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Abstract

Progranulin (PGRN) is a growth factor with significant biological effects in different types of 

cancer. However, its role in melanoma progression has not been explored. In this study, we first 

analyze clinical datasets and show that high PGRN expression levels are correlated with poor 

prognosis of melanoma patients. Further, we demonstrate in a transplanted murine melanoma 

model in which the endogenous Grn gene encoding PGRN has been deleted that tumor-derived, 

not host-derived PGRN, promotes melanoma growth and metastasis. Immunological analyses 

reveal an enhanced infiltration of natural killer cells, but not T lymphocytes, into PGRN-deficient 

tumors compared to the wild type control. Antibody-mediated depletion confirms the critical role 

of NK cells in controlling B16 tumor growth. RNA-seq analysis reveals that several chemokines 

including CCL5 are strongly upregulated in PGRN-deficient tumor. Silencing CCL5 expression in 

PGRN-deficient tumor reduces NK cell recruitment and restores tumor growth to the control level. 

Lastly, we show that PGRN inhibits Ccl5 gene expression at the transcriptional level. This study 

highlights a novel and critical role of PGRN in melanoma growth and metastasis and suggests that 

it may represent a potential therapeutic target.
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1. Introduction

Progranulin (PGRN) is a growth factor also known as acrogranin, granulin/epithelin 

precursor (GEP), proepithelin (PEPI), PC cell-derived growth factor (PCDGF), and 88-kDa 

glycoprotein (GP88) [1]. PGRN has activities in various biological processes such as tissue 

remodeling and repair during embryonic development, cell proliferation, angiogenesis, 

tumorigenesis, wound repair, and inflammation [2]. Progranulin consists of 593 amino acids, 

and its precursor’s protein has a secretory signal peptide with seven and a half cysteine-rich 

~ 6 kDa repetitions in tandem, each of which is called granulin that can be generated by 

proteolytic cleavage of PGRN into the individual granulin peptides or bioactive fragments 

[3–8]. Secretory leukocyte protease inhibitor (SLPI) interacts with PGRN and protects it 

against elastase digestion [3]. Generally speaking, the role of PGRN is considered anti-

inflammatory whereas the granulin peptides have pro-inflammatory activities [9].

Recently, numerous studies have demonstrated the importance of PGRN in tumorigenesis 

and metastasis [10]. Overexpression of PGRN has been observed in clinical specimens of 

many types of cancer especially in cancers with high malignancy [11]. He et al. first showed 

that PGRN overexpression could promote renal epithelial cells’ malignant transformation 

and increase their tumorigenesis [12]. High PGRN expression is associated with elevated 

vascular endothelial growth factor (VEGF) expression in breast cancer, esophageal 

squamous cell carcinoma, and colorectal tumors [13–16]. PGRN promotes tumor cell 

division, survival, and invasion through the activation of the PI3K and ERK pathways, and 

induction of cyclin D1 and cyclin B expression [17, 18]. PGRN also increases cell migration 

and invasion by upregulation of the EMT regulators and activation of matrix metalloproteins 

2 and 9 in tumor cells [19–21]. PGRN facilitates breast cancer and multiple myeloma’s 

resistance to anticancer drugs but the mechanisms are currently unknown [22–24]. Last but 

not least, PGRN renders hepatocellular carcinoma cells resistant to natural killer cytotoxicity 

[25].

Melanoma is a cancer that originates from melanocytes which are found predominantly in 

skin and eye. Skin cancer is the third most common human cancer in the world. Each year, 

2–3 million cases of skin cancer are reported across the globe. At the early stage, it is 

curable by surgical resection however metastatic melanoma has a very poor prognosis and 

does not respond to current therapies [26]. Thus, new and more effective therapeutic targets 

and strategies are desired. In this study, we provide the first evidence for the impact of 

PGRN in melanoma growth and metastasis with human clincal data and in a murine model 

of melanoma. Our study suggests that PGRN may represent a novel clinical biomarker for 

diagnosis and prognosis of melanoma, as well as a potential target for therapy.
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2. Materials and methods

2.1. Mice

6–8 weeks old WT female C57BL/6 were purchased from Shanghai Jihui Laboratory 

Animal Care (Shanghai, China) and Grn−/− mice were generated as described previously 

[27]. Mice from both stains were maintained in the pathogen-free condition. All animal 

experiments were performed in accordance with approved protocols by the Institutional 

Animal Care and Use Committee of Shanghai Jiao Tong University.

2.2. Cell lines

B16-F10 murine cell line was purchased from the Cell Center of the Chinese Academy of 

Sciences (Shanghai, China) and cultured in DMEM with 10% fetal bovine serum (FBS) and 

1% penicillin/streptomycin.

