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A B S T R A C T

Cervical cancer has poor prognosis and patients are often diagnosed at advanced stages of the disease with
limited treatment options. There is thus an urgent need for the discovery of new therapeutic strategies in cervical
cancer. The activation of SGK1 has been linked to the development of various cancer types but little is known
about the role of SGK1 in cervical cancer and its potential as a therapeutic target. Here we report that SGK1 is an
antioxidative factor that promotes survival of cervical cancer cells. Gene set enrichment analysis of RNA-Seq
data reveals a strong inverse association between SGK1 and oxidative phosphorylation. Consistently, inhibition
of SGK1 via siRNA or pharmacological inhibitor GSK650394 induces ROS and cytotoxicity upon H2O2 stress.
Further analysis of clinical data associates SGK1 with gene expression signatures regulated by the antioxidant
transcription factor NRF2 in cervical cancer. Mechanistically, SGK1 activation exerts antioxidant effect through
induction of c-JUN-dependent NRF2 expression and activity. Importantly, we find that inhibition of SGK1
confers vulnerability to melatonin as a pro-oxidant, resulting in ROS over-accumulation and consequently en-
hanced cell cytotoxicity. We further demonstrate that combined use of GSK650394 and melatonin yields sub-
stantial regression of cervical tumors in vivo. This work opens new perspectives on the potential of SGK1 in-
hibitors as sensitizing agents to enable the design of therapeutically redox-modulating strategies against cervical
cancer.

1. Introduction

Cervical cancer remains one of the most lethal gynecological ma-
lignancies worldwide. Late-stage or recurrent cervical cancers are
generally considered incurable, and treatment options are very limited
[1,2]. There is thus an urgent need to develop novel effective ther-
apeutic strategies for advanced cervical cancer.

Manipulating reactive oxygen species (ROS) levels by redox mod-
ulation to selectively kill cancer cells while sparing normal cells has
been a feasible and attractive approach to achieve therapeutic activity
[3,4]. Redox adaptation plays a crucial role in malignant

transformation, metastasis, and drug resistance. As an adaptive re-
sponse to intrinsic ROS stress, cancer cells have developed upregulated
antioxidant capacity to maintain redox homeostasis through activating
ROS-sensitive transcription factors such as NRF2 (NFE2L2), leading to
an elevated expression of antioxidant molecules [5–7]. NRF2 is a
master regulator of ROS homeostasis involved in the pathogenesis of a
variety of diseases [6,8–10]. Mounting evidence has suggested an on-
cogenic role of NRF2 and its association with chemotherapy resistance
in a variety of malignant tumors including cervical cancer
[5,6,8,11,12]. Notably, a recent study by proteomic analyses of secre-
tomes of cervical cancer cell lines indicated an association of impaired
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NRF2-mediated oxidative stress response with cervical carcinogenesis
[13]. Somatic activating mutations in the NRF2 gene have been found
in up to 7% of cervical cancers [14,15], indicating that aberrant NRF2-
mediated oxidative stress response may contribute to disease patho-
genesis. In addition, methylation of NRF2-negative regulator KEAP1
that confers constitutive NRF2 activity has also been found in cervical
cancer [11]. Considering the central role of NRF2 in maintaining redox
balance, uncovering molecular mechanisms underlying the regulation
of NRF2 activity is important for designing alternative treatment stra-
tegies for this disease.

Aberrant activation of the PI3K signaling pathway, mainly by
genomic alterations in the PIK3CA or PTEN genes, has been frequently
found in human cervical tumors [14–16], highlighting the therapeutic
potential of targeting individual members of the PI3K pathway in this
disease. The serum and glucocorticoid-induced kinase 1 (SGK1), a
major downstream effector of PI3K signaling, belongs to the AGC family
of serine/threonine kinases homologous to AKT [17,18]. High levels of
SGK1 expression were found to confer resistance to PI3K/AKT in-
hibitors [18,19]. In addition, growing evidence has indicated that SGK1
is a stress-induced survival factor and that SGK1 expression is promptly
induced under pathophysiological conditions such as growth factors,
glucocorticoid, cytokines, and various cellular stresses such as heat
shock, ultraviolet irradiation and oxidative stress. Meanwhile, SGK1 has
been shown to promote tumor cell survival, reduce the chemotherapy-
induced apoptosis, and confer drug resistance in multiple types of
human malignancies [17,19,20]. For example, SGK1 promotes cyto-
kine-stimulated growth of multiple myeloma [21], and androgen re-
ceptor-mediated growth of prostate cancer [22,23]. SGK1 induced by
glucocorticoid or H2O2 inhibits paclitaxel or doxorubicin-induced
apoptosis in breast cancer cells [24–26], and SGK1 also confers cisplatin
resistance in ovarian cancer cells [27]. It is worth noting that multiple
lines of evidence indicate that SGK1 promotes the growth and survival
of colorectal cancer both in vitro and in vivo [28–30]. Intriguingly,
however, increased expression of SGK1 has been recently shown to
promote colon cancer cell differentiation and restrain metastasis [31],
thus adding another layer of complexity to the understanding of SGK1's
actions in cancer. Thus far, a functional role of SGK1 in cervical cancer
has not been established.

