
Contents lists available at ScienceDirect

Life Sciences

journal homepage: www.elsevier.com/locate/lifescie

TUSC7 suppression of Notch activation through sponging MiR-146
recapitulated the asymmetric cell division in lung adenocarcinoma stem
cells
Guanglin Huanga,b,1, Meng Wanga,1, Xiang Lia,1, Jie Wua,1, Sisi Chena, Ning Dua, Kai Lia,
Jichang Wangc, Chongwen Xud, Hong Rena, Shou-Ching Tange,⁎, Xin Suna,⁎⁎

a Department of Thoracic Surgery, The Second Department of Thoracic Surgery, Department of Thoracic Surgery and Oncology, Cancer Center, The First Affiliated Hospital
of Xi'an Jiaotong University, Xi'an City, Shaanxi Province 710061, China
bDepartment of General Surgery, Xingyuan Hospital, Yulin City, Shaanxi Province 719000, China
c Department of Vascular and Endovascular Surgery, The First Affiliated Hospital of Xi'an Jiaotong University, Xi'an City, Shaanxi Province 710061, China
dDepartment of Otorhinolaryngology, The First Affiliated Hospital of Xi'an Jiaotong University, Xi'an City, Shaanxi Province 710061, China
eUniversity of Mississippi Medical Center, Cancer Center and Research Institute, 2500 North State Street, Jackson, MS 39216, USA

A R T I C L E I N F O

Keywords:
Lung adenocarcinoma stem cells
TUSC7
Cell division mode
Notch signaling
Sponge regulation

A B S T R A C T

Aims: Lung adenocarcinoma consists of multiple therapeutic targets, however, patients will inevitably progress
to later stage diagnosis with Tyrosine Kinase Inhibitor treatment resistance. We aim to investigate the roles of
non-coding TUSC7 in ordering the cell division tendency, helping to sensitize the resistance in a miRNA in-
corporating way.
Materials and methods: Online study of bioinformatics analysis, molecular experiments of luciferase test, im-
munofluorescence staining and qRT-PCR were applied to dig out the mechanistic regulations.
Key findings: TUSC-7 inhibited the renewal ability of adenocarcinoma stem cells, yielding to asymmetric cell
splitting. Informatics analysis and the luciferase testing confirmed the 3′UTR binding site, and revealed the post-
transcriptional regulation of NUMB referring to miR-146. TUSC-7 sponged miR-146 and abolished its de-
gradation toward to NUMB, and this integrated cascade made several genes become tangled to full functionality.
Significance: TUSC-7 was proved to be one strong suppressive lnc-RNA in lung adenocarcinoma stem cells,
functioning through inactivating NOTCH signaling, and the turbulence on division modes precisely pointed to
the key mechanisms of stem cells' renewal. The decreasing of tumor suppressive miR-146 was necessary in TUSC-
7 conducted renewal repression, despite it alone could also reduce the renewal efficiency, indicating that more
complicated non-coding genes may be involved in its regulation.

1. Introduction

Lung cancer is the most dangerous cancer type worldwide, as it
ranks the highest among cancer-related mortalities [1,2]. Exploring
more sensitive screening strategies, improving the radical operation
methods, and developing more effective adjuvant therapeutic agents,
are all urgent and valuable [3,4]. Lung cancer is mainly composed of
non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC),
and lung adenocarcinoma of NSCLC is quite different from other types
of lung cancer, consisting of multiple therapeutic targets for

implementing the precision medicine, making therapy easier, less
painful, and more beneficial [5–8]. However, patients inevitably pro-
gress to later stage diagnosis with Tyrosine Kinase Inhibitor (TKI)
treatment resistance. Identifying and applying new therapeutic agents,
targeting at novel and crucial molecular nodes, improving the existing
therapy strategy, may all provide new ways of effective therapy.

MiRNAs have been given full attention for decades, since the post-
translational regulation was identified in cellular biology. LncRNAs
(long non-coding RNAs) and circRNAs (circular RNAs) were later re-
vealed for supplementing the RNA family of non-coding members
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[9–11]. Individually, they may act as a crucial modulator to certain
downstream genes [12,13]. Alternatively, they could also coordinate
with each other to exert stronger inhibition, acting the opposite manner
[14,15]. Cancer stem-like cells, also known as cancer initiating cells,
were treated as the root for malignancy initiation, development, pro-
gression, and recurrence. Targeting at this subtype of cells group pro-
vided the potential and prospective ways of perishing the entire cancer
family [16–18]. The functions of miRNAs and lncRNAs in cancer dys-
regulations were hotspots when looking into the micro-connections
between coding and non-coding genes. In this study, we explored the
role of miR-146 when TUSC7 exerted its suppressive function on stem
cells expansion, tried to find one possible signaling that would affect the
TKI treatment sensitivity. We successfully established the accessory
mechanism of miRNA in lncRNA dominated stem cells' regulation, in-
dicating one new possible theory of stem cells' renewal regulation.