To generate the stable B16-F10/Grn−/− cells, we used an online CRISPR Design Tool (http://

tools.genome-engineering.org), which provided by Zhang Feng team. Six different single-

guide RNA (sgRNA) constructs were used with the following sequences, the locations of 

PGRN-targeted sequences in the genome of mouse PGRN were shown in Supplementary 

Fig 1.A.

sgRNA1: ACCATCAACCATAATGCAGC

sgRNA2: AGATGATGGCTCGTTATTCT

sgRNA3: TCTATTTGCAGATAACCCCT

sgRNA4: ATAACGAGCCATCATCTAGA

sgRNA5: GGCTACCAGCCCTGCCGCGA

sgRNA6: GCCGGAACACAGTGTCCAGA

The sgRNA expression constructs were amplified by PCR and were cloned into the 

LentiCRISPRV2 plasmids. Large-scale extraction of the plasmid was performed by using 

the QIAGEN Plasmid Plus kit. After sequence verification of the gene of interest in the 

plasmid, a pair of plasmids were cotransfected to the B16-F10 cells by Lipofectamine 2000 

according to the manufacturer’s instructions. 48 hours post-transfection, cells were selected 

for single-cell clones expanded in 96-well plates. Clones were screened at the DNA 

(Supplementary Fig 1.B), RNA (Supplementary Fig 1.C) and protein level (Supplementary 

Fig 1.D) to ensure the obtained clones were successfully knocked out. After evaluation, 

clone P1+P2 which is simultaneously transfected by two plasmids containing sgRNA1 and 

sgRNA2 was selected for experiments.

Mouse PGRN reconstitution was obtained by transfecting plasmid pLVX-IRES-Puro with 

mPGRN cDNA insertion. CCL5 was knockdown by infection of lentiviruses pLKO.1-TRC 

containing two RANTES shRNA sequences (GTGTGTGCCAACCCAGAGA and 

CTATTTGGAGAT-GAGCTAG). Scramble shRNA (TTCTCCGAACGTGTCACGT) served 

as control.
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2.3. Tumorigenesis studies

For B16-F10 primary tumor growth, 1×106 cells in 100 ul of PBS were injected 

subcutaneously in right flank of the mice. Tumor sizes were monitored every other day using 

an electronic caliper. Tumor volume size was calculated by the equation 

(length×width×hight×0.52). To produce experimental lung metastasis, 5×105 tumor cells 

were injected intravenously (IV) into the lateral tail vein. Mice were sacrificed two weeks 

after injection and the lungs were dissected and performed immunological studies.

2.4. Cell proliferation assay

Cell proliferation was evaluated by using MTS assay (Promega) according to the 

manufacture’s protocol. B16-F10 cells (1×103 cells/well) were plated in 96 well plates and 

incubated for 24 hours. Then, the medium was replaced with 100 μl of fresh medium, 20 μl 

of the MTS reagent (CellTiter 96® AQueous One Solution Reagent) was added per each 

well. the plate was incubated in the 37 °C with 5% CO2 for 30 minutes. The absorbance was 

detected at 490 nm wave length with a 96-well plate reader.

2.5. Flow cytometry

The single cell suspensions were obtained followed protocol described previously. In brief, 

the primary tumors were dissociated in PBS with 1 mg/ml collagenase D and 4 μg/ml DNase 

I for 1 hour in 37 °C with periodic vortexing, and centrifuged at 500 g for 5–10 minutes, 

followed by removing red blood cells (RBC) by RBC lysis buffer. The cells were first 

blocked by anti-CD16/32 (101302, BioLegend) for 10 minutes to reduce nonspecific binding 

and then stained with following antibodies individually: PerCP/Cyanine5.5 anti-mouse 

CD45 (103131; BioLegend), PE anti-mouse NK-1.1 (108707; BioLegend), APC anti-mouse 

CD3 (100236; BioLegend), FITC anti-mouse CD69 (104505; BioLegend), FITC anti-

human/mouse Granzyme B (515403; BioLegend), and FITC anti-mouse IFN-γ (505805; 

BioLegend). Zombie Violet™ Fixable Viability Kit (423113; BioLegend) was used to 

determine cell viability.

2.6. In vivo NK and CD8 T cells depletion

The depletion of NK cells was performed by utilizing an anti-NK1.1 monoclonal antibody, 

which was provided by Dr. Joseph sun’s lab [28]. 250 μg of anti-NK1.1 (PK136) antibody 

per mouse was injected intraperitoneal on days −7, 7, 14 post tumor inoculation. The NK 

cells population were monitored by flow cytometry on day twenty by using NK1.1+ and 

CD3− antibodies.

To deplete CD8 T cells, 50 μg of anti-CD8a antibody per mouse were injected 

intraperitoneally on days −1, 3, 7, 11,15 post tumor cells injection. Control mice received 

equal amounts of IgG2a or PBS. The depletion efficiency was verified by FACS analysis of 

PBMC following anti-CD8α treatment.

2.7. Wound healing assay

A total of 5×105 WT or Grn−/− B16-F10 cells were seeded in 6-well plates in DMEM 

supplemented with 10% FBS. Twenty-four hours later, the plates were scratched by a 200 ul 
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pipette tip to generate a wound in cells monolayer. The closure of wound was monitored 

under an inverted microscope at different time points.

