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Abstract Studies have demonstrated that cyclin-dependent
kinase inhibitors (CDKI) that inhibit cell-cycle progression
have a protective effect against acute kidney injury (AKI).
Most studies have focused on the CIP/KIP family members
of CDKI; only a few have explored the role of INK4 family
members in AKI. Because INK4 family members block the
G1-S transition, we postulated that they should have
protective effects against AKI. The most conserved INK4
member is p18, so we selected it to explore its effects on
cisplatin-induced renal cell injury. We overexpressed p18 in
renal tubular epithelial cells (LLC-PK1) by transient
transfection and investigated its effects on the cell cycle
and proliferation. After transfection, cell injury was induced
by cisplatin (100 μM) incubation for 24 h in a standard
medium. The effect of p18 was assayed by assessing cell
necrosis and apoptosis in transfected cells. The endoplas-
mic reticulum stress (ERS) pathway was evaluated to
interpret the possible mechanism of p18 action in
cisplatin-induced renal cell injury. Overexpression of p18
arrested cell cycle progression in the G1 phase and
inhibited proliferation. Compared with vehicle transfec-
tion, p18 overexpression did not affect cisplatin-induced
necrosis, but it reduced the percentage of apoptotic cells
significantly. The severity of ERS induced by cisplatin
was also decreased by p18 overexpression. P18 protects
against cisplatin-induced renal cell injury. The mecha-
nism of p18 protection may lie in its effect on the cell
death pathway.
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Introduction

Although recent advances have improved our understand-
ing of acute kidney injury (AKI), the mortality from AKI
remains high, especially in patients in the intensive care
unit, where mortality is higher than 50% [1]. The
pathogenesis of AKI is complex, involving inflammation,
cytokines, and multiple cell-death pathways [2–10]. AKI is
thus a challenging clinical syndrome, although renal replace-
ment therapy provides an effective supportive treatment for
AKI patients.

Necrosis and apoptosis are the main manifestations of
AKI in both kidney injury in vivo and renal cell injury in
vitro. Activation of cell-death pathways and the actions of
cell-cycle regulatory proteins eventually decide the final
fate of injured renal cells: proliferation, hypertrophy or
apoptosis [11–13]. Cyclins bind to cyclin-dependent
kinases (CDK) to form a complex that promotes cell-cycle
progression [14], while cyclin-dependent kinase inhibitors
(CDKI) block cell-cycle progression by inhibiting the
activities of CDK [15]. Cell-cycle arrest is beneficial
because it allows damaged DNA to be repaired and, thus,
reduces the severity and teratogenicity of the injury [16].
For this reason, CDKI have been investigated intensively
and shown to have cell protective properties in AKI
[17–24]. It is therefore thought that cell cycle regulation
might be a potential component in the treatment of AKI.

Based on sequence and the inhibitory effects they exert
on CDK, the seven CDKI are divided into two families.
The CIP/KIP family includes p21, p27, and p57, which act
with multiple CDK and extensively inhibit the cell cycle
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[25]. The INK4 family includes p16, p15, p18, and p19,
which interact only with CDK4/6 and specifically arrest the
cell cycle in the early G1 phase [26]. CDKI studies in AKI
have mainly focused on the CIP/KIP family, especially p21,
but few studies have investigated the members of the INK4
family. INK4 family members were long thought to be tumor-
suppressor genes because they are frequently defective or
mutated in tumors [27]. However, more recent studies have
shown that INK4 family members also play many other
novel biological roles, such as in DNA damage response and
apoptosis [28]. We therefore postulated that INK4 family
members have additional protective actions in AKI.

The members of the INK4 family share approximately
40% amino acid sequence identity. Compared with p15,
p16, and p19, p18 is relatively well conserved. Both human
and murine p18 contain 168 amino acids, of which only
seven residues in the C-terminal domains differ [29, 30].
Therefore, we selected p18 as the focus of this study to
investigate its actions in cisplatin-induced renal cell injury.

