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Abstract

The PHLDA3 gene encodes a small 127 amino acid protein with a pleckstrin homology (PH)-only domain. The expression
and significance of PHLDA3 in lung cancer remain unclear. Here, we investigated the role of PHLDA3 in tumor
proliferation and invasion in lung adenocarcinoma. Immunohistochemistry and immunoblotting analyses were used to assess
PHLDAS3 expression in lung cancer tissues, and its correlation with clinicopathological factors in lung cancer. Plasmids
encoding PHLDA3 and small interfering RNA against PHLDA3 were used to regulate the expression of PHLDA3 in lung
cancer cells. Furthermore, the effects of PHLDA3 on lung cancer cell proliferation and invasion were investigated using the
MTS, colony formation, Matrigel invasion, and wound healing assays. Co-immunoprecipitation analysis and inhibitors of
both the Wnt signaling pathway and GSK3p were used to explore the regulatory mechanisms underlying the role of
PHLDA3 in lung cancer cells. PHLDA3 was found to be overexpressed in lung cancer tissues, and its expression was
correlated with poor outcomes in lung adenocarcinoma patients. PHLDA3 expression promoted the proliferation, invasion,
and migration of lung cancer cells. Overexpression of PHLDA3 activated the Wnt signaling pathway and facilitated
epithelial-mesenchymal transition. Inhibition of Wnt signaling pathway activity, using XAV-939, reversed the effects of
PHLDA3 overexpression in lung cancer cells; moreover, PHLDA3 could bind to GSK3p. Inhibition of GSK3f activity,
using CHIR-99021, restored the proliferative and invasive abilities of PHLDA3 knockdown cells. Our findings demonstrate
that PHLDAS3 is highly expressed in lung adenocarcinomas and is correlated with poor outcomes. Furthermore, it promotes
the proliferation and invasion of lung cancer cells by activating the Wnt signaling pathway.

Introduction

Supplementary information The online version contains
supplementary material available at https://doi.org/10.1038/s41374-
021-00608-3.

The PHLDA3 gene, located on mouse chromosome 1 and
human chromosome 1q31 [1], encodes a 127 amino acid
protein with a pleckstrin homology (PH)-only domain [2]. The
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PH domain is an amino acid sequence of ~100 residues with a
specific three-dimensional structure, allowing binding to
phosphoinositides and protein—protein interactions. It is present
in various proteins involved in signal transduction, phospholi-
pid processing, membrane trafficking, and cytoskeletal orga-
nization [3]. PHLDAS3 has been demonstrated to regulate acute
kidney [4] and liver injury [5] induced by cisplatin and tuni-
camycin, respectively. Notably, the effects of PHLDA3 on
islets and 3 cells are complex and varied. PHLDA3 deficiency
improves islet engraftment by suppressing hypoxic damage [6],
whereas PHLDA3 induction protects against cell death during
stress [7]. Similar to this bidirectional regulation, PHLDA3
expression can ameliorate pressure overload-induced cardiac
remodeling mainly by blocking the Akt signaling pathway [8];
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additionally, its overexpression impairs the specification of
hemangioblasts and vascular development in zebrafish [9]. As
a direct target of p53, PHLDAS3 acts as a tumor suppressor in
neuroendocrine tumors by competitively binding to PIP to
inhibit Akt activity [10-12]. In esophageal squamous cell
carcinomas, low PHLDA3 expression is associated with poor
prognosis [13], whereas PHLDA3 levels are significantly
increased in head and neck squamous cell carcinoma [14].
Nevertheless, the role of PHLDA3 in lung cancer biology has
been poorly studied and remains to be fully elucidated.

