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Abstract 

Background:  Histone deacetylases (HDACs) play crucial roles in cancers, but the role and mechanism of HDAC7 in 
NSCLC have not been fully understood.

Methods:  A total of 319 patients with non-small cell lung cancer (NSCLC) who underwent surgery were enrolled in 
this study. Immunohistochemistry and Kaplan–Meier survival analysis were performed to investigate the relationship 
between HDAC7, fibroblast growth factor 18 (FGF18) expression, and clinicopathologic characteristics. Cell functional 
experiments were implemented both in vivo and in vitro to investigate the effects on NSCLC cell proliferation and 
metastasis. Recombinant lentivirus–meditated in vivo gene overexpression or knockdown, real-time polymerase chain 
reaction (PCR), western blotting, and coimmunoprecipitation assays were applied to clarify the underlying molecular 
mechanism of HDAC7 in promoting NSCLC progression.

Results:  The elevated expression of HDAC7 or FGF18 was positively correlated with poor prognosis, tumor–node–
metastasis (TNM) stage, and tumor differentiation of NSCLC patients. NSCLC patients with co-expressed HDAC7 and 
FGF18 suffered the worst prognosis. HDAC7 overexpression promoted NSCLC proliferation and metastasis by upregu-
lating FGF18. Conversely, overexpression of FGF18 reversed the attenuated ability in tumor growth and metastasis 
mediated by downregulating HDAC7. In terms of mechanism, our results suggested that the interaction of HDAC7 
with β-catenin caused decreased β-catenin acetylation level at Lys49 and decreased phosphorylation level at Ser45. 
As a consequence, the HDAC7-mediated posttranslational modification of β-catenin facilitated nuclear transfer and 
activated FGF18 expression via binding to TCF4. Furthermore, deubiquitinase USP10 interacted with and stabilized 
HDAC7. The suppression of USP10 significantly accelerated the degradation of HDAC7 and weakened NSCLC growth 
and migration.
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Background
Worldwide, lung cancer remains the leading cause of can-
cer incidence and mortality [1]. Although great progress 
has been achieved in prevention, diagnosis and treatment 
in recent years, the long-term prognosis of non-small cell 
lung cancer (NSCLC) patients remains poor because of 
fast proliferation and frequent metastasis. Therefore, the 
molecular mechanisms underlying NSCLC malignant 
progression, which remains not fully understood, need to 
be further clarified to promote therapeutic strategies.

Histone deacetylases (HDACs) are a family of total 
eighteen proteins that are grouped into classes I–IV 
based on their homology to respective yeast orthologues. 
The HDACs family members are key regulators in tran-
scription, metabolism, differentiation, and angiogen-
esis [2]. Recent studies have indicated that the aberrant 
expression of HDACs proteins plays vital roles in tumo-
rigenesis and progression. Among the four classes of 
HDACs family, HDAC IIa subgroup contains four mem-
bers: HDAC4, HDAC5, HDAC7, and HDAC9. Apart 
from their involvement in (auto)immune- and neurologi-
cal disorders, diabetes, and muscle degenerative diseases 
[3], the role of these proteins in cancers attracted great 
attention. HDAC4 has been extensively revealed to serve 
an important role in tumor invasion and metastasis in a 
variety of tumors, such as colorectal cancer, lung cancer 
and multiple myeloma [4–6]. HDAC5 overexpression led 
to growth suppression and apoptosis by activating tumor 
necrosis factor death receptor pathway in osteogenic 
sarcoma, neuroblastoma and breast cancer [7]. HDAC9 
has been reported to be up-regulated in breast cancer 
and retinoblastoma [8, 9]. Previously, we have suggested 
that HDAC9 downregulation mediated the anti‐NSCLC 
actions of melatonin [10]. HDAC7, however, has a cru-
cial role in regulating cell proliferation, migration and 
apoptosis in pathophysiological processes [11]. Aber-
rant expression of HDAC7 has been observed in gastric, 
breast, and ovarian cancer, along with glioma and hema-
tological malignancies [12–16], where high expression of 
HDAC7 has been correlated with metastasis and poor 
prognosis [12, 16]. HDAC7 has also shown antitumor 
effects in certain tumors, such as pro-B acute lympho-
blastic leukemia (pro-B-ALL) and Burkitt lymphoma 
[17]. Although a few previous studies have indicated that 
HDAC7 was involved in tumorigenesis and cell growth 
in lung cancer [18, 19], the expression and mechanisms 

underlying the oncogenic function in NSCLC remains 
largely unknown. For potential clinical implementation 
and future drug development, the exact role and detailed 
mechanism of action of HDAC7 in NSCLC need to be 
further investigated.

In the present study, the role of HDAC7 in NSCLC 
proliferation and metastasis was investigated. We dem-
onstrated that HDAC7 acts as an oncogenic protein 
through regulation of the FGF18 expression. We then 
found that HDAC7 activated FGF18 expression by dea-
cetylating β-catenin at Lys49 and facilitating β-catenin 
nuclear redistribution. Moreover, HDAC7 could be deu-
biquitinated and stabilized by USP10. These results may 
provide the theoretical and experimental basis for further 
development of NSCLC therapy.

Materials and methods
Patients and materials
In this retrospective study were included 319 NSCLC 
patients who had not previously received radiotherapy, 
chemotherapy, or targeted therapy and who had been 
diagnosed and treated surgically at the Department of 
Thoracic Surgery of Tangdu Hospital of Air Force Medi-
cal University (Xi’an, China) between May 2009 and Jan-
uary 2014.

The study was approved by the ethics committee of the 
hospital (ethical approval number 202003–019). Written 
informed consent was obtained from all patients before 
any study-related procedures began. The complete fol-
low-up was updated until death or January 2019, which-
ever came first. Furthermore, 12 pairs of frozen NSCLC 
tissues and corresponding tumor-adjacent normal tissues 
were randomly selected for western blot analysis.

Tissue samples of NSCLC patients, tissue microarray, 
and immunohistochemistry
The 319 pairs of formalin-fixed NSCLC tissues and cor-
responding tumor-adjacent normal tissues were placed 
into a paraffin-embedded tissue microarray (TMA). 
Immunohistochemistry (IHC) staining was carried out 
on TMA sections according to standard practice, using 
the primary antibodies of anti-HDAC7 (1:100, #33418, 
Cell Signaling Technology (CST)) and anti-FGF18 (1:200, 
11495–1-AP, Proteintech).

The scoring of the IHC intensity included negative 
(score 0), weak (score 1), moderate (score 2), or strong 

Conclusions:  Our findings reveal that HDAC7 promotes NSCLC progression through being stabilized by USP10 and 
activating the β-catenin-FGF18 pathway. Targeting this novel pathway may be a promising strategy for further devel-
opments in NSCLC therapy.
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staining (score 3). The proportion of positive stains was 
scored as 0 (< 5%), 1 (6%–25%), 2 (26%–50%), 3 (51%–
75%), or 4 (> 75%). These 2 scores were multiplied to 
produce the total score. The IHC staining was read by 2 
expert pathologists. Any disagreement between them 
was resolved by discussion with a third pathologist. All 
pathologists were blinded with no information of the 
clinical data until statistical analysis. IHC staining results 
with low or high levels of HDAC7 or FGF18 expression 
were stratified by their respective average score.

