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Abstract
Background: Increasing evidence indicates that four and a half LIM domains
2 (FHL2) plays a crucial role in the progression of various cancers. However, the bio-
logical functions and molecular mechanism of FHL2 in lung adenocarcinoma
(LUAD) remain unclear.
Methods: We evaluated the prognostic value of FHL2 in LUAD using public datasets
and further confirmed its prognostic value with our clinical data. The biological func-
tions of FHL2 in LUAD were evaluated by in vitro and in vivo experiments. Pathway
analysis and rescue experiments were subsequently performed to explore the molecu-
lar mechanism by which FHL2 promoted the progression of LUAD.
Results: FHL2 was upregulated in LUAD tissues compared to adjacent normal lung
tissues, and FHL2 overexpression was correlated with unfavorable outcomes in
patients with LUAD. FHL2 knockdown significantly suppressed the proliferation,
migration and invasion of LUAD cells, while FHL2 overexpression had the opposite
effect. Mechanistically, FHL2 upregulated the PI3K/AKT/mTOR pathway and subse-
quently inhibited autophagy in LUAD cells. The effects FHL2 on the proliferation,
migration and invasion of LUAD cells are dependent on the inhibition of autophagy,
as of induction autophagy attenuated the aggressive phenotype induced by FHL2
overexpression.
Conclusions: FHL2 promotes the progression of LUAD by activating the PI3K/AKT/
mTOR pathway and subsequently inhibiting autophagy, which can be exploited as a
potential therapeutic target for LUAD.
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INTRODUCTION

Lung cancer is one of the most common malignant tumors
and the leading cause of cancer-related death worldwide.1

Lung adenocarcinoma (LUAD) is the most common patho-
logical type of lung cancer, accounting for 40% of all cases.2

Unfortunately, most patients are diagnosed at an advanced
stage when radical resection is unavailable and the only
options left are palliative treatment such as chemotherapy and
radiotherapy.3 In recent decades, the development of targeted
therapy and immunotherapy has revolutionized the treatment
of LUAD. However, the prognosis of patients with advanced
LUAD remains unsatisfactory as therapeutic response varies
among different patients and the inevitable development of
resistance to currently available treatments.4,5 According to
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recent reports, the 5-year survival rate of patients with
advanced LUAD is only 15%,6,7 which highlights the need for
more effective therapeutic strategies against this deadly disease.
Therefore, it is crucial to obtain a more in-depth understanding
of the mechanism underlying the aggressiveness of LUAD and
identify additional potential therapeutic targets.

Four and a half LIM domains 2 (FHL2) is an important
member of the LIM-only protein family.8 LIM domains are dou-
ble zinc finger motifs that provide protein–protein binding
interfaces,9 which enable FHL2 to interact with a variety of pro-
teins and play crucial roles in regulating signal transduction,
gene expression and cell growth.10 FHL2 expression is dysregu-
lated in various cancers, but its impact on cancer remains con-
troversial; it can function as either an oncogene or a tumor
suppressor depending on the tumor subtype.11–14 For instance,
FHL2 has been found to be upregulated in pancreatic cancer
and to promote cell proliferation through the MEK/ERK signal-
ing pathway.11 It has also been reported that increased expres-
sion of FHL2 is associated with a poor prognosis in patients
with ovarian cancer and can promote tumorigenesis via the
Wnt/β-catenin pathway.12 In contrast, FHL2 has also been
found to be downregulated in hepatocellular carcinoma and to
suppress liver cancer cell growth by regulating the expression of
cyclin D1 and p21.15 FHL2 expression has also been found to be
significantly decreased in breast cancer, where FHL2 functions
as a tumor suppressor through its interaction with Smad4, sub-
sequently decreasing the transcriptional activity of Era and sup-
pressing the development of breast cancer.16,17 In summary,
FHL2 is a multifunctional protein involved in the regulation of
various molecular pathways that either promotes tumor progres-
sion or suppresses tumorigenesis, and it exerts its biological
functions in a context-depending manner.10 However, studies
investigating the biological role of FHL2 in lung cancer are rare.
A recent study reported that high FHL2 expression in lung can-
cer was an independent predictor of a poor prognosis, yet the
underlying mechanism remains unclear.18