Lung cancer, of which 80-85% is non-small cell lung
cancer (NSCLC), is the leading cause of cancer-related deaths
worldwide [15]. Wnt/p-catenin alterations are prominent in
human malignancies, and available data indicate that Wnt
signaling substantially impacts NSCLC tumorigenesis, prog-
nosis, and resistance to therapy [16]. This signaling pathway
is regulated by a large and complex array of proteins,
including stabilized cytoplasmic f-catenin regulated by the
destruction complex, which plays a key role in signaling
output of the canonical Wnt cascade. When the Fz/LRP
receptors are not engaged, CK1 and GSK3 sequentially
phosphorylate the axin-bound p-catenin at a series of reg-
ularly spaced N-terminal Ser/Thr residues, which results in its
degradation via the ubiquitin-mediated proteasomal pathway.
However, upon activation of the Wnt pathway, p-catenin
dissociates from the destruction complex, accumulates in the
cytoplasm, then enters the nucleus, associates with TCF4, and
transforms the latter into a transcriptional activator that acti-
vates target genes, such as c-Myc (MYC), CyclinDI
(CCND1), and matrix metallopeptidase 7 (MMP7) in the Wnt
pathway [17-19]. Epithelial-mesenchymal transition (EMT)
is a fundamental biological process that occurs during normal
organ development, tissue remodeling, and wound healing,
and contributes pathologically to fibrosis and cancer pro-
gression. The canonical Wnt pathway has long been con-
sidered a key activator of EMT [20, 21].

In this study, we examined the expression of PHLDA3 in
lung cancer tissues and corresponding normal lung tissues and
analyzed its potential correlation with clinicopathological
factors. We also explored the regulatory effects of PHLDA3
on the Wnt signaling pathway and EMT by increasing or
decreasing the expression of PHLDA3 in lung cancer cells.
Finally, we investigated the effects of PHLDA3 on the pro-
liferative and invasive abilities of lung cancer cells.

Materials and methods
Cell culture and transfection
The human lung cancer cell lines A549 and H1299 were

obtained from the Shanghai Cell Bank (Shanghai, China)
and cultured according to the instructions of the American

Type Culture Collection (Manassas, VA, USA). Cells were
cultured in RPMI-1640 (Gibco, Grand Island, NY, USA),
and 10% fetal bovine serum (FBS; Gibco, Grand Island,
NY, USA) was added at 37 °C in 5% CO,; the cells were
grown in sterile culture dishes and passaged with 0.25%
trypsin (Gibco, Carlsbad, CA, USA) every 1 or 2 days.

For transfection, Lipofectamine 3000 (Invitrogen) trans-
fection reagent was used to transfect plasmids and small
interfering RNAs (siRNAs) according to the manufacturer’s
instructions. pCMV6-Myc-DDK  (#PS100001)  and
pCMV6-Myc-DDK-PHLDA3 (#RC206751) were pur-
chased from Origene (Rockville, MD, USA). siRNA against
PHLDA3 (siPHLDA3) and control scrambled siRNA were
purchased from RiboBio (Guangzhou, China). The oligo-
nucleotides used were as follows: siPHLDA3 1#, 5-TGGT
CAAGTTCAAGAACCA-3'; siPHLDA3 2#, 5'-GCCACA
TCTACTTCACGCT-3'; siPHLDA3 3#, 5-GGCCCAAGG
AGCTCAGCTT-3".

An inhibitor of Wnt/B-catenin signaling, XAV-939, and
the GSK3a/p inhibitor CHIR-99021 were purchased from
MedChemExpress (Monmouth Junction, NJ, USA). The
concentrations of XAV-939 and CHIR-99021 were 20 and
30 nM, respectively. Both XAV-939 and CHIR-99021 were
dissolved in dimethyl sulfoxide (DMSO) (Beijing Solarbio
Science & Technology Co., Beijing, China) and added 24 h
after transfection (for 24 h); the same volume of DMSO was
added to the control cells.

