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Abstract
Pancreatic ductal adenocarcinoma (PDAC) is an aggressive cancer with a poor prog-
nosis, which is lethal in approximately 90% of cases despite advanced standard thera-
pies. A typical feature of PDAC is the immunosuppressive tumor microenvironment 
with multiple immunosuppressive factors including neurotransmitters. Recently, neu-
romedin U (NMU), a highly conserved neuropeptide with many physiological func-
tions, has attracted attention for its roles in tumorigenesis and metastasis in several 
types of cancers. However, whether NMU affects PDAC progression remains unclear. 
In this study, using an orthotopic mouse model of PDAC in combination with bioin-
formatics analysis, we found that NMU was upregulated in tumor tissues from the 
patients with PDAC and positively correlated with a poor prognosis of the disease. 
Interestingly, knockout of the Nmu gene in mice enhanced the anti-tumor functions of 
tumor-infiltrating CD8+ T cells in an NMU receptor 1-dependent manner. Additionally, 
NMU promoted the glycolytic metabolism of mouse PDAC tumors. The activities of 
pyruvate kinase (PK) and lactate dehydrogenase (LDH), pivotal enzymes involved in 
the regulation of lactate production, were markedly reduced in tumor tissues from 
NMU-knockout mice. In vitro the presence of LDHA inhibitor can reduce the produc-
tion of lactic acid stimulated by NMU, which can increase the anti-tumor activity of 
CD8+ T cells. Moreover, treatment of the pancreatic cancer cells with a phospho-
inositide 3-kinase (PI3K) inhibitor diminished NMU-induced lactate production and 
the activities of PK and LDH, suggesting that NMU might regulate glycolysis via the 
PI3K/AKT pathway.
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1  |  INTRODUC TION

Pancreatic ductal adenocarcinoma, accounting for 95% of pancre-
atic cancers, is the most aggressive malignant neoplasm with insidi-
ous onset, rapid disease progression, and poor prognosis.1,2 Surgical 
removal of early localized lesions is the only potentially curative 
treatment.3 However, patients with PDAC are usually diagnosed at 
an advanced stage with distant metastasis and are not suitable for 
surgery resection.4 Although currently multimodal treatments in-
volving radiotherapy, chemotherapy, and immunotherapy have con-
tributed to improving the prognosis of the disease, long-term results 
are still not satisfactory.5,6 Therefore, investigating more effective 
therapeutic targets and potential prognostic markers for patients 
with PDAC is meaningful.

The TME plays a key role in tumor progression and affects clin-
ical treatment efficacy, especially the efficacy of immunotherapy.7 
Pancreatic cancer has a markedly immunosuppressive TME.8 Multiple 
types of immunosuppressive cells, including tumor-associated mac-
rophages, regulatory T cells (Tregs), and myeloid-derived suppres-
sor cells (MDSCs) are present in the TME.9 These cells secrete large 
amounts of immunosuppressive cytokines, such as interleukin-10 
(IL-10) and transforming growth factor-β (TGF-β), and increase the 
expression of immunosuppression-related receptors, such as cyto-
toxic-T lymphocyte-associated antigen 4 and programmed cell death 
protein 1 (PD-L1) on anti-tumor T cells.10–12 Thus, despite rapid 
advances in the development of immunosuppressive factor/recep-
tor-targeting agents, the efficacy of immunotherapy, (e.g., immune 
checkpoint inhibitors) is still limited in advanced PDAC, due to the 
inhibited anti-tumor immunity in the TME.13

