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Abstract
The competitive uptake of essential amino acids (EAAs) by breast cancer cells is associated with poor patient prognosis and 
the development of an immunosuppressive tumor microenvironment. L-type amino acid transporters, LAT1 (SLC7 A5) and 
LAT2 (SLC7 A8) are major mediators of EAAs transmembrane uptake and are overexpressed in some tumor tissues. How-
ever, the distribution and functional roles of these transporters across breast cancer subtypes have not been fully elucidated. 
This study aims to investigate the therapeutic potential of targeting EAA transporters, particularly LAT1, in triple-negative 
breast cancer (TNBC) and its role in remodeling the tumor immune microenvironment. The distribution of EAA transporters 
across breast cancer subtypes was analyzed using multi-omics data. The effects of LAT1 targeting on TNBC cell proliferation 
and EAA uptake were evaluated using SLC7 A5 knockout and LAT1 inhibitors in vitro experiments. A 4T1-BALB/c tumor-
bearing mouse model with normal immune function was constructed to investigate the effects of LAT1 targeting on tumor 
growth and immune microenvironment remodeling in vivo. TNBC demonstrated a strong dependence on LAT1-mediated 
EAAs uptake. Targeting LAT1 limited the exogenous supply of EAAs, leading to amino acid starvation, cell cycle arrest, and 
increased apoptosis in TNBC cells. The in vivo experiments, using a 4T1-BALB/c tumor-bearing mouse model, showed that 
LAT1 targeting inhibited tumor growth and remodeled the immunosuppressive tumor microenvironment. Targeting LAT1 
improved PD-L1-associated immune suppression and improved the efficacy of PD-1 antibody treatment, producing synergis-
tic anti-tumor effects. This study highlights the therapeutic potential of targeting LAT1 in TNBC, particularly in remodeling 
the tumor immune microenvironment. The findings provide a promising strategy for immune combination therapy in TNBC.
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Abbreviations
TNBC	� Triple-negative breast cancer
EAA	� Essential amino acid
TCGA​	� The Cancer Genome Atlas
CCLE	� Cancer Cell Line Encyclopedia

METABRIC	� Molecular Taxonomy of Breast Cancer 
International Consortium

ICIs	� Immune checkpoint inhibitors
m-IHC	� Multiplex immunohistochemistry
IHC	� Immunohistochemistry
AOD	� Average optical density
MFI	� Mean fluorescence intensity

Introduction

Triple-negative breast cancer (TNBC) accounts for approxi-
mately 15% of all breast cancer cases. Compared to other 
subtypes, TNBC is characterized by high invasiveness, poor 
prognosis, and resistance to endocrine therapy and anti-
HER-2 therapy (Giaquinto et al. 2024). Current treatment 
strategies primarily rely on surgery combined with radio-
therapy and chemotherapy, which, while extending patient 
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survival to some extent, have limited efficacy. The advent of 
immune checkpoint inhibitors (ICIs) has brought new hope 
for TNBC treatment. However, clinical studies have shown 
that PD-1 monotherapy provides limited disease control 
and survival benefits for TNBC patients. Moreover, PD-1 
combined with chemotherapy benefits only a small subset 
of patients, falling short of expectations for immunotherapy 
(Nanda et al. 2016; Adams et al. 2019; Winer et al. 2021; 
Cortes et al. 2020). Addressing the suppression of immune 
effector cell function by the tumor microenvironment is 
important for improving immunotherapy outcomes.

Rapid proliferation is a hallmark of tumor cells. In order 
to meet the needs of rapid proliferation, tumor cells need to 
uptake substantial EAAs. In addition, the competitive uptake 
of EAAs by tumor cells significantly inhibits the immune 
response in the tumor microenvironment (Martínez-Reyes 
and Chandel 2021). Targeting tumor-specific metabolic 
pathways offers a novel approach to simultaneously inhibit 
tumor growth and reshape the immune microenvironment, 
thereby improving the efficacy of TNBC immunotherapy 
(Luengo et al. 2017; Dey et al. 2021). Our previous research 
demonstrated significantly higher levels of amino acids, par-
ticularly essential amino acids (EAAs), in breast cancer tis-
sue compared to normal breast tissue, suggesting that breast 
cancer cells had increased EAA uptake. This phenomenon 
is associated with poor patient prognosis and the develop-
ment of an immunosuppressive tumor microenvironment 
(Zhao et al. 2022). These findings support the hypothesis 
that limiting EAA uptake may provide a promising thera-
peutic approach for breast cancer treatment.

Due to EAAs being polar small molecules, their exoge-
nous uptake is mediated by amino acid transporters. Among 
the 60 known amino acid transporters (Kandasamy et al. 
2018), two main transporters facilitate EAA transmembrane 
transport: L-type amino acid transporter 1 (LAT1/SLC7 A5) 
and transporter 2 (LAT2/SLC7 A8), which are covalently 
associated with 4 F2 hc (CD98/SLC3 A2) (Kanai et al. 1998; 
Segawa et al. 1999). Literature reports indicate that LAT1 
and LAT2 are highly expressed in some types of tumors and 
are associated with poor prognosis, making them promising 
molecular targets for cancer therapy (Wang and Holst 2015; 
Kaira et al. 2011; Maimaiti et al. 2020; Luo et al. 2009). Tar-
geting LAT1 or LAT2 in vitro has been shown to inhibit the 
proliferation of several cancer types, including lymphoma, 
thyroid, and pancreatic cancers (Rosilio et al. 2015; Feng 
et al. 2018; Häfliger et al. 2018; Markowicz-Piasecka et al. 
2020). However, the heterogeneity of EAA transporters 
across different tumor types results in variable therapeutic 
sensitivity to their inhibition. At present, the distribution 
characteristics and therapeutic roles of EAA transporters in 
breast cancer subtypes have not been fully elucidated.