Materials and methods

Cell culture and experiments in vitro

LLC-PK1 cells, purchased from American Type Culture
Collection (CL-101), were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% FBS in an atmosphere of 95% air/5% CO2 at 37°C.
The plasmid pCMV-sport-6-murine-p18 and the vehicle
were a generous gift from Professor Xing-zhen Chen of
Alberta University in Canada. The plasmid pVAX1/LacZ
was purchased from Invitrogen.

For experiments, the murine p18 plasmid, vehicles or
LacZ plasmid was transfected into LLC-PK1 cells in six-
well or 6-cm plates. Western blot analysis and β-
galactosidase staining were used to evaluate the efficiency
of transfection. After transfection, cell cycle and prolifera-
tion were analyzed by flow cytometry and methyl thiazolyl
tetrazolium (MTT) reduction respectively. The effect of p18
overexpression on CDK2, CDK4, and CDK6 kinase
activity was assayed by immunoprecipitation and western
blot analysis. Cell injury was induced by cisplatin (100 μM)
incubation in complete medium for 24 h, and then cisplatin-
induced necrosis and apoptosis were evaluated to investigate
the effect of p18 overexpression on the cell injury.

Transient transfection

To perform transfection, LLC-PK1 cells were seeded in 6-cm
culture plates or in six-well plates. After growth to 70–80%
confluence, the murine p18 plasmid, vehicle or LacZ plasmid
was transfected into the cells using Lipofectamine 2000

(Invitrogen). Briefly, 5 μg plasmid and 20 μl Lipofectamine
were diluted in 500 μl of incomplete DMEM separately,
combined 5 min later, and incubated at room temperature for
20 min. Then, 500 μl or 1,000 μl of the mixture was added to
2.5 ml or 5 ml of complete medium in each well or plate
respectively. After 6 h of incubation, cells were treated with
complete medium for 18 h, at which point the transfection was
completed.

Cell cycle analysis

After transfection, cells in six-well plates were trypsinized and
fixed overnight in 70% ethanol at 4°C. For detection, cells
were washed with phosphate-buffered saline (PBS), resus-
pended in binding buffer containing RNase A (10 μg/ml) and
propidium iodide (25 μg/ml), and analyzed by flow cytometry
on a FACSCalibur flow cytometer (Becton-Dickinson).

Proliferation analysis

Proliferation was assessed in cells transfected with the p18
plasmid or vehicle by MTT assay. After transfection in 6-cm
plates, cells were trypsinized and reseeded in 96-well
plates, and MTT reduction was detected by spectropho-
tometry at 490 nm absorbance in a microplate reader
(BIO-TEK ELx800) 4 h, 24 h, 48 h, 72 h, and 96 h after
cells were reseeded.

CDK assay in vitro

Cyclin-dependent kinase assays were performed as de-
scribed before [31], but some modifications were made.
Transfected cells were extracted and protein concentrations
were determined by Bradford assay. A total of 500 μg of
protein was used for each immunoprecipitation. CDK2,
CDK4, and CDK6 in cell extracts were incubated with a
specific antibody (3 μg/reaction) for 1 h at 4°C. 40 μl of
protein A/G-agarose (Santa Cruz) was added into the
mixture, which was then further incubated for 1 h. Immune
complexes were centrifuged at 12,000 rpm for 3 min and
the precipitates were washed three times with lysis buffer
and once with kinase buffer (50 mM Tris-HCl/pH 7.5,
10 mM MgCl2, 1 mM DTT). CDK assays on histone H1
were performed by mixing the respective immune com-
plexes with 2.5 μg of histone H1 and 50 μM ATP in 30 μl
of kinase buffer. CDK assays on retinoblastoma (Rb) were
carried out in the same way using 1 μg of full-length Rb
protein (QED Bioscience) and 10 μM ATP in 30 μl of kinase
buffer. The kinase reaction was performed at 30°C for 15 min
(CDK assays on histone H1) or 1 h (CDK assays on Rb) and
then terminated with 2× SDS-PAGE sample buffer. The
reaction mixtures were resolved by SDS-polyacrylamide gel
electrophoresis analysis. The extent of phosphorylation was
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measured by western blot analysis using the antibodies of
phospho-histone H1 (Abcam) and phospho-Rb (CST).