Perineural invasion is a typical feature of pancreatic cancer and 
is associated with poor prognosis in PDAC patients.14 Recent stud-
ies have shown that cholinergic signaling triggered by perineural in-
vasion can decrease CD8+ T-cell infiltration and reduce their IFN-γ 
production, resulting in an enhanced immunosuppressive status in 
the TME.15 However, tumor cells and the immunosuppressive TME 
can change the structure and function of neuronal cells at the tumor 
site. Conversely, neurotransmitters released from neurons and pe-
ripheral glial cells can influence tumor progression in an autocrine 
and/or paracrine manner.14 It has been reported that the level of 
serotonin, a neuromodulator with neurotransmitter and neuroendo-
crine functions, is increased in human PDACs and is associated with 
the growth of pancreatic tumors in mice.16 In addition, the B-cell-
derived neurotransmitter gamma-aminobutyric acid promotes 
monocyte differentiation into anti-inflammatory macrophages that 
secrete IL-10 and inhibit the function of CD8+ T-cell killer.17 Thus, 
exploring the effects of neurotransmitters on PDAC progression 
may help uncover new therapeutic targets for patients with PDAC.

Neuromedin U is a highly conserved neuropeptide with multiple 
physiological functions, including smooth muscle contraction, me-
tabolism homeostasis, stress response, and inflammation.18 NMU ex-
erts its function via two main receptors: NMU receptor 1 (NMUR1) 
and NMU receptor 2 (NMUR2).19,20 NMU has raised interest as a 
new player in the tumorigenesis and/or metastasis of many types of 

cancer.18 This neuropeptide has been found to be highly expressed in 
the serum and tumor tissue of patients with hepatocellular carcinoma, 
and to be related to the increased percentage of M2 macrophages and 
the levels of Th2 cytokines IL-4, IL-10, and IL-13.21 High expression 
levels of NMU can reduce the overall survival rate of patients with 
neuroblastoma by activating immunosuppressive Tregs and inducing 
macrophage M2 polarization.22 NMU may also be a poor prognostic 
biomarker in lung adenocarcinoma.23 Furthermore, NMU overexpres-
sion may contribute to drug resistance in human epidermal growth 
factor receptor 2 (HER2)-positive breast cancer, by increasing the 
expression of the immunosuppressive molecules TGF-β and PD-L1.24

So far, the role of NMU in the oncogenesis and development of 
PDAC remains unclear. In this study, we found that NMU is an inde-
pendent prognostic factor for patients with PDAC and may regulate 
the anti-tumor activity of CD8+ T cells in the TME in an NMUR1-
dependent manner.

2  |  MATERIAL S AND METHODS

2.1  |  PDAC murine model

All animal experiments were approved and performed in accord-
ance with the guidelines of the Institutional Animal Care and Use 
Committee of China Medical University. NMU-targeted knockout 
mice (NMU−/−) on a C57BL/6 gene background were generated uti-
lizing the CRISPR/Cas9 method by Cyagen Biosciences Co., Ltd. 
(Guangzhou, China). Mice had fresh water and autoclaved food 
and were kept at the Laboratory Animal Center, China Medical 
University throughout all the experiments. To establish a murine 
model of PDAC, 2 × 105 Panc02 cells mixed in a 1:1 cell suspension 
with Matrigel (Corning, USA) were injected into the pancreas or the 
right axilla of mice. Tumor volumes were calculated using the for-
mula: 0.5 × length × width × width.25

2.2  |  Real-time PCR

Total RNA was extracted using TRIzol reagent (Life Technologies). 
Quantitative PCR was performed using the SYBR Green Master Mix 
(Life Technologies). The primer sequences are reported in Table S1. 
Results are normalized to β-actin and presented as fold mRNA ex-
pression (2−△△CT).

2.3  |  Western blotting

Panc02 cells were stimulated in vitro with 10 ng/mL of recombinant 
NMU (Phoenix Pharmaceuticals) in the presence or absence of 1 μg/
mL of anti-NMUR1 neutralizing antibody (EpiGentek, USA) for 24 h. 
Then, the signaling molecules were determined by western blotting.26 
Rabbit anti-NMU antibody/anti-NMUR1 antibody/anti-PI3K antibody/
anti-p-PI3K antibody/anti-AKT antibody/anti-p-akt antibody (Affinity 
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Biosciences) were used for the experiments. Meanwhile, 30 μM in-
hibitor LY294002 (GlpBio GC15485, USA) was utilized for blockade of 
PI3K activity in the cultured Panc02 cells. The immunocomplexes were 
visualized with the BeyoECL Plus Chemiluminescent Substrate. Protein 
band intensity was quantified using ImageJ software.

