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To delineate Gpr109A’s role and mechanisms in modulating the immune microenvironment 
of hepatocellular carcinoma.  Employing Gpr109A-knockout mice and in vitro co-cultures of 
hepatocellular carcinoma cells with macrophages, this study utilized a suite of techniques, including 
lentiviral vectors for stable cell line establishment, Western blotting, cell scratch, CCK-8, transwell 
assays, flow cytometry, immunohistochemistry and phagocytosis assay to assess various cellular 
behaviors and interactions.  Gpr109A deletion markedly reduced the oncogenic potential of H22 cells, 
both in vivo and when co-cultured with knockout macrophages, impairing their growth, invasion, 
and migration. In Gpr109A-knockout macrophages, an upregulation of MerTK and a reduction in 
immunosuppressive cytokine release were observed, indicating a shift towards an M2c macrophage 
phenotype. This shift is linked to Gpr109A’s role in promoting protease overexpression and inhibiting 
SHP2 phosphorylation, crucial for enhancing cancer cell proliferation and invasiveness.  Gpr109A 
significantly influences macrophage polarization to the M2c type, augmenting hepatocellular 
carcinoma cell aggressiveness.
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The immunological microenvironment of hepatocellular carcinoma (HCC) comprises diverse immune cells, 
cytokines, and immune-related molecules, including T cells, B cells, natural killer cells, macrophages, and 
dendritic cells1. These cells exhibit dual roles in cancer progression, inhibiting tumor growth by eliminating 
immunogenic cells while also facilitating immune evasion by modulating tumor immunogenicity2. The cytokines 
produced and secreted by immune cells, such as Interleukin-10 (IL-10), Tumor Necrosis Factor-alpha (TNFα), 
etc., orchestrate inflammation and immune responses within the tumor microenvironment3–5. HCC cells exploit 
immune checkpoints, such as PD-1 and PD-L1, to evade immune surveillance6,7; And mechanisms within the 
microenvironment may induce immune tolerance8,9.

Niacin (Vitamin B3) activates the Gpr109A receptor, promoting GRK phosphorylation and PKA 
overexpression10–15; This overexpression of PKA stimulates an increase in PPARγ levels16,17. PPARγ activates the 
macrophage receptor MerTK, inhibiting M1 macrophage polarization while promoting M2 polarization18–24. 
MerTK activation enables TAM receptors to recognize phosphatidylserine on apoptotic cells, facilitating 
phagocytosis via ligands Gas6 and Protein S, leading to M2C macrophage polarization25–28.

MerTK also enhances STAT3 and STAT6 phosphorylation, increasing immunosuppressive cytokines like 
IL-10 and TGF-β29–31. The activation of STAT3 can result in a marked increase in the expression levels of IL-10 
and PD-L132–34; The elevation of IL-10 reflects a trend towards M2 macrophage polarization. M2 macrophages 
are a class of macrophages classified according to their functional and phenotypic characteristics, and they are 
commonly associated with tissue repair, immunomodulation and anti-inflammatory responses. Polarisation of 
M2 macrophages can be further subdivided into several subtypes, the most common of which include M2a, 
M2b, and M2c, each of which has its own distinctive activation pathways and functional characteristics. M2a 
macrophages are primarily involved in tissue repair and remodelling that promotes fibrosis and wound healing. 
M2b macrophages have a strong immunomodulatory capacity and are able to induce T-cell activation through the 
secretion of cytokines, such as IL-1, IL-6, and TNF-alpha. M2c Macrophages are mainly involved in suppressing 
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inflammatory responses and promoting tissue repair. They inhibit the activation of inflammatory cells, promote 
phagocytosis and removal of apoptotic cells, and reduce tissue damage by secreting anti-inflammatory cytokines 
such as IL-10 and TGF-β33,34.

HCC cells activate IRE1a under endoplasmic reticulum stress via PD-1/PD-L1 binding, promoting aberrant 
protein folding35,36. IRE1a activation enhances cellular adaptation and survival, stimulating tissue protease 
secretion, which degrades extracellular matrix, promotes angiogenesis, and facilitates immune evasion, aiding 
HCC growth and metastasis37,38. Phosphorylation of STAT3 can promote p53-mediated suppression of SHP2 
expression, thereby inhibiting SHP2’s transcriptional activity towards STAT3 and STAT639–41; Macrophages 
engulf apoptotic tumor cells via MerTK, with Gas6 and Protein S binding TAM receptors, promoting dimerization 
and downstream signaling42–45.

Through Efferocytosis, the Peroxisome Proliferator-Activated Receptors (PPARs) can regulate gene expression 
involved in Efferocytosis, such as the activation of the MERTK nuclear receptor. The nuclear receptor also 
regulates gene expression related to M2 macrophage polarization, thereby promoting macrophage polarization 
towards the M2 type and enhancing immune tolerance of hepatocellular carcinoma cells46,47. SHP2 inhibits 
apoptotic cell phagocytosis by dephosphorylating MerTK48,49, releasing double-stranded DNA fragments into 
macrophages via P2 × 7R. cGAS binds to these cytoplasmic double-stranded DNA fragments, activating cyclic 
GMP-AMP synthase (cGAS), producing 2’3’ cyclic GMP-AMP (cGAMP), a second messenger for activating 
the ER adaptor protein STING50,51. STING recruits EGFR, undergoes autophosphorylation, and relocates to 
the ER-Golgi intermediate compartment, activating IRF3 and NF-kB to induce IFNβ expression, promoting 
immune activation52–59. However, the mechanisms and impact of Gpr109A absence in HCC macrophages on 
tumor proliferation, invasion, and migration remain unclear.

Experimental methodology
Experimental animals
Mice purchased from HSB Co. Gpr109A WT−/− mice were engineered against a C57BL6 backdrop. These mice 
were obtained through the crossbreeding of Gpr109A WT−/− female and male mice, resulting in the production 
of both Gpr109A WT mice and Gpr109A−/− mice. Mouse monocyte-macrophage leukemia cells (RAW264.7 
cells) and mouse hepatocellular carcinoma cells (H22 cells and Hepa1-6 cells) were acquired from Wuhan Procell 
Biotechnology Co., Ltd. A statement that all methods are carried out in accordance with relevant guidelines and 
regulations.

