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Background: Little is known about the relationship between ubiquilin 1 (UBQLNTI) and p53, both of
them have been implicated in the development and progression of non-small cell lung cancer (NSCLC).
In this study, we aimed to explore the role of loss of UBQLNT in cell viability and proliferation, and cell
apoptosis in human lung adenocarcinoma A549 cells.

Methods: Cell viability, proliferation, and apoptosis were determined by MTT, BrdU, and TUNEL assays,
respectively. Adenoviruses carrying cDNA or siRNA were used to overexpress or silence target protein.
Dihydroethidium (DHE) staining was performed to measure the real-time formation of intracellular reactive
oxygen species (ROS). The chymotrypsin-like activity of 20S proteasome core was determined by using
synthetic fluorogenic peptide substrate.

Results: UBQLNT silencing led to a reduction of p53 protein levels and overexpression of p53 reversed
the effects of UBQLNI1 knockdown (KD) on cell viability, proliferation, and apoptosis. Furthermore,
deficiency of UBQLNI1 activated autophagy activity but did not affect proteasome activity. Inhibition of
autophagy restored p53 protein levels in UBQLN1-KD A549 cells. In addition, UBQLN1 KD markedly
inhibited phosphorylation of mammalian target of rapamycin (mTOR) and its downstream ribosomal S6
kinase (S6K).

Conclusions: Our experiments suggested that the regulation of UBQLNI on cell viability, proliferation,
and apoptosis was mediated by mTOR/autophagy/p53 signaling pathway.
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Introduction

Ubiquilin (UBQLN) is a family of ubiquitin-like proteins
which is composed of at least five members UBQLNI,
UBQLN2, UBQLN3, UBQLN4, and UBQLNL.
Among them, UBQLNI1 is widely expressed in the
plasma membrane, endoplasmic reticulum (ER), nucleus,
cytoplasm, and autophagosomes in various tissues and
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cells. UBQLNTI plays an important role in maintaining
protein balance through regulating the ubiquitin-
proteasome system (UPS), macroautophagy (autophagy),
ER-associated protein degradation (ERAD), and other
signaling pathways (1,2). Furthermore, UBQLNT1 can bind
to various intracellular proteins, such as the proteasome

and ubiquitin ligase (E3 ligase) (3), mammalian target
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of rapamycin (mTOR) (4), insulin-like growth factor
receptor and insulin receptor (5) and etc., and therefore
participates in the regulation of a variety of physiological
or pathophysiological phenomena.

Current studies have evidenced that the expression
level of UBQLNI protein is closely associated with the
occurrence, development, and clinical manifestations
of some neurodegenerative diseases such as Alzheimer’s
disease and Huntington’s disease (6,7). UBQLN1
protects mice from oxidative stress- and ischemia-
induced neuronal damage by promoting the elimination
of damaged proteins (8). Deficiency of UBQLNI1 can
cause ubiquitin-proteasome coupling disorders leading
to myocardial ischemia-reperfusion injury in mice (9). It
is noteworthy that UBQLNT1 has also been implicated
in tumorigenesis and cancer progression. UBQLNT1 is
low-expressed in human lung cancer tissues (10). Loss of
UBQLNI1 markedly enhances the metastatic properties
and epithelial-to-mesenchymal transition (EMT) of human
lung adenocarcinoma cells (10,11). In contrast, UBQLN1
is expressed at high levels in invasive breast cancer tissues
and gastric cancer tissues, and is positively correlated with
TNM stage, tumor invasion, and lymph node metastasis
(12,13). In addition, UBQLNT1 depletion has been found
to increase the sensitivity of breast cancer cells to radiation
therapy (14). All these findings strongly indicate that
UBQLNTI plays a key role in the regulation of cancer
development and progression. However, the underlying
mechanism remained poorly understood.

p53 (also known as TP53) is a classic tumor suppressor
gene involved in the regulation of various cellular
processes in the cancer cell properties, such as apoptosis,
proliferation, cell cycle arrest, or senescence (15,16).
Mutant or deficiency of p53 has been found in more
than half of all cancers including human non-small cell
lung cancer (NSCLC) (15,17). However, the functional
relationship between p53 and UBQLNI remains ill-
defined.

In the present study, we found that UBQLN1
knockdown (KD) resulted in a reduction of p53
protein levels in A549 cells by an autophagy-dependent
mechanism. This finding deepens our understanding of
UBQLNT function in NSCLC and also suggests that
UBQLN1 might be a promising target for the treatment
of lung cancer.

