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MicroRNA-106a regulates autophagy-related cell death and
EMT by targeting TP53INP1 in lung cancer with bone metastasis
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Bone metastasis is one of the most serious complications in lung cancer patients. MicroRNAs (miRNAs) play important roles in
tumour development, progression and metastasis. A previous study showed that miR-106a is highly expressed in the tissues of lung
adenocarcinoma with bone metastasis, but its mechanism remains unclear. In this study, we showed that miR-106a expression is
dramatically increased in lung cancer patients with bone metastasis (BM) by immunohistochemical analysis. MiR-106a promoted
A549 and SPC-A1 cell proliferation, migration and invasion in vitro. The results of bioluminescence imaging (BLI), micro-CT and
X-ray demonstrated that miR-106a promoted bone metastasis of lung adenocarcinoma in vivo. Mechanistic investigations revealed
that miR-106a upregulation promoted metastasis by targeting tumour protein 53-induced nuclear protein 1 (TP53INP1)-mediated
metastatic progression, including cell migration, autophagy-dependent death and epithelial-mesenchymal transition (EMT).
Notably, autophagy partially attenuated the effects of miR-106a on promoting bone metastasis in lung adenocarcinoma. These
findings demonstrated that restoring the expression of TP53INP1 by silencing miR-106a may be a novel therapeutic strategy for

bone metastatic in lung adenocarcinoma.
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INTRODUCTION

Lung cancer has the highest morbidity and mortality rate in the
world. Approximately 25% of cancer-related deaths are caused by
lung cancer. In most countries, the incidence and mortality of lung
cancer are showing a significantly increasing trend [1]. Approxi-
mately 30-40% of lung cancer patients eventually develop bone
metastasis (BM), but the treatment of these patients is extremely
poor [2]. Moreover, BM brings persistent pain to the patient and
increases the risk of fracture, seriously affecting the quality of life
of the patient [3, 4]. Therefore, fully understanding the signalling
networks involved in BM of lung cancer is essential for the
development of novel anti-metastatic strategies.

MicroRNAs (miRNAs) are widely occurring noncoding RNAs of
approximately 19-22 nucleotides in size and pivotal in the
regulation of multiple cellular functions, including cell proliferation
and migration [5, 6]. Additionally, the dysregulation of miRNA can
lead to cancer formation and metastases. MiRNAs can function as
potential therapeutic targets in the progression of BM in a variety
of cancers, for example, miR-15/16/21/141/19a in prostate cancer
[7-9], miR-131/429/203/30/218/124 in breast cancer [10-14] and
miR-192/33/335 in lung cancer [15-17]. MiRNA-106a (miR-106a), a
member of the miR-17 family, has been found to be aberrantly
expressed in diverse types of cancer [18, 19] and is correlated with

the occurrence and metastasis of cancer [20]. For instance, high
expression of miR-106a in serum was positively associated with
cancer stages and poor survival in lung adenocarcinoma [21]. The
high expression of miR-106a in the serum is considered as a useful
parameter in identifying the chemotherapy resistance [22-24].
This evidence implies that miR-106a severely restricts the effective
treatment of lung cancer, especially in patients with advanced
BMs. Therefore, it is urgent to develop effective anti-BM strategies
to relieve adverse symptoms of bone-related events. In a previous
study, we found that miR-106a was highly expressed in lung
adenocarcinoma tissues with BM. However, the role and mechan-
ism of miR-106a in lung adenocarcinoma with BM have not been
elucidated.

As a complex and multistep process, BM involves diverse
biological changes, such as epithelial-mesenchymal transition
(EMT), tumour angiogenesis and development of the tumour
microenvironment. Moreover, several types of programmed cell
death, including autophagy, apoptosis and necroptosis, have been
confirmed to be critical for metastasis in lung cancers. Here we
demonstrated that miR-106a targets tumour protein 53-induced
nuclear protein 1 (TP53INP1) to promote BM in lung adenocarci-
noma by regulating autophagy and EMT. Our results suggested
that targeting miR-106a/TP53INP1/autophagy signalling may
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represent a potential therapeutic strategy for lung adenocarci-
noma with BM.

RESULT
MiR-106a is highly expressed in lung adenocarcinoma
patients with BM and is associated with poor prognosis
Our previous study showed that miR-106a is one of the most
pivotal BM-related miRNAs in lung adenocarcinoma by high-
throughput sequencing [25]. Using in situ hybridization (ISH)
(Fig. TA) and quantitative reverse transcription polymerase chain
reaction (gRT-PCR; Fig. 1B), we first confirmed the differential
expression of miR-106a in lung adenocarcinoma tissues of 80
cases with or without BM. Compared to non-metastatic (NM) lung
adenocarcinoma, the expression of miR-106a was remarkably
upregulated in lung adenocarcinoma with BM, consistent with our
previous research.

To determine the clinical significance of miR-106a in lung
adenocarcinoma, we analysed the association between miR-106a
expression and various lung adenocarcinoma clinicopathological
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parameters. Eighty patients with lung adenocarcinoma were
divided into low/high miR-106a expression groups based on the
median value of the qRT-PCR results. As shown in Table 1, the
expression of miR-106a was significantly associated with BM but
had no correlation with sex, age, differentiation degree or
lymphatic metastasis. Survival analysis showed that non-small cell
lung cancer (NSCLC) patients with high expression of miR-106a
had a poorer prognosis (Fig. 1C). According to the results of the
analysis on risk factors for overall survival in NSCLC patients, BM
and high expression of miR-106a were identified as independent
risk factors (Table S1).

Taken together, these results indicated that upregulation of
miR-106a may represent an independent risk factor affecting BM
and the prognosis of patients with lung adenocarcinoma.