2.4  |  Immunohistochemistry assay

The tumor sections were cultured with the primary antibody against 
NMU as well as the biotinylated secondary antibody (Santa Cruz 
Biotechnology). Diaminobenzidine substrate was used to reveal im-
munoreactive products. The signal strength in tumor tissues was 
calculated using ImageJ software.

2.5  |  Isolation and culture of CD8+ T cells

In total, 1 × 105 of CD8+ T cells were sorted from the spleens of 
tumor-bearing mice or tumor tissues using Miltenyi magnetically la-
beled beads (Miltenyi Biotec, Cologne, Germany), and cultured in a 
24-well plate coated with 1 μg/mL anti-mouse CD3ε and 2 μg/mL 
anti-mouse CD28ε (BioLegend) for 72 h. Then these activated CD8+ 
T cells were stimulated with 10 ng/mL of recombinant NMU in the 
presence or absence of 10 μM GSK2837808A (GlpBio GC13464, 
USA) for 24 h. The percentages of IFN-γ-, perforin- and granzyme 
B-producing CD8+ T cells were collected by flow cytometry.

2.6  |  Statistical analysis

All values were displayed as mean ± standard deviation (SD). One-way 
ANOVA was used to compare differences between three or more 
groups. Student's t-test was applied to analyze the difference between 
the two groups. P-values <0.05 were considered statistically significant.

Materials and methods also including bioinformatics analysis, cell 
culture, preparation of single-cell suspension from tumor mass, flow 
cytometry, detection of intracellular lactate dehydrogenase (LDH) 
and pyruvate kinase (PK), Determination of lactate concentration, 
and ELISA assay are described in Data S1.

3  |  RESULTS

3.1  |  NMU expression is upregulated in tumor tissue 
and positively correlated with poor prognosis in PDAC

To explore the expression of NMU in patients with PDAC, the tran-
scriptome profiles of tumor tissues and non-carcinoma adjacent tis-
sues were downloaded from the TCGA-PAAD and GTEx databases. 
The analysis revealed that expression of NMU was significantly in-
creased in pancreatic tumor tissue compared to that in non-tumor 
pancreatic tissues (Figure 1A). Moreover, analysis of GEO data 

sets confirmed the high NMU expression of NMU in PDAC tissues 
(Figure 1B). We found the high expression of NMU to be negatively 
correlated with overall survival and disease-free survival, suggest-
ing that NMU may have independent prognostic value (Figure 1C–E). 
Furthermore, NMU expression was associated with the pathological 
stage and grade of pancreatic cancer, in patients (Figure 1F,G).

To further verify the bioinformatic analysis results, NMU ex-
pression in mouse pancreatic implant tumors was detected. We 
found that the levels of NMU mRNA and protein in tumor tissues 
were significantly higher than that in normal pancreatic tissues 
(Figure 2A–C). NMU was mainly localized in the intercellular space of 
the pancreatic tumor tissue, suggesting a role as a secretory protein 
(Figure 2D,E). Knockout of the Nmu gene in mice could significantly 
improve the survival of tumor-bearing mice (Figure 2F,G) and reduce 
the tumor weight and volume (Figure 2H,I). These results indicated 
that NMU may be a poor prognostic factor for patients with PDAC 
and is associated with the outcome of pancreatic cancer.

Notably, Panc02 cells can express NMUR1, but cannot produce 
NMU protein (Figure S1A,B). However, the levels of NMU in the pan-
creas of NMU-knockout mice were almost undetectable compared 
with that in the wild-type control mice (Figure S1C), suggesting that 
Panc02 cells may be target cells for NMU but not the cellular source 
of NMU. Indeed, by using immunofluorescence staining, we found 
that neurons might be the main cellular source of NMU in the pan-
creatic tissue (Figure S1D).

