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Stomatin-like protein 2 (STOML2 or SLP-2) is an oncogenic anti-apoptotic protein

that is upregulated in several types of cancer, including cervical cancer. However,

the mechanisms responsible for the SLP-2 anti-apoptotic function remain poorly

understood. Here, we show that siRNA-mediated SLP-2 suppression decreases

growth of human cervical cancer HELA and SIHA cells, and increases cisplatin-

induced apoptosis through activation of MEK/ERK signaling and suppression of the

mitochondrial pathway. The inhibition of the mitochondrial pathway is mediated by

increasing the mitochondrial Ca2+ concentration and mitochondrial membrane

potential, thereby downregulating p-MEK and p-ERK levels, upregulating the Bax/

Bcl-2 ratio, increasing cytochrome C release from mitochondria into the cytosol, and

upregulating levels of cleaved-caspase 9, cleaved-caspase 3, and cleaved poly ADP-

ribose polymerase (PARP). Overexpression of SLP-2 using adenovirus-STOML2 has

the opposite effect: it upregulates p-MEK and p-ERK and downregulates the Bax/

Bcl-2 ratio and levels of cleaved-caspase 9 to caspase 9, cleaved-caspase 3 to cas-

pase 3, and cleaved-PARP to PARP in cisplatin-treated cells. These data show that

SLP-2 inhibits cisplatin-induced apoptosis by activating the MEK/ERK signaling and

inhibiting the mitochondrial apoptosis pathway in cervical cancer cells.
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1 | INTRODUCTION

Gene expression profiling of human tumors has provided an invalu-

able insight into the mechanisms and targets involved in cancer

pathogenesis.1 Stomatin-like protein 2 (SLP-2) is a novel and unusual

member of the stomatin gene superfamily.2 It is tightly associated

with the mitochondrial inner membrane and resides within the inter-

membrane space, between the inner and outer mitochondrial mem-

branes.3 It regulates stability of mitochondrial proteins including

prohibitins and subunits of the respiratory chain complex.3

Previous studies have shown that SLP-2 is overexpressed in sev-

eral cancers, including esophageal squamous cell carcinoma,4 gall-

bladder cancer,5 laryngeal squamous cell carcinoma,6 breast

cancer,7,8 and gastric cancer.9,10 A recent study has shown that SLP-

2 expression is upregulated in cervical cancer tissues and correlates

with tumor stage and tumor size.11 Moreover, cervical cancer

patients with increased expression of SLP-2 have significantly

shorter overall survival and recurrence-free survival times. Zhang

et al12 found that esophageal squamous cell carcinoma KYSE450

cells transfected with antisense SLP-2 show decreased cell growth,
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proliferation, tumorigenicity, and cell adhesion. Wang et al expanded

the options for combining metabolic interventions with genotoxic

chemotherapeutics by showing that SLP-2 coordinates bioenergetics

and apoptosis.13 A previous study reported that SLP-2 modulates

mitochondrial calcium extrusion, thereby altering the ability of mito-

chondria to buffer calcium ion (Ca2+) and shape cytosolic Ca2+ sig-

nals.14 In our previous study, we used siRNA to downregulate the

expression of SLP-2, then TUNEL assay and annexin V assay were

used to detect the apoptosis of HeLa and HCC94 cells by using cis-

platin, which revealed that silencing SLP-2 expression significantly

enhanced the sensitivity of cervical cancer cells to apoptosis induced

by chemotherapeutics.15 However, the mechanisms behind this inhi-

bition of apoptosis by SLP-2 remain incompletely understood.

In this study, we investigated the function of SLP-2 in regulating

apoptosis in human cervical cancer cells. We show that SLP-2 is

upregulated by high cisplatin concentrations, leading to increased

protein turnover. In addition, we show that overexpression of SLP-2

activates the MEK/ERK signaling pathway, and suppresses the mito-

chondrial apoptosis pathway, indicating that SLP-2 inhibits apoptosis

by activating the MEK/ERK pathway and inhibiting the mitochondrial

apoptosis pathway in cervical cancer cells.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Cervical adenocarcinoma HELA cells were cultured in DMEM/high

glucose and squamous cell carcinoma of the cervix SIHA cells were

grown in RPMI-1640 medium supplemented with 10% FBS in a

humidified incubator containing 5% CO2 at 37°C. All culture

reagents were purchased from Invitrogen (Carlsbad, CA, USA).