Lentivirus construction
The coding sequence (CDS) region of Gpr109A was retrieved from NCBI, along with transcript numbers. 
Utilizing pSIH1-H1-copGFP-T2A-Puro as a vector, appropriate shRNAs targeting mouse Gpr109A gene 
knockdown were designed via the GPP Web Portal. The synthesized shRNAs and overexpression of lentiviral 
sequences were annealed and ligated into the pLKO_005 vector, then inserted into the pHAGE-CD19 vector 
through PCR amplification and T4 enzyme ligation. The assembled pHAGE-CD19, psPAX2, and pMD2.G 
plasmids were co-transfected into 293T cells using Lipo8000. The medium was switched to DMEM containing 
10% FBS the following day. Cell supernatant was collected 72 h post-transfection, centrifuged at 3000 rpm at 
4  °C for 15  min, and the viral fluid was stored at -80  °C. 24  h before infection, H22 cells were seeded at a 
density of 10^5 cells into 24-well plates. Appropriate viral concentration gradients were set, and the plates were 
incubated at 37 °C in a serum-free medium. Post-infection, cells underwent selection with puromycin for 14 
days. Cell lines within 20 passages were used for subsequent experiments, yielding RAW264.7 cell LV-NC-KD, 
RAW264.7 cell LV-Gpr109A-KD stable cell lines, RAW264.7 cell LV-NC-OE and RAW264.7 cell Gpr109A-OE 
stable cell lines, and primary macrophages Gpr109A WT-NC and Gpr109A-OE stable cell lines.

Similarly, the CDS region for MerTK was sourced from NCBI, and its transcript number was identified. The 
full-length gene fragment of MerTK was synthesized and incorporated into the pHAGE-CD19 vector using the 
same procedure, followed by co-transfection into 293T cells. Two types of lentiviruses, LV-NC and LV-MerTK-
OE, were thus obtained18–20.

Macrophage extraction
After the mice were anaesthetised using 3% isoflurane gas, the mice were euthanised using CO2 and placed 
in a beaker containing an adequate amount of 75% ethanol for 5  min for soaking and sterilisation, and the 
soaked animals were blotted with paper to remove excess alcohol. The hind limbs were removed with scissors 
along the greater trochanter at the root of the lower thigh, the muscle tissue was removed and placed in a petri 
dish containing 75% ethanol for 5 min, and the petri dish was replaced with a new one with 75% ethanol and 
transferred into an ultra-clean table. The ethanol-soaked leg bones were transferred to cold PBS for soaking to 
wash away the ethanol on the surface of tibia and femur, and this process could be repeated 3 times. Separate 
the cleaned femur and tibia and cut the ends of the femur and tibia with scissors, respectively, and blow the 
bone marrow out of the femur and tibia using a 1mL syringe to draw up cold induction medium, and repeat this 
process for 3 times until no obvious red colour can be seen inside the leg bone. The medium containing bone 
marrow cells was blown repeatedly with a 5mL pipette gun to disperse the cell clumps, and then the cells were 
sieved using a 70 μm cell filter, transferred to a 15mL centrifuge tube, centrifuged at 1500 rpm/min for 5 min, 
the supernatant was discarded, and resuspended by adding erythrocyte lysates and left to stand for 5 min, and 
then centrifuged at 1500 rpm/min for 5 min, and the supernatant was discarded to be resuspended with the cold 
configured bone marrow The supernatant was discarded and resuspended with cold bone marrow cell induction 
medium, and the plates were spread. The medium was not changed during the cell culture period, half of the 
bone marrow macrophage induction medium was changed after the third day of culture, and the whole medium 
was changed on the fifth day, and the cells could be used for subsequent experiments on the seventh day25,26.

Scientific Reports |        (2025) 15:18820 2| https://doi.org/10.1038/s41598-025-02447-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Co-culture of tumor-associated macrophages
RAW264.7 cells were centrifuged at 200×g for 10 min, and the cell suspension was adjusted to a concentration 
of 1 × 10^6 cells/100 µL (minimum 100 µL) for viral infection. The diluted cell suspension was then transferred 
back to the prepared 12-well plates. Macrophage differentiation was induced using M-CSF (100 ng/ml).

5 × 10^5 engineered mouse hepatocellular carcinoma cells (H22 cells and Hepa1-6 cells) were seeded at the 
bottom of 6-well plates, and 5 × 10^5 RAW264.7 cells and primary macrophages were seeded at the bottom 
of the Transwell chambers, respectively. These cells were cultured under standard adherence conditions. After 
washing twice with PBS, the chambers were combined with the cell culture plates containing cells to establish 
a bi-layered co-culture system. Cultivation was carried out for 48 h in a complete medium formulated without 
exosomes29–31.

Immunohistochemical staining
Tumour tissue sections were dewaxed by xylene and washed with PBS after gradient alcohol treatment. 
Endogenous peroxidase was inhibited by 3% hydrogen peroxide. Antigen repair was performed under high 
temperature and high pressure for 3  min, and the sections were naturally cooled to room temperature. The 
sections were blocked with 10% normal goat serum at room temperature, and the primary antibody was added 
and incubated at room temperature for 3 h. After washing with PBS three times, the sections were incubated 
with goat anti-rabbit lgG in a constant temperature box at 37℃ for 0.5 h. The sections were washed with PBS 
three times, treated with DAB chromogen for display, and stained with hematoxylin. The sections were then 
dehydrated with gradient alcohol, made transparent with xylene, and blocked with neutral resin. The results of 
the staining were observed under a microscope33,34.

Scratch assay
24 h after co-culturing, the experiment was conducted. Equidistant horizontal lines were drawn on the back of 
6-well plates using a non-toxic, erasable marker method such as fluorescent marking. Log-phase H22 cells and 
Hepa1-6 cells were seeded onto 6-well plates, and upon reaching 80% confluence, the next step was performed. 
A vertical scratch was made along the marked lines using a 200µL plastic pipette tip. The cell monolayer was 
washed with PBS or another suitable cell culture medium to remove cells suspended in the medium post-scratch. 
The cells were then treated according to different experimental groups. An inverted microscope was used to 
observe and photograph the cells at 0 and 48 h post-scratch36–39.

Transwell assay
The cell invasion assay was conducted using a Transwell chamber with a 24-well plate and a polyethylene 
terephthalate membrane with 8.0 μm pores. H22 cells and Hepa1-6 cells were seeded at a density of 1 × 10^5 
cells/well in 100µL of serum-free medium in the upper chamber, while 600µL of complete growth medium was 
added to the lower chamber as a chemoattractant. Following incubation at 37℃ for 48 h, the residual cells on 
the membrane surface were removed using a cotton swab. The migrated cells on the underside were fixed with 
a 4% paraformaldehyde solution and stained with a 0.1% crystal violet staining solution. Subsequently, the cells 
were imaged using an inverted fluorescence microscope equipped with a filter. The cell migration assays were 
performed without polyethylene terephthalate membranes, and other operations were carried out as described 
above36–39.

CCK-8 assay
The cell supernatant was aspirated, and 300 ml of PBS pre-warmed to 37℃ was added per tube and resuspended. 
100 µL from each of the three tubes was added to the 96-well plate, and CCK-8 was added at 10 µL/well. The 
OD450 value was detected after incubation at 37℃ for 1 h38,39.

