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been decreasing due to improvements in screening and treat-
ment methods, the therapeutic options for metastatic LUSC 
are still limited. A deeper understanding of the molecular 
mechanisms underlying LUSC metastasis is critical for the 
development of better treatment modalities.

Signal feedback loops are essential components of the 
complex regulatory networks acting in cancer cells, and 
have been considered to be associated with cancer devel-
opment, progression and metastasis [3–5]. LUSC, as a 
high incidence solid tumor, has been extensively studied 
in recent years regarding its signal transduction regulation. 
But, as yet feedback loop/crosstalk-related reports are still 
limited. Here, we revealed a novel regulatory feedback 
loop in LUSC which plays a key role in its progression and 
metastasis, implicating that intervention through this loop 
may have therapeutic effects.

The fibroblast growth factor 19 (FGF19) gene is highly 
conserved and has broad effects in various tissues ranging 

1 Introduction

Lung squamous cell carcinoma (LUSC) is one of the leading 
causes of cancer-associated death, with a rising incidence 
worldwide [1, 2]. Although the mortality rate of LUSC has 
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Abstract
Purpose Metastatic lung squamous cell carcinoma (LUSC) is one of the most common causes of cancer death worldwide. 
As yet, however, the molecular mechanism underlying LUSC metastasis remains elusive. In this study, we report a novel 
mechanism involving signaling interactions between FGF19 and GLI2 that could drive the progression of LUSC.
Methods The expression of FGF19 in human LUSC samples was assessed by immunohistochemistry. The concentration of 
FGF19 in serum samples was assessed by ELISA. RNA sequencing, scratch wound-healing, trans-well, GO analysis, GSEA, 
luciferase reporter, Western blotting, immunofluorescence and immunohistochemistry assays, as well as an animal model 
were used to investigate the molecular mechanism underlying FGF19 driven LUSC progression. The therapeutic effect of a 
GLI2 inhibitor was determined using both in vitro cellular and in vivo animal experiments.
Results We found that FGF19, a member of the fibroblast growth factor family, plays a crucial role in the invasion and 
metastasis of LUSC, and identified GLI2 as an important downstream effector of FGF19 involved in metastasis. Surpris-
ingly, we found that FGF19 and GLI2 could reciprocally induce the expression of each other, and form a positive feedback 
loop to promote LUSC cell invasion and metastasis. These findings were corroborated by an association between a poor 
prognosis of LUSC patients and FGF19/GLI2 co-expression. In addition, we found that the GLI inhibitor GANT61 could 
effectively reduce FGF19-mediated LUSC invasion and metastasis.
Conclusion Our data suggest that FGF19 may serve as a novel biomarker for predicting metastatic LUSC. Intervening with 
the FGF19-GLI2 feedback loop may be a strategy for the treatment of FGF19-driven LUSC metastasis.
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from fish to human [6, 7]. It has for instance been found 
that FGF19 regulates various metabolic processes, includ-
ing gallbladder filling, hepatic lipid storage, glucose homeo-
stasis and bile acid metabolism [8–10]. In addition, it has 
been found to promote the progression of several cancers 
such as colorectal adenoma, hepatoblastoma, prostate 
cancer and breast cancer [11–14]. FGF19 is an endocrine 
fibroblast growth factor that specifically binds and activates 
fibroblast growth factor receptor 4 (FGFR4) in conjunc-
tion with β-klotho [15, 16]. Increasing evidence indicates 
that a highly activated FGF19-FGFR4 signaling axis acts 
as an important driver of lung cancer development. Previ-
ously, we and others have shown that FGF19 may regulate 
multiple LUSC functions in a FGFR4-dependent manner, 
such as chemotherapy resistance, cell cycle progression and 
proliferation [17–20]. Recently, FGF19 has emerged as a 
key regulator of epithelial-mesenchymal transition (EMT), 
a critical event in cancer metastasis [21, 22]. FGF19/FGFR4 
signaling can e.g. restrict and switch melatonin in head and 
neck cancer to promote metastasis [23]. These reports sug-
gest that FGF19 may be an important regulatory factor pro-
moting the invasion and metastasis of cancer cells. As yet, 
however, it remains to be investigated whether the FGF19 
signaling pathway regulates LUSC metastasis.

The classical Hedgehog/GLI (HH/GLI) signaling path-
way includes ligands (SHH, IHH and DHH), receptors 
(PTCH 1 and PTCH 2), transcription effectors (GLI1/2/3) 
and regulatory proteins. Their superior and subordinate rela-
tionships constitute complex regulatory cascades [24]. It has 
been reported that abnormal HH/GLI signaling may be asso-
ciated with the occurrence of a variety of diseases including 
cancer [24, 25]. Alterations in this pathway may not only 
lead to an increase in HH/GLI signal transduction, but may 
also engage additional subsets of pathway interactions and 
atypical mechanisms of pathway activation, such as K-Ras 
and TGFβ activation in pancreatic cancer [26] and loss of 
SMARCB1 activity in malignant rhabdoid tumors [27] as 
well as TNFα via mTOR in esophageal cancer [28]. All of 
these are important contributors to disease progression.