Cell culture and lentivirus infection
Human NSCLC cell lines (H1299, A549, Calu-1, SK-LU-
1) and HEK-293T were obtained from the American 
Type Culture Collection (ATCC), and cultured in Dul-
becco’s Modified Eagle Medium (DMEM; Gibco, sup-
plemented with 10% fetal bovine serum (FBS, Biological 
Industries), 1% (v/v) penicillin–streptomycin solution 
(Hyclone). The HDAC7, FGF18, USP10 and respective 
control lentiviruses were all obtained from Genechem 
Corporation (Shanghai, China). H1299, A549, Calu-1, 
and SK-LU-1 cells were performed lentiviral infection 
according to the protocol of the Genechem Recombinant 
Lentivirus Operation Manual and further selected for 
stable cell lines.

Analysis of cell viability
Cell viability was assessed using Cell Counting Kit-8 (CCK-
8, 7Sea) following the manufacturer’s instructions. Opti-
cal density (OD) values were obtained at 450 nm using a 
microplate reader (SpectraMax M5, Molecular Device).

5‑Ethynyl‑2′‑deoxyuridine incorporation assay
Cell proliferation was assessed by 5-ethynyl-2′-
deoxyuridine (EdU) incorporation assay. BeyoClick EdU 
Cell proliferation Kit with Alexa Fluor 594 (Beyotime) 
was used according to manufacturer’s instructions. For 
confocal microscopy, cells were imaged on the Olympus 
FV1000 confocal microscope (Olympus). EdU-positive 
cells were manually counted and expressed as the per-
centage of cells calculated from nuclear labeling with 
Hoechst 33342.

Colony formation assay
For clonogenic assays, 500 cells were seeded and cul-
tured in the 6-well plates for 10–14 days. Then, colonies 
were fixed with formalin and stained with 0.1% crystal 
violet (Solarbio). After the plates were photographed, 
colony numbers were counted using the ImageJ software 
(National Institutes of Health).

Scratch wound assay
Scratch wound assays were performed in 6-well plates. 
Once cells were 100% confluent, cells were washed once 
with phosphate-buffered saline (PBS) and cultured in 
serum-free media (SFM) for 24 h. A wound was created 
by scraping the cell monolayer with a p200 pipet tip and 
then media was immediately replaced with SFM. The dig-
ital images were taken immediately after scratching and 
24 h post scratch with an inverted microscope. The areas 
of scratch without cells immediately after scratching and 
the remaining areas without cells at the end of the assay 
were calculated using ImageJ software.

Transwell cell migration assay
The abilities of cell migration were quantified using tran-
swell assays. Cell transwell chambers were obtained from 
Corning (Costar 3422). Cells were seeded on the upper 
chamber and filled with 300 μL DMEM medium with-
out FBS, and the lower chamber was filled with 1000 μL 
DMEM containing 10% FBS. After 24  h, the migrated 
cells were fixed by formalin, stained with 0.1% crystal 
violet (Solarbio), photographed, and counted.

Immunofluorescence
Cultured cells were washed once with PBS and fixed with 
4% paraformaldehyde for 20 min. Fixed cells were washed 
3 times with PBS for 5  min each time. Cells were then 
permeabilized with Triton X-100 (9002–93–1, Sigma-
Aldrich) in PBS at 4 °C for 10 min and blocked with 3% 
bovine serum albumin (BSA) for 30  min at room tem-
perature. Primary antibodies were diluted and incubated 
with the cells at 4  °C overnight. Cells were washed 3 
times with PBS and incubated with fluorescent secondary 
antibodies at room temperature for 1 h. 4′,6-diamidino-
2-phenylindole (DAPI) was added for 5 min to visualize 
the nuclei. The fluorescence was observed and photo-
graphed under an Olympus FV1000 confocal microscope.

Cytoplasmic and nuclear protein extraction
The nuclear-cytosolic protein isolation kit (P0027, Beyo-
time) was obtained for extracting cytosolic and nuclear 
fractions. Cultured cells were washed twice and collected 
with 1  mL of PBS. The cell suspension was centrifuged 
in 4 °C at 90 g for 3 min. After the supernatant fraction 
was discarded, the sediment was resuspended in rea-
gent A with fresh phenylmethylsulfonyl fluoride (PMSF). 
Samples were vortexed vigorously for 5 s and placed on 
ice for 15 min before reagent B was added. The samples 
were then centrifuged at 14,000 g for 5 min at 4 °C. The 
supernatant fraction containing the cytosolic proteins 
was carefully collected and used immediately or stored 
at − 80  °C. The sediment was resuspended in nuclear 
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protein extraction reagent with PMSF and vortexed vig-
orously for 30  s and then placed on ice for 2  min. The 
last 2 steps were repeated for 30 min. The samples were 
centrifuged at 14,000 g for 10 min at 4 °C. The superna-
tant fractions containing the nuclear proteins were used 
immediately or stored at − 80  °C. The concentrations of 
the extracted proteins were measured using a BCA Pro-
tein Assay Kit (23227, Thermo Fisher Scientific).

Western blotting
Western blotting was performed according to the pro-
cedures described previously [20], loading 25 μg of total 
protein lysate per lane. Primary antibodies were diluted at 
1:1000 and secondary antibodies were diluted at 1:5000. 
Antibodies against the following proteins were used for 
the study: HDAC7 (#33418), USP10 (#8501), β-catenin 
(#8480), acetyl-β-catenin (Lys49; #9030), phospho-
β-catenin (Thr41/Ser45; #9565), phospho-β-catenin 
(Ser552; #5651), phospho-β-catenin (Ser675; #4176), 
Cyclin E1 (#4129), E-cadherin (#14472), Slug (#9585), 
β-actin (#3700), Lamin B1 (#13435), and GAPDH 
(#5174) (CST). HDAC7(26207–1-AP), CDK1(19532–
1-AP), CDK2 (10122–1-AP), CDK4 (11026–1-AP), 
CDK6 (14052–1-AP), Cyclin A2 (66391–1-Ig), Cyclin 
B1 (55004–1-AP), Cyclin D1 (60186–1-Ig), Cyclin D3 
(26755–1-AP), FGF18 (60341–1-Ig), FGFR3 (66954–1-
Ig), Snail (13099–1-AP), vimentin (10366–1-AP), ZEB1 
(21544–1-AP), Flag (66008–3-Ig), and ubiquitin (10201–
2-AP) were also used (Proteintech Group).

Immunoprecipitation assays
Cultured cells were washed 2 times in PBS and lysed with 
EBC buffer (50  mM Tris–HCl, pH 7.5, 120  mM NaCl, 
0.5% NP-40, and protease inhibitor cocktail). The whole 
cell lysates were collected using centrifugation at 13,000 g 
for 10 min at 4℃. The protein concentrations were meas-
ured using a BCA Protein Assay Kit (Thermo Fisher 
Scientific).

For the Flag tag immunoprecipitation assay, 1000  μg 
whole cell lysates were incubated with 6 μL anti-Flag M2 
Affinity Gel (A2220, Sigma Aldrich) at 4 °C for 4 h on a 
rotating incubator. Then, the beads were washed 4 times 
with NETN buffer (20 mmol/L Tris, pH 8.0, 100 mmol/L 
NaCl, 1  mmol/L EDTA, and 0.5% NP-40). After being 
diluted with SDS loading buffer, the beads were boiled 
for subsequent western blotting. For endogenous immu-
noprecipitation assay, precleared lysates were incubated 
with 8 μL indicated immunoprecipitation antibody 
overnight at 4  °C, followed by the addition of 40 μL of 
prewashed PuroProteome Protein G Magnetic Beads 
(LSKMAGG02, Millipore) for 2  h at 4  °C. Beads were 
washed 4 times with NETN buffer, mixed with SDS load-
ing buffer, and boiled. The supernatant fractions were 

then subjected to western blotting according to standard 
protocols. Normal mouse immunoglobin G (IgG) or rab-
bit IgG (Millipore) were used as the negative control.