MiR-106a enhances the metastatic capacity of lung
adenocarcinoma in vivo and in vitro

To explore the role of miR-106a in BM of lung adenocarcinoma,
A549 and SPC-A1 lung cancer cell lines were transfected with miR-
106a mimic, miR-106a inhibitor or miR-NC. Compared to miR-NC-
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Fig. 1 MiR-106a is highly expressed in the patients of lung adenocarcinoma with bone metastasis and associated with poor prognosis.
MiR-106a expression level of miR-106a in the tissues of BM and NM with ISH (A) and gRT-PCR (B). C Kaplan-Meier analysis for the survival of
lung adenocarcinoma patients with high or low expression levels of miR-106a. BM bone metastasis, NM non-metastasis.
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Table 1. Correlation between clinicopathological features and the

expression of miR-106a.
Characteristics miR-106 expression P

Low (n, %) High (n, %)

Gender
Male 25 (56.8%) 19 (43.2%) 0.178
Female 15 (41.7%) 21 (58.3%)
Age (years)
<54 23 (62.2%) 14 (37.8%) 0.044
>54 17 (39.5%) 26 (60.5%)
Differentiated degree
High-middle differentiation 14 (41.2%) 20 (58.8%) 0.175
Low differentiation 26 (56.5%) 20 (43.5%)
Lymphatic metastasis
Yes 27 (51.9%) 25 (48.1%) 0.639
No 13 (46.4%) 15 (53.6%)
Bone metastasis
Yes 11 (22.9%) 37 (77.1%)  <0.001
No 29 (90.6%) 3 (9.4%)

transfected cells, the miR-106a mimic significantly enhanced A549
and SPC-A1 cell proliferation, while the miR-106a inhibitor had the
opposite effect (Fig. 2A). Next, using wound healing and Transwell
assays, we investigated the effect of miR-106a on lung adeno-
carcinoma cell migration and invasion. Results showed that cell
monolayer restoration was induced in both A549 and SPC-AT1 cells
transfected with miR-106a mimics compared to scramble-
transfected cells at 24 h (Fig. 2B). In addition, Transwell assays
showed that the number of migratory cells significantly increased
in A549 and SPC-A1 cells transfected with miR-106a mimic
compared to miR-NC (Fig. 2C).

To determine the role of miR-106a in BM in vivo, gain-of-
function studies were performed by injecting lung cancer cells
transfected with 106a agomir into the heart’s left ventricle of nude
mice. Bioluminescence imaging (BLI) showed that transfection of
miR-106a agomir promoted the dissemination of cancer cells to
other tissues, especially to the skeleton, while the transfection of
miR-106a antagomir got the opposite results (Fig. 2D). X-ray,
micro-computed tomography (micro-CT) and haematoxylin—eosin
(H&E) staining were used to further determine the effect of miR-
106a on bone destruction. As shown in Fig. 2E-J, significantly
more BMs and bone destruction were observed in mice infected
with miR-106a agomir, and miR-106a antagomir reduced BM and
bone destruction compared to Ctrl.

These data indicated that miR-106a may enhance the BM
capability of lung adenocarcinoma cells.

Identification of TP53INP1 as the negative factor of miR-106a
involved in lung cancer with BM

To elucidate the molecular mechanism by which miR-106a
promotes lung cancer metastasis, RNA-seq was performed to
identify the mRNA expression profile. The differentially expressed
genes (DEGs) between miR-NC- and miR-106a-transfected cells
were significantly enriched in the p53 signalling pathway (Figs. 3A
and S1 and Tables S2 and S3). Next, we selected several
differential genes involved in this pathway for verification,
including TP53INP1, stratifin, insulin-like growth factor 1 (IGF1)
and zinc finger matrin-type 3 (ZMAT3). The qPCR showed that
these genes were differentially expressed between BM and NM
(Fig. 3B). Among them, there was a negative correlation between
TP53INP1 and miR-106a expression in lung adenocarcinoma
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tissues (Fig. 3C-E). Furthermore, lung adenocarcinoma sections
and BM sections from 80 patients were performed for immuno-
histochemical (IHC) staining (Fig. 3F). Compared with the NM, p53
and TP53INP1 protein levels in the tissues of lung cancer with BM
were 0.49- and 0.21-fold lower, respectively (Fig. 3G, H). The
expression of miR-106a negatively correlated with TP53INP1, and
they were both correlated with the presence of BMs (Table S4).
These results supported that miR-106a/TP53INP1 is crucial for lung
adenocarcinoma metastasis.

The effect of miR-106a/TP53INP1 on metastatic progression of
cells in vitro and in vivo

Next, TargetScan was used to predict miR-106a target genes, and
the 1217-1243 region in the TP53INP1 3'-untranslated region
(UTR) was found exhibiting a high degree of complementarity
with miR-106a (Fig. 4A). To validate the experimental computa-
tional data, the TP53INP1 3'-UTR was subcloned downstream of
the luciferase open reading frame, and a dual-luciferase reporter
assay was performed. Luciferase activity was markedly reduced
only in the cells cotransfected with the miR-106a and the wild-
type TP53INP1 3-UTR, but not in cells cotransfected with the
mutant TP53INP1 3’-UTR (Fig. 4B). Moreover, overexpression of
miR-106a decreased TP53INP1 protein levels in lung cancer cells
(Fig. 4C). These data demonstrated that TP53INP1 is a target of
miR-106a.

We then measured the effect of miR-106a/TP53INP1 on the
ability of cells to successfully navigate metastatic progression,
including invasion of the basement membrane and cell migration,
intravasation into the surrounding vasculature or lymphatic
system and survival during circulation. SPC-A1 and A549 cells
were transfected with the TP53INP1-overexpression plasmid (Fig.
S2). In vitro, wound healing assays and Transwell assays
demonstrated that overexpression of TP53INP1 significantly
reversed the promoting effect of miR-106a on lung adenocarci-
noma migration and invasion (Fig. 4D-G). In vivo, in the absence
of TP53INP1, miR-106a-inducible cells generated BM after left
heart ventricle injections in nude mice. After restoring the
TP53INP1 expression, the tumour grew slowly, and none of the
TP53INP1-treated mice developed BM (Fig. 4H, I). These data
demonstrated miR-106a regulated lung adenocarcinoma BM
through directly targeting TP53INP1.