Here, we show that FGF19 may play a crucial role in the 
invasion and metastasis of LUSC, and that GLI2 may serve 
as an important downstream effector of FGF19 involved 
in metastasis. We also found that GLI2 induces increased 
FGF19 expression in LUSC by elevating its transcription 
levels, thereby forming a positive feedback loop to facilitate 
LUSC metastasis. Administration of GANT61, a transcrip-
tional inhibitor of GLI2, was found to effectively disrupt 
reciprocal FGF19-GLI2 signaling and suppress FGF19-
mediated LUSC metastasis. Our results indicate that target-
ing GLI2 may be a promising option for the treatment of 
FGF19-high LUSC.

2 Materials and methods

2.1 Cell culture and reagents

SK-MES-1, H520, H1703 and HCC15 cells were purchased 
from the ATCC and cultured in accordance with the indi-
cated protocols. All human cell lines have been authenticated 
using STR profiling within the last 3 years. All experiments 
were performed with mycoplasma-free cells. Recombinant 
human SHH protein (Peprotech, 100 − 45) was used to acti-
vate HH/GLI2. GANT61 (MedChemExpress, HY-13,901) 
and cyclopamine (TargetMol, T2825) were dissolved in 
DMSO, and then aliquoted and stored at − 80 °C for in vitro 
studies.

2.2 Lentivirus transduction and generation of 
stable cell lines

Lentivirus production was performed as previously 
described [29]. Tumor cells were transfected with lentivi-
rus in 12-well plates at 40% confluency, after which stably 
transfected cells were sorted by flow cytometry.

2.3 Tissue microarrays and peripheral blood 
samples

Tissue microarrays were obtained from commercial sources 
(Superchip). A total of 5 normal lung samples, 22 primary 
lung cancer samples and 7 metastatic lung cancer samples 
were included. In addition, 139 (10 normal and 129 NSCLC) 
peripheral blood samples were obtained from Shanghai 
Chest Hospital. All patients were informed of the study and 
consented to the use of samples for research purposes. The 
study was approved by the Research Ethics Committee of 
the School of Biomedical Engineering, Shanghai Jiao Tong 
University.

2.4 Western blot analysis

Cells were lysed for protein extraction after which West-
ern blotting was performed as previously described [29]. 
The following antibodies were used in the Western blotting 
assays: anti-β-Actin (Proteintech, 66009-1-Ig), anti-FGF19 
(R&D System, AF969), anti-GLI2 (Santa Cruz Biotechnol-
ogy, sc-271,786), goat anti-mouse IgG-HRP (Sangon Bio-
tech, D110087), goat anti-rabbit IgG-HRP (Sangon Biotech, 
D110058) and donkey anti-Goat IgG-HRP (Sangon Bio-
tech, D110115). Other antibodies were obtained from Cell 
Signaling Technology.
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2.5 Enzyme-linked immunosorbent assay (ELISA)

Blood samples were collected using a serum separator tube 
and allowed to clot for 30 min at room temperature before 
centrifugation at 1000 g for 15 min. Next, serum samples 
were collected and stored at − 80 ° C until use. The FGF19 
concentration in the serum samples was assessed using an 
ELISA Kit (R&D SYSTEMS, Catalog No. DF1900) fol-
lowing the manufacturer’s instructions.

2.6 mRNA-seq analysis

Total RNA of stably transfected SK-MES-1 cells was 
extracted using RNAiso reagent (Takara, 9109), followed 
by treatment with RNase-free DNase I to remove con-
taminating genomic DNA. A Qubit® RNA Assay Kit in a 
Qubit®2.0 Flurometer (Life Technologies, CA, USA) was 
used to assess the quality and quantity of RNA. Sequencing 
libraries were prepared using a Hieff NGS™ MaxUp Dual-
mode mRNA Library Prep Kit from Illumina® (YEASEN, 
12301ES96) following the manufacturer’s instructions. 
Polymerase chain reaction (PCR) products were purified 
(AMPure XP system) and the library quality was assessed on 
an Agilent Bioanalyzer 2100 system. Paired-end sequenc-
ing was performed on HiSeq XTen sequencers (Illumina, 
San Diego, CA, USA). The quality of sequenced data was 
evaluated using FastQC (version 0.11.2). Raw reads were 
filtered by Trimmomatic (version 0.36) according to several 
steps: 1) Remove adaptor sequences if reads contain them, 
2) Remove low quality bases from reads 3’ to 5’ (Q < 20), 
3) Remove low quality bases from reads 5’ to 3’ (Q < 20), 
4) Use a sliding window method to remove base values less 
than 20 of read tails (window size is 5 bp), 5) Remove reads 
with read lengths less than 35 nt and its pairing reads. The 
remaining clean data were used for further analysis. String-
Tie (version 1.3.3b) was used to calculate the expression 
values of the transcripts. DESeq2 (version 1.12.4) was used 
to determine differential gene expression, and genes were 
considered to be significant differentially expressed when 
p < 0.001 and |FoldChange| > 2.

