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Abstract. BRCA1 is a multifunctional tumor suppressor that 
orchestrates homologous recombination repair, chromatin 
remodeling, cell cycle control and apoptosis. Although 
pathogenic BRCA1 mutations are relatively uncommon, 
decreased BRCA1 protein expression, which is typically 
driven by accelerated proteasomal degradation, is implicated 
in aggressive breast cancer (BC), particularly triple‑negative 
(TN)BC. These mutations may modulate therapeutic response 
to DNA‑damaging agents. Given the absence of clinically 
available strategies to restore BRCA1 stability, the present 
study evaluated whether pemetrexed (Peme), a multitargeted 
antifolate identified through an in silico US Food and Drug 
Administration‑approved drug screen, modulates BRCA1 
protein homeostasis in TNBC models. BRCA1 protein 
abundance, ubiquitination and turnover were assessed using 
immunoblotting, ubiquitin pull‑down and cycloheximide 
chase analyses and BRCA1 domain mutants. Functional 
consequences of Peme treatment were measured by apoptosis 
assay and BRCA1‑dependent signaling readouts. The radio‑
sensitizing effect of Peme was evaluated in vitro and validated 
in TNBC xenografts. Peme increased BRCA1 protein levels 
without altering BRCA1 mRNA, indicating post‑translational 
regulation. Mechanistically, in silico docking and BRCA1 
deletion mutant analyses suggested that the BRCA1 C‑terminal 
domain may contribute to the effect of Peme on BRCA1 

stability, suppressing ubiquitin‑mediated proteasomal degra‑
dation and resulting in protein stabilization. Stabilized BRCA1 
enhanced apoptotic responses, whereas BRCA1 knockdown 
attenuated these effects. Combined Peme‑radiation treatment 
significantly potentiated cytotoxicity in vitro and inhibited 
tumor growth in vivo, demonstrating a radiosensitizing effect 
linked to BRCA1 stabilization. Collectively, these findings 
identified Peme as a BRCA1‑stabilizing agent that enhances 
therapeutic response to radiation in TNBC. Pharmacological 
restoration of BRCA1 stability represents a promising strategy 
to overcome therapeutic resistance in BRCA1‑deficient or 
functionally compromised BC.

Introduction

BRCA1 serves multifaceted roles in maintaining genomic 
stability, including homologous recombination (HR)‑mediated 
DNA repair, cell cycle regulation, ubiquitin ligase activity, 
chromatin remodeling and apoptosis induction (1,2). Germline 
pathogenic variants in BRCA1 predispose individuals to 
hereditary ovarian and breast cancer (BC) by compromising 
its tumor suppressor function (3,4). While germline BRCA1 
mutations are recognized in familial cancer syndromes, loss 
or downregulation of wild-type BRCA1 protein is also evident 
in sporadic BC (1).

In triple-negative (TN)BC, BRCA1 downregulation is 
particularly relevant. Some studies report that up to ~30% 
of patients with TNBC exhibit reduced BRCA1 expression, 
which is associated with more aggressive disease behavior 
and poorer prognosis (1,5,6). For example, Irianiwati et al (7) 
showed that negative BRCA1 immunostaining is associated 
with more advanced TNBC tumor stage, although it did not 
independently predict survival outcomes.

Functionally, increased BRCA1 levels are linked to 
augmented apoptosis in BC models exposed to stressors, 
including DNA damage, ionizing radiation (IR) and chemo‑
therapeutic agents (8,9). BRCA1 activates apoptosis-promoting 
pathways, for example, through p53-dependent transcriptional 
programs, activation of the MEKK4/JNK signaling cascades, 
interaction with the Fas receptor pathway, growth arrest and 
DNA damage‑inducible 45 (GADD45)‑mediated nuclear 
export leading to JNK activation, inositol 1,4,5‑trisphosphate 
receptor‑mediated calcium flux, modulation of estrogen 
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receptor α and proteasomal degradation of the anti‑apoptotic 
BCL2 in the cytoplasm (9‑12). Therefore, restoring proper 
BRCA1 localization and function, particularly within the 
cytoplasmic compartment, represents a potential strategy to 
sensitize tumor cells to radiation and to promote apoptosis.

At the posttranslational level, BRCA1 expression 
is regulated by the ubiquitin‑proteasome degradation 
pathway  (13,14). Ubiquitin conjugates that target BRCA1 
for proteasomal targeting are distinct from its auto-ubiqui‑
tination products, suggesting that other E3 ligases may be 
involved (15‑17). BRCA1‑associated RING domain protein 
1 (BARD1), a well‑characterized BRCA1 binding partner, 
stabilizes BRCA1 by suppressing its proteasome-sensitive 
ubiquitination; reciprocally, elevated BRCA1 upregulates 
BARD1 expression, forming a positive feedback loop (18‑20). 
Several E3 ligases, including HECT and RLD domain 
containing E3 ubiquitin protein ligase 2 (HERC2), HECT, 
UBA and WWE domain containing E3 ubiquitin protein 
ligase 1 (HUWE1), F‑box protein 44 (FBXO44) and Parkin, 
have been implicated in BRCA1 turnover  (16,17,21,22). 
Cathepsin S (CTSS), a lysosomal cysteine protease, is an 
enzyme that cleaves the BRCA1 C‑terminal (BRCT) domain 
of BRCA1, triggering ubiquitination and proteasomal 
degradation. Inhibiting CTSS rescues BRCA1 levels and 
suppresses tumor growth (12,14,23).

Furthermore, the integrity of the BRCA1‑BARD1 hetero
dimer is key for BRCA1 stabilization. Factors such as SIRT2, 
p53‑responsive long non‑coding RNA GUARDIN and tumor 
suppressor candidate 4 stabilize the BRCA1‑BARD1 complex, 
whereas ubiquitin‑conjugating enzyme E2 T and transforming 
acidic coiled‑coil containing protein 3 (TACC3) destabilize it, 
thereby promoting BRCA1 degradation (10,24). Nevertheless, 
because BRCA1 can undergo proteasomal degradation indepen‑
dently of BARD1 interaction, the process may be regulated by 
multiple pathways (15,25).

Therapeutically, poly‑ADP‑ribose polymerase (PARP) 
inhibitors such as olaparib exploit HR deficiency, particu‑
larly in tumors harboring mutated or nonfunctional BRCA1. 
Olaparib traps PARP1 on DNA, thereby exacerbating 
double‑strand break burden that HR‑deficient cells cannot 
properly repair (26,27). However, in BC that retains wild-type 
BRCA1 but exhibits low expression or stability, there are 
currently no approved targeted therapies specifically designed 
to restore BRCA1 function or stability.

Pemetrexed (Peme) is a multitargeted antifolate agent 
approved for non‑squamous non-small cell lung cancer 
(NSCLC) and malignant pleural mesothelioma. It inhibits key 
enzymes involved in nucleotide biosynthesis, such as thymi‑
dylate synthase, dihydrofolate reductase and glycinamide 
ribonucleotide formyl transferase (28,29). Although primarily 
used for lung cancer, a randomized phase  II clinical trial 
demonstrated that a Peme‑containing neoadjuvant regimen 
is active and generally well tolerated in patients with early 
BC  (30). Moreover, liposomal formulations of Peme have 
demonstrated favorable tolerability and activity in metastatic 
BC (31‑33).

