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Background: Arachidonate S-lipoxygenase (ALOXS), a key enzyme in lipid metabolism and inflammation, has been linked to the
progression of various cancer types. However, its specific function in thyroid cancer and the tumor immune microenvironment
remains unclear.

Methods: ALOXS expression in thyroid cancer tissues and cell lines was analyzed using The Cancer Genome Atlas (TCGA) and
GTEx databases, quantitative reverse transcription polymerase chain reaction (RT-qPCR), and Western blotting. A series of
cellular assays—namely cell counting kit-8 (CCK-8), 5-Ethynyl-2’-Deoxyuridine (EdU) incorporation, colony formation, wound
closure, and Transwell invasion tests—were conducted to assess the impact of ALOXS knockdown on cell proliferation, migration,
and invasion. The expression levels of cytokines (C-C motif chemokine ligand 2 (CCL2) and colony-stimulating factor 1 (CSF1))
and M2 macrophage surface markers (Cluster of Differentiation 163 (CD163) and Cluster of Differentiation 206 (CD206)) were
evaluated using RT-qPCR and Western blot analyses in both conditioned medium and co-culture models. Flow cytometry was
performed to quantify the expression of CD163 and CD206 in THP-1-derived macrophages following exposure to conditioned
medium from thyroid cancer cells or direct co-culture. Furthermore, expression levels of proteins associated with the Notch
signaling pathway were evaluated, and rescue experiments with Jagged canonical Notch ligand 1 (Jagged1) overexpression were
conducted to validate the specific role of this pathway.

Results: ALOXS was significantly upregulated in thyroid cancer tissues and cell lines (p < 0.001). Silencing ALOXS suppressed
cell proliferation, migration, and invasion. Additionally, ALOXS knockdown reduced CCL2 and CSF1 expression and inhibited
M2 macrophage polarization. Mechanistically, ALOXS positively regulated the Jagged1-Notch signaling pathway, as evidenced
by decreased expression of Jagged1, Notch intracellular domain (NICD), Hairy/enhancer-of-split related with YRPW motif pro-
tein 1 (HEY1), and Hairy and enhancer of split-1 (HES1) upon ALOXS silencing. Additionally, overexpression of Jaggedl re-
versed the inhibitory effects of ALOXS knockdown on tumor cell behavior and the production of immunosuppressive cytokines.
Conclusion: ALOXS promotes thyroid cancer progression and the polarization of immunosuppressive tumor-associated
macrophage polarization through activation of the Jagged1-Notch signaling cascade. Inhibiting ALOXS could represent a
promising therapeutic avenue for managing thyroid cancer by concurrently restraining tumor progression and reshaping the
immune landscape of the tumor microenvironment.
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Introduction Arachidonate 5-lipoxygenase (ALOXS), a key en-
zyme involved in arachidonic acid metabolic pathways, cat-
alyzes the synthesis of leukotrienes—bioactive lipids that
play a crucial role in immune modulation, inflammation,
and oxidative stress [4]. Traditionally, ALOXS5 has been as-
sociated with a spectrum of inflammatory conditions, such
as asthma and atherosclerosis [5,6]. However, emerging
evidence has underscored its pivotal role in cancer devel-
opment. Investigations across multiple malignancies, in-
cluding ovarian, bladder, and gastric cancers, have revealed
that ALOXS facilitates malignant cell growth, enhances
invasive behavior, and promotes evasion of apoptosis [7—

Thyroid cancer is the most commonly diagnosed en-
docrine malignancy, and its incidence has been steadily in-
creasing in recent years, particularly among women [1,2].
While differentiated thyroid carcinomas, such as papillary
thyroid carcinoma, generally have a favorable prognosis, a
proportion of cases still experience challenges like tumor
recurrence, aggressive invasion, and distant metastasis [3].
These clinical complexities highlight the urgent need to bet-
ter elucidate the molecular mechanisms underlying thyroid
cancer progression and to detect novel therapeutic targets
for improving treatment outcomes.
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9]. Furthermore, ALOXS has been shown to modulate the
tumor microenvironment, particularly by influencing im-
mune cell infiltration and polarization [10,11]. Neverthe-
less, its expression profile, functional relevance, and un-
derlying mechanisms in thyroid cancer remain largely un-
explored.