2. Methods and materials

2.1. Cell culturing, mimics transfection and Lentiviral transduction

Non-small cell lung adenocarcinoma cancer cells lines of A549 and
H1299, and HEK-293T were purchased from American Type Culture
Collection and were maintained in DMEM (Gibco) or in RPMI 1640
Medium (Hyclone). 10% FBS (Gibco), 1% penicillin and 1% strepto-
mycin (Hyclone) were be supplemented into these medium. For con-
structing cells with enforced TUSC7, a genomic region encoding TUSC7
was PCR-amplified using PrimeSTAR® HS DNA Polymerase (TaKaRa)
and subcloned into the pcDNA3.1 vector (Invitrogen). To obtain cell
lines stably expressing TUSC7, cells were transfected with the plasmid
pcDNA3.1-TUSC7 or pcDNA3.1 vector by using Lipofectamine 3000
according to the manufacturer instruction. Cells were selected with
neomycin (800 μg/ml) for two to four weeks.

2.2. Stem cells isolation and culturing

For studying of the stem cells' potency and features, the pretreated
cells were suspended in DMEM/F12Medium, supplemented with 20 ng/
ml EGF (BD Biosciences), bFGF and 4mg/ml insulin (Sigma), and then
group cells were plated in 6 cm ultra-low attachment dishes
(500–1000cells/ml, Corning). After 10 days of culture, the number of
tumor spheroids was counted under a Nikon Eclipse TE2000-S micro-
scope (Nikon Imaging, Japan). The sphere formation efficiency was
calculated as the percentage ratio of obtained spheres and plated cells.
Single cell could be acquired by using Accutase (StemPro, GIBCO), and
the daughter stem cell was kept in DMEM/F12Medium, supplemented
with 20 ng/ml EGF (BD Biosciences), bFGF and 4mg/ml insulin
(Sigma).

2.3. Quantitative real-time PCR and western blot

Total mRNA was reverse-transcribed into cDNA by using a RT-PCR
kit (AT301 TransGen Biotech), and real-time quantitative PCR (RT-
qPCR) was performed with CFX96 Real-Time PCR Detection System
(Bio-Rid). For western blot, the protein from cell extracts were sepa-
rated by 10% SDS-PAGE electrophoresis, and was later transferred onto
PVDF membrane. Membranes were incubated with Notch1 (1:5000;
Val1744, D3B8, Rabbit mAb #4147, Cell Signaling Technology), Numb
(1:2000, ab4147, Abcam), Vinculin (1:8000, #18799, Cell Signaling
Technology), Jagged1 (1:1500, ab7771, Abcam), Snai1(1:1500,
pSer246, SAB4504319, Sigma-Aldrich), OCT4(1:2000, 3H8L6,
ABfinity™ Rabbit Monoclonal, Invitrogen, ThermoFisher),
SOX2(1:3000, ab97959, Abcam), and then detected using ECL Blotting
Detection Reagents (Merck Millipore). Cells of different groups were
suspended in DMEM/F12 Medium supplementing with 20 ng/ml EGF
(BD Biosciences), bFGF and 4 μg/ml insulin (Sigma), and then plating at
1000 cells/ml in 6-well ultra-low attachment dishes (Corning

Incorporated) for about one week. To analyze the self-renewal ability,
spheres number was counted by using phase contrast microscope
(Nikon).

2.4. Immunofluorescence and Edu staining

The cells were fixed in 4% formaldehyde, washed with PBS for
15min, and permeabilized with 0.2% Triton X-100 for 20min. After
permeabilization, the cells were blocked with bovine serum albumin
(BSA) at 37 °C for 30min. Fixed cells were incubated with the anti-
bodies against CCND1(1:100, #PA5-88063, ThermoFisher),
DICER1(1:100, #MA5-31353, ThermoFisher), H3K9ME2(1:50, #1220,
Abcam), at 4 °C overnight, followed by Alexa Fluor 594 goat anti-rabbit
IgG (H+ L) Secondary Antibody (1:1000, A-11012, Life Technologies,
Gaithersburg) for 1 h at room temperature. The nuclei were counter-
stained with 4,6‑diamidino‑2‑phenylindole (DAPI, 1:15000; 4084; Cell
Signaling). For EdU labeling assay, cells of different groups were seeded
into chamber slides with RS glass (Nunc, Thermo Scientific) after
treatments. EdU intensity was detected after cells being incubated with
10uM EdU for 24 h. Detection was performed with using Click-iT Plus
EdU Alexa imaging Kit (MP 10637, Life Technologies). The fluorescence
images were obtained using an Olympus microscope.

