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Abstract Obesity is a significant risk factor for cancer and is associated with breast cancer metastasis.

Nevertheless, the mechanism by which alterations in systemic metabolism affect tumor microenviron-

ment (TME) and consequently influence tumor metastasis remains inadequately understood. Herein,

we found that perturbations in circulating metabolites induced by obesity promote metastasis-like pheno-

types in breast cancer. Oleoylcarnitine (OLCarn) concentrations were elevated in the serum of obese mice

and humans. Administration of exogenous OLCarn induces metastasis-like characteristics in breast can-

cer cells. Mechanistically, OLCarn directly interacts with the Arg176 site of adenylate cyclase 10

(ADCY10), leading to the activation of ADCY10 and enhancement of cAMP production. Mutations at

Arg176 prevent OLCarn from binding to ADCY10, disrupting the ADCY10-mediated activation of cyclic

adenosine monophosphate (cAMP) signaling pathway. This activation promotes transcription factor 4

(TCF4)-dependent kinesin family member C1 (KIFC1) transcription, thereby driving breast cancer

metastasis. Conversely, the neutralization of both ADCY10 and KIFC1 through knockdown or
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pharmacological inhibition abrogates the oncogenic effects mediated by OLCarn. Hence, obesity-induced

systemic environmental changes lead to the aberrant accumulation of OLCarn within the TME, making it

a potential therapeutic target and biomarker for breast cancer.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Approximately 13% of cancers in women worldwide are attrib-
uted to obesity1. Obesity is a recognized risk factor for breast
cancer; with each one-unit increase in body mass index (BMI),
susceptibility to breast cancer increases by 8%2. Breast cancer
patients who are overweight or obese have a 46% higher risk of
developing distant metastases than those who are lean, and each
0.5-unit increase in BMI is linked to a 1.35 times higher risk of
death from metastatic events3. However, the mechanisms under-
lying the relationship between obesity and the development of
cancer remain unclear.

Emerging research indicates that obesity may expedite tumor
progression by increasing the abundance of Desulfovibrio species
in the intestinal microbiome, promoting cellular senescence, and
impairing the function of macrophages and T cells. Studies on the
relationship between obesity and cancer have predominantly
focused on biological macromolecules such as senescence-
associated secretory phenotype, mechanistic target of rapamycin,
and programmed cell death protein 14-7. However, there remains a
significant gap in understanding how abnormal small-molecule
metabolites, resulting from obesity-induced systemic metabolic
alterations, influence the tumor microenvironment (TME).

Metabolic perturbations in nucleic acids, proteins, and other
macromolecules can ultimately manifest as changes in small-
molecule metabolites8,9, which play pivotal roles in tumorigen-
esis. For instance, 2-hydroxyglutarate10, itaconate11, fumarate12,
taurine13, b-hydroxybutyric acid14, and other small molecule me-
tabolites have been demonstrated to be closely associated with the
onset and progression of tumors. The level of methylmalonic acid, a
byproduct of propionate metabolism, is elevated in the serum of
older individuals, promoting SRY-Box transcription factor 4
expression and epithelialemesenchymal transition (EMT)15.
Oleoylcarnitine (OLCarn), a long-chain acylcarnitine, is synthe-
sized through the esterification of dietary long-chain fatty acids,
facilitates the transportation of fatty acids to mitochondria for en-
ergy production, and has been implicated in the progression of
hepatocellular carcinoma (HCC)16. OLCarn concentration is also
elevated in HCC, thereby serving as a potential biomarker17.
However, the effect of OLCarn on the circulation in obese in-
dividuals with breast cancer metastases remains poorly understood.

Herein, we revealed that systemic environmental disturbances in
obese individuals lead to the abnormal accumulation of OLCarn in
the TME and drive breast cancer progression. Through metab-
olomics, we identified OLCarn, ametabolite that accumulates in the
tumors and serum of obese mice, as a critical regulator of the EMT,
invasion, and metastasis of breast cancer cells. Mechanistically,
OLCarn serves as an activator of the adenylate cyclase 10
(ADCY10)-dependent cyclic adenosine monophosphate (cAMP/
transcription factor 4 (TCF4) signaling pathway, upregulating the
expression of (kinesin family member C1) KIFC1, and thereby
promoting EMT in breast cancer. Moreover, obese individuals,

whether diagnosed with breast cancer, exhibit significantly elevated
serum levels of OLCarn, along with higher concentrations of
OLCarn within their tumors. Hence, the high level of OLCarn in
both the systemic environment and TME plays a pivotal role in
breast cancer metastasis, making it a promising candidate as both a
target and biomarker for breast cancer.

2. Materials and methods

2.1. Reagents and antibodies

For immunoblotting, antibodies were purchased from
Cell Signaling Technology (anti-E-cadherin, cat#14472S;
anti-N-cadherin, cat#13116S), Bioss (anti-ZO-1, cat#bs-1329R;
anti-b-actin, cat#bs-0061R), Immunoway (anti-Fibronectin,
cat#YM3137; anti-PAI-1, cat#YT3569), Affinity Biosciences
(anti-ADCY10, cat#DF13600), Santa Cruz (anti-Epcam,
cat#K0320; anti-Vimentin, cat#E0721), ABconal (anti-ADCY10,
cat#DF13600; anti-Snail, cat#A5243; anti-Slug, cat#A13352;
anti-TCF4, cat#WH366135; anti-KIFC1 cat#WH299397; anti-
GAPDH, cat#WH330321; anti-DDDDK-Tag, cat#AE005), and
Abcam (anti-TCF4, cat#ab217668). Secondary antibodies were
procured from Beyotime (goat anti-rabbit Alexa Fluor 488,
cat#A0423; goat anti-mouse Alexa Fluor 488, cat#A0428; goat
anti-rabbit Cy-3, cat#A0516; goat anti-mouse Cy-3, cat#A0521),
Sigma (streptavidin-Cy3, cat#S6402), and LI-COR (IRDye
800CW goat anti-rabbit, cat#926-32211; IRDye 800CW goat anti-
mouse, cat#926-32210). Rhodamine-labeled ghost pen cyclic
peptide (cat#CA1610) was obtained from Solarbio Science and
Technology Co. Lipofectamine™ 3000 Reagent (cat#L3000-015)
was purchased from ThermoFisher Scientific. X-tremeGENE™
siRNATransfection Reagent (cat#4476093001) was acquired from
Roche. AZ82 (cat#1449578-65-7), LRE1 (cat#1252362-53-0),
and IBMX (cat. #HY-12318) were procured from
MedChemExpress. D-Luciferin sodium salt (cat#103404-75-7),
p-cresol (cat#106-44-5), butanoic acid (cat#218926-46-6), phe-
nylacetylglycine (cat#500-98-1), and OLCarn (cat#38677-66-6)
were purchased from Aladdin, and stearylcarnitine (cat#25597-09-
5) was purchased from Macklin. The lysis Buffer designed
specifically for WB/IP assays was obtained from Absin (cat#-
abs9116). The cAMP ELISA detection kit (cat#BDEL-0401) was
purchased from BioDragon.