2.7 Immunofluorescence (IF) and 
immunohistochemistry (IHC)

IF and IHC assays were performed as previously described 
[29]. Stained sections were stored at 4℃ until imaging and 
Image J software was used for analysis.

2.8 Scratch wound-healing migration assay

SK-MES-1 and H1703 cells were grown to a density of 
90% after transfection or drug treatment. Next, they were 

scratched (‘wounded’) and cultured in fresh medium con-
taining 1% serum (FBS). Photomicrographs were taken at 
the indicated time intervals after scratching.

2.9 Trans-well migration and invasion assays

SK-MES-1 and H1703 cells in medium supplemented with 
1% FBS were seeded into a trans-well chamber (CORNING, 
3422) or Matrigel-coated (CORNING, 356,231) membrane 
trans-well chamber. After incubation, migrated or invaded 
cells were stained as described before [30]. The stained cells 
were photographed and three randomly selected fields were 
counted.

2.10 Luciferase reporter assay

Cells were seeded in 24-well plates (5 × 103 cells/ well) and 
incubated for 24 h at 37 °C and 5% CO2. Next, the cells 
were transfected with a luciferase reporter plasmid using 
Lipofectamine 3000 (Invitrogen, USA). Subsequent lucif-
erase activity was detected after cell lysis using a Dual 
Luciferase Assay (Promega, USA) according to the manu-
facturer’s instructions.

2.11 In vivo orthotopic model, metastasis model 
and bioluminescence imaging (BLI)

An orthotopic lung cancer model was constructed as pre-
viously described [18]. Twenty male BALB/c nude mice 
(5 weeks old) were used to construct the model. Next, the 
mice were randomly grouped and enrolled into treatment 
groups. GANT61 (MedChemExpress, HY-13,901), diluted 
in a 1% (v/v) solution of Tween-80 (Sigma, P1754), was 
given orally to the mice at 40 mg/kg body weight four times 
a week. Mouse body weights and survival periods were 
recorded. After 25 days, a BLI assay was performed. After 
imaging, lungs were excised and photographed, followed by 
GLI2 and Ki67 staining. For metastasis models, BALB/c 
nude mice (6 weeks old) were used. 1 × 106 SK-MES-1 
cells, infected with LV-FGF19 or LV-Control were injected 
into the mice by tail vein injection. All the above animal 
experiments were approved by the Research Ethics Com-
mittee of the School of Biomedical Engineering, Shanghai 
Jiao Tong University.

2.12 TCGA, Oncomine and Kaplan-Meier plotter 
data analyses

Relative copy number and mRNA levels of FGF19 and 
GLI2 of provisional LUSC TCGA samples were down-
loaded from the Oncomine and cBioPortal databases. Lin-
ear regression and Spearman correlation analyses between 
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these data indicate that high FGF19 expression is associated 
with malignant progression of LUSC.

3.2 FGF19 enhances LUSC cell migration, invasion 
and metastasis

To further examine the role of FGF19 on LUSC progres-
sion, we first up-regulated FGF19 in LUSC cell lines (SK-
MES-1 and H1703) by lentiviral transfection (Supplemental 
Fig. S3a). We found that exogenous up-regulation of FGF19 
significantly increased the migratory and invasive abili-
ties of both H1703 and SK-MES-1 cells (Fig. 2a, Supple-
mental Fig. S3b). Using an in vivo lung cancer metastasis 
model, we found that up-regulation of FGF19 significantly 
increased the incidence of lung metastases from LUSC cells 
and resulted in a larger number of intrapulmonary nodules. 
Relative to the control group, high FGF19 expression led 
to a rapid formation and progression of metastases, as well 
as a severe weight loss in mice (Fig. 2b-e). Consistently, 
using an orthotopic SK-MES-1 LV-FGF19 cell implanta-
tion assay, we found that FGF19 overexpression led to an 
increased number of metastatic nodules formed in mul-
tiple body organs and tissues (Fig. 2f-h, Supplemental Fig. 
S3c), an increased bioluminescence intensity (Fig. 2i) and 
an increase in pulmonary tumor lesions (Supplemental Fig. 
S3d), as well as a severe weight loss (Fig. 2j) and a shorter 
overall survival time (Fig. 2k). Collectively, these data indi-
cate that FGF19 may enhance LUSC cell migration, inva-
sion and metastasis.