2.8. Invasion transwell assay

The Transwell assay was performed to determine cell migration and invasion as previously 

described. 8 um pore size chambers with BD Matrigel bedding in the basement membrane 

were used to determine cell invasion. 2×104 tumor cells were resuspended in 200 ul of 

serum-free media in the upper chambers and 750 ul of DMEM containing 10% FBS was 

placed in the lower chamber. After 12 hours of incubation, the filters were washed and fixed 

with 4% paraformaldehyde and stained with 0.5% crystal violet.

2.9. Soft agar colony formation assay

Each 6-well plate was coated with 1.5 ml of bottom agar (DMEM with/without 20% FBS 

and 0.5% agarose (CAS No. 9012-36-6)). 5×103 cells (B16-F10 cell lines) were suspended 

in top agar (DMEM with/without 20% FBS and 0.3% Agarose) in each well. The plate was 

incubated in 37 °C for 3 weeks. 100 μl of medium was added twice weekly to prevent 

desiccation of agar. Then the colonies were visualized by staining with 0.3 ml of 0.1% 

crystal violet solution (3 mL 0.5% crystal violet + 1.5 mL ethanol + 10.5 mL water).

2.10. Western blot

Cells were lysed in RIPA buffer supplemented with protease and phosphatase inhibitor. Total 

protein concentration was quantified by BCA Protein Assay Kit (23227; Thermofisher). 

Protein (20–40 μg) was resolved on a 10% SDS/PAGE gel and transferred to the PVDF 

membrane. The membrane was blocked with 3–5% BSA and probed by the primary 

antibodies against Granulin (ab191211, Abcam), or β-actin (sc-47778, Santa Cruz 

Biotechnology).

2.11. ELISA

The quantification of mouse CCL5 was performed by utilizing DuoSet ELISA kit (DY478, 

R&D system) according to the manufacturer’s protocol.

2.12. RNA extraction and qPCR assay

Total RNA was extracted using E.Z.N.A Total RNA Kit (R6812–02; Omega Bio-Tek), and 

cDNA was synthesized by using the PrimeScript RT reagent kit (TAKARA, RR047A) 

according to the manufacturer’s protocol. Real-time PCR analysis was carried out on CFX 

real-time PCR system (Bio-rad). The primer sets used in quantitation are mPGRN (forward 

5’-CTGCCCGTTCTCTAA-GGGTG-3’, reverse 5’-ATCCCCACGAACCATCAACC-3’), 

mCCL5 (forward 5’-GATGGAC-ATAGAGGACACAACT-3’, reverse 5’-

TGGGACGGCAGATCTGAGGG-3’).

2.13. Luciferase reporter assay

B16-F10 cells were transiently transfected with the PGRN expression plasmid and 

luciferase-reporter vectors containing CCL5 promoter region, and then stimulated by 100 

unit/ml of IFN-γ for 16 hours followed by luciferase reporter assay by using Dual-
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Luciferase system (Promega). The activity from Renilla luciferase were used as internal 

control. The luciferase activities were calculated based on the ratio of firefly to Renilla 

luciferase activity in transfected samples.

2.14. Bioinformatics analysis

The GRN mRNA expression data in Figure 1A was retrieved from GSE3189 [29] dataset 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE3189). The expression and 

clinical data of Figure 1B was from The Cancer Genome Atlas (TCGA) (https://

portal.gdc.cancer.gov). The clinical survival data of melanoma patients was retrieved 

according to the pipeline of Liu [30]. Kaplan–Meier analysis of percent survival was 

performed with R version 3.4.4 (https://www.r-project.org/about.html).

2.15. Pathway enrichment analysis

The 276 differentially expressed genes between WT and Grn KO B16-F10 cells were 

subjected to pathway enrichment analysis via Gene Ontology Biological Process of the 

Database for Annotation, Visualization and Integrated Discovery (DAVID) (https://

david.ncifcrf.gov/). The detailed expression profile of the most enriched pathway, immune 

response, was shown in the heatmap, which was generated with R version 3.4.4 (https://

www.r-project.org/about.html).

2.16. Statistics

For data analyzing, a two-tailed Student t-test was used. We considered p-value <0.05 

statistically significant and all data were presented as mean ± SEM or SD.

3. Results

3.1. High PGRN expression in human melanoma patients correlates with poor prognosis

To determine the role of PGRN in human melanoma, we used publicly available datasets of 

melanoma patients in The Cancer Genome Atlas (TCGA) and GEO databases. 

Bioinformatics analysis with the dataset of GSE3189 revealed that PGRN mRNA was 

significantly upregulated in malignant melanoma tissues compared with normal tissues (Fig. 

1A). Moreover, a Kaplan–Meier analysis based on the TCGA data revealed that high PGRN 

expression positively correlated with poor survival of melanoma patients in the cohort of 

cutaneous melanoma (Fig. 1B). According to the GRN expression level, the 472 samples of 

melanoma patient were allocated into low and high GRN-expressing groups, each group 

contains 236 samples. The Kaplan-Meier survival plot was grouped by the median 

expression of GRN in melanoma samples. Taken together, these results illustrate a 

significant association of PGRN expression with reduced survival in melanoma patients.