The tumor immune microenvironment (TIME) is in-
creasingly recognized as a key determinant of tumor pro-
gression and therapeutic resistance [12]. Within this com-
plex cellular ecosystem, tumor-associated macrophages
(TAMs) constitute a predominant and highly heterogeneous
population of immune cells [13]. Due to their remark-
able adaptability, TAMs are commonly classified into two
major functional subtypes: M1 macrophages, which ex-
hibit pro-inflammatory and anti-tumor properties, and M2
macrophages, which facilitate tumor growth by enhanc-
ing neovascularization, metastasis, and immune suppres-
sion [14,15]. It is well-documented that malignant cells se-
crete chemokines such as C-C motif chemokine ligand 2
(CCL2) and colony-stimulating factor 1 (CSF1), which re-
cruit monocytes and drive their differentiation toward the
M2-like phenotype [16]. However, the role of ALOXS in
regulating this signaling axis in thyroid cancer and its con-
tribution to immune evasion remain to be elucidated.

Notch signaling represents a fundamental and evo-
lutionarily conserved pathway that governs diverse cellu-
lar processes, including proliferation, differentiation, and
immune responses [17]. In cancer, dysregulated Notch
pathway activity has been linked to tumor progression, the
induction of epithelial-to-mesenchymal transition (EMT),
and profound remodeling of the tumor immune microen-
vironment [18,19]. Notably, the Notch ligand Jaggedl has
been shown to induce M2 macrophage polarization, thereby
promoting an immunosuppressive TME in several malig-
nancies [20]. Although the involvement of ALOXS5 in tu-
mor progression and inflammation is widely recognized, its
potential interaction with the Notch signaling pathway and
its impact on macrophage polarization in thyroid cancer re-
main poorly understood, warranting further comprehensive
investigation.

This study aimed to comprehensively elucidate the
role of ALOXS5 in thyroid tumorigenesis and immune mod-
ulation. Initially, this study assessed ALOXS5 expression
levels across thyroid cancer tissues and cultured cell mod-
els, followed by functional assays to determine its impact
on critical tumor cell behaviors, including proliferation, mi-
gration, and invasion in vitro. Then, we examined the role
of ALOXS in regulating the expression of CCL2 and CSF1
and its influence on macrophage polarization toward the M2
phenotype. Finally, we explored the involvement of the
Jagged1-Notch signaling pathway in mediating ALOXS5-
driven tumor progression and the immunosuppressive re-
modeling of the TIME. These findings provide novel in-
sights into the oncogenic and immunomodulatory roles of
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ALOXS in thyroid cancer and suggest the therapeutic po-
tential of targeting the ALOX5-Jagged1-Notch axis.

Materials and Methods

Bioinformatics Analysis

ALOXS expression in thyroid cancer and normal thy-
roid tissues was analyzed using the GEPIA 2 database
(http://gepia2.cancer-pku.cn), which integrates RNA-seq
data from The Cancer Genome Atlas (TCGA) and GTEx
projects. Furthermore, expression levels of ALOXS were
compared between tumor and normal samples using the
“Expression DIY” module, with statistical significance de-
termined using a standard ¢-test.

Cell Culture

Human thyroid cancer cell lines (TPC-1, AW-
CCH362; BCPAP, AW-CCH044; K1, AW-CCH573), the
normal human thyroid follicular epithelial cell line (Nthy-
ori 3-1, AW-CNH311), and the human monocytic cell
line THP-1 (AW-CCHO098) were obtained from Abiowell
(Changsha, China). Cells were maintained in Roswell Park
Memorial Institute 1640 (RPMI-1640) medium (11875093,
Gibco, Shanghai, China) or Dulbecco’s modified eagle
medium (11965092, DMEM, Gibco, Shanghai, China) sup-
plemented with 10% fetal bovine serum (A5670701, FBS,
Gibco, Shanghai, China) and 1% penicillin-streptomycin
(P1400, Solarbio, Beijing, China). All cultures were main-
tained in a humidified atmosphere at 37 °C with 5% COx.
All cell lines were authenticated by short tandem repeat
(STR) profiling and tested for mycoplasma contamination.
All experimental protocols were performed under sterile
conditions to avoid contamination.

