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Background: Mitophagy, a selective autophagy process, plays various roles in tumors. Prohibitin 2 (PHB2) is an inner-mito-
chondrial membrane protein that participates in parkin-induced mitophagy. However, the role of PHB2 in non-
small cell lung carcinoma (NSCLC) has not been previously reported.

Material/Methods: PHB2 protein or PHB2-mRNA in NSCLC and paired normal tissues was determined by Western blot, gRT-PCR,
and immunohistochemical staining. Cell proliferation was detected by CCK-8 assay. Cell migration was eval-
uated by wound healing and transwell migration assays. A 3D live-cell confocal system was used to moni-
tor autophagic flux. Mitochondrial autolysosomes were observed by transmission electron microscopy (TEM).
Finally, we performed JC-1 assay to measure mitochondrial membrane potential (WVMP).

Results: The level of PHB2 was significantly increased in human NSCLC specimens compared to paired adjacent speci-
mens. Inhibition of PHB2 expression attenuated mitophagy in A549 and H1299 cells, as indicated by decreased
levels of LC3 II/l and parkin markers and increased level of p62 protein. Furthermore, the inhibition caused re-
duction in mitochondrial autolysosomes and autophagic flux, as shown by TEM and live-cell imaging, respec-
tively. In addition, PHB2 inhibition caused a remarkable increase in MMP and suppressed the proliferation and
migration of A549 and H1299 cells.

Conclusions: Our results suggest that downregulation of PHB2 reduced parkin-mediated mitophagy, which suppressed pro-
liferation and migration of A549 and H1299 cells.
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Background

Lung carcinoma is a malignant tumor with the highest rates
of cancer-related morbidity and mortality worldwide, with a
global 5-year survival rate of less than 16% [1]. Due to recent
developments in surgical technology and advances in precision
medicine, the ability to treat this lung cancer have improved
significantly [2-6]. Clinical types of lung carcinoma include
non-small cell lung carcinoma (NSCLC) and small cell lung car-
cinoma (SCLC), with NSCLC being the most common, account-
ing for the vast majority of all lung cancer cases. At present,
the treatment of NSCLC is a comprehensive treatment based
on surgery. Despite the continuous development of surgical
technology, the prognosis of NSCLC is still unsatisfactory [7].
Therefore, it is urgent to further study the molecular biologi-
cal mechanism of NSCLC in order to provide new targets and
ways to better utilize precision medicine and effectively con-
trol the incidence and reduce the mortality of lung cancer.

Autophagy is a self-cleaning process in cells subjected to ad-
verse environmental stress such as hypoxia, infection, or de-
ficiency in nutrition [8]. Through autophagosome formation,
the aberrant proteins in the cells and damaged or excess or-
ganelles are packaged and fused by lysosomes, which then
degrade them, thus maintaining a healthy intracellular en-
vironment [8,9]. This also includes mitophagy, which clears
away dysfunctional mitochondria [10]. Mitophagy is a selec-
tive autophagy process specifically involved in degradation of
damaged or redundant mitochondria in cells to maintain cel-
lular homeostasis [11]. Recently, Wei et al. reported that pro-
hibitin 2 (PHB2), a protein in the inner mitochondrial mem-
brane (IMM), acts as a receptor for mitophagy [12]. PHB2 is
involved in parkin-induced mitophagy and participates in au-
tophagy by binding the autophagosomal membrane-associated
protein LC3. Recent studies have shown that PHB2-mediated
mitophagy is dependent on the parkin pathway, which is in-
volved in various human diseases, including cancer [13-15]. In
malignant tumors, mitophagy may provide protective effects
to tumor cells under metabolic pressure or/and hypoxia due
to high proliferation rates and selective pressure. Interestingly,
it was reported that PHB2 is overexpressed in prostate carci-
noma, liver carcinoma, pancreatic carcinoma, esophagus car-
cinoma, bladder carcinoma, and breast carcinoma compared
with corresponding normal tissues [16-21]. Similarly, it has
also been reported that PHB2 is a critical factor in the prolif-
eration of melanoma cells, human rhabdomyosarcoma cells,
and hematologic malignancies [22-24]. However, the role of
PHB2 in NSCLC is still unclear.

In our study, we evaluated PHB2 expression in human tis-
sues and cell lines of NSCLC, and studied the anti-tumor ef-
fect of inhibition of PHB2 in vitro. We also explored the spe-
cific mechanism underlying the anti-tumor effect of inhibition
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Table 1. The clinicopathological data of the 38 study
participants.
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of PHB2. Our results may contribute to a new perspective for
the treatment of NSCLC.