MiR-106a/TP53INP1 regulated apoptosis- and EMT-related
pathway in vitro

Flow cytometric analysis showed that overexpression of
TP53INP1 significantly increased the late apoptosis of SPC-A1
cells, but this effect was partially reversed by miR-106a (Fig. 5A, B).
Moreover, Z-VAD-FMK, a caspase inhibitor, attenuated the
inhibitory role of miR-106a in cell death induced by TP53INP1
overexpression, indicating that the inhibition of caspase-
dependent apoptosis is critical for miR-106 to maintain tumour
cell survival (Fig. 5C). In addition, ATG5 knockdown abolished the
effect of miR-106a on the number of colonies (Fig. 5D).
Furthermore, the transfection of miR-106a mimics alone did not
affect the essential autophagy, but notably inhibition of TP53INP1
overexpression increased the number of GFP-LC3 fluorescent
puncta of A549 and SPC-A1 cells (Fig. 5E-G). This result was
confirmed by western blot analysis for the accumulation of LC3II
and the decrease of p62 (Fig. 5H). In addition, miR-106a/TP53INP1
regulated the expression of several pro-apoptotic genes, p21, Bax
and Pig3 (Fig. 5l). These data suggested that miR-106a could
inhibit the autophagic-dependent cell death induced by
TP53INP1.

EMT was the leading explanation for how and why metastasis
happens. Thus we examined the effect of miR-106a/TP53INP1 on
EMT by western blot analysis. The results showed that miR-106a
decreased E-cadherin levels and increased the levels of vimentin
and snail. Moreover, miR-106a enhanced the phosphorylation
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Fig.2 The effect of miR-106a on lung adenocarcinoma with bone metastasis in vivo and in vitro. A The proliferation of A549 and SPC-A1
cells by transfection of miR-106a mimics/inhibitor. *P < 0.05, compared with Ctrl; *P < 0.05, compared with NC inhibitor/mimics. The effect of
miR-106a on migration and invasion of A549 and SPC-A1 were measured by wound healing assay (B) and Transwell assay (C). *P < 0.05, miR-
106a mimics compared with miR-NC; *P < 0.05, miR-106a inhibitor compared with NC inhibitor. D-J The representative BLI, osteolytic lesion
area on X-ray, micro-CT and H&E stain images were captured from the nude mice that had been treated with miR-106a agomir, antagomir or
NC. Scale bars: 100 um. *P < 0.05, compared with Ctrl; *P < 0.05, compared with miR-NC; P < 0.05, compared with miR-106a agomir.

levels of smad2/3, which is pivotal for EMT (Fig. 5J). These effects
on miR-106a can be blocked by the upregulation of TP53INP1.

The pro-metastatic role of miR-106a is partly dependent on
autophagy
TP53INP1-induced cell death is autophagy dependent [26].
Another study reported that autophagy inhibition could promote
EMT in alveolar epithelial cells, which contributes to the distant
metastasis of tumours [27, 28]. It indicates that autophagy might
play an important role in miR-106a/TP53INP1 regulation of BM in
lung cancer. Thus, we further investigated the role of autophagy in
the process by which miR-106a promotes BM in lung cancer.
Atg5 functional loss and the autophagy inhibitor 3-MA were
used to inhibit cellular autophagy in A549 and SPC-A1 cells. The
migration and invasion of lung adenocarcinoma cells promoted
by miR-106a were significantly attenuated by Atg5 short hairpin
RNA or 3-MA, which indicated that the pro-metastatic role of miR-
106a was partially dependent on autophagy (Fig. 6A-D). Next, we
investigated the role of autophagy in miR-106a-induced BM
in vivo. As shown in Fig. 6E-J, the X-ray, micro-CT and H&E
staining assay revealed that miR-106a dramatically increased BM

SPRINGER NATURE

burden in Atg5”" nude mice inoculated with miR-106-
overexpressing SPC-A1 cells.

Additionally, we used IHC staining to determine whether
autophagy-related protein levels in samples from lung tumour
patients predicted a greater rate of metastasis (Fig. 6K). There was
no significant difference in the expression of LC3 or mammalian
target of rapamycin (mTOR) in lung tissue from BM and NM
patients (Fig. 6L, M). However, the expression levels of LC3 and
MTOR in the metastatic bone tissues were higher than primary
lung adenocarcinoma tissues. These data indicated miR-106a
promoting BM in lung adenocarcinoma partly depended on
autophagy.

DISCUSSION

The dysregulation of miRNAs has been shown to be the cause in
various cancers and is involved in tumour metastasis through
regulating diverse biological processes, such as miR-106a [29]. Our
data highlighted the mechanism of miR-106a promoting BM of
lung adenocarcinoma (Fig. 7). In this study, we demonstrated that
miR-106a promoted lung adenocarcinoma BM via directly

Cell Death and Disease (2021)12:1037
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Fig. 3

Identification of TP53INP1 as the negative factor of miR-106a involved in the lung cancer with bone metastasis. A RNA-seq analysis

identified p53 pathway to be involved in miR-106a-mediated lung cancer bone metastasis. B TP53INP1, SFN, IGF1 and ZMAT3 expression in
NM and BM patients. *P <0.05; ***P <0.001. C-E The correlation between TP53INP1/IGF-1/ZMAT3 and miR-106a expression in lung
adenocarcinoma tissues. F Representative TP53INP1 and p53 immunohistochemical staining images of the lungs and bone tissue. G, H IHC
scores representing TP53INP1 and p53expression. Data are means + SD. *P < 0.05, unpaired two-tailed t test. Scale bars: 100 pm. LC lung
cancer, NM non-metastasis, BM bone metastasis.

targeting TP53INP1. In particular, we confirmed that TP53INP1-
mediated autophagy-dependent cell death and EMT could be
responsible for the pro-metastatic role of miR-106a in lung
adenocarcinoma. Given the importance of TP53INP1 in cancer

Cell Death and Disease (2021)12:1037

progression, our data revealed the function, mechanism and
clinical implication of miR-106a in lung adenocarcinoma with BM.

