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Abstract

Background: G protein-coupled receptor 19 (GPR19) is an orphan G protein-coupled receptor with emerging relevance in cancer; how-
ever, its role in breast cancer remains poorly understood. Given the high frequency of tumor protein p53 (TP53) alterations in aggressive
breast cancer, particularly triple-negative breast cancer (TNBC), we investigated the clinical significance, biological function, and molec-
ular mechanism of GPR19 in TP53-mutant breast cancer. Methods: Public datasets (Gene Expression Omnibus and The Cancer Genome
Atlas) were analyzed to assess GPR19 expression in relation to TP53 status, molecular subtype, and prognosis. Expression was validated
in breast cancer cell lines, paired clinical tissues, and tissue microarrays by quantitative PCR,Western blotting, immunofluorescence, and
immunohistochemistry. Stable GPR19 knockdown models in MDA-MB-231 and BT-549 cells were used to evaluate proliferation, cell
cycle distribution, and apoptosis. RNA sequencing, rescue experiments with the extracellular signal-regulated kinase (ERK) activator
Ro 67-7476, and a nude mouse xenograft model were employed to investigate the underlying mechanism. Results: GPR19 was signifi-
cantly upregulated in TP53-mutant breast cancer, primary tumors, and especially TNBC, and its high expression was associated with poor
survival. Functionally, GPR19 depletion markedly suppressed cell proliferation, colony formation, and DNA synthesis, while inducing
G2/M arrest and apoptosis in TP53-mutant breast cancer cells. Mechanistically, GPR19 knockdown reduced ERK phosphorylation and
downregulated forkhead box protein M1 (FOXM1) and its downstream G2/M regulators cyclin B1 (CCNB1) and polo-like kinase 1
(PLK1), whereas total ERK levels remained largely unchanged. Pharmacological activation of ERK partially restored FOXM1 expres-
sion, alleviated cell cycle disturbance and apoptosis, and reversed the growth-inhibitory effects of GPR19 depletion. In vivo, GPR19
knockdown suppressed xenograft growth, reduced Ki-67 staining, increased terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL) positivity, and inhibited the ERK–FOXM1–CCNB1/PLK1 signaling cascade, all of which were partially rescued
by ERK activation. Conclusions: GPR19 functions as a novel oncogenic driver and clinically relevant biomarker in breast cancer, par-
ticularly in TP53-mutant and TNBC subsets. By activating the ERK–FOXM1 axis, GPR19 sustains cell cycle progression and suppresses
apoptosis, highlighting this pathway as a potential therapeutic vulnerability in aggressive breast cancer.
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1. Introduction

Breast cancer remains the most frequently diagnosed
malignancy among women worldwide and a leading cause
of cancer-related death [1]. Although advances in molec-
ular classification and systemic treatment have improved
outcomes for many patients, breast cancer is still charac-
terized by substantial biological heterogeneity, resulting in
marked differences in aggressiveness, therapeutic response,
and prognosis across subtypes [2,3]. Among these, triple-
negative breast cancer (TNBC), defined by the absence of
estrogen receptor, progesterone receptor, and human epi-
dermal growth factor receptor 2 (HER2) expression, rep-
resents one of the most clinically challenging subtypes be-
cause of its high metastatic potential, frequent early recur-
rence, and limited treatment options [4]. Because estab-

lished therapeutic targets are limited, finding novel molec-
ular drivers of aggressive breast cancer remains crucial, es-
pecially for high-risk populations.

Alteration of the tumor protein p53 (TP53) gene is a
defining molecular characteristic of aggressive breast can-
cer [5]. TP53 is one of the most frequently mutated tumor
suppressor genes in human cancer and is particularly en-
riched in TNBC [6]. As a central regulator of genomic sta-
bility, p53 coordinates cell-cycle arrest, DNA damage re-
sponses, senescence, and apoptosis in response to cellular
stress [7]. Loss or mutation of TP53 disrupts these pro-
tective mechanisms and enables tumor cells to evade apop-
tosis, tolerate genomic instability, and maintain prolifera-
tive capacity under conditions that would otherwise trigger
growth arrest or cell death [8,9]. In breast cancer, TP53
alterations are strongly associated with poor prognosis, re-
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sistance to therapy, and aggressive clinicopathological fea-
tures [10]. However, although TP53mutation is widely rec-
ognized as a hallmark of malignant progression, the signal-
ing dependencies that sustain tumor growth in the TP53-
mutant context remain incompletely understood.

In recent years, G protein-coupled receptors (GPCRs)
have emerged as important regulators of cancer biology
[11]. Beyond their classical role asmembrane receptors that
sense extracellular ligands, GPCRs are now recognized as
dynamic signaling hubs capable of integrating microenvi-
ronmental cues with intracellular oncogenic programs [12].
Aberrant GPCR activation can result from receptor over-
expression, altered ligand availability, constitutive receptor
activity, or crosstalk with other receptor systems such as re-
ceptor tyrosine kinases [13]. Through these mechanisms,
GPCRs influence a broad spectrum of malignant behav-
iors, including proliferation, survival, migration, invasion,
metabolic adaptation, and therapeutic resistance [14,15].
Because GPCRs are highly druggable and constitute one of
the most successfully targeted receptor families in pharma-
cology [16], increasing attention has been directed toward
their potential value in oncology. Nevertheless, many or-
phan or insufficiently characterized GPCRs remain poorly
explored in breast cancer, especially in genetically defined
aggressive subtypes.

Among these receptors, G protein-coupled receptor
19 (GPR19) has gradually attracted attention as a poten-
tial cancer-associated molecule. Although its physiological
functions and downstream signaling properties remain in-
completely characterized, emerging evidence suggests that
GPR19 may participate in tumor-related biological pro-
cesses, potentially through its involvement in cellular stress
responses and metabolic regulation [17]. In certain ma-
lignancies, GPR19 is overexpressed and associated with
proliferative or invasive phenotypes. Previous work has
linked GPR19 to cell cycle progression in lung cancer [18],
whereas studies in breast cancer have suggested possible
involvement in tumor plasticity and invasive behavior [19].
In addition, bioinformatics analyses have identified GPR19
as a candidate biomarker in melanoma and other tumors
[20]. These findings suggest that GPR19 is a key, over-
looked regulator of tumor progression; however, its expres-
sion pattern, clinical relevance, and functional role in breast
cancer remain largely undefined.

A major biological feature of aggressive breast cancer
is dysregulation of the cell cycle, especially at the level of
checkpoint control and mitotic progression [21]. Sustained
tumor growth depends not only on increased proliferative
signaling but also on the ability of cancer cells to coordi-
nate DNA replication, checkpoint surveillance, and mitotic
entry [22]. In this setting, the G2/M transition is particu-
larly important because it integrates mitogenic input with
cellular responses to DNA damage and replication stress.
Tumor cells that successfully maintain G2/M progression
gain a considerable proliferative advantage, whereas dis-

ruption of this process can lead to cell cycle arrest or apop-
tosis [23,24]. Therefore, identifying upstream molecules
that regulate G2/M-associated programs may provide im-
portant insight into the mechanisms that support breast can-
cer growth, especially in aggressive molecular contexts.