Flow cytometry
The podocytes were digested with trypsin-EDTA digestion solution (0.25%), centrifuged at room temperature 
(1000 r/min, 5 min), and the supernatant was discarded. The cells were washed with 1xPBS, and approximately 
1 × 10^6 H22 cells and Hepa1-6 cells were collected in each group. 500 µL of binding buffer was added, and the 
cells were blown and mixed evenly. 5 µL of PI and Annexin V-FITC were added respectively, and the mixture 
was allowed to stand in the dark for 10 min. Apoptosis of H22 cells and Hepa1-6 cells was detected by flow 
cytometry41,42.

Western blot
For Western blot analysis, tissue and cell samples were washed twice with PBS or another suitable buffer solution, 
scraped from the culture dishes, and collected by centrifugation. The cell samples were treated with RIPA lysis 
buffer. Depending on the experimental requirements, 80 to 120 µg of total protein was extracted from each 
cell and combined with 6× protein loading buffer, followed by boiling at 95℃. The samples were processed by 
SDS-PAGE electrophoresis and transferred onto PVDF membranes. Specific antibodies were incubated using 
concentrations recommended by the supplier. Antibodies against PKA, PPARγ, MerTK, p-STAT3, p-STAT6, IL-
10, Cathepsin K, Cathepsin S, CD163, CD206, CCL18, IRE1α, PD-L1, P53, p-SYK, SHP2, IFN-β, and GAPDH, 
all sourced from designated suppliers, were employed. The samples were developed using ECL technology with 
reagents such as Amersham ECL Prime and exposed using appropriate photographic films. Quantitative analysis 
was performed using software like ImageJ, and statistical evaluations were conducted42.
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Phagocytosis assay
For the phagocytosis assay using fluorescent microspheres, 7.0 × 10^4 cells/cm^2 were seeded in each well. 
The cells were incubated at 37℃ and 5% CO2 for 24 h until they reached a density of 50–70%. The culture 
medium was removed, and the GFP fluorescent latex beads were washed with distilled water and centrifuged at 
10,000 g for 8 min at room temperature. The beads were resuspended in a solution containing 3% BSA and 25 
mM Na3PO4 (pH 6.0) and incubated in a bath sonicator at room temperature for 15 min to ensure the beads 
remained monodispersed in BSA. The beads were washed once with a medium containing 5% FBS. The bead 
suspension was adjusted to a concentration of 2.0% with medium and stored in the dark at 4℃. For experiments 
using 12-well plates, 6 µl of bead stock solution was added to 0.4 ml of medium per well. Each well was washed 
twice with PBS, and the working solution of the beads (1 ml for 6-well plates and 0.4 ml for 12-well plates per 
well) was added. The cells were incubated at 37℃ in the dark for 80–120 min. The working solution of the 
beads was removed, and each well was washed three times with PBS to remove excess beads. After washing, the 
cells were stained with DAPI and the slides were sealed with glycerol. Images were captured using an Olympus 
confocal microscope43.

Bioinformatics analysis
RNAseq data of TCGA-LIHC (hepatocellular hepatocellular carcinoma) were downloaded from the TCGA 
database, and the correlation between SHP2 (PTPN11) and IRE1α (XBP1) was analyzed by Spearman analysis.

Statistical analysis
For statistical analysis, Graph Pad Prism 9.0 software was used. Quantitative data were represented as 
mean ± standard deviation. The measured data were tested using normal and chi-square tests, and one-way 
ANOVA was used to compare multiple groups after the data conformed to the normal distribution. The Tukey 
test was used to compare two groups. Statistical significance was considered at P < 0.05.

Results
Gpr109A−/− mice exhibited a marked reduction in the tumorigenicity of H22 cells in the 
hepatocellular carcinoma immune microenvironment through the PKA/p-PPARγ/MerTK 
pathway
After cultivating H22 cells to adjust the cell concentration to 5 × 10^7/ml, inject 0.1 ml of the cell suspension 
subcutaneously into the backs of both Gpr109A WT and Gpr109A−/− mice, with each group comprising six 
mice. Upon feeding for three weeks, a significant decrease in tumour weight and tumour volume was observed 
in Gpr109A−/− mice compared to Gpr109A WT mice (Fig.  1A). Moreover, immunohistochemical staining 
showed that the relative protein expression of Gpr109A was significantly higher in Gpr109A WT mice than in 
Gpr109A−/− mice (Fig. 1B).

Cultivate the stable cell lines LV-NC-KD and LV-Gpr109A-KD of RAW264.7 cells under the Transwell 
chambers, and H22 cells under the six-well plates, co-culturing for 96 h before injecting 1 × 10^7 cells from 
co-cultures with either LV-NC-KD RAW264.7 cells or LV-Gpr109A-KD RAW264.7 cells subcutaneously into 
the right side of nude mice. After feeding for three weeks, a notable reduction in tumor volume and weight 
was found in H22 cells co-cultured with LV-Gpr109A-KD RAW264.7 cells compared to those co-cultured 
with LV-NC-KD RAW264.7 cells (Fig. 1C). Moreover, immunohistochemical staining showed that the relative 
protein expression of Gpr109A was significantly higher in LV-NC-KD RAW264.7 cells than in LV-Gpr109A-KD 
RAW264.7 cells (Fig. 1D).

Concurrently, total protein extraction from co-cultured LV-NC-KD RAW264.7 cells and LV-Gpr109A-KD 
RAW264.7 cells followed by Western Blot analysis revealed a significant decrease in the expression levels of PKA, 
p-PPARγ, and MerTK in LV-Gpr109A-KD RAW264.7 cells compared to LV-NC-KD RAW264.7 cells (Fig. 1E).

Gpr109A induces the overexpression of cathepsins in M2c-type macrophages
The primary macrophages were then cultured beneath a Transwell apparatus, while H22 cells were cultured at the 
bottom of a six-well plate, creating a co-culture system of primary macrophages and hepatocellular carcinoma 
cells. Successful induction of macrophages was followed by treatment with 40µM Niacin for 24 h. The experiment 
was divided into four groups: Gpr109A WT DMSO, Gpr109A−/− DMSO, Gpr109A WT Niacin-treated, and 
Gpr109A−/− Niacin-treated. After 96 h of co-culture, total protein from the macrophages was extracted. Western 
Blot analysis revealed that compared to the Gpr109A WT DMSO group, the Gpr109A−/− DMSO group exhibited 
significantly lower levels of PKA, p-PPARγ, MerTK, p-STAT3, and p-STAT6. In contrast, the Gpr109A WT 
Niacin-treated group showed significantly increased levels of these proteins; no significant differences were 
observed between the Gpr109A−/− DMSO group and the Gpr109A−/− Niacin-treated group. This suggests that 
Niacin can influence the polarization state of macrophages by affecting the levels of p-STAT3 and p-STAT6 
through the PKA/p-PPARγ/MerTK signaling pathway.