Quantitative Reverse Transcription Polymerase
Chain Reaction (RT-gPCR)

Total RNA was extracted using TRIzol reagent
(I15596026CN, Invitrogen, CA, USA), following the
manufacturer’s instructions. cDNA was synthesized using
a reverse transcription kit (RR037A, Takara, Otsu, Japan),
and qPCR was performed using SYBR Green PCR Master
Mix (4367659, Thermo Fisher Scientific, MA, USA). Gene
expression levels were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), and relative expres-
sion was determined using the 2722Ct method. Primers
used in qRT-PCR are listed below: ALOXS5, Forward:
5'-GGAGAACCTGTTCATCAACCGC-3’; Reverse: 5'-
CAGGTCTTCCTGCCAGTGATTC-3’'. CCL2, Forward:
5'-AGAATCACCAGCAGCAAGTGTCC-3’; Reverse: 5'-
TCCTGAACCCACTTCTGCTTGG-3'. CSFI, Forward:
5'-TGAGACACCTCTCCAGTTGCTG-3’; Reverse:
5'-GCAATCAGGCTTGGTCACCACA-3'. CD206,
Forward: 5’-AGCCAACACCAGCTCCTCAAGA-3/;
Reverse: 5'-CAAAACGCTCGCGCATTGTCCA-3'.
Cluster of Differentiation 163 (CDI163), Forward: 5’'-
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CCAGAAGGAACTTGTAGCCACAG-3'; Reverse:
5'-CAGGCACCAAGCGTTTTGAGCT-3'. Jaggedl,
Forward: 5'-TGCTACAACCGTGCCAGTGACT-3’;
Reverse: 5’-TCAGGTGTGTCGTTGGAAGCCA-
3. Hairy/enhancer-of-split ~ related  with
YRPW motif protein 1 (HEYI), Forward: 5'-
TGTCTGAGCTGAGAAGGCTGGT-3/; Reverse:
5'-TTCAGGTGATCCACGGTCATCTG-3'. Hairy
and enhancer of split-1 (HESI), Forward: 5'-
GGAAATGACAGTGAAGCACCTCC-3/; Reverse:
5'-GAAGCGGGTCACCTCGTTCATG-3'. GAPDH,
Forward: 5'-GTCTCCTCTGACTTCAACAGCG-3/;
Reverse: 5'-ACCACCCTGTTGCTGTAGCCAA-3'.

Western Blotting

Cellular proteins were extracted using radioimmuno-
precipitation assay (RIPA) lysis buffer (P0013B, Beyotime,
Shanghai, China) containing protease and phosphatase in-
hibitors. The lysate was resolved by sodium dodecyl
sulfate—polyacrylamide Gel Electrophoresis (SDS-PAGE)
and then transferred onto polyvinylidene difluoride (PVDF)
membranes. After blocking with 5% bovine serum albu-
min (ST2249, BSA, Beyotime, Shanghai, China), the mem-
branes were incubated overnight at 4 °C with the follow-
ing primary antibodies: ALOXS5 (1:1000, ab169755, Ab-
cam, Cambridge, UK), Jagged canonical Notch ligand 1
(Jaggedl; 1:1000, ab109536, Abcam, Cambridge, UK),
Notch intracellular domain (NICD; 1:1000, ab52627, Ab-
cam, Cambridge, UK), HEY1 (1:500, ab154077, Abcam,
Cambridge, UK), HES1 (1:1000, ab108937, Abcam, Cam-
bridge, UK), CCL2 (1:2000, A7277, ABclonal, MA, USA),
CSF1 (1:1000, A3019, ABclonal, MA, USA), and GAPDH
(1:2500, ab9485, Abcam, Cambridge, UK). The next day,
membranes were incubated for 1 hour at room tempera-
ture with species-specific horseradish peroxidase (HRP)-
conjugated secondary antibodies (1:2000, ab205718, Ab-
cam, Cambridge, UK). Protein signals were detected using
an enhanced chemiluminescence (ECL), and band intensi-
ties were quantified using Image] software (version 5.0;
Bio-Rad, Hercules, CA, USA). GAPDH served as the in-
ternal loading control, and the grayscale intensities of the
target proteins were normalized to GAPDH for statistical
analysis.