Two signaling components are especially relevant to
this process: extracellular signal-regulated kinase (ERK)
and forkhead box protein M1 (FOXM1). The mitogen-
activated protein kinase (MAPK)/ERK pathway is one of
the best-established mitogenic signaling cascades in breast
cancer and acts as a central downstream effector of mul-
tiple receptor systems, including receptor tyrosine kinases
and GPCRs [25]. Persistent ERK activation has been as-
sociated with enhanced proliferation, adaptive stress re-
sponses, and therapeutic tolerance [26]. FOXM1, a well-
recognized oncogenic transcription factor, is a critical reg-
ulator of cell cycle progression and mitotic control [27].
It promotes the transcription of genes required for DNA
replication, G2/M transition, and mitotic progression, in-
cluding cyclin B1 (CCNB1) and polo-like kinase 1 (PLK1)
[28,29]. FOXM1 is frequently overexpressed in breast can-
cer, particularly in aggressive subtypes such as TNBC, and
has been linked to a poor prognosis and treatment resis-
tance [30,31]. These observations suggest that signaling
pathways capable of sustaining ERK activity and FOXM1
expression may play an essential role in maintaining malig-
nant proliferation.

In this study, we defined the clinical significance and
biological function of GPR19 in breast cancer, with a par-
ticular focus on the TP53-mutant setting. By integrating
public dataset analyses, clinical specimen validation, loss-
of-function experiments in TP53-mutant breast cancer cell
lines, transcriptomic profiling, pharmacological rescue as-
says, and in vivo xenograft studies, we determined whether
GPR19 is associated with aggressive breast cancer pheno-
types and elucidated the signaling mechanism underlying
its effects. Our study identifies GPR19 as a significant,
underrecognized molecule in breast cancer, linking it to
ERK-dependent FOXM1 signaling and cell cycle regula-
tion, which sets the stage for future mechanistic and trans-
lational research.

2. Materials and Methods
2.1 General Study Design

This study was designed as a multistage investigation
to define the clinical significance, biological function, and
molecular mechanism of GPR19 in breast cancer. First,
public datasets were analyzed to assess the association of
GPR19 expression with TP53 status, molecular subtype,
clinicopathological features, and patient prognosis. Sec-
ond, GPR19 expression was validated in breast cancer cell
lines and paired clinical specimens. Third, stable GPR19
knockdownmodels were established in TP53-mutant breast
cancer cells to evaluate the effects of GPR19 on prolifera-
tion, cell cycle distribution, and apoptosis. Fourth, RNA
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sequencing (RNA-seq) and ERK rescue experiments were
performed to explore the underlying mechanism involving
the ERK–FOXM1 axis. Finally, a nude mouse xenograft
model was used to validate the functional role of GPR19
and the related signaling pathway in vivo.

2.2 Public Datasets and Bioinformatics Analyses
Public datasets were analyzed to characterize the

expression profile and clinical relevance of GPR19 and
FOXM1 in breast cancer. Tumor-versus-normal compar-
isons, TP53 mutational status analyses, molecular subtype
stratification, and clinicopathologic association analyses
were primarily performed using The Cancer Genome At-
las Breast Invasive Carcinoma (TCGA-BRCA) cohort and
the Gene Expression Omnibus (GEO; GSE7101). The cor-
relation betweenGPR19 and FOXM1 expression, as well as
correlations involving selected cell cycle-related genes, was
assessed using the built-in correlation analysis module of
Gene Expression Profiling InteractiveAnalysis 3 (GEPIA3)
based on TCGA-BRCA RNA-seq data. Survival analyses
for GPR19 and FOXM1 were performed using the Kaplan-
Meier Plotter platform based on publicly available breast
cancer cohorts. Gene set enrichment analyses were per-
formed using ranked gene lists and curated Hallmark gene
sets, and perturbation-based hallmark enrichment analyses
were performed using GPSAdb2.0 (https://www.gpsadb.c
om/) to assess the association of GPR19 and FOXM1 with
proliferation-related programs, the G2/M checkpoint, E2F
targets, and mitotic spindle signatures.

2.3 Clinical Specimens and Tissue Microarray
Ten paired breast cancer tissues and adjacent non-

tumorous tissues were collected from patients undergo-
ing surgical resection at the First Affiliated Hospital of
Chongqing Medical University. No patients received pre-
operative systemic therapy before tissue collection. Fresh
tissues were used for RNA extraction and quantitative
PCR (qPCR) validation. Matched formalin-fixed, paraffin-
embedded specimens were used for immunohistochemical
staining and tissue microarray-based assessment of GPR19
expression. All tissue collection and subsequent analyses
were conducted in accordance with institutional ethical ap-
proval and written informed consent procedures.

2.4 Cell Lines and Culture Conditions
Human breast cancer cell lines MDA-MB-231 (ATCC

HTB-26), BT-549 (ATCCHTB-122), MCF-7 (ATCCHTB-
22), and BT-474 (ATCC HTB-20) were obtained from the
American Type Culture Collection (Manassas, VA, USA).
MDA-MB-231 and MCF-7 cells were maintained in Dul-
becco’s Modified Eagle Medium, whereas BT-549 and BT-
474 cells were cultured in RPMI-1640 medium (Gibco,
Waltham, MA, USA). All media were supplemented with
10% fetal bovine serum (ExCell, Dalian, Liaoning, China),
50 U/mL penicillin, and 50 µg/mL streptomycin. Cells

were maintained at 37 °C in a humidified incubator con-
taining 5% CO2. Cell line authentication was performed by
short tandem repeat profiling, and all cell lines tested neg-
ative for mycoplasma contamination before experiments.
Cell line expression was validated using three independent
biological replicates, unless otherwise specified.

2.5 Lentiviral Transduction and Generation of Stable Cell
Lines

The single hairpin (shRNA) sequences targeting
GPR19 and the non-targeting control shRNAwere designed
and synthesized by Tsingke Biotechnology Co., Ltd. (Bei-
jing, China) using their commercial shRNA design ser-
vice. Following annealing, the shRNA oligonucleotides
were cloned into a commercial lentiviral shRNA vector
supplied by Tsingke Biotechnology using Bacillus amy-
loliquefaciens strain H restriction endonuclease I (BamHI)
and Escherichia coli strain RY13 restriction endonuclease
I (EcoRI) restriction enzymes. Because this is a commer-
cial vector and not an Addgene plasmid, there is no cor-
responding Addgene accession number. Positive clones
were screened by colony PCR and verified by Sanger se-
quencing before lentivirus production. For RNA-seq, total
RNA was extracted from short hairpin RNA negative con-
trol (shNC) and shGPR19 cells using TRIzol reagent, and
RNA quality was assessed using the NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) andAgilent 2100Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA) or LabChip GX system (Revvity,
Waltham, MA, USA). RNA-seq libraries were prepared us-
ing the VAHTSUniversal V6 RNA-seq Library Prep Kit for
Illumina® (NR604-02; Vazyme, Nanjing, Jiangsu, China),
purified with VAHTS DNA Clean Beads (Vazyme; N411-
03), quality-checked using the Qsep-400 system (BiOp-
tic Inc., City, Zhejiang, China), and quantified using the
Qubit 3.0 fluorometer with the Qubit dsDNA HS Assay
Kit (Thermo Fisher Scientific). Qualified libraries were se-
quenced on the Illumina NovaSeq 6000 platform using a
paired-end 150 base pair sequencing strategy, with a mean
sequencing depth of approximately 20 million clean reads
per sample. Detailed shRNA sequence information is pro-
vided in Supplementary Table 1.

2.6 RNA Extraction and qPCR

Total RNA was extracted using the FastPure
Cell/Tissue Total RNA Isolation Kit V2 (Vazyme). RNA
concentration and purity were measured with the Nan-
oDrop 2000 spectrophotometer (Thermo Fisher Scientific).
Reverse transcription was performed using RT Master Mix
for qPCR II (MedChemExpress [MCE], Shanghai, China).
qPCRwas carried out on the CFX96 system (Bio-Rad, Her-
cules, CA, USA) using the SYBR Green qPCRMaster Mix
(MCE). Relative gene expression levels were calculated
using the 2–ΔΔCT method, with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as an internal control. Primer
sequences are listed in Supplementary Table 2.

