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Glycogen synthase kinase beta (GSK3p) is considered as a promising target for lung cancer treatment and its inhibitor
lithium chloride (LiCl) is widely regarded as having potent anti-proliferative and apoptosis-modulating activities. Prolifer-
ating cell nuclear antigen (PCNA), as an auxiliary protein for DNA polymerase delta, which regulates DNA replication and
repair, has been reported to play an important role in regulating apoptosis. Here, we showed that GSK3p interacted with
PCNA in H1299 lung adenocarcinoma cells using GST pull-down and co-immunoprecipitation experiments. We discov-
ered that their interaction can be enhanced within the first 3 h after UVC irradiation and decreased gradually with time.
Overexpression of PCNA protein decreased GSK3 Ser9 phosphorylation, whereas knockdown of PCNA using small inter-
fering RNA (siRNA) increased Ser9 phosphorylated GSK3p, which was attenuated by phosphatidylinositol 3-kinase (PI3K)
inhibitor LY294002 after UVC irradiation, indicating the involvement of the PI3K-AKT pathway. Functional analyses
suggested that downregulation of PCNA sensitized H1299 cells to LiCl-induced apoptosis. Thus, our results unraveled a
novel regulatory of GSK3p by PCNA and provided a promising direction for treatment of lung cancer.
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Lung cancer is considered to be a malignant tumor with
the highest morbidity and mortality [1]. The prognosis of
lung cancer mainly depends on the timely detection. For
example, the 5-year survival rate of patients with early and
non-metastatic tumors is about 53%, the 5-year survival rate
of patients with local metastasis is 24%, and the 5-year survival
rate of patients with advanced metastasis of lung cancer is
4% in the United States. A small number of lung cancers
can be diagnosed at the early stage, however the majority
is already at a distant stage when discovered [2]. Although
significant progress has been made in reducing mortality
from other cancers, treatment options for lung cancer are
limited. The treatment of lung cancer is particularly complex
due to the high tumor heterogeneity of non-small cell lung
cancer (accounting for 80% of reported lung cancer cases),
and more work needs to be done to expand the target and
signaling pathways of the targeted therapy.

The serine/threonine protein kinase glycogen synthase
kinase-3 beta (GSK3p) is implicated in the hormonal control
of several physiological functions, including embryonic

development, glycogen metabolism, insulin reaction, migra-
tion, cell proliferation and apoptosis [3]. GSK3p is able to
phosphorylate a number of downstream carcinogens, such as
[-catenin, c-Myc, c-Jun, cyclin D1 and thus inhibiting their
functions. However, GSK3p loses its kinase activity when
phosphorylated at the serine 9 [4-7]. The role of GSK3p in
cancer is bifunctional or conflicting. Under many condi-
tions, such as DNA damage [8], hypoxia [9], endoplasmic
reticulum stress [10], heat shock [11], GSK3p plays a role
in inducing apoptosis. Furthermore, inhibition of GSK-3f
has been reported to attenuate apoptosis in some cultured
neurons cells, such as mouse hippocampal HT-22 [12], and
human SH-SY5Y neuroblastoma cells [11]. On the other
hand, in numerous tumor cells, such as glioma cells [13],
breast cancer cells [14], osteosarcoma cells [15], microg-
lial cells [16], inhibition of GSK3p activity or knockdown
of GSK3p protein expression has been reported to activate
apoptotic signaling pathways. Even so, small molecule
inhibitors of GSK3P are gaining more attention for the
development of antitumor drugs. Jing Zeng et al. reported
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that abnormal expression of GSK3[ was indicative of poor
prognosis for non-small cell lung cancer (NSCLC) and the
downregulation of GSK3p attenuated tumor recurrence by
increasing apoptosis, inhibiting cell proliferation and migra-
tion [7]. In summary, all of these imply that GSK3p may be
an important biological target for lung cancer treatment [17].
Proliferating cell nuclear antigen (PCNA) is characterized
as an auxiliary protein for DNA polymerase delta to regulate
DNA replication in eukaryotic cells, and is also considered as
a molecular marker for cell proliferation [18]. Three identical
PCNA molecules form a trimeric structure around the
DNA double helix, which provides an important platform
for the dynamic recruitment and coordinated regulation
of a large number of proteins. Subsequently, people further
understood the indispensable regulatory role of PCNA in
DNA repair, chromatin metabolism, cell cycle control, cell
apoptosis and other important cell functions [18, 19]. The
expression of PCNA in various tumors is closely related to
the degree of malignancy, distant metastasis, disease stage
and prognosis [20-23]. Volm et al. found that the survival
time of lung cancer patients with a high proportion of
PCNA-positive cells was shorter than that of patients with
a low proportion of PCNA-positive cells [24]. However, the
precise mechanism involved remains largely unknown. Our
previous tandem mass spectrometry (LC-MS/MS) analysis
have identified the interaction between GSK3f and PCNA in
liver hepatocellular carcinoma HepG2 cells [25]. This finding
prompted us to speculate whether the interaction between
GSK3p and PCNA might also exist in some lung cancer cells,
and whether it might regulate the survival or apoptosis of
lung cancer cells. The current study tests this hypothesis.