2.2. Cell lines and treatment

Human and mouse breast cancer cell lines (HCC1806, MCF-7,
and MDA-MB-231 E0771) and HEK-293T cells were purchased
from the Cell Bank of the Shanghai Institute of Biochemistry and
Cell Biology (Shanghai, China). MCF-7, MDA-MB-231, E0771,
and HEK-293T cells were cultured in DMEM media (Gibco,
USA), while HCC1806 cells were cultured in RPMI-1640 media
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(Gibco, USA). The culture medium was supplemented with 10%
fetal bovine serum (Meilun Bio, China) and 1%
penicillinestreptomycin (HaiGene, China). The culture was
maintained at 37 �C in a humidified atmosphere containing 5%
CO2 and 95% air. To treat with serum samples from high-fat diet
(HFD) mice or obese patients, E0771 or HCC106 cells were
incubated in culture medium containing 10% mouse or human
serum for 3 days, following three PBS washes. To evaluate the
potential effects of circulating metabolites in mice,
HCC1806 cells were inoculated into standard culture medium
with the addition of 5 or 10 mmol/L p-cresol, butanoic acid,
phenylacetylglycine, stearylcarnitine, and OLCarn, or a vehicle
(0.1% DMSO for phenylacetylglycine and OLCarn; double-
distilled water for p-cresol, butanoic acid, stearylcarnitine).

2.3. Murine model and study design

All animal studies were approved by the Animal Ethics Com-
mittee of Harbin Medical University (Approval No. IRB5011723).
Female C57BL/6 and BALB/c nude mice (4e8 weeks of age)
were housed in specific pathogen-free or barrier conditions in
animal facilities (Harbin Medical University, China). A cell-
derived xenograft (CDX) model was constructed via subcutaneous
injection of E0771 or HCC1806 cells (1 � 105 cells). In the
orthotopic breast cancer models, tumors were induced in mice by
injecting 1 � 105 HCC1806-luciferase cells suspended in 100 mL
of a 1:1 mixture of PBS and Matrigel mixture into the fourth
mammary fat pad on the right side of each mouse. For lung
metastasis, 1 � 105 luciferase-expressing HCC1806 cells were
injected into the tail veins of nude mice.

Following the establishment of these models, OLCarn was
administered, and the tumors were surgically excised on Day 28.
Thereafter, tumor metastasis was monitored for over 4 weeks.
Primary tumors and metastases were monitored using a
NightOWL II LB 983 system (Berthold, Germany).

2.4. Preparation of serum from C57BL/6 mice

The mice were randomly assigned to two dietary groups. Group 1
received a control diet (cat# D12450B) with 10% fat, 20% protein,
and 70% carbohydrates, while Group 2 was fed an HFD (Keao
Xieli, China, cat# D12492) containing 60% fat, 20% protein, and
20% carbohydrates to induce obesity. The control diet was sup-
plemented with 100% essential vitamins, minerals, amino acids,
and fatty acids; detailed diet compositions have been provided in a
previous study18. In Week 13, the mice were fasted for 10 h with
access to water, after which blood samples were collected via
cardiac puncture, allowed to clot for 30 min at room temperature
and centrifuged at 1000�g for 10 min.

2.5. Serum biochemical analysis

The levels of total cholesterol (TC, cat# H202), triglycerides (TG,
cat#H201A), low-density lipoprotein cholesterol (LDL-C,
cat#H207A), and blood glucose (cat#H108) were assessed using
an automatic biochemical analyzer (Hitachi, Japan) and appro-
priate detection kits from the Medical System (Ningbo, China).

2.6. Delipidation and deproteinization in mouse serum

For the delipidation of mouse serum, Cleanascite Lipid Removal
Reagent (BSG, USA) was employed following the manufacturer’s

protocol designed specifically for serum samples. A 1:4 volume
ratio of Cleanascite reagent to the sample was utilized. To elim-
inate serum components larger than 3 kDa, a series of filtration
steps was performed using size-exclusion columns. Initially, the
serum was applied to ample prep centrifugal filter units (Milipore,
USA) with a molecular size cut-off of 100 kDa and centrifuged at
4 �C and 4000�g. The resulting flow-through fraction was sub-
sequently processed consecutively using filter units with molec-
ular size cut-offs of 50, 10, and 3 kDa. The delipidated serum
fractions or size-excluded fractions of mouse serum were subse-
quently used in cell culture treatments, following the same pro-
cedures described for unprocessed mouse serum.

For deproteinization of mouse serum, the serum was meticu-
lously transferred to an EP tube and subjected to vigorous vor-
texing and resuspension using pre-cooled 80% methanol to induce
the denaturation and precipitation of all proteins. Subsequently,
centrifugation at 15,000�g was performed at 4 �C for 20 min. The
supernatant was freeze-dried and used as reserve culture medium.

2.7. Quasi-targeted metabolomic analysis of serum

Quasi-targeted metabolomic analyses were performed using
Novogene (Tianjin, China). The serum pretreatment procedure
was analogous to the deproteinization process. The resulting
supernatant was then injected into the LCeMS/MS system for
analysis.

2.8. Measurements of OLCarn concentrations in serum and
tissue

Serum samples were subjected to direct vortexing and subsequent
resuspension in pre-cooled 80% methanol, whereas tissue samples
were ground and resuspended in 80% methanol to facilitate pro-
tein denaturation and precipitation. Following a 5 min incubation
period on ice, centrifugation was performed at 15,000�g at 4 �C
for 20 min. Subsequently, an appropriate portion of the superna-
tant was diluted with double-distilled water until a 53% methanol
concentration was obtained. The treated samples were then
transferred to fresh EP tubes for another round of centrifugation
under identical conditions. Finally, the supernatants prepared from
the serum and tissue samples were analyzed using HPLCeMS.

2.9. Global gene expression analysis (RNA-seq)

RNA-seq was performed using Novogene (Tianjin, China). RNA
from HCC1806 cells treated with 20 mmol/L OLCarn for 3 days
was isolated via TRIzol method. RNA integrity was determined
using an RNA Nano 6000 Assay Kit on a Bioanalyzer 2100 sys-
tem (Agilent Technologies, USA).

2.10. Small interfering RNA and plasmid transfection

shKIFC1#1, shKIFC1#2, shADCY10#1, shADCY10#2, and shNC
lentiviruses were purchased from GeneChem (Shanghai, China).
KIFC1 or ADCY10 small interfering RNA (siRNA) were pro-
cured from Guangzhou RiboBio Co., Ltd. (Guangzhou, China).
Nonspecific siRNA was used as a negative control. Cells were
transfected with siRNA using X-tremeGENE for 24 h according to
the manufacturer’s instructions. Plasmids containing wild-type
ADCY10 or the ADCY10 Arg176 mutant were provided by Ubigen
(Guangzhou, China). An empty pcDNA3.1 vector was used as a
negative control. These plasmids were transfected into HEK-293T
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Figure 1 Obesity accelerates breast tumor growth and metastasis. (A) Schematic depicting experimental setup. (B) Tumor growth curves of

C57BL/6Jmice inoculatedwith 1� 105 E0771 tumor cells after CTDorHFD feeding for 13weeks (nZ 5). (C)Representative pictures of tumors. (D,

E) Tumor volumes (D) and weights (E) 21 days after subcutaneous inoculation with E0771 cells in C57BL/6J mice (nZ 5). (F) Pulmonary surface

nodules after intravenous injection of E0771 cells in CTD or HFD mice. (G) Representative H&E staining of lung tissues. (H) Quantification of the

average number of lungmetastatic lesions (nZ 5). (I) Protein levels of EMTmarkers in tumor tissues derived fromCTD or HFDmice (nZ 5). (JeL)

Fluorescence intensity represents protein levels of E-cadherin, KIFC1 (J), N-cadherin and TCF4 (K) in tumor tissues derived fromCTDorHFDmice.