This study aims to explore the therapeutic potential of 
targeting EAA metabolism in breast cancer, specifically 

focusing on its impact on the tumor immune microenvi-
ronment. This study is the first to propose the distribution 
differences of EAA transporters across different molecular 
subtypes of breast cancer, demonstrating that TNBC shows a 
strong dependence on the LAT1 transporter for EAA uptake. 
Using the LAT1 inhibitor JPH203, LAT1 was targeted to 
block exogenous EAA supply, inducing amino acid starva-
tion, cell cycle arrest, and apoptosis in TNBC. Furthermore, 
in vivo experiments in a TNBC tumor-bearing mouse model 
with normal immune function confirmed the anti-tumor 
activity and safety of JPH203. LAT1 inhibition reshaped the 
immunosuppressive tumor microenvironment by mitigating 
PD-L1-mediated immune suppression and improved the effi-
cacy of PD-1 antibodies. In summary, this study highlights 
the therapeutic value of targeting LAT1 in TNBC, offer-
ing a promising therapy approach to improve outcomes for 
patients with this aggressive breast cancer subtype, TNBC.

Methods

Patient sample collection and public database

RNA sequencing (RNA-seq) and metabolomics data for 49 
breast cancer cell lines were obtained from the Encyclo-
pedia of Cancer Cell Lines (CCLE). Additional data were 
analyzed from the Cancer Genome Atlas (TCGA; n = 945), 
the Molecular Taxonomy of Breast Cancer International 
Consortium (METABRIC; n = 1559) database (hts://www.​
Cbiop​ortal. org/), and the Henan Cancer Hospital breast can-
cer dataset (HNCH-BC; n = 122). RNA-seq and metabo-
lomics data were also collected from breast cancer tissues 
and matched adjacent tissues of 36 breast cancer patients 
treated at Henan Cancer Hospital, as well as 80 breast cancer 
patients'breast cancer tissue samples.

Cell lines and cell culture

Human breast cancer cell lines [MDA-MB-231(#CL-0150), 
H C C 1 9 3 7 ( # C L - 0 0 9 3 ) ,  S K- B R- 3 ( # C L - 0 2 1 1 ) , 
BT474(#CL-0040), T47D(#CL-0228)]and a mouse breast 
cancer cell line [4 T1(#CL-0007)] were purchased from Pri-
cella (Wuhan, China) and certified by the supplier. The cells 
were cultured in specialized media provided by Pricella and 
maintained at 37 °C in a humidified atmosphere containing 
5% CO₂.

Total RNA extraction of and quantitative RT‑PCR

Total RNA was extracted from cells using the FastPure® 
Cell/Tissue Total RNA Isolation Kit (Vazyme, RC101-1) 
according to the manufacturer's instructions. RNA quan-
tification was performed using the HiScript® II One-Step 
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qRT-PCR SYBR Green Kit (Vazyme, Q221-01). The qRT-
PCR reaction mixture (20μL) included 5.8μL RNase-free 
water, 10μL 2 × One Step SYBR Green Mix, 1μL One Step 
SYBR Green Enzyme Mix, 0.4μL 50 × ROX Reference Dye 
I, 0.4μL each primer (10 μM), and 2μL template RNA. The 
amplification process involved an initial step at 50 °C for 
3 min, 95 °C for 30 s, followed by 40 cycles of 95 °C for 10 
s and 60 °C for 30 s. The default melting curve steps were 
run on an ABI™ 7300 Real-Time PCR System (Applied 
Biosystems, Foster City, CA, USA). Gene expression levels 
were normalized to GAPDH and calculated using the 2−ΔΔCt 
method. The primer sequences for each gene are shown in 
Table 1.

Establishment of SLC7 A5 knockdown stable cell 
lines

A lentiviral short hairpin RNA (shRNA) vector targeting 
SLC7 A5 was obtained from GeneChem (Shanghai, China). 
Lentiviral particles were produced by co-transfecting the 
shRNA vector (shSLC7 A5-1, TRCN0000043008; shSLC7 
A5-2, TRCN0000043010) with packaging plasmids into 
HEK293 T cells. To establish stable SLC7 A5-knockdown 
cell lines, MDA-MB-231 and HCC1937 cells were infected 
with SLC7 A5 shRNA lentivirus. Infected cells were 
screened using 2 mg/L puromycin (BL528 A, Biosharp) for 
48 h following the manufacturer's protocol to obtain stable 
cell lines.

Measurement of amino acids by LC–MS analysis

Quantitative analysis of amino acids and their derivatives 
in cell and tissue samples was conducted by Applied Pro-
tein Technology Co., Ltd. (Shanghai, China). Amino acid 
measurements were performed using liquid chromatogra-
phy-tandem mass spectrometry (LC–MS/MS). Separation 
of cell and tissue samples was achieved using the Agilent 
1290 Infinity ultra-high-performance liquid chromatography 
(UHPLC) system, while mass spectrometry analysis was 
conducted in positive ion mode with a 5500 QTRAP mass 
spectrometer (AB SCIEX). Chromatographic peak areas and 
retention times were extracted using Multiquant software. 
Standard compounds of amino acids and their derivatives 

were used to correct retention times for accurate metabolite 
identification.