2.5. Dual luciferase report assay

Luciferase reporter assay was used to detect the proposed binding
site between TUSC7 and miRNAs. PmiR-RB-Report vector (Promega)
containing renilla luciferase gene (hRluc) and firefly luciferase gene
(hLuc+) were applied in this experiment. The 3′UTR sequence of
TUSC7 was cloned downstream of hRluc cassette. Mutations were
performed in the binding sites. The miR146 mimics were obtained from
GenePharma (Shanghai, China). hLuc+ cassette was used as internal
control. Each miRNA or negative control oligonucleotide was co-
transfected with pmiR-RB-Report vector with or without the 3′UTR
sequence of TUSC7. Finally, the relative light units (RLU) of hRluc and
hLuc+ were determined by Tecan M1000, and the hRluc values were
normalized to the corresponding hLuc+ values.

GP-miRGLO reporter assay was used to verify NUMB as a direct
target of miR-146. MiR-146 mimics and negative control oligonucleo-
tides were co-transfected with pcDNA3 reporter vector respectively,
containing the wild-type 3′UTR of NUMB or mutant 3′UTR NUMB.
EGFP expression levels were normalized by RFP values.

2.6. Statistical analysis

Numerical data were presented as mean ± standard deviation
(SD), of three to six independent experiments. Statistical analysis was
carried out by using Graph Pad Prism 6 and Microsoft Excel software.
Differences between groups were assessed by using Student's t-test or
ANOVA individually. P < 0.05 was statistically significant.

3. Results

3.1. Clinical identification of lower expressed TUSC7 in NSCLC

Suppressed TUSC7 expression in non-small cell lung cancer (NSCLC)
was confirmed with an established public data base (http://www.
cbioportal.org/) [19,20], and in specimens of NSCLCs. Higher TUSC7
levels, which are usually abnormal and rare in malignancies, imply
better survival expectations and lower progression risk (Fig. S1a–e).
Specifically, a longer survival prognosis is much clearer when analyzing
TUSC7 in lung adenocarcinoma tissues (Fig. S1b, e).

3.2. Connections between TUSC7 and its related cascade factors

Based on further analysis using CANCER GENOMICS online data
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Fig. 1. Clinical identification of TUSC7 and Notch signalings.
a. Six data bases from CANCER GENOMICS were enrolled for expression pattern analysis. b. Heat map was set up to reveal the potential connections among Notch
factors and TUSC7. c. Table was drafted to show the related alternations and the negative connections between NUMB and CCND1, NUMB and DICER1, TUSC7 and
DICER1, TUSC7 and CCND1 were significant.

Fig. 2. Associations among cascade factors.
TUSC7 was positively related to NUMB, and was inversely correlated with NOTCH (b). Relationships among miR-146, DICER1, CCND1 were analyzed (c-d). CCND1
(e) and DICER1 (f) was both positively related to miR-146a expression.
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(http://www.cbioportal.org/), a total of six databases consisted of more
expansive sources of data on squamous lung cancer and adenocarci-
noma tissues (Fig. 1a). Notch signaling was frequently activated in lung
adenocarcinoma (Fig. S2), and heat mapping revealed its board ex-
pression signatures and relationships to associated factors (Fig. 1b).
Potential relationships between TUSC7 and possible downstream af-
fecters were drafted and shown in Fig. 1c, where the red labeling in-
dicates a mutually exclusive existence with the exception of missing
data (shown in bold blue).

3.3. Undefined miR-146a was revealed with special function referring to
TUSC7

Expression pattern analysis supplemented the results of Fig. 1 and
the relationship between TUSC7 and NUMB/NOTCH was consolidated
with clinical data, helping to establish its suppressive roles (Fig. 2a–b).
Relationships among miR-146, DICER1, CCND1 were analyzed
(Fig. 2c–d). Premier clinical testing sequentially pointed to the possible
cascade of TUSC7/NUMB/NOTCH, in which CCND1, DICER1 and miR-
146a may be involved in generating a complicated circle loop or re-
ciprocal affection (Fig. 2e–f).