RNA sequencing and pathway enrichment analysis
Total RNA was extracted from control and HDAC7 over-
expression groups of SK-LU-1 cells using TRIzol reagent 
(Invitrogen). Each group was prepared with 3 parallel 
replicates. Further RNA sequencing (RNA-seq) detection 
and analysis were conducted using BGISEQ-500 platform 
(BGI Corporation). The pathway analysis for differentially 
expressed genes (DEGs) was performed based on the 
Gene Ontology (GO) database. The Dr. Tom online plat-
form of BGI was used for data analysis (http://​report.​bgi.​
com). The raw RNA-seq data has been uploaded on to 
the NCBI database (accession number: PRJNA786842).

Real‑time quantitative polymerase chain reaction
Total RNA was harvested from cells with TRIzol reagent 
(Invitrogen). Complementary DNA was generated using 
a Prime Script RT Master Mix (TaKaRa). Quantitative 
real-time polymerase chain reaction (qRT-PCR) was per-
formed with SYBR Premix Ex Taq II (TaKaRa) to detect 
targeted messenger RNA (mRNA) levels, and data were 
analyzed with the MxPro software (Stratagene). GAPDH 
expression was used as an internal control. The primers 
were obtained from Genechem Corporation. The primer 
sequence was as follows:

HDAC7-F: GAA​AGA​ACA​GTC​CAT​CCC​AACA​
HDAC7-R: GCT​TAT​AGC​GCA​GCT​TCA​GG
c-Myc-F: GGC​TCC​TGG​CAA​AAG​GTC​A
c-Myc-R: CTG​CGT​AGT​TGT​GCT​GAT​GT
MMP7-F: GAG​TGA​GCT​ACA​GTG​GGA​ACA​
MMP7-R: CTA​TGA​CGC​GGG​AGT​TTA​ACAT​
GAPDH-F: TGA​CTT​CAA​CAG​CGA​CAC​CCA​
GAPDH-R: CAC​CCT​GTT​GCT​GTA​GCC​AAA​

TOP/FOP flash activity assay
SK-LU-1 and A549 Cells were seeded into 6-well plates 
for further experiments. TCF-responsive promoter 
reporter (TOP-flash) or nonresponsive control reporter 
(FOP-flash) β-catenin firefly luciferase reporter gene 
constructs, and a pRL-SV40 Renilla luciferase construct 
were transfected with Lipofectamine 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc). The pRL-SV40 Renilla 
luciferase construct was used as the internal control. 
Later, Dual-Luciferase Reporter Assay System (Promega 
Corporation) were used to detect the luciferase activity of 
TOP and FOP. Relative ratio of TOP and FOP luciferase 
activity was represented as the mean ± standard error of 
mean after normalizing to the control.

http://report.bgi.com
http://report.bgi.com
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Enzyme‑linked immunosorbent assay
The enzyme-linked immunosorbent assays (ELISA) 
were performed using the ELISA Kit for Human FGF18 
(Cloud-clone Corp, Sec907Hu, Wuhan, China). Briefly, 
NSCLC cells overexpressing or silencing HDAC7 or the 
control were cultured for 48  h. Cell-free supernatant 
were harvested and FGF18 concentrations were quan-
tified with the ELISA Kits respectively according to the 
manufacturer’s instructions.

Flow cytometry
A549 cells synchronized with serum starvation for 48 h 
and then released back into the cell cycle were collected 
at the indicated time point. Cells were washed three times 
with PBS, centrifuged (1200  g) for 10  min, and resus-
pended in 75% ethanol at 4 °C overnight. Then cells were 
washed again with PBS, resuspended and stained with 
propidium iodide (PI) and RNaseA (C1052, Beyotime, 
China) according to the manufacturer’s instructions. The 
cell cycle was then analyzed by flow cytometry on a FAC-
SCalibur flow cytometer (BD Biosciences, USA).

Animal experiments
All animal experiments were approved by the Animal 
Care Committee of Air Force Medical University. Male 
athymic nude mice (6–8 weeks, 18–20 g) were obtained 
from the Laboratory Animal Center of the university. 
Mice were kept under a 12-h light–dark cycle. Tempera-
tures of 65–75 °F (18–23 °C) with 40–60% humidity were 
also used as housing conditions for the mice.

In vivo tumor xenograft assay and lung metastasis assay
Nude mice were randomly divided into groups (5 mice 
per group) and received respective treatments. Briefly, for 
in vivo xenograft assay, different groups of cells (5 × 106 
in 200 µL PBS) were separately and subcutaneously inoc-
ulated into the nude mice. The body weight of each mice 
was measured every 3 days for 21 days. Tumors were then 
excised from the sacrificed mice for additional analysis.

For tail vein metastasis assay, 5 × 106 cells resuspended 
in 100 µL of PBS were injected in the lateral tail vein of 
nude mice. After 4  weeks, an IVIS 100 Imaging System 

(Xenogen) was used for live animal imaging and acquir-
ing photographic images of in  vivo metastases of each 
nude mice. The mice were then sacrificed. Their lungs 
were dissected and prepared for standard histological 
examination. The resulting grayscale photographic and 
pseudo-colored luminescent images were automati-
cally superimposed using IVIS Living Image software 
(Xenogen).

Statistical analysis
All experiments included were repeated at least 3 times. 
The quantitative data were compared between groups 
using the t-test. Categorical data were analyzed using the 
χ2-test or Fisher’s exact test. The overall survival rates 
were determined using the Kaplan–Meier method and 
log-rank test. Univariate or multivariate survival analy-
sis was carried out using the Cox proportional hazards 
model. A value of P < 0.05 was considered to be signifi-
cant. SPSS 24.0 software (IBM Corp) was used to analyze 
the data.

Results
HDAC7 is upregulated in NSCLC, and high HDAC7 
expression predicts poor survival of NSCLC patients
In order to investigate HDAC7 expression in NSCLC, 
we firstly analyzed 1925 NSCLC cases in the Kaplan–
Meier plotter database (http://​KMplot.​com). Using the 
Kaplan–Meier method, we found that high expression of 
HDAC7 was significantly correlated with poor prognosis 
of NSCLC patients (Fig. 1a). We then measured HDAC7 
protein expression in 12 paired NSCLC and adjacent 
normal tissues by western blotting. We found that out of 
the 12 patients, 8 (66.7%) showed higher HDAC7 levels 
in tumors than matched normal tissues while 4 (33.3%) 
did not. Further statistical analysis indicated that HDAC7 
expression in tumors (T) was significantly higher than 
that in normal tissues (N) (P = 0.036, Fig. 1b).