In a previous study, we found that miR-106a was one of the
most pivotal BM-related miRNAs in lung adenocarcinoma by high-

SPRINGER NATURE
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throughput sequencing [25]. Tian et al. suggested that NSCLC
patients with high expression of miR-106a had a poorer prognosis
[21]. In the present study, we found that miR-106a was highly
expressed in the clinical samples of lung adenocarcinoma with BM
compared to primary lung adenocarcinoma samples. Univariate
and multivariate Cox regression analyses indicated that both
higher miR-106a expression and BM were adverse prognostic
factors indicating higher risk of death by lung adenocarcinoma.
Importantly, we confirmed that the upregulation of miR-106a
enhanced lung adenocarcinoma metastatic potential in vitro and
in vivo, while the downregulation of miR-106a decreased the

SPRINGER NATURE

metastatic potential. MiR-106a belongs to the paralogous miR-
106a-363 cluster, which could accelerate tumour development,
induce angiogenesis, prevent apoptosis and crucially influence
osteoblastic proliferation and differentiation [30]. However, the
overexpression or deletion of miR-106a-363 did not affect
individual development [31]. This suggested that miR-106a may
represent a potential therapeutic target for BM in lung cancer.
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis revealed that miR-106a regulates DEGs enriched in the
p53 signalling pathway. p53 is a well-known tumour suppressor,
and p53 mutation contributes to tumorigenesis [32]. The loss or

Cell Death and Disease (2021)12:1037
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Fig. 5 MiR-106a/TP53INP1 regulated apoptosis- and EMT-related pathway in vitro. A, B FACS analysis of cell apoptosis of SPC-A1 cells
treated with miR-106a mimic and/TP53INP1. C Cell viability showed that the apoptosis of cells treated with TP53INP1 was inhibited in
presence of a caspase inhibitor (Z-VAD-FMK). D Clonogenic assays showed that ATG5 knockdown abolished the effect of miR-106a in the
number of colonies. miR-NC + Empty vector as control. E-G A549 and SPC-A1 cells were treated with pIRES2-EGFP-LC3 plasmid for 24 h. Then
cells were observed in the fluorescence microscope. Scale bars: 20 pm. The number of GFP-LC3 puncta per cell was quantified and presented
as mean + SE from 100 randomly selected cells (n = 3). H Western blotting analysis of LC3 and p62 expression in A549 and SPC-A1 cells after
transfected with miR-106a or/and TP53INP1. | Western blot analysis of the apoptosis-related protein expression of p21, Bax and Pig after
transfected with miR-106a. J Western blot analysis of the expression of EMT-related protein, including E-cadherin, vimentin, snail, smad2/3 and
-smad2/3, after transfected with miR-106a mimics. *P < 0.05, compared with Empty + miR-NC; #*P < 0.05, compared with Empty + miR-106a;
P < 0.05, compared with TP53INP1 + miR-NC.

mutations of p53 promotes malignant progression, invasion, Further evidence demonstrated that p53 signalling pathway
metastasis and chemoresistance of tumour cells [33, 34]. There- might play an important role in cancer metastasis by involving
fore, we directly explored the association between miR-106a and miR-106a. In addition, subcellular localization and phosphorylation
p53 and subsequently investigated the effect of miR-106a on lung of p53 were regulated by miR-106a. These results indicated that
adenocarcinoma metastasis. According to KEGG pathway analysis, miR-106a was closely related to the p53 signalling network.
we selected the p53 network-related DEGs for verification, which TP53INP1 is a tumour suppressor, whose expression is down-
also potentially binds to miR-106a. TP53INP1, IGF1 and ZMAT3 regulated in different types of cancers from different organs. It

were differentially expressed in clinical samples of lung adeno- was described as a p53 target gene involved in cell death, cell-
carcinoma with BM, while miR-106a and TP53INP1 showed a cycle arrest and cellular migration [35]. Our research showed that
significant negative correlation. TP53INP1 is a target gene of miR-106a and is closely related to the
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Fig. 6 The pro-metastasis role of miR-106a is partly dependent on autophagy. A, B Wound healing analysis of the migration capability of
A549 and SPC-A1 cells after treatment with siATG5 or 3-MA; *P < 0.05, compared with siATG5 + miR-106a or 3-MA -+ miR-106a. C, D Transwell
migration of A549 and SPC-A1 cells were analysed under a microscope after treatment with siATG5 or 3-MA; *P < 0.05, compared with
SiATG5 + miR-106a or 3-MA + miR-106a. E-J Representative images of osteolytic lesion area on X-ray, micro-CT scans and H&E stain images
from ATG5"M or ATG5"* nude mice that had been injected with SPC-A1 and treated with miR-106a agomir or miR-NC; *P < 0.05, compared to
Atg5™*; *P<0.05, compared to Atg5"* + miR-106a; P <0.05, compared to Atg5"”* + miR-106a. K, L Representative LC3Il and mTOR
immunohistochemical staining images of the lungs and bone tissue. M IHC scores representing LC31l and mTOR expression. Data are means +
SD. *P < 0.05, unpaired two-tailed t test. Scale bars: 100 pm. LC lung cancer, NM non-metastasis, BM bone metastasis.

p53 signalling network. Ng et al. showed that TP53INP1 is often
selectively downregulated in advanced stage IV and metastatic
human hepatocellular carcinoma (HCC) tumours [36]. Further-
more, Liu et al. suggested that miR-155 promotes liver cancer cell
EMT and cancer stem cells, in part, by silencing TP53INP1 [37]. In
the present study, in vitro and in vivo experiments showed that
overexpression of TP53INP1 significantly reversed the promoting
effects of miR-106a in the metastatic steps of lung adenocarci-
noma, including cell migration, intravasation into the surrounding
circulatory system (via EMT) and cell survival. These studies

SPRINGER NATURE

demonstrated the crucial role of miR-106a/TP53INP1 axis in the
progression of BM in lung adenocarcinoma.