In the current study, we sought to investigate the biological role of
SGK1 in cervical cancer and its potential as a therapeutic target. We
report that SGK1 is an anti-oxidative factor that promotes survival of
cervical cancer cells through modulating the c-JUN/NRF2 signaling
axis. Importantly, we demonstrate that inhibition of SGK1 confers
vulnerability to redox dysregulation, and that melatonin as a pro-oxi-
dant potentiates the cytotoxic effect of SGK1 inhibition in cervical
cancer both in vitro and in vivo.

2. Materials and methods

2.1. Cell culture and reagents

All cell lines used in this study were obtained from the American
Type Culture Collection (ATCC) in 2015. The cell lines were authenti-
cated through short tandem repeat analysis at the beginning of this
study. Cells were maintained in culture medium (CaSki in RPMI-1640
medium, ME180 in mcCoy's 5A (modified) medium, SiHa in MEM/EBSS
medium, HeLa and 293T cells in DMEM medium) supplemented with
10% fetal bovine serum (Biological Industries, Israel) and 100 units/ml
penicillin/streptomycin (Gibco, USA) in a humidified incubator at 5%
CO2 and 37 °C. Cells were tested periodically for mycoplasma con-
tamination. All cell culture media were purchased from Invitrogen
(USA). Melatonin was obtained from MedChemExpress (MCE, China)
and GSK650394 from Biochempartner (Shanghai, China). H2O2 and
GSH were obtained from Sigma (USA).

To construct pWzl-HA-SGK1, human full-length cDNA for SGK1 was
amplified and cloned into pWzl-blast (kindly provided by Dr. Jean Zhao

at Dana-Farber Cancer Institute, USA). The kinase-inactive mutant
SGK1 K127M and the constitutively active mutant SGK1 S422D were
generated using PCR based site-directed mutagenesis (TOYOBO, USA).
The sequences of plasmids were verified by sequencing.

2.2. siRNA transfection

Cells were seeded in 6-well plates and transfected with on-target or
non-target (siControl) siRNAs using Lipofectamine 2000 (Invitrogen,
USA) according to the manufacturer's instruction. Cells were harvested
at 72 h post transfection and subjected to further analyses. The siRNAs
were custom synthesized from GenePharma (Suzhou, China), and the
sequence information was listed as follows:

siSGK1#1-sense: 5′-GCCAAUAACUCCUAUGCAUTT-3′

siSGK1#1-anti-sense: 5′-AUGCAUAGGAGUUAUUGGCTT-3′

siSGK1#2-sense: 5′-CCGCCAGCUGACAGGACAUTT-3′

siSGK1#2-anti-sense: 5′-AUGUCCUGUCAGCUGGCGGTT-3′

sic-JUN-sense: 5′-GAAAGUCAUGAACCACGUUTT-3′

sic-JUN-anti-sense: 5′-AACGUGGUUCAUGACUUUCTT-3′

siJUNB-sense: 5′-CACCUCCCGUUUACACCAATT-3′

siJUNB-anti-sense: 5′-UUGGUGUAAACGGGAGGUGTT-3′

siNRF2-sense: 5′-GCUUUUGGCGCAGACAUUCTT-3′

siNRF2-anti-sense: 5′-GAAUGUCUGCGCCAAAAGCTG-3′

2.3. Long-term cell viability assay

Cells were plated on 96-well plates and treated with or without
drugs for days as indicated. The culture medium was replaced with
freshly prepared drug-containing medium every other day. The cells
were fixed and stained with 0.5% crystal violet solution, washed and
dried. Bound crystal violet was resolved by 50% acetic acid solution.
The optical absorbance (OD) of bound crystal violet was measured at
590 nm using the Multi-functional microplate reader Enspire230
(PerkinElmer, USA).

2.4. CCK8 assay

The CCK-8 assay (Dojindo Molecular Technologies, Japan) was
carried out according to the manufacturer's guidelines. The optical
density (OD) was measured at 450 nm by an xMark Microplate
Spectrophotometer (Bio-Rad, USA).

2.5. RNA sequencing analysis

RNA was isolated from siSGK1-transfected ME180 or siControl cells
using TRIzol Reagent (Invitrogen). RNA-Seq was performed by the
Novogene Corporation (Beijing, China). The sequencing libraries were
created using NEBNext® UltraTM RNA Library Prep Kit for Illumina®

(NEB, USA) according to the manufacturer's instructions. Gene set en-
richment analysis (GSEA) was performed to identify the molecular
pathways correlated to SGK1 knockdown in ME180 cells by the JAVA
program (http://software.broadinstitute.org/gsea/index.jsp) using
Molecular Signatures Database (MSigDB). 1000 permutations were
conducted, and gene sets with false discovery rate (FDR) ≤0.05 and
nominal p-values ≤0.01 were considered significantly enriched. The
RNA-seq dataset was deposited to the Gene Expression Omnibus (GEO)
with accession number GSE130449.
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2.6. Quantitative reverse transcription PCR (qRT-PCR)