To validate these findings, we analyzed the protein 
expression and clinical significance of HDAC7 by IHC 
staining in a TMA containing 319 paired tumor–nor-
mal tissue samples (Fig.  1c); 32% (103/319) NSCLC 
sections were categorized as high HDAC7 expression 

(See figure on next page.)
Fig. 1  High HDAC7 expression was correlated with poor NSCLC prognosis, and HDAC7 overexpression promoted NSCLC proliferation. a Kaplan–
Meier survival analysis of HDAC7 expression from the Kaplan–Meier plotter database. b Western blots of HDAC7 expression in tumor (T) and paired 
adjacent nontumor (N) tissues from 12 NSCLC patients. c Representative HDAC7 IHC images of NSCLC and adjacent non-tumor tissues. Scale bar, 
200 μm and 20 μm (inset), respectively. IHC analysis (d) and Kaplan–Meier survival analysis (e) of HDAC7 expression in 319 NSCLC patients. f The 
growth curve of indicated NSCLC cells. g Representative images and analysis of EdU incorporation assay. EdU-positive cells (red) and Hoechst 
33342–stained cells (blue). Scale bar, 100 μm (inset). h Representative images and analysis of colony formation assay. i Representative western 
blotting of HDAC7, CDK2 and Cyclin A2 in indicated NSCLC cells. j Representative western blotting of whole cell lysates (WCL) at indicated times. 
A549 cells were synchronized in G0/G1 by serum starvation followed by serum re-addition. k Gross photograph of subcutaneous xenograft tumors, 
tumor growth curve, changes of nude mice body weight, and subcutaneous tumor weight in each group. l Representative western blotting of 
HDAC7, CDK2, and Cyclin A2 in subcutaneous tumor tissues. All the data are expressed a mean ± SD. *P < 0.05. LV, lentivirus

http://KMplot.com
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Fig. 1  (See legend on previous page.)
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while 17% (54/319) corresponding adjacent normal tis-
sue sections were categorized as high HDAC7 expres-
sion. The HDAC7 levels were significantly upregulated 
in NSCLC tissues compared to those in adjacent normal 
tissues (Fig. 1d). Furthermore, the NSCLC patients with 
deep tumor invasion and/or larger tumors (T3/T4), high 
American Joint Committee on Cancer (AJCC) 8th stage 
(stage III–IV) and lymph node metastasis (N1–N3) had 
higher HDAC7 expression (Fig.  1d). The upregulated 
HDAC7 expression was positively correlated to larger 
tumor size, T stage, lymphatic invasion, distant metas-
tasis, tumor–node–metastasis (TNM) stages, and tumor 
differentiation (Table 1).

Kaplan–Meier analysis showed that NSCLC patients 
with high HDAC7 protein expression were correlated 
with poor overall survival (Fig.  1e), whereas patients 
with low HDAC7 expression had a longer median sur-
vival time (Table  2). Cox regression analyses showed 

that HDAC7 was an independent prognostic factor for 
NSCLC patients (Table 3).

HDAC7 overexpression promotes NSCLC malignant 
progression
To investigate the role of HDAC7 on NSCLC malignant 
progression, we established HDAC7 overexpression and 
knockdown NSCLC cell lines with lentiviral infection 
based on the basal HDAC7 levels of NSCLC cell lines 
(Fig. S1a). Compared with control groups, HDAC7 over-
expression remarkably increased cell viability detected 
by CCK-8 analysis (Fig.  1f ). Moreover, EdU incorpo-
ration assay also showed that HDAC7 overexpression 
significantly increased the EdU-positive cells (Fig.  1g) 
indicating an increased cell proliferation. An increased 
clonogenic ability with HDAC7 overexpression was dem-
onstrated in colony formation assay  (Fig.  1h). We fur-
ther measured the cell cycle–related proteins by western 

Table 1  Correlation of HDAC7 and FGF18 expression with clinicopathological characteristics of NSCLC patients

Clinicopathological Variables n Tumor HDAC7 expression P value Tumor FGF18 expression P value

Low High Low High

Age
 ≥ 60 174 119 55 0.776 104 70 0.586

 < 60 145 97 48 91 54

Sex
 Female 61 41 20 0.926 37 24 0.933

 Male 258 175 83 158 100

Smoking history
 Never 103 68 35 0.655 61 42 0.630

 ever 216 148 68 134 82

Maximal tumor size
 < 5 cm 118 89 29 0.024 82 36 0.019

 ≥ 5 cm 201 127 74 113 88

T stage
 T1-T2 130 103 27  < 0.001 94 36 0.001

 T3-T4 189 113 76 101 88

Lymphatic invasion
 N0 146 110 36 0.007 103 43 0.002

 N1-N3 173 106 67 92 81

Distant metastasis
 No 309 214 95 0.001 192 117 0.040

 Yes 10 2 8 3 7

TNM stages
 I 47 44 3  < 0.001 35 12  < 0.001

 II 96 71 25 76 20

 III 166 99 67 81 85

 IV 10 2 8 3 7

Tumor differentiation
 High and moderate 219 161 58 0.001 145 74 0.006

 poor 100 55 45 50 50
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blotting and found that overexpression of HDAC7 dra-
matically upregulated CDK2 and Cyclin A2, while 
knockdown of HDAC7 downregulated these proteins 
(Fig.  1i). However, other cell cycle–related proteins did 
not significantly change in the cell lines, including CDK1, 
CDK4, and Cyclin D1 and so on. Additionally, Cyclin B1 
was upregulated in HDAC7 overexpression cells, while 
did not change when HDAC7 was knocked down (Fig. 
S1b). Moreover, A549 shHDAC7 cells were synchro-
nized at the G0/G1 by serum starvation, followed by the 
re-addition of serum (10% FBS) to allow cells to re-enter 
the cell cycle (Fig. S1c). We monitored HDAC7 and sev-
eral cell cycle–related proteins at different time points. 

Table 2  Univariate analysis of the correlation between clinicopathological variables and survival of patients with NSCLC

Clinicopathological variables Median survival time (month) Univariate analysis

HR 95% CI P  value

Age 1.101 0.861–1.408 0.442

 ≥ 60 24.00 ± 2.931

 < 60 34.00 ± 4.604

Sex 1.126 0.822–1.542 0.459

 Female 34.00 ± 7.809

 Male 27.00 ± 3.153

Smoking history 0.964 0.742–1.252 0.783

 Never 30.00 ± 4.150

 ever 27.00 ± 3.833

Maximal tumor size 1.583 1.221–2.052 0.001

 < 5 cm 42.00 ± 5.431

 ≥ 5 cm 19.00 ± 2.255

T stage 1.986 1.534–2.570  < 0.001

 T1-T2 49.00 ± 5.067

 T3-T4 18.00 ± 1.874

Lymphatic invasion 1.662 1.293–2.135  < 0.001

 N0 42.00 ± 6.041

 N1-N3 23.00 ± 2.505

Distant metastasis 2.193 1.162–4.137 0.015

 No 28.00 ± 3.102

 Yes 11.00 ± 5.534

TNM stages 2.897 2.234–3.756  < 0.001

 I-II 54.00 ± 5.189

 III-IV 15.00 ± 1.786

Tumor differentiation 5.131 3.866–6.812  < 0.001

 High and moderate 48.00 ± 3.288

 poor 9.00 ± 1.333

Tumor HDAC7 expression 2.248 1.735–2.912  < 0.001

 Low 41.00 ± 4.473

 High 13.00 ± 2.220

Tumor FGF18 expression 2.029 1.578–2.608  < 0.001

 Low 42.00 ± 4.321

 High 15.00 ± 2.620

Table 3  Multivariate analysis of the correlation between 
clinicopathological variables of NSCLC patients

Clinicopathological 
variables

Categories Multivariate analysis

HR 95% CI P value

TNM stages I-II or III-IV 0.490 0.371–0.646  < 0.001

Tumor differentiation High and 
moderate or 
poor

0.240 0.179–0.321  < 0.001

Tumor HDAC7 expression Low or high 0.671 0.501–0.898 0.007

Tumor FGF18 expression Low or high 0.720 0.539–0.961 0.026
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Interestingly, HDAC7 varied over time, and there was a 
HDAC7 expression peak in the control group. However, 
HDAC7 expression continuously declined in the shH-
DAC7 group. More importantly, the expression levels 
and trends of CDK2 and cyclin A2 were consistent with 
those of HDAC7 (Fig.  1j). To further verify the func-
tion of HDAC7 in promoting NSCLC cell proliferation 
in  vivo, we performed xenograft assays on nude mice. 
Consistent with the in vitro results, the mean weight of 
subcutaneous tumors of the shHDAC7 group was signifi-
cantly less than that in the control group (Fig. 1k). Addi-
tionally, mean tumors volume of HDAC7 overexpression 
group was significantly larger than that of control group 
(Fig. S1d).

