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Adipocyte-driven STAT3-ANGPT2-PTGIS
axis promotes cutaneous metastasis in
breast cancer and represents a targetable
pathway
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Cutaneousmetastatic breast cancer (CMBC) exhibits aggressive behavior driven by tumor adaptation
to the skin microenvironment, yet research specifically addressing breast cancer metastasis to the
skin remains limited, representing a significant unmet clinical need. In this study, transcriptomic
profiling, functional assays, andmousemodels revealed thatCMBC is associatedwith poor prognosis
and upregulation of angiogenesis, inflammatory signaling, and lipid metabolism, particularly
arachidonic and linoleic acid pathways. Adipocyte-derived signals enhanced cutaneous metastasis
through STAT3 activation, leading to increased Angpt2, Vegfc, and Ptgis expression. Pharmacologic
inhibition of STAT3 suppressed metastasis in vitro and in vivo. Elevated STAT3, ANGPT2, and PTGIS
levels correlated with reduced progression-free and disease-free survival. These findings highlight
STAT3-mediated signaling and metabolic reprogramming as key drivers of CMBC progression and
suggest a promising therapeutic target for this understudied and clinically challenging condition.

Distant metastasis is the leading cause of mortality in patients with breast
cancer, with bone, lung, liver, and brain metastases considered to be sig-
nificant contributors.However, cutaneousmetastasis (CM) occurs in nearly
20% of patients with breast cancer, irrespective of the subtype1,2, and
represents a substantial clinical challenge. Notably, approximately 70% of
CMs in women originate from breast cancer3–5. Moreover, CM in breast
cancer is considered a form of local or regional metastasis; therefore, cases
with only CM and no distant organ involvement are uncommon. CM
primarily progresses through angiogenesis and lymphangiogenesis, pro-
cesses involving new blood and lymphatic vessel formation, facilitating
cancer cell dissemination to the regional lymph nodes and beyond6–9.
Consequently, anti-angiogenic drugs have emerged as the first-line treat-
ment for metastatic breast cancer involving the skin. However, drug resis-
tance remains a significant limitation, often leading to treatment failure.

Recent studies have underscored the critical role of chemoattractant
signaling in orchestrating breast cancermetastasis. These signaling pathways,
mediated by interactions between chemokines and their corresponding
receptors, guide cancer cells toward specific microenvironments such as the
lung, lymph nodes, and skin. Among them, the CXCR4-CXCL12 axis has
been extensively characterized: CXCL12, secreted primarily by stromal
fibroblasts and pulmonary vascular endothelial cells, acts as a potent che-
moattractant for CXCR4-expressing breast cancer cells, enhancing their
migration and invasion10. Similarly, the CCR7-CCL21 axis drives cancer cells
toward lymphatic vessels, facilitating dissemination11 and further promoting
the adhesion, survival, and migration of breast cancer cells in the tumor
microenvironment12. These chemoattractive pathways direct cancer cells to
the target organ by promoting extracellularmatrix remodeling, angiogenesis,
and lymphangiogenesis, creating a permissive niche for tumor growth and
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progression13. Moreover, obesity amplifies these pathways since adipokines
such as leptin (LEP) and interleukin (IL)-6 synergize with chemokine sig-
naling, particularly the CXCR4-CXCL12 axis, to enhance cancer cell
migration to specific tissues14,15. Despite these advances, the therapeutic tar-
geting of chemoattractive signaling remains anunderexplored andpromising
strategy, especially in patients with CM, for whom effective interventions are
limited. Further investigation into these pathways may uncover novel
approaches to impedemetastatic progression and improve clinical outcomes.

Advances in genetic profiling, such as mutational analyses of CMs,
have revealed essential molecular alterations not observed in primary
tumors. Yan Xu et al. compared the mutational landscapes of primary
tumors and their corresponding lymph nodes or CM tissues using next-
generation sequencing of 425 cancer-relevant genes. They found that TP53
and PIK3CA mutations and TERT amplification were prevalent in CM
tissues and correlated with poor prognoses16. Similarly, Schrijver et al.
analyzed eight paired cases of skin metastases and identified 33 mutations,
including ATR, BRCA1, SMAD4, CDH1, ARID1A, ERBB2, IDH1, PIK3R1,
RB1, and others, in skin metastases that were not detected in the corre-
sponding primary breast tumors17,18.Moreover, a recent study reported that
specific genes, including JAK2 andNF1, appear to be preferentiallymutated
in metastatic breast cancer. Furthermore, the study identified significantly
mutated genes (SMGs), such as TP53 and AKT1, which exhibit a markedly
higher mutation frequency in metastatic tumors compared to primary
tumors19. In another study, TP53 mutations were detected in 50% of CMs
and 31% of lymph node metastases, emphasizing their distinct molecular
profiles18. These findings highlight the potential of genetic alterations as
biomarkers and therapeutic targets in CM.

Therefore, this study aimed to integrate insights from transcriptomic
alterations into therapeutic strategies, offering novel approaches for the

prevention and management of skin metastases in patients with breast
cancer.

Results
CM represents a clinically significant indicator of poor prognosis
in breast cancer
To understand the impact of CM from breast cancer on patient survival, we
conducted a survival analysis from a retrospective cohort of 126 patients.
The cohort included 74 patients followed without recurrence for five years,
36 patients with distantmetastases excluding the skin (including lung, liver,
and bone), and 16 patients with distant metastases involving the skin.
Baseline clinicopathological characteristics at initial diagnosis revealed sig-
nificant differences among the four patient groups (no metastasis, non-
cutaneous metastasis, multiple-organ metastasis, and cutaneous metastasis
only), suggesting critical prognostic implications (Fig. 1A). Pathological
staging differed significantly across groups (P < 0.0001), with patients who
eventually developed cutaneous metastasis only showing more advanced
disease at baseline: 33.33% were stage IV, and none were stage I. This
indicates that patients destined to develop cutaneous metastasis only pre-
sented with more aggressive tumor burden from the outset. Similarly, the
proliferation index (Ki67) was significantly elevated in the cutaneous
metastasis only group (P = 0.0138), where 100% of patients had Ki67
values > 20%, suggesting an inherently high proliferative potential. In
contrast, patients in the no metastasis group had a much lower rate of high
Ki67 expression (55.41%), reflecting a more indolent biological phenotype
at diagnosis. Lymphovascular invasion (LVI) was also more prevalent at
baseline in patients who later developed cutaneous metastasis only (100%)
compared to those with no metastasis (36.99%) and those with non-
cutaneous metastasis (P = 0.0025). The presence of LVI at diagnosis has