Furthermore, we examined the effect of miR-106a/TP53INP1
axis on cell death and EMT contributing to tumour cell metastasis.
TP53INP1 expression induced a significant increase in late
apoptosis and necrosis. Cotransfection with miR-106a mimics
resulted in a significant decrease in cell death. Seillier et al.
described the TP53INP1 as an inducer of autophagy-dependent
cell death rather than an inducer of autophagic cell death [26]. In
this study, we first found that miR-106a reversed the autophagy
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Fig. 7 Schematic overview of the role of miR106a in lung cancer with bone metastasis. In response to diverse stresses, p53 was
phosphorylated at Ser-46 and activate TP53INP1 signalling, which was involved in the cellular physiological process through a feedback loop:
the phosphorylation of p53 at Ser-46 regulates TP53INP1 expression, and TP53INP3 regulates p53 activity via increasing the phosphorylation
level of p53 at Ser-46. Subsequently, TP53INP1 could affect lung adenocarcinoma bone metastasis through three different ways: (1) TP53INP1
affects the expression of downstream target genes of p53, including p21, Pig3 and Bax; (2) TP53INP1 could displace p62 and form
autophagosomes with LC3, which induces autophagy-dependent cell death; (3) TP53INP1 mediated EMT via regulating Smad2/3 signalling. As

a TP53INP1 regulator, miR-106a enhances tumour survival and metastasis in different ways: (1) it inhibits TP53INP1 induced autophagy-
dependent death; (2) it antagonizes the inhibition role of TP53INP1 on EMT.

induced by TP53INP1. Then ATG5 knockdown abolished the effect
of miR-106a on the number of colonies. Moreover, the pan-
caspase inhibitor (Z-VAD-FMK) also suppressed the inhibitory role
of miR-106a in cell death induced by TP53INP1 overexpression.
These data suggested that miR-106a inhibits TP53INP1-associated
autophagy-dependent cell death. Many previous studies indicated
that autophagy can help cells resist death [38-40]. However,
several recent studies suggested that autophagy contributes to
tumour cell death [41-43]. TP53INP1 might induce the anti-
proliferative and pro-apoptotic activities. Consistently, we found
that several pro-apoptotic proteins [44], such as p21, Bax and Pig3,
were shown to be regulated by miR-106a/TP53INP1, suggesting
that miR-106a/TP53INP1-modulated autophagy could be a
mechanism for tumour suppression. In addition, miR-106a/
TP53INP1-regulated EMT demonstrated another mechanism
promoting BM of lung cancer.

Cell Death and Disease (2021)12:1037

An increasing number of studies have found that the autophagy
ability of tumour cells is a critical factor for cell survival/death,
metastasis and activation after dormancy [45]. Our data also
showed that miR-106a was involved in TP53INP1-mediated
autophagy. However, there are other forms of autophagy that
affect cell death, such as autophagic death, and autophagy
antagonizes cell death in many tumours. Therefore, we tried to
explore the role of autophagy in the process by which miR-106
promotes BM. We found that inhibiting autophagy (knockout of
ATG5 and using autophagy inhibitor 3-MA) could partially
attenuate the effect of miR-106a on promoting metastasis. This
indicated that the effect of miR-106a on promoting BM is partially
in a autophagy-dependent manner. Studies on liver cancer have
shown that inhibiting autophagy had no obvious effect on the
tumour itself but inhibited the remote metastatic ability of the
tumour [46]. Knockout of ATG5 and ATG12 can reduce the
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colonization ability of melanoma cells in the lung and the invasion
ability of gliomas, respectively [47, 48]. Our data also revealed that
inhibiting autophagy did not affect BM in lung adenocarcinoma
but did inhibit the abilities of miR-106a to promote migration and
invasion. In vivo experiments also demonstrated that the ability of
miR-106a to promote lung adenocarcinoma colonization in the
bone was significantly suppressed by inhibiting autophagy.
Several studies have shown that miR-106a can inhibit autophagy
by targeting and regulating multiple effectors [24, 49, 50].

Finally, we further performed IHC detection of p53, TP53INP1,
LC3 and mTOR in tissues of lung adenocarcinoma with or without
BM. The results showed that the expression of p53 and TP53INP1
in the lung adenocarcinoma patients with BMs were significantly
lower than those of NM patients, but the expression of LC3 and
mTOR were not significantly associated with BMs. Because the
wild-type p53 protein is rapidly degraded, and the TP53 mutation
is usually related to the production of the stable protein that can
be detected by IHC in cancer cells, it is generally believed that IHC
is ideal for the detection of p53 mutation. However, existing
studies [51] have shown that lung cancer cells that have spread
rarely accumulate mutated p53 protein, and even if this mutation
exists in autologous primary tumours, the derived cell lines do not
have p53 mutations. These observations indicated that tumour
cells can leave the primary tumour before the p53 gene mutation
occurs. Our study also demonstrated that the proportion of
negative expression of p53 in lung tissues with BM was much
higher than that of NM lung tissues. In addition, we found that
miR-106a was negatively correlated with the expression of
TP53INP1 and p53, which partially confirmed the results of
in vitro cytology, that is, miR-106a inhibited TP53INP1 and/or p53
from participating in BM. Because TP53INP1 interacts with LC3 and
ATG8 family proteins through the LC3-interacting region and
promotes autophagy-dependent cell death. Therefore, we
assessed the expression of LC3 in the metastatic bone tissue
and found that it was significantly higher than that in the primary
lung tissue. The results of IHC studies in HCC showed that the
expression levels of LC3 at the metastatic site were higher than
that at the primary site, but autophagy was not activated during
the invasion, migration and separation of HCC cells [52]. Our
results also did not identify difference in the expression level of
LC3 between the lung tissues with BM and NM lung tissues.
Similarly, no significant difference was detected in mTOR
expression, but its expression in metastatic cancer is higher than
that of the primary site, consistent with the existing IHC data
[53, 54]. These results suggested a role for autophagy in the
metastasis of advanced lung cancer.