3

https://www.gpsadb.com/
https://www.gpsadb.com/
https://www.imrpress.com


2.7 Protein Extraction and Western Blotting
Cells were lysed in lysis buffer (Beyotime, Beijing,

China) supplemented with protease and phosphatase in-
hibitors (Beyotime). Protein concentrations were deter-
mined using a BCA protein assay kit (Beyotime). Equal
amounts of protein were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred
to PVDF membranes (Bio-Rad). After blocking, mem-
branes were incubated overnight at 4 °C with the indi-
cated primary antibodies, followed by incubation with ap-
propriate horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies. Protein bands were visualized using
enhanced chemiluminescence substrate and quantified us-
ing ImageJ software (version 1.54, National Institutes of
Health, Bethesda, MD, USA). GAPDH was used as the
loading control, and phosphorylated (p-ERK1/2) was nor-
malized to total ERK1/2 where indicated. Detailed anti-
body information is provided in Supplementary Table 3.

2.8 Immunofluorescence Staining
Cells were seeded onto glass coverslips, fixed in 4%

paraformaldehyde, permeabilized with Triton X-100, and
blocked in bovine serum albumin. Then, the samples were
incubated with anti-GPR19 primary antibody overnight at
4 °C, followed by incubation with fluorophore-conjugated
secondary antibody. Nuclei were counterstained with
DAPI. Fluorescence images were acquired using a fluo-
rescence microscope under identical exposure settings, and
signal intensities were quantified using ImageJ software.

2.9 Immunohistochemistry and Terminal Deoxynucleotidyl
Transferase-Mediated dUTP Nick-End Labeling Staining

Paraffin-embedded clinical tissues and xenograft tu-
mor sections were subjected to immunohistochemical stain-
ing according to standard procedures. After deparaffiniza-
tion, rehydration, antigen retrieval, and endogenous per-
oxidase blocking, tissue sections were incubated with pri-
mary antibodies against GPR19, ERK, p-ERK, FOXM1,
CCNB1, PLK1, or Ki-67, followed by incubation with
HRP-conjugated secondary antibodies and chromogenic
detection. Hematoxylin was used for nuclear counterstain-
ing. The proportion of positive cells, staining intensity, and
H-scores were assessed using ImageJ software. Apoptotic
activity in xenograft tissues was evaluated using a termi-
nal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) staining kit according to the manufac-
turer’s instructions. Detailed dilution information for the
antibodies used in immunohistochemistry is provided in
Supplementary Table 3.

2.10 Cell Proliferation and Clonogenic Assays
Cell viability was assessed using the Cell Counting

Kit-8 (CCK-8; MCE). Briefly, cells were seeded in 96-
well plates and monitored over the indicated time period.
At each time point, CCK-8 working solution was added,

and absorbance was measured at 450 nm using a microplate
reader. For 5-ethynyl-2′-deoxyuridine (EdU) incorporation
assays, cells were incubated with EdU, fixed, permeabi-
lized, and subjected to the Click-iT reaction according to the
manufacturer’s instructions (Beyotime, Shanghai, China).
The proportion of EdU-positive cells was determined by
fluorescence microscopy or flow cytometry, as indicated.
For colony formation assays, cells were seeded in 6-well
plates at a low density and cultured for approximately 10–
14 days. Then colonies were fixed, stained with crystal vio-
let, photographed, and counted using consistent size thresh-
olds. For the cell proliferation assay, each time point was
measured using three technical replicate wells. The EdU
incorporation and colony formation assays were indepen-
dently repeated three times.

2.11 Flow Cytometry for Cell Cycle and Apoptosis
Analysis

For cell cycle analysis, cells were fixed in 70% ethanol
at 4°C, treated with RNase A, and stained with propid-
ium iodide (PI). Flow cytometric data were acquired us-
ing a FACSCalibur flow cytometer (BD Biosciences, San
Jose, CA, USA). Cellular debris was first excluded based
on forward- and side-scatter characteristics, followed by
the exclusion of cell aggregates and doublets to obtain the
singlet-cell population. The DNA content of singlet cells
was displayed as a PI-A fluorescence histogram and ana-
lyzed using FlowJo software (FlowJo, LLC, Ashland, OR,
USA). Cells with approximately 2N DNA content were
classified as G0/G1-phase cells, cells with DNA content
between 2N and 4N as S-phase cells, and cells with ap-
proximately 4N DNA content as G2/M-phase cells. For
apoptosis analysis, cells were collected using EDTA-free
trypsin and stained with Annexin V–fluorescein isothio-
cyanate (FITC) and PI using a commercial apoptosis de-
tection kit (BioLegend, San Diego, CA, USA), followed
by immediate flow cytometric analysis. Cellular debris and
aggregates were sequentially excluded, and the singlet-cell
population was analyzed using compensated Annexin V-
FITC fluorescence on the y-axis and PI-associated fluores-
cence recorded in the PerCP-Cy5.5-A channel on the x-axis.
Annexin V-FITC−/PI− cells in Q4 were defined as viable
cells, Annexin V-FITC+/PI− cells in Q1 as early apoptotic
cells, Annexin V-FITC+/PI+ cells in Q2 as late apoptotic or
secondary necrotic cells, and Annexin V-FITC−/PI+ cells
in Q3 as necrotic or membrane-damaged cells. The to-
tal apoptotic population was calculated as the sum of the
Q1 and Q2 populations. Unstained and single-stained con-
trols were used to establish quadrant gates and fluorescence
compensation. Both cell cycle distribution and apoptosis
analyses were performed using three independent biologi-
cal replicates.
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Fig. 1. GPR19 is upregulated in TP53-mutant breast cancer. (A) Analysis of the GSE7101 GEO dataset showing GPR19 mRNA
expression under p53 overexpression and p53-deficient conditions. (B) TCGA-BRCA analysis of GPR19 mRNA expression according
to TP53 mutational status. (C) qPCR analysis of GPR19 mRNA expression in TP53-wild-type and TP53-mutant breast cancer cell lines.
(D) Representative Western blot images showing GPR19 protein expression in the indicated cell lines. (E) Densitometric quantification
of GPR19 protein levels normalized to GAPDH. (F) Quantification of GPR19 fluorescence intensity in immunofluorescence assays. (G)
Representative immunofluorescence images of GPR19 expression in breast cancer cells. Scale bars: 50 μm. (H) TCGA-BRCA analysis
of GPR19 expression in normal and tumor tissues. (I) GPR19 expression across breast cancer molecular subtypes. Data are presented
as the mean ± standard deviation. Statistical significance was determined using a two-tailed Student’s t-test (two groups) or a one-way
analysis of variance with Tukey’s post hoc test (multiple groups). *p < 0.05, **p < 0.01, ***p < 0.001. GPR19, G protein-coupled
receptor 19; TP53, tumor protein p53; GEO, Gene Expression Omnibus; TCGA-BRCA, The Cancer Genome Atlas Breast Invasive
Carcinoma; qPCR, quantitative polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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2.12 RNA-Seq and Analysis
Total RNA was extracted from the indicated sam-