3.3 FGF19 promotes LUSC cell invasion via GLI2-
driven EMT

To understand how FGF19 promotes LUSC cell migration, 
invasion and metastasis, we examined transcriptome levels 
in FGF19 overexpressing LUSC (SK-MES-1 LV-FGF19) 
and control (SK-MES-1 LV-NC) cells by RNA-seq, and 
compared the differences between the two. Through GO 
enrichment analysis and GSEA, we found that FGF19 
upregulation significantly promoted cell motility and migra-
tion, and that this was associated with EMT (Fig. 3a-b). 
We further explored the regulatory effect of FGF19 on the 
expression of key genes associated with EMT. Using immu-
noblotting, we found that FGF19 upregulation increased 
SNAIL, SLUG, ZEB1, N-cadherin and MMP3 expres-
sion, while decreasing E-cadherin and CLDN1 expression, 
illustrating the tumor promoting effect of FGF19 on EMT 
(Fig. 3c).

As an extracellular factor, FGF19 does not directly affect 
the expression of EMT-related genes. Therefore, we next 
explored which factors could mediate the regulation of 
EMT-related genes by FGF19. Using KEGG analysis, we 

mRNA levels of FGF19 and GLI2 were conducted. Prog-
nostic values of FGF19 and GLI2 mRNA levels were ana-
lyzed by Kaplan-Meier survival curves of NSCLC patients, 
using the Kaplan-Meier Plotter tool (www.kmplot.com/
analysis) [31].

2.13 Gene Set Enrichment Analysis (GSEA)

GSEA was performed using RNA-seq data and cBioPortal 
database data (TCGA, PanCancer Atlas). Genes were sorted 
according to the FGF19/GLI2 expression ratio, after which 
the top 50% and bottom 50% genes were selected for data 
analysis according to the official user guide of GSEA.

2.14 Statistical analysis

GraphPad Prism 8 software was used for statistical analy-
sis. All data are presented as mean ± SD. Paired or unpaired 
Student’s t-test or ANOVA were used to assess statistical 
significances between two groups. P < 0.05 was considered 
statistically significant.

3 Results

3.1 FGF19 is highly expressed in metastatic 
lung cancer patients, and its high expression is 
associated with a worse OS and PFS

To assess the correlation of FGF19 protein expression in 
LUSC tissues with patients showing progression, we used 
LUSC tissue microarrays. Through IHC, we found that 
FGF19 was hardly expressed in normal lung tissues, but was 
highly expressed in lung cancer tissues. The FGF19 protein 
abundance correlated with the disease stage and metastasis 
status of the lung cancer patients (Fig. 1a-b). Since FGF19 
is a secreted protein, detection of its serum level is a mean-
ingful approach to assess its contribution to lung cancer 
malignancy. We found that higher FGF19 levels in patient 
sera were significantly associated with advanced lung can-
cer stages and metastasis (Fig. 1c), and that the level of free 
FGF19 protein in the sera of patients with metastasis was 
significantly higher than that of patients without metastasis 
(Fig. 1c, Supplemental Fig. S1). Next, we used TCGA data 
for gene set enrichment analysis (GSEA), and found that 
FGF19 concomitantly upregulated genes were enriched in 
the metastasis up and EMT cohorts (Fig. 1d). Furthermore, 
we found that high FGF19 mRNA expression was strongly 
associated with worse overall survival (OS) and progres-
sion-free survival (PFS) rates according to the Kaplan–
Meier plotter database (KM plotter, http://kmplot.com/
analysis/) (Fig. 1e, Supplemental Fig. S2). Taken together, 
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tissues in the Weiss Lung dataset and in the TCGA Lung2 
dataset (Fig. 4c). Concordantly, we found that the mRNA 
expression levels of both FGF19 and GLI2 were increased 
in the LUSC cohort of the Hou Lung dataset (Fig. 4c). 
Moreover, we found that these two genes showed a signifi-
cant co-expression (Fig. 4d). We also found that rhFGF19-
treated LUSC cells exhibited significantly upregulated 
GLI2 (Fig. 4e) and SMO (Supplemental Fig. S4) expression 
levels, classic mediators of the Hedgehog pathway. More-
over, FGF19-induced GLI2 expression could be rescued 
by the FGFR4 inhibitor BLU9931, indicating that FGFR4 
may mediate the regulation of GLI2 by FGF19 (Supple-
mental Fig. S5). Additionally, we observed a higher GLI2 

found that the Hedgehog signaling pathway, which is known 
to be involved in cancer-related pathways, was significantly 
affected by FGF19 expression in LUSC, and also that GLI2 
may play an important regulatory role in it (Fig. 4a-b). GLI2 
is known to be in volved in promoting cancer metastasis 
[32–34] and, therefore, we hypothesized that GLI2 may also 
be involved in FGF19-driven LUSC metastasis.