The metastasizing capacities were also modulated 
by regulating HDAC7 expression. HDAC7 overexpres-
sion remarkably enhanced cell migration verified by 
scratch wound assay and transwell assay (Fig. 2a and b) 
and suggested that HDAC7 overexpression promoted 
the epithelial–mesenchymal transition (EMT) of the 
cells. We then analyzed the main EMT biomarkers by 
western blotting and found that HDAC7 overexpres-
sion significantly increased pro-EMT Snail levels and 
decreased anti-EMT E-cadherin levels, whereas the 
opposite trend was observed in the HDAC7 knock-
down group both in  vitro and in  vivo (Fig.  2c and d). 
However, other EMT biomarkers, such as vimentin 
and ZEB1, did not change according to HDAC7 regula-
tion (Fig. 2c, Fig. S1e). In vivo, the tail vein metastasis 
experiment showed that the downregulation of HDAC7 
significantly lowered the incidence of lung metastasis 
and reduced the number of metastatic lung nodules 
(Fig.  2e–i). However, HDAC7 overexpression resulted 
in the opposite results (Fig. S1f-j).

HDAC7 regulates cell proliferation and metastasis 
via FGF18 in NSCLC
To explore the potential mechanisms of HDAC7-
enhanced NSCLC progression, the RNA-seq based tran-
scriptome analysis was performed in SK-LU-1 cells to 
compare transcriptome changes between control and 
HDAC7 overexpression (OE) groups. In total, there were 
432 genes upregulated and 654 genes downregulated in 
the HDAC7 OE group compared with control group. The 
up- or downregulated genes with > twofold differential 
expression are shown in the heatmap (Fig. S2a). The GO 
function enrichment analysis indicated that DEGs were 
closely related to cell growth, motility and differentiation, 
etc. (Fig. S2b). Among these genes, we found that a set 
of FGF family genes, including FGF9, FGF14 and FGF18 
were upregulated by HDAC7 overexpression. How-
ever, the volcano plot showed that FGF18 is one of the 

top-ranked differentially expressed genes (Fig.  3a). Pre-
vious studies suggested that the amplification of FGF18 
was found in a number of solid tumors, and its overex-
pression was significantly correlated with poor prognosis 
[21–24]. Considering the important roles of both FGF18 
and HDAC7 in NSCLC progression, we were interested 
in investigating their regulatory relationship and under-
lying mechanisms. Western blotting validated that the 
FGF18 protein levels were significantly upregulated in 
HDAC7 overexpressing cells. Furthermore, knockdown 
of HDAC7 could significantly downregulate FGF18 
expression (Fig.  3b). In addition, the feature of FGF18 
expression was closely consistent with that of HDAC7 
expression (Fig.  3c). Moreover, our preliminary data 
showed FGF18 in culture medium released from NSCLC 
cells was also increased after overexpressing HDAC7 
(Fig. S2c).

To further confirm the involvement of FGF18 in HDAC7-
regulated NSCLC progression, we upregulated FGF18 in 
A549 HDAC7 knockdown cells and downregulated FGF18 
in SK-LU-1 HDAC7 overexpressing cells using lentivirus 
infection. Western blotting showed that overexpressing or 
knockdown FGF18 had no effect on HDAC7 protein levels 
of these cells. However, FGF18 overexpression or knock-
down could partially reverse the HDAC7-induced cell 
cycle–related protein changes (Fig. 3d). The colony forma-
tion assay showed that FGF18 knockdown partially rescued 
the enhanced proliferative ability of HDAC7 overexpress-
ing cells (Fig. 3e). Furthermore, the in vivo assay indicated 
that FGF18 overexpression significantly increased subcuta-
neous tumor weight in the A549 shHDAC7 group (Fig. 3f). 
Moreover, FGF18 silencing could dramatically attenuate 
subcutaneous tumor growth in the Calu-1 HDAC7 overex-
pression group (Fig. S2d).

Scratch wound assay revealed that FGF18 overex-
pression significantly enhanced the migratory abilities 
of A549 shHDAC7 cells, whereas HDAC7-enhanced 
migratory abilities were rescued by FGF18 knockdown 
(Fig.  3g). Western blotting indicated that FGF18 knock-
down reversed the HDAC7 overexpression–induced EMT 
marker changes by increasing E-cadherin and decreas-
ing Snail protein levels in  vitro (Fig.  3h). Furthermore, 
tail vein metastasis assay showed the nude mice injected 
with FGF18-overexpressing cells presented an enhanced 
incidence of lung metastasis, a dramatically increased 
number of lung metastatic nodules, and more intense 
fluorescence imaging signals than did the A549 shHDAC7 
group (Fig. 3i–l). However, silencing FGF18 in the Calu-1 
overexpression cells showed the opposite results (Fig. 
S2e-i). Taken together, the results suggest that FGF18 is 
essential for HDAC7-mediated NSCLC proliferation and 
metastasis.
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Fig. 2  HDAC7 overexpression facilitated NSCLC metastasis in vitro and vivo. a Representative scratch wound assay images and results. Migration 
ability is expressed as the mean scratch area at each time point. The initial scratched area (0 h) was set as 100%. b Representative transwell 
migration assay images and results. Representative western blotting of HDAC7, E-cadherin, and Snail in HDAC7 overexpression and knockdown 
cells (c) and xenograft tumor tissues (d). Representative fluorescence images (e) and fluorescence signals analysis (f) of pulmonary metastases 
4 weeks after tail vein injection. g Representative HE staining images of lung samples from indicated groups. Scale bar, 1 mm and 100 μm (inset), 
respectively. h The number of metastatic nodules per lung in HE staining images. i Representative general morphology of surface lung metastases. 
The black triangular arrows indicate the metastatic nodules. β-actin was used as internal control. All the data are expressed as mean ± SD. *P < 0.05. 
LV, lentivirus
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HDAC7 is involved in the deacetylation of β‑catenin 
and promotes its translocation into the nucleus to activate 
FGF18 expression
Given that the activation of β-catenin pathway has been 
reported in a significant proportion of NSCLC cases 
by other mechanisms, we predicted whether HDAC7 
regulates FGF18 expression via the β-catenin path-
way. Coimmunoprecipitation confirmed an interac-
tion between HDAC7 and β-catenin in NSCLC cells 
(Fig.  4a). The immunofluorescence staining revealed 
the subcellular colocalization of HDAC7 (green) and 
β-catenin (red) in NSCLC cells (Fig.  4b). The above 
results suggested the possibility that β-catenin might be 
a substrate of HDAC7. According to the previous stud-
ies reporting that HDAC6 could deacetylate β-catenin 
at Lys49 [25], we further investigated whether HDAC7 
had a similar effect on NSCLC. As shown in Fig. 4c, the 
total level of β-catenin did not change after HDAC7 
was regulated and TCF4, a main nuclear effector of 
β-catenin signaling on FGF18 [26], did not change 
either. However, the acetylation of β-catenin at Lys49 
was significantly decreased in HDAC7 overexpress-
ing cells and conversely, the level of acetyl-β-catenin 
(Lys49) was significantly increased when HDAC7 was 
downregulated. We also monitored several common 
phosphorylation sites of β-catenin. Interestingly, the 
phosphorylation level of β-catenin at Ser45, but not 
at Ser552 or Ser675, was significantly decreased in 
HDAC7 upregulated cells. The nuclear-cytosolic pro-
tein isolation assay also revealed that HDAC7 overex-
pression promoted β-catenin nuclear import (Fig.  4d). 
To further confirm that transcriptional activation of 
FGF18 is directly affected by the β-catenin/TCF4 com-
plex, LF3, a robust specific antagonist of the β-catenin/
TCF4 interaction, was used in our experiment. As 
shown in Fig.  4e, LF3 did not affect the protein levels 
of β-catenin, TCF4, or HDAC7. However, LF3 could 
significantly decrease the expression level of FGF18. 
TOP/FOP flash activity assay additionally indicated 
that HDAC7 overexpression significantly activated 
β-catenin signaling, while HDAC7 knockdown dra-
matically suppressed it, confirming that β-catenin 