3.2. Tumor-derived, not host-derived PGRN regulates melanoma tumor growth and lung 
metastasis

To determine the role of PGRN in melanoma growth and metastasis, we used the B16-F10 

mouse melanoma model. We generated four monoclonal B16-F10 cell lines, sequentially 

numbered 1 through 4, in which the endogenous Grn gene was deleted via CRISPR/Cas9. 
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The clones exhibited very similar proliferative rates in vitro to the WT B16-F10 cells (Fig. 

2A) To further address the question about the cellular source of PGRN important for 

melanoma tumor progression, i.e., cancer cells, host cells or both, we used PGRN-deficient 

mice (Grn−/−) and one of the four B16-F10/Grn−/− clones, which were inoculated into the 

WT and Grn−/− mice. In both WT and Grn−/− mice, B16-F10/Grn−/− tumor cells lost to a 

significant degree the ability to grow whereas WT B16-F10 tumor cells retained the ability 

to grow even in Grn−/− mice (Fig. 2B). We then examined the ability of B16-F10/Grn−/− 

cells to metastasize to the lungs via intravenous injection and metastasis. The result shows 

that B16-F10/Grn−/− cells were highly defective in lung metastasis in both WT and Grn−/− 

mice (Fig. 2C). These data indicate that tumor-derived, not host-derived PGRN, plays a 

dominant role in B16-F10 progression, particularly in metastasis.

3.3. Reconstitution of PGRN expression restores tumor growth and metastasis

To rule out the off-target effect of the CRISPER/Cas9 method used to edit the Grn gene in 

B16-F10 melanoma, we reconstituted PGRN expression in B16-F10/Grn−/− cells to the WT 

level via a lentivirus-mediated expression vector. Real-time PCR (Fig. 3A) and Western blot 

(Fig. 3B) analyses confirmed the successful reconstitution of mPGRN expression. Upon 

subcutaneous inoculation of the PGRN reconstituted-PGRN B16-F10/Grn−/− cells in mice, 

we observed that their growth was completely restored to the WT level (Fig. 3C–D). By i.v. 

injection of the reconstituted tumor cells, a complete rescue of the severely impaired lung 

metastasis of B16-F10/Grn−/− cells was also ascertained (Fig. 3E). Together, these data 

validate the growth-and metastasis-promoting effects of tumor-derived PGRN.

3.4. PGRN deficiency results in reduced B16-F10 motility

Recently PGRN has been shown to promote tumor cell migration in multiple models such as 

bladder [31], ovarian [19], and breast cancers [21]. To determine the effect of PGRN on 

B16-F10 cell migration, we performed wound healing and transwell invasion assays in vitro. 

The results show that both migratory and invasive abilities of B16-F10/Grn−/− cells were 

compromised compared to WT B16-F10 cells (Fig. 4A and 4B, respectively). Besides, we 

evaluated anchorage-independent growth by assaying the colony-forming ability of B16-F10 

cells in soft agarose to examine the effect of PGRN on tumorigenicity of B16-F10 

melanoma cells. The result showed, B16-F10/Grn−/− almost completely abolished 

anchorage-independent growth in which the size and the number of colonies were reduced in 

comparison with control group (Fig. 4C). These data demonstrate that tumor-derived PGRN 

has an intrinsic ability to influence migration and invasion, which underlies its metastasis-

promoting activities in vivo.

3.5. PGRN deficiency causes immunological changes in the tumor microenvironment

We sought to determine the role of immune cells in PGRN-regulated B16-F10 growth by 

analyzing the infiltrating cells in the tumor microenvironment (TME) by flow cytometry. 

The results show that several major populations of CD45+ infiltrating cells increased to 

varying degrees in B16-F10/Grn−/− tumors: CD3−, NK1.1+ cells (Fig. 5A), CD11b+, F4/80+ 

macrophages (Fig. 5B) and CD11c+ MHC II+ dendritic cells (Fig. 5C), whereas CD4+ T 

cells (Fig. 5D), CD8+ T cells (Fig. 5E), and Gr1+ cells (further separated into Ly6C+ and 

Ly6G+ subpopulations) (Supplementary Fig 2. A), were not altered, nor were NK cells, 
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macrophages, CD8+, and CD4+ T cells in the spleen (Supplementary Fig 2. B, C, D, E, 

respectively). Consistent with an activated state of NK cells, MHC I expression was 

upregulated on the surface of B16-F10/Grn−/− tumors (Fig. 5F). The tumor sections were 

analyzed by immunohistochemistry, which confirmed that NK cells were more robustly 

infiltrated into the B16-F10/Grn−/−, compared with B16-F10 tumors (Fig. 5G). These data 

imply that NK cells present in TME may play an important role in PGRN-deficiency-caused 

tumor reduction.

