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Drug resistance greatly limits the therapeutic efficacy of treatment of non-small cell lung
cancer (NSCLC). One of the important factors is the dysfunction of tumor suppressor
p53. Recent studies have suggested that p53 suppresses tumors by regulating
number of mitochondrial proteins, including peroxisome proliferator-activated receptor
coactivator (PGC1a). Although several studies have confirmed the interaction between
p53 and PGC1a, the precise mechanism has not been completely determined in NSCLC.
In this study, we investigated the specific signaling between p53 and PGC1a to improve
anti-tumor drug effects on NSCLC. We found that low expression of p53 and high
expression of PGC1a correlated with shorter survival time of NSCLC patients. In vitro
experiments confirmed that NCI-H1299 (p53-null) cells had high levels of PGC1a and
were insensitive to cisplatin (CDDP). When PGC1a was knocked down, the sensitivity
to cisplatin was increased. Notably, the stability of PGC1a is an important mechanism
in its activity regulation. We demonstrated that p53 decreased the stability of PGC1a
via the ubiquitin proteasome pathway, which was mediated by protein kinase B (AKT)
inhibition and glycogen synthase kinase (GSK-3p) activation. Therefore, p53 may regulate
the stability of PGC1a through the AKT/GSK-3 pathway, thus affect the chemosensitivity
of NSCLC.
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BACKGROUND

Lung cancer is one of the most malignant tumors in the world, and the main type is non-
small cell lung cancer (NSCLC). In recent years, drug resistance has become a problem in the
treatment of NSCLC, leading to poor prognosis (1). Tumor suppressor p53, a major defense factor
against cancer, initiates apoptosis by triggering a caspase cascade (2). However, about half of the
NSCLC subtypes have p53 missense mutations, resulting in loss of wild type p53 activity (3, 4).
Tumors with loss of p53 function are often resistant to chemotherapy drugs (5-7). Therefore,
for NSCLC patients with p53 dysfunction, seeking new targeted treatment has become the key to
overcoming chemoresistance.

p53 regulates many cellular functions, including cell cycle arrest, senescence and apoptosis, to
inhibit tumorigenesis (8). Recent studies have found that it is also involved in the regulation of
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FIGURE 4 | p53 promotes the degradation of PGC1a by the ubiquitin proteasome pathway via AKT/GSK-38-dependent phosphorylation. H1299 cells were
transfected with p53 or empty vector for 48 h. The expression of phospho-PGC1a (A) and p-AKT, T-AKT, p-GSK-38, T-GSK-3B (D) were measured by western
blotting. Data are the mean + SD, n = 3, **P < 0.01, compared with the control. H1299 cells were treated with the GSK-3p inhibitor, 5 M CHIR99021, for 24 h or
36 h after transfection with p53 or empty vector. (B,C) Western blotting determined the expression of PGC1a and phospho-PGC1a. Data are the mean + SD, n = 3,
*P < 0.05, **P < 0.01, compared with the control; #P < 0.05, compared with the p53 group. (E,F) Immunoprecipitation was performed with the anti-PGC1a
antibody followed by western blotting using anti-ubiquitin, anti-GSK-38, and anti-PGC1a antibodies. (G) H1299 cells were treated with 50 nM Epox for 18h or 5 uM
CHIR99021 for 36 h after transfection with p53 or empty vector. PGC1a expression was determined by immunofluorescence staining (magnification x400).

overexpressing p53 (Figure 3F). These data indicate that
p53 decreased the stability of PGCla by the ubiquitin
proteasome pathway.

Degradation of PGC1«a by p53 Requires
AKT/GSK-3p-Dependent Phosphorylation

Proteins are often phosphorylated before being recognized
by the ubiquitin-proteasome pathway. Western blotting
showed increased phospho-PGCla after transfection with
p53 (Figure 4A). Previous studies have confirmed that GSK-
3p-mediated phosphorylation primes BMAL1 for subsequent
degradation via proteasomal degradation. We asked whether
p53 induced PGCla degradation through GSK-3p. In the
presence of GSK-3f inhibitor (CHIR99021), the decreased
levels of PGCla after transfection with p53 was reversed
(Figure 4B). Furthermore, the increased expression of phospho-
PGCla decreased after CHIR99021 treatment (Figure 4C).