signaling is a downstream target activated by HDAC7 
in NSCLC cells (Fig. S3a). Moreover, HDAC7 overex-
pression in SK-LU-1 cells significantly upregulated 
c-Myc and MMP7 both at mRNA and protein levels. In 
contrast, knocking down HDAC7 in A549 cells dimin-
ished the expression of β-catenin related genes (Fig. 
S3b and c). Lastly, HDAC7 silencing was performed in 
both SK-LU-1 and Calu-1 HDAC7 overexpression cells. 
As shown in Fig. S3d, the data further validated the 
pathway involved did not result from off-target or other 
effects (Fig. S3d).

USP10 interacts with and stabilizes HDAC7
We then explored whether the stability of HDAC7 pro-
tein is affected by ubiquitination. Firstly, mass spectrom-
etry analysis of recombinant HDAC7 (Flag-HDAC7) in 
proliferating 293 T cells was performed. USP10 was iden-
tified as an original HDAC7-binding protein (Fig. S3e). 
To verify this interaction, we further immunoprecipi-
tated Flag-HDAC7 and USP10 in HDAC7 overexpress-
ing cells. As shown in Fig. 5a, the anti-USP10 antibody, 
but not the anti-IgG antibody, immunoprecipitated 
HDAC7. Next, we established USP10 overexpression or 
knockdown NSCLC cell lines with lentiviral infection. 
The qRT-PCR showed HDAC7 mRNA levels were not 
affected by the change of USP10 (Fig.  5b). As shown in 
Fig. 5c, overexpressing USP10 could significantly increase 
HDAC7 protein levels. We also observed a significant 
decrease of HDAC7 expression in USP10 knockdown 
cells. Based on the above results, USP10 may most likely 
regulate HDAC7 through deubiquitinating HDAC7 and 
thus stabilizing it. To further confirm our hypothesis, 
we monitored the decay rate of HDAC7 by treating indi-
cated cells with cycloheximide (CHX). HDAC7 protein 
showed faster degradation in USP10 knockdown cells 
than that in the control group (Fig. 5d). Moreover, knock-
down of USP10 dramatically increased the ubiquitination 
of HDAC7 (Fig.  5e). Spautin-1, the specific inhibitor of 
USP10, could also accelerate the degradation of HDAC7 
in both A549 and SK-LU-1 cells (Fig.  5f ). Furthermore, 
the inhibition of USP10 could significantly attenuate the 
proliferation and motility of A549 cells (Fig.  5g–i). In 

(See figure on next page.)
Fig. 3  HDAC7 regulated cell proliferation and metastasis via FGF18 in NSCLC. a The volcano plot of DEGs identified from RNA-seq data of SK-LU-1 
cells overexpressing HDAC7 or the control. b Representative western blotting of FGF18 and FGFR3 in HDAC7 overexpression and knockdown cells. 
c Representative western blotting of whole cell lysates (WCL) at indicated times. d Representative western blotting of HDAC7, FGF18, CDK2, and 
Cyclin A2 in the indicated groups. e Representative images and results of colony formation assay. f Gross photograph of subcutaneous xenograft 
tumors, tumor growth curve and tumor weight in indicated groups. g Representative scratch wound assay images and results. h Representative 
western blotting of E-cadherin, Snail, and vimentin in indicated groups. i Representative fluorescence images and data analysis of pulmonary 
metastases 4 weeks after tail vein injection. j The general morphology of surface lung metastases. The black triangular arrows indicate the 
metastatic nodules. The number of metastatic nodules per lung in HE images (k) and representative HE staining images (l) from lung samples of 
indicated groups. Scale bar, 1 mm and 100 μm (inset), respectively. β-actin was used as internal control. All the data are expressed as mean ± SD. 
*P < 0.05. LV, lentivirus
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Fig. 3  (See legend on previous page.)
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order to investigate whether USP10 and HDAC7 sign-
aling is specific for NSCLC tissues, we further analyzed 
the USP10 and HDAC7 co-expression by IHC staining 
in 71 paired tumor–normal tissue samples (Fig. S3f ). 
Interestingly, we found that there is a significant correla-
tion between USP10 and HDAC7 expression in NSCLC 
tissues (p < 0.001, Fig. S3g) but not in paired normal tis-
sue (p = 0.254, Fig. S3h). Taken together, our preliminary 
results revealed that HDAC7 may be the potential USP10 
substrate in NSCLC and inhibition of USP10 could 
reduce the deubiquitination of HDAC7 and weaken pro-
gression of NSCLC cells.

The correlation of HDAC7 and FGF18 expression 
with NSCLC prognosis
The data from the Kaplan–Meier plotter database 
showed that high expression of FGF18 was closely cor-
related with poor prognosis of NSCLC patients (Fig. 6a). 
Though FGF18 levels of 1/12 patients did not change, 

statistical analysis indicated the FGF18 levels in the 
tumors to be significantly higher than in normal tis-
sues (P = 0.004, Fig. 6b). We further investigated FGF18 
expression by IHC tissue array analysis (Fig.  6c). The 
FGF18 expression in tumors was significantly higher 
than that in adjacent nontumor tissues (Fig. 6d). In addi-
tion, the NSCLC patients with deep tumor invasion and/
or larger tumors (T3–T4), high stages (stage III–IV), 
and lymph node metastasis (N1–N3) had higher FGF18 
expression (Fig.  6d). The NSCLC patients with elevated 
FGF18 expression showed both shortened overall and 
median survival times (Fig.  6e, Table  2). The elevated 
FGF18 expression was also positively correlated to larger 
tumor size, T stage, lymphatic invasion, distant metas-
tasis, TNM stages, and tumor differentiation (Table  1). 
Correlation analysis showed a significant correlation 
between HDAC7 and FGF18 expression in NSCLC tis-
sues (Fig. 6f ). Moreover, Cox regression analyses showed 
that FGF18 was an independent prognostic factor for 