L-lactate dehydrogenase release assay

L-lactate dehydrogenase (LDH) in the medium and in the
cellular fraction was measured as an index of lethal
membrane injury (necrosis) using an assay kit purchased
from Promega and used according to the manufacturer’s
specifications. Briefly, at the end of cisplatin incubation,
medium was collected, and the adherent monolayer of cells
was lyzed at 37°C for 45 min. Then, the mixed substrate was
added to the medium and cell plates in the dark for 30 min.
The reaction was stopped with stop solution, and the
absorbance at 490 nm was measured. The degree of cell
injury was expressed as LDH release, which was calculated as
the percentage of LDH released into the medium out of the
total LDH recovered from both medium and cellular fractions.

Flow cytometry

The percentage of apoptotic and necrotic cells was detected
using a Vybrant Apoptosis Assay Kit (Invitrogen) by flow
cytometry according to the manufacturer’s specifications.
Briefly, floating and adherent cells were collected after
cisplatin incubation, washed with PBS, and resuspended in
binding buffer and Annexin V for 15 min in the dark. Then,
5 μg/ml of propidium iodide (PI) was added to each tube,
and the suspensions were analyzed by flow cytometry on
the FACSCalibur flow cytometer (Becton-Dickinson).

By staining cells with annexin V-FITC and PI, the
percentages of viable cells (lower left quadrant), early apoptotic
cells (lower right quadrant), late apoptotic (upper right quadrant)
and necrotic cells (upper left quadrant) were quantitatively
determined. For statistical analysis, the term "apoptotic cells"
refers to early apoptotic cells (lower right quadrant), and
"necrotic cells" were the cells located in the upper left quadrant.

Caspase 3 activity

Caspase 3 activity was tested by use of the Caspase
Colorimetric Activity AssayKit (Biovision, China), following
the manufacturer’s protocols. After 24 h of cisplatin incuba-
tion, cells were collected and lysed in lysis buffer and
centrifuged at 10,000g for 5 min. The supernatants were
incubated with caspase 3 substrate (DEVD-pNA) at 37°C for
1 h. The cleaved pNA, with a light emission at 405 nm, was
quantified using a microplate reader (BIO-TEK ELx800).

Western blot

Proteins were extracted from cultured cells using the lysis
buffer. After a 30-min incubation on ice, the lysates were

heated at 100°C for 15 min and centrifuged at 12,000g for
15 min at 4°C. Lysates containing equal amounts of protein
(100 μg) were dissolved in SDS sample buffer, separated
on 12% SDS slab gels, and transferred electrophoretically
onto polyvinylidene difluoride membranes. Equal protein
loading and protein transfer were confirmed by Ponceau
S staining. After being blocked with 5% non-fat dry milk
in TBST, the membrane was incubated at 4°C overnight
with one of the following primary antibodies: mouse
anti-GAPDH (1:5,000 dilution; Kangcheng), rabbit anti-
β-actin (1:2,000 dilution; CST), rabbit anti-p18 (1:200
dilution; Santa Cruz), rabbit anti-grp78 (1:1,000 dilution;
CST), rabbit anti-caspase 3 (1:1,000 dilution; CST),
rabbit anti-PARP (1:1,000 dilution; CST), rabbit anti-
caspase 12 (1:1,000 dilution; CST), rabbit anti-PERK
(1:1,000 dilution; CST), rabbit anti-phospho-PERK
(1:1,000 dilution; CST), rabbit anti-eIF2α (1:1,000 dilution;
CST) or rabbit anti-phospho-eIF2α (1:1,000 dilution; CST).
After the membranes were washed, horseradish peroxidase-
conjugated secondary antibody was applied. Proteins that
bound to the secondary antibody were visualized using ECL
(Amersham Bioscience).