The present study aimed to investigate the effects of Peme 
on BRCA1 protein stability and its underlying regulatory 
mechanism, as well as to evaluate its potential to enhance 
radiosensitivity in TNBC.

Materials and methods

Cell culture. Human TNBC cell lines MDA‑MB‑231 
(American Type Culture Collection) and HCC70 (Korean Cell 
Line Bank), both harboring wild‑type BRCA1, were cultured 
in RPMI‑1640 medium (cat. no. LM011‑01; Welgene, Inc.) 
and DMEM (cat no. LM001‑05; Welgene, Inc.), respectively. 
The media were supplemented with 10% fetal bovine serum 
(FBS; cat. no. 35‑015‑CV; Gibco; Thermo Fisher Scientific, 
Inc.), 0.1 mM non‑essential amino acids (cat. no. LS005‑01; 
Welgene, Inc.), glutamine (cat. no. 25030081), HEPES (cat. 
no. 15630080; both Gibco; Thermo Fisher Scientific, Inc.) and 
antibiotics (cat. no. CA005‑010; GenDEPOT) at 37˚C in a 5% 
CO2 humidified incubator.

Compounds and chemicals. E‑64 (cat. no. E3132) and MG132 
(cat. no. M7449) were purchased from Sigma‑Aldrich (Merck 
KGaA) and ZFL‑COCHO (ZFL; cat. no.  A13502) was 
purchased from AdooQ Bioscience LLC. Venetoclax (cat. 
no. S8048), sofosbuvir (cat. no. S2794), silodosin (cat. no. S1613), 
candesartan cilexetil (cat. no. S2037), sodium phenylbutyrate 
(cat. no. S4125), tirofiban (cat. no. S3085) and bimatoprost (cat. 
no. S1407) were purchased from Selleck Chemicals. Olodaterol 
(cat. no. CS‑6275) and Peme (cat. no. CS‑1297) were obtained 
from ChemScene LLC. RO5461111 (RO; cat. no. HY‑114374) 
was purchased from MedChemExpress. MDA‑MB‑231 cells 
were treated with venetoclax, sofosbuvir, olodaterol, silodosin, 
candesartan, Peme, sodium phenylbutyrate, tirofiban or bima‑
toprost at 5 µM for 24 h at 37˚C, with E‑64 (5 µM) included as 
a positive control. BRCA1 and CTSS protein expression was 
subsequently analyzed by western blotting.

Antibodies. BRCA1 (C‑20; C‑terminal epitope; cat. no. SC‑642), 
BRCA1 (cat. no. SC‑6954), PARP (cat. no. SC‑8007) and 
β‑actin (all 1:1,000; cat. no.  SC‑47778) antibodies were 
purchased from Santa Cruz Biotechnology, Inc. Cleaved PARP 
(1:1,000; cat. no. 9541), anti‑cleaved caspase‑3 (cat. no. 9661), 
anti‑caspase‑3 (cat. no. 9662), anti‑Histidine tag (His‑tag; 
cat. no. 2365), anti‑Lamin A/C (cat. no. 2032), anti‑CTSS (all 
1:1,000; cat. no. 25084) antibodies were purchased from Cell 
signaling Technology, Inc. Monoclonal FLAG M2 (1:1,000; 
cat. no. F3165) was purchased from Sigma‑Aldrich (Merck 
KGaA). Anti‑Ki‑67 (1:200; cat. no. M7240) was obtained from 
Dako (Agilent Technologies, Inc.).

BRCA1 plasmid constructs. Wild‑type BRCA1 (WT‑BRCA1) 
and BRCA1 deletion constructs lacking the RING (ΔRING) or 
BRCT (ΔBRCT) domain were generated as described previ‑
ously (14) using human breast cDNA as a template and cloned 
into mammalian expression vectors pcDNA3.1 (Invitrogen; 
Thermo Fisher Scientific, Inc.) and p3xFLAG‑myc‑CMV‑23 
(cat. no.  E9158; Sigma‑Aldrich; Merck KGaA). The 
WT‑BRCA1, ΔRING and ΔBRCT constructs were transfected 
into 293T cells for immunoblotting and GADD45 promoter 
assays.

Cell transfection. Cells were seeded at a density 3x105 cells/dish 
in 60 mm culture dishes, and transfection was performed after 
24 h using Opti‑MEM (cat. no. 31985070; Gibco; Thermo 
Fisher Scientific, Inc.) containing Transfex transfection reagent 
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(cat. no.  ACS‑4005; American Type Culture Collection). 
For small interfering (si)RNA‑mediated BRCA1 knock‑
down, SignalSilence® BRCA1 siRNA I (cat. no. 12519) and 
SignalSilence® Control siRNA (Unconjugated; cat. no. 6568; 
both Cell Signaling Technology, Inc.) were transfected at a 
final concentration of 100 nM for 24 h at 37˚C, according to the 
manufacturer's instructions. The siRNA sequences were not 
provided by the supplier. Cells were collected for subsequent 
analysis 48 h after transfection.

MTT assay. Cell viability following treatment with RO, 
ZFL, candesartan or Peme was evaluated using an MTT 
(cat. no.  475989; Sigma‑Aldrich; Merck KGaA) assay. 
MDA‑MB‑231 cells were seeded into 96‑well plates at a 
density of 1x104 cells/well and allowed to attach overnight. 
Cells were treated with RO, Z‑FL‑COCHO, candesartan or 
Peme at concentrations of 10, 25, 50 and 100 µM for 24 h at 
37˚C. Subsequently, cells were incubated with 100 µl MTT 
solution (5 mg/ml) for 4 h at 37˚C. The MTT solution was 
removed and 100 µl DMSO was added to each well to dissolve 
the formazan crystals. Absorbance was measured at 540 nm 
using a microplate reader (Tecan Group Limited; Twinfinite 
PRO).

CTSS activity assay. CTSS protease activity was measured 
using a fluorometric screening kit for CTSS (cat. no. K149, 
BioVision Inc.) according to the manufacturer's protocol. 
Fluorescence was measured using the Infinite F200 PRO 
microplate multi‑reader (Tecan Group Limited). The prin‑
ciple relies on the ability of cathepsins to cleave the synthetic 
7‑amino‑4‑trifluoromethylcoumarin (AFC)‑based peptide 
substrate to release AFC, which can be measured using a 
fluorometer. To assess endogenous cellular CTSS activity, 
MDA‑MB‑231 cell lysates were analyzed using a CTSS activity 
assay kit (cat. no. ab65307; Abcam). Cells were collected, 
frozen, and sonicated using a Branson S‑450D Digital Sonifier 
at 20 kHz in pulse mode (10 sec on/10 sec off for three cycles) 
on ice before being added to the ice‑cold assay buffer supplied 
with the kit. The enzymatic assay was performed according to 
the manufacturer's instructions.