Patients and specimens

We collected 206 NSCLC specimens from the patients
(average age of 58 years) who underwent complete surgical
resection at the First Affiliated Hospital of China Medical
University between 2012 and 2015. Some of the lung
cancer samples (108 cases) were accompanied by corre-
sponding normal lung tissue samples (>5 cm distal to the
primary tumor edge). Written informed consent was
obtained from all the patients, and all procedures were
approved by the Research Ethics Committee of China
Medical University. All tumor specimens were obtained
during surgical resection, and all patients were chemother-
apy- and radiotherapy-naive prior to resection. The histo-
logical diagnoses and differentiation grades of the tissue
samples were classified according to the World Health
Organization classification system as squamous cell carci-
noma (LUSC) (n =98) and adenocarcinoma (LUAD) (n =
108) [22]. The cancers were classified as well (20 cases),
moderately (136 cases), and poorly differentiated (50
cases). According to the seventh edition of the International
Union against Cancer TNM Staging System for Lung
Cancer [23], patients were categorized as stage I (n = 32), II
(n=133), I (n =33), or IV (n=38). Lymph node metas-
tases were observed in 105 patients. We also collected 60
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pairs of fresh primary lung cancer and matched normal lung
tissue specimens. Samples were frozen in liquid nitrogen
immediately after removal and stored at —80 °C.

Immunohistochemistry and immunofluorescence

Immunohistochemical assays were performed as described
previously [24]. Briefly, tissue sections were incubated with
an anti-PHLDA3 rabbit polyclonal antibody (ab196757,
1:100; Abcam, Cambridge, MA, USA). The intensity of
PHLDA3 staining was scored as follows: 0, no staining; 1
weak; 2, moderate; and 3, high. Percentage scores were
categorized as follows: 1 (1-25%), 2 (26-50%), 3
(51-75%), and 4 (76—-100%). The scores for each tumor
sample were multiplied to obtain a final score ranging from
0 to 12. Tumor samples with scores 26 were considered to
have positive expression, while those with scores >0 and <6
were considered to be negative for the expression of
PHLDA3.

For immunofluorescence staining, cells were fixed, per-
meabilized, and incubated with primary antibodies and
fluorescein isothiocyanate- or tetramethyl rhodamine
isothiocyanate-conjugated secondary antibodies. Nuclei
were counterstained with 4,6-diamidino-2-phenylindole,
and the cells were observed under a confocal microscope.

Immunoblotting analysis and immunoprecipitation

The assays were performed as described previously [25].
Information regarding the primary antibodies used for
immunoblotting is provided in Supplementary Table 1.
Protein bands were visualized using enhanced chemilumi-
nescence (Pierce, Thermo Fisher Scientific, Waltham, MA,
USA) and detected using a bio-imaging system (DNR Bio-
Imaging System, Jerusalem, Israel). Relative protein levels
were calculated after normalization to the levels of GAPDH,
B-actin, or laminB, used as the loading control. The bands
were quantified using densitometry and the Imagel]
software.

For immunoprecipitation, the lysates were mixed and
incubated overnight with protein G-agarose beads (Bimake,
Houston, TX) and the corresponding primary antibodies.
The results were analyzed using western blotting.

MTS and colony formation assays

For the MTS (Promega, Madison, USA) assay, 24 h after
transfection, the cells were seeded in 96-well plates
(3000 cells/well) and incubated in a medium containing
10% FBS, for appropriate times. The MTS reagent (20 pl/
well) was added for 1 h at 37 °C, and the optical density was
measured at 490 nm every 24h for 5 days to generate a
growth curve.
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For colony formation assays, cells were seeded into 6
cm? culture dishes (500 cells/dish) 24 h after transfection
and then incubated for 10-15 days. The culture medium
was changed every 4-5 days. The cells were then washed
with phosphate-buffered saline, fixed with 4% paraf-
ormaldehyde for 20 min, and stained with Giemsa solu-
tion for 10 min. The number of colonies with more than
50 cells was counted. All experiments were performed in
triplicate.

Matrigel invasion and wound healing assays

Assays were performed as previously described [26]. For
the invasion assays, we used a 24-well transwell chamber
with a pore size of 8 um (Costar, Cambridge, MA, USA),
with inserts coated with 100 ul Matrigel (1:7 dilution, BD
Bioscience). Twenty-four hours after transfection, we added
6-12 x 10° cells in 100 ul medium supplemented with 2%
FBS to the upper Matrigel chamber and incubated for 24 h.
Medium supplemented with 20% FBS was added to the
lower chamber as a chemoattractant. The number of
invading cells was counted in ten randomly selected fields
under a microscope at a high magnification (x200).