Furthermore, the expression levels of M2 macrophage markers and cathepsins were analyzed. Compared 
to the Gpr109A WT DMSO group, the Gpr109A−/− DMSO group showed significantly lower levels of IL-10, 
CD163, CD206, CCL18, TGF-β, Cathepsin K, Cathepsin S, and PD-L1. The Gpr109A WT Niacin-treated 
group exhibited significantly higher levels of these proteins. No significant differences were observed between 
the Gpr109A−/− DMSO group and the Gpr109A−/− Niacin-treated group, indicating that Gpr109A induces the 
overexpression of cathepsins in M2c-type macrophages (Fig. 2A,B).

Subsequently, western blot results showed that the relative protein expression levels of PKA, p-PPARγ, 
MerTK and IL-10 in the Gpr109A−/− DMSO group were significantly lower than those in the Gpr109A WT 
DMSO group. The relative protein expression levels of PKA, p-PPARγ, MerTK and IL-10 in the Gpr109A-OE 
DMSO group were significantly higher than those in the Gpr109A WT-NC DMSO group (Fig. 2C).
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Cathepsins promote the migration and invasion of hepatocellular carcinoma cells
With the M2 pro-tumorigenic polarization state of macrophages established, its manifestation in cancer cells 
needed further determination and analysis. Scratch tests were performed using a previously established co-
culture system of primary macrophages with H22 and Hepa1-6 cells, respectively. Compared to the Gpr109A 
WT DMSO group, the scratch distance significantly widened in the Gpr109A−/− DMSO group significantly 
narrowed in the Gpr109A WT Niacin-treated group, and widened in both the Gpr109A−/− DMSO group and 
the Gpr109A−/− Niacin-treated group; no significant differences were observed between the latter two groups.

Simultaneously, a Transwell assay was conducted with and without the addition of a matrix gel to assess cell 
migration and invasion. Compared to the Gpr109A WT DMSO group, the number of migrating and invading 
cells significantly decreased in the Gpr109A−/− DMSO group but significantly increased in the Gpr109A WT 

Fig. 1.  Effects of Gpr109A Deletion and LV-Gpr109A-KD on H22 Tumor Growth and Protein Expression 
in Mice. (A) Comparison of tumour weight and tumour volume in Gpr109A wild type (WT) and Gpr109A 
knockout (−/−) mice 3 weeks after subcutaneous injection of H22 cells. (B) Immunohistochemical staining to 
detect levels of Gpr109A. Data are expressed as mean ± standard deviation; (C) Comparison of tumor volume 
and weight in nude mice injected with H22 cells co-cultured with LV-NC-KD or LV-Gpr109A-KD RAW264.7 
cells. (D) Immunohistochemical staining to detect levels of Gpr109A; (E) Western Blot analysis showing 
expression levels of PKA, p-PPARγ, and MerTK proteins in LV-NC-KD and LV-Gpr109A-KD RAW264.7 cells 
co-cultured with H22 cells. GAPDH as control protein; Data are expressed as mean ± standard deviation; N = 6; 
**P < 0.01.
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Fig. 2.  Influence of Gpr109A and Niacin Treatment on Protein Expression in Primary Macrophages Co-
cultured with H22 Cells. (A) Protein expression analysis of PKA, p-PPARγ, MerTK, p-STAT3 and p-STAT6 
in Gpr109A WT and Gpr109A−/− primary macrophages with or without Niacin treatment; (B) Comparison 
of the expression levels of IL-10, TGF-β, Cathepsin K, Cathepsin S, CD163, CD206, CCL18, and PD-L1 in 
Gpr109A WT and Gpr109A−/− primary macrophages with or without Niacin treatment; (C) Comparison of the 
expression levels of PKA, p-PPARγ, MerTK, and IL-10 in primary macrophages from the Gpr109A WT DMSO 
group, Gpr109A−/− DMSO group, Gpr109A WT-NC DMSO group, and Gpr109A-OE DMSO group; GAPDH 
as control protein; Data are expressed as mean ± standard deviation; N = 3; **P < 0.01; *P < 0.05.
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Niacin-treated group, the Gpr109A−/− DMSO group, and the Gpr109A−/− Niacin-treated group; no significant 
differences were noted between the last two groups (Fig. 3).

Gpr109A promotes proliferation and inhibits apoptosis of hepatocellular carcinoma cells
We then used CCK-8 assay and flow cytometry to detect proliferation and apoptosis of hepatocellular carcinoma 
cells, respectively. The OD values of the Gpr109A−/− DMSO group were significantly reduced compared to the 
Gpr109A WT DMSO group, but the OD values of the Gpr109A WT Niacin-treated group were significantly 
increased relative to those of the Gpr109A−/− DMSO group and the Gpr109A−/− Niacin-treated group; the latter 
there was no significant difference between the two groups.

The apoptosis rate was significantly increased in the Gpr109A−/− DMSO group compared to the Gpr109A WT 
DMSO group, but significantly reduced in the Gpr109A WT Niacin-treated group relative to the Gpr109A−/− 
DMSO group and the Gpr109A−/− Niacin-treated group; there was no significant difference between the latter 
two groups. there was no significant difference between the two groups (Fig. 4).

And we set up LV-NC-OE group and Gpr109A-OE group to verify the effect of Gpr109A overexpression 
on the behavioural science of H22 cells and Hepa1-6 cells.The results of CCK-8 assay showed that the OD 
values of H22 cells and Hepa1-6 cells in Gpr109A-OE group were significantly higher than those in LV-NC-
OE group at 72 h. In TCGA-LIHC data, the negative correlation between SHP2 (PTPN11) and IRE1α (XBP1) 
suggested a potential interaction between the two in hepatocellular carcinoma (HCC). SHP2 was an important 
signaling enzyme involved in a variety of biological processes, including cell proliferation, differentiation, and 
survival. Its aberrant expression in various tumors was closely associated with tumor development. IRE1α was 
a key component in the endoplasmic reticulum stress (ER stress) pathway, which regulated cellular responses 
to endoplasmic reticulum stress mainly through activation of XBP1. The negative correlation indicated that the 
activity of IRE1α may have been suppressed when the expression level of SHP2 was elevated, which may have 
been closely related to the microenvironment of hepatocellular carcinoma and its metabolic status. The results 
of cell scratch assay showed that the intercellular spacing distance of H22 cells and Hepa1-6 cells in Gpr109A-