GADD45 promoter assay. The GADD45‑luciferase (Luc) 
reporter plasmid was obtained from Addgene, Inc. (cat. 
no. 8356). 293T cells (American Type Culture Collection) 
were transfected with 3 µg GADD45‑Luc construct using 
Lipofectamine 2000 (cat. no. 11668019; Invitrogen; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's protocol. 
Cells were transfected for 24 h at 37˚C and treated with Peme 
(0‑30 µM) for 12 or 24 h at 37˚C. Luc activity was measured 
using the Luciferase Assay System kit (cat. no. E4030; Promega 
Corporation) according to the manufacturer's instructions.

Reverse transcription (RT)PCR. MDA‑MB‑231 cells were 
seeded into 60 mm dishes at a density of 3x105 cells/dish in 3 ml 
RPMI‑1640 medium. Total RNA was isolated using QIAzol 
Lysis Reagent (cat. no.  79306; Qiagen GmbH) according 
to the manufacturer's instructions. Total RNA (1 µg) was 
reverse‑transcribed into cDNA using the ReverTra Ace qPCR 
RT master mix with genomic DNA remover (cat. no. FSQ‑101; 
Toyobo Co., Ltd.) according to the manufacturer's protocol. 

PCR amplification was performed using a standard Taq DNA 
polymerase (cat. no.  P0701‑050; GenDEPOT, LLC) and 
gene‑specific primers. The thermocycling conditions were 
as follows: initial denaturation at 95˚C for 5 min, followed 
by 28 cycles of denaturation at 95˚C for 30 sec, annealing at 
58˚C for 30 sec and extension at 72˚C for 30 sec, followed 
by a final extension at 72˚C for 5 min. PCR products were 
separated by agarose gel electrophoresis and visualized using 
an Image Analyzer (E‑graph; ATTO Corp.). GAPDH was used 
as an internal control. The primer sequences were as follows: 
BRCA1: Forward, 5'‑TTG​CGG​GAG​GAA​AAT​GGG​TAG​
TTA‑3' and reverse, 5'‑TGT​GCC​AAG​GGT​GAA​TGA​TGA​
AAG‑3' and GAPDH: Forward, 5'‑GTC​TCC​TCT​GAC​TTC​
AAC​AGC​G‑3' and reverse, 5'‑ACC​ACC​CTG​TTG​CTG​TAG​
CCA​A‑3'.

Irradiation. For in vitro irradiation, MDA‑MB‑231 and HCC70 
cells were seeded at a density of 3x105 cells/dish in 60 mm 
culture dishes and maintained in RPMI‑1640 and DMEM, 
respectively, at 37˚C until 70‑80% confluence. Cells were 
exposed to 5 or 10 Gy γ‑rays at room temperature using a 137Cs 
γ‑ray source (Elan 3000; Atomic Energy of Canada) at a dose 
rate of 3.81 Gy/min. Cells were returned to the incubator and 
harvested 12, 24 or 48 h after irradiation. For in vivo irradia‑
tion, tumor‑bearing mice were anesthetized by intraperitoneal 
administration of 50 mg/kg Zoletil (Virbac) and 10 mg/kg 
Rompun (Elanco) prior to local irradiation using an X‑RAD 
320 Biological Irradiator (Precision X‑Ray), consistent with 
previously reported rodent anesthesia protocols  (34‑37). 
Irradiation was delivered at a dose of 2 or 4 Gy with a dose 
rate of ~1 Gy/min at room temperature, and lead shielding was 
applied to minimize exposure of non‑tumor tissue.

Western blotting. Cells were lysed with RIPA buffer [50 mM 
Tris‑HCl (pH 7.5), 150 mM NaCl, 1% NP‑40, 0.1% SDS] and 
1% sodium deoxycholate supplemented with 1 mM Na3VO4, 
1 mM dithiothreitol, 1 mM phenyl‑methyl‑sulfonyl fluoride 
and protease inhibitor cocktail (cat. no.  539131‑10VLCN; 
Calbiochem; Merck KGaA). Protein concentrations were 
determined using the Bradford assay. The samples were boiled 
for 5 min, and 20 µg protein/lane was separated by SDS‑PAGE 
using 6‑15% gel. Proteins were transferred onto nitrocellulose 
membranes, which were blocked with 5% skim milk for 1 h at 
room temperature. Membranes were incubated with primary 
antibodies at 4˚C (1:1,000) overnight, followed by incubation 
with HRP‑conjugated anti‑mouse (1:3,000; cat. no. SA001‑500; 
GenDEPOT) or HRP‑conjugated anti‑rabbit IgG (1:3,000; 
cat. no. SA002‑500; GenDEPOT) for 1 h at room tempera‑
ture. Protein bands were visualized using FEMTO‑ECL (cat. 
no. DG‑WT‑200; Dogen) and a chemiluminescence imaging 
system (GBOX CHEMI XX9; Syngene Europe). Band inten‑
sities were quantified using ImageJ software (version 1.45; 
National Institutes of Health), with β‑actin used as the loading 
control.

Cell fractionation. Subcellular fractionation was performed 
using a Subcellular Protein Fractionation kit (cat. no. 78840; 
Thermo Fisher Scientific, Inc.) according to the manufac‑
turer's instructions. Briefly, harvested cell pellets obtained by 
centrifugation at 500 x g for 5 min at 4˚C were resuspended in 
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cytoplasmic extraction buffer and incubated at 4˚C for 10 min 
with gentle mixing, followed by centrifugation at 500 x g for 
5 min at 4˚C to collect the cytoplasmic fraction. The pellets 
were resuspended in nuclear extraction buffer, incubated at 
4˚C for 30 min with intermittent mixing and centrifuged at 
5,000 x g for 5 min at 4˚C to obtain the nuclear fraction. The 
purity of each fraction was verified by immunoblotting using 
β‑actin as a cytosolic marker and lamin A/C as a nuclear 
marker as aforementioned.

Immunofluorescence staining. MDA‑MB‑231 cells were 
seeded at a density of 4x104 cells/coverslip on glass coverslips 
and treated with Peme (5, 10 or 30 µM) for 24 h at 37˚C. Cells 
were fixed with 4% paraformaldehyde (PFA) for 10 min at 
room temperature, permeabilized with 0.1% Triton X‑100 and 
blocked with 5% bovine serum albumin (cat. no. A0100‑010; 
GeneDEPOT) for 1  h at room temperature. Cells were 
incubated with anti‑BRCA1 primary antibody (1:200; cat. 
no. SC‑6954; Santa Cruz Biotechnology, Inc.) overnight at 
4˚C, followed by Alexa Fluor‑conjugated secondary antibody 
(1:500; cat. no. A‑11004; Invitrogen; Thermo Fisher Scientific, 
Inc.) for 1 h at room temperature. Nuclei were counterstained 
and mounted using a DAPI‑containing mounting medium 
(cat. no. F6057; Sigma‑Aldrich; Merck KGaA). Images were 
acquired using a fluorescence microscope (Zeiss). BRCA1 
fluorescence intensity was quantified using ImageJ (version 
1.54p; National Institutes of Health) from ≥3 independent 
experiments.