Cell Transfection

The ALOX5 gene was knocked down using small in-
terfering RNAs (siRNAs; si-ALOXS: GATTCACCATTG-
CAATCAA; RiboBio, Guangzhou, China), while Jaggedl
overexpression was performed by transfecting cells with
a pcDNA3.1-Jagged!l plasmid (Corues, Nanjing, China).
The full-length coding sequence of Jaggedl used in
this study is provided in the Supplementary Material.
Transfections were conducted using Lipofectamine 3000
(L3000001, Invitrogen, CA, USA) following the manu-
facturer’s protocol. Briefly, cells were seeded in 6-well

plates at a density of 2 x 10° cells per well and incubated
overnight until reaching 60-70% confluence. siRNA or
plasmid DNA was diluted in medium, mixed with Lipo-
fectamine 3000 reagent, and incubated for 15 minutes at
room temperature before being added to the cells. After 6—
8 hours, the transfection medium was replaced with com-
plete growth medium. Finally, transfection efficiency was
confirmed after 48 hours by RT-qPCR and Western blotting.

Cell Counting Kit-8 (CCK-8)

Cell viability was assessed using the cell counting kit-
8 (CCK-8; CKO04, Dojindo, Kumamoto, Japan). Trans-
fected TPC-1 cells were seeded into 96-well plates at a den-
sity of 5 x 103 cells/well. After 24, 48, and 72 hours, 10 uL
of CCK-8 reagent was added to each well and incubated for
2 hours. Finally, absorbance was measured at 450 nm us-
ing a microplate reader (ELX800, BioTek Instruments, VT,
USA).

5-Ethynyl-2'-Deoxyuridine (EdU) Staining

Cell proliferation was further evaluated using an EAU
staining kit (C0071, Beyotime, Shanghai, China). TPC-1
cells (3 x 10* per well) were seeded in 24-well plates and
subsequently incubated with 10 uM EdU for 2 hours. The
cells were then fixed with 4% paraformaldehyde, perme-
abilized, and processed following the kit protocol. Finally,
images were captured using a fluorescence microscope, and
the proportion of EdU-positive cells was determined to as-
sess proliferation capacity.

Colony Formation Assay

Transfected cells (1000 per well) were seeded in 6-
well plates and cultured for 14 days to allow colony for-
mation. The colonies were then fixed with methanol and
stained with 0.1% crystal violet. Finally, the images were
captured for quantification. Colonies were quantified by
counting the number of colonies formed, irrespective of
their size.

Wound Healing Assay

TPC-1 cells were seeded in 6-well plates and cultured
until reaching 90% confluence. A uniform scratch was
made using a sterile pipette tip, and detached cells were
gently removed by rinsing with PBS. The cells were then
cultured in serum-free medium, and images of the wound
area were captured at 0 and 24 hours. Migration rates were
evaluated using ImageJ software.

Transwell Invasion Assay

Cell invasion was assessed using Transwell chambers
coated with Matrigel. Briefly, 2 x 10* cells suspended
in serum-free medium were loaded in the upper chamber,
while medium containing 10% FBS, a chemoattractant, was
added to the lower chamber. After 24 hours of incubation,
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cells that invaded the lower surface of the membrane were
fixed, stained with 0.1% crystal violet, and counted under a
microscope.

Conditioned Medium (CM) Preparation and THP-1
Polarization Assay

To prepare CM, TPC-1 cells transfected with either
si-NC or si-ALOXS were cultured in serum-free medium
for 48 hours. The collected supernatants were cen-
trifuged to remove debris and then used to treat Phor-
bol 12-myristate 13-acetate (PMA)-differentiated THP-1
macrophages (100 ng/mL PMA, 24 hours), as previously
described [21]. After 48 hours of CM exposure, the expres-
sion of M2 macrophage markers (Cluster of Differentiation
163 (CD163) and Cluster of Differentiation 206 (CD206))
was evaluated using flow cytometry and RT-qPCR.

Co-Culture of THP-1 Macrophages and TPC-1 Cells

THP-1-derived macrophages were co-cultured with
TPC-1 cells in a Transwell system (0.4 pm pore size) to
mimic the tumor immune microenvironment. Macrophages
were seeded in the lower chamber, while tumor cells
were seeded in the upper chamber, following a previ-
ously described method [22]. After 48 hours of co-culture,
macrophages were collected to evaluate M2 polarization
markers using flow cytometry and RT-qPCR. In parallel,
PMA-differentiated THP-1 macrophages were stimulated
with IL-4 (20 ng/mL) for 48 hours to induce M2 polariza-
tion, serving as a positive control.
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Flow Cytometry

After treatment, macrophages were harvested, washed
with PBS, and incubated with fluorochrome-conjugated an-
tibodies against human CD163 (111803, BioLegend, CA,
USA) and CD206 (321105, BioLegend, CA, USA) for 30
minutes at 4 °C in the dark. After staining, the cells were
washed, resuspended in flow buffer (PBS containing 2%
FBS), and analyzed using a BD FACSCantoTM II flow cy-
tometer (BD Biosciences, CA, USA). Data were processed
and analyzed using FlowJo software (version 10.0, BD Bio-
sciences, CA, USA).