ples using TRIzol reagent. RNA concentration and pu-
rity were assessed using the NanoDrop 2000 spectropho-
tometer, and RNA integrity was evaluated using the Agi-
lent 2100 Bioanalyzer or LabChip GX system. RNA-seq li-
brary preparation, sequencing, and primary data processing
were performed by Tsingke Biotechnology Co., Ltd. RNA-
seq libraries were prepared using the VAHTS Universal V6
RNA-seq Library Prep Kit for Illumina® (Vazyme, NR604-
02) according to the manufacturer’s instructions. Briefly,
mRNA was enriched using mRNA capture beads, frag-
mented, reverse-transcribed into first-strand cDNA, fol-
lowed by second-strand cDNA synthesis, end repair, 3′-
end adenylation, adaptor ligation, fragment selection, PCR
amplification, and library purification. Libraries were pu-
rified using VAHTS DNA Clean Beads (Vazyme, N411-
03), quality-checked using the Qsep-400 system, and quan-
tified using the Qubit 3.0 fluorometer with the Qubit ds-
DNA HS Assay Kit. Qualified libraries were sequenced
on the Illumina NovaSeq 6000 platform using a paired-
end 150-bp read configuration. The raw sequencing depth
ranged from 19.5 to 23.7 million raw read pairs per li-
brary, corresponding to 5.9 to 7.1 Gbases per library. The
raw sequencing depth for each individual library can be
found in the “Availability of Data and Materials” section
below. Raw reads were subjected to quality control us-
ing FastQC, followed by adapter and low-quality read trim-
ming using fastp. Clean reads were mapped to the human
reference genome GRCh38 using HISAT2 [32], and gene-
level counts were obtained using featureCounts [33]. Dif-
ferentially expressed genes were identified using DESeq2
[34]. p values were adjusted for multiple testing using the
Benjamini–Hochberg method, and genes with an adjusted
p < 0.05 and |log2 fold change| >1 were considered differ-
entially expressed.

2.13 ERK Activator Treatment and Rescue Experiments
To investigate whether ERK signaling mediates the

downstream effects of GPR19, cells with stable GPR19
knockdown were treated with the ERK activator Ro 67-
7476 (MCE) at 10 μM for 24 h before protein extraction.
Following treatment, cells were collected for analyses of p-
ERK, FOXM1 expression, cell cycle distribution, apopto-
sis, and the expression of FOXM1 downstream G2/M reg-
ulators, including CCNB1 and PLK1. Rescue effects were
compared with those of vehicle-treated control groups.

2.14 Animal Model and In Vivo Validation
Female BALB/c nudemice (4–5 weeks old) were used

to establish xenograft tumors. A total of 15 mice were used
and randomly allocated into three groups: shNC, shGPR19,
and shGPR19 + Ro 67-7476, with five mice in each group.
For tumor inoculation, 2 × 106 MDA-MB-231 cells stably
expressing control shRNA or shGPR19 were suspended in

100 μL of a serum-free medium/Matrigel mixture and sub-
cutaneously injected into the right flank of each mouse. Ro
67-7476 was administered at 4 mg/kg per injection by in-
traperitoneal injection three times per week. Treatment was
initiated on the day of tumor cell inoculation and continued
until the experimental endpoint. Tumor volumes were mea-
sured at the indicated time points and calculated using the
standard formula (length × width2)/2. At the experimen-
tal endpoint, mice were euthanized by CO2 inhalation us-
ing a gradual displacement method, in accordance with the
AVMAGuidelines for the Euthanasia of Animals. CO2 was
introduced into the chamber at a controlled rate of approxi-
mately 20–30%of the chamber volume perminute to ensure
a gradual increase in CO2 concentration and to avoid cham-
ber pre-filling. After respiratory arrest, cervical dislocation
was performed by trained personnel as a secondary phys-
ical method to confirm death. Tumors were then excised,
photographed, weighed, and processed for subsequent his-
tological and immunohistochemical analyses.

2.15 Statistical Analyses
All statistical analyses were performed using Graph-

Pad Prism 10.0 and R (version 4.1.3). Data are presented
as the mean ± standard deviation unless otherwise speci-
fied. Normality was assessed using the Shapiro–Wilk test,
and homogeneity of variance was evaluated using Levene’s
test or Brown–Forsythe test, as appropriate. For data meet-
ing parametric assumptions, two-group comparisons were
performed using two-tailed unpaired Student’s t-tests for
independent samples and two-tailed paired Student’s t-tests
for paired tumor and adjacent non-tumorous tissue samples.
Multiple-group comparisons were performed using one-
way or two-way analysis of variance followed by Tukey’s
or Sidak’s post hoc tests, as appropriate. When parametric
assumptions were not met, appropriate nonparametric tests
or variance-corrected tests were applied. Survival analy-
sis was performed using the log-rank test. p < 0.05 was
considered statistically significant. Detailed information on
the commercial reagents, software, and online analysis plat-
forms used in this study is provided in Supplementary Ta-
ble 4.

3. Results
3.1 GPR19 Is Upregulated in TP53-Mutant Breast Cancer

As a critical tumor suppressor in breast cancer [32],
the loss or mutation of TP53 drives tumor progression by
enabling sustained proliferation, apoptotic evasion, and ge-
nomic instability [35]. To explore the relationship be-
tween GPR19 expression and TP53 status, we analyzed the
GSE7101 GEO dataset and found that GPR19 mRNA ex-
pression was markedly reduced in the context of p53 over-
expression compared with p53 deficiency (Fig. 1A) [36].
Consistently, analysis of the TCGA breast cancer cohort
showed that GPR19 mRNA levels were significantly ele-
vated in TP53-mutant tumors (Fig. 1B), suggesting that
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Fig. 2. Elevated GPR19 expression is associated with a poor prognosis in breast cancer. (A,B) TCGA-BRCA analysis of GPR19
expression across clinical stages and lymph node metastasis categories. (C) qPCR analysis of GPR19 mRNA expression in paired tumor
and adjacent normal tissues. (D) Representative immunohistochemical staining of GPR19 in paired tissues. Scale bars: 200 μm (left) and
50 μm (right). (E,F) Quantification of H-scores and GPR19-positive cells (n = 10 paired breast tumor and adjacent normal tissue samples).
(G–I) Kaplan-Meier survival curves showing OS, DFS, and RFS according to GPR19 expression using public breast cancer survival
datasets. Data are presented as the mean ± standard deviation. For paired tumor and adjacent normal tissue comparisons, statistical
significance was determined using two-tailed paired Student’s t-tests or Wilcoxon matched-pairs signed-rank tests, as appropriate. For
independent group comparisons, two-tailed unpaired Student’s t-tests or one-way analysis of variance were used, as appropriate. Survival
analysis was performed using the log-rank test. *p < 0.05, **p < 0.01, ***p < 0.001. OS, overall survival; DFS, disease-free survival;
RFS, relapse-free survival.
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Fig. 3. GPR19 promotes proliferation of breast cancer cells. (A,B) qPCR validation of GPR19 knockdown efficiency in MDA-
MB-231 and BT-549 cells. (C,D) Representative Western blot images of GPR19 protein expression. (E,F) Densitometric quantification
normalized to GAPDH. (G,H) Cell proliferation assays showing cell viability over time. (I,J) Representative colony formation images.
(K,L) Quantification of colony numbers. (M,N) Representative EdU staining images. Scale bars: 50 μm. (O) Quantification of EdU-
positive cells. All in vitro experiments were independently repeated three times. Data are presented as the mean ± standard deviation.
Statistical significance was determined using one-way analysis of variance with Tukey’s post hoc test. *p < 0.05, **p < 0.01. EdU,
5-ethynyl-2′-deoxyuridine.
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GPR19 may represent a potential malignant determinant in
TP53-mutant breast cancer.