Total RNA was isolated using TRIzol Reagent (Invitrogen, USA)
according to the manufacturer's instructions. For gene expression ana-
lysis, reverse transcription reaction was performed using the cDNA
synthesis kit (TaKaRa, Japan), and the gene expression levels were
analyzed by qRT-PCR using SYBR Select Master Mix (Applied
Biosystems, USA) in the Mx3005P Real-Time PCR system (Aglient,
USA). The relative expression levels of target genes were calculated
using the delta-delta-Ct (ΔΔCT) method (expressed as 2−ΔΔCT) and
normalized to ACTB as an endogenous control. Primers used for gene
expression are shown as follows:

NRF2: Fw 5′-CACATCCAGTCAGAAACCAGTGG-3′

Rv 5′-GGAATGTCTGCGCCAAAAGCTG-3′

AKR1C2: Fw 5′-TCTGCAACCAGGTGGAATGTCAT-3′

Rv 5′-CTGGGGTTCGCTTGTGCTTTT-3′

GPX2: Fw 5′-TTTGGACATCAGGAGAACTGTC-3′

Rv 5′-AGACAGGATGCTCGTTCTGC-3′

GPX4: Fw 5′-AAGATCCAACCCAAGGGCAA-3′

Rv 5′-GCAGCCGTTCTTGTCGATG-3′

TXN: Fw 5′-GATGTGGATGACTGTCAGGATG-3′

Rv 5′-TTCACCCACCTTTTGTCCCTT-3′

GLRX: Fw 5′-TTGGAGCTCTGCAGTAACCAC-3′

Rv 5′-CATCCACCAGAAGTGCTGTCA-3′

PRDX2: Fw 5′-GTCCAGGCCTTCCAGTACAC-3′

Rv 5′-TGTCATCCACGTTGGGCTTA-3′

c-JUN: Fw 5′-CCAAGAACTCGGACCTCCTC-3′

Rv 5′-CCCGTTGCTGGACTGGATTA-3′

JUNB: Fw 5′-ACCTCCCGTTTACACCAACC-3′

Rv 5′-TGTGGGAGGTAGCTGATGGT-3′

ACTB: Fw 5′-CATGTACGTTGCTATCCAGGC-3′

Rv 5′-CTCCTTAATGTCACGCACGAT-3′

2.7. Cellular ROS detection

Cellular ROS levels were measured using Reactive Oxygen Species
(ROS) Detection Reagents (ThermoFischer Scientific, C2938) according
to the manufacturer's protocol. Briefly, cells were seeded in 6-well
plates and cultured with or without drug treatments as indicated. Cells
were then harvested, stained with 5 μM ROS reagent (2′, 7′dichloro-
fluorescein diacetate, DCFH-DA) for 1 h at 37 °C, and analyzed on BD
FACSCanto™II (BD Biosciences, USA).

2.8. Western blot analysis

Cell lysates were prepared using RIPA buffer supplemented with
protease/phosphatase inhibitors (Roche, USA). Western blot experi-
ment was conducted as described previously [32]. The following pri-
mary antibodies were used: SGK1 (Cell signaling technology, CST
12103S, 1:1000), p-SGK1 (Abcam ab55281, 1:2000), cleaved PARP
(CST 9541S, 1:1000), c-JUN (CST 9165S, 1:1000), p-c-JUN (CST 3270S,
1:1000), JUNB (CST 3753S, 1:1000), p-GSK3α/β (CST 9331S, 1:1000),
GSK3β (CST 12456S, 1:1000), γH2AX (CST 2577S, 1:1000), NRF2
(Abcam ab62352, 1:1000), and Vinculin (Sigma Aldrich V9131,
1:10000). Western blots were imaged using Odyssey (LI-COR Bios-
ciences, USA).

2.9. Flow cytometric analysis

Apoptosis assay was performed by using the Annexin V/PI
Apoptosis Detection kit (Dojindo Molecular Techonologies, AD10,
Japan) according to the manufacturer's protocol. Briefly, cells were
seeded on 6-well plates and drug treated. Cells were then harvested,
washed with 1x staining buffer and stained with Annexin V/Propidium
Iodide solution in dark for 15min. Stained cells were analyzed on BD
FACSCanto™II (BD Biosciences, USA).

2.10. Three-dimensional spheroid assay

Three-dimensional (3D) sphere culture was performed as previously
described [33]. Briefly, cervical cancer cells were seeded on 96-well
plates coated with Matrigel (BD Biosciences, USA) plus 50% of medium
without serum. Cells were grown in culture medium supplemented with
2% FBS and 2% Matrigel with or without indicated drug treatments.
Medium was refreshed every 3 days. 3D structures were imaged by
inverted phase contrast microscope (Leica Microsystems, Germany) and
scored according to 3D structure integrity. Over 100 colonies were
scored for each group.

2.11. Histology and immunohistochemical staining

Tumors were fixed in formalin overnight before paraffin embed-
ding. Paraffin blocks were sectioned and stained with H&E. For histo-
logical analysis, sectioned paraffin blocks were stained with
Hematoxylin and Eosin (H&E). For immunohistochemical staining, the
following primary antibodies were used: γH2AX (CST 2577S, 1:800),
Ki67 (Abcam ab15580, 1:800), NRF2 (Proteintech 16396-1-AP, 1:300)
and p-SGK1 (Abcam ab55281, 1:2000). For each tumor sample, 3–5
random 40×fields were scored. Protein levels were quantified using
Image Pro Plus software.