(M) Utilizing the dataset GSE201316, the R packages ggplot and ggpubr were employed to categorize CDH1, EpCAM, KIFC1 and other related

markers according to obese and non-obese classifications. TheWilcoxon rank-sum test was conducted to evaluate statistical significance between the

groups, with a threshold of P< 0.05 denoting statistical significance. For all graphs, unless otherwise specified, the data present mean� SEM of four

independent experiments. Statistical analyses were conducted utilizing Student’s t-test for B, D, E, H, L and M. **P < 0.01, ***P < 0.001.
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cells for 24 h using Lipofectamin™ 3000, following the detailed
instructions provided by the manufacturer.

2.11. Streptavidinebiotin affinity pull-down assay

Following synthesis of biotin-conjugated OLCarn, HCC1806 cells
were lysed using a Lysis Buffer designed specifically for WB/IP
assays (Absin, China). The prepared cell lysates were then

incubated with either free biotin (20 mmol/L, MCE, USA) or
biotin-OLCarn (20 mmol/L) for 12 h at 4 �C with continuous
rotation. Subsequently, pre-washed streptavidin magnetic beads
(MCE, China) were added to the system and incubated with gentle
rotation at room temperature overnight. To remove non-
specifically bound proteins, the beads were washed three times
with elution buffer. The denatured proteins were then separated
via SDS-PAGE and visualized with Coomassie blue staining.

Figure 2 Obesity-induced systemic environment promotes breast cancer aggression. (A) Diagram showing experimental design. (B) Immu-

noblots of E0771 cells cultured for 3 days in serum from CTD or HFD mice (n Z 5). (C) Immunofluorescence of E0771 cells cultured for 3 days

in serum from CTD or HFD mice; red, E-cadherin or N-cadherin; Cyan, DAPI. (D) Cytoskeleton of E0771 cells cultured for 3 days in serum from

CTD or HFD mice. (E) Representative images and quantification of E0771 cells that cultured in transwell plates and treated with serum from CTD

or HFD mice after 3 days (n Z 3). (F, G) Intravenous injection of E0771 cells treated with serum from CTD or HFD mice after 3 days for lung

metastasis analysis. Shown are representative images (F) and total flux analyses (G, nZ 5). (H) Representative H&E staining of lung tissues. (I, J)

Representative diagram (I) and quantification (J) of the effect of serum derived from CTD or HFD mice on the invasion of E0771 cells under 3D

culture conditions. For all graphs, unless otherwise specified, the data present mean � SEM of four independent experiments. Statistical analyses

were conducted utilizing Student’s t-test for E, G, and J. *P < 0.05, **P < 0.01.
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Figure 3 Obese TME derived OLCarn exacerbates breast cancer aggressiveness. (A) Heatmap of 5 metabolites that are increased at a sta-

tistically significant level in the serum of HFD mice (nZ 6). (B) Representative HPLCeMS figure depicting the serum composition and OLCarn.

(C) Concentrations of OLCarn in all serum samples (n Z 20). (D) Concentrations of OLCarn in all tumor samples (n Z 5). (E) Immunoblots of

HCC1806 cells treated with various doses of OLCarn for 3 days; representative images. (F) Cytoskeleton of HCC1806 cells treated with various

doses of OLCarn for 3 days; representative images. (G) Transwell migration assays of HCC1806 treated with OLCarn for 3 days. (H) Repre-

sentative diagram and quantification of the effect of various doses of OLCarn on the invasion of HCC1806 cells under 3D culture conditions. (I, J)

Intravenous injection of HCC1806-luciferase cells into nude mice, and subcutaneous injection of OLCarn (10 mg/kg) every 2 days for lung

metastasis analysis. Shown are representative images (I) and total flux analyses (J, n Z 5). (K) Representative H&E staining of lung tissues. (L,

M) Fluorescence intensity represents protein levels of E-cadherin, KIFC1 (L), N-cadherin and TCF4 (M) in tumor tissues derived from OLCarn

treated mice. For all graphs, unless otherwise specified, the data present mean � SEM of four independent experiments. Statistical analyses were

conducted utilizing Student’s t-test for C, D and J, one-way ANOVA for G, H.*P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4 KIFC1 mediates OLCarn-induced pro-aggressive phenotype reprogramming. (A) Volcano map illustrates the comprehensive dis-

tribution of differential genes in HCC1806 cells treated with OLCarn for 3 days, wherein red dots symbolize significantly upregulated genes and

green dots symbolize downregulated genes. (B, C) GO (B) and KEGG (C) enrichment analysis of differential genes. (D) Heatmap depicting

differential genes associated with gap junction and tight junction, etc. (E) mRNA levels of KIFC1 by RT-PCR in HCC1806 cells treated with

various doses of OLCarn for 3 days. (F) Protein levels of KIFC1 by Western blot in HCC1806 cells treated with various doses of OLCarn for 3

days. (G, H) Immunoblots of HCC1806 (G) and MCF-7 (H) cells with KIFC1 knockdown and treated with 40 mmol/L OLCarn for 3 days. (I)

Immunoblots of E0771 cells with KIFC1 knockdown and treated with serum from CTD or HFD mice for 3 days. (J) Cytoskeleton of

HCC1806 cells with KIFC1 knockdown and treated with 40 mmol/L OLCarn for 3 days. (K, L) 3D invasion assays of HCC1806 cells with KIFC1
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Differentially expressed proteins were identified using mass
spectrometry conducted by SpecAlly (Wuhan, China).

2.12. Molecular docking

Molecular docking experiments were conducted using Auto-
Dock4.2 software to assess direct interactions or binding between
small molecules and proteins19, whereas SiteMap software was
utilized to predict the most favorable binding site for OLCarn20.
The bicarbonate binding site in ADCY10 protein was used as a
reference. The docking center was established based on the pre-
dicted binding site, with the coordinates X Z 20.01, Y Z 19.61,
and ZZ �0.04 serving as the center. To encompass the target area
adequately, a cube with a side length of 22.5 Å was designated as
the box size, and a spacing step of 0.375 was set. Genetic
algorithm-based conformational sampling and scoring were
employed, with a maximum limit of 10,000 conformations
searched. A flexible docking methodology was used, and the
optimal conformation was selected based on the docking score for
subsequent conformational sorting.

2.13. Drug affinity response target stability (DARTS) assay

After harvesting HCC1806 cell lysates through centrifugation,
protein concentrations were determined using a BCA protein kit.
Experimental protein solutions were diluted to a concentration of
1.5 g/L in M-PER buffer (Invitrogen, USA). Subsequently, the
protein solutions were incubated with DMSO and 20 mmol/L
OLCarn at room temperature for 2 h. The samples were pre-
warmed in a metal bath at 40 �C for 10 min. Pronase E (Yuanye,
China) PBS solution at a concentration of 5 mg/mL and an
enzyme to protein ratio of 1:50 was added to each sample group.
Samples were immediately digested in a metal bath at 40 �C for
20 min. Western blot analysis was performed to assess ADCY10
expression.