Statistical Analysis

Statistical analyses were performed using GraphPad
Prism 9.0 (GraphPad Software, San Diego, CA, USA). All
experiments were independently conducted at least three
times. Data were presented as the mean + standard de-
viation (SD). Comparisons between two groups were con-
ducted using an unpaired Student’s #-test, while compar-
isons among multiple groups were performed using one-
way analysis of variance (ANOVA) followed by Tukey’s
post hoc test. A p-value of <0.05 was considered statisti-
cally significant.

Results

ALOX5 Exhibits Elevated Expression in Thyroid
Cancer Samples and Cell Models

To evaluate ALOXS expression in thyroid malignan-
cies, we first analyzed publicly available datasets from
TCGA and GTEx. The analysis showed a significant in-
crease in ALOXY levels in thyroid cancer tissues compared
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Fig. 1. Arachidonate 5-lipoxygenase (ALOX35) is substantially upregulated in thyroid cancer. (A) Differential expression of ALOX5
in cancerous versus normal thyroid tissues based on TCGA and GTEx databases (analyzed using Student’s ¢-test). (B) Representative
Western blot analysis of ALOXS5 protein expression in normal thyroid cells (Nthy) and thyroid cancer cell lines (TPC-1, BCPAP, K1).
(C) Quantification of ALOXS protein expression levels from three independent experiments (analyzed using ANOVA). (D) Quantitative
reverse transcription polymerase chain reaction (RT-qPCR) analysis of ALOX5 mRNA expression in normal thyroid cells (Nthy) and
thyroid cancer cell lines (TPC-1, BCPAP, K1) (analyzed using ANOVA). All experiments were independently performed in triplicate.
Data are presented as the mean &+ SD. *p < 0.05, ***p < 0.001.
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Fig. 2. Knockdown of ALOXS inhibits the proliferation of thyroid cancer cells. (A) Representative Western blot analysis of ALOXS
protein levels in the control (con), negative control (si-NC), and ALOXS knockdown (si-ALOXS5) groups. (B) Quantification of ALOX5
protein expression levels from three independent experiments. (C) RT-qPCR analysis of ALOX5 mRNA levels in the con, si-NC, and
si-ALOXS groups. (D) Cell proliferation of TPC-1 thyroid cancer cells in the three groups was assessed using the cell counting kit-8
(CCK-8), assay. (E) 5-Ethynyl-2’-Deoxyuridine (EdU) staining detected the proliferative capacity of TPC-1 cells (Scale bar: 50 um).
(F) Quantification of relative EdU-positive cell rate. (G) Colony formation assay evaluated the clonogenic ability of TPC-1 cells after
14 days of culture. (H) Quantification of colony formation. All experiments were independently repeated at least three times. Data are
presented as the mean 4 SD. Statistical significance for all panels was assessed using one-way ANOVA. ns p > 0.05, **p < 0.01, ***p
< 0.001.

to non-tumorous thyroid counterparts (Fig. 1A, p < 0.05). lation in ALOX5 mRNA expression in thyroid cancer cells
Corroborating this observation, Western blotting revealed (Fig. 1D, p < 0.001), suggesting that ALOX5 may be in-
significantly higher ALOXS5 protein levels in thyroid can-  volved in thyroid tumorigenesis.

cer cell lines (TPC-1, BCPAP, K1) compared to normal thy-

roid epithelial cells (Nthy; Fig. 1B,C, p < 0.001). Similarly,

RT-gPCR analysis further confirmed a significant upregu-
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cells invading the membrane. All experiments were independently repeated at least three times. Data are presented as the mean £ SD.

Statistical significance for all panels was assessed using one-way ANOVA. ns p > 0.05, ***p < 0.001.