Fig. 3.  Effect of Gpr109A and Niacin Treatment on hepatocellular carcinoma Cell Migration and Invasion. 
(A) An increase in scratch distance indicates more significant cell migration. Emphasize the narrowed scratch 
distance in the Gpr109A WT Niacin-treated group compared to the widened distance in both Gpr109A−/− 
groups; (B) Significant increase in both migrating and invading cells in the Gpr109A WT Niacin-treated group, 
with the Gpr109A−/− groups showing similar levels to each other but decreased compared to the Gpr109A WT 
DMSO group; Data are expressed as mean ± standard deviation; N = 3; **P < 0.01; *P < 0.05; nsP>0.05.
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OE group were significantly lower than that of LV-NC-OE group at 48 h. The results of Transwell assay showed 
that the number of migrated and infiltrated cells of H22 cells and Hepa1-6 cells in Gpr109A-OE group were 
significantly higher than that of LV-NC-OE group. The results of flow cytometry experiments showed that the 
apoptosis rates of H22 cells and Hepa1-6 cells in the Gpr109A-OE group were significantly less than those in 
the LV-NC-OE group (Fig. 5). Therefore, the above results illustrated that Gpr109A promoted the proliferation, 
migration and invasion of hepatocellular carcinoma cells and inhibited their apoptosis.

Gpr109A reverses the differentiation of primary macrophages into an M2c-type 
immunosuppressive state under the hepatocellular carcinoma microenvironment through 
the inhibition of SHP2 phosphorylation via the PKA, MerTK, and p-IRE1α signaling pathways
Following the aforementioned methodology, primary macrophages were harvested from Gpr109A WT mice and 
differentiated into M2 macrophages in a co-culture system with H22 hepatocellular carcinoma cells, divided into 
four groups: Gpr109A WT, Gpr109A WT Niacin-treated, Gpr109A WT Niacin and PKA inhibitor (H892HCl) 
co-treated, and Gpr109A WT Niacin and MerTK inhibitor (UNC2881) co-treated.

The Western Blot experiments revealed that compared to Gpr109A WT mice, the Gpr109A WT Niacin-
treated group exhibited significant increases in the expression levels of PKA, MerTK, p-STAT3, p-STAT6, 
p-IRE1α, Cathepsin K, and PD-L1 proteins. Conversely, in comparison to Gpr109A WT mice, the co-treated 
group with Niacin and the PKA inhibitor (H892HCl) demonstrated marked decreases in the expression levels 
of PKA, MerTK, p-STAT3, p-STAT6, p-IRE1α, Cathepsin K, and PD-L1 proteins, with a slight decrease in PKA 
expression levels. Similarly, compared to Gpr109A WT mice, the co-treated group with Niacin and the MerTK 
inhibitor (UNC2881) exhibited significant reductions in the expression levels of p-STAT3, p-STAT6, p-IRE1α, 
Cathepsin K, and PD-L1 proteins, while PKA expression levels were restored to levels similar to those of the 
Gpr109A WT Niacin-treated group, with a slight expression of MerTK protein.

Initially, Gpr109A−/− mice were injected weekly via the tail vein with lentiviruses LV-NC and LV-MerTK-OE 
for four weeks before the extraction of BMM cells. Subsequently, following the aforementioned method, primary 
macrophages were extracted and differentiated into M2-type macrophages and co-cultured with hepatocellular 
carcinoma cells H22. They were divided into four groups: Gpr109A−/− LV-NC, Gpr109A−/− LV-NC Niacin-
treated group, Gpr109A−/− LV-NC PKA agonist (Dibutyryl) group, and Gpr109A−/− LV-MerTK-OE group.

The Western Blot experiments revealed that compared to the Gpr109A−/− LV-NC group, there were no 
significant differences in the expression levels of PKA, MerTK, p-STAT3, p-STAT6, p-IRE1α, Cathepsin K, and 
PD-L1 proteins in the Gpr109A−/− LV-NC Niacin-treated group. However, in comparison to the Gpr109A−/− 
LV-NC group, the Gpr109A−/− LV-NC PKA agonist (Dibutyryl) group exhibited significant increases in the 
expression levels of PKA, MerTK, p-STAT3, p-STAT6, p-IRE1α, Cathepsin K, and PD-L1 proteins. Furthermore, 
compared to the Gpr109A−/− LV-NC group, the Gpr109A−/− LV-MerTK-OE group showed significant increases 

Fig. 4.  Effect of Gpr109A and Niacin Treatment on hepatocellular carcinoma Cell proliferation and apoptosis. 
(A) OD values were significantly increased in all Gpr109A WT Niacin-treated groups, and were similar 
in the Gpr109A−/− group, but decreased compared to the Gpr109A WT DMSO group; (B) Apoptosis rates 
were significantly reduced in both Gpr109A WT Niacin-treated groups, and were similar in the Gpr109A−/− 
group, but decreased compared with the Gpr109A WT DMSO group; Data are expressed as mean ± standard 
deviation; N = 3; **P < 0.01; *P < 0.05; nsP>0.05.
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Fig. 5.  Effects of Gpr109A on proliferation, migration, invasion and apoptosis of hepatocellular carcinoma 
cells. (A) CCK-8 experimental results of H22 cells and Hepa1-6 cells in the LV-NC-OE group and Gpr109A-
OE group; (B) Correlation scatterplot of SHP2 and IRE1α; (C) Cell scratch test results of H22 cells and 
Hepa1-6 cells in LV-NC-OE group and Gpr109A-OE group, as well as statistical charts of cell spacing distance 
at 0 h and 48 h; (D) Transwell experimental results of H22 cells and Hepa1-6 cells in the LV-NC-OE group 
and Gpr109A-OE group, as well as the number of migrating and invading cells; (E) Flow cytometry results 
and apoptosis rate of H22 cells and Hepa1-6 cells in the LV-NC-OE group and Gpr109A-OE group. Data are 
expressed as mean ± standard deviation; N = 3; **P < 0.01; nsP>0.05.
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in the expression levels of MerTK, p-STAT3, p-STAT6, p-IRE1α, Cathepsin K, and PD-L1 proteins, with a slight 
expression of PKA. PKA, as the upstream gene of MerTK, was not regulated by it, while Dibutyryl, as an agonist 
of PKA, could directly promote the expression of PKA (Fig. 6A).

Subsequently, we assessed the phosphorylation status of SHP2, a key protein involved in the polarization of 
M2 macrophages and the activation of immune suppression.