2.14. Cellular thermal shift assay (CETSA)

Cell lysates were prepared by adding RIPA lysate and centrifuging
the samples. The lysates were then supplemented with DMSO and
20 mmol/L OLCarn and incubated at room temperature for 2 h. To
assess the stability of the protein complex, the lysates were
divided into six fractions and heated at 40, 45, 50, 55, 60, and
65 �C for 3 min. After heating, samples were centrifuged at
20,000�g for 15 min, and the supernatants were collected and
mixed with SDS-PAGE loading buffer for Western blot analysis.

2.15. Intracellular co-localization of Bio-OLCarn and ADCY10

HCC1806 and HEK293T cells were pretreated according to the
immunofluorescence assay protocol. The treated cells were sub-
sequently incubated with anti-ADCY10 antibody (1:100) and Bio-
OLCarn at a final concentration of 20 mmol/L or Biotin mixture

overnight at 4 �C. Following primary antibody binding, the cells
were exposed to goat anti-rabbit Alexa Fluor 488 secondary
antibody (1:1000) and streptavidin-Cy3 (1:1000) in the dark for
1 h. Confocal microscopy was utilized to capture images, and
Image J software was employed for co-localization analysis of
Bio-OLCarn and ADCY10 signals.

2.16. Intracellular cAMP measurement

The cells were pre-incubated for 24 h in culture medium free of
sodium bicarbonate. The medium was then discarded, and the
cells were treated with 0.5 mmol/L IBMX for 10 min. The cellular
cAMP levels were quantified according to the manufacturer’s
instructions.

2.17. Three-dimensional (3D) tumor spheroid invasion assay

A 3D tumor spheroid invasion assay was performed following the
designated protocol21. Breast cancer cells were detached using
0.25% trypsin, resuspended at a density of 104 cells/mL, and
dispensed into ultra-low attachment 96-well round bottom plates
(EFL, China) at a volume of 200 mL/well. Following 72 h of tumor
sphere formation, 100 mL/well (50%) growth medium was
removed and replaced with a 1:1 mixture of Matrigel Matrix
(Corning, USA) and Rat Tail Collagen I (Corning, USA) in
U-bottom wells. Subsequently, 100 mL/well of medium containing
30% CTD or HFD serum (final concentration 10%) was added.
Phase-contrast microscopy was used to capture images at all time
points. A minimum of four parallel experiments was conducted to
obtain reliable results.

2.18. Transwell assay

To assess cancer cell invasion, E0771, HCC1806, and MCF-7 cells
were stimulated and introduced into a matrix gel-coated chamber
to enable their migration through membrane pores. After treat-
ment, the invading cells were fixed in methanol for 10 min and
rinsed three times with PBS. The membrane was stained with
0.5% crystal violet for 10 min, followed by three washes with
PBS. Non-invasive cells on the upper membrane were removed,
and the membrane was air-dried and photographed under a light
microscope (Leica, Germany). The area of invasive cells was
quantified using the ImageJ software.

2.19. Histological evaluation and immunohistochemistry (IHC)

For histological examination, the tissue specimens were collected
and fixed in 4% paraformaldehyde in PBS. Subsequently, they
were embedded into paraffin blocks, sectioned to 4 mmol/L
thickness, and stained with HE (Solarbio, cat#G1121) according
to established protocols. Bright-field images were captured using
an inverted microscope (Olympus BX43, Japan). For IHC anal-
ysis, the deparaffinized sections were incubated overnight at 4 �C

knockdown and treated with 40 mmol/L OLCarn for 3 days. (M, N) Transwell invasion assays of HCC1806 cells with KIFC1 knockdown and

treated with 40 mmol/L OLCarn for 3 days. (O) Lung colonization assay of HCC1806-luciferase cells with KIFC1 knockdown (shKIFC1#1 or #2)

and treated with 10 mg/kg OLCarn every 2 days (n Z 5). shNC, non-specific shRNA. (P) The line graph shows the quantification of lung

colonization. (Q) Representative H&E staining of lung tissues. (R) Fluorescence intensity represents protein levels of E-cadherin, KIFC1 in tumor

tissues derived from mice that KIFC1 knockdown and treated with 10 mg/kg OLCarn every 2 days. For all graphs, unless otherwise specified, the

data present mean � SEM of four independent experiments. Statistical analyses were conducted utilizing one-way ANOVA for E, L, N and P.

*P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5 OLCarn directly activating ADCY10 by binding to Arg176 site. (A) The structural formula of biotin-conjugated OLCarn (Bio-

OLCarn). (B) The schematic diagram of streptavidin-biotin affinity pull-down assay. (C) Mass spectrometry analysis identified 11 proteins,

including ADCY10, as the cytoplasmic protein from HCC1806 cells pulled down by Bio-OLCarn. (D) Immunoblotting was performed to detect

the presence of ADCY10 following co-incubation with cell lysate and subsequent precipitation of bound protein using streptavidin magnetic

beads with either Bio-OLCarn or Biotin (20 mmol/L). (E) Fluorescence intensity represents the colocalization of ADCY10 and Bio-OLCarn or

biotin (20 mmol/L) in HCC1806 cells; green: ADCY10, red: Bio-OLCarn. (F) Immunoblot analysis of DARTS sample revealed the increased

stabilization of ADCY10 during the proteolysis process in HCC1806 cells. (G) OLCarn significantly increased the thermal stability of ADCY10 in

CETSA assay at 45e55 �C in HCC1806 cells. (H) Computer simulation of OLCarn binding to ADCY 10, and a hydrogen bond was generated
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with primary antibodies against E-cadherin (1:100), N-cadherin
(1:200), KIFC1 (1:200), and TCF4 (1:200). Subsequently, the
sections were incubated with species-specific secondary anti-
bodies (1:1000). Confocal microscopy (Olympus FV10i, Japan)
was used to capture images.

2.20. qRT-PCR

Tissue samples and cultured cells were subjected to RNA
extraction utilizing the TRIzol reagent (Life Technologies, USA).
Total RNA was quantified using a Nanodrop spectrophotometer
(ThermoFisher Scientific, USA), followed by reverse transcription
to generate first-strand cDNA. SYBR Green real-time PCR was
performed to determine gene expression levels in each sample.
The primer sequences used in this study were as follows:

Human: KIFC1-F: (50-AGCCTGAGAAGAAACGGACA-30)
KIFC1-R: (50-GATGGAACTCTTGGGTGGGA-30)
GAPDH-F: (50-CCACTCCTCCACCTTTGAC-30)
GAPDH-R: (50-ACCCTGTTGCTGTAGCCA-30)

Mouse: KIFC1-F: (50-AGGCCACCTTTGTTGGAAGTG-30)
KIFC1-R: (50-CCACGAGGTCCTGTCTTCTTAG-30)
GAPDH-F: (50-AATGGATTTGGACGCATTGGT-30)
GAPDH-R: (50-TTTGCACTGGTACGTGTTGAT-30)

2.21. Chromatin immunoprecipitation (ChIP)

The ChIP assay was conducted employing a Pierce Magnetic ChIP
Kit (Thermo Fisher Scientific, USA) according to the manufac-
turer’s instructions. Briefly, cell lysates were sonicated to shear
DNA into 200e500 bp fragments, and a ChIP-grade antibody
targeting TCF4 was used for immunoprecipitation. The ChIP
product was quantified through PCR using primers specific to the
KIFC1 promoter. The following ChIP primers were used:

KIFC1-F: TGAGCAACAAGGAGTCCCAC.
KIFC1-R: TCACTTCCTGTTGGCCTGAG.