Notably, the overexpression of TP53INP1 did not completely
reverse the miR-106a’s promoting effects on metastasis, including
inhibiting apoptosis and promoting EMT. This may be related to
p53 feedback regulation, which has been proved to be a double-
edged sword in tumour metastasis. TP53INP1 and p53 have
complex mutual regulation. On the one hand, TP53INP1 is a
downstream target gene of p53. On the other hand, TP53INP1
induces p53 protein phosphorylation at Ser-46 and activate p53,
which is manifested as a positive feedback regulation of p53 [44].
Also, studies have also confirmed that p53 induces expression
and/or maturation of several miRNAs, which leads to the
repression of critical effector proteins [55, 56]. Although our study
identified the role of miR-106a and TP53INP1 in tumour
metastasis, the complex interplay between p53-miRNA-TP53INP1
1 only begin to be explored further. In addition, the role of
autophagy in miR-106a-promoted metastasis is inconsistent
in vitro and in vivo. Inhibiting autophagy did not obtain the
expected additive effect, but miR-106a partially lost promoting
metastasis effect. It suggests that miR-106a may also regulate
other genes involved in BM, and genes are greatly affected by
autophagy. Moreover, whether autophagy, in turn, regulates miR-
106a expression needs further exploration.

SPRINGER NATURE

In summary, based on characterization of single miRNA in the
p53 feedback pathway, we should explore more strategies to
comprehensively and genome-wide identify p53-regulated miR-
NAs and their target genes.

CONCLUSIONS

Taken together, our study suggested that miR-106a and its target
gene TP53INP1 could regulate cell migration, autophagy-dependent
cell death and EMT, affecting lung adenocarcinoma BM. Considering
the challenge of targeting therapeutic miRNAs such as miR-106a, the
regulation of mMiRNAs target genes is crucial for preventing
metastasis, such as TP53INP1. It is a more amenable potential target
for the treatment of advanced NSCLC patients with BM.

MATERIALS AND METHODS

Patients and samples

Eighty patients who had primary lung adenocarcinoma and lung
adenocarcinoma with BM were enrolled in this study between January
2014 and December 2017 from Yunnan Cancer Hospital, China. Each tissue
sample was divided, and half of the tissue was frozen using liquid nitrogen
and stored at —80°C. The remaining tissue was fixed in 10% neutral
buffered formalin. Our study was approved by the medical ethics
committee of Yunnan Cancer Hospital, China. Prior informed consent
was obtained from the patients for collecting tissue specimens and clinical
parameters according to the guidelines of Yunnan Cancer Hospital, China.
Information regarding the clinicopathological characteristics of 80 lung
adenocarcinoma patients is presented in Table S1 and Fig. S3.

RNA isolation and quantitative real-time PCR

Total RNA was extracted from tissue samples or cells using TRIzol (Invitrogen,
USA) following the manufacturer's protocol. For miRNAs, first-strand cDNA
was reverse transcribed using a miRcute Plus miRNA First-Strand ¢cDNA Kit
(TianGEN, China), but for mRNAs, a ReverTra Ace gPCR RT Kit (TOYOBO,
Shanghai) was used to synthesize first-strand cDNA. Then quantitative real-
time PCR was performed using SYBR FAST qPCR Master Mix (KAPA Biosystem,
USA) on a Quantstudio 12K FLEX system (Applied Biosystems, USA). GAPDH
and U6 were used as internal controls for mRNA and miRNA, respectively. For
each sample, all experiments were performed in triplicate. The fold change
(FC) in mRNA was calculated according to the relative quantification (2724,
The primer sequences used in our study are shown in Table S5.

Cell lines and transfection

The human lung adenocarcinoma cell lines A549 and SPC-A1 were obtained
from Kunming Institute of Zoology and cultured in Dulbecco’s Modified Eagle
Medium (DMEM; Invitrogen, USA) supplemented with 10% foetal bovine
serum (FBS; HyClone, USA). All cells were incubated in a humidified
atmosphere of 5% CO, at 37 °C. MiR-106a mimics/inhibitor and mimic control
(NC-mimics) were purchased from RiboBio Co, Ltd. (Guangzhou, China).
Human full-length TP53INP1 cDNAs were cloned into pEYFP-C1 vector
(Clontech, Japan). Adenovirus vectors that direct the expression of Myc-
TP53INP1 (AdMax-Myc-TP53INP1) were constructed using the AdMax system
(Microbix Biosystems). The regions corresponding to the full sequence of
TP53INP1T mRNA were synthesized and cloned into the adenovirus shuttle
vector pHBAd. Both A549 and SPC-A1 cells were transfected with miR-106a-
mimics, NC-mimics, TP53INP1-ex or NC-ex using Lipofectamine 2000 reagent
(Invitrogen, USA) and infected with AdMax-Myc-TP53INP1 (TP53INP1) or
AdMax-Myc (Empty) according to the manufacturer's protocol. Cells were
harvested at 24 h post-transfection and used for further experiments.
Luciferase-expressing SPC-A1 cells were established in our laboratory by
stable transfection with the pCMV-G Luc 2 plasmid (New England Biolabs,
USA). Atg5 '~ SPC-A1 cells were established using the CRISPR/Cas9 system
(Inovogen, Beijing, China). Exon 2 of Atg5 was selected for the design of the
guide RNA. Guide RNA sequence: Atg5: 5-TGCTTCGAGATGTGTGGTT-3". Small
interfering RNA for ATG5 (5-GCAACUCUGGAUGGGAUUG-3') was synthesized
by Shuoging Biotechnology Co., Ltd. (China).