For wound healing assays, cells were grown to confluence
in 6-well plates, and the cell monolayer was scratched using a
pipette tip. Wound healing within the scratch line was
observed at the indicated time points, and representative
scrape lines for each cell line were photographed. Duplicate
wells for each condition were examined in each experiment.
Wound dimensions were measured optically using Photoshop
software. All experiments were performed in triplicate.

Statistical analysis

All statistical analyses were performed using the SPSS soft-
ware (version 17.0; Chicago, IL, USA) and the GraphPad
Prism software (version 6.0; La Jolla, CA, USA). Immuno-
histochemistry results were analyzed using the chi-square test
and Spearman’s rank correlation test. Differences between
groups were compared using a two-tailed Student’s ¢ test and
considered statistically significant when p values <0.05.

Results

PHLDA3 overexpression was associated with poor
prognosis of lung adenocarcinoma patients

We examined the expression of PHLDA3 in 206 lung
cancer and 108 corresponding normal lung tissue speci-
mens using immunohistochemistry. PHLDA3 was pri-
marily expressed in the cytoplasm. In corresponding
normal lung tissues, positive expression of PHLDA3 was
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not observed in normal bronchial epithelial and alveolar
cells, but was noted in 60 cases (29.1%) of NSCLC
(Fig. 1A). The expression level of PHLDA3 was higher in
lung cancer tissues than in normal lung tissues (p < 0.001)
(Table 1).

We also investigated the potential relationships between
PHLDAS3 expression and clinical parameters. As listed in
Table 1, positive expression of PHLDA3 was significantly
correlated with sex (p=0.008), histological type (p=
0.009), TNM stage (p = 0.006), lymphatic metastasis (p =
0.049), and tumor T stage (p = 0.005) in lung cancers. The
expression of PHLDA3 did not correlate with patient age (p
=0.160) or differentiation (p =0.333) of lung malig-
nancies. In LUAD, PHLDA3 expression was associated
with TNM stage (p =0.004), lymphatic metastasis (p =
0.032), and tumor T stage (p = 0.003), but not with patient

Time (months)

Time (months)

age (p =0.352), sex (p =0.373), and differentiation (p =
0.185) (Table 2).

Western blot analysis confirmed that the expression levels
of PHLDA3 were significantly higher in lung cancer tissues
than in normal lung samples (n = 60; p < 0.01) (Fig. 1B, C). In
addition, we also performed Kaplan—Meier survival analysis to
determine whether PHLDA3 expression predicted patient
outcomes, using the online Kaplan—Meier plotter database [27].
It was found that LUAD, but not LUSC, patients with high
PHLDA3 expression had shorter overall survival (Fig. 1D, E).

PHLDA3 promoted lung cancer cell proliferation,
invasion, and migration

To investigate the effects of PHLDA3 on the growth
and mobility of lung cancer cells, we overexpressed
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Table 1 Correlations between PHLDA3  expression and Table 2 Correlations between PHLDA3  expression and

clinicopathological factors in lung cancers. clinicopathological factors in lung adenocarcinoma.

n  PHLDA3- PHLDA3- p value n  PHLDA3- PHLDA3- p value
negative positive negative positive

Tissues <0.001 Age 0.352
Normal 108 108(100.0%)  0(0.0%) <60 64 38(59.4%) 26(40.6%)

Lung cancer 206 146(70.9%) 60(29.1%) >60 44 30(68.2%) 14(31.8%)

Age 0.160 Sex 0.373
<60 101 67(66.3%) 34(33.7%) Male 60 40(66.7%) 20(33.3%)

260 105 79(75.2%) 26(24.8%) Female 48 28(58.3%) 20(41.7%)

Sex 0.008 Differentiation 0.185
Male 144 110(76.4%) 34(23.6%) Well 13 11(84.6%) 2(15.4%)

Female 62 36(58.1%) 26(41.9%) Moderate 64 37(57.8%) 27(42.2%)

Histological type 0.009 Poor 31 20(64.5%) 11(35.5%)