Materials and methods

Cell lines and reagents. The H1299 cell line (Center of
Cell Resource, Shanghai institute of life science, Chinese
academy of sciences) was cultured in Dulbecco’s modified
Eagle medium (DMEM,; Gibco) supplemented with 10% fetal
bovine serum (FBS; Gibco) at 37 °C in a cell incubator. Trans-
fection was performed with Lipofectamine 2000 reagent
(Invitrogen) when cells confluence rate reached 80-90%. SDS
lysis buffer and LY294002 were purchased from Beyotime
Institute of Biotechnology (Jiangsu, China). The pCMV-flag-
PCNA, pCMV-flag-GSK-3B, pEGFP-N,-PCNA plasmids
and GST-GSK3p plasmids were constructed in our labora-
tory. LiCl was purchased from Sigma-Aldrich.

Induction expressions and purification of GST fusion
proteins. GST, GST-GSK3p, fusion proteins were produced
and purified as described previously [25, 26]. All protein
concentrations were determined using a bicinchoninic acid
protein assay (Thermo Fisher Scientific).

GST pull-down assays. Equivalent amount (about 1 mg)
of cell lysis solution and 30 pug GST protein or GST-GSK3p
fusion protein was co-incubated overnight at 4 °C on a rocker.
The protein components bound to GST or GST-GSK3 fusion

proteins were isolated by SDS-PAGE electrophoresis and
analyzed by standard immunoblotting using PCNA antibody
(cat. No. 60097-1-AP; ProteinTech Group). The amounts of
GST-tagged fusion proteins were determined by Coomassie
brilliant blue (CBB) staining of SDS-PAGE gels.

Co-immunoprecipitation assays. H1299 cells were lysed
in a RIPA lysis buffer and then carried out co-immunopre-
cipitation assays according to the one we described before.
Briefly, whole-cell lysate was precleared with protein A/G
sepharose (cat. No. SC-2003; Santa Cruz Biotechnology,
USA) and non-immunized IgG (Beyotime) successively. The
recleared lysate was then incubated with PCNA or GSK3p
(cat. No. 9315; Cell Signaling Technology, USA) antibodies at
4°C overnight, and then incubated with protein A/G sepha-
rose beads for 4 h at 4°C. The beads were then collected and
washed three times to remove the nonspecific binding, and the
immune complexes were analyzed by western blotting [25].

siRNA transfection. For an effective PCNA-knockdown,
two siRNAs mixtures with a final concentration of 100
nM was used, including the following sequences: PCNA
siRNA-1: 5-GGAGAAAGUUUCAGACUAUdTAT-3’,
PCNA siRNA-2: 5’-GGAGGAAGCUGUUACCAUAATAT-3;,
GSK3p siRNA: 5-AAGUAAUCCACCUCUGGCUACTT-3;
negative control siRNA (NC): 5-UUCUCCGAACGUGU-
CACGUTT-3’ The treatment was performed at 24h after
transfection and the siRNAs was synthesized by Shanghai
GenePharma Co., Ltd. (China). The experiment proceeded
as described before [26].