Statistical analysis

Data are presented as means±SD. Comparisons of exper-
imental values for cisplatin-treated cells with untreated
controls were conducted using analysis of variance
(ANOVA) or the Kruskal–Wallis rank test. Statistical
significance was defined as p<0.05.

Results

Transfection of p18 plasmid induces p18 overexpression
in LLC-PK1 cells

As shown in Fig. 1, p18 expression in LLC-PK1 cells
increased markedly 24 h after p18 plasmid transfection, as
demonstrated by western blot analysis. Microscopic analy-
sis of β-galactosidase staining showed that 35% of the
cytoplasm stained blue 24 h after LacZ plasmid transfec-
tion, compared with 0% in pVAX1-transfected cells, which
indicated that the transfection efficiency of LLC-PK1 cells
was approximately 35%.

Overexpression of p18 arrests the cell cycle in G1
and inhibits the proliferation of LLC-PK1 cells

Compared with vehicle transfection, the proportion of G0/G1
cells was increased and that of S-phase cells was decreased
significantly by murine p18 plasmid transfection. It was
apparent that p18 overexpression arrested LLC-PK1 cells in
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the G1 phase and prevented cells from entering the phase for
DNA synthesis and replication (Table 1).

Accordingly, p18 overexpression also inhibited the
proliferation of LLC-PK1 cells (Fig. 2). The greatest
difference between the vehicle- and p18-transfected cells
was at 48 h after reseeding, based on the p values of
statistical analysis at every time-point.

Overexpression of p18 inhibits the activity of CDK4
and CDK6

As shown in Fig. 3, CDK4- and CDK6- mediated
phosphorylation of Rb protein was lower in p18-
transfected cells and no apparent difference existed in
CDK2-mediated phosphorylation of histone H1 between
the vehicle- and p18- transfected cells. These assays
showed that overexpression of p18 in transfected cells only
inhibited the activity of CDK4 and CDK6, which was in
agreement with previous reports that p18 interacted
especially with CDK4 and CDK6.

Overexpression of p18 protects LLC-PK1 cells
against cisplatin-induced injury

As shown in Fig. 4, there was a significant difference in the
number of apoptotic cells between the vehicle- and p18-
transfected cells after cisplatin (100 μM) administration. The
proportion of apoptotic cells in the p18 group was much lower
than in the vehicle group (p<0.05). However, there was no
apparent difference between the two groups in the number of
necrotic cells after cisplatin (100 μM) treatment (p>0.05).

Consistent with the result, caspase 3 activity in the p18
group was much lower than in the vehicle group after cisplatin
(100 μM) administration (Fig. 5). The amount of splice
fragments of caspase 3 and PARP (a substrate of caspase 3) was
much lower in the p18 group after cisplatin (100 μM)
administration (Fig. 5). There was no significant difference in

Table 1 Cell-cycle analysis of transfected cells 24 h after transfection

Vehicle p18 Plasmid p value

GO–G1 (%) (n=6) 59.53±8.62 69.59±3.23 0.0232

G2–M (%) (n=6) 20.42±6.05 17.62±4.11 0.3706

S (%) (n=6) 20.06±2.58 12.80±1.69 0.0002

The proportion of G0/G1 cells increased and that of S-phase cells
decreased significantly 24 h after murine p18 plasmid transfection,
which indicates that p18 overexpression arrested LLC-PK1 cells in the
G1 phase. p values are from six independent experiments comparing
p18 plasmid transfection and vehicle transfection at different phases

Fig. 2 Overexpression of p18 inhibits the proliferation of LLC-PK1
cells as demonstrated by methyl thiazolyl tetrazolium (MTT) assay.
Data are from four independent experiments. The most apparent
difference between p18- and vehicle-transfected cells occurred at 48 h
after reseeding, based on the p values of various time points