GSK-3B activity is regulated by inhibitory phosphorylation
and p53 promotes GSK-3p activity by inhibiting AKT.
Next, we measured the phosphorylation levels of GSK-3p
and AKT after transfection with p53. Western blot analysis
revealed that p53 decreased the phosphorylation of both
AKT and GSK-3p, indicating that GSK-3p was activated
(Figure 4D).

To further confirm whether GSK-38 was directly
involved in PGCla-ubiquitin degradation, we conducted
immunoprecipitation experiments using cells transfected with
p53 in the absence or presence of GSK-3f inhibitor. The
results showed that the enhanced PGCla ubiquitination
after transfection with p53 was reversed by GSK-3p
inhibitor (Figure 4E). Moreover, p53 slightly increased
the co-immunoprecipitation of GSK-38 with PGCla, and
this association was impaired in the presence of GSK-3p
inhibitor (Figure 4F). To further confirm this, we performed
immunofluorescence  experiments, which showed that
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FIGURE 5 | Knockdown of PGC1a combined with CDDP treatment promotes apoptosis by reducing mitochondrial function. (A) H1299 cells were transfected with
three PGC1a-shRNA plasmids and Scr-shRNA for 48 h. Western blotting was used to analyze the knockdown efficiency. (B) Cell viability of transfected H1299 cells
exposed to different doses of CDDP for 24 h was determined by the MTT assay. Data are the mean 4+ SD, n = 3, *P < 0.05, compared with the control, **P < 0.01,
compared with the respective CDDP-treated Scr-shRNA group. (C,D) H1299 cells were treated with CDDP (8 jug/mL) for 24 h after transfection with PGC1a-shRNA
plasmid or Scr-shRNA plasmid. Annexin V/PI staining (C) and western blotting analysis of Bax, Bcl2, Mcl-1, and cleaved caspase-3 (D) were used to detecte
apoptosis. Data are the mean + SD, n = 3, *P < 0.05, **P < 0.01, compared with the control; #P < 0.05, ##P < 0.01. (E) ATP production in the
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FIGURE 5 | transfected cells was determined by a kit after treatment with CDDP for 12 or 24 h. Data are the mean &+ SD, n = 3, *P < 0.05, **P < 0.01. (F,G) Cells
transfected with PGC1a-shRNA plasmid or Scr-shRNA plasmid were treated with CDDP (8 wg/mL) for 24 h. Cells were stained with JC-1 (F) or DCFH-DA (G), followed
by flow cytometry to evaluate the MMP and ROS level. Data are the mean + SD, n = 3, *P < 0.05, **P < 0.01, compared with the control; #P < 0.05, ##P < 0.01.

PGCla staining was elevated after treatment with Epox
or GSK-3f inhibitor combined with p53 overexpression
(Figure 4G).