To gain further insight into the relationship between 
FGF19 and GLI2, we first analyzed gene copy number and 
mRNA expression profiles of these two genes in a LUSC 
cohort using the Oncomine database. Compared with nor-
mal lung tissue, we found that the gene copy numbers of 
both FGF19 and GLI2 were significantly increased in LUSC 

Fig. 1 FGF19 is highly expressed in metastatic LUSC patients, and 
its high expression is associated with a worse OS and PFS. (a) IHC 
staining of FGF19 in staged LUSC tissue samples. Scale bar: 200 μm. 
(b) Quantification of the percentage of FGF19 positive areas after IHC 
staining of LUSC tissue samples. (c) Comparison of serum FGF19 
levels in patients (Serum from 10 normal subjects, 30 patients with 
stage I or II and 99 patients with stage III or IV; Among all patients, 

69 patients with metastasis (M1+), 60 patients without metastasis 
(M0)). (d) Genes with concomitant elevated FGF19 expression in 
the LUSC cohort are enriched in metastasis up and EMT signatures. 
(e) OS and PFS plotted according to the expression level of FGF19 
(KM plotter, http://kmplot.com/analysis/. Patients were split according 
to auto select best cut-off). Data are shown as mean ± SD. *p < 0.05; 
**p < 0.01; ***p < 0.001
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Fig. 2 FGF19 promotes LUSC cell migration, invasion and metastasis. 
(a) Migration and invasion of different groups of LUSC cells assessed 
by scratch wound-healing and trans-well assays. (b-e) In vivo lung 
cancer metastasis model (1 × 106 cells/50 µl PBS were injected through 
the tail vein of BALB/c nude mice). (b) Comparison of metastatic 
lung cancer and representative hematoxylin and eosin stained images 
of lung specimens from FGF19 overexpression group (LV-FGF19) 
and control group (LV-NC). (c) Statistics of the number of BALB/c 
nude mice with lung metastases. (d) Comparison of the number of 

pulmonary metastatic nodules in each group. (e) Statistics on body 
weight changes of mice. (f-k) In vivo orthotopic lung cancer model. 
(f) Comparison of growth of metastatic nodules formed by multiple 
organs and tissues in each group. (g-h) Representative hematoxylin 
and eosin stained images and solid tumors of metastatic nodules from 
each group. (i) Representative bioluminescence images of mice in 
each group 25 days after model construction. (j) Comparison of body 
weights and (k) overall survival times of mice in each group. Data are 
shown as mean ± SD. **p < 0.01; ***p < 0.001; ****p < 0.0001
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Fig. 3 FGF19 is involved in EMT. (a-b) RNA-seq analysis of SK-
MES-1 LV-FGF19 versus SK-MES-1 LV-Control cells. (a) GO enrich-
ment indicates that upregulation of FGF19 significantly facilitates 
LUSC cell motility and migration. (b) GSEA analysis showing metas-

tasis up and EMT signatures according to FGF19 expression levels in 
LUSC cells. (c) Expression of EMT-associated proteins in LUSC cells 
after treatment for different durations with recombinant human FGF19 
or in FGF19 stable expressing cells and control cells
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Fig. 4 FGF19 promotes LUSC cell invasion via GLI2-driven EMT. (a) 
KEGG analysis of cancer-related pathways enriched in samples with 
high FGF19 expression in the LUSC cohort. (b) Heat maps generated 
from the TCGA LUSC patient dataset. Heatmap showing Hedgehog 
pathway gene expression profiles, with GL2 being the most differen-
tially expressed gene. (c) CNA of FGF19 and GLI2 are common in 
LUSC Weiss Lung and TCGA Lung 2 cohorts. Expression of FGF19 
and GLI2 in the Oncomine database with LUSC cohorts in the Hou 
Lung dataset. (d) Linear regression and Pearson correlation analysis of 
data from TCGA’s LUSC cohort indicate that FGF19 positively cor-
relates with GLI2 mRNA expression. (e) SK-MES-1 and H520 cells 