We present the following article in accordance with
the MDAR reporting checklist (available at http://dx.doi.
org/10.21037/jtd-20-1362).
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Methods
Antibodies and reagents

Antibodies against UBQLN1 (ab3341), p53 (ab32389),
PERK (phosphor T982, ab192591), and IRE1 (phosphor
S724, ab226974) were obtained from Abcam (Cambridge,
UK). Anti-PERK (#3192), IREla (#3294), CHOP (#5554),
Bax (#2772), Bcl-2 (#3498), Caspase-3 (#9662), mTOR
(#2972), phosphor-mTOR (#2974), S6K (#9202), and
phosphor-S6K (#9206) antibodies were purchased from Cell
Signaling Technology ((Beverly, MA, USA). Anti-tubulin
antibody (SAB4200715) and conventional reagents were
purchased from Sigma-Aldrich (Boston, USA).

Cell culture

Human non-small cell lung carcinoma cell line A549
(ATCC® CCL-185"™) and H358 (ATCC® CRL-5807""),
and human normal lung epithelial BEAS-2B cells (ATCC®
CRL-9609"™) were purchased from American Type Culture
Collection (Rockville, MD, USA). Cells were cultured in
RPMI medium supplemented with 10% fetal bovine serum
(FBS) (Invitrogen, Carlsbad, CA, USA) and 1% penicillin/
streptomycin (Sigma) at 37 °C in a humidified atmosphere
containing 5% CO,.

Adenovirus construction and virus infection

Adenoviruses carrying human wild-type p53 ¢cDNA and
human UBQLNI1 siRNA respectively was constructed as
described previously (9,18). The siRNA sequences used
in this experiment as following: UBQLN1 (Gene ID:
29979): 5'-GAAGAAAUCUCUAAACGUUUUUU-3'
and 5'-GUACUACUGCGCCAAAUUU-3', non-targeting
control siRNA: 5'-UAAGGCUAUGAAGAGAUA
CAA-3' (11). To overexpress wild-type p53 or silence
UBQLNI, the cells were cultured in serum-free medium
containing adenovirus (MOI: 50) for 6 h and then
incubated in growth medium for another 42 h. KD or
overexpression efficiency was determined by Western blot.

Cell viability and proliferation assays

MTT and BrdU assays were used to evaluate cell viability
and proliferation, respectively. MTT was performed as
described previously (19). Cell proliferation was determined
by using a BrdU Cell Proliferation ELISA Kit (colorimetric)
(ab126556, Abcam, Cambridge, UK) according to the
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manufacturer’s protocol.

Apoptosis determination

Apoptosis was induced by incubating the cells in serum-
free medium for 72 h and determined by a TUNEL
Apoptosis Assay Kit (Roche, Basel, Switzerland) following
the manufacturer’s protocol. Apoptotic cells were captured
by an Olympus FluoView FV1000 Confocal Microscope.
Observation was made at least on 1,000 cells and the
apoptotic rate (%) was calculated by dividing the total
number of apoptotic cells by the total number of intact cells
and multiplying by 100.

Proteasome activity assay

The chymotrypsin-like activity of 20S proteasome core was
determined by using synthetic fluorogenic peptide substrate
Suc-LLVY-AMC (Boston Biochem, Cambridge, MA, USA)
as described previously (20,21). The fluorescence intensity
was recorded at an excitation wavelength of 350 nm and
emission wavelength of 440 nm by using a fluorescence
spectrometer (Perkin Elmer precisely LS55, Billerica, MA,
USA).

DHE staining

The real-time formation of intracellular reactive oxygen
species (ROS) was measured by dihydroethidium (DHE)
staining (22). Briefly, the cells were grown on the coverslips
within a 24-well plate at a density of 2x10* cells/well and
stained with DHE (at a final concentration of 10 mM) at
37 °C for 30 min in the dark. DHE fluorescence was
captured with a fluorescence microscopy (Perkin Elmer

precisely LS 55, Billerica, MA, USA).