Fig. 1 | CM is associated with reduced survival in breast cancer patients.
A Baseline characteristics of the KMUH cohort (N = 126). B Kaplan-Meier
survival analysis comparing three patient groups: no metastasis (blue), non-
cutaneous metastasis (red), and cutaneous metastasis (green). Overall survival
(OS) was significantly lower in patients with cutaneous metastasis compared to
those with non-cutaneous metastasis or no metastasis (log-rank test,
P = 0.0075). Progression-free survival (PFS) and disease-free survival (DFS)
were also significantly reduced in the cutaneous metastasis group (log-rank test,

P < 0.0001). C Kaplan-Meier curves comparing OS, PFS, and DFS in breast
cancer patients with cutaneous metastasis only (red) versus those with metas-
tases involving multiple-organ metastasis (blue). OS showed a trend toward
longer survival in the cutaneous metastasis only group, although the difference
did not reach statistical significance (log-rank test, P = 0.1139). PFS and DFS
were comparable between the two groups, with no significant difference
observed (log-rank test, P = 0.9608 and P = 0.5438).
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well-established links to increased metastatic risk, further highlighting the
aggressive nature of tumors in the cutaneous metastasis only. Finally, sur-
vival outcomes differed markedly among the groups (P < 0.0001), with the
CM group experiencing the worst prognosis despite their metastases being
limited to the skin. This suggests that the initial tumor biology, not merely
the site of recurrence, plays a critical role in determining outcomes.

Kaplan-Meier survival analysis was performed to compare outcomes
among three patient groups: those withoutmetastasis (nometastasis), those
with distant metastases excluding the skin (non-cutaneousmetastasis), and
those with CM (cutaneous metastasis). Overall survival (OS) was sig-
nificantly lower in theCMgroupcompared to thenon-cutaneousmetastasis
group (P < 0.0001), indicating that skin involvement is associated with
poorer survival (Fig. 1B). Similarly, progression-free survival (PFS) and
disease-free survival (DFS) were markedly worse in the cutaneous metas-
tasis group,with log-rankP < 0.0001(Fig. 1B). These results suggest thatCM
in breast cancer is linked to more aggressive disease behavior and inferior
clinical outcomes compared to non- CM. To further investigate the prog-
nostic implications of CM,we compared patientswith cutaneousmetastasis
only to those with multiple organ metastases. In terms of OS, patients with
cutaneousmetastasis only showed a trend toward better survival than those
withmultiple-organmetastasis; however, the difference was not statistically
significant (P = 0.1139). Similarly, PFS and DFS did not differ significantly
between the two groups (P = 0.9608 and P = 0.5438) (Fig. 1C).

Together, these findings suggest that patients who develop cutaneous
metastasis only already exhibit aggressive disease features at diagnosis,
including advancedpathological stage, highproliferative index, andvascular
invasion, all of which are associated with poorer survival. These baseline
parameters support the prognostic value of early tumor profiling in pre-
dicting recurrence patterns and long-term outcomes.

Patients with CM exhibited significant angiogenesis in both the
primary breast tumor and the metastatic skin tissue
To investigate the underlying phenotype by which CM reflects tumor
aggressiveness, we subsequently conducted multi-omics analyses using
tissue samples from a patient with triple-negative breast cancer (TNBC)
who presented with a solitary cutaneous metastasis only. The initial pre-
sentation before treatment showed the patient’s clinical baseline without
evident skin involvement (Fig. 2A). Following serial chemotherapy and
radiation therapy, multiple cutaneous metastatic nodules developed on the
left anterior chest wall (Fig. 2B). The patient eventually progressed to
extensive cutaneous metastases, presenting as numerous indurated papules
and plaques and ulcerated nodules dispersed across both the left and right
lateral chest wall regions (Fig. 2C). Figure 2D illustrates the patient’s clinical
timeline, detailing the sequence of surgical resections. These included the
initial tumor in the left breast (Tissue #1), the first cutaneous metastatic
lesion (Tissue #2), the recurrent tumor in the right breast (Tissue #3), and
the advanced, irreversible CM (Tissue #4-Tissue #6) (Fig. 2D).

CMBC tissues commonly exhibit prominent angiogenesis, which
facilitates tumor growth and dissemination. We performed immunohisto-
chemical staining on tissue samples obtained from different treatment
stages to investigate the underlying mechanisms further (Fig. 2E). The
staining revealed strong lymphangiogenesis marker D2-40 and the angio-
genesis marker CD105 expression across all tissue samples. These findings
indicate that lymphangiogenesis and angiogenesis are prominent features in
the primary tumor and subsequent metastatic sites, suggesting that tumor
progression at various stages relies on forming new lymphatic and blood
vessels to sustain growth and enable dissemination. The presence of these
vascular features in both primary andmetastatic sites suggests that targeting
tumor vasculature may represent a viable therapeutic strategy for patients
with skin-dominant metastatic disease.