In this study, we first evaluated the prognostic relevance
of FHL2 in LUAD using clinical data and subsequently con-
firmed its impact on tumor progression through in vitro
and in vivo studies. We further explored the underlying
mechanism and revealed that upregulation of the PI3K/
AKT/mTOR signaling pathway and subsequent suppression
of autophagy are the key mechanisms by which FHL2 pro-
moted LUAD tumorigenesis. Our study is the first to fully
clarify the molecular function of FHL2 in LUAD and the
first to discover the regulatory effect of FHL2 on autophagy
via the PI3K/AKT/mTOR signaling pathway. Our findings
provide a more in-depth understanding of the role of FHL2
in cancer biology and indicate that FHL2 can be exploited
for the development of therapeutic strategies against LUAD.

METHODS

Patient specimens

Paraffin-embedded specimens of surgically resected
tumor tissues from 60 patients diagnosed with LUAD

were obtained from the Pathology Department of the First
Affiliated Hospital of Sun Yat-Sen University and sub-
jected to immunohistochemistry (IHC) assays. Addition-
ally, 12 pairs of fresh-frozen LUAD tissues and cancer-
adjacent normal lung tissues were collected for analysis
via western blotting. None of the patients received any
treatment before surgery. This study was approved by the
Ethics Committee of the First Affiliated Hospital of Sun
Yat-Sen University ([2023]303).

Data mining and bioinformatic analysis

The gene expression profiles and clinical data of the
patients in the GSE31210 dataset were obtained from
the Gene Expression Omnibus (GEO) database. This
dataset included data of 226 tumor tissues from LUAD
patients and 20 normal lung tissues. The differential
expression of FHL2 between the two groups was evalu-
ated using the “limma” R package. Patients with LUAD
were also categorized into two groups (FHL2-high and
FHL2-low), with the median expression value of FHL2
serving as the cutoff point. The Kaplan–Meier (K-M)
survival curves were plotted using the “survival” R
package to analyze the prognostic value of FHL2 in
LUAD. In addition, the expression of FHL2 and its
prognostic value in LUAD patients were further veri-
fied via the Gene Expression Profiling Interactive Anal-
ysis (GEPIA, http://gepia.cancer-pku.cn/) database.

Reagents

Lentiviral vector containing the following plasmids, FHL2
complementary cDNA, a negative control, three shRNAs
designed to interfere FHL2 expression (shFHL2#1, #2, #3)
and the negative control shRNA (shControl), were all syn-
thesized by GeneCopoeia. The target sequences of FHL2
shRNAs are listed in Table S1. SC79 (#S7863), MK-2206
(#S1078), MHY1485 (#S7811) and rapamycin (#S1039) were
purchased from Selleck Chemicals.

Cell culture and transfection

The human normal bronchial epithelial cell line BEAS-2B
and LUAD cell lines A549, H1299 and PC9 were purchased
from iCell Bioscience Inc. All cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin in an incubator at 37�C with 5% CO2. All cells
were authenticated by short tandem repeat analysis and
tested for mycoplasma contamination.

For cell transfection, cells were seeded into 24-well plates
and cultured to 80% confluence. Then, lentiviral particles
were added to the cells according to the manufacturer’s
instructions. After transfection for 12 h, the cells were
washed three times with phosphate buffered solution (PBS)
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and cultured in fresh medium at 37�C and 5% CO2. Finally,
the cells were treated with puromycin (2 μg/mL) to select
for successfully transfected cells.

Reverse transcription quantitative PCR
(RT-qPCR)

Total RNA was extracted from the cells using the FastPure
Cell/Tissue Total RNA Isolation Kit V2 (Vazyme) and
reverse-transcribed into cDNA using the HiScript III RT
SuperMix kit (Vazyme). RT-qPCR analysis was performed
with ChamQ Universal SYBR qPCR Master Mix (Vazyme)
on a CFX96 Real-Time PCR system (Bio-Rad).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
served as the internal control. The relative expression of the
target genes was analyzed using the 2�ΔΔCt method.
The sequences of primers were listed in Table S1.