Western blotting assay. H1299 cells after transfection
with some plasmids or siRNAs were harvested and lysed with
a RIPA lysis buffer. Protein concentrations were measured
using the BCA kit (Thermo Fisher Scientific). The experiment
was carried out in accordance with the standard method.
Primary antibodies against the following proteins were used:
GSK-3p (cat. No. 9315; Cell Signaling Technology, Massachu-
setts, USA), PCNA (cat. No. 60097-1-AP; ProteinTech Group,
Inc.), phospho-GSK-3f (Ser9) antibody (cat. No. 9323; Cell
Signaling Technology), Phospho-Akt (Ser473) (cat. No.
4060; Cell Signaling Technology), Akt (cat. No. 10176-2-AP;
ProteinTech Group, Inc.), Histone H3 (cat. No. 17168-1-AP;
ProteinTech Group, Inc.), Flag (cat. No. A2220; Sigma), GFP
(cat. No. 50430-2-AP; ProteinTech Group, Inc.), Caspase 3
(cat. No. 9662; Cell Signaling Technology), p-tubulin (cat.
No. 10094-1-AP; ProteinTech Group, Inc.), GAPDH (cat.
No. Z§-25778, OriGene Technologies, Inc., Beijing, China).
GAPDH or B-tubulin quantification was used to correct for
variations in total protein loading. Western blotting bands
were quantified using Image] software (version number, 1.42;
National Institutes of Health, Bethesda).

Confocal immunofluorescence. H1299 cells treated
with or without UVC irradiation were subjected to confocal
immunofluorescence in accordance with standard proto-
cols [26]. The images were collected by using laser scanning
confocal microscopes (LSM700; Zeiss GmbH, Germany).
The magnification was x400.
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TCGA data downloading. The publicly available
RNA-Seq data of mRNA level of Lung Adenocarcinoma
(LUAD) samples were obtained directly from TCGA data
portal (https://portal.gdc.cancer.gov/projects/TCGA-LUAD)
via bulk download mode [LUAD (Disease Type), RNA-Seq
(Experimental Strategies)] on June 13, 2018. The data was
sequenced based on RNA sequencing platform. These
downloaded data included a total of 515 LUAD cases, from
which 57 paired primary lung adenocarcinoma and adjacent
normal samples were picked for analyzing in this study.
Gene expression data from RNA-Seq results were quantified
by FPKM with the “FPKM.txt.gz” file type. Extracted data
were only rounding off values to integers. The data of PCNA
and GSK-3p were extracted and analyzed. The differentially
expressed genes (DEGs) between the primary tumor and the
solid normal tissue samples were identified with Student’s
T-test. The relationship between the gene expressions was
confirmed by Spearman correlation test.

Nuclear and cytoplasmic separation assay. H1299
cells were transformed with or without some siRNAs, and
pretreated with UVC irradiation and then subjected to
nuclear and cytoplasmic proteins separation in accordance to
standard protocols. Then the proteins were proceeded with
BCA assay and western blotting assay.

Flow cytometry. H1299 cells were treated as described
below, then the cells were collected and stained with
Alexa Fluor 488 Annexin-V/PI (HH-V13241, Invitrogen)
according to the manufacturer’s protocol. Cytometric data
analysis was performed by FACS Calibur (BD Biosciences)
and Flowjo software. Only live cells analyzed by forward
scattering (FSC) and side scattering (SSC) were counted.
Statistical analysis was performed on at least 10,000 cells
within the gated region.

Statistical analyses. The significant differences between
the two groups were analyzed by the two-tailed unpaired
Student’s t-tests. Significant differences among multiple
groups were analyzed by two-way analysis of variance
(ANOVA). As for data obtained from the TCGA database,
the GSK3p and PCNA expression values were presented in
a way as means + standard deviation, n>3, unless otherwise
stated, p<0.05 indicates a statistical difference.