2.12. Clinical data analysis

The data of TCGA_Cervical were downloaded from cervix uteri
(CESC) in The Cancer Genome Atlas data portal (https://portal.gdc.
cancer.gov/) [15], and Halle_ cervical cancer from GSE36562 (http://
www.ncbi.nlm.nih.gov/geo/) [34]. We use the genes in “SINGH_N-
FE2L2_TARGETS”, “NRF2_Q4” and “NFE2L2. V2” gene sets from

Fig. 1. SGK1 exhibits anti-oxidant activity in cervical cancer cells. (A) Long-term cell viability of siSGK1-transfected cervical cancer cells was measured by
crystal violet assay. (B) Analysis of RNA-Seq data reveals top ten KEGG pathways associated with SGK1 expression in ME180 cells. (C) GSEA of oxidative phos-
phorylation signature in siSGK1-transfected ME180 cells versus control cells. Normalized enrichment score (NES) and False discovery rate (FDR) q value of the
correlation are shown. (D) Flow cytometric analysis of ROS levels, as indicated by DCFH-DA fluorescence, in siSGK1-transfected cervical cancer cells treated with or
without 500 μMH2O2 for 1 h. Data are shown as means ± S.D. for three independent experiments. (E) Cell viability was measured by using CCK8 assay for cells
treated as in (D). (F) Flow cytometric analysis of ROS levels in ME180 cells treated with GSK650394 (5 μM) and/or GSH (1 mM) for 24 h. Data are shown as
means ± S.D. for three independent experiments. (G) Apoptosis levels as revealed by Annexin V/PI staining assays were determined in cells treated as in (F).
Quantification for three independent experiments is shown. (H) Western blot analysis of proteins in cells treated as in (F). Vinculin was used as a loading control. The
quantification of protein abundance is shown. n. s., not significant. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 (Student's t-test). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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molecular signatures database to serve as NRF2 signature [35]. For the
datasets TCGA and GSE36562, the NRF2 signature centroid was cal-
culated by determining the average expression values with respect to
the NRF2 signature genes and three outliers in TCGA dataset were
eliminated using interquartile range. The target genes were plotted
against the NRF2 signature centroid. The correlation values and the p-
values were determined using the Pearson's correlation or Spearman's
correlation based on whether the data follow bivariate normal dis-
tribution and are homoscedastic. The analysis of clinical data was
performed with GraphPad Prism 6.0 (GraphPad Software Inc, San
Diego, CA, USA). In the graphs, each dot represents an individual
sample.

2.13. In vivo mouse xenograft study

All the animal experiments were carried out in accordance with the
approval of the Animal Research Committee of Dalian Medical
University. Eight-week-old female nude mice (Beijing Vital River
Laboratory Animal Technology Co., Ltd, China) were maintained in a
pathogen-free environment. Approximately 7×106 ME180 cells mixed
with Matrigel (BD Biosciences) in a total volume of 0.1ml/ mouse were
inoculated into nude mice subcutaneously. Drug treatment started
when tumors reached an average volume of 100mm3. The mice were
randomly divided into four groups with roughly equal mean tumor
volume and administered with vehicle, GSK650394, melatonin, or the
combination daily for consecutive 28 days. The tumor volumes were
measured every other day with calipers and were calculated according
to the following formula: tumor volume= (length×width2)/2.

2.14. Statistical analysis

The unpaired two-sided t-tests and the one-way ANOVA with
Tukey's multiple-comparisons tests were performed using GraphPad
Prism software for analysis of the data obtained in vitro and in vivo,
respectively. P-value< 0.05 was considered as statistical significance.

3. Results

3.1. Inhibition of SGK1 results in elevated ROS levels in cervical cancer cells

To interrogate the biological role of SGK1 in cervical cancer, we
knocked down SGK1 in four cervical cancer cell lines, ME180, CaSki,
SiHa and HeLa, via siRNA (Supplementary Fig. 1A). The results re-
vealed that SGK1 knockdown via siRNA significantly attenuated the cell
growth as determined by long-term cell viability assays (Fig. 1A). To
understand the molecular consequences of SGK1 knockdown, we
compared the transcriptomes of SGK1-knockdown ME180 cells with the
control cells by RNA sequencing (RNA-Seq) and identified oxidative
phosphorylation as the most significantly enriched pathway (Fig. 1B).
Gene set enrichment analysis (GSEA) indicated that the oxidative
phosphorylation gene signature was negatively enriched in SGK1-
knockdown cells (Fig. 1C). These findings, for the first time, point to a
potential role of SGK1 in regulating redox homeostasis in cervical
cancer cells.

We then extended these findings to investigate the effect of SGK1

inhibition on ROS levels. The basal ROS levels were discernably higher
in SGK1-knockdown cervical cancer cells (Fig. 1D). Upon hydrogen
peroxide (H2O2)-stress, SGK1 knockdown resulted in significantly ele-
vated ROS levels compared with the control cells (Fig. 1D), and a
concomitant sensitization to H2O2-induced cell death (Fig. 1E). Con-
sistently, restoring SGK1 expression abolished SGK1 knockdown-in-
duced ROS and cytotoxicity in H2O2-stressed ME180 and CaSki cells
(Supplementary Fig. 1B-D). Together, these data suggest that SGK1 may
exhibit an anti-oxidant activity in cervical cancer.