Squamous cell 98 78(79.6%) 20(20.4%) TNM stages 0.004
carcinoma I 16 15(93.8%) 1(6.3%)
Adenocarcinoma 108 68(63.0%) 40(37.0%) it 66 42(63.6%) 24(36.4%)

Differentiation 0333 -1V 26 11(42.3%) 15(57.7%)

Well 20 17(85.0%) 3(15.0%) Lymphatic 0.032
Moderate 136 95(69.9%) 41(30.1%) metastasis
Poor 50 34(68.0%) 16(32.0%) Yes 64 35(54.7%) 29(45.3%)
TNM stages 0.006 No 44 33(75.0%) 11(25.0%)
1 32 29(90.6%) 3(9.4%) Tumor status 0.003
I 133 94(70.7%) 39(29.3%) Tl 24 22(91.7%) 2(8.3%)
-1V 41 23(56.1%) 18(43.9%) T2 66 38(57.6%) 28(42.4%)
Lymphatic metastasis 0.049 T3-T4 18 8(44.4%) 10(55.6%)
Yes 105 68(64.8%) 37(35.2%)
No 101 78(77.2%) 23(22.8%)

Tumor status 0.005 total p-catenin, and p-GSK3p was significantly increased,
T1 42 38(90.5%) 4(9.5%) whereas that of GSK3p was decreased. Concomitantly,
T2 132 89(67.4%) 43(32.6%) the expression levels of transcription factor TCF4 and
T3-T4 32 19(59.4%) 13(40.6%) target proteins of the Wnt signaling pathway, such as c-

PHLDA3 in H1299 and A549 cells via PHLDA3 gene
transfection (Supplementary Fig. 1A), or downregulated
PHLDA3 with siPHLDA3 (Supplementary Fig. 1B).
Compared to that in the control cells, PHLDA3 over-
expression was promoted, and PHLDA3 knockdown
inhibited cell proliferation and colony formation
(Fig. 2A-D). The results of Matrigel invasion and wound
healing assays showed that PHLDA3 positively regulated
the migratory and invasive phenotypes of lung cancer
cells (Fig. 2E-H).

PHLDAS3 activated the Wnt signaling pathway

After PHLDA3 gene transfection in H1299 and A549
cells, we evaluated the expression of key proteins
involved in the Wnt signaling pathway. Compared with
those in the control cells, the expression of active p-
catenin, nuclear active p-catenin, total p-catenin, nuclear

SPRINGER NATURE

Myec, CyclinD1, and MMP7, were also increased (Fig. 3A,
C). Conversely, knockdown of PHLDA3 decreased the
expression levels of active P-catenin, nuclear active f-
catenin, total f-catenin, nuclear total p-catenin, p-GSK3,
TCF4, c-Myc, cyclin D1, and MMP7, whereas GSK3p
expression was increased in H1299 and A549 cells
(Fig. 3B, D).

PHLDAS3 facilitated the EMT process

Compared to that in the control cells, the expression of
mesenchymal marker N-cadherin and the EMT-inducing
transcription factors Snail, Twist, ZEB1, and MMP9, was
significantly increased, whereas that of the epithelial
markers E-cadherin, ZO1, and Claudinl was decreased in
the H1299 and A549 cells transfected with PHLDA3
(Fig. 4A). Immunofluorescent examination also con-
firmed that PHLDA3 upregulated the expression of
mesenchymal markers N-cadherin and vimentin, whereas
it downregulated the epithelial marker ZO1 (Fig. 4C). In



PHLDA3 promotes lung adenocarcinoma cell proliferation and invasion via activation of the Wnt signaling... 1135

