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Purpose: Lung adenocarcinoma is one of the common causes of cancer-related deaths world-
wide. AHNAK: are giant proteins, which are correlated with cell structure and migration, cardiac
calcium channel signaling, and other processes. Current studies identified AHNAK?2 as a novel
oncogene in some cancers; however, studies on its function in lung cancers are limited.
Materials and Methods: The expression of AHNAK?2 was analyzed in normal lung tissues,
lung adenocarcinoma tissues, and paracancerous tissues using the Oncomine database. It was
further verified in relative cell lines by real-time quantitative polymerase chain reaction and
Western blotting (WB). Adenocarcinoma cell lines were transfected with si-NC and si-AHNAK?2
by lipofectamine 3000 and treated with or without TGF-$1, and cell migration and invasion were
detected by wound-healing and transwell assays. The expression of epithelial-mesenchymal
transition (EMT) markers was detected by WB, as well as that of phosphorylated-Smad3
(p-Smad3) and Smad3 levels. After Smad3 phosphorylation inhibitor was added to the adeno-
carcinoma cell lines, migration and invasion were detected by wound-healing and transwell
assays, and the expression of EMT markers was detected by WB when the cells were transfected
with si-NC and si-AHNAK?2 and treated with or without TGF-f1.

Results: We found higher expression of AHNAK?2 in lung adenocarcinoma tissues through
the Oncomine database and further verified its high expression in relative cell lines. When
the cells were stimulated with TGF-B1, knockdown of AHNAK?2 suppressed cell migration,
invasion, and EMT, and inhibited TGF-B—induced Smad3 signaling. When p-Smad3 was
inhibited, knockdown of AHNAK?2 had no effect on the two cell lines investigated when
treated with or without TGF-B1.

Conclusion: AHNAK? acts as an oncogenic protein and promotes migration, invasion, and
EMT in lung adenocarcinoma cells via the TGF-/Smad3 pathway. Thus, it may be a novel
target for lung adenocarcinoma therapy.
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Introduction

Lung cancer is a leading cause of death worldwide.! Based on cancer statistics in
2020, there will be approximately 228,820 new cases of lung and bronchus cancer
diagnosed in the USA alone,” accounting for 13% of the new cancer cases in men
and 12% in women.” Meanwhile, lung cancer is still the top cause of all cancer
deaths in both genders, with an estimated 23% of the cancer deaths in men and 22%
in women due to lung cancer.” A total of 85% of the lung cancer cases are
diagnosed as lung adenocarcinoma, with an average five-year survival rate of
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15%.* Currently, its high mortality rate is a major public
health challenge. Therefore, it is necessary to explore the
potential mechanisms underlying lung adenocarcinoma
metastasis.

AHNAKs are giant proteins (molecular mass >600 kDa)
mainly expressed in muscular cells* and are found in many
intracellular locations, including the nucleus, cytoplasm, and
plasma membrane. Two members comprise the AHNAK pro-
tein family, which are AHNAK and AHNAK?2:> AHNAK plays
a protective role in vascular healing after wire injury and
contributes to muscular dystrophies when it is abnormally
located in muscle connective tissues,”’ whereas AHNAK2,
originally found in mouse heart tissue extract and gradually
reported in recent years,” is involved in cell migration, repair
and other processes.* ' AHNAK? is regarded as an oncogenic
protein and plays a role in the metastases of cancers, including
pancreatic ductal adenocarcinoma, clear cell renal cell carci-
noma, uveal melanoma, and papillary thyroid carcinoma,'* ™"
and some studies have revealed its possible mechanism in
tumors. Kirov et al have indicated that AHNAK? is an impor-
tant element of the fibroblast growth factorl nonclassical
export pathway, which regulates carcinogenesis, angiogenesis,
and inflammation,'® Li et al reported that it promotes uveal
melanoma progression by regulating the PI3K signaling
pathway,'* and Wang et al revealed that AHNAK2 mediates
hypoxia pathway—driven epithelial-mesenchymal transition
(EMT) and induction of stem cell properties by targeting
hypoxia-inducible factor 1 (HIF1)-a in clear cell renal cell
carcinoma.'? However, the role of AHNAK? in lung adenocar-
cinoma has not been clarified.