PGC1a Knockdown Combined With CDDP
Promotes Apoptosis by Reducing

Mitochondrial Function

To further verify that high expression of PGCla is associated
with CDDP resistance, PGCla was knocked down in H1299
cells by transient transfection with shRNA (Figure 5A). The
MTT assay demonstrated that PGCla knockdown increased
the sensitivity of H1299 cells to CDDP compared with the
Scr-shRNA group (Figure 5B). Next, after treatment with
CDDP and/or transfection with PGCla-shRNA for 24h, we
examined apoptosis by Annexin V/PI staining and western
blotting. The results showed an increase in apoptosis after
PGCla knockdown or CDDP treatment, and the level of
apoptosis was further increased in the combined group
(Figure 5C). Additionally, the expression of the apoptotic
proteins, cleaved caspase-3 and Bax, was increased and that
of the antiapoptotic proteins, MCI-1 and Bcl-2, was decreased
after transfection with PGCla-shRNA or CDDP treatment,
and this effect was further enhanced in the combined group
(Figure 5D). Furthermore, we measured the ATP level. The
results showed that transfection with PGCla-shRNA or CDDP
treatment reduced the ATP content in H1299 cells, and the
combined group showed a further decrease (Figure 5E). Next,
JC-1 fluorescent staining was used to measure MMP. The
results showed that transfection with PGCla-shRNA or CDDP
treatment reduced the MMP, which was further decreased in
the combined group (Figure 5F). We also observed more ROS
production in the PGCla-shRNA and CDDP combined group
(Figure 5G). These results suggest that PGCla knockdown
combined with CDDP treatment promoted apoptosis by
impairing mitochondrial function.

Effects of PGC1a Knockdown Combined
With CDDP Treatment on in vivo Tumor

Xenografts

To examine the effects of PGCla knockdown and CDDP
treatment in vivo, we established tumor xenografts by inoculating
H1299 NSCLC cells in immunodeficient BALB/C nude mice.
We found that PGCla knockdown improved the effects of
CDDP treatment and inhibited tumor growth (Figures 6A-C).
Western blot analysis showed that the expression of the
apoptotic proteins, Bax and cleaved caspase-3, was increased,
while the expression of proapoptotic Bcl-2 was decreased
after transfection with PGCla-shRNA combined with CDDP
treatment (Figure 6E). Moreover, TUNEL staining revealed
that PGCla knockdown combined with CDDP treatment
significantly increased apoptosis compared with either treatment

alone (Figure 6F), which was consistent with the in vitro
experiments. These results further confirmed that knockdown of
PGCla combined with CDDP treatment enhanced the inhibition
of NSCLC cells.

DISCUSSION

Mitochondria are the primary energy source for cellular function.
Mitochondrial biosynthesis is a major cellular process that
maintains mitochondrial functions (29). Numerous studies
have identified the important roles of enhanced mitochondrial
biosynthesis and energy metabolism in tumorigenesis and drug
resistance (15). PGCla, a major regulator of mitochondrial
biogenesis, seems to perfectly reflect cellular energy requirements
and the control of mitochondrial protein production, as
increased demand for energy induces its expression (30).
Previous studies have verified that p53 maintains mitochondrial
biosynthesis by regulating mitochondrial DNA (31), therefore,
p53 and PGCla may play a common role in regulating
mitochondrial biogenesis. Both Sahin et al. and Sen et al. have
found that p53 negatively regulates PGCla levels (22, 32), which
was also verified in our study. We found a negative correlation
between PGCla and p53 expression in NSCLC tissues. Moreover,
patients with high PGCla expression have a short survival
period. Further verification was performed by using NSCLC
cells with different p53 backgrounds. The results showed that
p53-deficient H1299 cells had higher expression of PGCla and
were less sensitive to CDDP. When p53 was overexpressed,
the protein expression level of PGCla and its downstream
targets Tfam and Nrfl was significantly decreased despite their
increased gene expression. CHX experiments also confirmed that
p53 promotes the protein degradation of PGCla. Additionally,
in our study, the proteasome inhibitors, MG132 and Epox,
prevented most of the p53-mediated decrease in PGCla protein
levels. Therefore, we concluded that p53 negatively regulates
PGCla protein expression in NSCLC mostly by promoting
its degradation.