Western blot

The total proteins were extracted by ice cold lysis buffer
(containing 50 mM Hepes, pH7.6, 150 mM NaCl, 1%
Triton X-100, I mM NaF, 20 mM sodium pyrophosphate,
20 mM B-glycerol phosphate, 1 mM sodium orthovanadate,
10 pg/mL leupeptin, 10 pg/mL aprotinin, 1 pM
microcystin-LR, and 1 mM phenylmethylsulfonyl fluoride).
The bicinchoninic acid (BCA) assay was used to determine
protein concentration. Western blot was performed as
described previously (19). The intensity of protein bands
was quantified using Bio-Rad Quantity One software.
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Statistical analysis

Each experiment was repeated at least 4 times. All data
are represented as the mean + SD. Differences between
mean values were examined using the paired Student’s
t-test. Chi-square was used to test differences between
two or more actual samples. P<0.05 was regarded as
statistically significant. The quantification of the relative
increase in protein expression and phosphorylation statuses
was normalized with control protein expression in each
experiment.

Results

UBQLNI1 KD promoted the survival and proliferation of
A549 cells

To observe the impacts of UBQLNI1 on cell viability and
proliferation, UBQLNI1-silenced and its control A549 cells
were grown in RPMI medium containing 10% FBS for 24
h. As shown in Figure 14,B, UBQLN1 KD significantly
increased cell viability and cell proliferation. The similar
observation was made in UBQLNI1-KD H358 cells
(Figure SI). However, UBQLNTI depletion did not affect
cell viability and proliferation in normal non-cancerous
BEAS-2B cells (Figure SI). Then, apoptosis was induced
by incubating UBQLN1-silenced and its control A549
cells in serum-free RPMI medium for 72 h. TUNEL assay
revealed that UBQLN1 KD protected A549 cells against
serum-free-induced apoptosis (Figure 1C). Consistent with
this finding, UBQLN1-KD cells showed the decreased
expressions of cleaved caspase-3 and the increased ratio of
Bcl-2/Bax (Figure 1D,E,EG). These results suggested that
UBQLNI1 KD resulted in an increase in cell viability and
proliferation, and a decrease in cell apoptosis. Moreover,
these promotive effects on cell viability and proliferation
were cell type dependent.

p53-mediated UBQLNI1 action on the survival and
proliferation of A549 cells

Through scanning the protein which might affect cell
survival and proliferation by Western blot (data not shown),
we found that UBQLNI1 depletion markedly reduced
the expression levels of p53 protein, one of the classical
type tumor suppressors. To investigate the role of p53 in
UBQLNT1 regulation on cell survival and proliferation,
A549 cells were co-infected with adenovirus/p53 and
adenovirus/UBQLN1 siRNA. As shown in Figure 24,
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Figure 1 Effects of UBQLN1 knockdown (KD) on cell viability, proliferation, and apoptosis in A549 cells. (A) Cell viability determined by
MTT assay; (B) cell proliferation determined by BrdU assay; (C) cell apoptosis determined by TUNEL assay. Left: representative images

showing apoptotic cells; right: quantification of cell apoptosis; (D) representative Western blot images showing apoptosis markers; (E)

quantification of cleaved caspase-3 in (D); (F) quantification of protein levels of Bcl-2 and Bax in (D); (G) quantification of Bel-2/Bax in (D).
n=4. **, P<0.01 and ***, P<0.001 vs. siRNA control group. UBQLNI, ubiquilin 1; KD, knockdown.

p53 overexpression reversed UBQLN1’s effects on p53
protein levels. Importantly, p53 overexpression significantly
mitigated the impacts of UBQLN1 KD on cell viability
(Figure 2B), proliferation (Figure 2C), and apoptosis
(Figure 2D,E,FG), suggesting the involvement of p53 in
UBQLNT1 action on cell survival and proliferation in A549
cells.

Autophagy was responsible for UBQLNI1 KD-reduced p53
levels in A549 cells

To figure out the mechanism underlying p53 reduction
by UBQLNTI silencing, the activities of proteasome and
autophagy were investigated in UBQLNI1-KD A549
cells. UBQLN1-silenced and its control A549 cells were
grown in RPMI medium containing 10% FBS for 24 h.
As shown Figure 34, UBQLN1 KD did not affect
proteasome activity. However, UBQLN1-KD cells
displayed an increase in LC3-II protein levels (Figure 3B),

© Journal of Thoracic Disease. All rights reserved.

the ratio of LC3-II to LC3-1I (Figure 3C), and the
autophagic flux (Figure 3D,E), suggesting that UBQLN1
KD enhanced autophagy activity in A549 cells. When
the cells were treated with 20 nM of brefeldin A (BFA),
a specific inhibitor of autophagy for 24 h, we found that
BFA administration obviously reversed the impacts of
UBQLNTI1 on p53 protein levels (Figure 3EG). The effects
of UBQLNI1 depletion on autophagy and p53 protein
levels were further confirmed in H358 cells (Figure S2).
These results indicated that UBQLN1-KD-enhanced
autophagy activity contributed to the reduction of p53
protein levels.