EMT is the loss of epithelial status and maintenance of
the apicobasal polarity of cell-cell adhesion molecules to
obtain mesenchymal properties. This transition contributes
to profound cellular reorganization by regulating different
proteins to achieve enhanced migratory and invasive
activities.'” Tt is believed that metastasis begins with this
transition of some tumor cells in the primary tumor which
migrate towards blood vessels.'® Therefore, EMT plays
a vital role in tumor progression and metastasis.

Transforming growth factor B (TGF-), a bifunctional
regulator, can either inhibit or stimulate cell proliferation.
In cancer progression, TGF-f frequently serves as a tumor
suppressor during the early stages of tumor development.
However, it can switch into a tumor promoter for the
persistence of tumor cells due to its antimitogenic effects
in advanced tumors. The expression of TGF-f is higher in
tumor cells, which accelerates tumor progression by
enhancing the migratory and invasive abilities during the

advanced phases of tumorigenesis by stimulating extracel-
lular matrix deposition and tissue fibrosis, interfering with
immune and inflammatory functions, supporting angiogen-
esis, promoting EMT that enables increased migration and
invasion, and maintaining cancer stem cells.'’

We investigated the function of AHNAK?2 in lung ade-
nocarcinoma cells in our study. The results showed that
AHNAK? is an oncogenic protein in lung adenocarcinoma.
We further studied the mechanisms of AHNAK?2 and found
that it may promote migration, invasion, and EMT in
human lung adenocarcinoma cells through the TGF-p/
Smad3 pathway.

Materials and Methods

Patients Information Source

The gene expression profiles of two different kinds of lung
tissues, Bhattacharjee Lung and Landi Lung were down-
loaded from the Oncomine database (https://www.onco

mine.org/resource/login.html) to analyze the expression
of AHNAK?2. Bhattacharjee Lung data were obtained to
analyze the AHNAK?2 expression differences between nor-

mal lung and lung adenocarcinoma tissues, and Landi
Lung data were to analyze between lung adenocarcinoma
and paracancerous tissues.

Cell Type and Culture Conditions

Human lung cancer cell lines (A549 and H1299) and
normal lung epithelial cells (BEAS-2B) were purchased
from the Chinese Academy of Science (Shanghai, China).
A549 was initiated in 1972 by D.J. Giard et al through an
explant culture of lung carcinomatous tissues from a 58-
year-old Caucasian male, H1299 was established from
a lymph node metastasis of the lung cancer from a 43-
year-old Caucasian male who had received prior radiation
therapy, and BEAS-2B was isolated from normal bronchial
epithelium obtained from autopsy of non-cancerous indi-
viduals. BEAS-2B, A549, and H1299 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM)
(Hyclone, Camarillo, CA, USA) with 10% fetal bovine
serum (FBS) (Gibco, Grand Island, NY, USA), and all
cells were maintained at 37 °C in a 5% CO, incubator.
The cells were passaged upon reaching 90% confluence.

RNA Extraction and Real-Time

Quantitative Polymerase Chain Reaction
All cells were seeded on 12-well plates. When they
reached nearly 90% confluence, TRIzol (Invitrogen,
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Camarillo, CA, USA) was used for the total RNA (1 pg)
extraction from the cells. Reverse transcription converted
the mRNA into cDNA with a RevertAid First Strand
cDNA Synthesis Kit (Thermo, Waltham, MA, USA) per
the manufacturer’s instructions. The cells were incubated
for 60 min at 42 °C, and synthesis was terminated for 5
min at 70 °C. Real-time quantitative polymerase chain
reaction (RT-qPCR) was performed wusing the
QuantStudio 6 system and the Power SYBR Green PCR
Master Mix (Applied Biosystems and Thermo Fisher
Scientific, respectively). The thermal cycling conditions
were as follows: polymerase activation at 95°C for 2
min, 40 cycles of denaturation at 95 °C for 1 s, and anneal-
ing and extension at 60 °C for 30s. B-actin was used as
a control for the variability in expression levels, and the 2~
AACT method was adopted to calculate the expression of
AHNAK?2. With respect to the AACT of the 24T
method, ACT is the difference in threshold cycle between
the target and reference genes. Thus, AACT is the differ-
ence in ACT between the target and reference samples.
Primer sequences are listed in Table 1.