Flow cytometry analysis

Flow cytometry (FACS) was used to analyze LAT1 and 
LAT2 expression on the cell surface. Cells were collected, 
washed, and resuspended in FACS buffer. Primary antibod-
ies were added, and the samples were incubated at 4 °C 
in the dark for 30 min, followed by three washes and cen-
trifugation. Secondary antibodies were then added, and the 
samples were incubated under the same conditions. Fluo-
rescence signals were immediately detected using a flow 
cytometer (BD Biosciences). The antibodies used included 
PerCP-conjugated mouse monoclonal anti-LAT1 antibody 
(#NBP2-50465PCP, Novus Biologicals), unconjugated 
mouse monoclonal anti-LAT2 antibody (#MA5-24,943, 
Invitrogen), and Alexa Fluor 488 goat anti-mouse second-
ary antibody (#A28175, Invitrogen).

Proliferation assays

Cells (5 × 104 cells/well) were seeded into a 24-well plate. 
Once adhered, the cells were treated with fresh medium 
containing varying concentrations of JPH203 (Nanvuranlat, 
Selleck) or an equivalent volume of DMSO. Cultures were 
maintained for 48 h (MDA-MB-231, HCC1937, SK-BR-3, 
and T47D) or 96 h (BT474). Cell counts were normalized 
to DMSO controls, and dose-proliferation inhibition curves 
for JPH203 were plotted.

Cell cycle analysis

Cells (1 × 10⁶ cells/well) were seeded into 6-well plates. 
Once adhered, the cells were treated with fresh medium con-
taining varying concentrations of JPH203 or an equivalent 
volume of DMSO and cultured for 48 h. Cell samples were 
prepared following the Cell Cycle Assay Kit Plus (#C6078, 
UElandy Inc) protocol. Briefly, cells were collected, cen-
trifuged, fixed in 70% cold ethanol, and stored overnight 
at − 20 °C. RedNucleus I staining solution was added, and 
the samples were incubated at room temperature in the dark 
for 20 min. Flow cytometry analysis was subsequently per-
formed to assess cell cycle distribution.

Apoptosis assay

Cells (5 × 104 cells/well) were seeded into 6-well plates. 
Once adhered, the medium was replaced with fresh medium 
containing varying concentrations of JPH203 or an equiva-
lent volume of DMSO, and cells were cultured for 48 h. 
Cells were collected and washed twice with phosphate buffer 
saline (PBS). Apoptosis was assessed using the Annexin 

Table 1   The primer sequences for each gene

LAT1/SLC7 A5 forward 5′-CAA​GGA​CAT​CTT​TCC​GTC​ATC-3′
reverse 5′-AGC​CAC​TTG​GGC​TTG​TTT​-3′

LAT2/SLC7 A8 forward 5′-AAA​GGG​AGT​GCT​GGA​ATG​-3′
reverse 5′-GAC​CAT​GTG​AGG​AGC​ATA​A-3′

GAPDH forward 5′-CTT​TGG​TAT​CGT​GGA​AGG​ACTC-3′
reverse 5′-AGT​AGG​GCA​GGG​ATG​ATG​T-3′



	 Y. Zhao et al.   27   Page 4 of 16



Targeting LAT1 with JPH203 to reduce TNBC proliferation and reshape suppressive immune… Page 5 of 16     27 

V-FITC/7-AAD fluorescence dual staining kit (#P-CA-202, 
Procell Life Science Technology Co., Ltd) according to the 
manufacturer's protocol. Cells were resuspended in Annexin 
V Binding Buffer, and Annexin V-FITC and 7-AAD were 
added to the suspension. Samples were gently vortexed, 
incubated at room temperature in the dark for 15 min, and 
immediately analyzed using flow cytometry.

Cell counting kit‑8 (CCK‑8) assay

Cells (2,000 cells/well) were seeded into 96-well plates. 
After adherence, the medium was replaced with fresh 
medium containing the IC50 concentration of JPH203 or 
an equivalent volume of DMSO. Cells were cultured for 
1–7 days, and cell viability was assessed using the CCK-8 
kit (#B34304, Selleck). CCK-8 reagent (10 μL) was added 
to each well, and plates were incubated at 37 °C for 2 h. 
Absorbance was measured at 450 nm using a microplate 
reader.

Colony formation assay

Cells (300 cells/well) were seeded into 6-well plates. Once 
adhered, the medium was replaced with fresh medium con-
taining the IC50 concentration of JPH203 or an equivalent 
volume of DMSO. Cells were cultured for 14 days, after 
which the medium was removed, and the cells were washed 
with PBS. Colonies were fixed with 4% paraformaldehyde 
at 4 °C for 10 min, stained with 2% crystal violet for 10 
min, and washed with PBS. Plates were air-dried at room 
temperature, and colony formation was quantified.

Experimental animals

Twelve 7-week-old female BALB/c mice (SJA Laboratory 
Animal Co., Ltd, Hunan) were housed under specific path-
ogen-free (SPF) conditions. A suspension of 5 × 105 4 T1 

cells in 0.1 mL culture medium was subcutaneously injected 
into the right axilla of each mouse. Once tumors formed, 
mice were randomly divided into two groups (n = 6/group). 
Body weight and tumor dimensions (length and width) were 
measured at baseline. Mice were intraperitoneally injected 
every other day with JPH203 (12.5 mg/kg) or an equivalent 
volume of DMSO. Tumor volume and body weight were 
recorded every two days. Following treatment, mice were 
euthanized, and tumor tissues were collected, photographed, 
and fixed in formalin for histological analysis. Blood sam-
ples were collected via the retro-orbital sinus for serum 
analysis of liver function using an automated biochemical 
analyzer (BS-420, Shenzhen Mindray).