Breast cancer cells with CM exhibit enhanced adipogenic and
metabolic signaling
To elucidate the molecular characteristics associated with skin invasion in
breast cancer, we analyzed RNA-seq data derived from both primary and

metastatic tumor tissues. Following data normalization, differential gene
expression analysis was performed using DESeq2 to compare the primary
andmetastatic groups.A total of 1,110differentially expressed genes (DEGs)
were identified (adjusted P < 0.001), among which 735 genes were sig-
nificantly upregulated (adjusted P < 0.001, log₂ fold change > 2), and 375
genes were significantly downregulated (adjusted P < 0.05, log₂ fold
change < -2) (Fig. S1A). Hierarchical clustering and heatmap visualization
confirmed that the selected DEGs effectively distinguished between the
primary and metastatic tumor profiles (Fig. S1B). As illustrated in Fig. 3A,
KEGG pathway enrichment analysis revealed that DEGs were involved in
key signaling pathways, including cytokine-cytokine receptor interaction
(24 genes), cell adhesion molecules (CAMs, 21 genes), Hippo signaling (17
genes), and pathways regulating stem cell pluripotency (14 genes) (Fig. 3A).
Several lipid metabolism pathways were also enriched, such as arachidonic
acid (AA), linoleic acid (LA), and alpha-linolenic acid (α-LA) metabolism,
indicating their potential roles in membrane remodeling, signal transduc-
tion, and inflammation during tumor progression.

Gene Set Enrichment Analysis (GSEA) revealed that metastatic tissues
exhibited significant upregulation of several biological pathways compared
to primary tumors, including adipogenesis, fatty acid metabolism, angio-
genesis, epithelial-mesenchymal transition (EMT), inflammatory response,
and interferon-gamma response (Fig. 3B). Complementary Reactome
pathway analysis, visualized using SRplot, further highlighted that lipid
metabolism and immune-related pathways were among the most dysre-
gulated in cutaneousmetastatic tissues relative to primary tumors (Fig. 3C).
These results suggest that cutaneous metastatic tissues possess a more
aggressive and malignant phenotype, characterized by heightened inflam-
matory signaling, increased angiogenic activity, enhanced cytokine-
cytokine receptor interactions, and altered fatty acid metabolism.

To further investigate the crosstalk between cancer cells, adipocytes,
and angiogenesis in the development of CMBC, we isolated cancer cells
from patient tissues (Fig. 3D) and co-cultured them with autologous adi-
pocytes derived from adipose-derived stem cells obtained from the same
patient (Fig. 3E). To evaluate the pro-angiogenic effects of this tumor-
adipocyte interaction, we analyzed the conditioned medium from the co-
culture using the RT² Profiler™Human Angiogenesis PCR Array (Cat. No.
330231 PAHS-024ZA; SA Biosciences, Valencia, CA, USA), which profiles
the expression of 84 angiogenesis-related genes. The analysis identified the
top five upregulated genes as LEP, Sphingosine-1-phosphate receptor 1
(S1PR1), thymidine phosphorylase (TYMP), CCL11, and CCL2 (Fig. 3F).
Among these, LEP expression steadily increased along disease progression
(Fig. 3G), which was further validated by immunohistochemical staining
across serial tumor samples (Fig. 3H) and functionally, conditioned med-
ium from the co-culture significantly enhanced tube formation in endo-
thelial cells, demonstrating potent angiogenic activity (Fig. S2). These
findings underscore the role of adipocyte-derived factors in promoting
angiogenesis and potentially facilitating metastatic progression in CMBC.

Transcriptomic profiling reveals tumor evolution and increasing
heterogeneity across disease progression
To further investigate the molecular evolution of CMBC, we constructed a
phylogenetic tree based on transcriptomic data from six tumor samples
obtained at distinct timepoints.As shown inFig. S3A, gene expression levels
increased notably in later-stage tissues (Tissues #4-6), as reflected by ele-
vated log-counts per million (log-CPM) values and a broader distribution,
indicating heightened transcriptional activity associated with advanced
disease. As shown in Fig. S3B (left panel), Tissue #1 (Breast T1, primary
tumor from the left breast) and Tissue #2 (Skin T2, left chest wall skin
metastasis) clustered closely, suggesting that these early-stage samples
shared similar molecular signatures and gene expression profiles, based on
the analysis of 31,533 genes. However, a clear divergence in gene expression
patterns emerged as the disease progressed. Later-stage samples, including
Tissue #3 (Breast T3, primary tumor from the right breast) and Skin Tissues
#4-#6 (T4-T6, skinmetastases fromthe right chestwall), brancheddistinctly
from the early-stage cluster. This phylogenetic branching implies that
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Fig. 2 | CM is associated with increased angiogenic activity in primary tumors
and metastatic skin lesions. A A clinical aspect of breast cancer patients before
treatment. B This shows multi-nodule cutaneous metastases on the left anterior
chest after the patient received serial chemotherapy and underwent radiation.CThe
patient exhibited cutaneous metastases characterized by numerous indurated

papules and plaques, accompanied by ulcerated nodules distributed across the left
and right chest wall extremities. D List of six tumor tissues at different time points.
EHE staining and immunohistochemistry analysis of the breast tumors and the skin
nodules. The immunohistochemistry analysis indicated that the breast and skin
nodules cells were positive for D2-40, CD105, and VEGF.
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cancer cells undergo substantial transcriptional reprogramming during
metastasis, resulting in divergent subtypes with distinct molecular char-
acteristics, underscoring the tumor’s adaptability and heterogeneity.

Notably, genes involved in the adipocytokine signaling pathway (35
genes) and fatty acid metabolism (98 genes) were particularly effective in
distinguishing tumor samples across different stages (Fig. S3B, center, and
right panels). The progressive divergence between early-stage samples
(Breast T1 and Skin T2) and late-stage metastatic tissues (Skin T4-T6)
highlights the temporal evolution and increasing complexity of tumor cell
phenotypes as they adapt to newmicroenvironments.We further examined
the expression of fatty acidmetabolism-relatedgenes across tissues collected
at six distinct time points (Fig. S3C). A total of 98 genes were analyzed,
encompassing those involved in key metabolic processes such as fatty acid
β-oxidation and synthesis, arachidonic acid metabolism (including pros-
taglandin and leukotriene synthesis), cytochrome P450-mediated drug
metabolism, the phospholipase A2 (PLA2) signaling cascade (associated
with lipid signaling and membrane remodeling), and gamma-glutamyl
transpeptidase (GGT) activity (linked to glutathione metabolism and oxi-
dative stress regulation). Among these, 30 genes demonstrated significant
differential expression throughout disease progression (Table S1). Specifi-
cally, genes such as PTGS2, ACSBG1, PTGIS, LTC4S, and CYP2C8 were
markedly upregulated in late-stage tissues, while PTGES3, GPX1, and

ECHS1 were significantly downregulated compared to the primary tumor
tissue. These findings collectively suggest that, as CMBC progresses, tumor
cells exhibit enhanced activity in lipid metabolism, prostaglandin bio-
synthesis, detoxification pathways, and oxidative stress responses. Such
alterations may lead to more aggressive and adaptive phenotypes during
metastatic spread.