3.2  |  NMU impacts the abundance of immune cells, 
especially CD8+ T cells, in the TME of PDAC

Using the CIBERSORT algorithm, we found that NMU might influ-
ence the infiltration of immune cells into the tumor site. The num-
bers of immune cells, particularly CD8+ T cells in TCGA and GEO 
pancreatic cancer transcriptome database were different between 
high and low NMU expression groups (Figure S2A,B). In fact, knock-
out of the Nmu gene in mice resulted in a significant increase in the 
percentages and absolute numbers of CD8+ T cells and CD4+ T cells, 
but a decrease in the percentage and number of MDSCs in both 
tumor tissues (Figure 3A; Figure S3) and the spleen (Figure 3B) of 
tumor-bearing mice, suggesting that NMU may have a role in the 
regulation of the immune microenvironment in PDAC.

3.3  |  NMU diminishes the biological 
function of CD8+ T cells in TME of PDAC in a 
NMUR1-dependent manner

As NMU mainly impacted the percentage and numbers of T cells 
in the tumor tissues of PDAC (Figure 3A,B) and CD8+ T cells play 
a critical role in anti-tumor immunity,27 the effects of NMU on the 
biological function of CD8+ T cells in TME were determined. On day 
14 after tumor implantation, single-cell suspensions of tumor tis-
sues were prepared and analyzed using flow cytometry. As shown 
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F I G U R E  1  NMU is upregulated in tumor tissues and correlates with the poor prognosis of patients with (PDAC). (A, B) Boxplot showing 
the differential expression of NMU in normal and pancreatic cancer tissue in TCGA (A) and GEO (B) databases. (C, D) Comparison of OS (C) 
and DFS (D) in patients with PDAC expressing high (>median level) or low (<median level) NMU expression in the TCGA database. (E) OS 
in patients with PDAC with high (>median level) or low (<median level) NMU expression in the GEO databases. (F, G) Pearson's correlation 
analysis between NMU expression and clinicopathological variables in TCGA (F) or GEO (G) data. *p < 0.05; ***p < 0.001; ****p < 0.0001; 
ns = not statistically significant. NMU, neuromedin U; PDAC, pancreatic ductal adenocarcinoma.
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F I G U R E  2  NMU contributes to the progression of PDAC. (A) Real-time PCR analysis of NMU expression in tumor tissues. (B, C) Western 
blot analysis and quantification of NMU protein levels in tumor tissues. (D, E) Immunohistochemical staining and quantification of NMU 
protein levels in pancreatic tumor tissues. (F, G) Kaplan–Meier survival curve showing the survival of tumor-bearing mice after subcutaneous 
(F) or orthotopic (G) implantation of Panc02 cells. (H, I) Pancreatic tumor image (H) and volume and weight (I) in tumor-bearing mice. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001 by Student t-test. Scale bars = 100 μm. NMU, neuromedin U; PDAC, pancreatic ductal adenocarcinoma.
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in Figure 4, Nmu gene deletion in mice resulted in a significant in-
crease in the numbers of anti-tumor CD8+ T cells, including IFN-γ-, 
perforin-, and granzyme B-producing CD8+ T cells in tumor tissues 

(Figure 4A). Moreover, the expression of mRNAs for IFN-γ, perforin, 
and granzyme B in CD8+ T cells sorted from the tumor mass was 
increased in Nmu-knockout versus wild-type mice (Figure 4B). These 

F I G U R E  3  NMU affects tumor-infiltrating immune cells in tumor tissues from PDAC. (A, B) The percentage and absolute numbers of 
CD4+ T cells, CD8+ T cells, and MDSCs in pancreatic tumor tissues (A) and spleens (B). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by 
Student t-test. NMU, neuromedin U; PDAC, pancreatic ductal adenocarcinoma.
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results suggest that NMU exerts an inhibitory effect on the anti-
tumor activity of CD8+ T cells.