Cell proliferation assay

A CCK-8 kit (Beyotime, China) was utilized to measure the proliferative
abilities of A549 and SPC-A1 cells after transfection with miR-106a mimics
(miR-106a) or miR-NC according to the manufacturer’s protocol. Twenty-
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four hours after transfection, 5 x 10 transfected cells were seeded into 96-
well plates with 100 pL of culture medium. The medium was replaced with
100 pL fresh culture media containing 10% CCK-8 at different times (1, 2, 3,
4 and 5 days). The absorbance value at 490 nm was measured using a
microplate reader (Multiscan FC, Thermo Scientific).

Wound healing assay

A549, SPC-A1, Atg5 '~ A549 and Atg5~’~ SPC-AT cells were transfected
with miR-106a as described above. After seeding these cells into 6-well
plates, the culture media was replaced with DMEM containing 0.1% FBS
before scratching. Confluent cells were mechanically scarred using a
200 pL pipette tip in the centre of the well. Images were captured every 3 h
after scarring. The area of wound healing was quantified using the Image)
software, and the wound healing rate (%)= (initial wound area —
nonhealing area)/initial wound area.

Transwell assay

Transwell assays were performed to assess the invasive abilities of cells
using Corning Matrigel Invasion Chamber inserts (8.0 uM pore size,
Corning), which were coated with Matrigel (3.9 ug/mL) on the upper
surface of the polycarbonic membrane. A549, SPC-A1, Atg5 /'~ A549 and
Atg5~/~ SPC-AT1 cells were suspended in serum-free medium and seeded
into the upper chamber. The bottom chamber was filled with 600 pL
DMEM or RPMI-1640 medium supplemented with 20% FBS. After 24 h
incubation, the filter was fixed, stained with 0.1% crystal violet, and
photographed. The stained cells exhibiting the abilities to invade and
migrate were quantified.

Cell apoptosis assay

Cells were transfected with miR-106a mimic/miR-NC as previously described.
Forty-eight hours after transfection, we measured the proportions of viable
and apoptotic cells in different treatment groups using the Annexin V FITC
Apoptosis Detection Kit (DOJINDO) according to the manufacturer’s instruc-
tions. Briefly, cells were harvested using trypsin and were washed in
phosphate-buffered saline (PBS). Then cells were resuspended in Annexin V
binding buffer (10mM HEPES, pH 7.4, 140 mM NaCl, 2.5 mM CaCl,) and
stained with Annexin V-FITC for 10 min and then with propidium iodide at
room temperature for an additional 10 min in the dark. After that, cells were
analysed by BD FACSCanto Il (BD Biosciences) within 1 h after staining. At least
10,000 cells were collected, and the data were analysed using the FlowJo
7.0 software (Tree Star, San Carlos, CA).

Dual-luciferase reporter assays

Potential targets of miR-106a were predicted using miRanda (http://www.
microrna.org). The TP53INP1 3'-UTR sequences containing the presumed
miR-106a-binding sites or mutated binding sites were inserted into the
psiCHECK™—2 vector (Promega, Madison, WI, USA). A549 and SPC-A1 cells
were cotransfected with psiCHECK-2-TP53INP1-WT or psiCHECK-2-
TP53INP1-MUT and miR-106a mimic or miR-NC. Forty-eight hours after
transfection, luciferase activity was determined with a Dual-Luciferase
Reporter Assay Kit (Promega, Madison, WI, USA) according to the
manufacturer’s protocol.

Western blot

After treatment, cells were washed with PBS and lysed in RIPA buffer
(Beyotime Institute of Biotechnology, Haimen, China). The protein
concentration of lysates was determined using the BCA assay (Pierce;
Thermo Fisher Scientific). Equal amounts of proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred onto a polyvinylidene difluoride (PVDF) membrane (Millipore,
Billerica, MA, USA). The membranes were blocked with TBST containing 5%
bovine serum albumin and incubated overnight at 4°C with specific
primary antibodies according to a certain ratio. Then the membranes were
washed three times with TBST and incubated with an anti-rabbit or anti-
mouse IgG secondary antibody for 2 h at 25°C. The primary antibodies
used in this study were as follows: LC3 (#2775, 1:1000, Cell Signalling
Technology), TP53INP1 (sc-68919, 1:500, Santa Cruz Biotechnology), B-actin
(sc-376421, 1:1000, Santa Cruz Biotechnology), histone H3 (sc-517576,
1:2000, Santa Cruz Biotechnology), p-mTOR (Ser2433) (sc-293133, 1:500,
Santa Cruz Biotechnology), mMTOR (sc-517464, 1:1000, Santa Cruz
Biotechnology), p27 (sc-1641, 1:1000, Santa Cruz Biotechnology), p62
(#8025, 1:1000, Cell Signalling Technology), p53 (sc-126, 1:250, Santa Cruz
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Biotechnology), phospho-p53 (#2521, 1:200, Cell Signalling Technology),
acetyl-p53 (#2525, 1:200, Cell Signalling Technology) p21 (sc-6246, 1:250,
Santa Cruz Biotechnology), Bax (sc-7480, 1:500, Santa Cruz Biotechnology),
and Pig3 (sc-65227, 1:500, Santa Cruz Biotechnology).

The immunoreactive bands were visualized by Pierce™ ECL Western
blotting Substrate (Pierce) and captured using a Minichemi TM610 chemical
imaging system. The protein band densities were measured by the Quantity
One software (Bio-Rad), and the values were normalized to B-actin.