Transfection

Si-RNAs (including si-NC, si-AHNAK?2-1,-2,-3) were pur-
chased from Shanghai GenePharma Co., Ltd (http:/www.
genepharma.com/). Once the lung adenocarcinoma cell
lines seeded on 6-well plates reached ~50% confluence,
they were transfected with si-RNAs, respectively (5 nM
each). Briefly, 20 uM si-RNA (5 pL) and lipofectamine
3000™ (5 pL) were separately diluted into Opti-MEM
(250 pL) as the dilated ratio of 1:50 for 5 min. Then si-
RNAs and lipofectamine 3000™ diluent were mixed and
incubated at room temperature for 15 min. The mixture
(500 pL) was added the each well of 6-well plates

Table | Primer Sequences

containing 1.5 mL DMEM with 10% FBS. 24 h later, the
cell culture medium was harvested. The transfection effect
of si-RNAs was detected. The operation was performed
using the Lipofectamine 3000 kit (Invitrogen). The expres-
sion of AHNAK?2 was lower in the cells transfected with si-
AHNAK?2-1 and -2 than that in cells transfected with si-
AHNAK?2-3 on the RNA and protein levels, demonstrating
better transfection effects of si-AHNAK2-1 and -2.
Therefore, they were selected for subsequent experiments.
Si-RNA sequences are listed in Table 2.

TGF-BI and SIS3 Treatment

The lung adenocarcinoma cell lines were transfected with si-
NC and si-AHNAK?2-1 and —2 for 24 h, and 3 uM of inhibitor
of Smad3 phosphorylation, SIS3 (Selleck Chemicals,
Houston, USA), was added to the wells and incubated for 6
h. Likewise, 5 ng/mL TGF-B1 (Cell Signaling Technology,
Danvers, MA, USA) was added to low-serum DMEM (con-
taining 1% FBS) for the indicated periods. The control
groups were also incubated in low-serum medium.

Analysis of Cell Morphology

Once the A549 cells seeded on 6-well plates reached 40%
confluence, the cells were transfected with si-NC and si-
AHNAK?2-1 and —2, incubated with or without TGF-p1 for
24 h, and viewed under an inverted microscope to observe
the morphological changes.

Wound-Healing Assay

Once the two lung adenocarcinoma cell lines reached 95%
confluence, a 200-puL tip was used to make a scratch in the
cell layers to form a wound gap. Photographs were taken
at 0 h and 24 h after the wound gap was formed. Image
J was used to calculate the migration area.

AHNAK2 5-GTGCAGAAACGGAAGATGACC-3
E-cadherin 5-CGAGAGCTACACGTTCACGG-3’
N-cadherin 5-TGCGGTACAGTGTAACTGGG-3’
Vimentin 5-GACGCCATCAACACCGAGTT-3
B-Actin 5-CCTGGCACCCAGCACAATG-3

5-GCCTCAGTCGTGTATTCGTAGA-3
5-GGGTGTCGAGGGAAAAATAGG-3’
5-GAAACCGGGCTATCTGCTCG-3
5-CTTTGTCGTTGGTTAGCTGGT-3’
5-G GGCCGGACTCGTCATACT-3

Table 2 siRNA Sequences

Si-AHNAK2-1 5-CCAAGUGGAUGUGAAACUUTT-3’
Si-AHNAK2-2 5-GCCCUGAAAUAGACAUCAATT-3

Si-AHNAK2-3 5-GCGGACAAGGAUGUGACUATT-3’
Si-NC 5-UUCUCCGAACGUGUCACGUTT-3

5-AAGUUUCACAUCCACUUGGTT-3’
5-UUGAUGUCUAUUUCAGGGCTT-3’
5-UAGUCACAUCCUUGUCCGCTT-¥
5-ACGUGACACGUUCGGAGAATT-3’
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Transwell Assay

After transfection and treatment as described above, the
two lung adenocarcinoma cell lines in serum-free DMEM
were inoculated in the upper chambers of transwell plates
coated with Matrigel (Corning, Cambridge, MA, USA).
The 10% FBS-supplemented DMEM medium was added
to the lower chambers. After 24 h, the cells left on the
upper surfaces of the filters were removed, and the cells
invading the membranes were fixed in 4% cold parafor-
maldehyde and stained with 0.1% crystal violet. The
adherent cells were photographed under a light microscope
and calculated using Image J.