were treated with recombinant human FGF19 (25 ng/ml), after which 
GLI2 expression was found to increase in a time-dependent manner. 
(f) Western blotting and (g) immunofluorescence assays were used 
to detect GLI2 expression in LUSC cell lines overexpressing FGF19 
(GFP). (h) Genes concomitant with elevated GLI2 expression in the 
LUSC cohort are enriched in metastasis up and EMT signature maps. 
(i-j) Expression of EMT-associated proteins in (i) GLI2 overexpress-
ing LUSC cells and control cells, and (j) in cells treated with FGF19, 
FGF19 and GANT61, or DMSO. (k) OS and PFS plotted according to 
the expression level of GLI2. Data are shown as mean ± SD and com-
pared by unpaired t-test. **p < 0.01, ***p < 0.001 and ****p < 0.0001
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putative GLI2 binding motifs (Fig. 5e, Supplemental Fig. 
S7). Consistent with this, we found that overexpression of 
GLI2 led to increased luciferase activity using a reporter 
construct containing the FGF19 promoter (Fig. 5f). In addi-
tion, higher FGF19 and GLI2 mRNA levels (patients split 
by median values) were found to be associated with shorter 
OS and PFS rates (Fig. 5 g). In summary, these data indicate 
that GLI2 may promote FGF19 expression and that their co-
expression is associated with a poor prognosis.

3.5 The GLI2 inhibitor GANT61 suppresses FGF19-
mediated LUSC migration, invasion and metastasis

Above, we found that a reciprocal FGF19-GLI2 loop may 
promote LUSC invasion and metastasis by regulating EMT. 
Next, we set out to explore whether the GLI2 inhibitor 
GANT61 can block this positive feedback loop and affect 
FGF19-mediated LUSC migration, invasion and metastasis. 
We found that GANT61 (10 µM/ml) significantly inhib-
ited the migration and invasion of LUSC cells with a high 
FGF19 expression using both scratch wound-healing and 
trans-well experiments (Fig. 6a-b). In addition, we used an 
in vivo orthotopic lung cancer model to further determine 
the inhibitory effect of GANT61 (50 mg/kg, orally admin-
istered, 4 days on/3 days off) on the metastasis of FGF19 
overexpressing LUSC cells. We found that GANT61 could 
significantly inhibit the growth and metastasis of FGF19 
overexpressing LUSC cells in mice (Fig. 6c-g). Since the 
malignancy of the cancer cells decreased, the weight loss 
of the mice was alleviated (Fig. 6 h) and the survival time 
was prolonged (Fig. 6i). Subsequent IHC staining con-
firmed that the expression levels of GLI2 and Ki67 in lung 
tumor lesions were significantly decreased upon GANT61 
treatment compared with the control group (Fig. 6j). These 
results suggest that GANT61 can effectively inhibit FGF19-
driven LUSC migration, invasion and metastasis by disrupt-
ing the reciprocal FGF19-GLI2 loop.

4 Discussion

We found that a high FGF19 expression is positively associ-
ated with advanced stages in LUSC, and significantly pro-
motes the emergence of more aggressive LUSC phenotypes 
and the occurrence of metastases. FGF19 was identified as 
a novel biomarker for predicting the malignant progression 
and metastasis of LUSC, and GLI2 was identified as an 
important downstream effector of FGF19-induced metasta-
sis. In addition, we found that GLI2 could induce FGF19 
expression in LUSC cells by elevating its transcription level, 
thereby forming a positive feedback loop to facilitate LUSC 
metastasis. Administration of GANT61, a transcriptional 

expression in SK-MES-1 LV-FGF19 cells compared to con-
trol SK-MES-1 LV-NC cells (Fig. 4f-g).

Subsequently, we set out to determine the potential role 
of GLI2 in LUSC cell metastasis. GSEA plots for GLI2 in 
LUSC revealed that metastasis up and EMT cohorts were 
enriched in GLI2 up genes (Fig. 4 h), which was consis-
tent with the enrichment analysis for FGF19. Therefore, we 
speculated that GLI2 may also have a regulatory effect on 
EMT-related genes in LUSC. Using Western blotting we 
found that the up-regulation of GLI2 enhanced the expres-
sion of SLUG, N-cadherin and MMP3, and inhibited the 
expression of E-cadherin, ZO-1 and CLDN1 (Fig. 4i). Fur-
thermore, we found that the GLI2 inhibitor GANT61 signif-
icantly inhibited the up-regulation of EMT-related proteins 
by FGF19 (Fig. 4j). We next analyzed the effect of GLI2 
expression on patient survival using Kaplan-Meier plots and 
found that higher GLI2 levels were associated with shorter 
OS and PFS rates (Fig. 4k) compared to lower GLI2 levels. 
Collectively, these findings suggest that FGF19 may pro-
mote LUSC cell invasion via GLI2-driven EMT.