To investigate the effect of PGRN deficiency on cytolytic activity of NK cells, we analyzed 

CD69 expression as an early activation marker as well as intracellular IFN-γ and Granzyme 

B (GzmB) levels in tumor infiltrating NK cells from mice bearing B16-F10 and B16-F10/

Grn−/− tumors. The result shows that PGRN deficiency caused increased CD69 and IFN-γ 
levels in NK cells. However, no significant difference was observed for GzmB expression 

between the ctrl and Grn−/− group (Fig. 5H). Overall, we conclude that PGRN-deficiency-

associated tumor reduction is due to enhanced NK cell infiltration and activation in the 

TME.

3.6. NK but not T cells are crucial in controlling PGRN-regulated B16-F10 growth

To determine if NK cells were required for the B16-F10 tumor growth inhibition relevant to 

PGRN, they were depleted in vivo using an anti-NK1.1 monoclonal antibody. The depletion 

efficiency was greater than 50% (Fig. 6A, B), and it resulted in a complete restoration of 

tumor growth in mice carrying the Grn−/− tumor to and over the WT level (Fig. 6C). In 

contrast, antibody-mediated depletion of CD8+ T cells had very little impact on WT and 

B16-F10/Grn−/− tumor growth in vivo (Fig. 6D). Taken together these results demonstrate 

that NK, but not T cells, are the major immune effectors that control B16-F10 tumor growth 

and that PGRN intrinsically affects NK infiltration into TME.

3.7. PGRN inhibits CCL5 expression NK cell recruitment

To understand how tumor-derived PGRN intrinsically affect NK recruitment to TME, we 

performed RNA-seq analysis of primary B16-F10 and B16-F10/Grn−/− tumors isolated from 

mice. Bioinformatic analysis of the data shows that 18 pathways were enriched in B16-F10/

Grn−/− vs WT tumors. The most differently expressed genes were involved in immune 

response pathways (Fig. 7A), and a heat map presents 22 genes that were significantly 

upregulated in the B16-F10/Grn−/− group in two independent tumors (Fig. 7B). Notably, 

numerous chemokines including CCL5 were among the upregulated genes in this group. 

High CCL5 expression was associated with recruitment of activated T cells, NK cells and 

M1 macrophages in human triple negative breast cancer [32] and in experimental tumor 

models [33]. CCL5 is instrumental in NK-mediated liver injury [34]. Therefore, we focused 

our attention on CCL5. To determine the role of CCL5 in NK cell infiltration to the tumor 

and in controlling tumor growth, we “knocked down” CCL5 expression in B16-F10/Grn−/− 

cells stably by using Lentivirus vectors delivering shRNAs (Grn−/−Ccl5KD). The efficiency 

of CCL5 expression silencing was verified by ELISA (Fig. 7C) and the effect of silencing 

CCL5 expression on NK cell recruitment to TME was confirmed by flow cytometric 

analysis (Fig. 7D). As a result of this manipulation, B16-F10/Grn−/−Ccl5KD tumor fully 

regained its growth capacity in vivo (Fig. 7E). These data demonstrate that CCL5 produced 
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by B16-F10/Grn−/− tumor is crucial for NK recruitment and control of B16-F10 tumor 

growth.

3.8. PGRN inhibits Ccl5 transcription in tumor cells

The fact that B16-F10/Grn−/− tumor produced elevated CCL5 suggests that PGRN is an 

inhibitor of CCL5 expression. This notion was confirmed by reconstitution of B16-F10/Grn
−/− tumor with mPGRN, which inhibited CCL5 expression at mRNA and protein levels with 

or without IFN-γ stimulation (Fig. 8A, B).

To further explore the molecular mechanism whereby PGRN inhibits CCL5 expression, we 

cloned the murine Ccl5 promoter region (−979, +8) upstream of a firefly luciferase reporter 

gene on the backbone of pGL3. The resulting reporter, pGL3-Ccl5, was transiently 

cotransfected with pCDNA3.1 expressing mPGRN (effector) into B16-F10 cells. The 

transfected cells were then stimulated with or without IFN-γ for 16 hours. The cells were 

lysed and luciferase activity was measured by a luminometer. The result shows that PGRN 

inhibited Ccl5 promoter-driven luciferase transcriptional activity (Fig. 8C). The inhibitory 

effect of PGRN on Ccl5 promoter was more pronounced when the cells were stimulated by 

IFN-γ. The inhibition appeared to be selectively on the Ccl5 promoter as the pGL3-SV40 

promoter-driven reporter activity was not significantly inhibited in IFN-γ stimulated cells. In 

addition, the PGRN-mediated inhibition was dose-dependent (Fig. 8D). These data 

demonstrate that PGRN inhibits CCL5 expression at the transcriptional level.