Next, we tested the impact of GSK650394, a selective SGK1 in-
hibitor [23,30], on ROS homeostasis. In agreement with the effect of
siRNA-mediated SGK1 knockdown, GSK650394 also significantly re-
duced cell viability (Supplementary Fig. 2). Importantly, the sensitivity
to GSK650394 in ME180 cells was proportional to the augmented ROS
levels and correlated with an induction of apoptosis as well as oxidative
stress-induced DNA damage as indicated by γH2AX signals (Fig. 1F–H).
The ROS scavenger reduced glutathione (GSH) reversed the effects of
GSK653094 on ROS production, cytotoxicity and survival (Fig. 1F–H).
Collectively, these data suggest that SGK1 exhibits anti-ROS activity
necessary to promote the survival of cervical cancer cells.

3.2. SGK1 regulates NRF2 expression and activity in cervical cancer cells

To understand how SGK1 confers an antioxidative effect, we in-
vestigated whether SGK1 knockdown in ME180 cervical cancer cells is
accompanied by gene-expression changes associated with specific anti-
oxidant transcriptional factors. Strikingly, GSEA revealed a highly sig-
nificant association of SGK1 expression with the gene sets controlled by
human NRF2, a master anti-oxidant transcription factor (Fig. 2A). It is
worth noting that a strong and significant association between SGK1
expression and mouse Nrf2 gene signature was also observed (Fig. 2B)
[36], suggesting a conserved functional role of SGK1 in redox regula-
tion. Furthermore, knockdown of SGK1 resulted in significant reduction
in NRF2 mRNA and protein levels (Fig. 2C and D). Concordantly, the
mRNA levels of NRF2 transcriptional targets, including AKR1C2, GPX2,
GPX4, TXN, GLRX and PRDX2, were downregulated in SGK1-knock-
down ME180 cells compared with the control cells (Fig. 2E) [7]. Con-
sistently, SGK1 inhibitor GSK650394 treatment resulted in similar ef-
fects (Fig. 2F). These data pointed to a potential role of SGK1 in
regulation of NRF2 expression and activity in cervical cancer cells. In
support of these findings, analyses of TCGA_cervix uteri [15] and Halle
et al. [34] cervical cancer cohorts yielded a significant association be-
tween the expression of SGK1 and NRF2 (Fig. 2G). We further in-
vestigated whether SGK1 expression functionally correlates with NRF2-
driven transcription in these two cohorts. Indeed, we observed a
moderate but significant correlation between SGK1 expression and
NRF2-regulated gene expression signatures in both data sets (Fig. 2H).
These findings, together with the potential role of SGK1 as an anti-
oxidative factor (Fig. 1), prompted us to investigate whether SGK1
functionally regulates NRF2 expression.

We went on to investigate the functional importance of SGK1 kinase
activity on NRF2 expression. First, we stably expressed constitutively
activated (CA) mutant SGK1 S422D or kinase-dead (KD) mutant SGK1
K127M in ME180 cervical cancer cells (Fig. 3A and Supplementary
Fig. 3) [37]. Phosphorylation of GSK3β, a known substrate of SGK1

Fig. 2. SGK1 expression correlates with NRF2 gene signatures in cervical cancer cells. (A–B) Gene set enrichment analysis of NRF2 gene signatures in siSGK1#1
transfected ME180 cells versus control cells. NES and FDR q values of the correlation are shown. (C) Quantitative RT-PCR analysis of NRF2 mRNA levels in siSGK1#1
transfected ME180 or control cells. ACTB was used as an endogenous control. Mean ± S.D. for three independent experiments are shown. *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001 (Student's t-test). (D) Western blot analysis of NRF2 protein levels in cells as in (C). Vinculin was used as a loading control. The quantification of protein
abundance is shown. (E) Quantitative RT-PCR analysis of the mRNA levels of NRF2 transcriptional targets in siSGK1#1-transfected ME180 or control cells. (F)
Quantitative RT-PCR analysis of the mRNA levels of NRF2 and its transcriptional targets in ME180 cells treated with GSK650394 or vehicle. GSK650394, 2.5 μM,
48 h. (G) The gene expression levels of SGK1 and NFE2L2 (NRF2) were measured in the TCGA [15] and GSE36562 [34] datasets. The gene expression is reported as
log2 values and plotted as NFE2L2 gene expression over SGK1 gene expression. Each dot represents an individual sample of human cervical carcinoma (n=309 for
TCGA_cervical cancer; n= 135 for Halle_cervical cancer). (H) SGK1 gene expression is plotted against the NRF2 signature for TCGA and GSE36562 datasets.
Correlation values and P values were determined as indicated.
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Fig. 3. SGK1 regulates NRF2 expression and activity in cervical cancer cells. (A) Western blot analysis of proteins as indicated in ME180 cells with ectopic
overexpression of SGK1 S422D or K127M. Vinculin was used as a loading control. The quantification of protein abundance is shown. (B) Western blot analysis of
proteins as indicated in siNRF2-transfected ME180 cells with ectopic overexpression of SGK1 S422D or K127M. Vinculin was used as a loading control. The
quantification of protein abundance is shown. (C–D) Quantitative RT-PCR analysis of the mRNA levels of NRF2 and its transcriptional targets in cells as in (B). ACTB
was used as an endogenous control. Mean ± S.D. for three independent experiments are shown. n. s., not significant. **p ≤ 0.01, ***p ≤ 0.001 (Student's t-test).
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[38], is significantly elevated in SGK1 kinase active (S422D) cells but
diminished in SGK1 kinase dead (K127M) cells (Fig. 3A), indicating
that the SGK1 kinase activity is functional in S422D but absent in
K127M cells. While constitutive activation of SGK1 by ectopic over-
expression of SGK1 S422D significantly induced the expression of NRF2
as well as its transcriptional target genes (AKR1C2, GPX2, GPX4, TXN,
GLRX and PRDX2), inactivation of the SGK1 kinase by SGK1 K171M
had little effect (Fig. 3B–D). Furthermore, siRNA-mediated NRF2 si-
lencing downregulated the expression of NRF2 transcriptional targets in
SGK1 kinase active (S422D) ME180 cells but not in those SGK1 kinase
dead cells (Fig. 3C and D). These results indicate that SGK1 may con-
tribute to the induction of NRF2 expression and activity.

