SeNPs and Nab-PTX on the cellular
cycle. In brief, KYSE-150 cells with a density of 20,000
cells/well were seeded into 6-well plate and incubated
overnight. After that, cells were treated with 8 uM LNT-
SeNPs, 64 ng/mL Nab-PTX, or both. After incubation,
cells were collected and fixed with 75% ethanol at -20 °C
for 4 h. After incubation, cells were centrifuged and
stained with PI for 30 min. Cell cycle profile from each
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treatment group was finally analyzed by flow cytometry
(Cytoflex, Beckman) and quantified by FlowJo software.

Apoptosis induced by LNT-SeNPs and Nab-PTX

The apoptosis induced by LNT-SeNPs and Nab-PTX was
also studied by flow cytometry. Likewise, KYSE-150 cells
received an 8 pM dose of LNT-SeNPs, a 64 ng/mL Nab-
PTX treatment, or both. Subsequently, the cells under-
went staining using Annexin V-FITC and propidium
iodide, in preparation for subsequent flow cytometric
analysis. (Cytoflex, Beckman).

Colony formation assay

We employed crystal violet staining to evaluate the syn-
ergistic impact of LNT-SeNPs with Nab-PTX on KYSE-
150 cell growth. KYSE-150 cells were plated at 1000 cells
per well in a 6-well plate and allowed to incubate over-
night. After that, cultured cells underwent treatment
with either 4-8 pM LNT-SeNPs, 64 ng/mL Nab-PTX,
or both, and were then incubated over a period of seven
days, cells underwent fixation with methanol followed
by staining using a crystal violet solution. Representa-
tive photos from each treatment group were finally cap-
ture under multifunctional detection system (Gene 5.0,
Biotek).

In vitro invasion assay

Transwell was used to evaluate the combinative effect
of LNT-SeNPs and Nab-PTX on cell invasion accord-
ing to our previously reported protocol. In brief, upper
chamber was seeded with KYSE-150 cells (2.5 x 105 cells/
well) while bottom chamber was dispersed with 4-8 uM
LNT-SeNPs, 64 ng/mL Nab-PTX, or both. After 24 h
incubation, we fixed the cells using methanol and applied
Giemsa stain before examining them under a Leica opti-
cal microscope (Leica, Germany). The invaded cells were
quantified by Image J software.

Proteomics analysis

The expression of selenoproteins and ER stress-related
proteins in KYSE-150 cells was analyzed using pro-
teomics. Briefly, We plated KYSE-150 cells at a density of
20 million cells per well into 15 cm dishes and allowed
them to settle overnight. After that, cells were treated
with 8 uM LNT-SeNPs, 64 ng/mL Nab-PTX, or both.
After that, protein samples were collected and the pro-
teomics sequencing services were provided by Chi Bio-
medicine, Inc. (Shenzhen China).

ER stress induced by LNT-SeNPs and Nab-PTX

The ER stress in KYSE-150 cells induced by LNT-SeNPs
and Nab-PTX was investigated by TEM (JEOL, Japan).
Briefly, we seeded KYSE-150 cells with a density of 5 x 10°
cells/well were into 6-well plate and incubated for about
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24 h. After that, we treated cells with 8 uM LNT-SeNPs,
64 ng/mL Nab-PTX, or both. After incubation for 48 h,
the cells underwent fixation by being immersed in a solu-
tion containing 2% paraformaldehyde and 0.2% glutar-
aldehyde within a sodium cacodylate buffer at a pH of
7.4. This process was carried out at a temperature of 37
degrees Celsius for a duration of one hour, and then dehy-
drated for the final detection of ER status under high-
resolution transmission electron microscope (HRTEM,
JEM-2100). In order to visualize the accumulation of
Ca®" in ER, Mag-Fluo-4 AM and ER-tracker from AAT
bioquest were used. In brief, KYSE-150 cells were seeded
in 24-well plate at 1x10° cells per well. After overnight
incubation, cells were rinsed and stained with 5 uM Mag-
Fluo-4 AM. After another 45 min incubation, cells were
rinsed with 1 mM Probenecid (20062, AAT Bioquest) and
incubated for 10 min. Cells were rinsed and stained with
ER-tracker (22636, AAT Bioquest) and DAPI (17510,
AAT Bioquest) for 30 min. After washed with medium,
cells were incubated for another 20 min to complete de-
esterification and finally captured with a confocal micro-
scope (Zeiss, Germany) For the determination of Ca** in
ER, KYSE-150 cells were firstly proceeded as the above
protocols. After that, BBcellprobe®C93 was used to quan-
tify the level of calcium ions in ER according to the pro-
tocol provided by the manufacturer.