Fig. 1 Overexpression of p18
in LLC-PK1 cells. a In a
β-galactosidase staining assay,
the proportion of blue-stained
cytoplasm measured under light
microscopy, an indication of
transfection efficiency, was
approximately 35% after LacZ
plasmid transfection. b
Compared with vehicle
transfection, the expression of
p18 was markedly increased in
p18-transfected cells, as
demonstrated by western
blot analysis
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LDH release between the two groups after cisplatin (100 μM)
treatment (p>0.05; Fig. 5).

To further investigate the effect of p18 overexpression on
necrosis and apoptosis, low (20 μM) and high (500 μM)
concentrations of cisplatin were used to induce cell injury in the
vehicle- and p18-transfected cells. Results of flow cytometry
analysis showed that there was no apparent difference in the
number of necrotic cells between the two groups after cisplatin
(20 μM) or cisplatin (500 μM) incubation for 24 h. There was a
significant difference in the number of apoptotic cells between
the two groups after cisplatin (20 μM) administration, but the
effect of p18 overexpression on cell apoptosis apparently
attenuated after cisplatin (500 μM) administration (Fig. 6).

Overexpression of p18 affects the ERS pathway
in cisplatin-induced LLC-PK1 cell injury

After cisplatin (100 μM) incubation, the expression of
grp78 was upregulated, and caspase 12 was activated in

vehicle- and p18 plasmid-transfected cells, which indicates
that the ERS pathway was activated in cisplatin-injured
LLC-PK1 cells. However, compared with the vehicle
group, the degrees of grp78 upregulation and caspase 12
activation in the p18 group were much lower, which
indicates that the severity of cisplatin-induced ERS was
attenuated by p18 overexpression in LLC-PK1 cells
(Fig. 7). As a quick response to ERS, the eIF2α/PERK
pathway was also evaluated by western blot analysis. It
showed that the extent of phosphorylated eIF2α and PERK
was attenuated in p18 plasmid-transfected cells compared
with vehicle-transfected cells after cisplatin (100 μM)
incubation, which confirmed the effect of p18 overexpres-
sion on the ERS pathway in cisplatin-induced LLC-PK1
cell injury (Fig. 7).

Discussion

Clinical use of cisplatin is largely limited due to drug
resistance and nephrotoxicity [32, 33]. The mechanism by
which cisplatin produces its nephrotoxic effect is complex
and involves the activation of several signal transduction
pathways and cytokine-triggered inflammatory responses
[34]. Because the manifestation of cisplatin nephrotoxicity
is similar to that of human AKI, it has often been used in
the study of AKI. The main forms of cisplatin-induced
renal cell injury, which is concentration-dependent, include
necrosis and apoptosis. High-concentration cisplatin causes
necrosis, whereas low-concentration cisplatin mainly indu-
ces apoptosis [35]. For this reason, LLC-PK1 cell injury
was induced by cisplatin in our experiments, and different
concentrations of cisplatin were used to identify the effects
of p18 overexpression on apoptosis and necrosis.

It is true that death pathways must be involved in the
mechanism of cisplatin nephrotoxicity. Previous studies
have confirmed that in addition to the classical death-
receptor pathway and mitochondrial pathway [5, 8, 36–38],
the ERS pathway is also activated in cisplatin-induced
kidney injury both in vivo and in vitro [39–43]. Therefore,
the effect of p18 on the ERS pathway was further
investigated to elucidate the actions of p18 in cisplatin-
induced renal cell injury.