Proteins are usually phosphorylated before being recognized
by ubiquitin, which is easily recognized by the ubiquitin
proteasome system (33). In our experiments, PGCla
phosphorylation and ubiquitination were significantly increased
after p53 overexpression. Besing et al. have reported that
phosphorylation by GSK-3p primes BMALI1 for ubiquitination
and subsequent degradation (34). Hong et al. have found
a new mechanism for the DNA damage-induced depletion
of SOX9 that involves SOX9 phosphorylation by GSK-38,
thus targeting SOX9 for ubiquitination and proteasomal
degradation (35). Notably, AKT inhibits GSK-3f activity by
phosphorylating Ser9, while p53 inhibits AKT via PHLDA3
(18, 36, 37). In our experiments, p53 inhibited GSK-3p activity
by inhibiting AKT. When combined with a GSK-3f inhibitor,
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FIGURE 6 | Effects of PGC1a knockdown combined with CDDP treatment in vivo tumor xenografts. H1299 cells were subcutaneously implanted into nude mice.
Mice were treated with 3 mg/kg CDDP and intravenously injected with attenuated Salmonella Typhi strain Ty21a harboring the PGC1a-shRNA or Scr-shRNA plasmid
for 21 days (n = 4 per group). (A-=C) Tumor volume and body weight were measured every 2 days. Tumor volume was determined by measuring the length and width
with calipers. The wet weight of the tumors was determined at autopsy. (D) Images of excised tumors from each treatment group. Data are the mean + SD, n = 3, *P
< 0.05, compared with the CDDP group. (E) Tumor tissues from the mouse xenograft model were lysed with RIPA buffer and the expression of PGC1a, Bcl2, Bax,
and cleaved caspase-3 was analyzed by western blotting. Data are the mean + SD, n = 3, *P < 0.05, **P < 0.01, compared with the control; #P < 0.05, ##P <
0.01, compared with the CDDP-shRNA or PGC1a-shRNA groups. (F) Representative images of the TUNEL assay performed on mouse xenograft tumor specimens.
Scale bar, 50 um.
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the p53-induced increase in PGCla phosphorylation and
ubiquitination was reversed, and the decrease in PGCla
expression was reversed. Taken together, we concluded
that p53 promotes the degradation of PGCla through the
AKT/GSK-3p pathway.

We demonstrated that high levels of PGCla are associated
with poor prognosis for NSCLC patients and with poor CDDP
sensitivity of H1299 (p53-null) lung cancer cells. These findings
are similar to the research of Vellinga et al. (14), who found
that upregulating the PGCla signaling pathway reduced the
sensitivity to CDDP by transforming tumor metabolism from
glycolysis to OXPHOS in colon cancer. When we expressed
shRNA directed against PGCla in H1299 cells, the cell sensitivity
to CDDP increased, suggesting that chemoresistance of lung
cancer cells with low expression of p53 is associated with
high levels of PGCla. PGCla regulates energy metabolism
and mitochondrial biogenesis primarily by coordinating with
other transcription factors such as NRF1, NRF 2, and TFAM
(38). In our experiments, PGCla knockdown reduced the
ATP content and the MMP in H1299 cells. This is consistent
with the study of Alonso-Molero et al. on colorectal cancer,
which demonstrated that decreased levels of PGCla reduced
the MMP, thus reducing chemotherapy resistance (39). A
study by Do et al. using breast cancer MCF-7 cells found
that decreased PGCla expression rendered cells susceptible
to oxidative stress damage by suppressing NRF2 (40). This
was also demonstrated in H1299 cells, as knockdown of
PGCla increased ROS production and significantly induced
apoptosis. When PGCla knockdown was combined with CDDP
treatment, these effects were stronger. When we knocked down
PGCla in vivo by established tumor xenografts in mice the
results were consistent with the in vitro findings. The above
experiments indicate that inhibition of PGCla increases CDDP
sensitivity and apoptosis sensitivity by reducing mitochondrial
biogenesis and energy metabolism in lung cancer cells with
dysfunctional p53.

In conclusion, we found that NSCLC patients with low p53
expression and high PGCla expression had low survival rates.
p53 regulates the chemotherapeutic sensitivity of tumors by
regulating the stability of PGCla via AKT/GSK-3B-mediated
phosphorylation. This may be a promising therapeutic avenue
for overcoming drug resistance of NSCLC patients with different
p53 backgrounds.
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