2.2 | Small interfering RNA transfection

The SLP-2 siRNA duplex (1.sense, 50-GGACUCCAACACUAUC-

CUAtt-30; antisense, 30-UAGGAUAGUGUUGGAGUCCtt-50; 2.sense,

50-GGGUGAAAGAGUCUAUGCAtt-30; antisense, 30-UGCAUAGACU-

CUUUCACCCgg-50;and 3.sense, 50-CGACAAUGUAACUCUGCAAtt-

30; antisense, 30-UUGCAGAGUUACAUUGUCGgg-50) oligonucleotides

were purchased from Invitrogen. To confirm the specificity of the

inhibition, non-targeting siRNA (siNC) was used as a negative control

(sense, 50-UUCUCCGAACGUGUCACGUTT-30; antisense, 30-ACGU-

GACACGUUCGGAGAATT-50). Cells were transfected with 100 nmol

siRNA duplexes by using Lipofectamine 2000 Reagent according to

the manufacturer’s instructions. Knockdown of SLP-2 was quantified

by quantitative real-time PCR (qRT-PCR) 24 hours after transfection

using GAPDH for normalization, and by Western blot analysis

48 hours after transfection using a-tubulin for normalization.

2.3 | Adenovirus infection

Ad-STOML2 and Ad-GFP were purchased from ViGene (USA). For

adenovirus infection of HELA cells, we used virus diluted to an MOI

of 400 pfu per cell and in SIHA cells of 50 pfu per cell. All infected

cell cultures were examined for adequate infection efficiency as

assessed by Western blotting for SLP-2 protein.

2.4 | Cell viability assay

HELA and SIHA cells after transfection or infection were plated at

0.5 9 103 cells per well in 96-well plates. Cells were cultured for

72 hours and then cell viability was measured by MTT assay (Sigma-

Aldrich, USA) assay according to manufacturer’s instructions. Absor-

bance at 490 nm was read by using a spectrophotometric plate

reader. Each test was carried out in triplicate.

2.5 | Clonogenic survival assay

HELA and SIHA cells were plated in 6-well plates at 1000 cells per

well for siRNA transfection and at 500 cells per well for adenovirus

infection. Twenty-four hours later, the cells were treated with siRNA

transfection or adenovirus infection. Cells were returned to the incu-

bator immediately after treatments to allow colonies to form. After

7 days, the colonies >50 cells were fixed with methanol and stained

with crystal violet.

2.6 | Determination of IC50 cisplatin values

HELA and SIHA cells were plated at 0.5 9 103 cells per well in

96-well plates for 48 hours. Cells were treated with different con-

centrations of cisplatin, and the cell viability was evaluated after

24 hours using MTT assay to identify their sensitivity to cisplatin

and calculate the half inhibition concentration values.

2.7 | Annexin V/propidium iodide double staining
assay

Transfected HELA or SIHA cells treated with IC50 of cisplatin for

6 hours were collected and washed twice with ice-cold PBS and

resuspended in 19 binding buffer before incubation with annexin

V-FITC according to the manufacturer’s protocol (Bestbio, Shang-

hai, China). After 15 minutes of incubation at room temperature in

the dark, propidium iodide (PI) was added, and the number of

stained cells was analyzed using a flow cytometer (Becton Dickin-

son, USA).