Furthermore, Thirty-two 7-week-old female BALB/c 
mice were used to construct a 4 T1-BALB/c tumor-bearing 
model using the same protocol. After tumor formation, mice 
were randomly assigned to four groups (n = 8/group). On 
days 1, 4, 7, and 10 post-grouping, mice received intraperi-
toneal injections of anti-PD-1 antibody (100 μg; RMP1-14, 
Bio X Cell) or rat IgG, along with JPH203 (12.5 mg/kg) or 
DMSO. Tumor volume and weight were measured every 
two days. Tumor volume (mm3) was calculated using the 
formula:

TUNEL assay

The TUNEL assay was performed using the In Situ Cell 
Death Detection Kit (11,684,817,910, Roche) following the 
manufacturer's instructions. Tissue sections were incubated 
with proteinase K solution (P1120, Solarbio) at room tem-
perature for 15 min. Then, 50μL of TUNEL reaction mix-
ture (enzyme: labeling solution = 1:9) was applied to each 
section and incubated at 37 °C in the dark for 60 min. After 
washing with PBS, 50μL of POD solution was added, fol-
lowed by a 30-min incubation at 37 °C. Diaminobenzidine 
(DAB) staining (DA1010, Solarbio) was performed, and the 
sections were imaged under a microscope (DM1000, Leica). 
TUNEL-positive cells were quantified for analysis.

Immunohistochemistry (IHC)

Paraffin-embedded sections were deparaffinized, rehy-
drated, and subjected to antigen retrieval. The sections 
were blocked with 10% goat serum (SL038, Solarbio) to 
reduce nonspecific binding. Tumor sections from breast 
cancer patients were incubated overnight at 4 °C with pri-
mary antibodies targeting LAT1 (#PA5-115,916, Invitrogen) 
and LAT2 (#PA5-63,887, Invitrogen). After rewarming at 

Tumor volume (mm
3) = length × width2∕2

Fig. 1   Differential expression and correlation of EAAs and amino 
acid transporters in breast cancer. A Levels of essential amino acids 
(EAAs) in tumor tissue versus corresponding normal tissue samples 
from 36 breast cancer patients, analyzed using paired t-tests (***p < 
0.001). B List of 60 known amino acid transporters. C Volcano plot 
illustrating the differences in transcript levels of 60 amino acid trans-
porters between tumor and normal tissues (red: high expression in 
tumor, blue: low expression in tumor). D Correlation heatmap of 8 
EAA levels in (left) 36 breast cancer tumor tissue samples and (right) 
49 breast cancer cell lines. E Correlation heatmap between 8 EAAs 
and 23 highly expressed amino acid transporter transcript levels in 
(left) 36 tumor tissue samples and (right) 49 breast cancer cell lines. 
Correlation coefficients were determined using Pearson correlation 
analysis

◂
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room temperature for 30 min, sections were incubated with 
appropriate secondary antibodies. Similarly, mouse tumor 
tissue sections were incubated overnight with an anti-Ki67 
primary antibody (#1222 T, CST) at 4 °C and treated with 
a MaxVision HRP polymer anti-mouse/rabbit secondary 
antibody (KIT-5020, Maixin Biotechnology Co., Ltd.) for 
60 min at room temperature. Samples were stained with 
DAB (DA1010, Solarbio), counterstained with hematoxy-
lin (G1004, Servicebio) for 3 min, and analyzed under a 
microscope (DM1000, Leica).

Multiplex immunohistochemistry (m‑IHC)

Multiplex IHC was performed by Aikefa Biotechnology Co., 
Ltd. (Beijing, China). The staining procedure was conducted 
using an Alphapeiner instrument. Primary antibodies target-
ing CD8, CD4, FOXP3, and PD-L1, along with correspond-
ing secondary antibodies, were applied sequentially. Fluo-
rescent labeling of secondary antibodies was followed by 
DAPI nuclear counterstaining after four cycles of labeling. 
Stained sections were sealed with an anti-fade mounting 
medium and analyzed using a fluorescence scanning imag-
ing system. Protein expression levels for CD8, CD4, FOXP3, 
and PD-L1 were quantified using HALO analysis software 
(version 3.5, Indica Labs, United States).

Statistical analysis

Statistical analyses were conducted using GraphPad Prism 
V.7.0 software. Paired t-tests were performed for matched 
data, while Pearson correlation analysis was used to evalu-
ate correlations between variables. RNA-seq data from the 
TCGA, METABRIC, and HNCH-BC databases were ana-
lyzed using the Wilcoxon test. Experimental data were ana-
lyzed using unpaired Student's t-tests. Data are presented as 
mean ± standard deviation (SD). Statistical significance was 
defined as p < 0.05, with Not significant (ns): p > 0.05; *p < 
0.05; **p < 0.01; ***p < 0.001.

Results

LAT1, LAT2, and 4 F2 hc as key transporters 
for the EAAs uptake in breast cancer

Comparative analysis of RNA-seq and metabolomics data 
from tumor and normal tissues of 36 breast cancer patients 
revealed significantly elevated concentrations of eight EAAs 
in tumor tissues (Fig. 1A). Moreover, 32 of 60 amino acid 
transporter transcripts showed increased expression in breast 
cancer tissues (Fig. 1C). Correlation analysis of 20 amino 
acid levels demonstrated a strong association between the 
levels of the eight EAAs in both breast cancer tissues and 
cell lines (Fig. 1D). Further investigation into the association 
between EAA levels and transporter expression showed a 
strong correlation between LAT1 (SLC7 A5), LAT2 (SLC7 
A8), and 4 F2 hc (SLC3 A2) transcript levels and EAA con-
centrations (Fig. 1E). These findings highlight the important 
role of LAT1, LAT2, and 4 F2 hc in the uptake of EAAs in 
breast cancer.