2.22. Western blot

Total cellular or tissue proteins were isolated using ice-cold RIPA
buffer (Beyotime, China) with a protease inhibitor cocktail (Bio-
sharp, China) and quantified using a BCA protein kit (Beyotime,
China). Samples were analyzed through 10% or 12% SDS-PAGE,
followed by transfer to nitrocellulose membranes (Millipore,
USA). The membranes were blocked with TBST containing 5%
skim milk for 1 h at room temperature. Primary antibodies were
incubated overnight at 4 �C with gentle rocking, followed by
secondary antibody incubation (Goat Anti-Rabbit or Mouse,
1:10,000) for 1 h at room temperature. Protein bands were

visualized and analyzed using the Odyssey system (Li-COR,
USA) to determine the gray values.

2.23. Human samples

The Ethics Board of Harbin Medical University approved the use
of the human blood and tissue samples (Approval No.
IRB5011723). Clinical data including sex, age, race, and BMI
were collected from 28 healthy subjects without cancer (Sup-
porting Informaiton Table S1). Informed consent was obtained
from participants who were clinically diagnosed with breast can-
cer and underwent mastectomy. Cancerous or paracancerous tis-
sues were obtained from 24 patients, and their clinical
characteristics were documented (Supporting Informaiton
Table S2). Tissues were fixed in 4% paraformaldehyde or frozen
in liquid nitrogen, while serum samples were stored in liquid
nitrogen.

2.24. Quantification and statistical analysis

Statistical analyses were conducted using GraphPad Prism 9.0.2
software (GraphPad Software, USA). Data are presented as
mean � standard error of the mean (SEM). Student’s t-test be-
tween two groups and one-way ANOVA across multiple groups
were used to calculate P values. Pearson’s correlation analysis was
used to determine the correlation coefficient and P-values of BMI
with OLCarn content. Statistical significance was determined
based on a P-value threshold of less than 0.05 (P < 0.05).

3. Results

3.1. Obesity accelerates breast tumor growth and metastasis

To establish a mouse obesity model, 5-week-old C57BL/6 mice
were fed a control diet (10% kcal) or an HFD (60% kcal) for 13
weeks (Supporting Information Fig. S1A). Mice on an HFD
showed significant weight gain and metabolic changes, including
increased total cholesterol, triglyceride, and LDL-C levels,
whereas fasting insulin levels remained similar between the
groups (Fig. S1BeS1G).

Following dietary adaptation, syngeneic breast cancer cells
(E0771) were used to create primary and lung metastatic tumor
models (Fig. 1A). Consistent with previous findings22,23, tumors
of HFD-fed mice were significantly larger than those of control
mice at the endpoint (Fig. 1BeE). In the lung metastasis model,
HFD mice developed notable pulmonary nodules, unlike the
smooth surfaces observed in the lungs of the control group

between OLCarn and Arg176 on ADCY10. (I, J) Protein levels of ADCY10 by Western blot in HCC1806 (I) and MCF-7 (J) cells treated with

various doses of OLCarn for 3 days. (K, L) cAMP levels were detected by ELISA in HCC1806 (K) and MCF-7 (L) cells treated with various doses

of OLCarn for 3 days. (M) cAMP levels were detected cells by ELISA in E0771 cells treated with serum from CTD or HFD mice for 3 days. (N)

Amino acid sequence of the ADCY10 mutation, red: corresponding amino acid sequence. (O) Immunoblotting was conducted to detect the

presence of Flag (ADCY10) after co-incubation with cell lysates of ADCY10WT or R176, followed by precipitation of binding proteins using

streptavidin magnetic beads and Bio-OLCarn (20 mmol/L). (P) cAMP levels in HEK-293T cells transfected with ADCY10WT or R176 and treated

with OLCarn for a duration of 3 days were measured using ELISA. (Q) Immunoblotting analysis of CETSA samples demonstrated the effec-

tiveness of OLCarn in enhancing the thermal stability of wild-type ADCY10 in HEK-293T cells, which was rendered ineffective by the presence

of the Arg176 mutation. (R) Immunoblotting analysis of DARTS samples indicated that OLCarn boosted the stability of wild-type ADCY10

during proteolysis in HEK-293T cells, which was nullified by the presence of the Arg176 mutation. For all graphs, the data present

mean � SEM of four independent experiments. Statistical analyses were conducted utilizing Student’s t-test for M, non-linear curve fit for G, one-

way ANOVA for F, K, L and P. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6 OLCarn induces KIFC1 through activation of ADCY10/cAMP signalling. (A, B) cAMP levels of HCC1806 (A) and MCF-7 cells

(B) with ADCY10 knockdown and treated with 40 mmol/L OLCarn for 3 days. (C, D) Immunoblots of HCC1806 (C) and MCF-7 cells (D) with

ADCY10 knockdown and treated with 40 mmol/L OLCarn for 3 days. (E) Immunoblots of E0771 cells with ADCY10 knockdown and treated with

serum from CTD or HFD mice for 3 days. (F, G) 3D invasion assays of HCC1806 cells with ADCY10 knockdown and treated with 40 mmol/L

OLCarn for 3 days. (H, I) Transwell migration assays of HCC1806 cells with ADCY10 knockdown and treated with 40 mmol/L OLCarn for 3

days. (J) Cytoskeleton of HCC1806 cells with ADCY10 knockdown and treated with 40 mmol/L OLCarn for 3 days. (K) Lung colonization assay

of HCC1806-luciferase cells with ADCY10 knockdown (shADCY10#1 or #2) and treated with 10 mg/kg OLCarn every 2 days (n Z 5). shNC,

non-specific shRNA. (L) The line graph shows the quantification of lung colonization. (M) Representative H&E staining of lung tissues. (N)
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(Fig. 1F and G). The number of nodules in the HFD group
increased 2.5-fold compared to the control group (Fig. 1H).

The crucial role of EMT in promoting cancer metastasis is
well-documented24. Our analysis revealed a significant reduction
in epithelial markers (E-cadherin, ZO-1) and an increase in
mesenchymal markers (N-cadherin, Vimentin) in the tumors of
obese mice (Fig. 1I). Altered fluorescence of E-cadherin and
N-cadherin confirmed the high metastatic potential of these tu-
mors (Fig. 1JeL). Additionally, CDH1, EpCAM, and GATA3
expression decreased, whereas Serpine1 and Vimentin levels
increased in obese mice, as shown in the GSE201316 dataset
(Fig. 1M). These findings highlight the link between obesity and
increased metastatic potential via the EMT in breast cancer.