Western blotting

Radioimmunoprecipitation assay (RIPA) lysis buffer
(Epizyme) containing protease and phosphate inhibitors
(Epizyme) was used to lyse cells and fresh-frozen tissues for
protein extraction. The protein concentration was measured
using the BCA protein assay kit (Epizyme). Equal amounts
of proteins were separated by sodium dodecyl sulfate-
polyacrylamide electrophoresis and transferred onto polyvi-
nylidene fluoride (PVDF) membranes (Millipore). After
blocking with 5% defatted milk at room temperature for 1 h,
the membranes were incubated with primary antibodies
overnight at 4�C and incubated with the corresponding sec-
ondary antibodies at room temperature for 1 h. Finally, the
enhanced chemiluminescence reagent (Epizyme) was used
to detect the protein bands. The antibodies used in this
study are listed Table S2.

Cell proliferation and colony formation assays

Cell proliferation was assessed using the cell counting kit-8
(CCK-8; FUDE) according to the manufacturer’s instruc-
tions. The absorbance was determined at a wavelength of
450 nm. For the colony formation assay, cells (1 � 103 per
well) were seeded in six-well plates for 10–14 days. The col-
onies were fixed with 4% paraformaldehyde and stained
with crystal violet. The number of colonies was counted.

Wound healing assay

For wound healing assay, the cells were seeded into six-well
plates and cultured to 90% confluence. The plates were
scratched with sterile 200 μL pipette tips and then washed
three times with PBS. After that, the cells were cultured in
FBS-free medium at 37�C and 5% CO2. Images were taken

at 0 h and 48 h, and the wound area was measured using
ImageJ software.

Transwell assay

The migration and invasion ability of the cells were evalu-
ated using transwell chambers (Corning) coated with or
without Matrigel (ABW). The cells were resuspended in
200 μL FBS-free medium and seeded in the upper chamber,
and 800 μL medium supplemented with 10% FBS was added
to the lower chamber. After incubation for 36 h at 37�C, the
cells that passed through the membrane were fixed with 4%
paraformaldehyde and stained with crystal violet. The
stained cells were counted under a microscope.

RNA-sequencing analysis

Total RNA was isolated from the cells and subsequently sent
to Annoroad Corporation for transcriptome sequencing
(3 samples per cell line). Analysis of differential gene expres-
sion was performed using the “limma” R package. Genes
with jlog2FCj > 0.5 and p < 0.05 were considered differen-
tially expressed genes (DEGs) and were subjected to further
pathway analysis. Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis was performed using
the “clusterProfiler” R package.

IHC assay

For IHC staining, the tissue sections were incubated with
specific primary antibody overnight at 4�C after deparaffini-
zation, hydration, antigen retrieval and goat serum blocking.
Then, the sections were subsequently incubated with the
corresponding secondary antibody at room temperature for
1 h. After that, positive staining was visualized using 3,30-
diaminobenzidine (DAB) and counterstained with
hematoxylin.

The IHC score was calculated as the product of the score
for staining intensity and the score for the percentage of
positively stained cells. The staining intensity was scored as
follows: 0, negative; 1, weak; 2, moderate; and 3, strong. The
percentage of positively stained cells was scored as follows:
1, 0%–25%; 2, 26%–50%; 3, 51%–75%; and 4, >75%. A total
score of ≤6 or >6 was regarded as low or high FHL2 expres-
sion, respectively. The IHC results were independently
scored by two pathologists who were blinded to the clinical
information.

Immunofluorescence assay

Cells were fixed with 4% paraformaldehyde, permeated with
0.5% Triton-100 and blocked with 0.5% bovine serum albu-
min (BSA). Next, the cells were incubated with primary
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antibody overnight at 4�C and then with secondary antibody
(Affinity) at room temperature for 1 h. The nuclei were
stained with DAPI (Beyotime). Images were obtained with
an inverted fluorescence microscope (Leica DMI8).