3.4 GLI2 is involved in transcriptional regulation of 
FGF19, and FGF19 and GLI2 co-expression positively 
correlates with a poor prognosis

Previously it has been reported that FGF15 (expressed in 
Mus musculus, orthologous to human FGF19) expression 
requires sonic hedgehog signaling mediated by the transcrip-
tion factor GLI2 in the medial region of the diencephalon 
and midbrain [35], which encouraged us to further inves-
tigate the relationship between GLI2 and FGF19. To this 
end, we first activated the sonic hedgehog signaling path-
way by the ligand SHH. Using Western blotting we found 
that the FGF19 protein level in LUSC cells was significantly 
increased after 24 h of treatment and that this process could 
be prevented by the GLI2 inhibitor GANT61 (Fig. 5a) and 
the SMO inhibitor cyclopamine (Supplemental Fig. S6). 
Exogenous addition of recombinant SHH could also sig-
nificantly upregulate the activity of a FGF19 promoter-con-
trolled luciferase reporter gene in cells (Fig. 5b). Moreover, 
we found that the expression of FGF19 in H520 and HCC15 
cells (with a high endogenous expression of FGF19) was 
significantly decreased after GANT61 treatment (Fig. 5c). 
These finding indicate that activation of the sonic hedgehog 
pathway may promote the expression of FGF19.

Next, we explored whether GLI2 may play a critical role 
in this regulatory relationship. Using Western blotting we 
found that up-regulation of GLI2 expression significantly 
promoted the expression of FGF19 (Fig. 5d). To next inves-
tigate whether GLI2 acts as a direct transcription factor of 
FGF19 expression, we analyzed the promoter sequence 
of FGF19 and detected, through sequence alignment, five 
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Previously, we identified FGF19 as a prognostic marker 
and potential driver gene in patients with lung squamous cell 
carcinoma by sequencing clinical samples [36], and found 
that abnormally activated FGF19/FGFR4 signaling drives 

inhibitor of GLI2, effectively disrupted reciprocal FGF19-
GLI2 signaling and suppressed FGF19-mediated LUSC 
metastasis.

Fig. 5 GLI2 is involved in transcriptional regulation of FGF19, and the 
expression of FGF19 and GLI2 positively correlates with a poor prog-
nosis. (a) The HH/GLI2 signaling pathway is activated by recombi-
nant human SHH (50 ng/ml, 24 h) and inhibited by GANT61 (10 µM, 
24 h). Expression of FGF19 and GLI2 in LUSC cells detected by West-
ern blotting. (b) Relative luciferase activity assays performed on cells 
transfected with plasmids containing the FGF19 promoter after 24 h 
of SHH treatment. (c) Protein level of FGF19 evaluated by Western 
blotting after cells (with high endogenous expression of FGF19) were 
treated with GANT61 (10 µM, 24 h). (d) FGF19 protein expression 
in GLI2-overexpressing cells and control cells. (e) Prediction of GLI2 

binding motif and five potential GLI2-specific nucleotide-binding sites 
in the promoter region of the FGF19 gene using the JASPAR data-
base. (f) Relative activity of luciferase measured in LUSC cells co-
transfected with GF19 promoter and GLI2 expression constructs. (g) 
High FGF19 and high GLI2 mRNA levels are associated with a shorter 
OS and PFS in patients, evaluated by Kaplan–Meier Plotter (https://
kmplot.com/analysis/). The total mRNA level is presented as the sum 
of FGF19 and GLI2 mRNA levels at a 1:1 ratio. Data are shown as 
mean ± SD and compared by unpaired t-test. **p < 0.01, ***p < 0.001 
and ****p < 0.0001
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Fig. 6 GANT61 inhibits LUSC cell metastasis in vivo. (a) Migration 
and (b) invasion of GANT61 cells and DMSO treated cells assessed 
by scratch wound-healing and trans-well assays. (c-j) Evaluation of 
GANT61 efficacy using an orthotopic lung cancer model. (c) Experi-
mental timeline for the orthotopic lung cancer model. (d) Biolumi-
nescence images of BALB/c nude mice of the GANT61 and control 
groups after 25 days of model construction. (e) Comparison of meta-
static nodules from each group. Tumors are indicated by arrows. (f) 
Statistics of the number of BALB/c nude mice with lung metastases. 
Comparisons of (g) lung tumors, (h) body weights and (i) overall sur-

vival times of mice in each group. (j) IHC staining of GLI2 and Ki67 
in tumor sections. Scale bar: 200 μm. Data are shown as mean ± SD. 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, calculated by two-
way ANOVA test. Scale bar: 50 μm. H&E, hematoxylin and eosin. 
(k) Schematic diagram of this work: A potential mechanism by which 
the reciprocal FGF19-GLI2 signaling pathway is involved in LUSC 
metastasis. A reciprocal FGF19-GLI2 circuit promotes LUSC metas-
tasis via EMT. The use of GLI2 inhibitors effectively disrupts the 
FGF19-GLI2 loop and inhibits LUSC metastasis
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or GLI2 inhibitors. Among these strategies, targeting GLI2 
stands out for its feasibility, as it is the most straight-
forward one. Here, we show that GANT61 can potently 
reduce FGF19-induced LUSC cell invasion and metastasis 
by inhibiting EMT, implicating the effectiveness of inter-
rupting a key node of the FGF19-GLI2 reciprocal loop to 
repress LUSC metastasis.