3.3. SGK1 exhibits anti-oxidant activity through modulating the c-JUN/
NRF2 signaling axis in cervical cancer cells

We sought to further understand the molecular mechanism by
which SGK1 regulates NRF2 expression. It has been reported that SGK1
regulates the stability of JUNB [39,40], a member of the family that
also includes c-JUN and JUND [41]. Meanwhile, c-JUN has been de-
monstrated to bind to the promoter of NRF2 and regulate its expression
[36]. We therefore considered the possibility that SGK1 may induce
NRF2 expression in a c-JUN or JUNB-dependent manner. While
knockdown of SGK1 reduced the levels of c-JUN and JUNB proteins in
ME180 cells (Fig. 4A), it does not affect their mRNA levels
(Supplementary Fig. 4A), suggesting that SGK1 may regulate the sta-
bility of c-JUN or JUNB proteins. Furthermore, we found that the
protein abundance of c-JUN or JUNB is restored in SGK1 knockdown
cells in the presence of MG132, a proteasome inhibitor (Fig. 4A), sug-
gesting that SGK1 may negatively regulate the degradation of c-JUN or
JUNB. Importantly, knockdown of c-JUN, and to a much lesser extent
knockdown of JUNB, significantly reduced the viability of the SGK1
S422D cells (Fig. 4B and C, Supplementary Fig. 4B). In contrast, c-JUN
or JUNB knockdown had little impact on the viability of the SGK1 ki-
nase dead (K127M) ME180 cells. Interestingly, knockdown of c-JUN,
but not JUNB, resulted in reduced NRF2 expression, and consequently
increased ROS levels and apoptosis in the SGK1 kinase active (S422D)
cells (Fig. 4D–F). In contrast, similar effects were not seen in the SGK1
kinase dead cells. In addition, inactivation of SGK1 by GSK650394 also
led to reduced abundance of NRF2 and c-JUN proteins (Fig. 4G). To-
gether, these data indicate that SGK1 promotes the growth and survival
of cervical cancer cells through upregulating the c-JUN/NRF2 signaling
axis.

3.4. SGK1 inhibition combined with melatonin promotes ROS accumulation
and cell cytotoxicity

Considering that SGK1 activation may upregulate the antioxidant
capacity through NRF2 induction, we wondered whether this would
allow cervical cancer cells to survive under higher oxidative stress. To
test this, we selected melatonin as a ROS-inducer for its pro-oxidant
activity as previously reported [42–44]. We first confirmed that mela-
tonin induced ROS levels at mM range in cervical cancer cells
(Supplementary Fig. 5A). Furthermore, we showed that while

melatonin-induced ROS generation provoked a cytotoxic effect in
ME180 cervical cancer cells, ectopic overexpression of the con-
stitutively activated SGK1 mutant (S422D) significantly alleviated this
effect (Supplementary Fig. 5B). These results therefore suggest SGK1 as
an anti-oxidative factor that promotes the survival of cervical cancer
cells under oxidative stress.

We next investigated whether inhibition of SGK1-mediated ROS
elevation could be exploited as a vulnerability to melatonin-induced
ROS insults. While SGK1 inhibitor GSK650394 augmented ROS levels,
its combined use with melatonin resulted in a further ROS accumula-
tion and a concomitant cytotoxicity (Fig. 5A and B). The response to the
combination treatment was correlated with an inhibition of SGK1 sig-
naling and an increase of DNA damage as evidenced by reduced
phosphorylated SGK1 and increased γH2AX levels, respectively
(Fig. 5C). Concordantly, combined use of GSK650394 and melatonin
induced strong apoptosis as evidenced by cleaved PARP signal and
Annexin V staining (Fig. 5C and D).