In vivo antitumor efficacy of LNT-SeNPs

In our study, we developed BALB/c nude mice models
with KYSE-150 xenografts to assess the collaborative
anti-cancer potential of Nab-PTX when used in conjunc-
tion with LNT-SeNPs. In brief, BALB/c nude mice were
subcutaneously injected with 1x10°® KYSE-150 cells at
first and randomly assigned into 5 groups once the tumor
volume reached 150 mm3: G1 (100 pL saline, iv.), G2
(0.5 mg/kg LNT-SeNPs, i.v.), G3 (20 mg/kg Nab-PTX,
iv.), G4 (0.5 mg/kg LNT-SeNPs and 20 mg/kg Nab-PTX,
iv.), and G5 (40 mg/kg Nab-PTX, i.v.). The whole evalu-
ation lasted for 28 days, during which the data includ-
ing body weight, tumor width and length were collected
every 4 days. All drug formulations were i.v. administered
every 3 days. At the endpoint, mice from each treatment
group were all euthanized and the major organs includ-
ing liver, kidney, tumor, and serum were collected for fur-
ther investigation. Se concentration in tumor tissues and
serum were determined by Inductively coupled plasma
mass spectrometry (ICP-MS). Serum levels of alanine
aminotransferase (ALT), aspartate aminotransferase
(AST), creatinine, urea, triglycerides (TG), total Choles-
terol (TC), and albumin (ALB) were determined by an
automatic biochemical analyzer. Cytokine levels includ-
ing IFN-y, TGF-B, and TNF-« in tumor tissues and serum
were determined by corresponding Elisa kits according to
the manufacturer’s protocols.
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Fig. 6 LNT-SeNPs promote cytokine secretion and Nab-PTX -induced ER stress. TNF-a levels in mice serum and tumor tissues from (A) male, and (B)
female mice in each treatment group. IFN-y levels in mice serum and tumor tissues from (C) male, and (D) female mice in each treatment group. (E) Rep-
resentative fluorescent images of ER tracker and Fluo-4-AM co-stained tumor tissues from each treatment group. (F) Representative fluorescent images
of SelN-stained tumor tissues from each treatment group. All data are shown as mean +SD (n=3). *P <0.05, **P <0.01, ***P < 0.001, ****P < 0.0001
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Biodistribution of LNT-SeNPs

BALB/c nude mice bearing KYSE-150 xenografts was
used to investigate the global biodistribution of LNT-
SeNPs. Briefly, BALB/c nude mice bearing KYSE-150
xenografts were intravenously injected with 0.5 mg/kg
ICG-SH-loaded LNT-SeNPs and the fluorescent photos
were then capture at specific time intervals (0, 1, 2, 3, 6,
24, 48, 72 h-post injection) by IVIS Spectrum (Perkin
Elmer, USA).

Western blotting analysis

Collected cell samples were homogenized in RIPA buffer,
lysed for 30 min and then centrifuged at 12,000 rpm for
15 min to obtain the supernatant for further electropho-
resis. Protein concentration of each sample was deter-
mined by BCA kit. After that, the expression of target
proteins (SelN, IREla, IRE1a(S724), CHOP and Bcl2)
was analyzed by western blotting according to our pre-
viously reported protocol. GAPDH was used as an inter-
nal reference to confirm the same loading in each lane.
Protein expression was analyzed and quantified by the
Image] software.

Histological analysis

H&E staining, immunofluorescent, immunohistochemi-
cal analysis of tumor, liver, and kidney slices were used
to investigate the pathological status in tissues. In brief,
collected organs were fixed in 4% paraformaldehyde
to dehydrate and then sliced. After that, slices were
dewaxed, rehydrated, and then stained with hematoxylin
and eosin according to the protocol. The pathological sta-
tus in tissues was then detected under Vectra Automated
Quantitative Pathology Imaging System (PerkinElmer).

Immunohistochemical analysis

Tumor slices were dewaxed and rehydrated followed
with 45 s microwave oven heating to retrieve antigen.
After that, slices were mounted with 3% H,O, and then
blocked with 10% goat serum for 1 h. After washing with
PBST for 3 times, slices were mounted with primary anti-
bodies and incubated at 4 °C overnight. After the incu-
bation, tumor slices were mounted with HRP-conjugated
antibody for another 1 h and then stained with DAB sub-
strate for further detection via Vectra Automated Quan-
titative Pathology Imaging System (PerkinElmer, USA).

Immunofluorescent analysis

Tumor slices were proceeded similar to the protocol of
immunohistochemical analysis with primary antibodies
replaced by fluorescence-labeled primary antibodies.

Statistical analysis
We presented values as the average with a standard devi-
ation. We assessed differences between groups through
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one-way ANOVA or the Student’s t-test with Graph-
Pad Prism version 5.0 for Windows. We regarded p-val-
ues<0.05, 0.01, 0.001, or 0.0001 as noteworthy indicators
of statistical significance.
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