2.8 | Rhod-2 staining assay

Rhod-2 can specifically combine with calcium ions in mitochondria,

so it is used to determine the level of mitochondrial calcium. Trans-

fected or infected HELA or SIHA cells treated with IC50 of cisplatin

for 6 hours were stained with Rhod-2 dye according to the manu-

facturer’s protocol (GENMED, USA), and fluorescent enzyme was

used to determine the relative fluorescence units. Calcium ion was

monitored by exciting the specimens at 550 nm and observing at

590 nm to detect Rhod-2 emission signals.
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F IGURE 1 Stomatin-like protein 2 (SLP-2) is downregulated by siRNA and upregulated by Ad-STOML2 virus in cervical cancer HELA and
SIHA cells. A, a, HELA cells (A) and SIHA cells (a) were transfected with either SLP-2 siRNA or control siRNA. Total RNA was extracted 24 h
post-transfection treatment and real-time quantitative PCR analysis was carried out to measure the mRNA expression of SLP-2. GAPDH was
used as a loading control. B, C, b, c, After 48 h post-transfection with siRNA in HELA cells (B, C) and SIHA cells (b, c), SLP-2 expression was
clearly inhibited, as detected by Western blot analysis. a-Tubulin was used as a loading control. D, E, d, e, Silencing effects of siSLP-2#2 in
HELA cells (D, E) and SIHA cells (d, e) were detected by Western blot analysis after 24, 48, and 72 h; a-tubulin was used as a loading control.
F, G, f, g, HELA cells (F, G) and SIHA cells (f, g) were infected with either control Ad-GFP or Ad-STOML2 virus. Total protein was extracted
48 h post-infection and SLP-2 expression was detected by Western blot analysis. a-Tubulin was used as a loading control. H, I, h, i,
Overexpression effects of SLP-2 in HELA cells (H, I) and SIHA cells (h, i) were detected by Western blot analysis after 24, 48, 72 h; a-tubulin
was used as a loading control
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2.9 | Measurement of mitochondrial membrane
potential

The extent of mitochondrial membrane potential (MMP) loss was

measured using the potentiometric cation 5,50 ,6,60-tetrachloro-

1,10 ,3,30-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) (Key-

GEN BioTECH, Nanjing, China). Transfected HELA or SIHA cells

treated with IC50 of cisplatin for 6 hours were incubated with JC-1

staining liquid for 20 minutes at 37°C, washed three times with JC-1

staining buffer and examined under flow cytometry (Becton

Dickinson).

2.10 | RNA extraction and qRT-PCR

Total cellular RNA was extracted from cells using the TRIzol

reagent (Invitrogen). Total RNA (1 lg) was reverse transcribed, and

first-strand cDNA was synthesized using reverse transcrip-

tase (Roche, Penzberg, Germany) according to the manufacturer’s

instructions. The resulting cDNA was used for qRT-PCR;

GAPDH was used as an internal control. For SLP-2, the 50-primer

was 50-GTGACTCTCGACAATGTAAC-30, and the 30-primer was

50-TGATCTCATAACGGAGGCAG-30. For GAPDH, the 50-primer

was 50-CCATCAATGACCCCTTCATTGACC-30 , and the 30-primer

was 50-GAAGGCCATGCCAGTGAGCTTCC -30. Quantitative RT-PCR

was carried out as follows: 95°C for 30 seconds, one cycle, fol-

lowed by 95°C for 5 seconds, and 60°C for 34 seconds (40

cycles). After qRT-PCR, dissociation curves were analyzed, and the

CT (2�DCT) method was used to calculate the relative

concentration of the amplified products. The experiments were

carried out at least three times, and statistical analyses was per-

formed.

2.11 | Western blot analysis

Transfected or infected HELA or SIHA cells treated with IC50 of cis-

platin for 8 hours were lysed for 30 minutes with lysis buffer (Best-

bio). Following centrifugation at 11 000 g, supernatants were

collected to obtain cytoplasmic proteins and precipitates were col-

lected to obtain mitochondrial proteins. Transfected or infected

HELA or SIHA cells treated with IC50 of cisplatin or cells treated

with different concentrations of cisplatin for 24 hours were lysed for

30 minutes with lysis buffer (KeyGEN BioTECH) to obtain total pro-

tein. Following boiling with loading buffer, protein samples were sep-

arated by 10% or 12% SDS-PAGE and transferred onto PVDF

membranes, which were blocked with 5% non-fat milk for 1 hour.

Subsequently, membranes were incubated with primary antibodies at

4°C overnight. Following washing three times, the membranes were

incubated with fluorescence-conjugated secondary antibodies at

room temperature in the dark for 1 hour and visualized with Odys-

sey IR imaging system (LI-COR Biosciences). Normalization was

ensured by a-tubulin, and each band was quantified using Quantity

One software.