There are still some questions that remain to be addressed. 
For example, while directly targeting GLI2 to disrupt the 
FGF19-GLI2 feedback loop may have promising therapeu-
tic effects, we did not compare this option with other strate-
gies like targeting FGF19 or the FGF19-specific receptor 
FGFR4, or dual targeting of FGF19 and GLI2. It is worth 
mentioning that previously we found that FGFR4 inhibi-
tors alone failed to achieve a significant tumor inhibitory 
effect, but that combined targeting of FGF19-FGFR4 and 
CCND1-CDK4/6 achieved significant therapeutic effects 
[18]. It has been reported that CCND1 is one of the down-
stream effector molecules of GLI2 [42, 43]. This may be 
an important reason for the better effect of co-targeting. We 
previously reported that FGF19 expression in LUSC was 
closely associated with smoking and endoplasmic reticu-
lum stress in patients [17]. Endoplasmic reticulum stress 
has been reported to activate Sonic Hedgehog signaling [44, 
45]. Therefore, GLI2 may be a link to explain ER stress-
induced FGF19 upregulation, but this suggestion requires 
further investigation.

In summary, we report the involvement of FGF19 in 
LUSC invasion and metastatis, and that this process is 
dependent on a FGF19-GLI2 reciprocal loop. We propose 
the use of GANT61 as a therapeutic option based on the 
finding that GANT61 could effectively disrupt the FGF19-
GLI2 loop and significantly inhibit the occurrence of EMT, 
thereby inhibiting LUSC migration, invasion and metas-
tasis. This feedback loop may provide further insight into 
the malignant progression of advanced LUSC and provide 
a rationale for the development of future anticancer drugs 
(Fig. 6k).
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LUSC progression [17]. Through association analysis of key 
genes, we elucidated the oncogenic role of FGF19 in LUSC 
and provided insight into how co-amplification of its neigh-
boring gene CCND1 synergistically functioned to promote 
cancer growth [18]. Here we show, by further exploring the 
molecular mechanism of FGF19 in LUSC, that FGF19 is 
also involved in the emergence of the LUSC metastatic phe-
notype. We found that FGF19 expression is closely related 
to the metastatic phenotype in patients by IHC staining of 
LUSC tissues, the detection of FGF19 serum levels and 
the analysis of TCGA data. We identified a novel FGF19 
downstream gene, GLI2, which is also involved in LUSC 
metastasis. GLI2, a transcription factor belonging to the 
Gli-Kruppel family [37], is known to be one of the media-
tors in Hedgehog signaling [38]. Hedgehog/GLI2 signaling 
has been reported to play an important role in enhancing 
hepatic carcinogenesis, chemo-resistance, metastasis and 
EMT [39]. Previously, it has also been found that increased 
GLI2 stabilization may promote breast cancer cell anoikis 
resistance and metastasis [32] and that GLI2 overexpression 
may result in enhanced metastasis and progression of osteo-
sarcomas [33]. Concordantly, aberrant activation of GLI2 
has been found to be crucial for the migration and invasion 
ovarian cancer cells [34]. These studies suggest that GLI2 
may act as an intrinsic activation driver that contributes to 
the development of metastases in multiple cancer types. We 
found that GLI2, as an important downstream effector of 
FGF19, is involved in LUSC metastasis. Overexpression 
of FGF19 induced the expression of GLI2 which, in turn, 
increased the expression of FGF19 and formed a positive 
feedback loop to promote LUSC metastasis.

Signal feedback regulation is known to underlie robust 
dynamics and phenotype switching in complex regulatory 
networks and to dictate cell fate and phenotype changes 
[40]. Feedback-loop signal regulation has a dual role in can-
cer progression [41]. Positive feedback regulation leads to 
mutual regulation of upstream and downstream key mole-
cules to form a signal amplification cascade, while negative 
feedback regulation manifests itself as mutual inhibition 
of expression after signal receival of upstream and down-
stream molecules. These regulatory feedback mechanisms 
can promote cancer development by inducing cell differen-
tiation, drug resistance, proliferation and metastasis, but the 
effects may also be opposite, depending on the key mol-
ecules involved in feedback regulation. Detailed analysis of 
regulatory mechanisms underlying feedback loops may be 
used to target cancer key signals in order to achieve better 
therapeutic benefits. Along this line, therapeutic strategies 
aimed at targeting the FGF19-GLI2 reciprocal loop may be 
helpful in the treatment of LUSC. Strategies for targeting 
FGF19-GLI2 positive feedback may include the use FGF19 
neutralizing antibodies, FGFR4 tyrosine kinase inhibitors 
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