Results

GSK3p interacted with PCNA in H1299 cells and in
vitro. Our previous tandem mass spectrometry (LC-MS/
MS) analysis has detected 114 GSK3p-specific binding
proteins in HepG2 cells, and PCNA protein was one of
those binding proteins [25]. Both of GSK3p and PCNA
were related with cell survival/apoptosis, which prompt
us to assess the presence of two protein interactions in
lung adenocarcinoma cancer H1299 cells and to test their
association with apoptosis. Here, we first used GST pull-
down assays to detect the specific binding of the two
proteins in H1299 cells. The results are shown that purified

fusion protein GST-GSK3p can specifically pull down some
PCNA proteins in H1299 cells, even if some of the fusion
protein were degraded (represented by * in Figure 1A). We
then performed co-immunoprecipitation experiments to
determine the interaction between GSK3p and PCNA in
H1299 cells. As shown in Figure 1B and Figure 1C, GSK3p
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Figure 1. GSK3p interacted with PCNA in cells and in vitro. A) The bind-
ing of GSK3f and PCNA was detected by GST pull-down assays. The cell
lysates of H1299 co-incubated with glutathione sepharose beads coated
with GST or GST- GSK3p for 4 h. The pulled proteins were analyzed by
IB with PCNA antibody (the upper panels), whereas the experimental
amounts of GST or GST- GSK3p recombinant proteins are assessed by
CBB staining. *, degraded GST- GSK3p fusion proteins. B) Co-immu-
noprecipitations of PCNA and GSK3p using PCNA antibody carried out
H1299 cells, followed by western blotting with appropriate antibodies.
Non-immune mouse IgG was used as negative control for synchronous
experiment. Western blotting reveals the increased amount of GSK3 co-
immunoprecipitated with PCNA antigen-antibody complex compared
with the control group. Input represents the total amounts of PCNA and
GSK3p in the whole cell lysate as internal control. C) Inmunoprecipita-
tion experiments using GSK3p antibody were performed with lysates of
H1299 cells, and then western blotting was carried out. Non-immune IgG
(IgG) was used as the negative control for GSK3p antibody.
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co-immunoprecipitated with PCNA by anti- PCNA antibody
in the cell lysate of H1299 cells. PCNA co-immunoprecipi-
tated with GSK3p by anti-GSK3p antibody. Taken together,
these results suggested that the interaction between these
two proteins existed in H1299 cells.

The interaction between GSK3p and PCNA was
transiently enhanced in response to UVC irradiation
in H1299. To observe the co-localization of these two
proteins in H1299 cells, the confocal immunofluorescence
was performed. As shown in Figure 2A, PCNA was mainly
distributed in the nucleus with a punctate pattern, as previ-
ously described by other researchers, and in these cells, only
a tiny amount of GSK and PCNA existed co-localization
in the nucleus, since yellow color staining which would
have resulted from the co-localization of the two proteins
was basically difficult to be observed (the merge panel in
Figure 2A). We speculated that the interaction between
these two proteins could be possibly mediated by structural
changes or modifications in one or both proteins, or perhaps
some scaffold proteins or mediator complex. It is possible
that under certain physiological conditions, this interaction
may be strengthened.

We hypothesized that UVC irradiation, the most common
inducer of apoptosis, might affect the interaction between
GSK3p and PCNA. We next tested this hypothesis. At different
time points (0, 3, 6 h) after UVC irradiation at 25 J/cm?for 1
min, the co-localization of two proteins was analyzed by laser
confocal assay. Three hours after the treatment with UVC
irradiation, we observed that GSK3p co-localized with PCNA
was increased in the nucleus compared to the untreated cells
(Figure 2B, the middle panel). Since then, the co-localization
of the two proteins decreased gradually over the time (Figure
2B, the bottom panel). Then, co-immunoprecipitation exper-
iments further verified that the interaction between PCNA
and GSK3p could be enhanced by UVC irradiation within
3 h (Figure 2C). Interesting, we found that UVC irradia-
tion within 3 h increased Ser9 phosphorylation of GSK3p
(Figure 2D), suggesting that the interaction of the two proteins
could be mediated by the Ser9 phosphorylation of GSK3p.