In ERS theory, the unfolded protein response (UPR)
plays a central role in ERS-induced apoptosis [44–48]. It
has been demonstrated that three transmembrane proteins
are activated in UPR: inositol-requiring enzyme-1 (IRE1),
pancreatic ER eukaryotic translation initiation factor (eIF)-
2α kinase (PERK) and activating translation factor-6
(ATF6). Initially, UPR is an autoregulatory mechanism of
the cellular response to ERS, whose purpose is to restore
proper ER function. However, apoptosis is also induced
once the level of ERS exceeds the self-regulatory ability of

Fig. 3 Overexpression of p18 inhibits the CDK4 and CDK6 kinase
activity.Whole cell extracts were prepared from the vehicle- (the left lane)
and p18- (the right lane) transfected cells at transfection for 24 h. Equal
amounts of the lysates (500 μg) were used for the specific immune
complex kinase assay. CDK2 kinase assay was performed using histone
H1 as a substrate as described under “Materials and methods.” CDK4
and CDK6 kinase assay was carried out using full-length Rb protein as a
substrate. Samples were analyzed by 10% SDS-polyacrylamide gel
electrophoresis, the phosphorylated forms of histone H1 and Rb were
examined by immunoblotting with histone H1- and Rb- specific
antibody. Representative data from three independent experiments are
shown. The fold change in the respective kinase activity was analyzed
from the straps of each gel slice
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the cell [49–51]. It has been reported that activation of JNK
and caspase 12 as well as increased expression of CCAAT/
enhancer-binding protein homologous protein (CHOP)
occur when the cell faces severe ERS [52–54]. In our

experiments, the upregulation of molecular chaperone
grp78, activation of caspase 12, and the PERK/eIF2α
pathway were analyzed to evaluate the severity of ERS in
cisplatin-induced LLC-PK1 cell injury.

Fig. 4 Effects of p18 overexpression on LLC-PK1 cell necrosis and
apoptosis after cisplatin (100 μM) incubation for 24 h as demonstrated
by flow cytometry. Representative FACS plots showed the percentage
of viable cells (lower left quadrant), early apoptotic cells (lower right
quadrant), late apoptotic cells (upper right quadrant) and necrotic
cells (upper left quadrant) in a vehicle-transfected cells and b p18-
transfected cells after cisplatin administration. Six independent experi-

ments were analyzed, and statistical analysis showed that there was
significant difference in the number of apoptotic cells (early apoptotic
cells/lower right quadrant) between the vehicle- and p18-transfected
cells after cisplatin administration, while there was no apparent
difference in the number of necrotic cells (upper left quadrant)
between the two groups. *p<0.05, comparison between the vehicle-
and p18-transfected cells after cisplatin administration
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As expected, p18 played an important role in cisplatin-
induced LLC-PK1 cell injury. Overexpression of p18
significantly attenuated apoptosis in LLC-PK1 cells after
cisplatin administration, although it did not affect
necrosis, as demonstrated by flow cytometry analysis
and LDH release respectively. The effect of p18 on
apoptosis was also confirmed by analysis of the activity
and cleavage of caspase 3 after cisplatin (100 μM)
incubation for 24 h. The cleavage of PARP, a substrate
of caspase 3, was also analyzed by western blot. The
overexpression of p18 markedly decreased the activation
of caspase 3 in cisplatin-injured LLC-PK1 cell injury,
which confirms the protective effect of p18 in cisplatin-
induced renal cell injury.

As demonstrated by MTT assay, overexpression of p18-
inhibited cell cycle progression in LLC-PK1 cells, which
implied that one mechanism of the p18 protective effect is
related to its inhibition of the cell cycle in cisplatin-injured
renal cells. Importantly, p18 also affects the ERS pathway,
which plays an important role in cisplatin nephrotoxicity,
although it is not clear exactly how. Overexpression of p18
markedly decreased the upregulation of chaperone grp78
and the activation of caspase 12. The PERK/eIF2α
pathway, one component of the UPR, was inhibited by
overexpression of p18 in cisplatin-injured LLC-PK1 cells.

Together, these results indicate that the effect of p18 on cell
death pathways, such as the ERS pathway, may be another
facet of its protective mechanism in cisplatin-induced renal
cell injury. Other classical death pathways affected by p18
in cisplatin-induced renal cell injury cannot be excluded
because they were not investigated in our experiments.