Although multiple types of cells, such as Panc02 tumor cells, 
CD4+ T cells and MDSC cells may express NMUR1 (Figure S4), tu-
mor-infiltrating CD8+ T cells expressed higher levels of NMUR1 on 
the cell surface (Figure 5A). In vitro stimulation of CD8+ T cells, which 
were sorted from the tumor tissues of tumor-bearing WT mice by 
immunomagnetic beads (the purity >90%), with recombinant NMU 
protein reduced their anti-tumor activity, as indicated by the de-
creased percentage and number of IFN-γ-, perforin- and granzyme 
B-producing CD8+ T cells following NMU treatment (Figure 5C). 

However, the NMU-induced effects in CD8+ T cells were blocked 
by inhibition of NMUR1 with a neutralizing antibody (Figure 5B,C). 
These results suggest that NMU might inhibit the anti-tumor activity 
of tumor-infiltrating CD8+ T cells in an NMUR1-dependent manner.

3.4  |  NMU regulates the function of CD8+ T cells 
by enhancing glycolysis in pancreatic tumor cells

NMU has been shown to enhance tumor glycolysis and impact im-
mune cell functions in breast cancer TME.28 Based on the expression 

F I G U R E  4  NMU reduces the anti-tumor activity of CD8+ T cells in tumor tissues. (A) Flow cytometry analysis of the percentage and 
absolute numbers of IFN-γ+CD8+ T cells, perforin+CD8+ T cells, and granzyme B+CD8+ T cells in tumor tissues. (B) Real-time PCR analysis of 
the expression of mRNA for IFN-γ, perforin and granzyme B in the sorted tumor-infiltrating CD8+ T cells. *p < 0.05;**p < 0.01; ***p < 0.001; 
****p < 0.0001 by Student t-test. IFN-γ, interferon-γ; NMU, neuromedin U.
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of NMU, data from TCGA databases were grouped for gene set en-
richment analysis (GSEA) of glycolytic metabolism. Among them, 
the pentose phosphate pathway and the glucose catalytic process 
had differential expression in the high and the low NMU groups 
(Figure S5A). Moreover, NMU expression was positively correlated 

with the levels of several glycolysis-related genes. (Figure S5B–E). 
These data suggest that NMU expression affects glycolytic metabo-
lism in pancreatic cancer cells.

To validate the bioinformatics analysis results, we observed that 
the expression of mRNAs for Hk1, Hk2, Ldha, Glut-1, Pkm2, Mct-1 and 

F I G U R E  5  NMU diminishes the biological function of tumor-infiltrating CD8+ T cells in a NMUR1-dependent manner. (A) Flow cytometry 
analysis of NMUR1 expression in CD8+ T cells sorted from the tumor tissues. (B, C) Sorted CD8+ T cells were in vitro stimulated with 
recombinant NMU (10 ng/mL) in the presence or absence of the anti-NMUR1 neutralizing antibody (1 μg/mL) for 4 h. Real-time PCR detected 
the relevant expression of IFN-γ, perforin and granzyme B mRNAs in the CD8+ T cells (B). Flow cytometry analyzed the percentage and 
the absolute numbers of IFN-γ+CD8+ T cells, perforin+CD8+ T cells, and granzyme B+CD8+ T cells (C). *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001by one-way ANOVA test. IFN-γ, interferon-γ; NMU, neuromedin U.
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Hif-1α was significantly decreased in the pancreatic tumor tissue from 
Nmu−/− mice compared with those in WT mice (Figure 6A). In addition, 
the protein levels of LDHA, GLUT-1, PKM2, and MCT-1 in the tumor 

tissues from Nmu−/− mice were correspondingly reduced (Figure 6B). 
Therefore, the activities of PK and LDH, which are enzymes that reg-
ulate lactate production, were significantly inhibited in tumor tissues 