4. Discussion

PGRN as a growth factor is critically involved in a wide variety of physiological and 

pathological processes. Overall, many studies have demonstrated an anti-inflammatory role 

of PGRN in various pathological situations, as our previous work revealed that PGRN 

deficiency exacerbated immunological pathogenesis induced during sepsis and endotoxemia 

by uncontrolled induction of pro-inflammatory cytokines simultaneously by a reduction in 

IL-10 secretion [2]. PGRN’s activities in cancer are well-established, and numerous studies 

have pointed to its importance in cell proliferation [10, 35, 36], migration, invasion [20, 21], 

and angiogenesis [13]. In this study, we show that PGRN expression is associated with early 

and late stages of melanoma development and poor prognosis in human patients, suggesting 

that PGRN may be a disease marker for this type of cancer. Indeed, it has been suggested 

that PGRN concentrations in serum, urine or its expression in tissues can be useful for 

monitoring the clinical course of tumors and patient prognosis. PGRN expression in breast 

cancer tumor samples was found to be significantly correlated with tumor size, lymph node 

metastasis and angiogenesis [37]. Similar observations have been made in ovarian cancer 

[38, 39], prostate cancer [40], kidney cancer [41], chronic lymphocytic leukemia [42], non-

small cell lung carcinoma [43], and malignant lymphoma [44]. More extensive studies are 

needed to further explore the potential of and authenticate PGRN as a disease marker in 

melanoma.

It is noted with interest that PGRN levels are high in both benign melanocytic nevi and 

malignant melanomas, suggesting that PGRN may be required for tumor growth but it is 

unlikely a driver of melanocytic malignant development per se. The ultimate proof will 
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involve more definitive approaches such as overexpressing PGRN in normal melanocytes to 

see if it will drive the malignant transformation.

The impact of PGRN on tumor growth has been widely studied [12]. Here we show by 

editing the Grn gene and silencing its expression in B16-F10 tumor, the cellular motility and 

invasiveness decreased in vitro and tumor metastasis was impaired in mice. Whether the 

cell-intrinsic property of PGRN on cellular mobility can account completely for the B16-

F10 tumor’s lung metastasis without the involvement of extrinsic factors in TME remains to 

be formally established. We also demonstrate that tumor-derived PGRN promotes B16-F10 

tumor growth and PGRN deficiency enhances the production of CCL5 by tumor cells, which 

helps recruit immune cells, particularly NK cells, to TME to control tumor growth. NK cells 

have strong cytolytic activity against microbially infected cells and cancer cells [45]. 

Improving the infiltration of cytotoxic immune cells such as NK cells to the tumor bed can 

enhance the therapeutic effects of NK cell-based tumor immunotherapies [46]. Recently, the 

importance of NK-based immunotherapy in cancers has been extensively discussed. This 

process in the clinic has some limitations beside its advantage, for instance, NK Cell-based 

immunotherapy might be dysfunctional in solid tumors, but clinical trial studies have 

provided credible evidence that this strategy is beneficial for malignant melanoma therapy 

[47, 48].

CCL5, also known as RANTES, is one of the CC chemokine family members that are 

expressed in a variety of cells such as T lymphocytes, platelet, macrophages, synovial 

fibroblasts, tubular epithelium and specific type of tumor cells [49, 50]. CCL5 as a ligand 

can interact with three receptors: CCR1, CCR3, and CCR5. CCL5 induces chemotaxis in the 

inflammatory site by recruiting immune cells. In tumors, CCL5 may work as a double-edged 

sword. In some studies, it has been shown that tumor-derived CCL5 upregulates matrix 

metalloproteinase (MMP) expression that facilitates tumor invasion and metastasis by 

degrading the extracellular matrix [51]. Moreover, tumor-derived CCL5 can inhibit T cell 

responses and induce mammary primary tumor growth in mice [52, 53]. In contrast to the 

above studies there is some evidence that expression of CCL5 intratumorally induces anti-

tumor immunity by affecting tumor-specific and non-specific immune cells, such as DCs, 

CD4+ Th1 cells, CD8+ T cells, and NK cells and their recruitment to TME [54]. Mrowietz et 

al. reported that a subset of human melanoma cells express mRNA and secrete CCL5 protein 

which may be partly responsible for the recruitment of monocytes, T-cells and DCs into the 

tumors. However, higher levels of CCL5 secretion by six human melanoma cell lines were 

associated with increased tumor formation upon s.c. injection in nude mice [55]. The 

apparent “paradox” of this finding with our observation in this study may be squared off by 

the fact the experiment in question was performed in nude mice in which many types of 

immune cells are either absent or functionally defective.

There is ample evidence for a critical role of CCL5 in NK cell recruitment to inflamed 

tissues [56] but its role in NK cell recruitment to TME has not been extensively studied. Our 

finding is consistent with the recent report of Mgrditchian et al. [46] that tumor-derived 

CCL5 is a significant factor in recruiting NK cells to TME. The RNA-seq data presented in 

Fig 7 revealed several chemokines including CCL5 were strongly upregulated in PGRN-
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deficient B16-F10 tumor. It would be of interest to explore the involvement of other 

chemokines in immune cell mobilization and tumor control.