Cycloheximide (CHX) chase assay. The stability of BRCA1 
protein was evaluated using a CHX (cat. no.  C4859; 
Sigma‑Aldrich; Merck KGaA) chase assay. MDA‑MB‑231 
cells were treated with CHX (100 µg/ml) in the presence 
or absence of Peme (10 µM) for 0‑24 h at 37˚C. Cells were 
harvested and lysed in RIPA buffer, and 30 µg proteins/lane 
was analyzed by SDS‑PAGE as aforementioned.

Nickel pull‑down assay. Nickel pull‑down assays were 
performed to detect ubiquitinated BRCA1. Cells were 
pretreated with MG132 (10 µM) for 6 h at 37˚C to inhibit 
proteasomal degradation prior to harvest. Cells were lysed 
in urea lysis buffer containing 8 M urea, 100 mM Na2HPO4, 
10 mM Tris‑HCl (pH 8.0), 10 mM imidazole and 0.2% Triton 
X‑100 and lysates were fully disrupted by ultrasonication at 
20 kHz in pulse mode (10 sec on/10 sec off for three cycles) on 
ice. The clarified lysates were incubated with Ni‑NTA Agarose 
beads (cat. no. 30210; Qiagen GmbH) for 4 h at 4˚C with gentle 
rotation to capture His‑tagged proteins. Beads were washed 
with wash buffer and eluted with 2X SDS loading buffer. The 
eluted proteins were analyzed by immunoblotting using the 
target antibodies to assess ubiquitination as aforementioned.

Docking study. A structure‑based virtual screening of 
FDA‑approved drugs from the ZINC database (zinc.docking.
org/) was performed to identify potential CTSS inhibitors. 
Molecular docking simulations were performed using the 
Maestro software package (version 2022‑4; Schrödinger, 
LLC). The crystal structure of the BRCA1 BRCT domain 
(Protein Data Bank ID: 3K0H) was imported into Maestro and 
prepared using the Protein Preparation Wizard (Schrödinger 

Release 2022‑4; Schrödinger, LLC). Ligand structures (Peme, 
compound 15, Bractoppin and the minimal phospho‑tetrapep‑
tide) were prepared using the LigPrep module (Schrödinger 
Release 2022‑4; Schrödinger, LLC) with default settings, 
generating low‑energy conformers and appropriate protonation 
states at pH 7.0±0.5. The receptor grid was generated around 
the phosphopeptide‑binding site, defined by the co‑crystal‑
lized ligand coordinates. To validate the docking protocol, the 
original co‑crystallized ligand was re‑docked into the binding 
site, and the root‑mean‑square deviation (RMSD) relative to 
the experimental pose was calculated. Binding poses were 
analyzed in Maestro and key molecular interactions such as 
hydrogen bonds, aromatic‑hydrogen bonds and salt bridges 
were annotated.

Flow cytometry. Cells were cultured, harvested, washed twice 
with PBS. Cells were incubated in the dark for 10 min at 37˚C in 
PBS containing 10 µg/ml propidium iodide (PI; cat. no. P4170; 
Sigma‑Aldrich). Flow cytometric analysis was performed 
using a FACSCalibur flow cytometer (version 3.0; Becton 
Dickinson Biosciences). Data were analyzed using CellQuest 
Pro software (version 5.2; Becton Dickinson Biosciences).

Clonogenic survival assay. For clonogenic assays, 
MDA‑MB‑231 cells were seeded in 6 well plates at low density 
(200‑1,000 cells/well) and allowed to adhere overnight. Cells 
were then treated with Peme (1 or 2 µM) at 37˚C and/or IR 
(0.5 Gy). After 24 h Peme treatment, the medium was replaced 
with drug‑free medium, and cells were incubated for 
10‑14 days at 37˚C to allow colony formation. Colonies were 
fixed with 4% PFA for 15 min and stained with 0.5% crystal 
violet (cat. no. C0775; Sigma‑Aldrich), both at room tempera‑
ture. Colonies containing >50 cells were counted manually 
using ImageJ software (version 1.54p; National Institutes of 
Health). The surviving fraction was calculated relative to the 
non‑irradiated control group and expressed as the mean ± SD 
from three independent experiments.

Tumor xenograft experiment using non‑obese diabetic/severe 
combined immunodeficiency (NOD‑SCID) mice. All animal 
studies were conducted in accordance with the Institutional 
Animal Care and Use Committee (IACUC) guidelines and were 
approved by the IACUC of Ewha Womans University, Seoul, 
Republic of Korea (approval no. EWHA IACUC 23‑049‑t). 
Mice were housed under specific‑pathogen‑free conditions 
at 22±2˚C and 50±10% relative humidity under a 12 h light/ 
12  h dark cycle, with a standard diet and water provided 
ad libitum. For tumor xenograft experiments, MDA‑MB‑231 
cells (5x106 cells in 100 µl PBS) were subcutaneously injected 
into the right thigh (hindlimb) of 5‑week‑old female NOD‑SCID 
mice weighing ~18 g, obtained from Koatech (Pyeongtaek, 
Republic of Korea). A total of 36 mice were used, with four or 
five mice per group. Tumor growth was monitored 2‑3 times 
per week beginning 2 weeks after MDA‑MB‑231 cell injection. 
When tumors reached a mean volume of ~200 mm3, mice were 
randomly divided into four groups: i) Control (vehicle only), 
ii) Peme (100 mg/kg, intraperitoneal injection, once/week), 
iii) IR‑control and iv) IR + Peme (100 mg/kg, once/week). The 
4 Gy experiment was terminated on day 40, whereas the 2 Gy 
experiment was terminated on day 35. The maximum tumor 
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diameter was not permitted to exceed 20 mm. No animals 
required early euthanasia because of this endpoint. Mice were 
euthanized by gradual‑fill CO2 inhalation at a volume displace‑
ment rate of 30% of the chamber volume/min, in accordance 
with the approved institutional animal protocol (38,39). Death 
was confirmed by cessation of respiration and heartbeat with 
the absence of reflexes. Tumor volume was calculated as 
(length/2) x (width2). For the 4 Gy experiment, only the tumor 
volume data were retained; therefore, the single largest tumor 
diameter could not be retrospectively determined with confi‑
dence.

Tumor growth inhibition (TGI). TGI was calculated to eval‑
uate the antitumor efficacy of Peme alone or in combination 
with IR. TGI (%) was calculated as: TGI (%)=[1‑(mean tumor 
volume of treated group/mean tumor volume of control group)] 
x100. A TGI value of 100% indicated complete tumor growth 
suppression, whereas a value of 0% indicates no inhibitory 
effect compared with the control. Data are presented as the 
mean ± SEM from ≥3 independent experiments.