2.12 | Data and statistical analysis

Data were analyzed by two-tailed Student’s t test or ANOVA, and

are presented as the mean value � SEM. Significant ANOVA were

followed by Dunnett’s multiple comparison post hoc test.

F IGURE 2 Stomatin-like protein 2
(SLP-2) enhances proliferation of cervical
cancer HELA and SIHA cell lines. A, D,
HELA cells (A) and SIHA cells (D) were
treated with SLP-2 siRNA and Ad-STOML2
virus for 72 h, and a colorimetric MTT
assay was applied to detect cell viability.
The graph represents densitometry of the
results of three independent experiments
(mean � SEM). *P < .05; ***P < .001. B, E,
HELA cells (B) and SIHA cells (E)
transfected with either SLP-2 siRNA or
control siRNA were plated on 6-well plates
at 1000 cells per well for 7 d. The colonies
were fixed with methanol and stained with
crystal violet. C, F, HELA cells (C) and
SIHA cells (F) infected with either Ad-GFP
or Ad-STOML2 virus were plated on 6-
well plates at 500 cells per well for 7 d.
The colonies were fixed with methanol and
stained with crystal violet. siNC, non-
targeting siRNA
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F IGURE 3 Stomatin-like protein 2 (SLP-2) inhibits apoptosis of cervical cancer cell lines and regulates mitochondrial calcium ion (Ca2+)
concentration, which results in changes of the mitochondrial membrane potential. A, HELA cells were treated with different levels of cisplatin
concentration (0, 5, 10, 15, 20, 25, 30, 35, or 40 lg/mL) for 24 h and a colorimetric MTT assay was applied to detect cell viability. a, SIHA
cells were treated with different levels of cisplatin concentration (0, 2.5, 5, 10, 20, 30, 40, 50, or 60 lg/mL) for 24 h and a colorimetric MTT
assay was applied to detect cell viability. B, C, HELA cells transfected with SLP-2 siRNA were treated with IC50 of cisplatin (20 lg/mL) for 6 h
and the number of stained cells was analyzed using a flow cytometer. b, c, SIHA cells transfected with SLP-2 siRNA were treated with IC50 of
cisplatin (15 lg/mL) for 6 h and the number of stained cells was analyzed using a flow cytometer. D, E, d, e, HELA cells (D, E) and SIHA cells
(d, e) transfected with SLP-2 siRNA were treated with IC50 of cisplatin (20 and 15 lg/mL, respectively) for 6 h and mitochondrial membrane
potential was analyzed using a flow cytometer. F, f, HELA cells (F) and SIHA cells (f) transfected with SLP-2 siRNA and infected with Ad-
STOML2 virus were treated with IC50 of cisplatin (20 and 15 lg/mL, respectively) for 6 h and Rhod-2 staining assay was used to determine
the level of mitochondrial calcium. The graph represents densitometry of the results of three independent experiments (mean � SEM).
*P < .05; **P < .01; ***P < .001. siNC, non-targeting siRNA
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Differences between treated cultures and controls were considered

significant when P < .05. Analyses were carried out with SPSS 20.0

software (IBM, Armonk, NY, USA).

3 | RESULTS

3.1 | Stomatin-like protein 2 enhances proliferation
of cervical cancer cells

To investigate the function of SLP-2 in regulating proliferation of

cervical cancer cells, we first suppressed SLP-2 by siRNA in HELA

and SIHA cells. Western blot analysis revealed that, 48 hours after

transfection, the SLP-2 protein levels decreased by approximately

65% in HELA cells (Figure 1A-C) and by approximately 60% in SIHA

cells (Figure 1a-c). Figure 1(D,E) shows the silencing effect of siSLP-

2#2 in HELA and SIHA cells after 24, 48, and 72 hours.