Material and Methods

NSCLC and adjacent normal tissue samples

Human NSCLC tissue samples and adjacent normal samples
(confirmed by pathology) were obtained during surgery from
38 patients. These patients were consecutively admitted to the
Second Affiliated Hospital of Harbin Medical University (Harbin,
China) between November 2017 and July 2018. All these patients
signed the written informed consent and the study was conduct-
ed under the supervision of Ethics and Scientific Committees of
Harbin Medical University. No patient had received chemother-
apy, radiotherapy, or immunotherapy before surgery. Table 1
shows the clinicopathological data of 38 patients.

Cell culture and treatment

H1299, H460, A549, PC9, H1915, H2170, and human bronchial
epithelial cells (HBE) were cultured as described previously [9].
Cells were transfected with si-PHB2 (RiboBio, Guangzhou,
China), negative control, and PHB2-overexpressed plasmid
(IbsBio, Shanghai, China) as described previously [9].

RNA isolation and real-time quantitative RT-PCR (qRT-PCR)

Total RNA was extracted as previously described [9]. The expres-
sions of PHB2 mRNA were quantified by qRT-PCR, and GAPDH
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was used as the reference gene. Primers used for qRT-PCR were:
PHB2 forward primer, 5’-CAGAAAATTGTGCAGGCCGA-3’; PHB2
reverse primer, 5’-GATGAGGCTGTCACTTCCCC-3'.

Cell proliferation

A549 and H1299 cells were used for our experiment.
Overexpression of PHB2 was carried out by transfecting with
lentivirus plasmid. Si-PHB2 was used to knock down PHB2
expression. Transfected cells were seeded as described previ-
ously [9]. Based on the manufacturer’s protocol, we used CCK-8
assay to evaluate cell proliferation. CCK-8 kits were purchased
from Dojindo Biotechnology Co. (Kumamoto, Japan). Finally, OD
value was recorded by a microplate reader at 450 nm.

Cell migration

To evaluate cell migration ability, wound healing assay was
performed as described previously [9]. We observed cell mi-
gration into the scratches and took pictures under a micro-
scope. In the transwell migration assay, transwell chambers
were the same as described previously [9]. Cells were trans-
fected for 48 h, then we seeded serum-free medium cultured
cells suspension in the upper chamber. The lower chamber
was prepared with addition of 500 pl culture medium with FBS
(fetal bovine serum). Cells were incubated for 48 h at 37°C,
then migrated cells were fixed as described previously [9]. We
looked through a microscope (Olympus, Japan) to observe mi-
grated cell numbers.

Western blotting

RIPA buffer was used to lyse transfected cells and human tissue
samples as previously described, and protein concentrations
were tested via BCA method (Beyotime, Shanghai, China) [25],
using SDS-PAGE gel electrophoresis to separate proteins. After
this, separated proteins were transferred to polyvinylidene fluo-
ride (PVDF) membranes. Then, primary antibodies against PHB2
(Abcam, MA, USA), p62 (Cell Signaling Technology, Danvers,
USA), LC3 1I/1 (Cell Signaling Technology, Danvers, USA), and
parkin (Invitrogen, MA, USA) were added and cells were incu-
bated at 4°C overnight. Protein expression was detected as
described previously [9].

Immunofluorescent staining

After transfection for 24 h, we used 4% buffered paraformal-
dehyde in PBS to fix cells, and then blocked the cells in a solu-
tion of 1% BSA and 0.1% Triton-X (both in PBS) for 2 h at 37°C.
Primary antibody against PHB2 (1: 150) was added, followed
by incubation at 4°C for 12 h. Cells were washed 3 times with
PBS, followed by incubation with secondary antibody for 1 h at
room temperature. DAPI (1: 100) staining was then performed
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for 20 min to stain the nuclei. Immunofluorescence was as-
sessed by laser confocal microscopy.

Live-cell imaging for autophagic flux

Transfected cells were infected with mRFP-GFP-LC3 adenovirus
particles (Hanbio, Shanghai, China) for 24 h. Then, the imag-
es were taken using the VoX 3D live-cell confocal system [9].

Transmission electron microscopy (TEM)

Transfected cells were fixed in glutaraldehyde as described pre-
viously [9]. Sections were electron-stained before they were
observed under an electron microscope (JEM-1200, Japan).

Immunohistochemical analysis

Human NSCLC and adjacent normal tissue samples were
fixed as described previously [9], then incubated with prima-
ry antibodies against PHB2 at 4°C for 12 h. On the next day,
all slides were incubated with secondary antibody followed
by diaminobenzidine staining. All slides were then examined
by light microscopy.