The expression of PCNA and GSK3 in LAUD analyzed
with TCGA data. Next, we tried to find a functional
link between these two proteins. Firstly, we searched and
downloaded the cancer genome atlas (TCGA) data for
further analysis. Data of paired lung adenocarcinoma and
adjacent normal samples were downloaded from TCGA.
The results showed that the RNA expression level of PCNA
in LUAD was highly overexpressed compared to matched
normal tissues (p<0.0001) (Figure 3A), whereas GSK3p
showed no significant difference between primary tumor and
adjacent normal tissues (Figure 3B). Furthermore, no corre-
lation between the mRNA level of PCNA and GSK3p could
be established in lung adenocarcinoma (Figure 3C). In order
to further determine whether there is a regulatory relation-
ship between the expression of PCNA and GSK3p, western
blot assays were performed with protein extracts from the

H1299 cells transformed with pCMV-flag-GSK3p or pCM V-
flag-PCNA plasmid using specific anti-GSK3p or anti-PCNA
antibodies. It was revealed that, PCNA overexpression had
no effect on the GSK3p protein expression level, and likewise,
GSK3p overexpression had no effect on the PCNA protein
expression level (Figure 3D).

To further investigate the role of GSK-3B-PCNA inter-
action, H1299 cells were either overexpressed Flag-GSK-33
or EGFP-PCNA exogenous protein, and then treated or
untreated with UVC irradiation at 25 J/cm? for 1 min.
Western blot assay and Annexin V/PI double staining with a
FACS Calibur flow cytometer were performed. As shown in
Figure 4 A and 4B, the level of cleaved Caspase 3, indicators
of the degree of apoptosis, were decreased when cells were
transfected by Flag-GSK-3p or EGFP-PCNA plasmids and
then treated with UVC. Also, similar effects on cell apoptotic
rates in FACS assays were observed in cells overexpressing
Flag-GSK-3p or EGFP-PCNA and then treated with UVC
(Figures 4C and 4D). Combination of the above experi-
mental results, we hypothesized that the interaction between
GSK-3P and PCNA might be involved with UVC-induced
apoptosis. Next, we will test this hypothesis.

PCNA downregulated the Ser9 phosphorylation of
GSK3p in H1299 cells possibly via PI3K-AKT pathway
after UVC irradiation. Our previous study has shown that
ectopic expression of Flag-PCNA mitigated degree of DNA
damage induced by UVC irradiation, which protected cells
from apoptosis in 293 cells [27]. UV irradiation is an ideal
tool to study the apoptotic behavior [28], within which UVC
light has the strongest carcinogenic and cytotoxic effect [29],
and it targets both membrane receptors and nuclear DNA,
promoting apoptosis. The present study subsequently aimed
to investigate whether the interaction between GSK3p and
PCNA could be associated with the process of UVC-induced
apoptosis, either PCNA or GSK-3f was knocked down with
a specific siRNA in H1299 cells, then the cells were irradi-
ated with UVC [30]. After 3 h, nuclear and cytoplasmic
protein extraction experiment and western blot assays were
performed to analyze the cellular localization and expression
level of GSK3p and PCNA. As shown in Figure 5A, PCNA
protein accumulated in the nucleus after UVC irradiation,
whereas GSK3p showed no significant change in expression
and localization after UVC irradiation. Although PCNA-
knockdown had no effect on the expression and cellular
localization of total GSK3p, its decreased expression signifi-
cantly increased the Ser9 phosphorylation of GSK3p both in
the nucleus and cytoplasm (Figures 5B and 5D). These results
suggested that PCNA may downregulate the Ser9 phosphor-
ylation of GSK3p in H1299 cells after UVC irradiation. To
further confirm this result, H1299 cells were transformed
with pCMV-flag-PCNA or pCMV-flag empty vector for 24 h
and then exposed to UVC irradiation. The results indicated
that PCNA-overexpression could inhibit GSK3p Ser9
phosphorylated, while the level of total GSK3p remained
unaffected (Figures 5C and 5D).
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Figure 2. The interaction between GSK3f and PCNA was transiently enhanced in response to UVC irradiation. A) H1299 cells were fixed and immu-
nostained with anti- GSK3 (red), anti- PCNA antibody (green), and DAPI (blue). B) H1299 cells were treated with or without UVC irradiation at 25
J/cm? for 1 min at different time points (0 h, 3 h, 6 h) and then immunofluorescence assay was performed. Arrows: the co-localization of the two pro-
teins. Bar: 10 um. C) H1299 cells were treated with or without UVC irradiation at 25 J/cm? for 1 min, followed by immunoprecipitation experiments
within 3 h using the indicated antibodies. D) Western blotting was carried out to analyze the interest protein expression within the first 3 h after UVC
irradiation using the indicated antibodies.
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Figure 3. The expression of PCNA and GSK3 in LAUD analyzed with TCGA data. A) GSK3p expression level of 57 LAUD tissues from TCGA database
showed no significantly difference compared with corresponding non-tumor normal tissues. p=0.382. B) PCNA expression level of 57 LAUD tissues
from TCGA database was significantly higher compared with corresponding non-tumor normal tissues. ****p<0.0001. C) The relationship between
GSK3p and PCNA was confirmed by Spearman correlation test (r=0.067; p=0.622). D) H1299 cells were either transfected with flag-PCNA plasmids or
Flag-GSK3p plasmids and their respective negative controls and analyzed by western blotting using the indicated antibodies.