The Western Blot experiments revealed that compared to the Gpr109A WT group, the Gpr109A WT Niacin-
treated group exhibited significant increases in the expression levels of IL-10, TGFβ, CD163, PPARγ, and P53 
proteins while showing a decrease in p-SHP2 expression levels. Conversely, in comparison to Gpr109A WT 
mice, the co-treated group with Niacin and the PKA inhibitor (H892HCl) demonstrated significant decreases 
in the expression levels of IL-10, TGFβ, CD163, PPARγ, and P53 proteins, along with an increase in p-SHP2 
expression levels. Similarly, compared to the Gpr109A WT group, the co-treated group with Niacin and the 
MerTK inhibitor (UNC2881) exhibited significant decreases in the expression levels of IL-10, TGFβ, CD163, 
PPARγ, and P53 proteins, with notable increases in PPARγ and P53 protein expression levels, while showing a 
decrease in p-SHP2 expression levels (Fig. 6B,C).

Gpr109A has collectively influenced the transition of SHP2-dependent M2c 
immunomodulatory state through the p-STING, p-SYK, and p-SYK pathways
Based on Western Blot experiments, it is observed that compared to the Gpr109A WT group, the expression levels 
of P2 × 7R, p-STING, p-SYK, p-SHP2, and IFNβ proteins are significantly reduced in the Gpr109A WT group 
treated with niacin. Conversely, in comparison to the Gpr109A WT mice, the group co-treated with niacin and 
PKA inhibitor (H892HCl) exhibited markedly increased expression levels of P2 × 7R, p-STING, p-SYK, p-SHP2, 
and IFNβ proteins. Similarly, when compared to the Gpr109A WT group, the group co-treated with niacin and 
MerTK inhibitor (UNC2881) showed significant elevation in the expression levels of P2 × 7R, p-STING, p-SYK, 
p-SHP2, and IFNβ proteins. Furthermore, in contrast to the Gpr109A WT group, both the Gpr109A−/− LV-NC 
group and the Gpr109A−/− LV-NC group treated with niacin exhibited significantly increased protein expression 
levels of P2 × 7R, p-STING, p-SYK, p-SHP2, and IFNβ with no difference observed between the two groups. 
Conversely, the protein expression levels in the Gpr109A−/− LV-NC PKA agonist (Dibutyryl) group and the 
Gpr109A−/− LV-MerTK-OE group were markedly decreased with no significant difference observed between 
the two groups (Fig. 7A).

The subsequent phagocytosis assay revealed that compared to the Gpr109A WT group, the Gpr109A WT 
Niacin-treated group demonstrated a significant increase in the phagocytosis of fluorescent microspheres, 
while the co-treated group with Niacin and the PKA inhibitor (H892HCl) showed a significant decrease in 
the phagocytosis of fluorescent microspheres. Conversely, the co-treated group with Niacin and the MerTK 
inhibitor (UNC2881) exhibited a further reduction in the phagocytosis of fluorescent microspheres. Compared 
to the Gpr109A WT group, both the Gpr109A−/− LV-NC group and the Gpr109A−/− LV-NC Niacin-treated group 
demonstrated a significant decrease in the phagocytosis of fluorescent microspheres, with no difference between 
the two groups. Additionally, compared to the Gpr109A−/− LV-NC group, the Gpr109A−/− LV-NC PKA agonist 
(Dibutyryl) group and the Gpr109A−/− LV-MerTK-OE group showed significant increases in the phagocytosis of 
fluorescent microspheres (Fig. 7B). Niacin-mediated Gpr109A promotes hepatocellular carcinoma progression 
by enhancing macrophage polarization to M2c type and hepatocellular carcinoma cell invasiveness, thereby 
promoting hepatocellular carcinoma progression (Fig. 8).

Discussion
Immune cells within the hepatocellular carcinoma tumor microenvironment, such as M2 macrophages, play a 
crucial role in tumor development and progression. These immune cells not only recognize and suppress tumor 
growth but also facilitate tumor progression60,61. In vitro models have demonstrated superior capabilities in 
replicating the biological characteristics of the hepatocellular carcinoma microenvironment, providing robust 
support for tumor immunotherapy studies. Clinical and pathological characteristics of hepatocellular carcinoma, 
including age, grade, stage, and molecular subtype, influence both prognosis and treatment decisions62,63.

Dendritic cells (DCs), essential for bridging innate and adaptive immunity, activate T cells through antigen 
presentation. The expression of Gpr109A in dendritic cells has been established. Gpr109A activation impacts 
dendritic cell maturation and function, reduces their secretion of pro-inflammatory cytokines, and diminishes 
their ability to stimulate T cells, potentially preventing excessive immune responses and the development of 
autoimmune diseases. Regulatory T cells (Tregs) are critical in maintaining immune tolerance and preventing 
autoimmune reactions. The function of Tregs is closely linked to the activation of Gpr109A, with studies indicating 
that Gpr109A activation promotes Treg proliferation and functional enhancement, aiding in the suppression 
of unwanted immune responses. This role is particularly significant for controlling chronic inflammation and 
autoimmune diseases. Macrophage polarization describes the functional and phenotypic changes macrophages 
undergo in response to various microenvironmental stimuli. Based on these stimuli, macrophages differentiate 
into multiple subtypes, with M1 and M2 macrophages being the most common64,65. Activated M1 macrophages 
primarily induce anti-tumor and antimicrobial immune responses via receptor-mediated signaling pathways, 
such as Toll-like receptors (TLRs) and cytokine stimulation (e.g., IFN-γ, TNF-α). They express high levels of 
pro-inflammatory cytokines like IL-1β, IL-6, and TNF-α, facilitating the clearance of bacteria and pathogens, 
and promoting anti-tumor immune responses by activating adaptive immune cells66–68. Conversely, M2 
macrophages are key players in anti-inflammatory and repair processes. Their activation is largely mediated 
by signals from anti-inflammatory cytokines like IL-4, IL-13, and IL-10, leading to increased expression of 
anti-inflammatory factors such as IL-10 and TGF-β, as well as factors essential for tissue repair and cellular 
reconstruction, including VEGF, EGF, and PDGF. M2 macrophages further contribute to angiogenesis, fibrosis, 
and immunomodulation69–72. Specifically, M2a macrophages, induced by cytokines like IL-4 and IL-13, exhibit 
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Fig. 6.  Protein Expression in Gpr109A WT and Gpr109A−/− Primary Macrophages Co-Cultured with H22 
hepatocellular carcinoma Cells. (A) Western blot analysis indicating the expression levels of proteins associated 
with the PKA, MerTK, and p-IRE1α signaling pathways, Cathepsin K, and the immune checkpoint molecule 
PD-L1 in Gpr109A WT and Gpr109A−/− primary macrophages upon various treatments; (B) Western blot 
analysis indicating the expression levels of proteins associated with the IL-10, TGFβ, CD163, PPARγ, and P53 
in Gpr109A WT and Gpr109A−/− primary macrophages upon various treatments; (C) Western blot analysis 
indicating the expression levels of proteins associated with the p-SHP2, PPARγ, and P53 in Gpr109A WT and 
Gpr109A−/− primary macrophages upon various treatments; GAPDH as control protein; Data are expressed as 
mean ± standard deviation; N = 3; **P < 0.01; nsP>0.05.
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Fig. 7.  Influence of Gpr109A activation and inhibition on protein expression levels and phagocytic activity. 
(A) Western blot analysis indicating the expression levels of proteins associated with the P2 × 7R, p-STING, 
IFNβ, p-SYK, and p-SHP2 in Gpr109A WT and Gpr109A−/− primary macrophages upon various treatments; 
GAPDH as control protein; (B) Phagocytosis assay results comparing various treatment groups in relation to 
Gpr109A receptor activity showed: Gpr109A WT Niacin (NA) treatment increased phagocytosis significantly 
compared to WT group. Conversely, co-treatment with NA and PKA inhibitor (H892HCl) significantly 
decreased phagocytosis. Moreover, NA co-treatment with MerTK inhibitor (UNC2881) further reduced 
phagocytosis. Both Gpr109A−/− LV-NC and Gpr109A−/− LV-NC NA-treated groups exhibited significantly 
decreased phagocytosis compared to WT, with no disparity between them. Notably, compared to Gpr109A−/− 
LV-NC, Gpr109A−/− LV-NC PKA agonist and Gpr109A−/− LV-MerTK-OE groups demonstrated significant 
increases in phagocytosis. Red: GFP fluorescent latex beads; Green: CD68; Blue: DAPI; Data are expressed as 
mean ± standard deviation; N = 3; **P < 0.01; nsP>0.05.
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anti-inflammatory, antibacterial, tissue repair, and cell proliferation-promoting functions, playing a central 
role in immunoregulation73. M2b macrophages, typically induced by TLR activation or IL-10 stimulation, are 
significant in anti-inflammatory responses and immune regulation74. M2c macrophages, induced by cytokines 
such as IL-10 and TGF-β, are involved in anti-inflammatory, immunoregulatory, cellular reconstruction, and 
tissue repair functions, particularly in chronic inflammatory states and tissue repair processes75,76.