Measurement of the mitochondrial membrane potential
with JC-1

MMP was detected by use of the JC-1 Assay Kit (Beyotime,
Shanghai, China). After transfection for 24 h, A549 and H1299
cells were stained with JC-1 staining solution. Fluorescence in-
tensity was measured]under a fluorescence microscope (FV300,
Olympus, Japan) with single excitation (argon-ion 488 nm) and
dual emission (shift from green [530 nm] to red [590 nm]) [26].
The ratio of green and red fluorescent intensities indicated the
changes of MMP in the cells.

Statistical analysis
Data were assessed using GraphPad Prism 5.0 software.
The t test was used for comparisons between 2 groups, and

multiple groups were compared by one-way ANOVA. P values
<0.05 were regarded as a significant.

Results

PHB2 was overexpressed in NSCLC

We evaluated PHB2 expression in NSCLC and adjacent normal
tissues. As shown in Figure 1A, NSCLC tissues had more obvi-
ously upregulated PHB2 than matched (normal) tissues. Using
gRT-PCR, the same trend was observed (Figure 1B). For further
confirmation, we evaluated the expression of PHB2 in NSCLC
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Figure 1. PHB2 expression in NSCLC. (A) PHB2 expression in human tissues was detected by Western blot (n=5). * P<0.05 vs. Normal.
(B) mRNA expression of PHB2 in human tissues were measured by qRT-PCR (n=38). *** P<0.001 vs. normal. (C, D) PHB2
protein expression in H1299, H460, A549, PC9, H1915, H2170, and HBE cells were measured (n=5). *** P<0.01 vs. HBE.

(E) The relative quantities of PHB2 mRNA in A549, H1299, and HBE cells were measured (n=>5). ** P<0.01 vs. HBE, *** P<0.001
vs. HBE. (F) Expression of PHB2 protein in human NSCLC and paired normal tissues was detected by immunohistochemistry
(n=5). Representative pictures are shown. Scale bar indicates 100 pm.

by comparing with matched tissues by immunohistochemi-
cal staining. The results clearly showed that PHB2 expression
was higher in NSCLC (Figure 1F). Next, we assessed the level
of PHB2 in A549, H1299, H460, H1915, PC9, and H2170 cell
lines and human bronchial epithelial (HBE) cell line. In com-
parison with HBE, the levels of PHB2 protein and mRNA were
highest in A549 and H1299 cells (Figure 1C-1E). Thus, A549
and H1299 cells were selected for subsequent experiments.

PHB2 inhibition suppresses proliferation and migration
in vitro

To explore the function of PHB2 in proliferation and migration
in NSCLC, pcDNA3.1-PHB2 plasmid or si-PHB2 were transfect-
ed into NSCLC cells. Transfection efficiency was assessed by
gRT-PCR and immunofluorescence staining (Figure 2A, 2F). We
utilized CCK-8 assay to evaluate cell proliferation. As shown in
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Figure 2. Si-PHB2 suppressed proliferation and progression of H1299 and A549 cells. (A) gRT-PCR was performed to detect
transfection efficiency (n=5). *** P<0.001 vs. Control. (B) Cell proliferation were measured with an CCK-8 assay (n=5).
*** P<0.001 vs. Control. (C, D) Wound healing assay showed that si-PHB2 inhibited cell migration compared to their
corresponding controls (n=5). *** P<0.001 vs. Control. (E) Invasion ability was measured by transwell migration assay
(n=5). Representative pictures are shown. (F) Transfection efficiency was detected by immunofluorescence staining (n=5).
Representative pictures are shown. Scale bar indicates 50 um.

Figure 2B, transfection with si-PHB2 remarkably suppressed cell
proliferation in NSCLC cells. In addition, wound healing assay
indicated that downregulation of PHB2 inhibited cell migra-
tion compared to their corresponding controls (Figure 2C, 2D).
Similarly, transwell migration assay demonstrated that trans-
fection with si-PHB2 led to suppressed NSCLC cell migration
(Figure 2E). In summary, our results indicated that PHB2 inhi-
bition suppresses proliferation and migration in vitro.
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PHB2 promotes proliferation and migration in vitro