Serine/threonine kinase PKB/Akt has been reported to
phosphorylate and inactivate GSK3 on its Ser9 residue [31,
32]. Notably, the protein kinase Akt/PKB has been activated
after UVC irradiation in NIH3T3 cells, and also has been
shown to protect keratinocytes from the toxic effects of UVC
irradiation [30]. The activity of Akt kinase is mainly regulated
by phosphatidylinositol 3-kinase (PI3K), and its two key
phosphorylation sites are Ser473 and Thr308, respectively
[30, 31]. Once Ser473 is phosphorylated, Akt kinase is fully
activated independent of Thr308 status [32]. Therefore, we
investigated whether PCNA inhibited the Ser9 phosphory-
lation of GSK3p was via PI3K-Akt pathway in H1299 cells.

H1299 cells were transformed with PCNA siRNA or negative
controls, and then irradiated with UVC as described above.
The results indicated that PCNA-knockdown significantly
increased both the Ser9 phosphorylation of GSK3p and the
Ser473 phosphorylation of Akt (Figure 5E). Subsequently,
experiments were performed by combining PCNA-knock-
down with LY294002, an inhibitor of PI3K, which acts on
the ATP binding site of the catalytic subunit [33, 34]. H1299
cells transformed with PCNA siRNA or negative controls
were treated or untreated with LY294002, and then exposed
to UVC irradiation and subjected to western blot analyses
for the assessment of the expression and phosphorylation
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Figure 4. Both GSK3p and PCNA antagonized UVC-induced cell apoptosis. H1299 cells were either transfected with pCMV-flag-GSK3p (A) or EGFP-
PCNA plasmid (B) for 24 h, and then treated with UVC irradiation at 25 J/cm?for 1 min. Cells were subsequently collected and subjected to western
blotting for determination of the levels of cleaved caspase 3. The cleaved caspase 3/Pro-caspase 3 ratio was used to measure the degree of apoptosis. C)
H1299 cells were either transfected with pCMV-flag-GSK3p or pCMV-flag-PCNA plasmid for 24 h, and then treated with UVC irradiation at 25 J/cm?
for 1 min. Cells were then collected 3 h after UVC irradiation and subjected to Annexin V/PI double staining with a FACS Calibur flow cytometer for