3.2. Obesity-induced systemic environment promotes breast
cancer aggression

Given the evidence that extrinsic factors in cancer cells signifi-
cantly influence tumor progression, we postulated that obesity
creates a systemic environment favorable for tumor advancement
and aggressiveness. To test this hypothesis, we incubated
E0771 cells with serum derived from CTD or HFD mice. The
results indicated that E0771 cells treated with 10% serum of obese
mice exhibited decreased levels of E-cadherin and EpCAM, along
with increased levels of Vimentin, N-cadherin, Slug, and Snail
(Fig. 2A and B). In contrast to the observed decrease in E-cadherin
aggregation on the cell membrane, a significant increase in the
membrane localization of N-cadherin was noted (Fig. 2C).
Furthermore, the cytoskeletal structure became disorganized,
which worsened the invasiveness of cancer cells (Fig. 2D and E).

To assess their metastatic potential, E0771 cells were treated
with HFD serum and injected into the tail veins of athymic mice.
Unlike CTD serum, HFD serum significantly enhanced the ability
of cells to colonize the lungs and form metastatic lesions
(Fig. 2FeH). In extended-duration 3D invasion assays, E0771 cell
spheroids exposed to HFD serum showed a marked increase in
invasion into adjacent matrices by Day 4, indicating that the cells
underwent EMT before this time point, corroborating the EMT
observed at 72 h (Fig. 2I and J).

3.3. Obese TME-derived OLCarn exacerbates breast cancer
aggressiveness

The systemic environment, which is influenced by fats, proteins,
and small molecules, plays a critical role in the TME. We inves-
tigated the serum components that induce EMT in E0771 cells by
removing proteins, fats, and molecules over 3 kDa. Notably,
serum-deficient proteins and fats continued to induce EMT,
highlighting the significance of small molecules (Supporting In-
formation Fig. S2A and S2B).

To identify the key metabolites involved in EMT, we per-
formed quasi-targeted metabolomics of mouse serum. Using
partial least squares discrimination analysis, we detected 694
metabolites, of which 59 were upregulated and 124 were down-
regulated (Fig. S2CeS2E). These changes suggest that obesity
reshapes circulatory and metabolic landscapes. We observed a 13-
fold increase in p-cresol levels in the HFD serum, along with

elevated levels of butyric acid, phenylacetylglycine, stear-
oylcarnitine, and OLCarn (Fig. 3A). Among these, only OLCarn
induced a pro-aggressive EMT-like phenotype in E0771 cells, as
evidenced by the decreased E-cadherin expression (Fig. S2F).

OLCarn, a long-chain acylcarnitine, serves as both an energy
source and signaling molecule25. Large-scale exploratory metab-
olomic experiments often lack recognition because of their limited
sensitivity and non-quantification26. We therefore quantified
OLCarn in mouse serum and found significantly higher levels in
HFD mice (391.2 � 30.53 nmol/L) compared to CTD mice
(285.5 � 23.17 nmol/L) (Fig. 3B and C). Tumors of the HFD mice
also showed increased OLCarn levels (Fig. 3D).

To assess the pro-aggressive effects of OLCarn, we treated
E0771, triple-negative HCC1806, MDA-MB-231, and ER/PR-
positive MCF-7 cells. At concentrations of �10 mmol/L, OLCarn
upregulated the proteins associated with aggressiveness and
induced an EMT-like phenotype (Fig. 3E, Supporting Information
Fig. S3AeS3C). OLCarn-treated HCC1806 and MCF-7 cells
displayed reduced E-cadherin levels, disorganized cytoskeletal
structures, and increased invasiveness in both the 2D and 3D as-
says (Fig. 3FeH, Fig. S3DeS3H). In contrast, oleic acid and L-
carnitine did not significantly affect EMT (Fig. S3IeS3K).

In vivo, OLCarn administration enhanced HCC1806 cell
colonization in the lungs of athymic mice (Fig. 3IeK). Although
OLCarn did not influence the growth of CDXs (Fig. S3LeS3O), it
decreased E-cadherin and increased N-cadherin expression
(Fig. 3LeM, Fig. S3P). In the orthotopic breast cancer model,
OLCarn increased lung metastasis without affecting primary
tumor growth (Fig. S3Q and S3R). Overall, these findings suggest
that obesity-related changes in the systemic environment led to
abnormal OLCarn accumulation in the TME, thereby promoting
aggressive breast cancer characteristics.

3.4. KIFC1 mediates OLCarn-induced pro-aggressive
phenotype reprogramming

To investigate the molecular mechanisms by which OLCarn fa-
cilitates cellular EMT, we performed RNA sequencing of
HCC1806 cells treated with OLCarn for 3 days. The results
demonstrated significant transcriptional reprogramming (Fig. 4A
and Supporting Information Fig. S4A). Moreover, KEGG and GO
analyses revealed enrichment in pathways associated with cell
motility and adhesion, including gap junctions, tight junctions,
and cell adhesion molecules, which are vital for EMT (Fig. 4B and
C). Notably, we observed a reduced expression of the epithelial
marker TJP1 and alterations in other adhesion factors such as
CDHR527 and CD3428 following OLCarn treatment (Fig. 4D).
These findings suggest that OLCarn modulates multiple signaling
pathways involved in reshaping tumor cell adaptability to enhance
EMT and invasiveness.

Among the differentially expressed genes, KIFC1 emerged as a
crucial player in EMT regulation29-31. High KIFC1 expression
correlated with poor overall survival in both lymph node-negative
and lymph node-positive breast cancer cases (Fig. S4B and S4C),
which led us to hypothesize that OLCarn modulates EMT via
KIFC1. We analyzed the KIFC1 mRNA and protein levels in
HCC1806, MCF-7, E0771, and MDA-MB-231 cells treated with

Fluorescence intensity represents protein levels of E-cadherin and KIFC1 in tumor tissues derived from mice that KIFC1 knockdown and treated

with 10 mg/kg OLCarn every 2 days. For all graphs, unless otherwise specified, the data present mean � SEM of four independent experiments.

Statistical analyses were conducted utilizing one-way ANOVA for A, B, G, I and L. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 7 OLCarn correlated with metastatic-like properties as a risk factor for breast cancer. (A) OLCarn concentration in serum samples from

individuals without cancer (nZ 14). (B) BMI was positively correlated with serum OLCarn levels, with a spearman correlation coefficient of 0.54

(n Z 28). (C) Immunoblots of HCC1806 cells cultured for 3 days in serum from normal weight or obesity donor (n Z 6). (D) OLCarn con-

centration in serum samples of breast cancer patients with non-obese or obesity (n Z 14). (E) BMI was positively correlated with serum levels of

OLCarn in breast cancer patients, with a spearman correlation coefficient of 0.46 (n Z 28). (F) OLCarn concentration in cancer tissue and

paracancerous tissue samples of breast cancer patients with normal weight or obesity (n Z 12). (G) BMI was positively correlated with OLCarn

content in cancerous tissues, with a spearman correlation coefficient of 0.56 (n Z 24). (H) BMI showed no correlation with OLCarn content in

paracancerous tissues. (I, J) Fluorescence intensity represents protein levels of E-cadherin, KIFC1 (I), N-cadherin and TCF4 (J) in tumor tissues

derived from breast cancer patients with normal weight or obesity. (K) Schematic representation of the proposed mechanism of OLCarn-induced
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OLCarn and observed a concentration-dependent increase in
KIFC1 expression (Fig. 4E and F, Fig. S4DeS4G). Furthermore,
KIFC1 levels were significantly elevated in E0771 cells in
response to the HFD serum compared to the CTD serum (Fig. S4H
and S4I), and KIFC1 fluorescence intensity increased in syngeneic
tumors from HFD mice (Fig. 1K).