Next, we validated this expression pattern in breast
cancer cell lines with distinct TP53 genotypes. qPCR anal-
ysis demonstrated that GPR19 mRNA expression was sub-
stantially higher in the TP53-mutant cell lines MDA-MB-
231 and BT-549 than in the TP53-wild-type cell linesMCF-
7 and BT-474 (Fig. 1C). This finding was further con-
firmed at the protein level by Western blotting and den-
sitometric analyses (Fig. 1D,E). In addition, immunoflu-
orescence staining revealed more intense GPR19 signals in
TP53-mutant breast cancer cells (Fig. 1F,G).

Analysis of the TCGA dataset revealed that GPR19
is significantly upregulated in primary breast tumors com-
pared to normal tissue, further defining its expression land-
scape (Fig. 1H). Stratification by molecular subtype fur-
ther demonstrated that GPR19 expression was markedly
enriched in TNBC compared with hormone receptor- or
HER2-positive breast cancer (Fig. 1I). Collectively, these
findings indicate that GPR19 is aberrantly upregulated in
breast cancer, particularly in TP53-mutant and TNBC sub-
sets.

3.2 Elevated GPR19 Predicts an Unfavorable Prognosis in
Breast Cancer

Given the preferential upregulation of GPR19 in
TP53-mutant breast cancer, we assessed its clinical rele-
vance. Analysis of TCGA-BRCA RNA-seq data revealed
that GPR19 expression displayed an increasing trend in ad-
vanced clinical stages and lymph nodemetastasis categories
relative to normal breast tissues (Fig. 2A,B), suggesting a
potential association with aggressive disease progression.

We further examined GPR19 expression in clinical
specimens at both the mRNA and protein levels. qPCR
analysis of 10 paired breast cancer and adjacent non-
tumorous tissues showed that GPR19 mRNA expression
was significantly elevated in tumor tissues, consistent with
TCGA findings (Fig. 2C). In parallel, immunohistochemi-
cal staining of a tissuemicroarray containing 10 paired sam-
ples demonstrated markedly stronger GPR19 staining in tu-
mor tissues than in matched non-tumorous controls (Fig.
2D). Quantitative immunohistochemistry assessment fur-
ther confirmed that both the proportion of positive cells and
H-scores were significantly increased in tumor tissues (Fig.
2E,F).

Next, we evaluated the prognostic significance of
GPR19 using public breast cancer survival datasets avail-
able through the Kaplan-Meier Plotter platform. Patients
with high GPR19 expression exhibited significantly worse
overall survival (OS; hazard ratio [HR] = 1.37, log-rank p
= 0.0011), disease-free survival (DFS; HR = 1.35, log-rank
p = 0.00016), and relapse-free survival (RFS; HR = 1.44,
log-rank p = 1.1 × 10–12) (Fig. 2G–I). Together, these mul-
timodal patient-derived data demonstrate that GPR19 is sig-
nificantly enriched in breast cancer and is closely associated

with an unfavorable clinical outcome, supporting its rele-
vance as a clinically meaningful tumor-associated protein
with potential translational value.

3.3 GPR19 Drives the Malignant Proliferation of Breast
Cancer Cells

To determine the functional role of GPR19 in TP53-
mutant breast cancer, we established stable GPR19 knock-
down models in MDA-MB-231 and BT-549 cells. qPCR
analysis showed that GPR19 mRNA levels were markedly
reduced in both shGPR19#1 and shGPR19#2 groups com-
pared with the shNC group (Fig. 3A,B). Immunoblotting
and densitometric quantification further confirmed efficient
depletion of GPR19 at the protein level (Fig. 3C–F). Based
on these validated knockdown models, a series of in vitro
functional assays were performed to assess the effects of
GPR19 on proliferative phenotypes.

Cell proliferation assays revealed that GPR19 knock-
down significantly attenuated the growth curves of both
cell lines, indicating reduced proliferative activity (Fig.
3G,H). Consistently, colony formation assays showed that
GPR19 depletion markedly reduced the number of colonies
formed by MDA-MB-231 and BT-549 cells, suggesting
compromised long-term proliferative and clonogenic po-
tential (Fig. 3I–L). Moreover, EdU incorporation assays
demonstrated a pronounced decrease in the proportion of
EdU-positive cells uponGPR19 knockdown, indicating im-
paired DNA synthesis and replicative activity (Fig. 3M–O).

Taken together, these findings demonstrate that
GPR19 depletion suppresses multiple dimensions of the
proliferative phenotype in TP53-mutant breast cancer cells,
including cell viability, clonogenic expansion, and DNA
synthesis, supporting a robust pro-proliferative role for
GPR19 in breast cancer.

3.4 GPR19 Depletion Induces G2/M Arrest and Apoptosis
in Breast Cancer Cells

To investigate the mechanisms underlying the pro-
proliferative effect of GPR19, we analyzed its relation-
ship with cell cycle-related pathways. Correlation analyses
showed that GPR19 expression was significantly positively
associated with both the G2/M checkpoint signature and
proliferation-related scores (Fig. 4A,B). Hallmark enrich-
ment analysis further demonstrated that GPR19-associated
genes were predominantly enriched in cell cycle-related
pathways, includingG2/M checkpoint and E2F targets (Fig.
4C), implicating GPR19 in mitotic control.

We assessed the effect of GPR19 depletion on cell cy-
cle distribution by flow cytometry. In both MDA-MB-231
and BT-549 cells, GPR19 knockdown reduced the propor-
tion of cells in G1 phase while increasing the fractions in S
and G2/M phases, with a prominent accumulation at G2/M
(Fig. 4D–G). These findings indicate abnormal cell cy-
cle progression and indicate that GPR19 deficiency hinders
proper transition through the G2/M checkpoint.
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Fig. 4. GPR19 depletion induces G2/M arrest and apoptosis. (A,B) Correlation analyses between GPR19 expression and the G2/M
checkpoint signature or proliferation-related scores in breast cancer datasets. (C) Hallmark enrichment analysis of GPR19-associated
genes, highlighting enrichment of cell cycle-related pathways, including G2/M checkpoint, and E2F targets. (D,E) Representative flow
cytometry plots showing cell cycle distribution in MDA-MB-231 and BT-549 cells following GPR19 knockdown. (F,G) Quantification
of the percentages of cells in G1, S, and G2/M phases in the indicated groups. (H,I) Representative Annexin V/PI apoptosis plots in
control and GPR19-knockdown cells. (J,K) Quantification of apoptotic cell fractions. Flow cytometry experiments for cell cycle and
apoptosis analyses were independently repeated three times. Data are presented as the mean ± standard deviation. Statistical significance
was determined using one-way analysis of variance. *p < 0.05, **p < 0.01. PI, propidium iodide.

In parallel, Annexin V/PI assays showed that GPR19
knockdown significantly increased the apoptotic fraction

in both breast cancer cell lines (Fig. 4H–K). Collectively,
these results suggest that GPR19 promotes the malignant
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proliferation of breast cancer cells, at least in part, by sus-
taining G2/M checkpoint-associated cell cycle progression
while inhibiting apoptosis.