Silencing ALOXS5 Attenuates the Growth, Migration,
and Invasiveness of Thyroid Cancer Cells

To elucidate the functional significance of ALOXS5
in thyroid tumor biology, we conducted a series of in
vitro assays following ALOXS knockdown in TPC-1 cells.
Knockdown efficiency was validated at both the protein
and mRNA levels using Western blot and RT-qPCR anal-
yses, respectively (Fig. 2A—C, p < 0.01). Functionally,
ALOXS5-deficient cells showed substantially reduced via-
bility, as shown by the CCK-8 assay (Fig. 2D, p < 0.001),
along with significantly suppressed DNA replication activ-
ity, as evidenced by EdU staining (Fig. 2E,F, p < 0.001).

Furthermore, colony formation assays demonstrated
that ALOXS silencing disrupted the long-term proliferative
potential of TPC-1 cells (Fig. 2G,H, p < 0.01). Addition-
ally, ALOXS knockdown significantly impaired cell motil-
ity and invasive potential. Wound healing assays showed a
reduced migratory capacity in si-ALOXS cells (Fig. 3A,B,
p < 0.001), while Transwell analysis demonstrated fewer
cells penetrating the Matrigel-coated membrane, indicating
diminished invasive capacity (Fig. 3C,D, p < 0.001). Col-

lectively, these findings underscore of ALOXS5 as in pro-
moting thyroid cancer cell proliferation, migration, and in-
vasion.

ALOXS Regulates Cytokine Expression and
Facilitates M2 Macrophage Polarization

To investigate the immunomodulatory role of ALOX5
within the tumor microenvironment, we first assessed its
impact on cytokines involved in macrophage recruitment
and polarization. Knockdown of ALOXS5 in TPC-1 cells re-
sulted in a significant decrease in both protein and mRNA
levels of CCL2 and CSF1, as demonstrated by Western blot
and RT-qPCR analyses (Fig. 4A-D, p < 0.001). To evaluate
the functional consequence of these changes, CM from con-
trol or si-ALOXS5—transfected TPC-1 cells was applied to
THP-1-derived macrophages. Flow cytometry revealed a
significant reduction in the expression of M2 surface mark-
ers CD163 and CD206 in the si-ALOXS5 group (Fig. 4E-G,
p < 0.001), which was further supported by RT-qPCR anal-
ysis of M2-associated gene expression (Fig. 4H, p < 0.001).
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Fig. 4. ALOXS knockdown reduces C-C motif chemokine ligand 2 (CCL2) and colony-stimulating factor 1 (CSF1) expression
and inhibits M2 macrophage polarization. (A) Expression of CCL2 and CSF1 proteins in si-ALOXS5-treated TPC-1 cells, assessed
using Western blot analysis. Representative Western blot images are shown. (B) Quantification of CCL2 and CSF1 protein expression
levels from three independent experiments. (C,D) RT-qPCR analysis of CCL2 and CSF1 mRNA levels. (E) Schematic illustration of the
experimental protocol using CM to induce M2 polarization. (F,G) Flow cytometry was performed to analyze the expression of the M2
markers (Cluster of Differentiation 163 (CD163) and CD206) in THP-1 cells treated with CM. (H) RT-qPCR analysis of M2 markers in
CM-treated THP-1 cells. (I) Schematic illustration of tumor-associated macrophage (TAM) induction by Phorbol 12-myristate 13-acetate
(PMA)-differentiated MO macrophages co-cultured with TPC-1 cells. (J,K) Flow cytometry was performed to analyze the expression
of the M2 markers (CD163 and CD206) after co-culturing with TPC-1 cells. (L) RT-qPCR analysis of M2 markers in TAMs. (M)
ALOXS protein levels in macrophage subsets (M0, M2, TAM) were determined using Western blot analysis. Representative Western
blot images are shown. (N) Quantification of ALOXS protein expression levels from three independent experiments. (O) RT-qPCR
analysis of ALOX5 mRNA levels. All experiments were independently repeated at least three times. Data are presented as the mean +

SD. Statistical significance for all panels was assessed using one-way ANOVA. ns p > 0.05, ***p < 0.001.
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Fig. 5. Knockdown of ALOXS attenuates the Notch signaling pathway in thyroid cancer cells. (A) Western blot analysis of Jagged]1,
NICD, Hairy/enhancer-of-split related with YRPW motif protein 1 (HEY1), and Hairy and enhancer of split-1 (HES1) protein expression
levels. (B—E) Quantification of Jaggedl, NICD, HES1, and HEY1 protein levels from three independent experiments. (F—-H) RT-qPCR
analysis of Jagged1l, HEY1, and HES1 mRNA expression levels. All experiments were independently repeated at least three times. Data

are presented as the mean £ SD. Statistical significance for all panels was assessed using one-way ANOVA. ns p > 0.05, ***p < 0.001.