High reliance of TNBC on LAT1 for EAA uptake

Analysis of RNA-seq data from the TCGA, METABRIC, 
and HNCH-BC databases was conducted to evaluate the dis-
tribution of the aforementioned transporters across breast 
cancer subtypes. Transcriptional levels of LAT1, LAT2 
and 4 F2 hc varied among different breast cancer subtypes. 
Consistent across all databases, LAT1 showed the highest 
transcriptional levels in TNBC, followed by Her-2-positive, 
and the lowest in luminal subtypes. LAT2 displayed an 
inverse trend, while 4 F2 hc levels showed no significant 
differences among these subtypes (Fig. 2A). Immunohisto-
chemical analysis of tumor tissues from various breast can-
cer subtypes confirmed the subtype-specific distribution. 
LAT1 expression was highest in TNBC tissues, followed 
by Her-2-positive, and lowest in luminal subtypes. On the 
contrary, LAT2 expression was highest in luminal subtypes 
and lowest in TNBC (Fig. 2B and C).

Breast cancer cell lines representing different molecular 
subtypes were analyzed to further validate these observa-
tions. LAT1 and LAT2 transcript levels were quantified 
using qRT-PCR (Fig.  3A), surface protein levels were 
assessed via flow cytometry (Fig. 3B). Results consist-
ently confirmed that TNBC cell lines had the highest LAT1 
expression and the lowest LAT2 expression compared to 
other subtypes. These findings demonstrate that TNBC 
cells primarily rely on LAT1 for EAA uptake, providing 

Fig. 2   Expression patterns of LAT1, LAT2, and 4 F2 hc in breast 
cancer subtypes. A RNA-seq data from TCGA, METABRIC, and 
HNCH-BC databases showing the expression levels of LAT1 (SLC7 
A5), LAT2 (SLC7 A8), and 4 F2 hc (SLC3 A2) across different breast 
cancer subtypes. Donut charts indicate the distribution of molecular 
subtypes in each database, while mountain plots depict the differ-
ences in transcript levels (***p < 0.001). Immunohistochemistry 
(IHC) demonstrate LAT1 and LAT2 protein levels in tumor tissue 
samples. B Representative IHC images for LAT1 and LAT2 pro-
teins in breast cancer subtypes (n = 20/subtype), quantified by aver-
age optical density (AOD) (*p < 0.05; **p < 0.01). C Distribution of 
LAT1 and LAT2 protein levels across breast cancer subtypes

◂
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a molecular rationale for targeting LAT1 to inhibit EAA 
transport and disrupt TNBC metabolism.

Targeting of LAT1 can limit EAA uptake and inhibit 
the TNBC cell proliferation in vitro

To investigate LAT1's role in TNBC cell proliferation, 
SLC7 A5-specific shRNA was delivered via lentiviral vec-
tors to downregulate LAT1 expression in MDA-MB-231 and 

HCC1937 cells (Fig. 3C). Proliferation assays and metabo-
lomics analyses revealed significant reductions in TNBC cell 
proliferation and EAA uptake following LAT1 knockdown 
(Fig. 3C). To increase the clinical translational value, cells 
were treated with varying concentrations of the LAT1-
specific inhibitor JPH203. Dose–response curves demon-
strated that JPH203 inhibited the proliferation of all breast 
cancer subtypes in a dose-dependent manner. TNBC cell 
lines (MDA-MB-231 and HCC1937) showed significantly 
lower IC50 values compared to Her-2 and luminal subtypes, 

Fig. 3   Therapeutic potential of 
targeting LAT1 in TNBC. A 
Quantitative analysis of LAT1 
and LAT2 transcript levels in 
five breast cancer cell lines 
(MDA-MB-231, HCC1937, 
SK-BR-3, BT474, and T47D) 
using qRT-PCR, normalized 
to GAPDH and plotted as fold 
changes relative to T47D. B 
Flow cytometry analysis show-
ing LAT1 and LAT2 protein 
expression on the cell surface 
of breast cancer cell lines, 
expressed as mean fluorescence 
intensity (MFI). C LAT1 knock-
down using shRNA (shSLC7 
A5-1 or shSLC7 A5-2) in 
MDA-MB-231 and HCC1937 
cells. Flow cytometry vali-
dated LAT1 expression levels 
(Bank: wild type; shCtrl: empty 
shRNA). Proliferation was 
assessed using the CCK-8 assay 
(***p < 0.001), and EAA levels 
were analyzed via metabo-
lomics (***p < 0.001). Data are 
presented as mean ± SD from 
three independent experiments
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indicating greater sensitivity due to a stronger reliance on 
LAT1 for EAA uptake (Fig. 4A).

Cell cycle and apoptosis assays further elucidated the 
mechanism of action. JPH203 treatment resulted in a dose-
dependent increase in G2/M phase arrest and apoptotic cells 
after 48 h in MDA-MB-231 and HCC1937 cells (Fig. 4B and 
C). Experimental validation using human TNBC cell lines 
(MDA-MB-231, HCC1937) and mouse TNBC cells (4 T1) 
confirmed that JPH203 significantly inhibited TNBC cell 
proliferation at IC50 concentrations (MDA-MB-231: 2.53 
µM, HCC1937: 7.86 µM, 4 T1: 3.34 µM) in a time-depend-
ent manner (Fig. 5A and Supplementary Fig. 1 A). Clone 
forming assays revealed a significant reduction in colony 
formation (Fig. 5B). Furthermore, metabolomics analysis 
showed a significant decrease in EAA levels in TNBC cells 
following JPH203 treatment (Fig. 5C). These findings high-
light JPH203's efficacy in inhibiting TNBC cell proliferation 
and EAA uptake in vitro.