Detection of overexpression efficiency was determined by qRT-
PCR and immunofluorescence (Figure 3A, 3F). In CCK-8 assay,
the cell proliferation rate of cells was obviously increased when
cells were transfected with the plasmid (Figure 3B), and PHB2
overexpression accelerated wound healing (Figure 3C, 3D) and
migration of A549 and H1299 cells (Figure 3E). In summary,
our results indicated that PHB2 overexpression promotes pro-
liferation and migration in vitro.
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Figure 3. PHB2 promoted proliferation and migration in H1299 and A549 cells. (A) Transfection efficiency was detected by qRT-PCR
(n=5). ** P<0.01, *** P<0.001 vs. Control. (B) Cell proliferation were measured with an CCK-8 assay (n=5). *** P<0.001 vs.
Control. (C, D) PHB2 overexpression accelerated wound healing compared to their corresponding controls (n=>5). *** P<0.001
vs. Control. (E) Invasion ability was analyzed by transwell migration assay (n=5). Representative pictures are shown.
(F) Transfection efficiency was detected by immunofluorescence staining (n=5). Representative pictures are shown.

Scale bar indicates 50 pm.

PHB2 regulates mitophagy

To determine the underlying mechanism behind increased
NSCLC cell progression due to PHB2, investigated the mitochon-
drial autophagy markers. Western blot results (Figure 4A, 4B)
showed that the cells transfected with si-PHB2 had decreased
SQSTM1/p62 degradation and LC3 11/l expression. Cells trans-
fected with si-PHB2 expressed lower levels of parkin pro-
tein, but cells transfected with PHB2 plasmid had increased
endogenous LC3 1I/l and parkin levels as well as p62 degra-
dation level (Figure 4C, 4D). Therefore, our data revealed that
PHB2 promotes lysosome function and at least partially af-
fects parkin-mediated mitophagy in NSCLC cells.

PHB2 changes MMP and reinforces mitophagy in vitro

To further verify that PHB2 promotes mitophagy, changes of
MMP were detected in vitro. After transfection with si-PHB2
or PHB2 plasmid for 48 h, JC-1 assay was used to measure
MMP. The findings showed that MMP was decreased in tu-
mor cells treated with PHB2 plasmid. In contrast, tumor cell
MMP was more stable after si-PHB2 treatment (Figure 5A).
The transfected cells were infected as described previously to
detect autophagic flux [9]. H1299 and A549 cells transfected
with PHB2 plasmid shown increased level of autophagic flux.
In contrast, H1299 and A549 cells transfected with si-PHB2
shown decreased levels of autophagic flux (Figure 5B, 5C), and
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Figure 4. PHB2 increased expression of mitochondrial autophagy markers in NSCLC cells. (A, B) After transfection with si-PHB2
for 48 h, Western blot analysis was used measure mitophagy-related protein levels in H1299 and A549 cells (n=5).

Representative pictures are shown. (C, D) After transfection with PHB2 plasmid for 48 h, we performed Western blot analysis
to detect mitophagy-related protein levels in H1299 and A549 cells (n=5). Representative pictures are shown. * P<0.05;

** P<0.01; *** P<0.001 vs. Control.

TEM showed that PHB2 overexpression increased the num-
ber of mitochondrial autophagosomes (Figure 5D). The above
results proved that PHB2 could change MMP and reinforce
mitophagy in NSCLC cells.

Discussion

In our study, the first discovery was that PHB2 was obviously
higher in NSCLC tissues and in A549 and H1299 cells com-
pared with normal counterparts. Secondly, upregulation of
PHB2 facilitated detrimental proliferation and migration in vi-
tro. Thirdly, we found that PHB2 enhanced parkin-mediated
mitophagy in NSCLC cells. Our findings are the first to reveal
the clinical potential of PHB2 in NSCLC.