These findings were further confirmed using a
co-culture system, in which PMA-differentiated MO
macrophages were co-cultured with TPC-1 cells to induce
TAM-like phenotypes. Consistent with the CM model,
both flow cytometry and RT-qPCR analysis showed that
ALOXS5 knockdown in TPC-1 cells significantly allevi-
ated the expression of CD163 and CD206 in co-cultured
macrophages (Fig. 41-L, p < 0.001), indicating a suppres-
sion of TAM polarization. Additionally, we assessed the
endogenous ALOXS5 expression in different macrophage
subsets. Western blot and RT-qPCR analyses revealed sig-
nificantly higher ALOXS5 levels in M2 macrophages and

TAMs compared with MO macrophages (Fig. 4M-0O, p <
0.001), suggesting a potential role of ALOXS in maintain-
ing or reinforcing the M2/TAM phenotype.

ALOXS Silencing Inhibits the Jaggedl-Notch
Signaling in Thyroid Cancer Cells

To explore the downstream pathways regulated by
ALOXS, we examined the Notch signaling cascade, which
is known for its involvement in tumor progression and im-
mune modulation. ALOXS knockdown in TPC-1 cells re-
sulted in a significant reduction in protein levels of Jagged1,
NICD, HEY1, and HESI1 (Fig. SA-E, p < 0.001). Consis-
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Fig. 6. Overexpression of Jagged1 reverses the inhibitory effects of ALOXS knockdown on thyroid cancer cell progression and
macrophage M2 polarization. (A) Western blot analysis of Jagged1 protein expression in the control, oe-NC, and oe-Jagged1 groups,
representative images of three independent experiments. (B) Quantification of Jaggedl protein expression. (C) RT-qPCR analysis of
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invading cells. (I) RT-qPCR analysis of CCL2 and CSF'/ mRNA expression in the three groups. (J) RT-qPCR analysis of M2 macrophage
markers CD206 and CD163 mRNA expression in the three groups. All experiments were independently repeated at least three times.
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tently, RT-qPCR analysis showed a substantial downregu- gest that ALOXS acts as a positive regulator of the Notch
lation of Jagged1, HEY 1, and HES1 mRNA levels in the si- signaling pathway activity in thyroid cancer cells.
ALOXS5 group (Fig. 5SF-H, p < 0.001). These findings sug-


https://www.discovmed.com/

Jaggedl Overexpression Reverses the Suppressive
Effects of ALOX5 Knockdown

To further validate the role of the Jaggedl-Notch
axis in ALOXS5-mediated tumor progression, rescue exper-
iments were performed by overexpressing Jaggedl in si-
ALOXS5—transfected TPC-1 cells. Western blot and RT-
gPCR analyses confirmed the successful overexpression of
Jaggedl (Fig. 6A—C, p < 0.001). Functional assays re-
vealed that reintroducing Jagged!l reinstated the cell pro-
liferation, migration, and invasion capacities that had been
suppressed by ALOXS5 knockdown (Fig. 6D-H, p < 0.05).
Moreover, Jaggedl overexpression reversed the downreg-
ulation of CCL2, CSF1, and M2 markers (CD206, CD163)
in si-ALOXS cells (Fig. 61,J, p < 0.05). Collectively, these
results suggest that ALOXS promotes thyroid cancer pro-
gression and immunosuppressive macrophage polarization
via activation of the Jagged1-Notch signaling pathway.

Discussion

The global incidence of thyroid cancer has been in-
creasing steadily, highlighting the urgent need for novel
molecular targets to improve diagnosis and therapeutic ap-
proaches [23]. Although various oncogenic pathways are
known to promote thyroid tumorigenesis, the role of lipid
metabolic process-related enzymes, including ALOXS, in
disease progression and modulation of the tumor-associated
immune microenvironment remains poorly explained. In
this study, we report novel evidence indicating that ALOXS
expression is significantly upregulated in both thyroid tu-
mor tissues and cultured cancer cells, where it plays a piv-
otal role in enhancing malignant behaviors such as cellular
proliferation, motility, and invasive capacity.