Western Blot Analysis

The two lung adenocarcinoma cell lines were treated with
sodium dodecyl sulfate (SDS) lysis buffer suspension after
transfection and TGF-f1 treatment. The protein concentration
was detected after total cellular protein extraction using a BCA
protein assay kit (Beyotime Biotechnology, Shanghai, China).
The proteins were separated by 10% SDS-polyacrylamide gel
and transferred onto a polyvinylidene difluoride membrane.
After blocking with 5% bovine serum albumin for 1 h, the
membrane was incubated with primary antibodies for 24
h. The dilution ratios of the antibodies were as follows: anti-
AHNAK?2  (1:1000; rabbit polyclonal; 17,682-1-AP;
ProteinTech Group, Inc., Chicago, IL, USA), anti-E-cadherin
(1:1000;  rabbit #3195; Cell
Technologies), anti-N-cadherin (1:1000; mouse monoclonal,
ab98952; Abcam, Cambridge, UK), anti-Vimentin (1:4000;
rabbit monoclonal; ab92547; Abcam), anti-Smad3 (1:600;
rabbit polyclonal; 25,494-1-AP; ProteinTech), anti-p-Smad3
(1:2000; rabbit monoclonal; ab52903; Abcam), and anti-p-
actin (1:5000; mouse monoclonal; ab8224; Abcam). The
membrane was then treated with secondary antibodies
(1:10,000; Donkey anti-rabbit IgG; ab205718; Abcam)
(1:10,000; Goat anti-mouse IgG; ab205719; Abcam) in the
dark for 1 h the following day. The membrane was exposed

monoclonal; Signaling

to an ECL assay kit (Beyotime Biotechnology). The quantita-
tive data were analyzed using Image J.

Statistical Analysis

The data were analyzed with GraphPad Prism 6.0 soft-
ware. Each experiment was independently repeated three
times, and the results were presented as the mean + stan-
dard deviation (SD). A t-test was performed to determine
the differences between two groups and one-way analysis
of variance was performed among more than three groups.

When p < 0.05, the differences were considered statisti-
cally significant.

Results
AHNAK2 is Upregulated in Human Lung

Adenocarcinoma and Relative Cell Lines
Analysis of the expression of AHNAK?2 from lung tissue
samples (Bhattacharjee Lung) in the Oncomine database
revealed higher expression in human lung adenocarcinoma
tissues than that in the normal lung tissues (Figure 1A).
Furthermore, we compared 20 pairs of lung adenocarci-
noma and paracancerous tissues (Landi Lung), which also
showed higher expression of AHNAK? in lung adenocar-
cinoma tissues (Figure 1B). WB and RT-qPCR results
showed that AHNAK?2 expression in human lung adeno-
carcinoma cell lines A549 and H1299 obviously increased,
compared with the normal lung epithelial cell line BEAS-
2B (Figure 1C and D).

Downregulation of AHNAK2 Suppresses
TGF-B1-Induced Lung Adenocarcinoma

Cell Migration and Invasion

To observe the function of AHNAK? in lung adenocarci-
noma, the two lung adenocarcinoma cells were transfected
with si-NC and si-AHNAK2-1, =2, and —3 for the knock-
down of AHNAK?2, and the transfection efficiency was
detected at the RNA and protein levels. AHNAK?2 expres-
sion obviously decreased when transfected with si-
AHNAK?2 (Figure 2A and B). Finally, si-AHNAK2-1 and
—2 were selected in the following experiments owing to
their better efficiency.

It is known that cells can take on a spindle shape with
TGF-B1 stimulation.”® Thus, when A549 cells were trans-
fected with si-NC and stimulated with TGF-B1, they showed
an obvious spindle shape. However, when transfected with
si-AHNAK? and stimulated with TGF-B1, the phenomenon
was reversed (Figure 2C). The above results suggest that
downregulation of AHNAK2 reverses the spindle shape
induced by TGF-B1. As H1299 are mesenchymal cells, it is
difficult to morphologically observe them.?!