To increase the SLP-2 expression, HELA and SIHA cells were

infected with the adenovirus Ad-STOML2. The end of the Ad-SLP-2

vector plus amino acid sequences can increase its stability, so the

dual bands can be presented in Western blot analysis. As shown in

Figure 1(F,G,f,g), 48 hours after infection, the SLP-2 protein levels

increased approximately twofold in HELA cells, and approximately

threefold in SIHA cells. Figure 1(H,I,h,i) shows the overexpression

effect of SLP-2 in HELA and SIHA cells after 24, 48, and 72 hours.

Transfection with SLP-2 siRNA decreased the proliferative capac-

ity of HELA cells by 7% (Figure 2A) and of SIHA cells by 14%

F IGURE 4 Stomatin-like protein 2
(SLP-2) might suppress of the
mitochondrial apoptosis pathway by
activation of the MEK/ERK signaling
pathway. A, D, HELA cells (A) and SIHA
cells (D) transfected with SLP-2 siRNA and
infected with Ad-STOML2 virus were
treated with IC50 of cisplatin (20 and
15 lg/mL, respectively) for 24 h and total
protein was extracted to detect the
expression of phosphorylated (Phospho)-
MEK1/2, Phospho-ERK1/2, Bax, Bcl-2,
caspase-9, cleaved caspase-9, caspase-3,
cleaved caspase-3, PARP and cleaved-
PARP by Western blot analysis. a-Tubulin
was used as a loading control. B, C, E, F,
Graphs represent densitometry of the
results of three independent experiments
(mean � SEM). *P < .05; **P < .01;
***P < .001. siNC, non-targeting siRNA
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(Figure 2D) compared to cells transfected with scrambled siRNA. In

contrast, infection with Ad-STOML2 increased the proliferative

capacity of HELA cells by 8% (Figure 2A) and of SIHA cells by 5%

(Figure 2D), compared with cells infected with Ad-GFP.

For analysis of long-term clonogenic survival, clonogenic survival

assays were used. As shown in Figure 2, transfected or infected

HELA (Figure 2B,C) and SIHA (Figure 2E,F) cells showed noticeable

differences in viability compared to control groups; these results are

consistent with the MTT viability assay.

3.2 | Stomatin-like protein 2 inhibits apoptosis of
cervical cancer cells

We used the MTT assay to calculate the half inhibition concentra-

tion values of cisplatin in HELA and SIHA cells. As shown in Fig-

ure 3, the IC50 of cisplatin for HELA (A) and SIHA (a) cells was

approximately 20 and 15 lg/mL, respectively.

To confirm the apoptotic resistance effect of SLP-2, transfected

HELA or SIHA cells were treated with IC50 of cisplatin, and flow

cytometric analysis was carried out using annexin V and PI. We

found that annexin V+/PI� cells (early apoptosis) were more

frequently detected in siSLP-2 transfected cells than in control cells

(Figure 3B,C,b,c).

3.3 | Stomatin-like protein 2 is required for the
stability of mitochondrial calcium ions and MMP

Calcium ion is a ubiquitous intracellular signal responsible for numer-

ous cellular events, such as proliferation/growth, differentiation,

apoptosis, and cell survival. Calcium ion overload in the mitochondria

is one of the earliest intracellular events that occur following induc-

tion of apoptosis. After exposure of HELA and SIHA cells treated

with siSLP-2 to IC50 of cisplatin for 6 hours, the mitochondrial Ca2+

concentration in HELA cells was increased to 230% � 13% (Fig-

ure 3F) of the control value, and in SIHA cells to 192% � 18% (Fig-

ure 3f). The mitochondrial Ca2+ concentration in HELA cells treated

with Ad-STOML2 followed by IC50 of cisplatin for 6 hours decreased

to 47% � 9% (Figure 3F) of the control value, whereas in SIHA cells

it decreased to 42% � 9% (Figure 3f).