Immunohistochemical staining. Tumor tissue was fixed in 
10% neutral‑buffered formalin for 24 h at room tempera‑
ture, embedded in paraffin and sectioned at 4 µm thickness. 
Sections were deparaffinized in xylene and rehydrated through 
graded ethanol. Antigen retrieval was performed in 10 mM 
citrate buffer (pH 6.0) for 20 min. Endogenous peroxidase 
activity was blocked with 3% hydrogen peroxide for 10 min 
at room temperature. Sections were then blocked with serum 
supplied with the VECTASTAIN Elite ABC‑HRP kit (Vector 
Laboratories) for 20 min at room temperature. Sections were 
incubated overnight at 4˚C with primary antibodies against 
Ki‑67 (cat. no. M7240; Dako; Agilent Technologies, Inc.), 
BRCA1 (cat. no. SC‑6954; Santa Cruz Biotechnology, Inc.) and 
γ‑H2AX (all 1:200; cat. no. 5438; Cell Signaling Technology, 

Inc.). Secondary antibody detection was performed using the 
VECTASTAIN Elite ABC‑horseradish peroxidase kit for 
mouse (cat. no. PK‑6102; Vector Laboratories) or rabbit IgG 
(cat. no. PK‑6101; Vector Laboratories), with the biotinylated 
secondary antibodies diluted 1:200 according to the manufac‑
turer's protocol. Immunoreactivity was visualized using DAB 
(cat. no. 54‑10‑00; SeraCare) and counterstained with hema‑
toxylin for 1 min at room temperature. Images were acquired 
using a Carl Zeiss Axio Scope light microscope (Zeiss). 
Staining intensity was quantified using ImageJ software 
(version 1.54p; National Institutes of Health).

Statistical analysis. All data are presented as the mean ± SD 
or SEM of at least three independent experiments, and were 
analyzed using GraphPad Prism 9 (GraphPad Software Inc.; 
Dotmatics). Statistical significance was determined by one‑ or 
two‑way ANOVA followed by Dunnett's multiple comparisons 
test, Tukey's post hoc test, or an unpaired Student's t‑test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Peme enhances BRCA1 protein expression independently 
of CTSS inhibition. Inhibition of CTSS has been proposed 
as a strategy to stabilize BRCA1 protein levels (12,14,23). To 
identify potential CTSS inhibitors among clinically available 
compounds, the present study conducted a structure‑based 
virtual screening of Food and Drug Administration‑approved 
drugs from ZINC database, which yielded 10 candidate 
molecules (Table I). When these candidates were evaluated 
for their effects on BRCA1 protein levels by immunoblotting, 
Peme produced the greatest increase in BRCA1 expression 
among the tested compounds. E‑64, a pan‑CTSS inhibitor, 
was used as a positive control (Fig. 1A). To determine whether 

Table I. FDA‑approved drugs based on in silico high‑throughput screening.

	 Geom	 Geom	 GeomX	 GeomX
ZINC ID	 rank	 total score	 Rank	 Total score	 Drug	 Indications

ZINC150338755	 1	 11.3040	 1	 12.7377	 Venetoclax	 Oral anticancer drug (Bcl‑2 inhibitor)
ZINC145401681	 2	 10.8922	 2	 10.8467	 Sofosbuvir	 Hepatitis C (NS5B protein inhibitor)
ZINC34636383	 3	 9.8709	 36	 8.4490	 Olodaterol	 COPD (β2 receptor agonist)
ZINC3806063	 4	 9.7957	 4	 9.8212	 Silodosin	 Benign prostatic hyperplasia 
						      (α1 antagonist)
ZINC4074875	 7	 9.5762	 10	 9.6527	 Candesartan	 Hypertension (angiotensin II receptor 
						      inhibitor)
ZINC1540998	 8	 9.5306	 8	 9.6813	 Pemetrexed	 Anticancer drug (GARFT inhibitor)
ZINC49933061	 9	 9.5233	 14	 9.3968	 Dronedarone	 Cardiac arrhythmia (sodium channel 
						      blocker)
ZINC38945666	 10	 9.5167	 19	 9.1479	 Sodium phenylbutyrate	 Inborn urea cycle disorder
ZINC3806104	 36	 8.0395	 5	 9.8140	 Tirofiban	 Antiplatelet drug
ZINC4474405	 25	 8.4884	 11	 9.5393	 Bimatoprost	 Glaucoma (PGF2α analog)

NS5B, non‑structural protein 5B; COPD, chronic obstructive pulmonary disease; GARFT, glycinamide ribonucleotide formyltransferase; PGF, 
prostaglandin F; Geom, Surflex‑Dock Geom mode; GeomX, Surflex‑Dock GeomX mode.
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this effect was CTSS‑dependent, CTSS enzymatic assay was 
performed. Peme exhibited a weak inhibitory effect, with a 
half‑maximal inhibitory concentration (IC50) of 546.122 µM, 
whereas RO (40) and ZFL (41) exhibited IC50 values of 0.014 
and 15.930 µM, respectively (Fig. 1B). Although candesartan 
demonstrated stronger CTSS inhibition than Peme, it did 
not induce BRCA1 expression (Fig. 1A and C) but showed 

greater cytotoxicity than Peme (Fig. 1D). Therefore, it was 
excluded from further analysis. In MDA‑MB‑231 TNBC 
cells, Peme (1,000 µM) induced a significant decrease in 
CTSS enzymatic activity compared with the control (Fig. 1E). 
Collectively, these findings indicated that, unlike RO and 
ZFL, Peme‑mediated BRCA1 upregulation occurred inde‑
pendently of CTSS inhibition. Peme, RO and ZFL did not 

Figure 1. Peme enhances BRCA1 protein expression independently of CTSS inhibition. (A) Immunoblot analysis of BRCA1 and CTSS in MDA-MB-231 
cells treated for 24 h with the indicated screened compounds; E-64 was included as a positive control. β‑actin was used as a loading control. Numbers 
indicate the relative BRCA1 band density normalized to β‑actin. (B) IC50 values for CTSS inhibitors were determined using CTSS enzymatic activity assay. 
(C) Immunoblot analysis of BRCA1 protein levels in MDA‑MB‑231 cells treated with candesartan or Peme. (D) Cell viability assay. (E) CTSS enzymatic 
activity in MDA‑MB‑231 cells was determined following treatment with Peme (0‑1,000 µM) for 24 h. **P<0.01. Peme, pemetrexed; CTSS, cathepsin S; IC50, 
half‑maximal inhibitory concentration; CTRL, control; aa, amino acid.
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display significant cytotoxicity (Fig. 1D). Peme increased 
BRCA1 protein levels in a dose‑ and time‑dependent manner, 
with maximal induction observed at 12 h at all concentra‑
tions (Fig. 2A). Notably, BRCA1 mRNA expression remained 
unchanged following Peme treatment (Fig. 2B), indicating a 
post‑translational regulatory mechanism. The pro‑apoptotic 
function of BRCA1 is regulated by its cytosolic part (23,42). 
Consistent with this, cell fractionation experiments revealed 
that Peme enhanced BRCA1 protein levels in both the nuclear 
and cytosolic compartments (Fig. 2C). Functionally, Peme 
increased GADD45 promoter activity, a downstream target 
of BRCA1, supporting the upregulation of functionally active 
BRCA1 (Fig. 2D). Immunofluorescence analysis confirmed 
a dose‑dependent increase in BRCA1 fluorescence intensity 
24 h after Peme exposure (Fig. 2E).