JPH203 demonstrates anti‑tumor effects 
and reshapes the tumor immune microenvironment 
in vivo

Based on the highest sensitivity of TNBC cells to JPH203 
observed in vitro, 4 T1 cells were used to establish a subcu-
taneous tumor model in BALB/c mice with intact immune 
systems (Fig. 6A). Intraperitoneal administration of JPH203 
(12.5 mg/kg) significantly inhibited tumor growth compared 
to vehicle (DMSO) controls (Fig. 6B). Comprehensive 
metabolomics, IHC, and m-IHC analyses were performed 
to evaluate tumor EAA levels, proliferation markers (Ki67), 
apoptosis markers (TUNEL), and changes in immune cell 
populations within the tumor microenvironment. JPH203 
treatment led to reduced EAA levels (Fig. 6C) and Ki67 
expression, alongside an increase in TUNEL-positive apop-
totic cells (Fig. 6D) within tumor tissues. Furthermore, 
immunological assessments revealed an increase in CD8+ 
T cells and a decrease in regulatory T cells (Tregs) and PD-
L1-positive cells in the tumor microenvironment (Fig. 6E). 
Importantly, JPH203 treatment did not induce hepatotoxicity 
or cause significant weight fluctuations in mice, demonstrat-
ing its safety profile (Fig. 6B and Supplementary Fig. 1B). 
These in vivo findings establish that JPH203 restricts EAA 
uptake, suppresses tumor proliferation, induces apoptosis, 
and remodels the suppressive immune microenvironment in 
TNBC without adverse effects.

To explore the potential synergy between JPH203 and 
immune checkpoint inhibitors, tumor-bearing 4 T1-BALB/c 
mice (n = 8/group) were treated with JPH203, PD-1 

antibody, or a combination of both (Fig. 6F). Combination 
therapy significantly enhanced tumor growth inhibition and 
reduced tumor weight compared to monotherapy or control 
treatments (Fig. 6G and Supplementary Fig. 1 C). No sig-
nificant differences in body weight were observed across the 
groups. These results suggest that JPH203 improves the ther-
apeutic efficacy of PD-1 antibodies by reshaping the immune 
microenvironment, exerting synergistic anti-tumor effects.

Discussion

Despite recent advances in TNBC treatment, including the 
development of immunotherapy, drug resistance remains 
a critical challenge in clinical practice. With the grow-
ing focus on tumor metabolism in cancer research, tar-
geting metabolic pathways offers a promising therapeutic 
approach (Faubert et al. 2020). Preclinical studies have 
demonstrated that EAA metabolism not only influences 
the biological behavior of breast cancer cells but also 
contributes to therapeutic resistance and the formation 
of an immunosuppressive tumor microenvironment (Lu 
et al. 2021; Saito et al. 2019; Chen et al. 2014). Therefore, 
identifying and targeting EAA metabolism may represent a 
novel strategy for TNBC therapy. In line with this concept, 
the present study used JPH203 to target LAT1, thereby 
blocking the uptake of exogenous EAAs. This approach 
successfully induced amino acid starvation, cell cycle 
arrest, and apoptosis in TNBC cells. Moreover, the study 
confirmed the anti-tumor activity and safety of JPH203 
in  vivo, particularly its ability to reshape the tumor 
immune microenvironment. These findings highlight the 
potential therapeutic value of targeting LAT1 in TNBC 
and provide a foundation for further exploration of this 
approach in TNBC immunotherapy.

Metabolic reprogramming is a hallmark of cancer (Kim 
and DeBerardinis 2019). Under normal conditions, glu-
cose serves as the primary energy and carbon source for 
cells. However, tumor cells show a phenomenon known as 
the"Warburg effect,"where approximately 80% of glucose 
is converted to lactate via glycolysis and excreted, with 
only a small fraction of pyruvate entering the tricarbox-
ylic acid (TCA) cycle (Koppenol et al. 2011). Therefore, 
tumor cells rely heavily on alternative carbon sources to 
sustain TCA cycle activity. Amino acids are among the 
primary carbon sources supporting tumor cell proliferation 
(Hosios et al. 2016). Eight of the 20 amino acids essential 
for protein synthesis in humans are classified as EAAs 
because neither normal nor cancer cells can synthesize 
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them. Instead, they rely on amino acid transporters for 
transmembrane transport. Thus, targeting amino acid 
transporters to limit EAA uptake is a feasible strategy for 
breast cancer therapy. Among the 60 known amino acid 
transporters, LAT1 and LAT2 are the principal media-
tors of EAA uptake. These transporters form functional 
complexes with the 4 F2 hc heavy chain to execute amino 
acid transport. Consistent with previous reports, this study 
observed strong correlations between the levels of eight 
EAAs in breast cancer tissues and cell lines and the levels 
of LAT1, LAT2, and 4 F2 hc transporters, indicating their 
critical roles in EAA transport in breast cancer. Although 
LAT1 and LAT2 share similar structures and amino acid 
substrates, their expression patterns show obvious tumor 
and tissue specificity. The study revealed significant and 
consistent differences in LAT1 and LAT2 expression lev-
els across different molecular subtypes of breast cancer. 
LAT1 was most highly expressed in TNBC, followed by 
the Her-2 subtype, with the lowest levels in the Luminal 
subtype. However, LAT2 showed an inverse pattern. Given 
the predominance of LAT1 and lack of LAT2 in TNBC, 
LAT1 serves as the primary transporter facilitating EAA 
uptake in TNBC cells. These findings highlight LAT1 as a 
critical molecular target for disrupting EAA metabolism in 
TNBC, providing the foundation for more effective thera-
peutic strategies.