Cutaneous 4T1 cells exhibit elevated expression of
angiogenesis-related and adipokine-associated genes
Several studies have suggested that adipocyte-derived (Ad) factors sig-
nificantly enhance the metastatic potential of 4T1 cells20,21. To investigate
how adipocyte-derived factors contribute to the skin-specific progression of
breast cancer, we exposed 4T1 cells to adipocyte-conditionedmedium (Ad-
CM). To examine the role of fatty acid metabolism in shaping the tumor
microenvironment and its contribution to the recurrence of breast cancer
with CM, we utilized amurinemodel. Clinically, skinmetastases frequently
emerge following surgical resection of the primary tumor. To mimic this
scenario, we examined the effects of adipocyte-conditioned medium (Ad-
CM) on tumor progression. As shown in Fig. 4A, treatment with Ad-CM
markedly promoted tumor metastasis to additional subcutaneous regions,
particularly the cervical, neck, and dorsal areas. Histological analysis using
hematoxylin and eosin (H&E) staining confirmed the presence of skin-

Fig. 3 | KEGG and Gene Set Enrichment Analyses (GSEA) were performed on
primary and cutaneous breast cancer tissues. A KEGG analysis of all differentially
expressed genes. B GSEA compares primary and cutaneous breast cancer tissues in
our cohort, with enrichment plots highlighting activated gene sets related to adi-
pogenesis, fatty acid metabolism, angiogenesis, epithelial-mesenchymal transition,
inflammatory response, and Interferon Gamma Response. C Reactome analysis
visualized using SRplot, identified lipid metabolism and immunity as key dysregu-
lated pathways. D Microscopic morphology of cancer cells. E ASC differentiation
into adipose cells. Representative pictures of white adipocytes with oil redO staining.

F To assess the pro-angiogenic effects of tumor-adipocyte crosstalk, conditioned
medium from the co-culture of patient-derived breast cancer cells and autologous
adipocytes was analyzed using the RT² Profiler™ Human Angiogenesis PCR Array,
which profiles 84 angiogenesis-related genes. Fold change of the gene expression
levels of 84 angiogenesis-associated genes in tumor cells in a mono-culture (control
group) or a co-culture with adipocytes (experimental group) by qPCR array.
G Leptin (LEP) gene expression in tumor tissues across stages, from early (tissue #1)
to late (tissue #6).H IHC staining of Leptin in the tumor and cutaneous tumor tissues
of the patient.
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invasive tumors, with cancer cells exhibiting characteristic invasive mor-
phology and elevated expression of angiogenic markers, including VEGF,
VEGFC, and CD31 (Fig. 4B). These findings suggest that interactions
between metastatic breast cancer cells and adipocytes may facilitate the
aggressive behavior of CM, likely through the secretion of pro-angiogenic
and tumor-promoting factors. This highlights the pivotal role of obesity-
associated molecules in cancer progression.

We isolated and cultured cells from metastatic skin lesions to further
characterize cutaneous metastatic cells. Compared with parental 4T1 cells,
the cutaneous 4T1 cells exhibited a smaller,more roundedmorphology (Fig.
4C). Next, we assessed cancer stem cell traits and anoikis resistance to
determine the malignancy of cutaneous metastatic cells relative to their
parental counterparts.As shown inFig. S4A- S4C, cutaneousmetastatic cells

demonstrated enhanced sphere-forming capacity, increased CD44high/
CD24low subpopulations, and greater resistance to anoikis, indicating amore
stem-like and resilient phenotype. Notably, when injected into mice, cuta-
neous 4T1 cells displayed a higher propensity for skin metastasis and a
reduced tendency to colonize the lungs, in contrast to parental 4T1 cells,
which predominantly metastasize to the lungs (Fig. 4D).

To explore the molecular basis for this phenotype, cytokine array
analysis was performed on conditioned media from cutaneous versus par-
ental 4T1 cells. Elevated levels of pro-tumorigenic factors, including
Angiopoetin 1 (ANGPT1), Angiopoetin 2 (ANGPT2), CCL2, matrix
metalloproteinases 2 (MMP2), and VEGF, were detected in cutaneous
4T1 cells (Fig. 4E). These results were validated by RT-qPCR (Fig. 4F),
which confirmed upregulation ofVegf, Vegfc,Ccl2,Ccl5,Angpt1/2, Lep, and

Fig. 4 | Cutaneous 4T1 cells exhibit the angiogenic and skin-metastatic properties
characteristic of breast cancer cells. A Primary 4T1 cells were subcutaneously
implanted into immunocompromised mice, allowed to form tumors, and surgically
removed upon reaching 100-150 mm³ tumor size. Post-surgery mice were mon-
itored for two weeks while daily intraperitoneal injections of adipocyte-conditioned
mediumwere administered. After twoweeks, mice were dissected to examine tumor
recurrence on the dorsal and ventral sides.BHematoxylin and eosin (H&E) staining
and IHC staining of VEGF, CD31, and VEGFC in cutaneous tumor tissues of mice.
C Microscopic cell morphology of 4T1 and cutaneous 4T1 cells. D Comparison of
Lung Metastasis Induced by Parental and Cutaneous 4T1 Cells in Mice. E Mouse

Cytokine Antibody Array Kits (R&D) were applied to measure the content of 111
cytokines in the 4T1 and cutaneous 4T1 cells. Cytokines upregulated in cutaneous
4T1 and indicated by colored boxes are VEGF (red), CCL2 (green), CCL5 (blue),
ANGPT 1 (light blue), and ANGPT2 2 (dark green). Highlighted rectangles indicate
the cytokines elevated. F An RT-qPCR analysis of Vegf, Vegfc, Ccl2, Ccl5, Angpt1,
Angpt2, Lep, and PtgismRNA expression in 4T1 and cutaneous 4T1 cells. Columns
represent the mean results from PCR assays performed in triplicate and normalized
toGAPDH (*P < 0.05).G IHC staining of CCL-2, CCL5, andANGPT2 in tumor and
cutaneous tumor tissues of the patient.
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Ptgis. Notably, immunohistochemical staining of serial patient tissues
demonstrated increased expression of CCL2, CCL5, and ANGPT2 in
advanced lesions (Fig. 4G), linking experimental findings with clinical
disease progression.