Peme inhibits proteasomal degradation of BRCA1 protein. 
Peme increased BRCA1 protein expression at concentra‑
tions lower than those required for CTSS inhibition in 
MDA‑MB‑231 cells, suggesting that its effect involved 
mechanisms beyond CTSS suppression. Because BRCA1 
mRNA levels were not altered by Peme, the present study 
examined whether the increase in BRCA1 protein expres‑
sion was mediated by enhanced protein stability. CHX 
chase analysis showed that Peme significantly prolonged 
BRCA1 protein stability (Fig. 3A). As BRCA1 undergoes 
degradation via the ubiquitin‑proteasome pathway (14), the 
present study examined whether Peme interferes with this 
process. Treatment with MG132, a proteasome inhibitor, 
increased BRCA1 protein levels and Peme further delayed 
BRCA1 degradation, suggesting that Peme suppressed the 

Figure 2. Peme upregulates BRCA1 at the post‑transcriptional level and promotes its cytosolic accumulation. (A) Dose‑ and time‑dependent regulation of 
BRCA1 expression by Peme in MDA‑MB‑231 cells. Numbers indicate the relative BRCA1 band density normalized to β‑actin. (B) PCR analysis of BRCA1 
mRNA levels following Peme treatment. (C) Cell fractionation showing nuclear accumulation of BRCA1 following 10 µM Peme treatment for 24 h. Lamin 
A/C and β‑actin were used as nuclear and cytosolic markers, respectively. (D) GADD45 promoter luc assay showing dose‑dependent activation by Peme in 
293T cells. Cells were transfected with a GADD45‑luc reporter and treated with Peme for 24 h. Luciferase activity is presented as fold induction relative 
to control. (E) Representative immunofluorescence of BRCA1 expression following Peme treatment. Cells were treated with Peme for 24 h and stained for 
BRCA1 (red) and nuclei (DAPI, blue). Scale bar, 200 µm. *P<0.05, **P<0.01. Peme, pemetrexed; luc, luciferase; CTRL, control; GADD45, growth arrest and 
DNA damage‑inducible 45.
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ubiquitin‑proteasome‑mediated degradation of BRCA1 
(Fig.  3B). Consistently, nickel pull‑down assays using 
His‑tagged ubiquitin showed that the MG132‑induced 
increase in BRCA1 ubiquitination was attenuated by concur‑
rent Peme treatment (Fig. 3C). This highlighted the ability of 
Peme to hinder ubiquitin‑mediated degradation of BRCA1. 
To identify the domain responsible for Peme‑mediated 

stabilization, BRCA1 deletion constructs lacking either the 
RING or BRCT domain were generated. Peme failed to 
increase BRCA1 protein expression in cells expressing the 
BRCT-deleted (ΔBRCT) construct, whereas cells expressing 
the RING-deleted (ΔRING) construct retained Peme 
responsiveness (Fig. 4A). Peme-induced GADD45 promoter 
activation was abolished in ΔBRCT-expressing cells but 

Figure 3. Peme stabilizes BRCA1 protein by inhibiting Ub‑proteasome‑mediated degradation. (A) MDA‑MB‑231 cells were treated with 10 µM Peme or 
vehicle followed by CHX (100 µg/ml). BRCA1 protein levels were analyzed and the relative band density was quantified to determine protein stability. 
(B) 293T cells were treated with the proteasome inhibitor MG132 in the presence or absence of Peme. Immunoblot analysis showed MG132 treatment increased 
BRCA1 protein levels, and co‑treatment with Peme further enhanced and prolonged BRCA1 stabilization. (C) 293T cells expressing His‑Ub and Flag‑BRCA1 
were treated with Peme (10 µM) and/or MG132 (10 µM) for 6 h. Ubiquitinated BRCA1 was isolated by His pull‑down and detected by immunoblotting 
with the anti‑Flag antibody. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Peme, pemetrexed; CHX, cycloheximide; His, histidine tag; CTRL, control; NTA, 
nitrilotriacetic acid; PD, pull‑down; Ub, ubiquitin.
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preserved in ΔRING-expressing cells (Fig. 4B). Together, 
these findings demonstrated that Peme enhanced BRCA1 
stability by suppressing its ubiquitin‑proteasome‑mediated 
degradation in a BRCT domain‑dependent manner.

To investigate the interaction between Peme and the 
BRCT domain, molecular docking analysis was performed. 
The docking protocol was validated by re‑docking the 
original co‑crystallized ligand into the binding site, which 
yielded an RMSD of 1.427 Å relative to the experimental 
pose, confirming the reliability of the docking protocol 
(Fig. 5A). Based on the BRCA1 structure co‑crystallized with 
a phospho‑tetrapeptide ligand, Peme was predicted to bind 
the same region with a similar binding pose (Fig. 5A). Peme 
was well accommodated within the BRCT binding pocket, 
engaging the minimal tetrapeptide recognition sequence. The 
docking score of Peme (‑5.801) was comparable with that of 
the phospho‑tetrapeptide (‑6.145). The predicted binding pose 
indicated that Peme formed hydrogen bond interactions with 
Ser1655 and Asn1774, similar to the tetrapeptide, and extended 
toward the C‑terminal BRCT domain by interacting with 
Asp1813 (Fig. 5B). Previously reported BRCT‑binding small 
molecules, including compound 15 (43) and Bractoppin (44), 

were also analyzed. The docking score of Peme was similar to 
or better than the docking scores of the reference compounds 
(Fig. 5C). Collectively, these findings suggested that the BRCT 
domain may be involved in the stabilizing effect of Peme on 
BRCA1.

Peme triggers cell death in a BRCA1‑dependent manner. 
Mechanistically, Peme induced BRCA1 upregulation in a 
dose‑ and time‑dependent manner, accompanied by increased 
PARP1 cleavage, with maximal induction observed at 10 µM 
after 24 h (Fig. 6A). These findings indicated that Peme 
induced apoptosis. To determine whether Peme‑induced cell 
death depends on BRCA1 expression, cells were transfected 
with BRCA1‑specific siRNA. BRCA1 silencing mark‑
edly attenuated Peme‑induced apoptotic events, including 
PARP1 and caspase‑3 cleavage, which are established 
markers of apoptosis  (45,46) (Fig. 6B). Consistent results 
were obtained from flow cytometric analysis of PI‑stained 
cells, showing a significant decrease in Peme‑induced cell 
death following BRCA1 knockdown (Fig. 6C). Collectively, 
these results demonstrated that Peme triggers apoptosis in a 
BRCA1‑dependent manner.