3.5 GPR19 Sustains Cell Cycle Progression by Activating
the ERK–FOXM1 Axis

To further delineate the molecular mechanism by
whichGPR19 regulates cell cycle progression in breast can-
cer cells, we examined GPR19-associated transcriptional
features and downstream signaling pathways. RNA-seq
analysis comparing shGPR19 and shNC cells revealed 159
upregulated and 377 downregulated genes among 18,011
analyzed genes, with 17,475 genes classified as unchanged.
Among these, FOXM1 was identified as a key downregu-
lated cell cycle-related gene after GPR19 knockdown (Fig.
5A). Given the established role of FOXM1 as a central reg-
ulator of G2/M progression, we further examined the rela-
tionship between GPR19 and FOXM1 expression in breast
cancer. Correlation analysis demonstrated a significant
positive association between GPR19 and FOXM1 expres-
sion (Fig. 5B), which was further validated in the TCGA
dataset (Supplementary Fig. 1A). Functional enrich-
ment analysis of the RNA-seq data revealed that GPR19-
downregulated genes were primarily clustered in cell cycle
regulatory processes, including positive regulation of the
cell cycle, positive regulation of the cell cycle checkpoint,
and regulation of the mitotic spindle checkpoint (Fig. 5C).
In parallel, FOXM1 expression was positively correlated
with both the G2/M checkpoint signature and proliferation-
related scores (Supplementary Fig. 1B,C), suggesting that
GPR19 may contribute to cell cycle maintenance through
FOXM1.

Following GPR19 knockdown in MDA-MB-231 and
BT-549 cells, both the mRNA and protein levels of FOXM1
were markedly reduced, accompanied by a substantial de-
crease in p-ERK1/2 levels, whereas total ERK1/2 expres-
sion remained largely unchanged (Fig. 5D,E; Supplemen-
tary Fig. 1D,E). Given the established role of ERK phos-
phorylation in FOXM1 activation [37], we hypothesized
that GPR19 regulates FOXM1 by modulating ERK phos-
phorylation rather than its overall abundance. Importantly,
treatment with the ERK activator Ro 67-7476 partially re-
stored FOXM1 expression (Fig. 5D,E; Supplementary
Fig. 1D,E), suggesting that the downregulation of FOXM1
is, at least in part, dependent on impaired ERK activity.

Functionally, flow cytometry showed that Ro 67-7476
partially corrected cell cycle disruption induced by GPR19
depletion (Fig. 5F,G). In parallel, ERK activation also re-
duced the level of apoptosis induced by GPR19 deficiency
(Fig. 5H,I), further supporting a critical role for ERK
signaling in mediating the survival-promoting function of
GPR19.

We next examined key FOXM1 downstream ef-
fectors involved in G2/M progression. CCNB1 and
PLK1 were markedly downregulated upon GPR19 knock-

down and were partially restored following ERK acti-
vation (Fig. 5J,K). Previous FOXM1 chromatin im-
munoprecipitation (ChIP) and ChIP-seq studies identi-
fied CCNB1 and PLK1 as promoter-associated FOXM1-
bound cell cycle genes, supporting their classification as
canonical FOXM1 transcriptional targets [38]. Concur-
rently, GSEA of FOXM1-silenced MDA-MB-231 cells
revealed significant negative enrichment of the HALL-
MARK_G2M_CHECKPOINT pathway and significant
positive enrichment of the HALLMARK_APOPTOSIS
pathway (Supplementary Fig. 1F,G). These findings in-
dicate that inhibiting FOXM1 suppresses G2/M cell cycle
progression while increasing apoptosis. These findings in-
dicate that GPR19 drives breast cancer cell cycle progres-
sion and inhibits apoptosis by increasing ERK phosphory-
lation, which sustains FOXM1 expression and activates the
FOXM1-associated G2/M transcriptional program (specif-
ically CCNB1 and PLK1). However, the direct occupancy
of FOXM1 at these sites in the absence of GPR19 requires
further validation.

3.6 FOXM1 Is Overexpressed in Breast Cancer and
Indicates a Poor Prognosis

Given the central role of FOXM1 in the GPR19–
ERK–FOXM1 signaling axis, we next explored its clinical
significance in breast cancer. In the BRCA cohort, FOXM1
expression was significantly positively correlated with both
CCNB1 and PLK1 (Fig. 6A,B). This association became
even more evident when FOXM1 was evaluated against a
cell cycle-related gene set composed of CCNB1 and PLK1
(Fig. 6C), further supporting a close relationship between
FOXM1 and cell cycle progression in breast cancer.

Next, we characterized the expression profile of
FOXM1 in public breast cancer datasets. TCGA-BRCA
analysis showed that FOXM1 expression was significantly
elevated in TP53-mutant breast cancers relative to both nor-
mal breast tissues and TP53-non-mutant tumors (Fig. 6D).
FOXM1 expression was also markedly higher in primary
breast tumors than in normal breast tissues (Fig. 6E). Strati-
fication by molecular subtype further revealed that FOXM1
was upregulated across all major breast cancer subtypes,
with the highest expression observed in TNBC (Fig. 6F).
These findings suggest that FOXM1 overexpression is a
common feature of breast cancer and may be particularly
associated with more aggressive molecular subtypes.

To further assess its relevance to disease progression,
we analyzed FOXM1 expression across clinical stages and
lymph node metastasis categories. FOXM1 expression was
significantly elevated in stage I–IV breast cancers com-
pared with normal tissues (Fig. 6G), indicating that its
upregulation is maintained throughout disease progression.
Similarly, FOXM1 expression was significantly increased
across all lymph node categories, including N0, N1, N2,
and N3, relative to normal breast tissues (Fig. 6H), mirror-
ing the expression pattern observed for GPR19.
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Fig. 5. GPR19 sustains cell cycle progression by activating the ERK–FOXM1 axis. (A) Volcano plot showing differentially expressed
genes in shGPR19 cells compared with shNC cells based on RNA-seq analysis. FOXM1 is highlighted as a representative downregulated
gene after GPR19 knockdown. (B) Correlation analysis between GPR19 and FOXM1 expression in breast cancer. (C) Functional
enrichment analysis of RNA-seq data showing that GPR19-related genes are enriched in cell cycle regulatory processes, including the
cell cycle-related biological processes highlighted in red. (D,E) qPCR and Western blot analyses of FOXM1 and ERK signaling in
GPR19-knockdown cells with or without Ro 67-7476 treatment. (F,G) Flow cytometry analysis of cell cycle distribution in the indicated
groups. (H,I) Annexin V/PI assays showing apoptosis in the indicated groups. (J,K) qPCR analyses of the FOXM1 downstream G2/M
regulators CCNB1 and PLK1. All rescue experiments were independently repeated three times. Data are presented as the mean ± standard
deviation. Statistical significance was determined as described in the Methods. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001.
ERK, extracellular signal-regulated kinase; FOXM1, forkhead box proteinM1; shGPR19, short hairpin RNA targeting G protein-coupled
receptor 19; shNC, short hairpin RNA negative control; RNA-seq, RNA sequencing; CCNB1, cyclin B1; PLK1, polo-like kinase 1.
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Fig. 6. FOXM1 is overexpressed in breast cancer and indicates a poor prognosis. (A,B) Correlation analyses between FOXM1 and
CCNB1 or PLK1 expression in the BRCA cohort. (C) Correlation analysis between FOXM1 expression and a cell cycle-related gene set
composed of CCNB1 and PLK1. (D) TCGA-BRCA analysis of FOXM1 expression according to TP53 mutational status. (E) FOXM1
expression in normal breast tissues and primary breast tumors. (F) FOXM1 expression across breast cancer molecular subtypes. (G,H)
FOXM1 expression across clinical stage and lymph node metastasis categories. (I–K) Kaplan-Meier survival analyses of OS, DFS, and
RFS according to FOXM1 expression. Data are presented as the mean ± standard deviation. Statistical significance was determined as
described in the Methods. *p < 0.05, **p < 0.01, ***p < 0.001.
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Finally, Kaplan-Meier survival analyses demonstrated
that high FOXM1 expression was significantly associated
with shorter OS, distant metastasis-free survival, and RFS
(Fig. 6I–K). Together, these findings identify FOXM1 as a
clinically relevant oncogenic factor in breast cancer that is
closely associated with aggressive progression and adverse
patient outcomes.