UBQLNI1 depletion activated m’TOR signaling

Next, we investigated the effects of UBQLN1 KD on
ER stress and ROS formation in A549 cells. A549 cells
were grown in RPMI medium containing 10% FBS for
24 h. As shown in Figure 4, UBQLN1 KD did not affect
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Figure 2 Effects of p53 overexpression on cell viability, proliferation, and apoptosis in UBQLN1-KD A549 cells. (A) Representative
Western blot images showing p53 protein levels; (B) cell viability determined by MTT assay; (C) cell proliferation determined by

BrdU assay; (D) cell apoptosis determined by TUNEL assay. Left: representative images showing apoptotic cells; right: quantification

of cell apoptosis; (E) representative Western blot images showing apoptosis markers; (F) quantification of cleaved caspase-3 in (E); (G)
quantification of Bel-2/Bax in (E). n=4. ***, P<0.001 vs. siRNA control group; ¥, P<0.01 and **, P<0.001 vs. UBQLN1 KD group. OF,

overexpression; UBQLN], ubiquilin 1; KD, knockdown.

ER stress (Figure 4A4) and intracellular ROS formation
(Figure 4B,C). Interestingly, we found that UBQLN1 KD
led to the decreases in the phosphorylation of mTOR and
its downstream S6K (Figure 4D,E), suggesting UBQLN1
KD suppressed mTOR signaling pathway.

Discussion

Previous studies have evidenced the promotive effects
of UBQLNTI loss on the growth of NSCLC (10,11).
Consistent with these studies, we found that UBQLNI1
depletion promoted cell viability and proliferation, and
suppressed cell apoptosis (Figures 1,S1). In the present
study, we also found that UBQLN1 KD reduced p53
protein levels and overexpression of p53 could reversed
the impacts of UBQLNT1 on cell viability, proliferation,

© Journal of Thoracic Disease. All rights reserved.

and apoptosis (Figure 2). In addition, loss of UBQLNI1
markedly inhibited mTOR phosphorylation (Figure 4) and
activated autophagy activity (Figures 3B,C,D,E,S2A,B).
Inhibition of autophagy by its specific inhibitor BFA
restored UBQLN1 KD-reduced p53 protein levels
(Figures 3F,G,S2C,D). Therefore, our results indicated that
UBQLNT silencing suppressed mTOR signaling leading
to the activation of autophagy and subsequent reduction of
p53 protein, by which UBQLNI1 depletion regulated cell
viability, proliferation, and apoptosis.

Several mechanisms have been proposed to explain the
loss of p53 protein in cancer cells. Generally, p53 is subjected
to ubiquitination by a number of E3 ubiquitin ligases and
then undergoes a proteasome-dependent degradation (23).
Interestingly, the ubiquitinated p53 can function as a signal
to regulate some cellular events such as nuclear export
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Figure 3 Effects of UBQLN1 knockdown (KD) on the activities of proteasome and autophagy in A549 cells. (A) Effects of UBQLNI1
KD on proteasome activity; (B) representative Western blot images showing the effects of UBQLN1 KD on autophagic markers; (C)

quantification of LC3-II/LC3-I in (B); (D) representative Western blot images showing the effects of autophagy inhibitor BFA on LC3-

II expression; (E) quantification of autophagic flux based on (D); (F) representative Western blot images showing the effects of autophagy

inhibitor BFA on p53 protein levels; (G) quantification of p53 protein levels in (F). n=4. **, P<0.01 and ***, P<0.001 vs. siRNA control group;
. P<0.01 vs. UBQLN1 KD group. UBQLNT1, ubiquilin 1; BFA, brefeldin A.

as well as transcriptional activation (23). In addition,
autophagy and chaperone can also degrade wild type and
mutant p53 in cancer cell, although underlying mechanisms
are unknown (24-27). In the present study, we found that
UBQLNI1 depletion did not affect proteasome activity
(Figure 34), which is consistent with previous study (9).
Our results also showed that UBQLN1 KD activated
autophagy and inhibition of autophagy restored UBQLN1-
reduced p53 protein levels (Figures 3B,C,D,E,FG,S2C,D),
suggesting that UBQLN1-induced degradation of p53
was mediated by autophagy. Regardless of the mechanism,
autophagy inhibitors are expected to have anticancer activity
in part by functioning as p53 activators (28).