We also examined the responses of cervical cancer cells to
GSK650394 and/or melatonin in 3D Matrigel cultures, a condition that
mimics the natural microenvironment [45]. Combined treatment with
GSK650394 and melatonin but not either single-treatment alone in-
duced massive disintegration of the spheroids in all four cervical cancer
cell lines (Fig. 5E). In addition, similar to the synergistic effect of
melatonin with GSK650394, co-treatment with siRNA-mediated SGK1
inhibition resulted in significantly increased ROS levels, enhanced cell
cytotoxicity and apoptotic cell death in ME180 and HeLa cervical
cancer cells (Supplementary Fig. 6A-D). In line with the functional link
between SGK1 and NRF2, combining siRNA-mediated NRF2 silencing
and melatonin also yielded synergistic cytotoxicity in ME180 and CaSki
cells (Supplementary Fig. 6E and F). Together, these data suggest that
concomitant use of SGK1 inhibitor and melatonin as a pro-oxidant is
effective in the treatment of cervical cancer cells.

3.5. The combination of GSK650394 and melatonin exhibits strong anti-
tumor activity in vivo

To validate our in vitro findings, we next investigated whether
melatonin potentiates the therapeutic effect of SGK1 inhibition on
cervical cancer in vivo. While SGK1 inhibitor GSK650394 or melatonin
alone slowed down the growth of ME180 human cervical tumor xeno-
grafts, the combination treatment resulted in dramatic tumor regression
in all cases and even complete tumor remission in 33% (5/15) cases
(Fig. 6A and B and Supplementary Fig. 7A and B). Tumors treated with
GSK650394 alone or in combination with melatonin displayed sig-
nificantly reduced phosphorylated SGK1 signals (Fig. 6C and
Supplementary Fig. 7C), validating the target inhibition by SGK1 in-
hibitor. In addition, SGK1 inhibition by GSK650394 as single-agent,
and to a more significant extent in combination with melatonin,
strongly reduced the abundance of NRF2 protein (Fig. 6C). In line with
the synergistic therapeutic effect, the combination treatment led to
marked reduction of proliferation and induction of apoptosis as evi-
denced by Ki67 staining and cleaved PARP signals in tumors, respec-
tively (Fig. 6C and D). Notably, mice treated with GSK650394 and
melatonin in combination did not yield overt toxic effects, and mouse

Fig. 4. SGK1 upregulates NRF2 expression in a c-JUN-dependent manner. (A) Western blot analysis of SGK1, c-JUN and JUNB proteins in siSGK1-transfected
ME180 cells treated with or without MG132. Vinculin was used as a loading control. The quantification of protein abundance is shown. MG132, 10 μM, 6 h. (B)
Western blot analysis of proteins as indicated in sic-JUN or siJUNB transfected ME180 cells with ectopic overexpression of SGK1 S422D or K127M. Vinculin was used
as a loading control. (C) Long-term cell viability was measured by crystal violet assay for cells as in (B). (D) Quantitative RT-PCR analysis of NRF2 mRNA levels in
cells as in (B). ACTB was used as an endogenous control. Mean ± S.D. for three independent experiments are shown. (E) Western blot analysis of NRF2 and cleaved
PARP in cells as in (B). Vinculin was used as a loading control. The quantification of protein abundance is shown. (F) Flow cytometric analysis of ROS levels in cells as
in (B). (G) Western blot analysis of c-JUN and NRF2 proteins in cervical cancer cells treated with or without GSK650394. Vinculin was used as a loading control. The
quantification of protein abundance is shown. n. s., not significant. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 (Student's t-test). . (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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body weights were not significantly affected throughout the course of
treatment (Supplementary Fig. 7D). In conclusion, our data demon-
strate that combining SGK1 inhibitor and melatonin is effective in the
treatment of cervical tumors through redox-modulating mechanism.

4. Discussion

Here we demonstrate that SGK1 is an antioxidative factor that
promotes survival of cervical cancer cells and that inhibition of SGK1
confers vulnerability to redox dysregulation. Our study reveals a me-
chanistic basis by which SGK1 up-regulates antioxidant capacity to
prevent elevation of ROS levels from exceeding the lethal threshold. We
show that SGK1 activation induces the expression of NRF2 in a c-JUN-
dependent manner. Combination of SGK1 inhibition and the pro-oxi-
dant action of melatonin promotes ROS over-accumulation and enhance
cervical cancer cell cytotoxicity.

SGK1 has long been known as a survival factor in response to var-
ious types of cellular stress stimuli including oxidative stress [46]. Lack
of Sgk1 activity in mouse decidualizing cells enhances susceptibility to
oxidative stress-induced apoptosis [47]. SGK1 protects endothelial cells
against oxidative stress and apoptosis induced by hyperglycaemia [48].
While several studies have suggested the effects of SGK kinases, espe-
cially SGK1, on redox homeostasis in pathological settings [17,20],
prior data linking SGK1-mediated redox modulation to the develop-
ment of cancer is sparse [24]. In the current study, we investigated the
molecular mechanism underlying the cytotoxic effect of SGK1 knock-
down on cervical cancer cells. Indeed, our GSEA analysis of RNA-Seq
data followed by functional assays in cervical cancer cell lines un-
covered an antioxidative role of SGK1 through modulation of NRF2
expression. In strong support of our findings, analyses of gene expres-
sion datasets from human cervical cancer cohorts revealed significant
association between the expression of SGK1 and NRF2 as well as the
transcriptional signature involving NRF2. These data corroborated our
findings that SGK1 engages redox homeostasis through induction of
NRF2 expression and activity.