3.7 GPR19–ERK–FOXM1 Axis Is Functionally Validated
In Vivo

To confirm that the GPR19–ERK–FOXM1 axis drives
tumor growth in vivo, we established a subcutaneous
xenograft model in nude mice using MDA-MB-231 cells
and assigned the animals to the shNC, shGPR19, and
shGPR19 + Ro 67-7476 groups (Fig. 7A). Compared with
the shNC group, GPR19 knockdown markedly suppressed
xenograft growth, as evidenced by reduced tumor volume
and significantly lower tumor weight at the experimental
endpoint. Notably, treatment with Ro 67-7476 partially re-
versed the growth-inhibitory phenotype induced by GPR19
silencing (Fig. 7B,C).

FollowingGPR19 knockdown, hematoxylin and eosin
staining showed greater intratumoral necrosis, which was
mitigated by activating ERK (Fig. 7D). Immunohistochem-
ical analysis of Ki-67 showed that GPR19 knockdown sig-
nificantly reduced tumor cell proliferation, while treatment
with Ro 67-7476 partially rescued this effect (Fig. 7E).
Conversely, TUNEL staining revealed increased apoptotic
activity in the shGPR19 group, which was partially atten-
uated following rescue treatment (Fig. 7F). These findings
indicate that GPR19 depletion suppresses tumor growth in
vivo by concurrently impairing proliferation and enhancing
apoptosis.

We next performed immunohistochemical analyses of
xenograft tissues to further characterize the status of the
GPR19–ERK–FOXM1 signaling cascade (Fig. 7G). As ex-
pected, GPR19 expression was markedly reduced in the
shGPR19 group (Fig. 7H). Total ERK levels remained
largely unchanged among the three groups, whereas p-
ERK levels were substantially decreased following GPR19
knockdown and were partially restored after Ro 67-7476
administration (Fig. 7I,J). Consistently, FOXM1 expres-
sionwas significantly downregulated in the shGPR19 group
and was partially restored after pharmacological ERK ac-
tivation with Ro 67-7476 (Fig. 7K). In line with these
findings, expression of the FOXM1 downstream G2/M
regulators CCNB1 and PLK1 was also markedly reduced
in the shGPR19 group and partially restored upon res-
cue treatment (Fig. 7L–N). Taken together, these in vivo
data indicate that GPR19 knockdown markedly suppresses
xenograft growth and regulates the expression of FOXM1
and its downstream effectors, CCNB1 and PLK1, by mod-
ulating ERK phosphorylation.

4. Discussion
GPCR signaling is now recognized as a highly dy-

namic and druggable oncogenic network in cancer biology
[39]. Abnormal GPCR activation in cancer is driven by
more than just receptor overexpression, ligand enrichment,
and the tumor microenvironment. It also results from bi-
ased G protein signaling, β-arrestin-dependent pathways,
receptor transactivation, and intracellular signal recycling
[40]. Through these mechanisms, GPCRs sustain and am-
plify multiple oncogenic pathways, includingMAPK/ERK,
phosphoinositide 3-kinase/AKT/mammalian target of ra-
pamycin, Rho GTPases, Janus kinase/signal transducer
and activator of transcription, and Yes-associated pro-
tein/transcriptional coactivator with PDZ-binding motif,
thereby driving a broad spectrum of malignant phenotypes
[11,41]. Emerging evidence redefines GPCRs beyond tra-
ditional membrane receptors, highlighting their role as cen-
tral signaling hubs. They connect internal tumor programs
with the microenvironment to drive proliferation, metasta-
sis, metabolic reprogramming, immune evasion, and drug
resistance [42].

Current literature onGPR19 in cancer is scarce, and its
biological role appears to be highly context-dependent [43].
While initial research linked GPR19 to G2/M progression
in lung cancer and E-cadherin-related plasticity in breast
cancer, more recent reports have suggested a wider role
in metabolic stress responses and biomarker profiles across
melanoma and other malignancies [44]. A significant, un-
resolved issue is that GPR19 remains a poorly characterized
Class A orphan GPCR, lacking a universally accepted en-
dogenous ligand [45]. Although adropin has been proposed
as a potential ligand for GPR19 and reportedly activates
MAPK/ERK signaling in breast cancer cells, this ligand–
receptor relationship remains insufficient to fully define the
upstream activation mechanism of GPR19 in cancer con-
texts [19,46]. In addition, the G-protein coupling subtype
of GPR19 has not been fully characterized. While GPR19 is
likely associated with Gαi signaling, definitive experimen-
tal evidence identifying its specific Gα subunit coupling in
breast cancer cells remains limited.

Given this context, our findings reveal a key mech-
anism: GPR19 drives breast cancer proliferation by acti-
vating the ERK–FOXM1 pathway and its downstream cell
cycle targets. Therefore, GPR19 may serve as an active
upstream regulator of mitotic competence in breast cancer
cells, rather than simplymarking the tumor state. This inter-
pretation is consistent with the growing consensus that, de-
spite limited characterization, orphanGPCRs exert substan-
tial control over malignant phenotypes by integrating sig-
naling and metabolic pathways [47,48]. At the same time,
it is crucial to emphasize that GPR19 is context-dependent,
with its downstream signaling varying based on tumor type
and cellular state.

Our findings provide a new mechanistic explanation
for the current understanding of TP53-altered breast can-
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Fig. 7. The GPR19-ERK-FOXM1 axis is functionally validated in vivo. (A) Representative images of tumors harvested from the
shNC, shGPR19, and shGPR19 + Ro 67-7476 groups. Each group included five mice (n = 5 per group). (B,C) Tumor growth curves
and tumor weights at the experimental endpoint of xenografts in the indicated groups. (D) Hematoxylin and eosin staining, Ki-67
immunohistochemical staining, and TUNEL staining were performed to assess histopathological alterations, proliferative activity, and
apoptotic cell proportion, respectively. Scale bars: 50 µm. (E,F) Quantification of Ki-67 and TUNEL staining in different treatment
groups. (G) Representative immunohistochemical staining of the GPR19–ERK–FOXM1 axis in xenograft tissues. Scale bars: 50 µm.
(H–K) Quantification of the staining intensity of the GPR19–ERK–FOXM1 axis. (L) Representative immunohistochemical staining of
CCNB1 and PLK1 in xenograft tissues. Scale bars: 50 µm. (M,N) Quantification of the staining intensity of CCNB1 and PLK1. Data
are presented as the mean ± standard deviation. Statistical significance was determined as described in the Methods. ns, not significant;
*p < 0.05, **p < 0.01, ***p < 0.001. TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling.
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cer. Long recognized as a driver of aggressive cancer, the
TP53 mutation is now understood to act beyond a mere
loss of function by inducing genomic instability, context-
dependent gain-of-function properties, and altered thera-
peutic vulnerabilities [49,50,51]. Within this context, our
finding that GPR19 is preferentially upregulated in TP53-
mutant breast cancer is of particular significance. Both
bioinformatics analyses and experimental validation con-
sistently demonstrated that GPR19 expression was signifi-
cantly higher in TP53-mutant cells than in TP53 wild-type
cells. Moreover, GPR19 enrichment in TNBC correlated
with a poor prognosis, suggesting that it is likely more
than a coincidental finding and may instead be functionally
linked to the malignant molecular features associated with
TP53 deficiency.