Fig. 4  HDAC7 deacetylated β-catenin at Lys49 and promoted its translocation into the nucleus to activate FGF18 expression. a HDAC7 and 
β-catenin interacted in NSCLC cells. b Two-color immunofluorescence analysis showing significant colocalization of HDAC7 with β-catenin in 
A549 and SK-LU-1 cells. DAPI (blue), HDAC7 (green), and β-catenin (red). c Representative western blotting results showing HDAC7 deacetylated 
β-catenin at Lys49 and phosphorylated β-catenin at Ser45. d Representative western blotting showing upregulated HDAC7 facilitated β-catenin 
nuclear translocation. e Representative western blotting of HDAC7, FGF18, β-catenin, and TCF4 in NSCLC cells after LF3 treatment. β-actin was 
used as an internal control to normalize the total protein amount. GAPDH and Lamin B1 were used as the loading control to cytosolic protein and 
nuclear protein, respectively. DAPI fluorescence marking the cell nucleus. LV, lentivirus. IP, immunoprecipitation. IB, immunoblot
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Fig. 5  USP10 interacted with and stabilized HDAC7. a USP10 and HDAC7 interacted in NSCLC cells. b The statistical analysis of relative HDAC7 
mRNA levels in USP10 overexpression and knockdown cells. mRNA was normalized to GAPDH. c Representative western blotting of USP10, 
HDAC7 and FGF18 in indicated cells. d Protein stability analysis showing a reduced half-life of HDAC7 in USP10 knockdown cells. e Knockdown of 
USP10 promoted ubiquitination of HDAC7 in NSCLC cells. IP with anti-HDAC7 antibody was followed by IB with anti-ubiquitin antibody to detect 
polyubiquitinated HDAC7. f Representative western blotting of USP10 inhibitor indicating that Spautin-1 reduced the half-life of HDAC7. The NSCLC 
cells were treated with Spautin-1 at the indicated concentration and time intervals. For graphs in d and f, the relative HDAC7 levels were quantified 
using Image Lab software. Representative images and statistical analysis of colony formation assay (g), scratch wound assay (h), and transwell assay 
(i) in A549 cells after treatment with Spautin-1. Migration ability is expressed as the mean scratch area at each time point. The initial scratched area 
(0 h) was set as 100%. β-actin was used as the internal control. LV, lentivirus. IP, immunoprecipitation. IB, immunoblot
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Fig. 6  The correlation of HDAC7 and FGF18 expression in NSCLC. a Kaplan–Meier survival analysis of FGF18 expression in 1925 NSCLC cases 
from the Kaplan–Meier plotter database. b Western blot analysis of FGF18 expression in tumor (T) and paired adjacent nontumor (N) tissues 
from 12 NSCLC patients. (c) Representative FGF18 IHC images of NSCLC and adjacent non-tumor tissues. Scale bar, 200 μm and 20 μm (inset), 
respectively. d The IHC analysis of FGF18 expression in 319 NSCLC patients. e Kaplan–Meier survival analysis of FGF18 expression in 319 NSCLC 
patients. f Correlation analysis of HDAC7 and FGF18 expression in NSCLC tissues. g The comprehensive Kaplan–Meier survival analysis of HDAC7 
and FGF18 in 319 NSCLC patients based on the microarray tissue IHC results. h The schematic of a simplified regulatory network involving 
USP10 and FGF18 in HDAC7-meditated NSCLC progression. USP10 interacts with and stabilizes HDAC7 through deubiquitination, preventing its 
proteasomal degradation. Elevated HDAC7 expression facilitates β-catenin redistribution to the nucleus by deacetylating β-catenin and inhibiting 
its phosphorylation. As a result, the nuclear accumulation of β-catenin binds to TCF/LEF to activate the transcription of FGF18 and thus promotes 
NSCLC proliferation and metastasis
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NSCLC patients (Table  3). Furthermore, we found that 
HDAC7/FGF18 co-expression was significantly corre-
lated with the poorest prognosis in a subset of NSCLC 
patients. Meanwhile, the patients with low HDAC7 and 
FGF18 expression had the longest overall survival time 
(Fig. 6g). Overall, HDAC7 expression was positively cor-
related with FGF18 expression, and NSCLC patients with 
co-expression of HDAC7 and FGF18 demonstrated the 
poorest prognosis.

Discussion
NSCLC is the most common histopathological type of 
lung cancer, which is the leading cause of cancer death 
worldwide [1]. The molecular mechanisms underlying 
NSCLC progression require further clarification for the 
development of more effective therapeutic approaches. 
In this study, we indicated that HDAC7 could promote 
NSCLC progression via posttranslational modification 
of β-catenin, thereby facilitating its nuclear transfer and 
activating the downstream target FGF18. In addition, our 
preliminary results demonstrated that deubiquitinase 
USP10 acts as a regulator of HDAC7, which deubiquit-
inates and stabilizes HDAC7 to prevent its degradation in 
NSCLC, thus representing a potential novel therapeutic 
target.

HDAC7 is a key factor in the regulation of cellular 
processes, such as proliferation, migration, and apopto-
sis [11]. Several previous studies have demonstrated that 
HDAC7 has a carcinogenic role in breast cancer, ovarian 
cancer, and glioma [13–15]. Moreover, overexpression of 
HDAC7 is correlated with poor prognosis in gastric can-
cer and hematological malignancies [12, 16]. Recently, 
Lei et al. evaluated the data from 484 lung cancer samples 
from The Cancer Genome Atlas (TCGA), and claimed 
that high HDAC7 mRNA level was correlated with poor 
prognosis of lung cancer patients [19]. In the present 
study, the TMA analysis showed HDAC7 expression was 
significantly upregulated in NSCLC tissues and closely 
correlated with poor NSCLC prognosis. Moreover, as an 
independent prognostic factor for NSCLC patients, high 
HDAC7 was positively correlated with TNM stage and 
tumor differentiation. These results further strengthened 
the oncogenic role of HDAC7 in NSCLC.

Previous studies have found that HDAC7 is a crucial 
pro-proliferative factor of cancer cells, such as Hela, 
HCT116, and MCF-7 [27, 28]. Recent studies on lung 
cancer have also shown that HDAC7 has positive effects 
on tumorigenesis and cell growth via inhibition of Stat3 
and plakoglobin [18, 19]. In our study, we found that 
overexpression of HDAC7 remarkably enhanced the 
proliferative abilities of NSCLC cells both in  vitro and 
in  vivo. These findings provide some degree of support 
to the notion that patients with upregulated HDAC7 

have larger maximal tumor size and higher clinical T 
stage. Moreover, we observed positive effects of HDAC7 
on cell cycle regulatory molecules, which indicated that 
HDAC7-mediated NSCLC proliferation may be most 
likely due to facilitating the bypass of S phase and G2/M 
phases. The results of the cell cycle analysis were in line 
with these conclusions.

Previous studies have also shown the critical role of 
HDAC7 in cancer metastasis, e.g. in nasopharyngeal 
[29], breast, and ovarian cancer [14]. Similar to a previ-
ous study by Sang et  al [18], we observed an increased 
migration capacity after upregulating HDAC7 in NSCLC 
cells. This further supported our previous IHC results 
that NSCLC with high expression of HDAC7 exhibited 
advanced lymph node and distant metastasis. As EMT 
is considered to be vital process in cancer metastasis, 
we further investigated whether there is any relationship 
between HDAC7-induced metastasis and EMT-related 
molecules. The subsequent analysis confirmed this con-
jecture, which indicated NSCLC metastasis may have 
arisen from HDAC7-mediated variation of specific EMT 
biomarker expressions.

Although we verified the function of HDAC7 in aggra-
vating NSCLC proliferation and metastasis, the underly-
ing mechanisms driving tumor progression need to be 
further elaborated. In the present study, we focused on 
FGF18, which is involved in HDAC7-mediated NSCLC 
progression. Previous studies have reported a prominent 
role of FGF18 in tumorigenesis, proliferation, and metas-
tasis of several tumors, including gastric cancer, ovarian 
cancer, and breast cancer [21, 22, 24]. Chen et al. found 
that the FGF18 could promote proliferation and migra-
tion of large cell lung carcinoma (LCLC) cells [30]. Unfor-
tunately, clinical data concerning the roles of FGF18 in 
NSCLC are insufficient for determining their exact func-
tion in NSCLC. In the current study, IHC staining in 
TMA showed high FGF18 expression in NSCLC was not 
only associated with advanced clinical stage and poorer 
prognosis of NSCLC patients, but also positively corre-
lated with HDAC7 expression. The mechanistic studies 
further demonstrated that HDAC7 positively regulates 
the expression of FGF18. Remarkably, both in  vitro and 
in  vivo experiments confirmed that FGF18 knockdown 
could abrogate HDAC7-induced NSCLC proliferation 
and metastasis. These results indicated that FGF18 is a 
crucial downstream oncogenic protein of HDAC7, and 
it may be closely involved in HDAC7-mediated NSCLC 
progression.