The loss of MMP is an early event in cell apoptosis and results

from the reduction of the electrochemical gradient of mitochondrial

membrane. To investigate whether the apoptotic resistance effect of

F IGURE 5 Stomatin-like protein 2
(SLP-2) can decrease expression of
cytochrome C (cyt-c) release from
mitochondria into cytosol in cervical cancer
cell lines. A, D, HELA cells (A) and SIHA
cells (D) transfected with SLP-2 siRNA and
infected with Ad-STOML2 virus were
treated with IC50 of cisplatin (20 and
15 lg/mL, respectively) for 8 h.
Mitochondrial and cytoplasmic proteins
were respectively extracted to detect the
expressions of cyt-C by Western blot
analysis. a-Tubulin was used as a loading
control of cytoplasmic proteins and
VDAC1 as a loading control of
mitochondrial proteins. B, C, E, F, Graphs
represents densitometry of the results of
three independent experiments
(mean � SEM). *P < .05; **P < .01;
***P < .001. SiNC, non-targeting siRNA
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SLP-2 in HELA and SIHA cells involves alterations of MMP, we used

a JC-1 probe to monitor the change of MMP by flow cytometry.

After exposure to IC50 of cisplatin for 6 hours, the MMP of HELA

and SIHA cells treated with siSLP-2 was significantly increased rela-

tive to that of control (3.8% vs 17.9% in Figure 3D,E; 3.2% vs 25.1%

in Figure 3d,e). These data suggest that mitochondrial dysfunction

might be involved in the process of IC50 of cisplatin-induced

apoptosis in HELA and SIHA cells because of the change of SLP-2

expression.

3.4 | Effect of SLP-2 on MEK/ERK signaling, and
on the mitochondrial apoptosis pathway

As calcium channels have a very important role in the activation of

RAF-MEK-ERK mitogen-activated protein kinase pathways, we

examined the effect of SLP-2 on the activities of p-MEK1/2 and

p-ERK1/2 kinases. We found that the levels of p-MEK1/2 and

p-ERK1/2 correlated with the levels of SLP-2 in HELA (Figure 4A,B)

and SIHA (Figure 4D,E) cells.

F IGURE 6 Changes in phosphorylated
(phospho-)MEK1/2 and phospho-ERK1/2
have little effect on stomatin-like protein 2
(SLP-2) in cisplatin-induced apoptosis in
cervical cancer cell lines. A, B, a, b, HELA
cells (A, B) and SIHA cells (a, b) were
treated with different concentrations of
U0126 (0, 2.5, 5, 10, or 15 lmol/L) for
24 h and expression of p-MEK1/2 and p-
ERK1/2 was detected by Western blot
analysis. C, D, c, d, HELA cells (C, D) and
SIHA cells (c, d) were treated with
15 lmol/L U0126 for 24 h and then
treated with IC50 cisplatin for 24 h and the
expression of p-MEK1/2, p-ERK1/2, and
SLP-2 was detected by Western blot
analysis. *P < .05
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F IGURE 7 High cisplatin concentrations can induce high expression of stomatin-like protein 2 (SLP-2) in HELA cells, resulting in the
suppression of the mitochondrial apoptosis pathway by activation of the MEK/ERK signaling pathway. A, HELA cells were treated with
different concentrations of cisplatin (0, 20, 40, 60, or 80 lg/mL) for 8 h, total RNA was extracted and real-time quantitative PCR analysis was
used to measure the mRNA expression of SLP-2. GAPDH was used as a loading control. B, C, HELA cells were treated with different
concentrations of cisplatin (0, 20, 40, 60, or 80 lg/mL) for 24 h and total protein was used to detect the expression of SLP-2 by Western blot
analysis. a-Tubulin was used as a loading control. D, d, HELA cells (D) and SIHA cells (d) were treated with different concentrations of cisplatin
(0, 10, 20, 30, or 40 and 0, 7.5, 15, 22.5, 30 lg/mL, respectively) for 24 h and total protein was used to detect the expression of SLP-2,
phosphorylated (P-)MEK1/2, P-ERK1/2, Bax, Bcl-2, caspase-9, cleaved caspase-9, caspase-3, cleaved caspase-3, PARP, and cleaved PARP by
Western blot analysis. a-Tubulin was used as a loading control. E, F, e, f, Real-time quantitative PCR and Western blot analyses were carried
out to measure the mRNA and protein expression of SLP-2. GAPDH and a-tubulin were used as loading controls. G, g, Graph represent
densitometry of the results of three independent experiments (mean � SEM). *P < .05; **P < .01; ***P < .001
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Bcl-2 and Bax are signaling proteins involved in the mitochon-