determination of cell apoptosis rate. D) The cell apoptosis data including early apoptosis and late apoptosis (Q2+Q3) were statistically presented. Data
are presented as the mean + standard deviation, n>3, *p<0.5, **p<0.01, **p<0.001.
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Figure 5. PCNA downregulates GSK3 Ser9 phosphorylation via PI3K-AKT pathway after UVC irradiation. A) H1299 cells were subjected to UVC ir-
radiation at 25 J/cm? for 1 min. After 3 h, the extraction of nuclear and cytoplasmic protein was carried out as described in materials and methods. The
expression of interest protein was analyzed by western blotting. B) H1299 cells were transfected with either specific PCNA-targeting siRNA or specific
GSK3p-targeting siRNA or negative control, and then subjected to UVC irradiation at 25 J/cm?for 1 min. After 3 h, nuclear and cytoplasmic protein
extraction and western blotting assay were performed. C) H1299 cells were transfected with pCMV-flag-PCNA plasmids or pCMV-flag-vectors, then
subjected to UVC irradiation at 25 J/cm*for 1 min. After 3 h, the proteins were extracted and analyzed by western blotting. D) The signal intensity from
the GSK3p pS9 immunoblot was quantified. The results are presented as the fold-changes following normalization using GSK3p and compared with
the control group. Data are presented as the mean + standard deviation, n>3, **p<0.01. The error bar represents the standard deviation. E) H1299 cells
were transfected with either specific PCNA-targeting siRNA or negative control, and then subjected to UVC irradiation at 25 J/cm?for 1 min. After 3 h,
the cells were collected and subjected to western blotting using the indicated antibodies. Tubulin-p was used as the sample loading control. F) H1299
cells transfected with either specific PCNA-targeting siRNA or negative control, prior to being treated with PI3K inhibitor LY294002 (20 uM, 12 h) and
irradiated with UVC as described above. Then the cells were harvested and analyzed by western blotting.
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levels of GSK3P and Akt. As shown in Figure 5F, Akt was
constitutively expressed in all irradiated cells, whereas the
promoting effect of siPCNA on GSK3 Ser9 phosphoryla-
tion and Ser473 phosphorylation was partially blocked by
LY294002. GSK3p knockdown seemed to promote PCNA
from cytoplasm into the nucleus (Figure 5B), however, to
exclude whether it was just due to the role of PCNA in DNA
damage response needs further exploration. Taken together,
these results suggested that PCNA was capable of downreg-
ulating the Ser9 phosphorylation of GSK3p in H1299 cells
after UVC irradiation.

Downregulation of PCNA sensitized H1299 cells to
LiCl-induced apoptosis by targeting GSK3p. LiCl is a
specific inducer of the inhibitory Ser9 phosphorylation of
GSK3p [35]. To further demonstrate the functional role of
GSK3B-PCNA interaction, H1299 cells transformed with
PCNA siRNA or negative controls were treated or untreated
with LiCl, and subjected to western blot analyses for the
assessment of the levels of apoptosis. As shown in Figure 6A
and 6B, although a less obvious band of cleaved Caspase 3
could be seen on the western blot when H1299 cells were
treated with LiCl, significant augmentation of the cleaved
Caspase 3 protein level, along with an increase in GSK3p Ser9
phosphorylation, could be detected in the PCNA knockdown
cells with the treatment of LiCl. AnnexinV/PI staining further
confirmed that si-PCNA enhanced LiCl-induced apoptosis
(Figures 6C and 6D). These results provided a potential thera-
peutic strategy to enhance GSK3p-targeted cancer therapy.

Discussion

PCNA has no intrinsic enzymatic activity and its main
function is to construct a scaffold, recruit other proteins and
perform different physiological functions [36, 37]. In the
present study, we showed that PCNA interacted with GSK3
in H1299 cells and in vitro (Figure 1), and UV irradiation
increased transiently the co-localization of the two proteins
(Figure 2). The previous studies have identified a broad and
functionally important PCNA-binding motif called PIP
box, with sequence QXX(M/L/)XX(F/Y)(F/Y), where “X”
is any amino acid [38, 39]. Gilljam et al. also showed that
AIkB homologue 2 PCNA-interacting motif (APIM), a novel
motif that interacted with a post-translationally modified
PCNA via the sequence MD(L/R) W(L/V/I)2(K/R), which
was found in more than 200 nuclear proteins and related
to DNA stability, transcription and cell cycle control [39].
However, sequencing analysis revealed that neither PIP box
nor APIM motif was included in the amino acid sequence
of GSK3p, and we speculated that binding and co-localiza-
tion between the two proteins were likely to be mediated
by a structural change or post-translationally modification
of GSK3p (phosphorylation, ubiquitination, SUMOylation,
acetylation, methylation, and nitrosylation), or by some
unknown non-classical PCNA-binding motif in the amino
acid sequence of GSK3p. The interaction between GSK3p