When the cells were stimulated with TGF-B1, the migra-
tory and invasive abilities of AHNAK?2 were detected. The
wound-healing experiment result suggested that low expres-
sion of AHNAK? dramatically slowed down the speed of
healing when the cells were stimulated with TGF-B1
(Figure 2D), and the transwell experiment result suggested
that knockdown of AHNAK?2 expression inhibited the invasive
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Figure 1 AHNAK2 is highly expressed in lung adenocarcinoma. (A) The expression of AHNAK2 between normal tissues (14 samples) and lung adenocarcinoma tissues (I 14
samples) from Bhattacharjee Lung of Oncomine database. (B) The expression of AHNAK2 between lung adenocarcinoma and paracancerous tissues (20 pairs) from Landi Lung of
Oncomine database. (C) The relative expression of AHNAKZ in normal lung epithelial cells (BEAS-2B), lung adenocarcinoma cell lines (A549, HI1299) on protein level. (D) The
relative expression of AHNAK2 in normal lung epithelial cells (BEAS-2B), lung adenocarcinoma cell lines (A549, H1299) on RNA level (*p < 0.01, **p < 0.001, **p < 0.0001).

ability of lung cancer cells after treatment with TGF-B1, which

is similar to the wound-healing result (Figure 2E).

Downregulation of AHNAK2 Suppresses
TGF-B1-Induced Lung Adenocarcinoma
Cell EMT Process and TGF-1/Smad3
Signaling

The expression of EMT markers was detected by RT-
gPCR and WB. Downregulation of AHNAK?2 increased
the expression of E-cadherin and repressed that of
in TGF-Bl-induced cells
(Figure 3A and B). In fact, the expression of E-cadherin
was almost absent in H1299 cells, which indicates that

N-cadherin and vimentin

H1299 cells are mesenchymal cells.*°
Moreover, as the current model of TGF-B ligand—
induced reaction is a typical signal pathway from the

type II to the type I receptor for Smad activation and target
gene transcription,*? the phosphorylated Smad3 (p-Smad3)
level was detected to determine whether AHNAK?2 affects
the TGF-B/Smad3 pathway in EMT. The results suggested
that p-Smad3 expression was downregulated when A549
and H1299 cells were transfected with si-AHNAK2-1 and
—2 and stimulated with TGF-B1, compared with those
transfected with si-NC and stimulated with TGF-B1
(Figure 3B).

Silencing AHNAKZ Inhibits Migration,
Invasion, and EMT in Lung Adenocarcinoma
Cells by Repressing the TGF-$/Smad3

Pathway
As si-AHNAK?2 suppressed the expression of p-Smad3 in
TGF-Bl-induced cells, we added SIS3, an inhibitor of
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Smad3 phosphorylation, to the two cell lines when they =~ TGF-B—induced cells (Figure 4A). Moreover, SIS3 was
were stimulated with or without TGF-f1. The results added to A549 and H1299 cells stimulated with or without
showed that SIS3 inhibited the expression of p-Smad3 in  TGF-B1 when they were transfected with si-NC and si-
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Figure 3 Silencing AHNAK2 reverses TGF-B-induced EMT and its transcriptional response in lung adenocarcinoma cell. (A) Downregulation of AHNAK2 suppresses EMT
process of the two lung adenocarcinoma cells in the TGF-BI inducement by RT-qPCR. (B) Downregulation of AHNAK2 suppresses EMT process and its transcriptional
response of the two lung adenocarcinoma cells TGF-B1 inducement by WB (*p < 0.05, *p < 0.0, ¥*p < 0.001, ***p < 0.0001).

AHNAK?2-1 and —2. The wound-healing experiment result  results were observed in the transwell assay (Figure 4C).
suggested that no statistical difference was observed E-cadherin, N-cadherin, and vimentin expression showed
among si-NC, si-AHNAK2-1, and —2-transfected cells no statistical difference after transfection and TGF-B1
regardless of TGF-B1 stimulation (Figure 4B). Similar induction (Figure 5). These results suggest that the
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Figure 4 Silencing AHNAK2 suppresses lung adenocarcinoma cells migration and invasion induced by TGF-B1 through repressing smad-dependent signaling. (A) Repression
effect of SIS3 on p-smad3 of A549 and H1299 by WB. (B) The effect of si-AHNAK2 on migration of the two lung adenocarcinoma cells by wound-healing when added with
SIS3 and treated with or without TGF-B1. (C) The effect of si-AHNAK2 on invasion of the two lung adenocarcinoma cells by transwell when added with SIS3 and treated with
or without TGF-BI (**p < 0.001).