Inhibition of the JAK–STAT pathway attenuates the aggressive-
ness of CMBC cells
To further elucidate the mechanisms driving CM in breast cancer, we
compared transcriptomic profiles between parental 4T1 cells and their skin-
metastatic derivatives. As shown in Fig. 5A, pathway enrichment analysis
identified significant upregulation of the JAK-STAT signaling cascade,
cytokine-cytokine receptor interaction, and focal adhesion in cutaneous
4T1 cells, implicating the JAK-STAT axis in skin-tropic tumor progression.
To validate these findings in a clinical context, we analyzed STAT gene
expression across six patient-derived samples. As shown in Fig. 5B, primary
tumors (Tissue #1 and #3) clustered distinctly from cutaneous metastatic
lesions based on STAT-related gene expression, suggesting STAT pathway
activation as a hallmark of CM. Further analysis of phosphorylated STAT3
(pSTAT3) expression revealed elevated levels in both cutaneous 4T1 cells
and patient-derived cutaneous tissue samples, compared to parental
4T1 cells and the primary tumor (in situ) tissue (Fig. 5C).

Protein-level analysis further confirmed upregulated pSTAT3 and
pAKT (S473) in cutaneous 4T1 cells, along with increased expression of the

metastasis- and angiogenesis-related genes MMP2 and ANGPT2 (Fig. 5D).
Functionally, treatment with the Stattic, a STAT3 inhibitor, significantly
impaired spheroid formation, indicating that JAK-STATsignaling is essential
for maintaining the stem-like phenotype of cutaneous metastatic cells (Fig.
5E). In vivo administration of Stattic markedly reduced subcutaneous tumor
burden, especially in the dorsal neck region, compared to controls (Fig. 5F).
Consistently, RT-qPCR demonstrated that Stattic treatment significantly
downregulated Vegfc, Angpt2, and Ptgis expression (Fig. 5G).

Collectively, these data demonstrate that activation of the JAK-STAT
pathway supports the aggressive and metastatic behavior of cutaneous
breast cancer cells, and that STAT3 inhibition may represent a promising
therapeutic strategy for managing skin-dominant metastatic breast cancer.

Validation of angiogenic and metabolic gene signatures asso-
ciated with CMBC and clinical outcomes
To validate the role of angiogenic, cytokine, and fatty acidmetabolism genes
in CMBC, we conducted a small-scale validation study using tissue samples
from6patientswith nometastasis, 6with non-cutaneousmetastasis, and 15
with cutaneousmetastases including 6with cutaneousmetastasis only and 9
with both skin and visceral metastases (multiple-organmetastasis) to assess
the expression of STAT3,ANGPT2,VEGFC, PTGIS, and LEP. As illustrated
in Fig. 6A, Gene expression profiling revealed significantly elevated levels of
STAT3 and PTGIS in the CM group compared to both non-cutaneous and

Fig. 5 | Inhibition of the JAK-STAT axis attenuates CMBC formation. A KEGG
analysis of all differentially expressed genes in 4T1 and cutaneous 4T1. B A phy-
logenetic tree was constructed to compare stat-related pathway-associated genes (17
genes) across tumor tissues at different stages. C,D The levels of p-STAT3, STAT3,
pAKT, AKT, MMP2, and ANGPT2 were determined byWestern blot analysis, with
β-actin serving as the loading control. D Comparison of p-STAT3 expression
between 4T1 and cutaneous 4T1 cells, as well as between patient-derived primary
tumor tissue and skin metastatic tissue, using immunohistochemistry.
E Microscopic cell morphology of cutaneous 4T1 cells treated with Stattic after
5 days of culture in an ultra-low attachment dish. F Cutaneous 4T1 cells were

subcutaneously implanted into immunocompromised mice and allowed to form
tumors. Once tumors reached a volume of 100-150 mm³, they were surgically
excised. To evaluate tumor recurrence, mice were treated intraperitoneally with
Stattic at a dosage of 10 mg/kg, administered three times per week for a duration of
three weeks. After the treatment period, mice were sacrificed and examined for
tumor recurrence on both the dorsal and ventral sides. G Quantitative RT-PCR
analysis showing the expression levels of Vegfc, Angpt2, and Ptgis in cutaneous
4T1 cells after 3 days of Stattic treatment. Columns represent the mean results from
PCR assays performed in triplicate and normalized to GAPDH (*p < 0.05).
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nometastasis cohorts (P < 0.001), indicating a strong association with skin-
specific metastasis (Fig. 6A). While ANGPT2 and LEP showed increased
expression trends in cutaneous samples, statistical significance was not
achieved. Similarly, VEGFC was mildly elevated in metastatic groups but
failed to reach statistical thresholds. To assess the predictive potential of
these biomarkers, ROC curve analysis was conducted (Fig. 6B). PTGIS and
STAT3 demonstrated the highest discriminatory power for predicting CM,
with AUC values of 0.8333 and 0.8000, respectively. ANGPT2 yielded
moderate performance (AUC = 0.7000), whereas LEP and VEGFC exhib-
ited AUC values close to random chance (0.5333 and 0.5000), suggesting
limited utility as classifiers. PTGIS and STAT3 demonstrated superior
classification performance compared to the other biomarkers.