Different concentrations of cisplatin used in our experi-
ments were to further identify the effect of p18 on cisplatin-
induced apoptosis and necrosis. It was apparent that there
was no significant difference in the number of necrotic cells
between vehicle- and p18-transfected cells after cisplatin
(20 μM, 100 μM, and 500 μM) administration. The effect
of p18 on apoptosis was more significant in cisplatin
(20 μM and 100 μM) treatment than cisplatin (500 μM)
treatment. From these results, we postulated that the actions
of p18 in cisplatin-induced renal cell injury probably
mainly lie in increasing the cells’ tolerance to cisplatin by
alleviating to some extent the stress induced by cisplatin.
Many of the molecular pathways leading to apoptotic cell
death have been extensively studied, whereas those leading
to cell death by necrosis are not yet as clear. The exact
mechanism of the different effects of p18 on apoptosis and
necrosis is unclear. One possible reason for this could be
the model of renal injury induced in our experiments, and it
will be interesting in our future studies to compare the

Fig. 5 Effect of p18 overexpression on cisplatin-induced apoptosis
and necrosis as demonstrated by caspase 3 activity, western blot
analysis, and L-lactate dehydrogenase (LDH) release. a Caspase 3
activity: four independent experiments in the four groups were
analyzed. Each bar represents the mean±SD of the absorbance at
405 nm. *p<0.05, comparison between p18- and vehicle-transfected
cells after cisplatin (100 μM) administration. b Overexpression of p18
decreases the cleavage of caspase 3 and PARP in cisplatin-injured LLC-
PK1 cells. Equal protein (100 μg) loading of each sample was
confirmed by blotting for GAPDH. Three independent experiments

were analyzed, and each bar in the figure represents the mean±SD of
the measurements of the ratio of active caspase 3 to pro-caspase 3. The
cleavage of PARP in p18-transfected cells after cisplatin administration
was lower, so we did not analyze the statistical difference between the
p18- and vehicle-transfection groups. *p<0.05, comparison between
p18- and vehicle-transfected cells after cisplatin (100 μM) administra-
tion. c LDH release: six independent experiments in between the
vehicle- and p18-transfected cells after cisplatin (100 μM) incubation
for 24 h were analyzed. Statistical analysis showed that there was no
significant difference in LDH release between the two groups
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Fig. 6 Effects of p18 overexpression on LLC-PK1 cell necrosis and
apoptosis after cisplatin (20 μM and 500 μM) incubation for 24 h as
demonstrated by flow cytometry. Representative FACS plots and
statistical analysis were shown in the figure. It was apparent that there
was no significant effect of p18 overexpression on cisplatin-induced
necrosis (the number of necrotic cells located in the upper left quadrant)
after cisplatin (20 μM) or cisplatin (500 μM) incubation. However,

overexpression of p18 significantly attenuated LLC-PK1 cell apoptosis
when it was treated by cisplatin (20 μM), while the protection of
p18 overexpression was attenuated when the cells were treated by
cisplatin (500 μM). There was no statistical difference in the
number of apoptotic cells (early apoptotic cells/lower right
quadrant) between the vehicle- and p18-transfected cells after
cisplatin (500 μM) treatment
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effect of p18 on the factors associated with apoptosis and
necrosis in the renal cell, including experiments on renal
injury models induced by other causes, such as hypoxia or
hyperoxia.

Previous studies have shown p21, a major effector of cell
cycle arrest downstream of p53 activation, as either a
negative or a positive regulator of apoptosis in a cell-
specific manner. Overexpression of p21 has been shown to
enhance the apoptotic response to cisplatin in glioma [55]
and ovarian carcinoma [56] cell lines. In cisplatin-induced
kidney injury, however, an antiapoptosis role for p21 was
demonstrated in vivo and in vitro [18–21]. This effect is
mainly due to p21 inhibiting CDK2 activity because the
activation of CDK2 is an important factor in promoting
apoptosis in cisplatin-induced AKI [22]. The effect of p21
on apoptosis and necrosis in cisplatin nephrotoxicity in
previous studies was investigated through in vitro and in
vivo experiments respectively. No similar difference in the
effects of p21 on apoptosis and necrosis in cisplatin-
induced renal cell injury was reported to compare with the
effect of p18 found in our study.