The level of LAT1 expression is notably higher in tumor 
cells compared to normal tissues, which is associated with 
the increased metabolic demands of cancer cells. This differ-
ential expression not only highlights LAT1's role in cancer 
metabolism but also positions it as a potential biomarker 
for tumor aggressiveness and a target for therapeutic strat-
egies. Elena et al. (Ansari et al. 2018), found that LAT1 
expression in TNBC was higher than in other breast cancer 
subtypes, which aligns with our findings. In addition, recent 
studies (Ichinoe et al. 2021 Sep; Furuya et al. 2012 Feb) have 

highlighted the significant role of LAT1 in TNBC prognosis, 
where elevated LAT1 levels correlate with increased cell 
proliferation, lymph-node metastasis and poorer patient sur-
vival. As such, LAT1 has emerged as a promising biomarker 
for predicting prognosis and a potential therapeutic target in 
TNBC treatment strategies.

Previous studies have demonstrated that LAT1 down-
regulation inhibits cell proliferation in prostate and gastric 
cancers in vitro, but it does not affect ovarian cancer cell 
proliferation, suggesting a tissue-specific effect (Wang et al. 
2013; Shi et al. 2013; Fan et al. 2010). To evaluate the thera-
peutic potential of targeting LAT1 in TNBC, this study first 
employed shRNA-mediated SLC7 A5 gene knockout, which 
significantly reduced TNBC cell proliferation and EAA lev-
els. To increase the clinical translational value, the LAT1-
specific inhibitor JPH203 was then used for experimental 
validation. JPH203, a highly selective LAT1 inhibitor, is 
currently the only effective compound of its kind (Oku-
nushi et al. 2020). Several in vitro studies have confirmed 
its ability to inhibit the proliferation of medulloblastoma, 
osteosarcoma, and oral cancer cells (Cormerais et al. 2019; 
Yun et al. 2014; Choi et al. 2017). In 2020, the first phase 
I clinical trial of JPH203 in Japan, conducted on patients 
with advanced solid tumors (primarily cholangiocarcinoma), 
demonstrated its favorable biosafety (Okano et al. 2020). 
Besides, inhibiting the LAT1/CD98 pathway with JPH203 
during the precancerous stage could suppress tumorigen-
esis in mutp53-driven thymic lymphoma models (Yao et al. 
2023). Therefore, JPH203 is considered a safe and prom-
ising anti-cancer agent with significant clinical potential. 
However, research on JPH203 in breast cancer, particu-
larly TNBC, remains limited, with no prior reports of its 
effects on TNBC cell growth in vivo or in vitro. This study 
addresses this gap by investigating the therapeutic efficacy 
and mechanisms of JPH203 in TNBC.

Our in vitro experiments revealed that JPH203 induced 
EAA starvation and G0/G1 phase cell cycle arrest in breast 
cancer cells, leading to inhibition of proliferation and apop-
tosis. Interestingly, sensitivity to JPH203 varied across 
breast cancer subtypes, following the order TNBC > Her-2 
> Luminal. This disparity likely reflects differences in LAT1 
and LAT2 transporter expression levels on the surface of 
different subtypes of breast cancer cells. TNBC cells, char-
acterized by high LAT1 and low LAT2 expression, show the 
greatest dependence on LAT1 for EAA uptake, making them 
particularly sensitive to JPH203. These findings highlight 
the importance of considering tumor metabolic heteroge-
neity and vulnerability when developing targeted thera-
pies. Stratification based on EAA metabolic dependency 

Fig. 4   Effects of JPH203 on breast cancer cell proliferation, cell 
cycle, and apoptosis. A Dose–response curves for breast cancer cell 
lines (MDA-MB-231, HCC1937, SK-BR-3, BT474, and T47D) 
treated with varying concentrations of JPH203 (0.1–100 μM) or 
DMSO. Cells were incubated for 48 h (96 h for BT474). Proliferation 
was normalized to the DMSO control, and IC50 values were calcu-
lated. B The cell cycle distribution of MDA-MB-231 and HCC1937 
cells treated with JPH203 or DMSO, analyzed by flow cytometry. 
Bar charts show the mean cell percentages ± SD in each cycle stage 
across three independent experiments (*p < 0.05; ***p < 0.001). C 
Apoptosis rates of MDA-MB-231 and HCC1937 cells treated with 
JPH203 or DMSO, analyzed by flow cytometry. Bar charts display 
the mean cell percentages ± SD for each experimental group across 
three independent experiments (*p < 0.05; **p < 0.01; ***p < 0.001)

◂
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may optimize the therapeutic efficacy of LAT1-targeted 
treatments. To further evaluate the anti-tumor activity 
of JPH203 in vivo, a 4 T1-BALB/c mouse subcutaneous 
tumor model was established and treated with the inhibitor 
JPH203. JPH203 treatment reduced intratumoral EAA con-
centrations slowed tumor growth, decreased Ki67 expres-
sion, and significantly increased apoptotic cell proportions. 
Importantly, JPH203 did not induce weight changes or liver 
toxicity in treated mice, further supporting its safety profile. 
These results collectively indicate that LAT1 inhibition with 
JPH203 effectively suppresses TNBC progression through 
metabolic disruption, presenting a potential therapeutic strat-
egy for TNBC.