and PCNA was rapidly increased along with increased serine
9 phosphorylation of GSK3f after UVC irradiation within
the first 3 hours (Figure 2), hinting on an enhanced physical
interaction associated with Ser9 phosphorylation of GSK3p.

GSK3p has been reported as a promising lung cancer
therapeutic target. Jing Zeng et al. have reported that GSK3p
inhibition reduces proliferation and survival of non-small
cell lung cancer cells and its overexpression is closely related
to poor prognosis. The present study demonstrated that
both PCNA and GSK3 reduced apoptosis-inducing poten-
tial of UVC in H1299 cells (Figure 4), and PCNA positively
regulated GSK3p activity after UVC irradiation in H1299
NSCLC cells (Figures 5B-D), implying that PCNA might play
an anti-apoptotic role by regulating the function of GSK3p.

In the present study, the effect of PCNA-knockdown on
enhanced serine 9 phosphorylation of GSK3p in H1299
NSCLC cells after UVC irradiation, could be partially dimin-
ished by LY294002, an inhibitor of PI3K (Figures 5E and F).
This highlights the role of PI3K-AKT-GSK3p signaling
pathways involved in UVC-induced apoptosis in H1299 cells.
It is well known that growth factors activate the cell survival
pathway via the PI3K-Akt pathway and suppress the induc-
tion of apoptosis. After phosphorylated at Ser473 by PI3K,
AKT directly phosphorylates and inhibits the pro-apoptotic
protein BAD [40]. BAD can form heterodimers with anti-
apoptotic proteins Bcl-X; and Bcl-2, whereas phosphory-
lated BAD cannot bind these proteins, which contributes to
cell survival [41-43]. However, further research needs to be
done to test whether PCNA upregulates the Ser9 phosphory-
lation of GSK3p via PI3K-AKT pathway and how the interac-
tion between the two proteins regulate apoptosis after UVC
irradiation.

PCNA has been demonstrated to play a critical role in
DNA damage detection and repair [13, 19, 44, 45]. The main
function of PCNA in the nucleus is to control the replication
fork, which is considered as a potential target to inhibit the
proliferation of cancer cells. Notably, recent studies suggest
that PCNA may also be involved in apoptosis. Lithium, the
GSK3 inhibitor, has been reported to modulate cell growth
and apoptosis in a variety of cancers and thus considered as
an anti-cancer agent [46-48]. Lan et al. reported that lithium
enhanced TRAIL-induced apoptosis in A549 NSCLC cells
[49]. However, our results showed that LiCl did not induce
obvious apoptosis in H1299 cells, while PCNA knock-
down cells with the treatment of LiCl exhibited a significant
increase of apoptosis, which may provide new strategies for
combination therapy of NSCLC (Figure 6). In addition, it
would make sense to repeat these experiments in other lung
adenocarcinoma cells, and this is our next step.

Our observations indicated that PCNA in H1299 cells is
likely to play an important regulatory role in UVC-induced
apoptosis by the interaction with GSK3f, which reveal a
novel, additional, regulatory mechanism of GSK3p and
suggest a promising candidate therapy for the treatment of
human non-small cell lung cancer.
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Figure 6. Downregulation of PCNA sensitized H1299 cells to LiCl-induced apoptosis by targeting GSK3p. A) H1299 cells were treated with GSK3f
inhibitor LiCl (20 mM, 8 h), and then analyzed by western blotting. B) H1299 cells were transfected with either specific PCNA-targeting siRNA or nega-
tive control, prior to being treated with LiCl (20 mM, 8 h), and then analyzed by western blotting. C) H1299 cells were transfected with either specific
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