Figure 4. BRCT domain is required for Peme‑mediated BRCA1 stabilization and downstream signaling. (A) Schematic representation of BRCA1 deletion 
mutants (ΔRING and ΔBRCT). 293T cells were transfected with WT or mutant BRCA1 constructs and treated with Peme (0‑10 µM) for 12 h. BRCA1 protein 
expression was determined by immunoblotting. (B) GADD45 promoter luc assay showing BRCA1 domain‑dependent activation by Peme in 293T cells. Cells 
expressing WT, ΔRING or ΔBRCT BRCA1 constructs were transfected with a GADD45‑luc reporter and treated with 5 µM Peme for 12 h. Luc activity 
is presented as fold induction relative to control. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. BRCT, BRCA1 C‑terminal; Peme, pemetrexed; RING, really 
interesting new gene; WT, wild‑type; GADD45, growth arrest and DNA damage‑inducible 45; luc, luciferase; ns, not significant.
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Peme makes TNBC cells more responsive to irradiation. 
BRCA1 suppresses tumor growth by promoting apoptosis and 
maintaining genomic stability in cancer cells (47,48). Based 
on this, it was hypothesized that combining Peme with IR may 
augment apoptosis and thereby potentiate the cell response to 
irradiation in TNBC cells. In MDA‑MB‑231 cells, BRCA1 
protein levels increased progressively following Peme treat‑
ment; this induction was further enhanced by IR co‑treatment 
(Fig. 7A). Consistently, GADD45 promoter activity, a down‑
stream indicator of BRCA1 pathway activation  (49), was 
significantly potentiated by combined Peme and IR treatment 
(Fig.  7B). Furthermore, markers of apoptosis, including 
cleaved PARP1, were more prominently induced by the 
combination treatment (Fig. 7C). This was further supported 
by the similar induction of BRCA1, cleaved PARP, cleaved 
caspase‑3 and caspase‑3 in HCC70 cells, another TNBC cell 
line (Fig. S1A). These molecular changes corresponded with 
increased cell death and decreased colony‑forming ability 
(Fig. 7D and E). Preliminary clonogenic assays using 1 Gy 
irradiation showed that IR alone markedly decreased colony 
formation, supporting the use of a lower IR dose in the main 
clonogenic assay (Fig. S1B). BRCA1 knockdown using siRNA 
markedly diminished the induction of cleaved caspase‑3 under 
combined Peme and IR exposure (Fig. 7F). This observation 
supported the hypothesis that the enhanced effect of combined 
Peme and IR treatment was, at least in part, BRCA1‑dependent.

Radiosensitization by Peme in a TNBC cell xenograft mouse 
model. To confirm whether the in vitro effects of Peme, including 
BRCA1 induction and enhanced radiosensitivity, could be repro‑
duced in vivo, a tumor xenograft model was established using 
MDA‑MB‑231 TNBC cells. When tumors reached ~200 mm³, 
mice were exposed to IR (2 or 4 Gy), followed by intraperito‑
neal administration of Peme (100 mg/kg; Fig. 8A). Peme was 
administered for 35 or 40 days while monitoring tumor growth. 
Compared with IR alone, the combination of Peme and IR 
significantly delayed tumor growth, demonstrating the radio‑
sensitizing potential of Peme, although the overall magnitude 
of tumor suppression was moderate. The single largest tumor 
volume was 1,878.68 mm3 for 4 Gy and 1,787.82 mm³ for 2 Gy 
experiment. Although co‑administration of Peme with either 2 
or 4 Gy for 35 or 40 days did not significantly alter the radio‑
sensitizing effect of Peme, TGI analysis confirmed that the 
combination of Peme and IR yielded greater tumor suppression 
than IR alone (Fig. 8B and C). Immunohistochemical analysis 
of tumor tissue revealed that combined treatment markedly 
decreased the expression of the proliferation marker Ki‑67, 
while increasing the levels of BRCA1 compared with the corre‑
sponding IR‑alone groups (Fig. 9A and B). Collectively, these 
results confirmed that Peme enhanced radiosensitivity in vivo, 
consistent with its BRCA1‑dependent mechanism in  vitro. 
Peme did not affect overall animal viability or general health 
throughout the experimental period.

Figure 5. Peme occupies the phosphopeptide‑binding pocket of the BRCA1 BRCT domain. (A) Predicted binding pose of Peme in the BRCT domain of BRCA1 
(Protein Data Bank ID: 3K0H). The re‑docking RMSD of the co‑crystallized ligand relative to the experimental pose was 1.427 Å. (B) Comparison of inter‑
acting residues between the co‑crystallized phosphopeptide (yellow) and Peme (green). The surface of the BRCT domain is colored according to electrostatic 
potential. Pink dash, salt bridge; cyan dash, aromatic hydrogen bond; yellow dash, hydrogen bond. (C) Docking scores for the minimal tetrapeptide, Peme, 
Compound 15, and Bractoppin. The minimal tetrapeptide (yellow), Peme (green), compound 15 (blue) and Bractoppin (purple) were individually docked into 
the BRCT domain structure. Compound 15 and Bractoppin were included based on previously reported BRCT‑binding compounds (43,44). Docking scores are 
presented in kcal/mol. Peme, pemetrexed; BRCT, BRCA1 C‑terminal; RMSD, root‑mean‑square deviation.
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Discussion

TNBC is one of the most aggressive BC subtypes, characterized 
by the absence of hormone receptors and HER2 amplification, 
leading to poor prognosis and limited treatment options (50,51). 

Although the advent of PARP inhibitors such as olaparib repre‑
sents a therapeutic breakthrough for BRCA1/2 mutant BC, this 
approach is only effective in a subset of patients with TNBC 
harboring germline or somatic BRCA1 mutations  (52,53). 
By contrast, most TNBC cases retain wild‑type BRCA1 but 

Figure 6. Peme induces BRCA1‑dependent death in triple‑negative breast cancer cells. (A) MDA‑MB‑231 cells were treated with Peme. Protein levels of 
BRCA1 and c‑PARP were analyzed by immunoblotting. (B) MDA‑MB‑231 cells transfected with siCTRL or siBRCA1 were treated with Peme for 24 h. 
Immunoblot analysis was performed for BRCA1, c‑PARP and c‑caspase‑3. β‑actin was used as a loading control. (C) Flow cytometry analysis of PI‑stained 
MDA‑MB‑231 cells showing Peme‑induced cell death in a BRCA1‑dependent manner. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Peme, pemetrexed; si, small 
interfering; CTRL, control; c‑, cleaved.
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Figure 7. Peme induces radiosensitization in triple‑negative breast cancer cells via BRCA1‑dependent apoptosis. (A) MDA‑MB‑231 cells were treated with 
10 µM Peme, followed by 10 Gy IR. BRCA1 protein levels were analyzed by immunoblotting. (B) GADD45 promoter luc assay showing activation by 
combined Peme and IR treatment in 293T cells. Luc activity is presented as fold induction relative to control. (C) Immunoblot analysis was performed 
for c‑PARP. (D) Flow cytometry analysis of PI‑stained MDA‑MB‑231 cells showing that Peme and IR increased cell death. Cells were treated with Peme 
(0‑10 µM) and/or IR (5 Gy) for 24 h and PI‑positive cells were quantified as fold change relative to control. (E) Clonogenic survival assay showing decreased 
colony formation following combined Peme and IR treatment. Colony numbers were normalized to control. (F) BRCA1 knockdown attenuated Peme‑ and 
IR‑induced apoptosis. MDA‑MB‑231 cells transfected with siCTRL or siBRCA1 were treated with Peme (0‑10 µM) and IR (10 Gy) for 24 h. Immunoblot 
analysis for BRCA1 and c‑caspase‑3 was performed with β‑actin as a loading control. Relative protein band density is indicated below each lane. *P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001. Peme, pemetrexed; IR, ionizing radiation; GADD45, growth arrest and DNA damage‑inducible 45; luc, luciferase; c‑, 
cleaved; CTRL, control; si, small interfering.
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exhibit reduced expression or functional instability, resulting 
in compromised DNA repair capacity and increased genomic 
instability (1,54,55). This clinical gap highlights the need for 
therapeutic strategies capable of restoring or stabilizing BRCA1 
function in tumors with low BRCA1 activity.