F I G U R E  6  NMU regulates glycolysis in tumor tissues and affects CD8+ T-cell function. (A) Real-time PCR detected the relative 
expression of mRNAs for glycolysis-related factors and Hif-1α in tumor tissues. (B) Protein levels of key glycolytic factors in tumor tissues 
were detected using western blot. (C) The activities of PK and LDH in tumor tissue. (D) The concentration of lactic acid in tumor tissues. (E) 
Panc02 cells were stimulated with different concentrations of recombinant NMU for 24 h, and the expression of glycolysis-related factors 
and Hif-1α mRNAs were determined using real-time PCR. (F, G) Panc02 cells were stimulated with 10 ng/mL of recombinant NMU for 24 h. 
The activities of PK and LDH in the cells (F) and the concentration of lactate in the supernatants of cultured cells (G). (H) Panc02 cells were 
stimulated with 10 ng/mL of recombinant NMU for 24 h in the presence or absence of 10 μM GSK2837808A. The concentration of lactic acid 
in the culture supernatants was determined. (I) CD8+ T cells were sorted from the spleens of tumor-bearing mice and cultured in vitro with 
the supernatants from NMU-treated or NMU + GSK2837808A-treated Panc02 cells. Flow cytometry analyzed the percentages and absolute 
numbers of IFN-γ+CD8+ T cells, perforin+CD8+ T cells, and granzyme B+CD8+ T cells. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by 
Student t-test or one-way ANOVA test. IFN-γ, interferon-γ; NMU, neuromedin U.
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from Nmu−/− mice (Figure 6C). Furthermore, the concentration of lactic 
acid was decreased significantly in the tumor tissues of NMU-deficient 
mice (Figure 6D). Additionally, we observed that in vitro stimulation of 
Panc02 cells significantly induced the expression for Hk-1, Hk-2, Ldha, 
Glut-1, Pkm2, and Mct-1 (Figure 6E). Overall, these results demon-
strated that NMU regulates glycolysis in PDAC tissues.

To explore the molecular mechanism associated with the NMU-
mediated regulation of glycolysis, we assessed the enzymatic activi-
ties of PK and LDH in the Panc02 cells following recombinant NMU 
stimulation. We found that the activities of their enzymes were in-
creased (Figure 6F), as was the concentration of lactic acid in the cul-
ture supernatant (Figure 6G). Conversely, inhibition of LDHA activity 
with the inhibitor GSK2837808A, decreased NMU-induced lactate 
production by tumor cells, and the levels of lactic acid in the culture 
supernatant were down to the levels of the control PBS group after 
GSK2837808A treatment (Figure 6H).

NMU-regulated tumor cell glycolysis and the anti-tumor activ-
ity of CD8+ T cells were possibly correlated. The CD8+ T cells were 
treated with the supernatants from NMU-stimulated Panc02 cells, 
which contained a high concentration of lactic acid (Figure 6G). 

This treatment resulted in a decrease in the percentage and num-
bers of IFN-γ-, perforin-, and granzyme B-producing CD8+ T cells 
(Figure 6I). Conversely, treatment of CD8+ T-cell cultures with 
NMU + GSK2837808A-treated Panc02 cell supernatants, in which 
NMU-induced production of lactate by tumor cells was inhibited 
by GSK treatment (Figure 6H), restored the anti-tumor function of 
CD8+ T cells (Figure 6I). Suggesting that NMU-regulated glycolysis, 
especially the metabolic marker lactate in cancer cells, might affect 
the activity of CD8+ T cells.

3.5  |  NMU enhances the glycolytic metabolism in 
pancreatic cancer cells through the phosphoinositide 
3-kinase (PI3K)/AKT signaling pathway

Glycolysis is associated with tumor growth and immune evasion.29 
To reveal the correlation between NMU and glycometabolism in 
pancreatic cancer, the data from TCGA database was analyzed. We 
found that the expression of NMU was positively correlated with 
the PI3K/AKT signaling pathway in the pancreatic tumor (Figure 7A). 