MiR-146 was characterized with strong suppressive roles in breast
cancer [21]; however, the role of miR-146a in lung cancers was un-
certain. miR-146 appeared to have a positive link to CD133 stem cells
markers (Fig. S3a, b), ALDH1A1 (Fig. S3c, d), KLF4 (Fig. S3e, f), SOX2
(data not shown), SOX4 (data not shown), and CMYC (data not shown).
This strongly suggested its dual role in regard to renewing groups.

3.4. TUSC7 suppressed the stem cells expansion through Notch signaling
inhibition

Introducing either TUSC7 (Fig. 3a) or siRNA (Fig. 3b) into the stem
cells of NSCLSs resulted in expression level alternation. TUSC7 inhibi-
tion (Fig. 3c) increased the spheres number sequentially (Fig. 3c–d).
Notch activation inhibitor (γ secretase inhibitor) was set as positive
control to assess the Notch signaling suppression by TUSC7. TUSC7
inhibition greatly activated the renewal process through EMT factors
overexpressed (Fig. 3e).

3.5. TUSC7 induced the stem cells' asymmetric division

Stem cells of ordinary nature styles tended to split asymmetrically,
to maintain the mother group, and to give birth to the offspring gen-
eration (Fig. 4a). Cancer stem cells divided chaotically and often gen-
erated two identical daughter cells, as were identified and stained in
Fig. 4b. Division manners were reorganized and assessed when in-
troducing TUSC7 into stem cells. In A549 and H1299 stem cells, when a
single cell was dispersed from the spheres group and adhered to low-
attached slide the mother stem cells' splitting manner was affected by
TUSC7 alternation, forcing TUSC7 asymmetric division, when com-
paring the control and negative control groups (Fig. 4c–d). Different
division modes were associated with stem cells expansion of two ten-
dencies (renewal triggering or arresting), as exhibited in Fig. 3e.

3.6. TUSC7 sponging of miR146 was critical for TUSC7/miR-146a cascade
function

Bioinformatics established a possible connection between TUSC-7

Fig. 3. TUSC7 suppressed stem cells' renewal.
Introducing TUSC7 (a) or inhibiting TUSC7 (b) into stem cells of lung adenocarcinoma changed the spheres forming efficiency greatly (c–d). e. TUSC7 inhibition
promoted the NOTCH signaling and EMT factors expression.
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and miR-146. TUSC7 was predicated to correlate with miR-146 at the
possible binding site (Figs. S4, 5a). By completing sponging conjunction
studies (referred to in Fig. 5b), miR-146 was mutated for its miRNA
response element (Fig. 5c), and the co-transfection of luciferase re-
porters containing 3′UTR sequence and miR-146a mimics reduced
nearly 60% of the luciferase intensity.

3.7. MiR-146 decreased NUMB expression post-transcriptionally

The alignment of miR-146a and 3′UTR of NUMB was constructed by
using enhanced green fluorescent protein (EGFP) reporter assay
(Fig. 5d). The wild-type 3′UTR sequence (Fig. 5e) and the mutant 3′UTR
sequence (Fig. 5f) of NUMB were cloned downstream from the EGFP-
coding sequence to construct a reporter plasmid and a mutant vector,
and the co-transfection of miR-146a mimics and the wide-type reporter
plasmid strongly reduced the EGFP expression. In TUSC7 domination of
cancer suppression, miR-146 was combined to and blocked for its tar-
geted degradation of NUMB (Fig. 5g), the strong and specific Notch
signaling inhibitor. Reintroducing miR-146 into TUSC7 overexpressed
cells alleviated the suppression (Fig. 5h).

3.8. CCND1-DICER1 activity helps to sustain TUSC7 expression

DICER1 activity was critical for sustaining the microRNAs and lnc-
RNA expressions [22], and could be maintained by cyclin d1 existence
as we proved in previous studies [23]. No direct binding site between
3′UTR of miR-146 and DICER1/CCND1 was ever found (data not
shown), and could not be speculated by using software analysis (data
not shown). The sponging of TUSC7 to miR-146 released controlling of
NUMB expression (Fig. 5g–h), which manipulated the CCND1/DICER
cascade inner cytoplasm (Fig. 6a–b) and decreased promoter activity
(Fig. 6c–d). The absence of either CCND1 or DICER1 decreased TUSC7
(Fig. 6e), forming a closed circle to maintain balance (Fig. 6f).