After secretion from the cytoplasm, PGRN may translocate to the nucleus and effect on 

select transcriptional machineries. Hoque et al. reported that PGRN could bind the histidine-

rich region of cyclin T1 and inhibits the function of the cellular positive transcription 

elongation factor b (P-TEFb) in the nucleus [57, 58]. In this study, we identified for the first 

time PGRN regulates Ccl5 gene transcription through which PGRN can inhibit on-going 

inflammatory cell mobilization and infiltration. Currently, it remains to be determined if the 

transcriptional inhibition of Ccl5 by PGRN is direct or indirect. Furthermore, it will be of 

interest to explore the impact of PGRN on major transcription factors such as NF-κB that 

drive CCL5 expression during inflammatory responses.

In summary, this study establishes a novel and substantial role for PGRN in melanoma 

growth and metastasis and suggests that it may represent a tangible therapeutic target for 

melanoma therapy, in addition to the prospect that PGRN may be a new marker for 

diagnosis of melanoma at an early stage.
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Highlights

• Progranulin (PGRN) expression is associated with human melanoma 

progression.

• PGRN promotes B16 experimental melanoma growth and metastasis.

• NK cells are crucial in controlling PGRN-facilitated B16 growth.

• Tumor-derived CCL5 is responsible for the recruitment of activated NK cells 

to the microenvironment.

• PGRN inhibits CCL5 gene transcription.
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Figure 1. High GRN expression correlates with poor survival of melanoma patients
(A) Analysis of GRN mRNA expression across various types of samples based on 

melanoma dataset GSE3189 from The Cancer Genome Atlas Genomic Common (TCGA-

GDC) Data Portal. (B) Kaplan–Meier curve based on TCGA Skin Cutaneous Melanoma 

(SKCM) dataset showing melanoma patient progression-free survival (PFS) grouped by the 

median expression of GRN (RNA-seq). (** P < 0.01; *** P < 0.01, two-tailed Student’s t-

test).
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Figure 2. Tumor-derived PGRN regulates melanoma tumor growth and lung metastasis
(A) Proliferation of B16-F10 and knocked out clones was measured by MTS assay. Error 

bars represent standard deviations (n=3). (B) 1×106 WT or Grn−/− B16-F10 tumor cells were 

injected subcutaneously to the WT or GRN KO mice (n=3) individually. Tumor growth was 

monitored with caliper every four days with a caliper and the tumor volume was shown as 

average ± SEM (*P < 0.05, ** P < 0.01, two-tailed Student’s t test). (C) 5×105 WT or Grn
−/− B16-F10 tumor cells were injected intravenously through tail vein to the WT or GRN KO 

mice (n=3 with 3 repeats) individually. After 12 days, mice were sacrificed and lung tissues 

were dissected. Representative images of whole lung with metastatic tumor nodules from 3 

mice each group were shown.
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Figure 3. Tumor growth and metastasis of Grn−/− B16-F10 tumor cells was rescued after 
mPGRN reconstitution
Grn−/− B16-F10 cells were transfected by plasmid encoded mPGRN mRNA, and stable cell 

lines B16-F10/Grn−/− mPGRN were generated based on puromycin selection. The mRNA 

(A) and protein (B) levels of PGRN in B16-F10/Grn−/− mPGRN is equivalent the one in WT 

B16-F10 cells. Quantitative PCR experiments were performed in triplicate and repeated 

three times. Results were presented as mean ± SEM. (**P < 0.01, *** P < 0.001, two-tailed 

Student’s t test). (C) 1×106 WT, or Grn−/−, or Grn−/−mPGRN B16-F10 cells were injected 

subcutaneously in the right flank subcutaneously to C57BL/6 mice (n=3 per group). 

Representative images of tumor dissected after 16 days are shown in (C) right side. (D) 

Tumor size was measured at the indicated times. The experiment was repeated two times. 

Data, presented as mean ± SEM, are representative of the two independent experiments. 

(**P < 0.01, *** P < 0.001, two-tailed student’s t test). (E) 5×105 WT, or Grn−/−, or Grn
−/−mPGRN B16-F10 cells were injected intravenously into the tail vein (n=4 per group) to 

6–8 weeks old female C57BL/6 mice. After 12 days, the mice were sacrificed, and lung 

tissues were dissected. Representative images of whole lungs with metastatic tumor nodules 

from 2 mice each group are shown.
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Figure 4. PGRN deficiency reduced tumors’ migratory and metastatic capacities
(A) Scratch wound-healing assay of WT and Grn−/− B16-F10 cells. The distance was 

measured at indicated time points. Data from triplicate experiments were presented as mean 

± SD. (*** P < 0.001, two-tailed Student’s t test). (B) Transwell invasion assay of WT and 

Grn−/− B16-F10 cells. The experiment was performed in triplicate for each group. (C) Grn 
deletion decreases anchorage-independent growth of B16-F10 cells. WT and Grn−/− B16-

F10 cells were subjected to soft-agar colony formation assay. The colonies were stained by 

crystal violet and counted by using ImageJ software. Data from triplicate experiments were 

presented as mean ± SD. (*P < 0.05, *** P < 0.001, two-tailed Student’s t test).
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Figure 5. Differential involvement of the immune system in Grn−/− B16-F10 tumor
1×106 WT, or Grn−/−B16-F10 cells were injected subcutaneously in the right flank to 

C57BL/6 mice.18 days later, primary tumors were dissected. Single cell suspensions were 

obtained from these tissues and stained for (A) CD3− NK1.1+ cells, (B) CD11b+ F4/80+ 

macrophages, (C) CD11c+ MHC II+ dendritic cells, (D) CD4+ T cells, (E) CD8+ T cells. 