Consistent with previous studies associating ALOXS
with tumor growth and inflammation in other malignancies,
such as pancreatic cancer and glioma [24,25], our findings
extend its oncogenic potential to thyroid cancer. The signif-
icant inhibition of thyroid cancer cell growth and motility
after ALOXS silencing highlights its essential role in main-
taining aggressive cancer phenotypes. These results sug-
gest that ALOXS could serve as a potential therapeutic tar-
get for managing thyroid cancer.

Moreover, this study identifies the immunomodula-
tory role of ALOXS, providing novel insights into its im-
pact on the tumor microenvironment (TME). We found
that ALOXS positively regulates the expression of key
macrophage chemoattractants and polarization-associated
cytokines, CCL2 and CSF1, which are well-known to re-
cruit macrophages and drive their polarization towards the
tumor-promoting M2 phenotype. Conditioned media from
ALOX5-deficient thyroid cancer cells failed to induce M2
macrophage markers CD163 and CD206, indicating that
ALOXS facilitates the formation of TAMs with an im-
munosuppressive and pro-tumorigenic phenotype. No-
tably, ALOX5 was found to be increased in both M2
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macrophages and TAMs, suggesting the presence of a posi-
tive feedback loop that helps sustain an immunosuppressive
TME.

Mechanistically, this study uncovered the Jaggedl-
Notch signaling pathway as a critical downstream mediator
of ALOXS5 function. Extensive evidence indicates Notch
signaling as a modulator of cancer progression and im-
mune regulation, including macrophage polarization [26].
We found that ALOXS knockdown significantly down-
regulated Jaggedl and its downstream effectors, such as
NICD, HEY 1, and HESI, indicating suppression of canon-
ical Notch signaling pathway activity. Importantly, over-
expression of Jaggedl counteracted the suppressive im-
pact of ALOXS5 knockdown on tumor cell growth, motil-
ity, invasiveness, pro-inflammatory cytokine secretion, and
the induction of M2-type macrophages. These findings
demonstrate that ALOXS5 exerts its pro-tumorigenic and
immunomodulatory effects predominantly via activation of
the Jagged1-Notch axis.

This study provides a comprehensive understanding of
how ALOXS integrates tumor cell intrinsic and microenvi-
ronmental signals to promote thyroid cancer progression.
It expands the current knowledge of ALOXS5 beyond its
traditional role in lipid metabolism and inflammatory dis-
eases, identifying it as a key modulator of immune-tumor
crosstalk in thyroid cancer. Given the crucial role of TAMs
in promoting disease progression and drug resistance, tar-
geting the ALOXS5-Jagged1-Notch signaling axis may of-
fer a promising therapeutic strategy to inhibit tumor growth
while reducing the associated immunosuppressive tumor
microenvironment.

Despite significant outcomes, we acknowledge sev-
eral limitations of this study. First, this study primarily
investigated the impact of silencing ALOXS to assess its
role in thyroid cancer progression via the Jagged1-Notch
pathway, further validation using ALOXS overexpression
combined with pharmacological inhibition of Notch (e.g.,
DAPT) could provide more comprehensive insights. Sec-
ond, as ALOXS5 is a multifunctional enzyme, it may pro-
mote tumor progression through pathways independent of
Notch signaling, which were not explored in this study.
Third, this study relied on TPC-1 cell lines to model the
thyroid cancer immune microenvironment, which may not
fully recapitulate the complexity of clinical tumor-immune
interactions. Fourth, the lack of in vivo experiments and the
limited access to clinical samples restrict the generalizabil-
ity and translational strength of our findings. Hence, future
studies incorporating non-Notch pathways, in vivo models,
and clinical validation are warranted to improve the mech-
anistic and translational relevance of this work.

Conclusion

This study identifies ALOXS5 as a novel oncogenic
driver in thyroid cancer, promoting tumor progression and
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immunosuppressive macrophage polarization through the
Jagged1-Notch pathway. Targeting ALOXS may represent
a dual therapeutic approach, simultaneously suppressing tu-
mor growth and remodeling the tumor immune microenvi-
ronment. Furthermore, given the crucial role of ALOXS5
in the tumor immune landscape, future studies should in-
vestigate the therapeutic potential of combining ALOXS5
inhibitors with immune checkpoint therapies, such as PD-
1/PD-L1 antibodies, in thyroid cancer and potentially in
other tumor types.
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