NRF2 is one of the master regulators of cellular antioxidant response
and ROS homeostasis [6,8,49]. NRF2 activation may arise from di-
minished NRF2 turnover tightly regulated by its negative regulator
KEAP1 [36,50]. Recent TCGA analysis reveals that NRF2 is recurrently
mutated in up to 7% of human cervical cancers [14,15]. Interestingly,
majority of the mutations are localized in the domain of NRF2 protein
critical for the interaction with KEAP1, suggesting the involvement of
aberrant activation of NRF2 signaling in disease pathogenesis and
therefore a therapeutic opportunity. Alternatively, NRF2 activation
may also arise from increased NRF2 transcription [36,51]. The c-JUN
transcription factor binds to a specific promoter sequence in the NRF2
gene and transcriptionally regulates NRF2 expression [36,52]. Mean-
while, SGK1 has been shown to promote the differentiation of TH1 and
TH2 differentiation through enhancing the stability of JUNB protein
[40], another member of the JUN transcription factor family [41].
Given these previous findings, we considered the possibility that SGK1
induces NRF2 expression via JUN transcription factors. Indeed, we
found that SGK1-activated cervical cancer cells are dependent on c-JUN
but not on JUNB, and that knockdown of c-JUN abrogates the induction
of NRF2 mRNA expression caused by SGK1 activation. Our work sug-
gests the SGK1/c-JUN axis as a novel mechanism to elevate NRF2

expression and activity in cervical cancer cells (Fig. 7).
Melatonin, a powerful scavenger for free radicals, has been shown

to display antiproliferative effects through inducing an antioxidant
environment [42]. However, increasing evidence has pointed to the
pro-oxidant activity of melatonin in association with its cytotoxic ef-
fects on several types of cancer [42,43,53]. In agreement with these
studies, we find that melatonin, when present at mM ranges, promotes
ROS production and induces cytotoxicity in cervical cancer cells.
Moreover, we show that activation of the antioxidative factor SGK1
alleviates the cytotoxic effect of melatonin. Indeed, several lines of
evidence have reported the potentiating effects of melatonin on che-
motherapy-induced cytotoxicity in tumor cells [42]. For example,
melatonin has been shown to enhance the sensitivity of HeLa cervical
cancer cells to cisplatin in vitro due to ROS overproduction [54]. In the
current study, we demonstrate that melatonin potentiates the cytotoxic
effects of SGK1 inhibition in cervical cancer cells both in vitro and in
vivo, most likely through a redox-modulating mechanism. It is worth
noting that our study does not exclude the possibility that mechanisms
other than ROS over-accumulation may account for the superior ther-
apeutic effect induced by melatonin and SGK1 inhibitor. Instead, our
study provides new insights into the utility of melatonin as a powerful
synergistic agent in the treatment of cervical cancer.

5. Conclusion

Our study highlights the role of SGK1 in promoting cervical cancer
cell survival by an anti-ROS mechanism. Specifically, SGK1 induces
NRF2 expression and antioxidant activation in a c-JUN-dependent
manner. Combining SGK1 inhibition and melatonin as a pro-oxidant
results in ROS overproduction and enhances cytotoxicity in cervical
cancer cells. Targeting the antioxidant SGK1-c-JUN-NRF2 axis may
therefore represent an effective and promising therapeutic strategy
against cervical cancer.
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GSK650394 and/or 1 mM melatonin; SiHa and HeLa cells were treated with 5 μM GSK650394 and/or 2 mM melatonin. (B) Long-term cell viability was measured by
crystal violet assay for cells treated as in (A). (C) Western blot analysis of proteins in cells treated as in (A). Vinculin was used as a loading control. The quantification
of protein abundance is shown. (D) Apoptosis levels in cells as in (A) were determined by Annexin V/PI staining assays. Quantification for three independent
experiments is shown. (E) Cervical cancer cell lines were cultured in 3D Matrigel and treated with GSK650394 and melatonin, either alone or in combination.
Representative images and Quantification of scored structures (intact, semi-disintegrated and disintegrated) are shown. Scale bars, 50 μm. n. s., not significant.
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 (Student's t-test). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
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Fig. 7. Proposed model of the antioxidant axis SGK1-c-JUN-NRF2 in cer-
vical cancer. SGK1 is an anti-oxidative factor that regulates survival of cervical
cancer cells. Mechanistically, SGK1 induces the expression of redox-sensitive
transcription factor NRF2 in a c-JUN dependent manner, which leads to the
increased transcriptional expression of antioxidant genes that contain AREs.
Inhibition of SGK1 can be exploited as a cancer vulnerability to redox dysre-
gulation. Combinations of SGK1 inhibitors and ROS-generating agents, such as
melatonin for its pro-oxidant action, could be a potent therapeutic strategy to
promote ROS accumulation over the cell-death threshold and selectively kill
cervical cancer cells. AREs, Antioxidant Response Elements.
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