In situ hybridization

ISH assays were performed using the miRCURY LNATM microRNA ISH
Optimization Kit 5 (FFPE) (Exiqon) to detect the expression of miR-106a
according to the manufacturer’s instructions.

Briefly, 5 um sections were first fixed in 4% formaldehyde for 20 min.
Next, sections were treated with Proteinase K for 5min at 37°C after
dewaxing and rehydration, followed by incubation with hybridization mix
for 1 h at room temperature. Then the sections were blocked for 20 min in
blocking solution and hybridized with digoxigenin-labelled miR-106a
probes at 37 °C for 24 h. Nitroblue tetrazolium and 5-bromo-4-chloro-3-
indolyphosphate were used as chromogens. Images were acquired on a
Leica DM6000B Microscope (Leica Microsystems, Mannheim, Germany).

H&E and IHC

At the end of the experiment, mice were euthanized, and hind limbs were
collected and fixed in 10% neutral buffered formalin for 48 h, followed by
decalcification in 10% EDTA for 2 weeks. Next, bone tissues were
embedded in paraffin wax for sectioning (thickness, 3.5 um) and stained
with H&E. The patients’ tissue samples, which were fixed in 10% neutral
buffered formalin, were also dewaxed and subjected to IHC staining using
LC3II antibody (1:200).

IHC was used to measure the expression of p53, TP53INP1, LC3 and
mTOR in the lung and bone tissues of lung adenocarcinoma patients. The
intensity, percentage and sublocalization of the IHC staining of each case
were recorded. The intensity of TP53INP1, LC3 and mTOR staining was
recorded as 0, 1, 2 and 3, indicating negative, weak, moderate and strong
staining, respectively. The percentages of TP53INP1-, LC3- and mTOR-
positive cells were recorded as 0 (0%), 1 (0-20%), 2 (20-50%) and 3 (>50%),
respectively. The results were scored by multiplying the percentage of
positive cells (P) by the intensity (/): Formula: Q =P x I; Maximum = 300
[57]. For the p53 immunostaining score, negative (0) was defined as <20%
of positive cells, and positive (1) was defined as >20% positive cells.

Mouse model of lung adenocarcinoma BM

To explore whether miR-106a prevents BM, 5 x 10° luciferase-transfected
A549 or SPC-A1 cells were suspended in 0.1 mL of PBS and then injected
with a 27-G needle into the left heart ventricle of BALB/c-nu/nu mice (male,
4-6 weeks old, purchased from Beijing Vital River Ltd., China). The animals
were housed in a pathogen-free environment under controlled conditions
of light and humidity in our animal facility for 4 or 5 weeks. After a week,
the mice were randomly divided into 8 groups, 6 mice per group (the
sample size is usually based on previous experience in reported research
with use of the same animals). Then the cells were treated with injections
of 10 nmol miR-106a agomir (miR-106a agomir; GenePharma, Shanghai,
China), miR-106a antagomir (miR-106a antagomir; GenePharma, Shanghai,
China) or NC via the left heart ventricle 3 times a week for 3 weeks. Mice
died in the process or showing tumour masses in the heart and/or in the
lung because of improper needle placement were excluded from the
study. Bone metastases were analysed by BLI, X-ray and histopathologically
confirmed with H&E staining. All evaluations were conducted by the
investigators blinded to the treatment allocation. Animal protocols were
approved from the Institutional Animal Care and Use Committee at the
Kunming Medical University Animal Center conformed to the relevant
guidelines and legislations.

Bioluminescence imaging

At the end of miR-106a agomir or NC treatment, mice were injected with
100 uL of the D-luciferin solution (150 mg/kg) (Gold Biotechnology, St.
Louis, MO) intraperitoneally (i.p.) 10 min before imaging. During image
acquisition, mice were anaesthetized with 50 mg/kg pentobarbital sodium
(i.p.) and then imaged using the Xenogen IVIS Spectrum system (Caliper
Life Sciences, USA). Signal intensity in both the left and right hind limbs
was quantified as photon flux (photons/s/cm?/sr) using the Living Image
software 4.2 (Caliper Life Sciences).
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X-ray and micro-CT analysis

At the end of miR-106a agomir or NC treatment, nude mice were
anaesthetized and subjected to X-ray radiography in the prone position.
Osteolytic lesions were identified as demarcated radiolucent lesions on
radiographs. The osteolytic lesion area on X-ray was determined from
femurs and tibia and were quantified using the ImageJ software. Moreover,
we detected and evaluated the bone lesions by micro-CT via calculating
the bone volume/total volume, trabecular number, trabecular thickness
and trabecular separation.

RNA-seq

The TruSeq Total RNA-Seq Library Prep Kit was used to construct the library
in accordance with standard lllumina procedures, and sequencing was
performed on a HiSeq 2000 platform. The sequencing data were mapped
to the reference genome using HISAT2. StringTie was used to assemble the
transcripts and quantify gene expression via the FPKM method. edgeR was
used to identify DEGs, and the cut-off criteria were |[FC|>1.5 and false
discovery rate <0.05.

Statistical analysis

Experiments were performed in triplicate with a minimum of three
independent experiments. All data were analysed using the statistical
software GraphPad Prism 7.0 (GRAPH PAD Software Inc.,, CA, USA). Results
of all experiments are depicted as mean + SD. Comparisons of continuous
variables between the two groups were performed with two-tailed t tests
(normal distribution) or Wilcoxon tests (not normal distribution) or log-rank
test (for survival curve analysis). A comparison between three or more groups
was analysed using one-way analysis of variance with Bonferroni test.
Univariate and multivariate analyses were performed using Cox’s proportional
hazard model to evaluate the correlation between miR-106a expression and
patient prognosis. A value of P < 0.05 was considered statistically significant.

DATA AVAILABILITY
The data sets used and/or analysed during the current study are available from the
corresponding author on reasonable request.
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