Transmission electron microscopy (TEM)

The cells were harvested, fixed with fixative (Servicebio) at
4�C, washed three times with 0.1 M phosphate buffer
(PB) and wrapped in agarose. Then, the cells were post fixed
with 1% OsO4 buffer at room temperature for 2 h, washed
three times with 0.1 M PB, dehydrated with ethanol, embed-
ded in Epon812 epoxy resin, cut into 80 nm thin on the
ultra-microtome (Leica UC7) and collected on the cuprum
grids. Next, the cuprum grids were stained with 2% uranium
acetate saturated alcohol solution and 2.6% lead citrate and
observed using a transmission electron microscope
(Hitachi).

Xenograft model

Five-week-old female BALB/c nude mice were used for the
generation of tumor xenograft models. A total of 2 � 105

FHL2-overexpressing A549 cells and control cells were
resuspended in 200 μL basal medium and injected into the
right flank of nude mice (n = 5/group). The tumor size was
measured every 4 days with a caliper, and the tumor volume
was calculated according to the following formula: tumor
volume = length � width2/2. The mice were euthanized on
the 28th day. The xenograft tumors were removed, weighed
and photographed. All animals used in the present study
were approved by the ethical committee of the First Affili-
ated Hospital of Sun Yat-Sen University ([2022]379).

Statistical analysis

R 4.1.2 and GraphPad Prism 8.0 software were utilized for
data analysis and visualization. Intergroup comparisons
were performed using Student’s t test. K-M curves were used
for survival analysis. All data are presented as mean ± SD.
p < 0.05 was considered statistically significant.

RESULTS

FHL2 was upregulated in LUAD and associated
with a poor prognosis

We first evaluated the expression and prognostic relevance
of FHL2 in LUAD using public datasets. FHL2 was signifi-
cantly upregulated in LUAD tumor tissues compared to
normal lung tissues (Figure 1a,b). FHL2 overexpression was
significantly associated with reduced overall survival (OS) in
patients with LUAD in the GSE31210 and GEPIA cohorts

(Figure 1c,d). Analysis of clinical samples obtained from our
clinical center also confirmed that FHL2 was overexpressed
in LUAD tissues compared to tumor-adjacent tissues
(Figure 1e). We also detected FHL2 expression in cell lines
by RT-qPCR and western blotting and found that FHL2 was
more highly expressed in LUAD cell lines (H1299, PC9 and
A549) than in a nonmalignant bronchial epithelial cell line
(BEAS-2B) (Figure 1f,g). To further confirm the prognostic
significance of FHL2 in clinical samples from our center, we
detected FHL2 expression in 60 LUAD tissues by IHC
(Figure 1h) and collected corresponding clinical data. K-M
survival curves revealed that patients with lower FHL2
expression (n = 31) had longer OS than those with high
FHL2 expression (n = 29) (Figure 1i). These results indi-
cated that FHL2 was upregulated in LUAD and associated
with a poor prognosis.

FHL2 promoted the proliferation, migration
and invasion of LUAD tumor cells

According to the expression pattern of FHL2 in LUAD cell
lines, H1299 and PC9 cells with high FHL2 expression were
selected for FHL2 knockdown, and A549 cells with low
FHL2 expression were selected for FHL2 overexpression.
The knockdown and overexpression efficiency were verified
by RT-qPCR and western blotting (Figure 2a,b). CCK-8
assays indicated that FHL2 knockdown or overexpression
significantly suppressed or promoted cell growth, respec-
tively, compared to that in the control groups (Figure 2c,d).
In addition, FHL2 knockdown significantly decreased the
colony-forming ability of H1299 and PC9 cells (Figure 2e),
while FHL2 overexpression promoted the colony formation
of A549 cells (Figure 2f). Transwell assays showed that
FHL2 knockdown inhibited the migration and invasion of
H1299 and PC9 cells (Figure 2g), whereas FHL2 overexpres-
sion had the opposite effect on A549 cells (Figure 2h). The
impact of FHL2 on tumorigenesis was further evaluated
using a xenograft tumor model. FHL2-overexpressing A549
cells and control cells were injected into the right flank of
nude mice. Tumors derived from the FHL2-overexpressing
cell line grew faster than that of the control ones
(Figure 2i,j). In addition, the tumor weight in the
FHL2-overexpressing group was significantly greater than
that in the control group (Figure 2k). These findings sug-
gested that FHL2 could act as an oncogene to promote
tumor proliferation and metastasis in LUAD.