Silencing KIFC1 via siRNA negated the effects of OLCarn on
EMT and aggressive markers in HCC1806 and MCF-7 cells
(Fig. 4G and H). Additionally, KIFC1 ablation blocked the ability
of HFD serum to induce EMT markers in E0771 cells (Fig. 4I) and
restored the cytoskeletal integrity disrupted by OLCarn under both
2D and 3D conditions (Fig. 4JeN, Fig. S4JeS4N).

To confirm that KIFC1 mediates OLCarn-induced EMT
in vivo, KIFC1 knockdown HCC1806 cells were injected into
nude mice. In vivo imaging and HE staining revealed that KIFC1
suppression inhibited OLCarn-induced lung metastasis and
reduced the number of lung nodules (Fig. 4OeQ). Notably,
OLCarn did not affect the size or weight of CDX tumors derived
from KIFC1-deficient cells (Fig. S4OeS4Q) or the expression of
E-cadherin and N-cadherin (Fig. 4R).

We also utilized AZ82, a specific KIFC1 inhibitor32,33; treat-
ment with 1 mmol/L AZ82 effectively downregulated KIFC1 in
HCC1806 and MCF-7 cells, reversing OLCarn-induced EMT,
cytoskeletal disorganization, and increased invasiveness (Sup-
porting Information Fig. S5AeS5G). These findings underscore
KIFC1’s critical role in mediating OLCarn-induced EMT and
breast cancer metastasis.

3.5. OLCarn directly activates ADCY10 by binding to Arg176
site

To investigate how OLCarn upregulates KIFC1 expression, we
performed a streptavidin-biotin affinity pull-down assay using
biotin-conjugated OLCarn (Bio-OLCarn) and confirmed its ability
(Fig. 5A and Supporting Information Fig. S6A). Mass spectrom-
etry analysis identified 11 candidate proteins (Fig. 5B and C,
Fig. S6B), including ADCY10, which catalyzes the conversion of
ATP to cAMP and is associated with the cAMP signaling pathway
(Fig. 4B and C)34. Although ADCY10 expression did not correlate
with overall survival in breast cancer, high ADCY10 levels were
associated with poorer outcomes in patients with lymph node
metastasis (Fig. S6C and S6D), suggesting a role in metastasis.
This indicates that ADCY10 may be involved in EMT and
metastasis of breast cancer.

Therefore, we hypothesized that ADCY10 is crucial for
OLCarn-mediated KIFC1 expression and EMT. To validate this,
we examined the interaction between OLCarn and ADCY10 using
Western blot analysis. Bio-OLCarn successfully precipitated
ADCY10 from HCC1806 cell lysates (Fig. 5D), and co-
localization analysis revealed a correlation coefficient of w0.8
(Fig. 5E). These results suggested that ADCY10 is a direct target
of OLCarn, as supported by subsequent DARTS35 and CETSA36

assays. Notably, Pronase E treatment significantly decreased
ADCY10 levels; however, co-incubation with OLCarn elevated
ADCY10 stability against proteolysis (Fig. 5F). OLCarn also

shifted the ADCY10 melting curve to the right in thermal gradient
assays, indicating enhanced stability (Fig. 5G).

To further explore this interaction, molecular docking analysis
revealed that OLCarn’s hydrophobic side chains interact with
ADCY10’s hydrophobic regions, with the carboxylic acid partially
embedded and forming a hydrogen bond with Arg176 (the binding
site for the ADCY10 agonist bicarbonate) at 2.9 Å. Additional
interactions involved Phe336, Met337, Phe338, Phe45, and
Met419 via hydrogen bonds and van der Waals forces (Fig. 5H).
We assessed the agonistic effects of OLCarn in ADCY10 cells.
While OLCarn did not alter ADCY10 expression (Fig. 5I and
J), it significantly increased cAMP levels in HCC1806 and MCF-
7 cells (Fig. 5K and L). Additionally, serum from HFD mice led to
a two-fold increase in cAMP levels (Fig. 5M).

Next, we created a plasmid with a mutation at site 176 by
substituting Arg with Gly (ADCY10R176) and transfected this
plasmid into HEK-293T cells (Fig. 5N and Fig. S6E). A pull-down
assay demonstrated that OLCarn failed to bind to ADCY10R176

(Fig. 5O). Although elevated cAMP levels were inadequate to
elucidate the binding between OLCarn and ADCY10, as Arg176 is
the binding site for bicarbonate (Fig. 5P)37, CETSA (Fig. 5Q) and
DARTS assays (Fig. 5R) indicated that OLCarn binding signifi-
cantly stabilized ADCY10WT compared to ADCY10R176. Thus,
our findings suggested that OLCarn interacts with Arg176 in
ADCY10.

3.6. OLCarn induces KIFC1 through activation of ADCY10/
cAMP signaling

ADCY10 functions as a unique intranuclear source of cAMP and
regulates various physiological processes, including transcrip-
tional activity38,39. The knockdown of ADCY10 or treatment with
the inhibitor LRE140 abolished the capacity of OLCarn to elevate
cAMP levels in HCC1806 and MCF-7 cells (Fig. 6A and B,
Supporting Information Fig. S7A and S7B). This inhibition also
reduced OLCarn- and obese serum-induced KIFC1 expression,
thereby disrupting the EMT, cell invasion, and cytoskeletal
integrity (Fig. 6CeJ, Fig. S6FeS6J and Fig. S7CeS7I).

Furthermore, ADCY10 deficiency impaired HCC1806 cell
dissemination and colony formation in the lungs of athymic mice
after OLCarn treatment (Fig. 6KeM). Similar to KIFC1 inhibi-
tion, ADCY10 knockdown suppressed tumor growth in CDXs
treated with OLCarn (Fig. S6KeS6M)da trend also observed in
orthotopic breast cancer models (Supporting Informatin Fig. S7J
and S7K). Additionally, ADCY10 deficiency reduced the regula-
tory effects of OLCarn on KIFC1 and EMT markers in the CDXs
(Fig. 6N and Fig. S6N).

Moreover, TCF4, a transcription factor specific for KIFC1, is
activated by ADCY10-PKA-mediated phosphorylation41,42. We
observed significantly elevated TCF4 levels in the tumors of the
obese and OLCarn-treated mice (Figs. 1K and 3M). Although
ChIP-PCR demonstrated an increase in the level of the KIFC1
promoter sequence after the addition of OLCarn, it did not facil-
itate the binding of TCF4 (Fig. S7L). Inhibition of ADCY10 also
abrogated the promoting effect of OLCarn on TCF4 expression

EMT. Schematic was created with BioRender (www.biorender.com). For all graphs, unless otherwise specified, the data present mean � SEM of

four independent experiments. Statistical analyses were conducted utilizing Student’s t-test for A, D, one-way ANOVA for F, Pearson’s correlation

analysis for B, E, G and H. *P < 0.05, **P < 0.01, ***P < 0.001.
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(Fig. 6CeE, Fig. S7G and S7H). Collectively, OLCarn induced
KIFC1 expression via the ADCY10/cAMP/TCF4 pathway.