Next, we further assessed the association between the expression levels
of five genes (STAT3, ANGPT2, PTGIS, VEGFC, and LEP) and patient
survival using Kaplan-Meier plots. As shown in Fig. 6C, STAT3, ANGPT2,
and PTGIS expression levels demonstrated statistically significant differ-
ences in survival outcomes. Patients with high STAT3, ANGPT2, or PTGIS
expression (STAT3+,ANGPT2+, orPTGIS+) exhibited significantly worse
PFS andDFS compared to thosewith lower expression, suggesting that these
genesmay serve asnegative prognosticmarkers andpotential biomarkers for
poor clinical outcomes (Fig. 6C). In contrast, while highVEGFC expression
was associated with a trend toward poorer OS, PFS, and DFS, these differ-
ences did not reach statistical significance. Similarly, LEP expression did not
significantly impact survival outcomes, althougha subtle trend towardworse

Fig. 6 | Correlation analysis of angiogenesis-, cytokine-, and fatty acid
metabolism-related genes in CMBC. A Boxplot showing STAT3, LEP, PTGIS,
ANGPT2, and VEGFC mRNA expression levels (logCPM) in tissues from three
patient groups: cutaneous metastasis (red), non-cutaneous metastasis (green), and

no metastasis (blue). B The ROC curve shows the diagnostic ability of biomarkers
STAT3, LEP, PTGIS, ANGPT2, andVEGFC to distinguish betweenCMandnon-CM
states.CKaplan-Meier survival analysis comparing OS between STAT3, PTGIS, and
ANGPT2-positive and STAT3, PTGIS, and ANGPT2-negative patient groups.
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prognosis in LEP+ patients was observed (Fig. S5). Further studies with
larger cohorts are warranted to validate these findings.

Distinct upregulation of angiogenic andmetabolic genes in skin-
only metastatic lesions
To further elucidate the molecular landscape of cutaneous metastases, we
analyzed paired primary and skin metastatic tumor samples from breast
cancer patients. As shown in Fig. 7A, patients with cutaneous metastasis
only (n = 6) exhibited significantly elevated expression ofPTGIS (P = 0.031)
and VEGFC (P = 0.031) in metastatic tissues compared to their matched

primary tumors. Expression levels of ANGPT2 and MMP2 also showed
upward trends (P < 0.1), while LEP exhibited a moderate, though non-
significant, increase. In contrast, patients with multiple-organ metastasis
(n = 9) with both cutaneous and visceral spread displayed minimal differ-
ences in gene expression betweenprimary andmetastatic sites. Protein-level
validation using IHC staining of tissue samples further supported the
transcriptomic findings (Fig. 7B). Notably, a patient with cutaneous
metastasis only (Case #1) exhibited enhanced staining for p-STAT3,
VEGFC, ANGPT2, and PTGIS in metastatic tissue, whereas these markers
were less prominent in the skin lesions of a patient with multi-organ

Fig. 7 | Elevated expression of pro-metastatic genes in cutaneous metastases
compared to primary breast tumors. A Paired dot plot comparing LEP, PTGIS,
ANGPT2, VEGFC, andMMP2mRNA expression levels (logCPM) between primary
tumor tissues (blue) and corresponding metastatic tissues (red) from the same
patients with cutaneous metastasis only (n = 6) and multiple-organ metastasis

(n = 9). B Immunohistochemical staining of LEP, p-STAT3, VEGFC, PTGIS, and
ANGPT2 in patient-derived tumor andmetastatic skin tissues.CPearson analysis of
the relation among STAT3, LEP, VEGFC, PTGIS, and ANGPT2. D STAT3-PTGIS-
ANGPT2 signaling axis as a key promoter of skin-homing behavior in breast can-
cer cells.
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involvement (Case #2). Finally, Pearson correlation analysis revealed strong
positive associations among ANGPT2, PTGIS, STAT3, VEGFC, and LEP
expression (Fig. 7C), suggesting potential co-regulation among these
angiogenesis- and metabolism-related genes. These results indicate that
during CM in breast cancer, these genes/proteins may play interrelated and
potentially co-regulatory roles (Fig. 7D). Collectively, these results support
the hypothesis that cutaneous metastasis only breast cancer represents a
distinct molecular subtype characterized by coordinated upregulation of
pro-angiogenic and inflammatory pathways.

Discussion
This study highlights novel pathways associated with the cutaneous meta-
static phenotype in breast cancer. Through RNA-seq analysis of patient-
derived skin tissues and in vivo models, we identified marked upregulation
of genes linked to fatty acidmetabolism and angiogenesis in CMBC. Several
growth factors and cytokines implicated in these pathways may contribute
to tumor progression and metastasis within the skin microenvironment.
Our findings suggest that hypercytokinemia, characterized by excessive
cytokine production, is a hallmark of CMBC. Targeting this dysregulated
cytokine activity may offer new opportunities for personalized therapies,
particularly for skin metastases. Although validation was performed using
4T1-derived cutaneous cell lines, our clinical tissue cohort included speci-
mens from HER2+, luminal, and TNBC metastatic breast cancer patients.
Thus, our findings broadly support the relevance of these mechanisms in
both non-TNBC and TNBC cutaneous metastases.

Lymphangiogenesis plays a central role in CM development. Elevated
lymphatic vesseldensity aroundprimary tumors andwithinmetastatic sites,
including the skin, correlates with enhanced cancer dissemination. VEGFC
and VEGFD, two key pro-lymphangiogenic factors, promote lymphatic
growth and facilitate metastatic spread via the lymphatic system. Their
increased expression is consistently observed in both primary and meta-
static cutaneous lesions22. Additionally, pro-inflammatory cytokines such as
IL-6, IL-8, and TGF-β contribute to tumor growth, immune evasion, and
angiogenesis 23. Overexpression of cytokine receptors, including IL-6R,
CXCR4, CCR7, and CCR10, is also common in metastatic breast cancer,
particularly at cutaneous sites. Their ligands (CXCL12, CCL19, CCL21, and
CCL27) further promote cancer cell adhesion, migration, and survival10–12.
We also observed elevated expression of the angiopoietin-Tie signaling axis
in CM skin tissues, reinforcing the importance of targeting VEGFC,
VEGFD, angiopoietin, and their receptors as a therapeutic strategy under
investigation in preclinical models.