Gpr109A holds a significant role within the tumor microenvironment-a complex ecosystem of non-tumor 
cells, extracellular matrix, and blood vessels surrounding tumor cells. This environment promotes mutual 
regulation of tumor growth, invasion, metastasis, and drug resistance through interactions among its cellular 
components77,78. Gpr109A, a G protein-coupled receptor (GPCR) with a seven-transmembrane structure, 
belongs to a large GPCR family with over 800 members79. It is integral to lipid metabolism, anti-inflammatory 
responses, and anti-tumor functions80. Low doses of niacin can induce macrophage polarization from the M1 
(pro-inflammatory) to the M2 (anti-inflammatory) phenotype via Gpr109A81,82.

Experiments with nude mice have shown that hepatocellular carcinoma cells lacking Gpr109A have 
reduced tumorigenic capabilities. Preliminary findings suggest that macrophages deficient in Gpr109A show 
decreased M2 polarization, leading to reduced tumorigenicity of hepatocellular carcinoma cells in the tumor 
microenvironment. This indicates that Gpr109A activation may promote macrophage differentiation into the 
M2 phenotype, aiding tumor development.

G protein-coupled receptor kinases (GRKs) are a group of serine/threonine kinases capable of phosphorylating 
and inactivating GPCRs by interacting with activated GPCRs, promoting receptor phosphorylation and 
downstream signaling83,84. Protein kinase A (PKA), a critical enzyme in cellular signal transduction, consists 
of regulatory (R) and catalytic (C) subunits, primarily involved in the cyclic AMP (cAMP) signaling pathway85. 
Gpr109A activation significantly increases PKA levels through GRK activity. MerTK, a receptor tyrosine kinase 
(RTK) expressed in various cell types, including macrophages and dendritic cells, plays a crucial role in signaling 
pathways involved in phagocytosis, inflammation regulation, immune tolerance, and tissue repair. MerTK 
contributes to M2 macrophage polarization by binding to ligands such as Gas6 or ProS1, inducing macrophage 
development into the M2 phenotype and participating in related signaling pathways. In the hepatocellular 
carcinoma tumor microenvironment, complex interactions among signaling molecules and proteins influence 
the polarization and function of M2 macrophages86–92. PKA activation can stimulate PPARγ expression, further 
influencing macrophage function and promoting M2 polarization93.

Western Blot analysis showed that specific knockdown of Gpr109A in primary macrophages reduced the 
expression of PKA, p-PPARγ, MerTK, p-STAT3, p-STAT6, IL-10, CD163, CD206, CCL18, TGF-β, Cathepsin K, 
Cathepsin S, and PD-L1 in them. It suggests that niacin-promoted Gpr109A drives cathepsin overexpression in 
M2c macrophages via the PKA/p-PPARγ/MerTK/p-STAT3/p-STAT6 pathway.

Activation of PPARγ can enhance the activity of macrophage surface receptors like Tyro3, Axl, and MerTK. 
MerTK activation, in particular, can inhibit M1 macrophage polarization while promoting M2 macrophage 
polarization. Additionally, MerTK enhances immune suppression in the tumor microenvironment by promoting 
the phagocytosis of apoptotic cells. MerTK activation not only promotes macrophage polarization but also 
stimulates the phosphorylation of STAT3 and STAT6, further inducing the secretion of immunosuppressive 
cytokines such as IL-10 and TGF-β. The increase in these cytokines supports immune evasion within the 
tumor microenvironment. This study highlights that MerTK overexpression via lentiviral vectors and the 
application of inhibitors collectively indicate that MerTK facilitates immune suppression in the M2 polarization 
state by uniquely engulfing apoptotic hepatocellular carcinoma cells. Comparative analyses between Gpr109A 
wild-type and knockout mice reveal Gpr109A’s pivotal role within the hepatocellular carcinoma immune 
microenvironment. Experiments have shown that the hepatocellular carcinoma tumor weight in Gpr109A 
knockout mice significantly decreases, suggesting its potential role in inhibiting the tumorigenicity of H22 cells. 

Fig. 8.  Niacin-mediated Gpr109A promotes hepatocellular carcinoma progression by enhancing macrophage 
polarization to M2c type and hepatocellular carcinoma cell invasiveness, thereby promoting hepatocellular 
carcinoma progression.
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Co-culture experiments further demonstrate that the tumor volume and weight of LV-Gpr109A-KD RAW264.7 
cells were substantially reduced.