inhibition of AHNAK?2 suppresses migration, invasion, and Djscussion

EMT in lung adenocarcinoma cells by repressing the TGF-  In the Oncomine database, we found that the expression of

B/Smad3 pathway. AHNAK? in lung adenocarcinoma tissues was higher than
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Figure 5 Silencing AHNAK2 suppresses lung adenocarcinoma cells EMT induced by TGF-B1 through repressing smad-dependent signaling. The effect of si-AHNAK2 on EMT
of the two lung adenocarcinoma cells by WB when added with SIS3 and treated with or without TGF-B1.

that in normal or paracancerous tissues. In the current
study, we obtained similar results in relative cell lines.
Furthermore, we evaluated the function of AHNAK? in
lung adenocarcinoma cells and found that downregulation
of AHNAK? suppressed migration, invasion, and EMT in

lung adenocarcinoma cells during TGF-B1 induction. As
TGF-B/Smad3 is a canonical signaling pathway, we
explored the possible mechanism of 4A4HNAK2 in lung
adenocarcinoma cells and found that inhibition of
AHNAK?2 suppressed TGF-f—induced Smad3 signaling.
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When p-Smad3 was inhibited, knockdown of AHNAK?2
had no effect on the adenocarcinoma cells regardless of
TGF-B1 stimulation.

Previous studies have suggested that AHNAK?2 plays
the role of a tumor promoter in some tumors. For example,
overexpression of AHNAK?2 is an independent prognostic
factor in pancreatic ductal adenocarcinoma.'® In clear cell
renal cell carcinoma, AHNAK?2 can promote tumorigenesis
and tumor progression by inducing EMT and cancer cell
stemness through HIF1-0.'? Based on previous studies, we
also observed high expression of AHNAK? in lung
adenocarcinoma.

TGF-B was initially discovered and hence named for
its ability to induce fibroblast growth in soft agar, which is
a characteristic connected with oncogenes.*” It can drive
tumor cell metastasis by promoting EMT, which guides
cancer cells to proliferate continually and maintain an
undifferentiated state.”® In the present study, when A549
cells were induced by TGF-B1 and transfection, the cell
morphology changed, and downregulation of AHNAK?2
reversed the mesenchymal cell phenotype. Furthermore,
inhibition of AHNAK?2 suppressed the migration, invasion,
and EMT of lung adenocarcinoma cells during TGF-B1
induction.

The TGF-B/Smad pathway is well known in many
tumors.”**> In lung cancers, this canonical pathway is
activated when platelet-derived TGF- comes in contact
directly. This
a transition to a more aggressive mesenchymal-like phe-

with platelet—tumor cells results in
notype and accelerates metastasis.’® In this study, we
found that after TGF-B1 stimulation, downregulation of
AHNAK?2 obviously inhibited the phosphorylation of
Smad3 and had no effect on lung cancer metastasis after
inhibition of p-Smad3. In other words, repression of
p-Smad3 abrogated the inhibitory effect of si-AHNAK2
on lung cancer progression. However, Lee et al*’ reported
that AHNAK appears to exert a tumor-suppressive effect.
However, they also found that the EMT phenotype and
marker genes were significantly reduced in human kerati-
nocyte cell line (HaCaT cells), with depleted AHNAK
protein in response to TGF-B. In the present study,
AHNAK? functioned as an oncogenic protein. TGF-f itself
has a dual role in tumor progression and acts as a tumor
promoter in later phases. We anticipate that AHNAK and
AHNAK? both interact with Smad3 in response to TGF-p,
but the downstream pathway might be different in differ-
ent stages of tumor progression, which requires extensive
studies.

Conclusion

In conclusion, we demonstrated that AHNAK?2 acts as an
oncogenic protein and promotes migration, invasion, and
EMT of TGF-Bl-induced lung adenocarcinoma cells.
Further studies are needed on the mechanism of
AHNAK?2, showing that it mediates the TGF-f/Smad3
pathway. Thus, AHNAK2 may be a potential target for
further preclinical studies.
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