F I G U R E  7  NMU regulates glycolytic metabolism in tumor cells through the PI3K/AKT signaling pathway. (A) Spearman correlation 
analysis between NMU and glycometabolism-related genes in TCGA database. (B) Panc02 cells were stimulated with 10 ng/mL recombinant 
NMU for 24 h in the presence or absence of 1 μg/mL anti-NMUR1 neutralizing antibody. Western blot detected the phosphorylated and 
total protein levels of PI3K/AKT in tumor cells. (C, D) Panc02 cells were stimulated with 10 ng/mL NMU recombinant proteins for 24 h in 
the presence or absence of 30 μM PI3K inhibitor. The activities of PK and LDH in tumor cells as well as the concentration of lactic acid in 
the supernatants were measured using detection kits. *p < 0.05; **p < 0.01; ***p < 0.001;****p < 0.0001 by one-way ANOVA test. NMU, 
neuromedin U.
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In vitro stimulation of Panc02 cells with recombinant NMU sig-
nificantly increased PI3K and AKT phosphorylation levels, in an 
NMUR1-dependent manner (Figure 7B). Conversely, the blockade 
of PI3K activity with the inhibitor LY294002 significantly inhibited 
NMU-induced activities of PK and LDHA in Panc02 cells (Figure 7C). 
In addition, NMU-induced elevation in lactic acid concentration in 
the supernatants of cultured tumor cells was significantly reduced 
by PI3K inhibitor treatment (Figure 7D). These results suggested 
that NMU regulates glycolysis in pancreatic cancer cells via aPI3K/
AKT pathway-mediated mechanism.

4  |  DISCUSSION

Pancreatic cancer is a highly aggressive gastrointestinal cancer, 
characterized by high mortality and low rates of early diagnosis.30,31 
Risk factors for PDAC are varied, including individual characteristics, 
genetic factors, and environmental factors.32 Thus, a better under-
standing of the molecular mechanisms underlying the malignancy 
of pancreatic cancer assumes particular relevance. NMU has been 
known as a neuroactive peptide, named for its powerful contractile 
effect on the rat uterine smooth muscle.33 However, studies on its 
biological function have revealed that NMU plays a role in the de-
velopment of pancreatic tumors.19 Liu et al. reported that NMU is 
involved in the invasion and metastasis of pancreatic cancer related 
to Yes-associated protein-1,34 whereas Lee et al. found that NMU 
could be specifically labeled as a potential marker of pancreatic in-
traepithelial neoplasia.35 Our bioinformatics data revealed that the 
high expression of NMU in pancreatic cancer tissues was associated 
with poor survival and primary clinical features of pancreatic can-
cer. These findings showed that increased NMU expression is an 
early and persistent event in pancreatic tumorigenesis that can be 
regarded as a potential marker for the early diagnosis of pancreatic 
cancer. Using a mouse model of pancreatic tumors, we were able 
to reproduce these observations. NMU expression was increased 
in tumors compared with non-tumor tissues. In contrast, knockout 
of Nmu−/− in mice bearing the tumors significantly slowed tumor 
growth and prolonged survival. These findings highlight the poten-
tial significance of NMU as a prognostic and therapeutic target in 
PDAC treatment.

In this study, we found that NMU expression negatively affected 
the abundance of immune cells in local tumors, reducing the num-
ber of immune-dominant T-cell populations and suppressing their 
immune functions. Here, a close relationship between NMU and 
the anti-tumor activity of CD8+ T cells was observed. As CD8+ T 
cells express the NMU receptor (NMUR1), it is possible that NMU 
might affect the function of CD8+ T cells via NMUR1. Indeed, NMU 
may diminish the biological function of CD8+ T cells in the TME of 
PDAC in an NMUR1-dependent manner (Figures 3, 4). In addition, 
as blocking the production of lactate by tumor cells may restore 
NMU-mediated suppression of anti-tumor activities of CD8+ T cells 
(Figure 6), tumor-derived lactate-mediated inhibition in the function 
of CD8+ T cells might also not to be ignored.