Breast tissue’s high adipose content plays a significant role in tumor
biology. In our murine CM model, breast cancer cells preferentially
metastasized to BAT-rich areas, including the neck, interscapular, and
paraspinal regions. BAT, known for non-shivering thermogenesis, also
functions as an endocrine organ, secreting batokines such as FGF21 and IL-
6 that influence angiogenesis, metabolism, and inflammation24. These fac-
tors may create a favorable microenvironment for cancer cell colonization
and survival25,26. In pathological states like obesity, BAT secretory dys-
function may exacerbate tumor progression. Co-culture of breast cancer
cells with autologous adipocytes led to increased expression of LEP and
S1PR1, highlighting tumor-adipocyte interactions that promote angiogen-
esis. LEP, commonly elevated in obesity, contributes to tumor growth and
metastasis27–29. S1PR1, activated by elevated sphingosine-1-phosphate in
obesity, drives metastatic behavior in breast cancer30–32. Adipokine imbal-
ance, including altered LEP and adiponectin, may further enhance S1P/
S1PR1 signaling and promote aggressiveness in obese individuals.

Transcriptomic data revealed dysregulation of fatty acid metabolism,
particularly AA and LA pathways, in CM skin tissues. Linoleic acid, an
omega-6 PUFA, is metabolized into pro-inflammatory lipids that promote
inflammation, angiogenesis, and invasion33,34. These effects are mediated
through ECM remodeling via MMPs, which degrade structural barriers and
facilitate invasion35,36. LA-derived metabolites also enhance
neovascularization37. Genes such asACSBG1,ACADL,ACADSB, and SCD5,
alongside PTGS2, LTC4S, and PTGIS, were significantly upregulated.

Elevated expression of PLA2G family members (e.g., PLA2G2A, PLA2G2C,
PLA2G4A) indicates heightened phospholipid metabolism and signaling
activity. Concurrently, decreased GPX1 expression may elevate ROS, pro-
moting inflammation and DNA damage38. Similarly, loss of CBR3 may lead
to accumulation of toxic aldehydes like 4-HNE, contributing to genomic
instability39 andadaptationofmetastatic cells to the cutaneousniche40. Recent
studies suggest that ω-6 LA may activate mTORC1 in a FABP5-dependent
manner, particularly in TNBC. Elevated FABP5 and ω-6 PUFA levels in
TNBC patients further highlight dietary lipid involvement and therapeutic
implications41. Targeting key enzymes in LA metabolism or their down-
stream pathways may hold promise for suppressing metastasis in CMBC.

JAK2 and STAT3 are among the genes that are preferentially mutated
in metastatic breast cancer, suggesting that targeting the JAK/STAT path-
way could be a promising strategy for future therapies19. Activation of
STAT3 is known to promote adipocyte differentiation and regulate the
secretion of adipokines, which in turn can influence the tumor
microenvironment42. JAK2/STAT3 is activated by pro-inflammatory
cytokines (such as IL-6), mediating innate and adaptive immune respon-
ses that often create a supportive niche for tumor growth. Furthermore,
STAT3 activation is closely linked to angiogenesis through the upregulation
of pro-angiogenic factors such as VEGF, thereby facilitating the formation
of new blood vessels that supply the tumor with oxygen and nutrients43.
Notably, previous studies have identified the leptin-STAT3-G9a axis as a
driver of cancer stem-like cell formation in breast cancer, particularly under
conditions of obesity44. Our data further suggests that PTGIS is central to
this regulatory network. Supporting this, prior studies have demonstrated
that pharmacologic inhibition of PTGIS not only reduces phosphorylated
STAT3 (p-STAT3) relative to total STAT3 levels across multiple basal-like
breast cancer cell lines, but also impairs the growth of CD44⁺CD24⁻ breast
cancer stem-like cells23,45. These findings collectively highlight the STAT3-
PTGIS signaling axis as a critical mediator of tumor progression and a
potential target for anticancer therapy. Consistent with these observations,
we found that breast cancer cells exhibiting a cutaneous metastatic phe-
notype displayed markedly elevated p-STAT3 levels. Inhibition of STAT3
activation significantly suppressed both tumor growth and the formation of
CMs. Therefore, targeting the JAK2/STAT3 pathway may represent an
effective and personalized therapeutic strategy in CMBC, potentially
attenuating adipocyte-derived pro-tumorigenic signaling, reducing chronic
inflammation, and inhibiting angiogenesis.

Methods
RNA-Seq data analysis
One microgram of total RNA was used to prepare the mRNA libraries.
Poly(A)-mRNA was isolated using oligo (dT) beads and fragmented
using divalent cations at high temperatures. Random Primers were used,
followed by first- and second-strand cDNA syntheses. Double-stranded
cDNA was purified, and end repair and dA-tailing were performed in a
single reaction. Adaptors were ligated to both ends using T-A ligation.
The adaptor-ligated DNA was size-selected using clean DNA beads. The
samples were then amplified by PCR using primers P5 and P7, and the
PCR products were validated for quality. Indexed libraries were multi-
plexed and sequenced on an Illumina HiSeq, Novaseq, or
MGI2000 system using a 2 × 150 paired-end (PE) configuration
according to the manufacturer’s instructions. Fastq data were processed
using Cutadapt (v1.9.1) to remove technical sequences, such as adapters,
PCR primers, and low-quality bases (Phred score < 20). Only the high-
quality reads (75 bp) were retained for further analysis. Reference gen-
omes and gene annotations were downloaded from the UCSC, NCBI, or
ENSEMBL databases. Hisat2 (v2.2.1) was used to index the reference
genome and align the high-quality reads to the reference genome.
Transcripts were generated from off-annotation files. HTSeq (v0.6.1) was
used to estimate gene and isoform expression levels from clean PE reads
using the converted transcripts as reference files. Differential gene
expression analysis was performed using the DESeq2 Bioconductor
package based on a negative binomial distribution. Logarithmic fold-
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changes and dispersion estimates were adjusted using data-driven priors.
Genes with an adjusted p-value (Padj) ≤ 0.05 were considered differen-
tially expressed.