Fig. 2 Effects of PHLDA3
expression on the proliferation
and invasion of lung cancer
cells. MTS assays (A, B) and
colony formation assays (C, D)
for H1299 and A549 cells
transfected with PHLDA3 or
siRNA against PHLDA3
(siPHLDA3). E, F Images and
histograms of Matrigel invasion
assays of the H1299 and A549
cells transfected with PHLDA3
or siPHLDA3. G, H Images and
histograms of wound healing
assays of the H1299 cells
transfected with PHLDA3 or
siPHLDA3. NC cells transfected
with empty vector, siNC cells
transfected with scrambled
siRNA. *p <0.05, **p <0.01.
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contrast, the expression of N-cadherin, Snail, Twist, Immunofluorescent examination confirmed that the
ZEB1, and MMP9 was decreased, whereas that of E- expression of N-cadherin and vimentin was decreased,
cadherin, ZO1, and Claudinl was increased in  and that of ZO1 was elevated in PHLDA3-depleted lung
siPHLDA3-treated H1299 and A549 cells (Fig. 4B). cancer cells (Fig. 4D).
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Fig. 3 Effects of PHLDA3 A H1299 A549 B H1299 A549
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PHLDA3 enhanced the proliferative and invasive
abilities of lung cancer cells via the Wnt signaling
pathway

We analyzed correlations between PHLDA3 and key pro-
teins of the Wnt signaling pathway using the GEPIA data-
base (http://gepia.cancer-pku.cn/), a newly developed web-
based tool. PHLDA3 was found to be positively correlated
with p-catenin (R=0.18; p<0.01) and negatively corre-
lated with GSK3f (R=—0.12; p<0.01) (Supplementary
Fig. 2A, B). The expression levels of PHLDA3 and active
f-catenin were also examined in eight pairs of lung cancer
tissues and corresponding normal lung tissues. We found
that PHLDA3 expression was positively correlated with
active f-catenin expression (n=28; R=0.285; p<0.05)
(Supplementary Fig. 2C, D). To determine whether the
functional activity of PHLDA3 is mediated through the Wnt
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signaling pathway, we treated H1299 and A549 cells with
the Wnt inhibitor XAV-939. After ensuring a high trans-
fection efficiency of PHLDA3 (MYC-tag), subsequent
experiments revealed that XAV-939 reversed the upregu-
lation of active B-catenin, p-GSK3f, c-Myc, Cyclin D1, and
MMP7 induced by PHLDA3 overexpression while simul-
taneously reversing the downregulation of GSK38
(Fig. 5A). Induction of proliferation, colony formation, and
Matrigel invasion of H1299 and A549 cells via PHLDA3
transfection was also partially reversed using XAV-939
(Fig. 5B-D).

PHLDA3 and GSK3 interactions modulated the Wnt
signaling activity

As GSK3p is a key regulator of the Wnt signaling path-
way, we verified the interaction between PHLDA3 and
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Fig. 4 Effects of PHLDA3 A

expression on key EMT

markers in lung cancer cells.
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transfected with PHLDA3, and
the A549 cells transfected with
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transfected with
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GSK3p in HI299 and A549 cells using co- translocate to the plasma membrane [2, 8—12]. Studies

immunoprecipitation assays (Fig. 6A). We then used the
GSK3a/f inhibitor CHIR-99021 for further investigation.
In H1299 and A549 cells, transfection with siPHLDA3
and treatment with CHIR-99021 reversed the inhibitory
effects of PHLDA3 knockdown on cell proliferation,
colony formation, and Matrigel invasion (Fig. 6B-D),
indicating that the function of PHLDA3 in the Wnt sig-
naling pathway and lung cancer cells partially depends on
the regulation of GSK3f activity.

Discussion
Previous studies examining PHLDA3 have focused on its

effects on Akt activation via the inhibition of Akt binding to
PI(3,4)P2 and PI(3,4,5)P3, which requires PHLDA3 to