The lack of vascularization and the hypoxic environment in pan-
creatic tumors promote the Warburg effect in cancer cell metabolism, 
and the lactic acid generated is the main energy source for PDAC 
proliferation, invasion, and metastasis.36,37 NMU induces metabolic 
reprogramming in HER2-positive breast cancer cells, enhances py-
ruvate dehydrogenase activity, and promotes cancer stemness and 
epithelial-to-mesenchymal transition.28 Therefore, we investigated 
the oncogenic activity of NMU in PDAC metabolic rearrangements, 
showed differential enrichment in carbohydrate catabolic process-re-
lated genes, and positively correlated these with the expression of 
glycolysis-related factors. This finding suggests that NMU drives pan-
creatic tumor cells, leading to a switch to abnormal energy metabolism. 
Subsequently, we verified that the expression of key glycolysis genes 
and HIF-1α increased in a mouse model and in vitro recombinant NMU 
stimulation, resulting in increased activity of the key enzymes PK and 
LDH and promoting lactic acid production by tumor cells. Lactic acid 
can induce tumor-associated macrophages to differentiate into an M2-
like phenotype by activating HIF-1α, which induces the expression 
of arginase 1 and vascular endothelial growth factor, contributing to 
tumor invasion, metastasis, and angiogenesis.38,39

Studies have shown that HIF-1α promotes bladder cancer cell 
proliferation by upregulating PKM2-mediated glycolysis.40 Lactate in-
creases the frequency of MDSC recruitment in TMEs with low pH and 
inhibits lymphocyte homing, which is a strong contributor to immu-
nosuppression, interfering with perforin/granzyme B secretion by NK 
cells in an anti-tumor cellular pathway.41,42 These results prompted us 
to explore how lactate production elicited by NMU affects the CD8+ 
T-cell immune response in PDAC. An LDHA inhibitor was able to sup-
press lactic acid production by NMU-stimulated tumor cells, result-
ing in an enhanced ability of CD8+ T cells to produce IFN-γ, perforin, 
and granzyme B. This finding can be explained by the promotion of 
tumor-derived lactate by NMU to help tumor cells escape immune sur-
veillance; therefore, reducing lactic acid concentration in the immune 
TME can provide new approach for pancreatic cancer treatment.43

Based on the available evidence, we further explored whether 
NMU mediates lactic acid production in tumor cells through the 
PI3K/AKT signaling pathway. Genetic studies have shown that the 
most common missense mutation in pancreatic cancer is in KRAS, 
which mediates RAS signaling and affects PDAC proliferation and 
metabolism.44 PI3K and AKT are major downstream effectors of 
RAS signaling activated by KRAS mutations in PDAC to induce can-
cer progression via protein kinase phosphorylation.45,46 We found 
that NMU gene expression was positively correlated with key factors 
of the PI3K/AKT pathway in TCGA-PAAD database. Blockade of 
PI3K activity may inhibit NMU-induced activities of PK and LDHA, 
the key glycolytic enzymes in Panc02 cells, resulting in a decreased 
production of lactate by tumor cells (Figure 7), suggesting that then-
PI3K/AKT pathway may be a pivotal signaling pathway for NMU-
regulated glycolysis in the tumor cells. Indeed, it has been reported 
that the PI3K/AKT pathway regulates metabolism through a number 
of downstream transcription factors, including HIF1a, c-Myc, FOXO, 
ATF4, and SREBP, to control the expression of genes encoding met-
abolic enzymes.47
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Taken together, we concluded that NMU acts as a poor prognos-
tic factor for patients with PADC, and it can inhibit the anti-tumor 
activity of tumor-infiltrating CD8+ T cells directly in an NMUR1-
dependent manner. NMU may also enhance glycolysis in tumors, re-
sulting in increased lactate concentration in the TME, which further 
contributes to decreased CD8+ T-cell anti-tumor activity (Figure 8).
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