PI3K/AKT/mTOR pathway was activated
by FHL2

RNA-sequencing was performed to investigate the molecu-
lar mechanism by which FHL2 promoted the progression of
LUAD. A total of 379 DEGs were identified between
FHL2-knockdown H1299 cells and corresponding control
cells, among which 217 genes were upregulated and
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162 genes were downregulated after knockdown of FHL2
(Figure S1, Table S3). We also identified a total of 654 DEGs
(471 upregulated genes and 183 downregulated genes) in
FHL2-overexpressing A549 cells compared to control cells
(Figure S1, Table S4). The DEGs were further subjected to
KEGG pathway analysis. The top 15 pathways that were
found to be upregulated by FHL2 are presented in
Figure 3a,b, among which the PI3K/AKT pathway was one
of the predominant pathways in both cell lines.

To confirm the findings derived from pathway analysis,
we next detected the protein levels of the key markers in this
pathway by western blotting. After FHL2 knockdown, the
protein levels of PI3K, phospho-AKT (p-AKT) and
phospho-mTOR (p-mTOR) were significantly decreased in

H1299 and PC9 cells, while the protein levels of total AKT
and mTOR were not significantly changed (Figure 3c). Fur-
thermore, FHL2 overexpression significantly increased the
protein levels of PI3K, p-AKT and p-mTOR in A549 cells
(Figure 3d). These results suggested that FHL2 promoted
the proliferation, migration and invasion of LUAD cells via
activation of the PI3K/AKT/mTOR pathway.

FHL2 regulated the autophagy of LUAD tumor
cells through the PI3K/AKT/mTOR pathway

The PI3K/AKT/mTOR pathway is a vital regulator of autop-
hagy.19 Therefore, we explored whether FHL2 could regulate

F I G U R E 1 Increased FHL2 expression is associated with poor prognosis of patients with lung adenocarcinoma (LUAD). (a, b) The expression of FHL2
was compared between lung adenocarcinoma (LUAD) tissues and normal lung tissues (GSE31210 dataset and GEPIA database). (c, d) Kaplan–Meier (K-M)
survival curves of overall survival (OS) in GSE31210 dataset and GEPIA database. (e) The expression of FHL2 in LUAD tissues (n = 12) and cancer-adjacent
tissues (n = 12) was detected by western blotting. (f, g) The mRNA and protein expression of FHL2 in human normal bronchial epithelial cell line
(BEAS-2B) and LUAD cell lines (H1299, PC9 and A549) was detected by reverse transcription quantitative PCR (RT-qPCR) and western blotting.
(h) Representative immunohistochemistry (IHC) staining images of low and high FHL2 expression in LUAD tissues. scale bar = 50 μm. (i) K-M survival
curves of OS in 60 patients with LUAD stratified by IHC score (low FHL2 expression, n = 31 vs. high FHL2 expression, n = 29). *, p < 0.05; **, p < 0.01;
***, p < 0.001.
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F I G U R E 2 FHL2 promotes the tumorigenesis of lung adenocarcinoma (LUAD) in vitro and in vivo. (a, b) The mRNA and protein expression of FHL2
in FHL2-knockdown or -overexpressing LUAD tumor cells and corresponding control cells. (c, d) Cell growth curves of FHL2-knockdown H1299 cells,
FHL2-overexpressing A549 cells and their control cells. (e) Colony formation assay after FHL2 knockdown in H1299 and PC9 cells. (f) Colony formation
assay after FHL2 overexpression in A549 cells. (g) The migration and invasion ability of FHL2-knockdown H1299 and PC9 cells was detected by transwell
assay. scale bar = 100 μm. (h) The migration and invasion ability of FHL2-overexpressing A549 cells was detected by transwell assay. scale bar = 100 μm.
(i) Xenograft tumors in FHL2-overexpressing and control groups. The mice were executed on 28 days. (j) Tumor growth curves after the injection of
FHL2-overexpressing A549 cells and control cells. (k) Tumor weight in FHL2-overexpressing and control groups was measured. **, p < 0.01; ***, p < 0.001.
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the autophagy of LUAD cells by detecting the protein levels
of autophagy-related markers. As shown by western blot-
ting, FHL2 knockdown increased the LC3 II/LC3 I ratio and