Functionally, our study demonstrates that GPR19
exerts a marked pro-proliferative effect on TP53-mutant
breast cancer cells by coordinating both cell cycle progres-
sion and cell survival. Silencing GPR19 significantly sup-
pressed cell proliferation, colony formation, and DNA syn-
thesis in MDA-MB-231 and BT-549 cells, accompanied
by G2/M arrest, a reduction in the G1 phase cell popula-
tion, and increased apoptosis. These findings indicate that
GPR19 sustains the aggressive phenotype of TP53-mutant
breast cancer cells by driving malignant proliferation and
inhibiting apoptosis. Public ChIP-Atlas data further suggest
potential p53 occupancy at the GPR19 locus. The higher
number of p53 binding peaks in MDA-MB-231 compared
to MCF-7 cells highlights that p53 occupancy in this ge-
nomic region may be cell context-dependent. These results
are consistent with our observation of higher GPR19 ex-
pression in TP53-mutant versus TP53-wild-type breast can-
cer cells.

This study identifies the ERK–FOXM1 axis as the
primary mechanism through which GPR19 drives breast
cancer cell cycle progression [50]. ERK signaling, an
established oncogenic pathway, integrates receptor tyro-
sine kinase and GPCR signals to promote cell cycle pro-
gression, DNA damage repair, and therapeutic tolerance
[52,53,54]. Mechanistically, ERK signaling may regulate
FOXM1 through several complementary mechanisms. Pre-
vious studies have shown that aberrant ERK activation can
increase FOXM1 expression and contribute to FOXM1-
dependent malignant phenotypes [55], while FOXM1 ac-
tivity is also influenced by phosphorylation-dependent reg-
ulation [56]. In particular, MAPK/ERK signaling report-
edly promotes FOXM1 activation by enhancing its tran-
scriptional activity and nuclear function, thereby facilitat-
ing the expression of cell cycle genes required for G2/M
progression [57,58].

FOXM1 is frequently overexpressed in TNBC and has
been consistently linked to poor prognosis, enhanced pro-
liferation, migration, invasion, and therapeutic resistance
[59], a pattern that closely parallels the expression profile of
GPR19 in breast cancer. One of the most prominent func-

tions of FOXM1 is the maintenance of cell cycle programs
[60], as it drives G1/S and G2/M transitions through tran-
scriptional activation of genes involved in cell division, in-
cluding CCNB1 and PLK1 [61,62]. Importantly, the onco-
genic role of FOXM1 is particularly critical in the absence
of functional p53. While wild-type p53 suppresses ex-
cessive proliferation and regulates the cell cycle control,
TP53 mutation or loss removes this restriction, allowing
unchecked FOXM1-dependent transcriptional activity [63].
As a major regulator of G2/M progression, FOXM1 may
serve as an important effector of TP53-deficient malignant
proliferation.

Consistent with these concepts, our RNA-seq and
correlation analyses consistently identified FOXM1 as a
GPR19-associated gene, and GPR19 depletion markedly
reduced FOXM1 expression at both the mRNA and pro-
tein levels. Notably, this reduction was accompanied by
a pronounced decrease in ERK phosphorylation, whereas
total ERK expression remained largely unchanged, indicat-
ing that GPR19 primarily regulates signaling activity rather
than ERK abundance. Further mechanistic support for this
model was provided by rescue experiments using the ERK
activator Ro 67-7476. Pharmacological ERK activation
partially restored FOXM1 expression in GPR19-deficient
cells and alleviated the associated cell cycle disruption and
apoptosis. In addition, expression of the FOXM1 down-
stream G2/M regulators CCNB1 and PLK1, which was
markedly reduced following GPR19 knockdown, was par-
tially recovered upon ERK activation. Together, these find-
ings support the notion that GPR19 acts upstream of ERK
and FOXM1 and sustains proliferative signaling in breast
cancer cells through the canonical FOXM1 transcriptional
targets CCNB1 and PLK1.

The functional importance of this signaling cascade
was further confirmed in vivo. In xenograft models,
GPR19 knockdown significantly suppressed tumor growth,
reduced tumor weight, decreased Ki-67 staining, and in-
creased TUNEL positivity, indicating that loss of GPR19
inhibits tumor proliferation while promoting apoptosis in
vivo. Notably, pharmacological ERK activation with Ro
67-7476 partially reversed these phenotypes and restored
the expression of FOXM1, CCNB1, and PLK1 in the
GPR19-knockdown background, supporting ERK signal-
ing as a downstreammediator of GPR19-associated effects.
The strong concordance between in vitro and in vivo find-
ings provides compelling evidence for the validity of the
proposed GPR19–ERK–FOXM1 signaling model.

In summary, this study establishes GPR19 as a key
oncogenic driver and valuable clinical biomarker for breast
cancer, particularly within the TP53-mutant and TNBC
subtypes. GPR19 drives malignant progression by activat-
ing the ERK/FOXM1 signaling axis to sustain G2/M regu-
lators (CCNB1 and PLK1), accelerating the cell cycle pro-
gression, and inhibiting apoptosis. These results identify
the GPR19–ERK–FOXM1 axis as a key regulator of ag-
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gressive breast cancer and support future investigation into
GPR19-targeted therapeutic strategies.

5. Limitations
One limitation of this study is that the regulatory re-

lationship between p53 and GPR19 was not directly vali-
dated at the variant level. While ChIP-Atlas data indicate
p53 binds to the GPR19 locus, these findings do not con-
firm whether this interaction drives functional transcrip-
tional regulation. Moreover, TP53-mutant status should
be interpreted cautiously because TCGA tumors contain
heterogeneous TP53 variants, whereas the cell lines used
in this study harbor defined TP53 backgrounds, includ-
ing TP53 R280K in MDA-MB-231, TP53 R249S in BT-
549, and wild-type TP53 in MCF-7 and BT-474 [64,65].
Consequently, this study cannot determine if the observed
GPR19-associated phenotypes results from the loss of wild-
type p53 function, a gain-of-function by mutant p53, or a
combination of both. In addition, the functional require-
ment of FOXM1 in the GPR19-dependent phenotype was
not directly examined. Although ERK activation with Ro
67-7476 partially restored FOXM1 expression and allevi-
ated the cell cycle arrest and apoptosis induced by GPR19
depletion, these findings do not establish whether FOXM1
is necessary for the biological effects of GPR19. Future
studies using isogenic TP53-edited models, ChIP-qPCR,
promoter–reporter assays, FOXM1 knockdown, FOXM1
rescue, and epistasis experiments in GPR19-manipulated
cells are required to clarify variant-specific p53 regulation
of GPR19 and determine whether FOXM1 acts as an es-
sential downstream effector of the GPR19–ERK signaling
axis.

6. Conclusions
This study systematically elucidates the oncogenic

role and clinical significance of GPR19 in breast cancer,
providing a novel perspective for understanding the pro-
gression of TP53-mutant breast cancer. Mechanistically,
we demonstrate for the first time that GPR19 drives breast
cancer progression through the ERK–FOXM1 signaling
axis by: (1) sustaining G2/M cell cycle progression by
enhancing ERK phosphorylation and maintaining the ex-
pression of FOXM1 and its downstream effectors CCNB1
and PLK1, thereby promoting malignant proliferation; and
(2) suppressing apoptosis, which together support tumor
growth both in vitro and in vivo. Rescue experiments using
the ERK activator Ro 67-7476 further validate that ERK
signaling is a critical mediator of GPR19-dependent onco-
genic effects, supporting GPR19 as a potential upstream
therapeutic target. Although the precise molecular basis by
which GPR19 activates ERK remains to be further clarified,
this work provides a new rationale for prognostic stratifica-
tion and targeted intervention in aggressive breast cancer,
particularly in TP53-mutant subsets, and lays the founda-
tion for future translational and preclinical studies.
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