KEGG enrichment analysis
We used the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database, Reactome (37941124), and SRplot (37943830), which
compiles information on genomes, biological pathways, diseases,
drugs, and chemical substances, for pathway analysis. In-house
scripts were developed to identify and enrich DEGs within the KEGG
pathways, enabling a deeper understanding of the underlying mole-
cular mechanisms and potential interactions.

Gene set enrichment andmodeling of gene interaction networks
Upregulated genes were analyzed using Ingenuity Pathways Analysis (IPA)
software (Ingenuity Systems, www.ingenuity.com) and subjected to func-
tional annotation and regulatory network analysis. The analysis included
several prediction algorithms, including Upstream Regulator Analysis
(URA), Downstream Effects Analysis (DEA), mechanistic network (MN),
and Causal Network Analysis (CNA). IPA employs these algorithms to
predict functional regulatory networks from gene expression data. It assigns
a significance score to each network based on its relevance to the input set of
focus genes. Significance was calculated as the negative logarithm of the p-
value, representing the likelihood that the observed grouping of focus genes
in the network occurred by chance. Thismethod facilitates the identification
of critical regulators andpathways involved in thebiological processes under
investigation.

Immunohistochemistry
Immunohistochemistry staining was performed to detect target proteins in
patient tissue samples. Tissue sections (4-5 μm thick) were obtained from
paraffin-embeddedblocks andmountedon slides.After deparaffinization in
xylene and rehydration with ethanol, antigen retrieval was performed using
sodium citrate buffer (pH 6.0) with heat for 10-20min. Endogenous per-
oxidases were blocked with 3% hydrogen peroxide, followed by blocking
with serum to reduce nonspecific binding. Sections were incubated with the
primary antibody overnight at 4 °C. After rinsing, a biotinylated secondary
antibody was applied at room temperature for 30-60min. Detection was
performed using an enzyme-labeled complex (ABC), followed by DAB
staining. Finally, the sections were counterstained with hematoxylin,
dehydrated, cleared, and mounted for analysis.

Flow cytometry for apoptosis
Briefly, cells were prepared by either trypsinizing the adherent cells or
collecting the suspended cells directly. The cell suspensionwas centrifuged
at 300 g for 5 min to pellet the cells, and the pellet was washed once with
PBS. The cells were resuspended in Annexin V-binding buffer at a con-
centration of 1 × 106 cells/mL. Subsequently, 100 μL of the cell suspension
(about 1 × 105 cells) was aliquoted into a new tube, and five μL of Annexin
V-FITC was added. The mixture was incubated in the dark for 15min at
room temperature. After that, five μL of propidium iodide was added,
typically at a concentration of 50 μg/mL, and incubated for another 5 min
at room temperature in the dark. Finally, 400 μL Annexin V binding
buffer was added to each tube and mixed gently. The stained cells were
immediately analyzed using a flow cytometer.

Endothelial cell tube formation
First, cancer cells were seeded in a culture dish at 60-70% confluency. At 70-
80% confluency, they were washed twice with PBS to remove serum, and
serum-free medium was added, followed by incubation for 24-48 h. The
conditionedmediumwas then collected. Matrigel was prepared by thawing
on ice overnight and keeping the tools cold to prevent premature solidifi-
cation. Matrigel was added to a 24-well plate and incubated at 37 °C for 30-
60min for solidification. Endothelial cells were harvested, resuspended in a
1:1 mixture of endothelial cell culture medium and cancer cell-conditioned

medium, and seeded on top of the solidifiedMatrigel at a density of 3 × 104-
5 × 104 cells/well. The plate was incubated at 37 °C for 4-8 h, during which
tube-like structures formed.

In vivo orthotopic mouse model
Primary 4T1 cells (1 × 10⁶) were implanted into the fourth mammary fat
pad of female BALB/c mice. Tumors were allowed to develop until they
reached a volume of 100-150mm³, after which surgical resection was
performed under sterile conditions to ensure complete removal of the
primary tumor. Following surgery, the mice were monitored for four
weeks to evaluate local tumor recurrence. During this observation period,
the animals received daily intraperitoneal injections of 100 μL adipocyte-
conditioned medium (Ad-CM). Ad-CM was prepared from cultured
adipocytes, centrifuged at 300 g for 10min to remove cells, followed by
2000 g for 10min to remove debris, and then either used immediately or
stored at −80 °C until use. To specifically assess the role of JAK-STAT
signaling in tumor recurrence, mice were additionally implanted with
cutaneous 4T1 cells and treated intraperitoneally with Stattic (10 mg/kg),
administered three times per week for three weeks. Drug injections were
performed under inhalational anesthesia with 2% isoflurane to minimize
animal discomfort. At the end of the four-week postoperative period,
mice entered the skin metastasis evaluation stage. Animals were eutha-
nized by CO₂ inhalation, and tissues were harvested for histological and
molecular analyses.

Statistical analysis
Statistical analyses and graphingwere performedusing theGraphPadPrism
8.0 software (GraphPad, SanDiego,CA,USA). AZ score (2.0 ≤ Z ≥ 2.0)was
considered significant for IPA analyses.

Ethics statement
Informed consent was obtained from all participants in this study. The
consent process followed the ethical guidelines outlined in the Declaration
of Helsinki, and the study was approved by the Research Ethics Committee
of Kaohsiung Medical University Hospital KMUHIRB-G(I)-20200039,
KMUHIRB-G(II)-20190005, and KMUHIRB-G(II)-20170030. All experi-
mental methods were performed following the guidelines of Kaohsiung
Medical University Hospital. Animal experimental procedures were
reviewed and approved by the Institute of Animal Care andUseCommittee
at Kaohsiung Medical University (IACUC no. 109114 and no. 112102).
They were performed under the Guide for the Care and Use of Laboratory
Animals. Animals were housed in an Association for Assessment and
Accreditation of Laboratory Animal Care International (Frederick, MD,
USA) approved animal facility at Kaohsiung Medical University.
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The data supporting this study's findings are available from the corre-
sponding author upon reasonable request.
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