3.7. OLCarn correlated with metastatic-like properties as a risk
factor for breast cancer

To investigate the role of OLCarn in clinical samples, we
compared serum OLCarn levels in subjects with normal weight
(BMI 18e24) and obesity (BMI >28). The mean OLCarn con-
centration was significantly higher in the obese cohort
(35.67 � 3.30 nmol/L) compared to the normal weight group
(21.83 � 1.40 nmol/L), with a correlation coefficient of 0.54 (95%
CI) (Fig. 7A and B). Notably, HCC1806 cells exposed to serum
obtained from obese subjects exhibited significant EMT (Fig. 7C).
In non-obese breast cancer patients, serum OLCarn levels aver-
aged 34.90 � 4.23 nmol/L, while obese patients had levels as high
as 59.13 � 10.09 nmol/L, validating the positive correlation be-
tween BMI and OLCarn concentration (Fig. 7D and E).

We also assessed OLCarn levels in tumors and adjacent tissues
of breast cancer patients. While no significant differences were
found in adjacent tissues, tumor tissues of obese patients showed
markedly higher OLCarn levels than those of normal-weight
subjects (Fig. 7F). A positive correlation between BMI and
OLCarn content in tumors was observed, with no such associated
was noted in adjacent tissues (Fig. 7G and H). mIHC staining
revealed decreased E-cadherin expression and increased fluores-
cence intensities of N-cadherin, KIFC1, and TCF4 in the tumors
of obese patients (Fig. 7I and J). These results indicate that
elevated serum OLCarn levels correlate with obesity, positioning
OLCarn as a potential risk factor for metastasis in obese patients
with breast cancer (Fig. 7K).

4. Discussion

Overweight and obesity significantly increase the risk of various
diseases, including cardiovascular diseases, metabolic syndrome,
and cancers43,44. Weight loss via a low-fat diet can inhibit tumor
growth in murine models, whereas anti-obesity drugs such as
semaglutide reduce body weight without affecting tumor progres-
sion7. Notably, some studies suggest thatmild obesitymay be linked
to lower mortality and better survival in cancer patients, a phe-
nomenon termed the “obesity paradox”45. This paradox may arise
from the dual role of obesity in promoting cancer progression and
enhancing immunotherapy response. Thus, obesity-induced sys-
temic environmental remodeling is critical for tumor development.

Systemic environmental remodeling refers to alterations in the
systemic circulation. In our study, serum derived from mice
subjected to an HFD was observed to facilitate breast cancer
metastasis, independently of macromolecular components and
fats, suggesting a possible association with small-molecule
metabolites. Metabolomic analysis demonstrated that the serum
metabolic profile of obese mice was altered, with an abnormal
accumulation of OLCarn in the TME, which in turn promoted
EMT and metastasis.

The exact mechanism of OLCarn production remains unclear
but is believed to arise from an initial reaction between long-chain
fatty acids and carnitine, catalyzed by carnitine palmitoyl-
transferase I (CPT1). This is followed by translocation across the
mitochondrial membrane via carnitine-acylcarnitine translocase,
where CPT2 regenerates acylcarnitine CoA46. Downregulation of
CPT2 hampers fatty acid b-oxidation, leading to the accumulation

of acylcarnitines, including OLCarn, which may promote malig-
nant progression in HCC16. A prospective cohort study found a
positive correlation between OLCarn levels in feces and obesity,
consistent with our observations of elevated serum OLCarn levels
in obese mice and humans47. Notably, we observed a 1.7-fold
increase in serum OLCarn levels in obese patients with breast
cancer compared with their non-obese counterparts. Interestingly,
OLCarn levels were significantly lower in the serum than in tumor
tissues, suggesting that it is produced in tumor cells or released by
normal cells into the circulation for tumor uptake.

EMT is pivotal for tumor progression. Our study revealed that
OLCarn induced dose-dependent EMT in various breast cancer
cell lines. RNA-seq analysis revealed a significant increase in
KIFC1 expression in OLCarn-treated HCC1806 cells. Elevated
KIFC1 levels correlate with tumor recurrence, drug resistance, and
metastasis, which adversely affect patient survival. KIFC1 stabi-
lizes multiple centrosomes, enhances cell viability and polarity,
remodels the cytoskeleton, and promotes EMT and metastasis48.
We found that OLCarn upregulated KIFC1 at both the mRNA and
protein levels, which may explain the increased KIFC1 expression
in breast cancer tissues of obese patients. Notably, KIFC1 defi-
ciency attenuated OLCarn- and obese-serum-induced EMT and
metastasis in vivo, highlighting its role in mediating the effects of
OLCarn.

To explore how OLCarn enhances KIFC1 expression, we
identified ADCY10 as a key mediator using streptavidinebiotin
pull-down assays and confirmed the co-localization of ADCY10
and OLCarn via immunofluorescence. Unlike transmembrane
adenylate cyclases, ADCY10 is a soluble adenylate cyclase that
remains inactive because of the salt bridge between Arg176 and
Asp99. The binding of bicarbonate to Arg176 disrupts this bridge,
activating ADCY10 to convert ATP to cAMP49. This mechanism
likely facilitates the direct activation of ADCY10 by OLCarn,
thereby promoting KIFC1 expression and subsequent EMT.

Our findings indicated that OLCarn does not alter ADCY10
protein levels but binds to the Arg176 site, directly activating
ADCY10 and promoting cAMP production. Notably, the Arg176

site serves as a binding site for bicarbonates. Given the low-pH of
TME50, which is characterized by the absence of bicarbonate,
potential substitution of bicarbonate with OLCarn may be required
to facilitate the phenotypic transformation of tumors. These
findings suggested that ADCY10 is a specific protein target of
OLCarn.

Because of the extensive cytoplasmic distribution of ADCY10,
ADCY10ecAMP assumes diverse functional roles across various
cellular compartments, including the nucleus. ADCY10 has been
recognized as a distinctive source of cAMP within the nucleus,
which regulates CREB activity in a PKA-dependent manner.
Similarly, ADCY10ePKA-dependent phosphorylation and the
subsequent activation of TCF4 are essential for brain develop-
ment42. ChIP-PCR experiments demonstrated that OLCarn
selectively enhanced KIFC1 transcription without altering the
binding affinity of its transcription factor, TCF4. This finding
suggests that OLCarn can upregulate the expression levels of
TCF4 but does not influence its transcriptional activity. Therefore,
the precise mechanism by which OLCarn upregulates TCF4 via
the ADCY10ecAMP signaling axis remains unclear.

Although further comprehensive investigations are warranted
to fully elucidate the relationship between obesity and tumori-
genesis, our study provides partial evidence that the remodeling of
the serum metabolic profile induced by obesity significantly
contributes to the progression of breast cancer.
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5. Conclusions

The altered serum metabolic profile in obese individuals may
contribute to the promotion of EMTand metastasis in breast cancer,
and, more specifically, obesity can induce systemic environmental
changes, leading to abnormal accumulation of OLCarn in the TME.
Mechanistically, OLCarn serves as a signalingmolecule that directly
binds to ADCY10, activates the cAMP signaling pathway, and
upregulates the expression of KIFC1 through TCF4, thereby pro-
motingEMTand themetastatic potential of breast cancer. Therefore,
OLCarn in both the systemic environment and the TME plays a
pivotal role in breast cancer metastasis, making it a promising
candidate as both a target and biomarker for breast cancer.
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