Further explorations are necessary to clarify the poten-
tial mechanisms by which HDAC7 regulates FGF18 
expression in NSCLC. β-catenin is the key mediator of 
the Wnt/β-catenin signaling pathway. Aberrant Wnt/β-
catenin signaling is causatively associated with a wide 
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variety of diseases, including cancer [31, 32]. One previ-
ous study showed that targeted disruption of β-catenin 
significantly blocked FGF18 expression [33], while 
another found that β-catenin is capable of enhancing 
FGF18 transcription in colon cancer from the promoter 
of FGF18 harboring TCF4-binding motifs [26]. These 
studies demonstrate that FGF18 is a vital downstream 
transcription target of β-catenin pathway. Interestingly, a 
recent finding in glioma indicated that decreased acety-
lation levels of β-catenin induced by HDAC7 changed 
steric hindrance of β-catenin, thus inhibiting its phos-
phorylation level and activation of the Wnt pathway [15]. 
This is also consistent with previous research on HDAC6 
that reported β-catenin to be a nonhistone substrate reg-
ulated by HDAC modification [25]. Here, we focused on 
the effects of HDAC7 on β-catenin regulation in NSCLC. 
Our data showed that HDAC7 interacted with and largely 
co-localized with β-catenin in NSCLC cells. Despite lev-
els of total β-catenin did not significantly changed after 
regulation of HDAC7, we observed upregulated HDAC7 
dramatically decreased β-catenin acetylation at Lys49 and 
phosphorylation at Ser45, which facilitated translocation 
of β-catenin from cytoplasm to nucleus. Subsequently, 
it triggered FGF18 expression via β-catenin–TCF4 
complex, which further underpins the results reported 
previously [26]. Therefore, we here report a HDAC7-β-
catenin–FGF18 regulatory axis, which is involved in the 
malignant progression of NSCLC.

Several previous evidence have revealed the complex 
roles of USP10 in malignant progression of multiple can-
cers. Although USP10 could inhibit cell growth via stabi-
lization of p53 in cancer cells with wild-type p53, it could 
also promote cancer cell proliferation in mutant p53 
background [34]. Moreover, USP10 could inhibit c-Myc 
transcriptional activation via stabilization of SIRT6 to 
inhibit tumor formation in colon cancer [35]. In con-
trast, USP10 promotes proliferation and metastasis of 
hepatocellular carcinoma by targeting YAP/TAZ and 
Smad4, respectively [36, 37]. Weisberg et  al. found that 
USP10 deubiquitinates and stabilizes oncogenic FLT3 
to promote tumor progression [38]. These studies indi-
cated that the complicated functions of USP10 are largely 
dependent on its deubiquitinated substrates in the spe-
cific cell context of cancer types. However, the research 
regarding USP10 in lung cancer is still limited, and 
available results are also controversial. A recent study 
reported that USP10 regulates KLF4 stability and exerts 
a tumor-suppressive role in lung cancer [39]. On the 
contrary, Hu et al. found that USP10 plays a growth-pro-
moting role in NSCLC via stabilizes HDAC6 [40]. Similar 
to the reported by Hu et  al., we discovered that USP10 
deubiquitinates and stabilizes HDAC7 in  vivo, which in 
turn promotes growth and migration of NSCLC cells. In 

addition, a specific co-expression of USP10 and HDAC7 
were observed in NSCLC tissues but not in normal. Thus, 
further in-depth experimental and more clinical data are 
necessary to elucidate the clinical relevance and mecha-
nisms of USP10 and HDAC7 in this disease context.

Despite these interesting findings, several limitations 
should also be acknowledged. One limitation is that since 
the key problem in our current research was centered 
around the role and mechanism of HDAC7, downstream 
signaling of FGF18 has not been thoroughly investigated 
here. In addition, whether HDAC7 has other effects on 
β-catenin in three-dimensional structure alterations, 
conformation changes, potential disruption or creation 
of other protein–protein interaction surfaces and so on 
remains unclear. Therefore, our future experiments are 
targeted to answer these important questions.

Conclusion
We found a novel HDAC7-β-catenin–FGF18 pathway 
that was involved in NSCLC proliferation and metasta-
sis. Our preliminary data also provide insights into the 
function of USP10 in NSCLC cells suggesting innovative 
strategies for future antitumor drug development and 
drug resistance research.
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Additional file 1: Figure 1. (a) The basal HDAC7 expressions of NSCLC 
cell lines. (b) Representative western blotting of cell cycle–related proteins 
in HDAC7 overexpression and knockdown cells. (c) Flow cytometry results 
of cell-cycle distribution at indicated time points. (d) Gross photograph 
of subcutaneous xenograft tumors, tumor growth curve and subcuta-
neous tumor weight in each group. (e) Representative western blot of 
EMT-associated proteins in HDAC7 overexpression and knockdown cells. 
Representative fluorescence images (f) and fluorescence signals analysis 
(g) of pulmonary metastases 4 weeks after tail vein injection. (h) Repre-
sentative HE staining images of lung samples from indicated groups. Scale 
bar, 1 mm and 100 μm (inset), respectively. (i) The number of metastatic 
nodules per lung in HE staining images. (j) Representative general mor-
phology of surface lung metastases. The black triangular arrows indicate 
the metastatic nodules. β-actin was used as internal control. All the data 
are expressed as mean ± SD. *P < 0.05. LV, lentivirus.

Additional file 2: Figure 2. (a) Heatmap of RNA-seq data from SK-LU-1 
cells overexpressing HDAC7 or the control based on the log2 intensity. (b) 
The GO function enrichment analysis of DEGs in SK-LU-1 cells overexpress-
ing HDAC7 or the control, ranked by the P value. (c) The quantification 
changes of FGF18 in the culture medium after up- or downregulating 
HDAC7 in NSCLC cells. (d) Gross photograph of subcutaneous xenograft 
tumors, tumor growth curve and tumor weight in indicated groups. 
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Representative fluorescence images (e) and fluorescence signals analysis 
(f) of pulmonary metastases 4 weeks after tail vein injection. (g) Repre-
sentative HE staining images of lung samples from indicated groups. Scale 
bar, 1 mm and 100 μm (inset), respectively. (h) The number of metastatic 
nodules per lung in HE staining images. (i) Representative general mor-
phology of surface lung metastases. The black triangular arrows indicate 
the metastatic nodules. All the data are expressed as mean ± SD. *P < 
0.05. LV, lentivirus.

Additional file 3: Figure 3. (a) The relative TOP/FOP ratio in HDAC7 over-
expression or knockdown NSCLC cells. The mRNA (b) and protein levels (c) 
of β-catenin related genes in HDAC7 overexpression or knockdown NSCLC 
cells. (d) Representative western blotting of HDAC7-β-catenin-FGF18 
pathway involved proteins in indicated NSCLC cells. (e) Mass spectrometry 
analysis results of USP10 peptide sequence (IAELLENVTLIHKPVSLQP). (f) 
Representative HDAC7 and USP10 IHC images of NSCLC and adjacent 
non-tumor tissues. Scale bar, 200 μm and 50 μm (inset), respectively. Cor-
relation analysis of HDAC7 and USP10 expression in NSCLC tissues (g) and 
in adjacent non-tumor tissues (h). β-actin was used as internal control. All 
the data are expressed as mean ± SD. *P < 0.05. LV, lentivirus.
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