drial pathway of caspase 3-dependent apoptosis, which is associated

with the release of cytochrome C (cyt-C) from the mitochondrial

matrix to the cytoplasm. We found that HELA (Figure 4A,C) and

SIHA (Figure 4D,F) cells overexpressing SLP-2 had a decreased ratio

of Bax/Bcl-2, cleaved caspase-9/caspase 9, cleaved caspase-3/cas-

pase-3 and cleaved poly ADP-ribose polymerase (PARP)/PARP and

decreased levels of cyt-C released from mitochondria into cytosol

(Figure 5).

To analyze the role of MEK1/2, HELA and SIHA cells were trea-

ted for 24 hours with increasing concentrations of U0126, a highly

selective inhibitor of MEK1/2, and p-MEK1/2 and p-ERK1/2 levels

were analyzed by Western blotting. As shown in Figure 6(A,B,a,b),

MEK1/2 inhibition by U0126 decreased the levels of p-MEK1/2 and

p-ERK1/2. Next, we used 15 lmol/L U0126 to treat HELA cells and

SIHA cells for 24 hours, and then incubated the cells for 24 hours

with IC50 cisplatin, and analyzed the protein levels of p-MEK1/2,

p-ERK1/2, and SLP-2 by Western blotting. We found that changes

in p-MEK1/2 and p-ERK1/2 had little effect on SLP-2 levels in

cisplatin-induced apoptosis (Figure 6C,D,c,d).

3.5 | Effect of cisplatin on SLP-2, MEK/ERK
signaling, and mitochondrial apoptosis pathway

HELA cells were treated with increasing concentrations of cisplatin

(0, 19 IC50, 29 IC50, 39 IC50, and 49 IC50) for 8 or 24 hours, and

SLP-2 expression was analyzed by qRT-PCR and Western blotting.

As shown in Figure 7(A-C), cisplatin increased the SLP-2 expression

in HELA cells.

To further investigate the effect of SLP-2 on MEK/ERK signaling

and the mitochondrial apoptosis pathway, increasing cisplatin con-

centrations (0, 0.59 IC50, 19 IC50, 1.59 IC50, and 29 IC50) were

used to treat HELA and SIHA cells for 24 hours to measure protein

levels of SLP-2, p-MEK1/2, p-ERK1/2, Bax, Bcl-2, caspase 9, cleaved

caspase-9, caspase-3, cleaved caspase-3, PARP, and cleaved PARP.

Cisplatin at 19 IC50 concentration somewhat increased the SLP-2

mRNA and protein levels. The SLP-2 gene and protein expression

was further increased in HELA cells incubated with 29 IC50 of cis-

platin (Figure 7). Cisplatin at 29 IC50 concentration also increased

the protein levels of p-MEK1/2 and p-ERK1/2, and decreased the

ratio of Bax/Bcl-2, cleaved caspase-9/caspase-9, cleaved caspase-3/

caspase-3, and cleaved PARP/PARP compared to cells incubated

with 19 IC50 of cisplatin (Figure 7).