the Beclin1 expression level but decreased the P62 expres-
sion level in H1299 and PC9 cells (Figure 4a). In contrast,
FHL2 overexpression decreased the LC3 II/ LC3 I ratio and

F I G U R E 3 FHL2 activates the PI3K/AKT/mTOR pathway in lung adenocarcinoma (LUAD). (a) Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis of differentially expressed genes (DEGs) between FHL2-knockdown H1299 cells and control cells. (b) KEGG analysis of DEGs between
FHL2-overexpressing A549 cells and control cells. (c, d) The protein level of PI3K, AKT, p-AKT, mTOR and p-mTOR in FHL2-knockdown H1299 cells,
FHL2-knockdown PC9 cells, FHL2-overexpressing A549 cells and their control cells.
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the expression of Beclin1 in A549 cells, while the expression
of P62 was significantly increased (Figure 4b). Immunofluo-
rescence analysis also showed that FHL2 overexpression

increased the expression of P62 in A549 cells compared to
that in the control cells (Figure 4c). Furthermore, we found
that FHL2 knockdown significantly induced autophagosome

F I G U R E 4 FHL2 regulates the autophagy of lung adenocarcinoma (LUAD) tumor cells through PI3K/AKT/mTOR pathway. (a, b) The protein level of
Beclin1, LC3 II/LC3 I and P62 in FHL2-knockdown H1299 cells, FHL2-knockdown PC9 cells, FHL2-overexpressing A549 cells and their control cells was
detected by western blotting. (c) Immunofluorescence images of P62 (red) staining in FHL2-overexpressing A549 cells and control cells. Nuclei were stained
with DAPI (blue). (d) Autophagosome in FHL2-knockdown H1299 cells, FHL2-overexpressing A549 cells and their control cells was detected by
transmission electron microscopy. (e) FHL2-knockdown H1299 and PC9 cells treatment with or without SC79 (5 μg) for 24 h, respectively. The protein level
of AKT, p-AKT, mTOR, p-mTOR, LC3 II/LC3 I and P62 was detected by western blotting. (f) FHL2-overexpressing A549 cells treatment with or without
MK-2206 (4 μM) for 24 h, respectively. The protein level of AKT, p-AKT, mTOR, p-mTOR, LC3 II/LC3 I and P62 was detected by western blotting.
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formation in H1299 cells, whereas FHL2 overexpression
reduced this phenomenon in A549 cells (Figure 4d). These
findings revealed that FHL2 suppressed autophagy in LUAD
tumor cells.

To further prove that FHL2 regulated autophagy in LUAD
cells via activation of the PI3K/AKT/mTOR pathway, an AKT
agonist (SC79) and an AKT inhibitor (MK-2206) were used to
manipulate the AKT pathway in subsequent analyses. As
shown in Figure 4e, treating FHL2-knockdown H1299 and
PC9 cells with SC79 significantly promoted the phosphoryla-
tion of AKT and mTOR, which simultaneously reduced the
LC3 II/LC3 I ratio and increased P62 expression. On the other
hand, an increase in the LC3 II/LC3 I ratio and a reduction in

P62 expression were observed in FHL2-overexpressing A549
cells after treatment with MK-2206, which suppressed the
AKT/mTOR signaling pathway as indicated by decreased
phosphorylation of AKT and mTOR (Figure 4f). The above
findings suggested that FHL2 suppressed autophagy in LUAD
tumor cells via activation of the PI3K/AKT/mTOR pathway.