CTSS serves as a critical regulator of BRCA1 stability by 
cleaving its BRCT domain and promoting ubiquitin‑dependent 

degradation (12,14,23). CTSS inhibition effectively prevents 
BRCA1 proteolysis, providing a potential strategy to preserve 
BRCA1 integrity in TNBC. Building on this mechanistic 
insight, the present study conducted a high‑throughput 
in  silico screening of FDA‑approved drugs to identify 
potential CTSS inhibitors. Peme was initially predicted to 
possess CTSS‑inhibitory activity, however, subsequent CTSS 

Figure 8. Peme enhances the antitumor effect of irradiation in TNBC xenografts. (A) Schematic of the in vivo experimental design. MDA‑MB‑231 cells were 
SC injected into the hind legs of NOD/SCID mice to establish TNBC xenografts. When tumors reached ~200 mm³, mice were treated with Peme (100 mg/kg, 
i.p., once/week) and/or IR (2 or 4 Gy). Tumor growth was monitored for 35 and 40 days, respectively. (B) Tumor growth curves of xenograft‑bearing mice 
treated with Peme and/or 4 Gy IR. (C) Tumor growth curves of xenograft‑bearing mice treated with Peme and/or 2 Gy IR. *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001. TGI, tumor growth inhibition; Peme, pemetrexed; TNBC, triple‑negative breast cancer; NOD/SCID, non‑obese diabetic/severe combined immu‑
nodeficiency; mpk, mg/kg; IR, ionizing radiation; CTRL, control; SC, subcutaneous.
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enzymatic assays revealed that it exhibited only minimal CTSS 
inhibition compared with reference inhibitors. At the same 
time, Peme produced a greater increase in BRCA1 protein 
expression than the other screened candidate compounds in 
MDA‑MB‑231 cells without significant cytotoxicity, even 
at concentrations below the IC50 for CTSS inhibition. These 
findings suggested that Peme may regulate BRCA1 stability 
through mechanisms independent of direct CTSS inhibition.

To determine the biological relevance of Peme‑induced 
BRCA1 upregulation, the present study investigated whether 

BRCA1 contributes to Peme‑mediated cell death. Peme caused 
mild apoptosis, whereas combined treatment with Peme and IR 
resulted in enhanced BRCA1 expression and increased tumor 
cell death compared with either treatment alone. These results 
are consistent with the role of BRCA1 in facilitating apoptosis 
and orchestrating DNA damage response under genotoxic 
stress (8,56,57). Moreover, xenograft experiments confirmed 
that the combination of Peme and IR significantly delayed 
tumor growth and suppressed proliferation compared with 
IR‑alone. The expression of BRCA1 and apoptosis markers was 

Figure 9. Peme promotes BRCA1‑associated signaling in irradiated triple‑negative breast cancer xenografts. (A) Immunohistochemical staining and quantification 
of Ki-67, BRCA1 and γ-H2AX in the 4 Gy xenograft groups. (B) Corresponding staining and quantification in the 2 Gy xenograft groups. Quantification of positive 
staining is presented as relative signal intensity. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Peme, pemetrexed; IR, ionizing radiation; CTRL, control.
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also potentiated by Peme co‑treatment. Together, these find‑
ings suggested that Peme may serve as a BRCA1‑stabilizing 
radiosensitizer, enhancing therapeutic efficacy in TNBC. 
Clonogenic survival was evaluated under a limited IR 
condition rather than across a full IR dose‑response range; 
additional studies are needed to clarify the radiosensitizing 
potential of Peme. Further studies using BRCA1‑depleted 
or stable BRCA1‑knockdown TNBC xenograft models are 
needed to more directly define the contribution of BRCA1 to 
the antitumor and radiosensitizing effects of Peme in vivo.

Beyond its canonical role in nuclear HR repair, 
BRCA1 also exerts cytoplasmic functions associated with 
mitotic regulation, mitochondrial homeostasis and apop‑
tosis (1,52,58). DNA damage‑induced cytotoxicity can be 
dissociated from BRCA1‑mediated DNA repair and can 
depend on cytosolic BRCA1 accumulation  (9,42,59). In 
addition, BRCA1 nuclear export following DNA damage is 
associated with increased cell susceptibility to genotoxic 
stress, supporting the hypothesis that BRCA1 function is 
influenced not only by its abundance but also by its subcel‑
lular localization (42,59). Consistent with these findings, our 
previous study showed that cytoplasmic BRCA1 stabiliza‑
tion is associated with apoptosis‑related signaling, including 
BCL2 degradation, rather than with a canonical DNA repair 
response (23). In the present study, Peme‑induced BRCA1 
stabilization was accompanied by increased cytotoxicity, 
particularly when Peme was combined with IR. Therefore, 
the phenotype appears to be more consistent with apop‑
tosis‑associated cytosolic BRCA1 signaling than with 
enhancement of canonical nuclear HR repair. Nevertheless, 
a role of BRCA1‑dependent DNA repair modulation cannot 
be excluded.

BRCA1 degradation is regulated by E3 ubiquitin ligases, 
including HERC2, HUWE1, FBXO44 and Parkin, as well 
as by caspase‑3‑mediated cleavage during apoptosis  (1). 
The present results suggested that Peme interfered with the 
ubiquitin‑proteasome degradation of BRCA1, potentially by 
stabilizing its C‑terminal region. Consistent with the results 
obtained using BRCA1 deletion constructs, docking analysis 
suggested that the BRCT domain may contribute to the 
stabilizing effect of Peme on BRCA1. Specifically, Peme was 
predicted to occupy the phosphopeptide‑binding region across 
the BRCT repeats, with a docking score comparable with 
that of the minimal phospho‑tetrapeptide. However, because 
these observations were based on computational modeling 
and indirect functional evidence, they do not conclusively 
demonstrate a direct physical interaction between Peme and 
the BRCT domain. Therefore, the proposed involvement of the 
BRCT domain should be interpreted as a potential mechanistic 
model, and additional biochemical studies, such as cellular 
thermal shift assay or direct binding analyses, are required to 
validate this.

Clinically, Peme is already approved for the treatment 
of NSCLC and is well‑tolerated in combination with radio‑
therapy (60,61). Given its favorable safety profile, repurposing 
Peme for TNBC therapy may be a feasible translational 
strategy. The ability of Peme to restore BRCA1 stability and 
potentiate IR‑induced cytotoxicity offers a novel therapeutic 
possibility for patients with TNBC with wild‑type but func‑
tionally deficient BRCA1. This approach not only broadens the 

clinical utility of Peme but also exemplifies the potential of 
targeted BRCA1 stabilization as a precision medicine strategy 
to overcome therapeutic resistance in TNBC.
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