INK4 family members have rarely been discussed in
AKI, for which some of the possible reasons are the
following. It was confirmed that INK4 members interact
only with CDK4/6 and arrest the cell cycle in the early G1

phase, with no direct interaction with CDK2. INK4 family
members are considered to be involved more in cell
differentiation than CIP/KIP family members because no
abnormality or defect exists in p21 gene knockout mice,
whereas p18 gene knockout mice acquire pituitary tumors
with age [13, 57]. However, some studies have reported the
involvement of INK4 family members in the cellular
response to genotoxic agents. P16 reduced apoptosis
induced by ultraviolet light and cisplatin through the
intrinsic mitochondrial cell death pathway [58, 59]. P19
overexpression also conferred resistance to cells exposed to
UV irradiation [60, 61]. However, no effect of p16 or p19
on necrosis was evaluated through in vitro experiments in
these studies. Therefore, apoptosis seems more important in
cell injury induced by cisplatin or other genotoxic agents.

Indeed, INK4 proteins compete with D-type cyclins to
bind CDK4/6, but studies have demonstrated that enforced
expression of INK4 proteins can lead to G1 arrest by
promoting the redistribution of CIP/KIP proteins and
blocking cyclin E-CDK2 activity [62, 63]. Thus, it was
possible that p18 overexpression indirectly inhibited the
activity of CDK2 in cycling cells; however, results of the
CDK assay in vitro in our study failed to find apparent
inhibitory roles of p18 overexpression on CDK2 activity in
the transfected cells, while inhibition of CDK4 and CDK6

Fig. 7 Overexpression of p18-
attenuated cisplatin-induced
ERS severity as demonstrated
by western blot analysis. It is
apparent that overexpression of
p18 in LLC-PK1 cells decreases
the upregulation of grp78 and
the activation of caspase 12 after
cisplatin (100 μM) incubation.
The extent of phosphorylated
PERK and eIF2α in cisplatin-
injured LLC-PK1 cells was also
attenuated by the overexpression
of p18 in the transfected cells. In
this part of the experiments,
equal protein (100 μg) loading
of each sample was confirmed
by blotting for GAPDH. Three
independent experiments were
analyzed, and each bar repre-
sents the mean±SD of the ratio
of the target protein to GAPDH.
*p<0.05, comparison between
p18- and vehicle-transfected
cells after cisplatin (100 μM)
incubation
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activity was demonstrated, as shown in Fig. 3. This
observation implied that p18 also exerted protection via
regulating the cell cycle and cell death pathways in
cisplatin-induced renal cell injury, although there are
differences between p21 and p18.

As more protective roles for cell cycle regulatory
proteins in cisplatin-induced AKI are discovered, it is
promising that co-treatment with factors promoting cell
cycle arrest and DNA repair may become a viable strategy
for treating AKI. In future studies of cell cycle arrest in
AKI, INK4 family members should no longer be ignored.
Given that many questions remain regarding the ERS
pathway during AKI induced by cisplatin nephrotoxicity
or other toxic drugs, our study should be beneficial for
future research on the ERS pathway.

In conclusion, we demonstrated that p18 overexpression
significantly attenuated cisplatin-induced renal cell apopto-
sis, although it had no significant effect on necrosis. The
highlights of our study are the discovery that p18 regulates
the cell cycle and cell death pathways, such as the ERS
pathway, against cisplatin-induced renal cell injury. How-
ever, the exact signal transduction pathways connecting p18
to cell death pathways still need to be investigated in detail.
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