In the tumor microenvironment, both tumor and immune 
cells depend on EAAs to maintain normal metabolism and 
function. A deficiency in EAAs within this environment 
promotes the development of an immunosuppressive micro-
environment, facilitating tumor progression and resistance 
to immunotherapy (Leone and Powell 2020). Key com-
ponents of this immunosuppressive environment include 
PD-L1 expression and Tregs infiltration. Our previous find-
ings revealed that TNBC patients with high intratumoral 
EAA levels show significantly elevated PD-L1 expression 
and increased Tregs infiltration compared to those with low 
EAA levels (Zhao et al. 2022). This clinical observation sug-
gests that the competitive uptake of EAAs by TNBC cells 
may contribute to the establishment of an immunosuppres-
sive microenvironment. Emerging evidence indicates that 
methionine competition by tumor cells in the microenvi-
ronment inhibits T cell immune function and induces T 
cell apoptosis (Bian et al. 2020). Moreover, a reduction in 
leucine and an accumulation of tryptophan metabolites can 
lead to an increase in Tregs proportions (Makowski et al. 
2020). Based on JPH203's ability to inhibit EAAs uptake 
by TNBC cells, these findings provide a mechanistic basis 
for the hypothesis that JPH203 may reduce PD-L1 expres-
sion and Tregs infiltration in the TNBC microenvironment. 
In this study, analysis of tumor tissues from JPH203-treated 

mice revealed a significant increase in CD8+ T cells, along 
with reduced PD-L1 expression and Tregs infiltration. Fur-
thermore, the combination of JPH203 and PD-1 inhibitors 
resulted in enhanced anti-tumor effects, as demonstrated in 
animal models. These findings suggest that JPH203 medi-
ates non-cell-autonomous tumor suppression by reshaping 
the tumor microenvironment and improving immune respon-
siveness. Overall, this study raises some exciting questions 
regarding the synergistic effects of JPH203 and PD-1 inhibi-
tors, emphasizing the potential of their combination as a 
strategy to improve the efficacy of TNBC immunotherapy.

This study has multiple limitations and an exploratory 
nature. First, based on the levels of LAT1 expression in 
different subtypes of breast cancer and the results of the 
JPH203 dose-proliferation curve, we propose that luminal 
breast cancer is less sensitive to JPH203 treatment com-
pared to other subtypes. However, this does not imply that 
luminal breast cancer cannot benefit from EAAs depriva-
tion therapy. (Saito et al. 2019) found that leucine not only 
promotes the proliferation of luminal breast cancer cells but 
also contributes to the resistance of luminal breast cancer 
to tamoxifen. Moreover, this study only validated two lumi-
nal breast cancer cell lines (BT474 and T47D), indicating 
that more in vivo and in vitro experimental data are needed 
to further support this hypothesis. Furthermore, we did not 
investigate the metabolic adaptive changes in TNBC cells 
in response to LAT1 inhibition. In fact, inhibition of LAT1 
allows cancer cells to upregulate other amino acid transport-
ers or metabolic pathways to increase EAAs uptake, which 
can lead to the emergence of acquired resistance. Despite 
these limitations, our findings offer new insights that could 
inform future research on TNBC treatment.

Conclusion

This study is the first to delineate the distribution and func-
tional significance of EAA transporters across different 
molecular subtypes of breast cancer, establishing the thera-
peutic value of targeting LAT1 for TNBC. By inhibiting 
LAT1 with JPH203, exogenous EAA uptake is blocked, 
leading to amino acid starvation, cell cycle arrest, and apop-
tosis in TNBC cells. Moreover, this study provides the first 
evidence of the anti-tumor activity and safety of JPH203 
in vivo using a TNBC tumor-bearing mouse model with nor-
mal immune function. Importantly, JPH203 reshaped the 
immunosuppressive tumor microenvironment by reducing 
PD-L1 expression and Tregs infiltration, thereby enhanc-
ing the efficacy of PD-1 antibody therapy. These findings 

Fig. 5   Effects of JPH203 on TNBC cell proliferation, colony for-
mation, and EAAs metabolism. A Proliferation curves of MDA-
MB-231, HCC1937, and 4 T1 cells treated with DMSO or IC50 con-
centrations of JPH203 (MDA-MB-231: 2.53 μM, HCC1937: 7.86 
μM, 4 T1: 3.34 μM) for 1–7 days, assessed using the CCK-8 method 
(**p < 0.01; ***p < 0.001). B Clone formation assay for MDA-
MB-231, HCC1937, and 4 T1 cells treated with DMSO or IC50 con-
centrations of JPH203 for 14 days. Representative images of the assay 
and bar charts of the mean ± SD from three experiments are shown 
(***p < 0.001). C Metabolomics analysis of EAAs levels in MDA-
MB-231, HCC1937, and 4 T1 cells treated with DMSO or JPH203 
(1 μM and 10 μM) for 24 h. Bar charts present the mean ± SD from 
three independent experiments (*p < 0.05; **p < 0.01; ***p < 0.001)

◂
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highlight the potential of targeting EAA metabolism as a 
novel approach to improve TNBC immunotherapy. Fur-
thermore, JPH203 emerges as a promising candidate for 
combination therapy with PD-1 inhibitors, offering a new 
therapeutic approach for TNBC treatment.
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