4. Discussion

Interactions among varying types of non-coding genes attracted lots
of attention because of the specific regulation modes (post-translational
or sponge adsorption). Due to the various modulation manners, the
connections could be identified in more complicated ways. We ex-
amined the unexplored non-coding world years ago, searching for

Fig. 4. Identification of division manners in lung adenocarcinoma stem cells.
a. The schematic illustration for imaging the division manners in stem cells. b. DNA dye and H3K9ME2 staining assays were applied to reveal the splitting status. d.
TUSC7 enforcement stimulated the asymmetric division, and its inhibition released the symmetric nature of cancer stem cells.
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various connection manners. In NSCLCs, stem cells expansions were not
known well, and anticancer treatments seeking more efficient killing
ratios encountered the bottle neck effect [24,25].

To our knowledge, the cancer group consists of heterogeneous sub-
populations/ Stem cells [26,27], also named cancer stem-like cells,
were considered the progenitor cells responsible for generating nu-
merous daughter cells [28,29]. Immortalized cancer stem cells could
divide symmetrically, giving birth to indefinite descendants [30]. Tur-
bulence during the splicing stage retrieved asymmetric division, which

was believed to shrink the stem cells' pool [31,32]. Traditional antic-
ancer agents could only perish those pools at rapid proliferation, un-
wittingly enriching sleeping ones, awakening them to regenerate and
repopulated.

The disturbance exerted by one specific or cluster of non-coding
genes work to cut off the link between the splitting motor and splitting
daughter cells, instead of massive perishing or toxic killing (which is
against the strategy of “Precision Medicine”). In the current study, our
group explored promising members that could support the “Precision

Fig. 5. TUSC7 suppressed the Notch signaling factors through sponging miR146.
a. Predication toward to the binding sited between TUSC7 and miR-146a was specially labeled for illustration. b. MiR-146 decreased the luciferase activity of wild
type at TUSC7 3′UTR. c. The significant change was not detected in mutant type at TUSC7 3′UTR. d. The potential binding site at the 3′UTR of NUMB referring to
miR-146 was showed. e. MiR-146 decreased the luciferase activity of wild type at NUMB 3′UTR. f. The significant change was not detected in mutant type at NUMB
3′UTR. g. Introducing TUSC7 saved the NUMB luciferase activity, defined by RFP normalized EGFR intensity. h. Overexpressing miR-146 greatly abolished the TUSC7
resulting of Notch signaling suppression.
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Medicine” strategy. MiR-146 was disclosed with dual characters in
various malignancy types and in lung cancer [33–36]. The good site
took the upper hand. The role of TUSC-7 was rarely studied in lung
cancer progression. Long non-coding RNA of TUSC-7 in lung cancer was
tested with cancer suppressive affections in our study. Stem cells ori-
ginated from different lung adenocarcinoma cell lines, and cell

expansion was blocked from symmetric division cessation.
Bioinformatics testing and the Luciferase study confirmed the 3′UTR

binding site, and revealed the post-transcriptional of NUMB referring to
miR-146. MiR-146 was identified with oncogenic actions in colon
cancer stem cells. Here we also confirmed its suppression on NUMB,
one crucial member in restraining the NOTCH signaling. In lung cancer,

Fig. 6. Homeostasis of TUSC7 level was determined by its downstream cascade.
Immunofluorescence staining (a) and western blot (b) indicated thatTUSC7 decreased the cytoplasmic expression of CCND1 and DICER1, and reintroducing miR-146
saved their expression level. c. Schematic image of NUMB dependent DICER1 promoter activity. d. TUSC7 decreased the promoter activity of wild Dicer1. e. TUSC7
expression decreased significantly in A549 cells (above) and H1299 cells (below) when reducing the Dicer1 level. f. The feedback loop was drafted to illustrate the
network, where TUSC7 and miR-146 functioned through.
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suppressive roles of miR-146 on malignancy were established with solid
data from a public database and bench work; however, in cyto-network,
it could only be treated as one downstream executor. Specifically,
TUSC-7 sponged miR-146 and abolished its degradation toward to
NUMB, and this integrated cascade made several genes become tangled
to full functionality.

In conclusion, TUSC-7 proved to be one strong suppressive lnc-RNA
in lung adenocarcinoma stem cells, functioning through inactivated
NOTCH signaling. Data from clinical analysis and molecular analysis
revealed its roles in stem cells expansion. Most importantly, the tur-
bulence on division modes precisely pointed to the key mechanisms of
stem cells' renewal. The decreasing of tumor suppressive miR-146 was
necessary in TUSC-7 conducted renewal repression, unless it alone
could also reduce the renewal efficiency. This indicates that more
complicated non-coding genes may be involved in its regulation.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.lfs.2019.116630.
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