The percentage of each type cells were calculated based on total CD45+ cells. (F) MHC I 

and PD-L1 expression on the B16-F10/Grn−/− tumors were analyzed by FCM. Data were 

presented as mean ± SD (* P < 0.05, two-tailed Student’s t test). n=3 mice per group. (G) 

Immunohistochemical staining for NK cells in ctrl and B16-F10/Grn−/− tumor section by 

using anti-NK1.1 antibody (Scale bar, 100 μm). (H) Live cells were gated and the gate 

including CD45+ cells were analyzed for NK1.1, CD69, IFN-γ, and GzmB. Quantification 

of active NK cells (NK1.1+CD69+, NK1.1+IFN-γ+, NK1.1+GzmB+) infiltrating to the tumor 

was reported as a percentage of total NK cells. Data were presented as mean ± SEM (* P < 

0.05, *** P < 0.001, two-tailed Student’s t test). n=3 mice per group.
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Figure 6. NK cells are required to control PGRN-regulated B16-F10 growth
(A-B) NK cells were depleted in B16-F10 and B16-F10/Grn−/− tumor-bearing mice by using 

anti-NK1.1 monoclonal antibody. The NK cell depletion in tumor was confirmed by NK1.1+ 

CD3− staining gated on CD45+ cells. (C) Tumor volume was measured every two days 

starting day 10. n=5 mice per group. Data are presented as mean ± SD (* P < 0.05, **P < 

0.01, and *** P < 0.001 by Student t test). (D) B16-F10 and Grn−/− cells were injected 

subcutaneously and treated with 50 μg of anti-CD8α antibody. Tumor growth were 

measured from day 10 onward. Data are presented as mean ± SD (**P < 0.01 by Student t 

test).
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Figure 7. CCL5 overexpression pivotally affects the B16-F10/Grn−/− tumor growth
(A) RNAseq was performed for WT, or Grn−/− tumor dissected from mice and the data were 

analyzed by using DAVID (Database for Annotation, Visualization, and Integrated 

Discovery) for 276 genes. The top 18 enriched terms are presented as bar graphs. (B) The 

heat map shows genes with ≥ 4-fold increasing in B16-F10/Grn−/− RNA-Seq data compared 

to WT tumor. (C) 24 hours after cell seeding, CCL5 secretion into the supernatant of the 

cells was measured in B16-F10, B16-F10/Grn−/− and B16-F10/Grn−/−Ccl5KD mice by 

ELISA. Data are presented as the average ± SEM. *** P-value < 0.001 by Student t test. (D) 

B16-F10, B16-F10/Grn−/− and B16-F10/Grn−/−Ccl5KD tumors cells were injected to the 6–8 

weeks old C57BL/6 mice subcutaneously. At day 18, tumors were dissected and infiltrating 

NK cells were measured by flow cytometry. n=4 per each group. Data were presented as 

mean ± SEM (*** P < 0.001 by Student t test). (E) Tumor growth was measured after B16-

F10, B16-F10/Grn−/− and B16-F10/Grn−/−Ccl5KD cells (1×106 cells/mouse) injection 

subcutaneously. Data are presented as mean ± SEM. ** P < 0.01 (two-tailed student’s t test). 

n=4 per each group.
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Figure 8. PGRN inhibits Ccl5 transcription in tumor cells
(A) Quantitative PCR measuring mRNA level of CCl5 in B16-F10 cells after stimulation 

with 100 U/ml IFN-γ. Data (means ± SEM) are representative of two independent 

experiments with triplicate each group. (* P < 0.05, **P < 0.01, *** P < 0.001 by Student t 

test). (B) CCL5 protein level was measured by ELISA in the supernatant of WT, or Grn−/−, 

or Grn−/− mPGRN B16-F10 cells after stimulation with 100 U/ml IFN-γ. Data presented as 

means ± SEM (* P < 0.05, **P < 0.01, *** P < 0.001 by Student t test). (C) B16-F10 cells 

were cotransfected with mouse Ccl5 Promoter-Luc and PGRN overexpressing, followed 

with or without IFN-γ stimulation for 16 h. Luciferase activity was measured from cell 

lysates by dual luciferase assay. Results are presented as mean ± SEM of three individual 

experiments. **P-value < 0.01, ***P-value < 0.001 (D) 1 μg of pGL3-CCL5-Luc was 

cotransfected with increasing concentrations of pCDNA3.1-PGRN. Data were presented as 

mean ± SEM. ** < 0.01; *** P < 0.001 by student t test.
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