PKA overexpression can affect multiple downstream signaling pathways via phosphorylation, including 
PPARγ activation. PKA may indirectly promote M2 macrophage polarization94. Activation of PPARγ supports 
macrophage polarization towards the M2 phenotype, crucial for tissue repair, inflammation resolution, and 
tumor growth promotion93. MerTK activation inhibits M1 macrophage functionality while promoting M2 
macrophage polarization. Moreover, MerTK enhances immune suppression in the tumor microenvironment by 
facilitating the phagocytosis of apoptotic cells95,96. Activation of p-STAT3 and p-STAT6 is closely associated with 
M2 macrophage functionality and polarization, regulating the production of immunosuppressive cytokines like 
IL-10, thereby promoting tumor immune escape. IL-10, an immunosuppressive cytokine, favors macrophage 
polarization towards the M2 phenotype, facilitating tumor immune evasion in the hepatocellular carcinoma 
microenvironment. Cathepsin K/S protease activities in macrophages are linked to tumor aggressiveness 
and metastasis, potentially promoting tumor cell migration and dissemination through extracellular matrix 
degradation97. Activation of IRE1α during endoplasmic reticulum stress promotes adaptive cellular responses, 
aiding tumor cell survival under adverse conditions. IRE1α may also influence the tumor microenvironment 
by affecting macrophage functionality98. PD-L1 expression on tumor cell surfaces is associated with immune 
escape mechanisms. By binding to PD-1, PD-L1 inhibits T-cell activation, thereby promoting tumor growth. 
p-SYK is involved in immune cell activation and signaling and may regulate immune responses within the tumor 
microenvironment by influencing macrophage function99. SHP2 functions in various cell signaling pathways, 
including those affecting macrophage polarization and functionality, potentially influencing macrophage 
phagocytosis by regulating MerTK dephosphorylation. IFN-β, an immunomodulatory factor, can activate the 
immune system against tumors. In the tumor microenvironment, macrophage status may influence IFN-β 
production, thereby affecting tumor immune surveillance100.

This comprehensive investigation into Gpr109A’s role within the hepatocellular carcinoma immune 
microenvironment has elucidated its significant impact on the tumorigenicity of H22 cells and macrophage 
polarization. The experimental results underscore Gpr109A’s crucial function in regulating macrophage 
behavior and hepatocellular carcinoma cell dynamics through intricate signaling pathways, notably the PKA/p-
PPARγ/MerTK pathway. Gpr109A deletion in mice (Gpr109A-/-) led to a marked reduction in tumor growth, as 
evidenced by decreased tumor weight and volume compared to wild-type mice. This reduction correlated with 
lowered expression levels of PKA, p-PPARγ, and MerTK proteins in Gpr109A-/- macrophages, highlighting the 
pathway’s pivotal role in tumor regulation.

Gpr109A polarizes macrophages and thus promotes tumorigenesis; co-culture scratch assays and Transwell 
assays demonstrated enhanced cell migration and invasion under Gpr109A-deficient conditions.CCK-8 assays 
and flow cytometry showed decreased proliferation and increased apoptosis in Gpr109A-deficient hepatocellular 
carcinoma cells, and niacin treatment reversed this effect. Gpr109A overexpression assays confirmed increased 
proliferation, migration, invasion, and decreased apoptosis in H22 and Hepa1-6 cells, linking Gpr109A activity 
to the interaction of SHP2 and IRE1α during hepatocellular carcinoma progression. Western blotting showed 
that PKA, MerTK, p-STAT3, p-STAT6, p-IRE1α, Cathepsin K, and PD-L1 were significantly increased by 
Gpr109A WT niacin, but the expression of the above proteins was reduced by the combined effect of H892HCl 
or UNC2881.Gpr109A-/- PKA, MerTK, p-STAT3, p-STAT6, p-IRE1α, Cathepsin K, and PD-L1 were not 
significantly different in the LV-NC Niacin group, but were significantly increased in the Gpr109A−/−LV-
NC PKA agonist group and the Gpr109A−/−LV-MerTK-OE group.In the Gpr109A WT Niacin group, the 
expression of IL-10, TGFβ, CD163, PPARγ, and P53 were significantly increased and p-SHP2 was decreased, 
but p-SHP2 was decreased and increased in the H892HCl or UNC2881 combination treatment groups. The 
expression of P2 × 7R, p-STING, p-SYK, p-SHP2 and IFNβ was decreased in the niacin-treated Gpr109A WT 
group compared with the Gpr109A WT group. Meanwhile, combined treatment with H892HCl or UNC2881 
significantly increased the levels of these proteins.The protein levels were increased in both Gpr109A−/− LV-NC 
groups (untreated and niacin-treated groups) and decreased in the Gpr109A−/− LV-NC PKA agonist (dibutyryl) 
group and the Gpr109A−/− LV-MerTK-OE group. Phagocytosis assays showed that niacin treatment increased 
fluorescent microsphere uptake in the Gpr109A WT group, but uptake was reduced after co-treatment with 
H892HCl. Combined use of UNC2881 further decreased phagocytosis. phagocytosis was decreased in both 
Gpr109A−/− LV-NC groups (untreated and niacin-treated groups), while phagocytosis was increased in the 
Gpr109A−/− LV-NC PKA agonist (dibutyryl) group and the Gpr109A−/− LV-MerTK-OE group.

Some studies have identified that GPR109A upregulates the expression of the oncogene Hopx and plays a 
role in inhibiting tumor progression101,102. In this study, we found that Niacin mediated Gpr109A to promote 
the progression of HCC cells through GRK/PKA/PPARγ/SHP2 signaling pathway. Our data suggest that 
Gpr109A knockdown significantly upregulated P2 × 7R expression and SYK phosphorylation, possibly through 
cAMP-PKA-mediated direct phosphorylation of NF-κB and SYK at S297. Activation of P2 × 7R and SYK 
may be responsible for the enhanced inflammatory response observed in Gpr109A-deficient macrophages.
Gpr109A deficiency mediates the PPARγ/P53 signaling pathway, which enhances SHP2 phosphatase activity. 
Activated SHP2 disrupts metabolic support for M2 polarization by dephosphorylating STAT3 and STAT6, 
thereby impairing IL-10 signaling and immunosuppression. It provides a new research target for Niacin to 
mediate the role of Gpr109A on HCC progression. In conclusion, the experimental findings provide compelling 
evidence of Gpr109A’s central role in the hepatocellular carcinoma immune microenvironment, influencing 
both macrophage behavior and hepatocellular carcinoma cell progression through sophisticated signaling 
mechanisms. These insights enhance our understanding of tumor immunology and open avenues for targeted 
therapeutic strategies that manipulate the Gpr109A pathway to counteract hepatocellular carcinoma progression. 
Manipulating this pathway holds promise for developing novel cancer treatments aimed at modulating the 
immune microenvironment to the patient’s advantage. However, this study was conducted in a mouse model 
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or an in vitro cell culture system, and further experimental validation of the results’ full applicability to humans 
is required. Although Gpr109A shows potential in modulating immune responses under laboratory conditions, 
translating these findings into clinical therapies still poses significant challenges.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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