There is an interaction between UBQLN1 and
autophagy. UBQLNI1 can be degraded by autophagy and
chaperone-mediated autophagy (CMA) (29). On the other
hands, UBQLNI1 colocalizes with the autophagosome
marker LC3, therefore involving in autophagosome
assembly, formation, and maturation (29,30). Deficiency

© Journal of Thoracic Disease. All rights reserved.

of UBQLNI1 decreases, and overexpression of UBQLN1
increases, starvation-induced autophagy (30). The
mutants of UBQLN display defective autophagic flux
due to suppressed lysosome acidification (31). Recently,
the mTOR signaling has been recognized as a key role
in UBQLNI regulation of autophagy. Enhancement of
ER stress and ROS formation by UBQLNI1 depletion
can impair mTOR complex 1 (mTORCI) activity
leading to activation of autophagy (31). In the present
study, UBQLNT depletion significantly reduced mTOR
phosphorylation (Figure 4C,D) and enhanced autophagy
activity (Figure 3B,C,D,E,F,G), but the levels of ER
stress markers and ROS formation remained unchanged
(Figure 44,B). These findings indicate that the impacts
of UBQLNTI1 depletion on mTOR or autophagy are
independent on ER stress and ROS. The previous study has
confirmed that UBQLNI can directly bind to mTOR (4). In
addition, UBQLNI1 has been proven to impair mTORCI1
activity (31). Hence, the direct regulation of UBQLNI1 on
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(magnification x400); (C) quantification of ROS formation in (B). (D) representative Western blot images showing phosphorylation
of mTOR and its downstream S6K; (E) quantification of phosphorylation levels of mTOR and S6K in (C); (F) schematic diagram of
UBQLNT on cell viability, proliferation, and apoptosis in A549 cancer cells. UBQLN1 impairs mTORCI activity leading to the activation
of autophagy and subsequent degradation of p53. Loss of p53 will affect cell viability, proliferation, and apoptosis. n=4. **, P<0.01 and ***,
P<0.001 vs. siRNA control group; *, P>0.05 vs. siRNA control group. UBQLN1, ubiquilin 1.

mTOR signaling might contribute to its modulation on tumorigenesis and progression of NSCLC (10). It should

autophagy activity. More studies are required to reveal the be reasonable to assume that administration with miR-155

underlying mechanism.

Taken together, we demonstrated that UBQLN1 exerts
its impacts on cell viability, proliferation, and apoptosis in
A549 cells through impairing mTORCI activity, promoting
autophagy, and degrading p53 (Figure 4F). Thus, UBQLN1
might serve as a useful diagnostic tool for NSCLC and a
promising therapy target for treatment of NSCLC. For
example, NSCLC is highly expressed some microRNAs
like miR-155, which can target UBQLNI1 leading to

© Journal of Thoracic Disease. All rights reserved.

inhibitor will increased UBQLNI levels and suppressed
UBQLNI deficiency-induced promotive effects on
cancer growth. More studies are required to confirm this
possibility.
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Figure S1 Effects of UBQLN1 knockdown (KD) on cell viability and proliferation in H358 cells and BEAS-2B cells. UBQLNI1-silenced
and its control cells were grown in RPMI medium containing 10% FBS for 24 h. (A) Cell viability determined by M'T'T assay; (B) cell
proliferation determined by BrdU assay. n=4. **, P<0.01 and ***, P<0.001 vs. siRNA control group. UBQLN], ubiquilin 1.
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Figure S2 Effects of UBQLN1 knockdown (KD) on autophagy and p53 levels in H358 cells. UBQLNI1-silenced and its control H358 cells
were grown in RPMI medium containing 10% FBS, in the presence or absence of 20 nM BFA for 24 h. (A) Representative Western blot
images showing the effects of UBQLN1 KD on autophagic markers; (B) quantification of LC3-II/LC3-I in (A); (C) representative Western
blot images showing the effects of autophagy inhibitor BFA on p53 protein levels; (D) quantification of p53 protein levels in (C). n=4. **,
P<0.01 and ***, P<0.001 vs. siRNA control group; *, P<0.01 vs. UBQLN1 KD group. UBQLN1, ubiquilin 1; BFA, brefeldin A.