Autophagy induction regulated the progression
of LUAD

To explore whether FHL2 promoted the progression of LUAD
via the suppression of autophagy, an autophagy inhibitor

F I G U R E 5 FHL2 promotes aggressiveness of lung adenocarcinoma (LUAD) cells through suppression of autophagy. (a) FHL2-knockdown PC9 cells
treatment with or without MHY1485 (5 μM) for 24 h, respectively. The protein level of LC3 II/LC3 I and P62 was detected by western blotting.
(b) FHL2-overexpressing A549 cells treatment with or without rapamycin (100 nM) for 24 h, respectively. The protein level of LC3 II/LC3 I and P62 was
detected by western blotting. (c) The colony formation ability of shNC + DMSO, shFHL2#3 + DMSO and shFHL2#3 + MHY1485 cell groups in PC9 cells.
(d) The colony formation ability of VEC + DMSO, FHL2 + DMSO and FHL2 + Rapamycin cell groups in A549 cells. (e) Wound-healing assay was used to
evaluate the migration ability of shNC + DMSO, shFHL2#3 + DMSO and shFHL2#3 + MHY1485 cell groups in PC9 cells. (f) Wound-healing assay was
used to evaluate the migration ability of VEC + DMSO, FHL2 + DMSO and FHL2 + Rapamycin cell groups in A549 cells. (g) Transwell assay was used to
evaluate the migration and invasion ability of shNC + DMSO, shFHL2#3 + DMSO and shFHL2#3 + MHY1485 cell groups in PC9 cells. scale
bar = 100 μm. (h) Transwell assay was used to evaluate the migration and invasion ability of VEC + DMSO, FHL2 + DMSO and FHL2 + Rapamycin cell
groups in A549 cells. scale bar = 100 μm. *, p < 0.05; ***, p < 0.001.
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(MHY1485) and an autophagy activator (rapamycin) were
applied to modulate autophagy in FHL2-knockdown PC9 cells
and FHL2-overexpressing A549 cells. As shown in Figure 5a,
the LC3 II/LC3 I ratio was significantly reduced in
FHL2-knockdown PC9 cells after treatment with MHY1485,
while the protein level of P62 was significantly increased. Con-
versely, rapamycin treatment significantly increased the LC3
II/LC3 I ratio but inhibited the expression of P62 in
FHL2-overexpressing A549 cells (Figure 5b).

Interestingly, the colony formation ability of
FHL2-knockdown PC9 cells was reversed when autophagy
was blocked by MHY1485 treatment (Figure 5c), while the
induction of autophagy with rapamycin abrogated the effect
of FHL2 overexpression on the colony formation of A549
cells (Figure 5d). Wound-healing assay showed that the
migration ability of FHL2-knockdown PC9 cells was
reversed after MHY1485 treatment (Figure 5e), whereas the
migration ability of A549 cells was attenuated after rapamy-
cin treatment (Figure 5f). Furthermore, transwell assay
showed that the migration and invasion ability of
FHL2-knockdown PC9 cells treated with MHY1485 was sig-
nificantly increased (Figure 5g), whereas those of
FHL2-overexpressing A549 cells were significantly inhibited
by rapamycin treatment (Figure 5h). These findings indi-
cated that FHL2 promoted the progression of LUAD by
inhibiting autophagy.

DISCUSSION

FHL2 is aberrantly expressed in various types of cancer,
and it has been shown to exert either oncogenic or cancer-
suppressive effects in a cancer-type dependent
manner.12–15 However, the biological functions of FHL2 in
lung cancer are still not fully understood. We not only
thoroughly evaluated the prognostic impact of FHL2 in
LUAD but also carried out an in-depth investigation of its
biological functions within the context of LUAD. Mecha-
nistically, FHL2 promoted LUAD progression through
activation of the PI3K/AKT/mTOR pathway and the subse-
quent suppression of tumor autophagy. Our findings
broaden the understanding of the role of FHL2 in cancer
biology and might facilitate the development of more effec-
tive anticancer treatments.