4 | DISCUSSION

Human stomatin, originally identified as a membrane protein in

human red blood cells, is associated with a variety of diseases,

such as kidney failure and anemia.16 Stomatin-like protein 2 shares

a similar signature sequence with stomatin, but does not contain

an NH2-terminal hydrophobic domain, which distinguishes it from

other members of the stomatin family.17 Stomatin-like protein 2 is

overexpressed in several undifferentiated human carcinomas,

including esophageal squamous cell carcinoma,4 gallbladder cancer,5

laryngeal squamous cell carcinoma,6 breast cancer,7,8 and gastric

cancer,9,10 in which overexpression of SLP-2 closely correlates

with cell differentiation and tumor invasion. High expression of

SLP-2 was also observed in cervical cancer,11 in which overexpres-

sion of SLP-2 correlates with tumor stage and size and overall

survival. However, the exact mechanisms of SLP-2 regulation in

cervical cancer are not fully understood. Regarding the biological

function of SLP-2, it has been reported that SLP-2 participates in

mitochondrial function in esophageal squamous cancer cells,

resulting in reduced tumor cell motility, proliferation, and ATP pro-

duction.13,18 Upregulated SLP-2 can increase the expression of

MMP-9, which are tightly involved in cancer development and pro-

gression.19-22 Suppression of SLP-2 inhibits the nuclear factor-jB

(NF-jB) activity and expression of nuclear factor-jB-dependent genes,

indicating that SLP-2 is involved in the modulation of apoptosis path-

way.23-25

Stomatin-like protein 2 is upregulated under conditions of

mitochondrial stress and interacts with prohibitins, chaperones in

respiratory chain complexes, in the mitochondrial inner

membrane.3 The protein is required for stress-induced mitochon-

drial hyperfusion.26 Upregulation of SLP-2 increases the mito-

chondrial membrane phospholipid cardiolipin, thus inducing

mitochondrial biogenesis.27 Moreover, SLP-2 deficiency is associ-

ated with impaired cardiolipin compartmentalization in mitochon-

drial membranes.28 It has also been shown that SLP-2 negatively

modulates mitochondrial sodium-calcium exchange.14 These data

indicate that SLP-2 plays a role in regulating mitochondrial mem-

brane stability and function. It is well known that Ca2+ is

involved in numerous fundamental cellular processes, such as

endocytosis and exocytosis, excitation, and fertilization, as well as

in the regulation of cell fate determination, that is, proliferation,

differentiation, or apoptosis.29 Cellular proliferation, differentia-

tion, and development in response to growth factors or mitogens

are mainly involved in the activation of ERK1/2, a member of

the MAPK family.30 Previous data have shown that the MEK/

ERK signaling pathway is sensitive to changes in intracellular

Ca2+ levels.31 Recent data revealed that SLP-2 modulates mito-

chondrial calcium extrusion, thereby altering the ability of mito-

chondria to buffer Ca2+ and to shape cytosolic Ca2+ signals.14

Clearly, further investigation is needed to elucidate the function

and regulation of SLP-2 in the pathogenesis of cervical cancer.

In this study, we found that SLP-2 suppression in HELA and

SIHA cells decreased cell viability, and increased cisplatin-induced

apoptosis, increased mitochondrial Ca2+ concentration and loss of

MMP, decreased p-MEK1/2 and p-ERK1/2 levels, increased cyt-C

release from mitochondria into cytosol, and upregulated the ratio of

Bax to Bcl-2, cleaved caspase-9 to caspase-9, cleaved caspase-3 to

caspase-3, and cleaved PARP to PARP. Upregulation of SLP-2 in cis-

platin-treated cells had the opposite effect. Changes of p-MEK1/2

and p-ERK1/2 had little effect on SLP-2 in cisplatin-induced apopto-

sis. Together, these data suggest that SLP-2 might affect MEK/ERK
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signaling through altering the ability of mitochondria to buffer Ca2+

and shape cytosolic Ca2+ signals,14 and that overexpression of SLP-2

inhibits the mitochondrial apoptosis pathway.

Wang et al13 reported that esophageal carcinoma cells showed

enhanced apoptotic responses to cisplatin, adriamycin, or camp-

tothecin in SLP-2-suppressed cells. We found that high cisplatin con-

centrations induce SLP-2 expression, which is in agreement with a

previous study that suggested an anti-apoptotic role of SLP-2 in cells

stressed with cycloheximide and UV irradiation.26 High cisplatin con-

centrations also increased the p-MEK1/2 and p-ERK1/2 levels, and

decreased the ratio of Bax/Bcl-2, cleaved caspase-9/caspase-9,

cleaved caspase-3/caspase-3, and cleaved PARP/PARP in cervical

cancer cells.

Together, our data show that SLP-2 is upregulated by high

cisplatin concentrations, leading to a series of changes in protein

turnover in human cervical cancer cells. Furthermore, our results

indicate for the first time that SLP-2 inhibits apoptosis by the

activation of the MEK/ERK signaling pathway, and by the

suppression of the mitochondrial apoptosis pathway in cervical

cancer cells.
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