In malignant tumors, autophagy can give tumor cells a survival
advantage under the selective pressure which comes from high
proliferation rates, hypoxia, and therapeutic interventions [27].
Damaged or dysfunctional mitochondria are swallowed into
autophagosomes, which degrades them through the autophagy
pathway, a process known as mitophagy. Mitophagy, a selective
autophagic removal of mitochondria, is a conserved cellular
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procedure vital for maintaining cellular homeostasis. The ac-
cumulation of damaged mitochondria by dysregulated mitoph-
agy is crucial for carcinogenesis and tumor progression [28].
Mitophagy is like a switch regulating metabolism, reducing
the number of mitochondria and inhibiting the activity of mi-
tochondrial network structure, which can directly reduce the
amount of glucose required for mitochondrial oxidative phos-
phorylation then transfer glucose out and use it in glycolysis
or other anabolic pathways to provide more energy for tumor
cells (Figure 6). When mitochondrial dysfunction occurs, cancer
cells phagocytose their own mitochondria through mitophagy,
reducing the production of destructive reactive oxygen spe-
cies (ROS), while providing nutrients to tumor cells to support
cell division [29]. The absence of mitophagy increases oxida-
tive stress and inhibits tumor cell growth. On one hand, sever-
al proteins that help with mitophagy, such as FUNDC1, parkin,
BNIP3, and BNIP3L/NIX, have been proved to be upregulated
in cancers. On the other hand, p62/SQSTM1 is downregulat-
ed in cancers to protect cancer cells [30,31]. Prior research on
mitophagy has concentrated on the function of the outer mi-
tochondrial membrane (OMM) [32]. When mitochondria are
damaged, the stable of PINK1, a mitochondrial kinase, causes
parkin to be recruited to damaged mitochondria, triggering
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Figure 5. PHB2 changes MMP and reinforces mitophagy in NSCLC cells. (A) MMP was determined by JC-1 assay. The red and green
fluorescence indicates changes in MMP quantified using Image-pro plus software (n=5). Representative pictures are shown.
(B, C) Representative images of autophagic flux (autophagosomes: yellow, autolysosomes: red, n=3). Representative pictures
are shown. Scale bar indicates 10 pm. *** P<0.001. (D) Representative images of electronic micrographs. Scale bar indicates
500 nm. The arrows (red) depict mitochondrial autophagosomes, and cell nuclei are represented by N (n=5, magnification
10 000x).

mitophagy. After this, these ubiquitinated OMM proteins in
combination with autophagy receptors promote autophago-
some formation through the LC3-interacting region (LIR) do-
main, triggering mitophagy [33]. Recently, Wei et al. reported
that the autophagosome LC3 Il protein directly binds to the
IMM protein PHB2 to capture the dysfunctional mitochondria

during mitophagy [12]. This shows that the IMM protein PHB2
is an extremely important mitophagy receptor. In addition,
Yan et al. found that overexpression of PHB2 in Hela cells pro-
moted the translocation of LC3 Il protein to mitochondria, and
overexpression of PHB2 in Hela cells with parkin gene could
promote the level of mitophagy, while cells lacking the parkin
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providing energy to support tumor cells by swallowing
mitochondria.

gene did not show these effects [34]. In our study, we provid-
ed solid evidence that overexpression of PHB2 resulted in up-
regulation of parkin and LC3 II/I protein level expression and
downregulation of p62 expression in vitro, thereby improving
the mitophagy level of tumor cells. Therefore, inhibition of
mitophagy activity by decreasing the expression of PHB2 in
NSCLC cells will likely be a new mechanism for treating NSCLC.

Studies have shown that PHB2 is overexpressed in esophageal,
gastric, colorectal, prostate, breast, bladder, papillary thyroid
and liver carcinoma [13,18,19,35]. For the first time, our re-
search discovered that PHB2 was remarkably higher in human
NSCLC tissues and in cancer cell lines than in normal counter-
parts. However, the mechanism of PHB2 overexpression and
its role in NSCLC are unclear. Mitochondrial damage causes
mitochondrial depolarization. Depolarized mitochondria ex-
press PINK1 on the outer membrane, resulting in recruitment
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of parkin, followed by ubiquitination and degradation of OMM
proteins. After the destruction of the OMM by a proteasome-
dependent mechanism, the mitochondrial inner membrane
protein PHB2 is exposed, and its LIR is prone to interact with
LC3 II. At the site of mitochondrial outer membrane damage,
LC3 Il binds to PHB2, ultimately leading to mitophagy. We con-
firmed that PHB2 can increase autophagy flux and PHB2 regu-
lates the level of parkin-mediated mitophagy and then affects
the number of autolysosomes in tumor cells. Overexpression
of PHB2 significantly enhanced the destruction of MMP and
increased the expression of mitophagy-related proteins in tu-
mor cells. We also found that downregulation of PHB2 remark-
ably decreased tumor cells proliferation and migration and that
decreased PHB2 remarkably attenuated proliferation and mi-
gration in NSCLC by inhibiting parkin-mediated mitophagy. In
summary, our data suggest that inhibition of PHB2 expression
can significantly suppress NSCLC proliferation and migration in
vitro by inhibiting parkin-mediated mitophagy. However, more
work is necessary to confirm the effect of PHB2 on NSCLC and
to elucidate the underlying mechanism.

Conclusions

We found that PHB2 was obviously higher in human NSCLC tis-
sues and in NSCLC cell lines (H1299 and A549) when compared
with normal counterparts. Furthermore, our data revealed that
si-PHB2 exerts anti-tumor effects by regulating parkin-mediat-
ed mitophagy, which may be a potential treatment for NSCLC.
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