Jiao et al. investigated the role of FHL2 in lung cancer
and reported that increased FHL2 expression was an inde-
pendent predictor of a poor prognosis based on analysis of
the TCGA dataset.18 Consistently, our study further proved
that FHL2 expression was significantly associated with an
unfavorable prognosis in patients with LUAD according to
analysis of both public datasets and data derived from our
own clinical center. Function loss and function gain experi-
ments further demonstrated the important role of FHL2 in
promoting the proliferation, migration and invasion of
LUAD tumor cells. These findings suggested that FHL2, as
an oncogene, could be exploited as a prognostic biomarker
in LUAD. Additionally, the critical role of FHL2 in

tumorigenesis suggested that FHL2 might be a potential
therapeutic target for LUAD.

Numerous studies have indicated that FHL2 can act as
an oncoprotein or tumor suppressor to influence the pro-
gression of various cancers through multiple different
mechanisms.11,15,20 However, the molecular mechanism
by which FHL2 promotes the aggressiveness of LUAD has
never been explored. RNA-sequencing and pathway analy-
sis facilitated the investigation of the underlying mecha-
nism. Based on the results of pathway analysis, we
speculated that FHL2 may enhance the malignant pheno-
type of LUAD tumor cells by activating the PI3K/AKT
pathway, which controls many cellular functions, such as
cell survival, proliferation, apoptosis and autophagy.21,22

Numerous studies have shown that the PI3K/AKT path-
way is aberrantly activated in various cancers and plays an
important role in promoting tumor progression.22,23

Hence, we detected the expression of key proteins involved
in this pathway to validate our hypothesis. Consistent with
these findings, FHL2 knockdown inhibited the expression
of PI3K, p-AKT and p-mTOR, while FHL2 overexpression
had the opposite effects. Collectively, these results demon-
strated that FHL2 may promote the progression of LUAD
by activating the PI3K/AKT/mTOR pathway.

Previous studies have demonstrated that the PI3K/
AKT/mTOR pathway is a key regulator of autophagy.19

Autophagy is a highly conserved intracellular process in
which damaged proteins and organelles are digested by
lysosomal hydrolases, and degradative products such as
amino acids and sugars are ultimately recycled into the
cytoplasm to maintain cellular homeostasis.24–26 Emerging
evidence indicates that autophagy plays a dual role in can-
cer.27 On one hand, autophagy plays a critical role in sup-
pressing tumorigenesis by preventing cell injury and
maintaining genome stability.28,29 On the other hand,
autophagy can help cancer cells meet high metabolic
demands and promote cell growth.30 However, unre-
strained autophagy might induce cell death.31 The associa-
tion between FHL2 and the PI3K/AKT/mTOR pathway
identified in our study prompted us to explore the novel
role of FHL2 in autophagy. Interestingly, we found that
FHL2 knockdown inhibited the PI3K/AKT/mTOR path-
way, thereby inducing autophagy in LUAD tumor cells,
while FHL2 overexpression had the opposite effect. Fur-
thermore, rescue experiments showed that inhibiting or
inducing autophagy reversed the effect of FHL2 knock-
down or overexpression on the malignant behavior of
LUAD tumor cells. Taken together, our findings suggested
that FHL2 inhibited the autophagy of LUAD tumor cells
by activating the PI3K/AKT/mTOR pathway, thereby pro-
moting LUAD progression.

This study had several limitations. First, the data used
for prognostic validation were derived from a retrospective
study conducted at a single clinical center, and the sample
size was relatively small. Second, we studied the mechanism
by which FHL2 promoted LUAD progression through cell
experiments but did not further verify this phenomenon in
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animal models. Finally, the upstream molecular mechanism
underlying the abnormal expression of FHL2 in LUAD
needs further investigation.

In conclusion, we demonstrated that high FHL2 expres-
sion was correlated with a poor prognosis in patients with
LUAD. Functionally, we discovered that FHL2 could pro-
mote the proliferation, migration and invasion of LUAD
tumor cells. Mechanistically, FHL2 may promote the pro-
gression of LUAD through activation of the PI3K/AKT/
mTOR pathway and subsequent inhibition of autophagy.
Targeting FHL2 is expected to provide a new therapeutic
strategy for patients with LUAD.
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