exploring the role of PHLDA3 in tumors are limited.
PHLDA3 has been identified as a tumor suppressor that
suppresses Akt in neuroendocrine tumors [10—12]. How-
ever, Qiao et al. demonstrated that PHLDA3 inhibits
somatic cell reprogramming by activating the Akt-GSK3f
pathway [28]. In esophageal squamous cell carcinomas, low
PHLDA3 expression is associated with postoperative tumor
progression and recurrence, as well as poor patient prog-
nosis [13], whereas PHLDA3 levels are significantly
increased in head and neck squamous cell carcinoma [14].
Thus, it is possible that PHLDA3 exerts dual tumor sup-
pressor and oncogenic roles based on the preferential mode
of its regulatory effects on Akt downstream genes. The role
and mechanism of PHLDAJ3 in lung cancer remain unclear.
In the present study, we demonstrated that the expression of
PHLDA3 was significantly higher in lung cancer tissues
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Fig. 5 Wnt inhibition alters
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than in normal lung tissues. Moreover, the expression rate
of PHLDA3 in LUAD was much higher than that in
LUSCs. The high expression of PHLDA3 indicated
advanced TNM stage and poor outcome in LUAD patients,
but not in LUSC patients, which suggests that PHLDA3
plays a histology-specific role in lung cancers. This may be
because LUAD and LUSC have different driver genes and
signaling pathways. To the best of our knowledge, this is
the first report on the expression, function, and clinical
significance of PHLDA3 in lung adenocarcinoma.
Although the role of PHLDA3 has been reported in
pancreatic neuroendocrine tumors, esophageal squamous
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cell carcinomas, and head and neck squamous cell carci-
nomas [l1-14, 17], the mechanisms through which
PHLDA3 promotes cancer progression remain unclear. To
explore the mechanisms underlying the role of PHLDA3
in lung cancer cells, we confirmed that PHLDA3 pro-
moted the proliferative and invasive abilities of lung
cancer cells in vitro and investigated the regulatory effects
of PHLDA3 on the Wnt signaling pathway and EMT, both
of which play prominent roles in NSCLC [16, 20, 21].
PHLDA3 has been shown to be the target gene of p53;
hence, we selected A549 (p53 wild type) and H1299 (p53
deletion type) cell lines to perform experiments in order to
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Fig. 6 GSK3o/p inhibition A

alters the PHLDA3-induced
effects in lung cancer cells. A
Co-immunoprecipitation
analysis of the interaction
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in H1299 and A549 cells. Cell
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observe the effect of PHLDA3 on lung cancer cells with
or without p53 [29]. The results obtained from the two
cell lines were identical, indicating that p53 may not affect
the function of PHLDA3 in lung cancer. We showed that
PHLDA3 enhanced the expression and activation of f-
catenin, and expression of the targets downstream of Wnt
signaling, such as c-Myc, CyclinD1, and MMP7, as well
as inhibited the expression and activation of GSK3p.
PHLDA3 also regulated the expression of EMT-related
proteins, confirming that PHLDA3 promotes EMT, a
process involved early in the spread of cancer cells [30].
Furthermore, the Wnt inhibitor XAV-939, a potent tan-
kyrase inhibitor that stimulates P-catenin degradation by
stabilizing axin [31], partially reversed the PHLDAS3-
induced elevated expression of Wnt target genes and
subsequent proteins, as well as modulated the proliferative
and invasive capacities of lung cancer cells. Thus, we
suggest that PHLDA3 facilitates the proliferation and
invasion of lung cancer cells by promoting the Wnt sig-
naling pathway.

How does PHLDAS3 regulate the Wnt signaling path-
way? The GEPIA database analysis suggested that
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PHLDA3 was positively correlated with p-catenin and
negatively correlated with GSK3p. We also found, using
co-immunoprecipitation assays, that PHLDA3 and
GSK3p were associated with each other. We used the
potent and selective GSK3a/p inhibitor CHIR-99021 for
further investigation, as this compound is considered to be
an activator of the Wnt signaling pathway [32-34]. CHIR-
99021 reversed the inhibition of cell proliferation, colony
formation, and Matrigel invasion induced by PHLDA3
knockdown. These results suggest that GSK3f is a reg-
ulatory target of PHLDA3; through PHLDA3, it led to the
activation of the Wnt signaling pathway, as well as pro-
liferation and invasion of lung cancer cells. However, the
detailed  mechanisms involved require  further
investigation.

In conclusion, PHLDA3 is highly expressed in lung
cancers and is correlated with poor outcomes in patients
with LUAD, making it a potential tumor malignancy
marker and therapeutic target. PHLDA3 promotes the
proliferation and invasion of lung cancer cells by reg-
ulating the activity of the Wnt signaling pathway
and EMT.
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