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Serum and glucocorticoid-induced protein kinase 1 (SGK1) is a member of the “AGC”
subfamily of protein kinases, which shares structural and functional similarities with the
AKT family of kinases and displays serine/threonine kinase activity. Aberrant expression of
SGK1 has profound cellular consequences and is closely correlated with human cancer.
SGK1 is considered a canonical factor affecting the expression and signal transduction of
multiple genes involved in the genesis and development of many human cancers.
Abnormal expression of SGK1 has been found in tissue and may hopefully become a
useful indicator of cancer progression. In addition, SGK1 acts as a prognostic factor for
cancer patient survival. This review systematically summarizes and discusses the role of
SGK1 as a diagnostic and prognostic biomarker of diverse cancer types; focuses on its
essential roles and functions in tumorigenesis, cancer cell proliferation, apoptosis,
invasion, metastasis, autophagy, metabolism, and therapy resistance and in the tumor
microenvironment; and finally summarizes the current understanding of the regulatory
mechanisms of SGK1 at the molecular level. Taken together, this evidence highlights the
crucial role of SGK1 in tumorigenesis and cancer progression, revealing why it has
emerged as a potential target for cancer therapy.

Keywords: serum and glucocorticoid-induced protein kinase 1, autophagy, metabolism, tumor microenvironment,
therapeutic resistance
INTRODUCTION

Serum and glucocorticoid-induced protein kinase 1 (SGK1) was initially cloned as an immediate
early gene transcriptionally activated by serum and glucocorticoids in rat mammary tumor cells (1,
2). In humans, SGK1 has been found to be expressed in nearly all tissues tested (3); however, its
transcript levels vary profoundly among different cell types and tissues (4). In addition, the
subcellular localization of SGK1 may depend on the functional state of the cell (5). Ion channels
(e.g., ENaC and KCNE1/KCNQ1), carriers (such as NCC and NHE3), Na(+)/K(+)-ATPase,
enzymes (including GSK3), and transcription factors or regulators (including forkhead box O 3a
(FOXO3a), NF-kappaB, b-catenin and p27) are extensively regulated by SGK1 (6). Thus, SGK1
impacts a wide variety of physiological functions (7) and plays an active role in the pathophysiology
of several disorders, including hypertension (8), diabetes (9), inflammation (10), autoimmune
disease (11), and tumor growth (12).
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SGK1 belongs to the “AGC” subfamily of protein kinases,
containing 60 members, including PKA, PKG, and PKC, which
all share a conserved catalytic kinase domain (13). And SGK1
shares approximately 54% identity of its catalytic domain with
protein kinase B (PKB, also called Akt) (13). Structurally, SGK
kinases, as most AGC kinases, consist of three domains: an N-
terminal variable region, a catalytic domain, and the C-terminal
tail (13). SGK1 is identified and characterized as a tumor-
promoting gene, and SGK1 dysregulation has been observed in
several types of malignancies, including breast cancer (14),
gastric cancer (15), lung cancer (16, 17), and prostate cancer
(18). It has essential roles and functions in almost all aspects of
tumor occurrence, and progression, including tumorigenesis;
cancer cell proliferation, apoptosis, invasion, metastasis, and
autophagy; and the response to anti-tumor treatment (4, 6,
12). Due to the multiple functions of SGK1 in human cancer,
the downstream target genes and relevant signaling pathways
regulated by SGK1 interweave into a huge signaling network.

In recent years, as one of the laboratories studying the role
and function of SGK1 in human cancer, we identified SGK1 as a
crucial key molecule involved in prostate cancer (PCa)
progression through regulation of cell apoptosis, cell cycle,
invasion/migration, and autophagy (19, 20). The role of SGK1
in human cancer has been explored in numerous clinical,
translational, and basic studies (6, 11, 12). An increasing
amount of scientific evidence has confirmed the therapeutic
potential of SGK1 in human cancer (11), and a critical review
is necessary. In this review, we focus on the diagnostic and
prognostic value of SGK1 in human cancer, which has not yet
been critically reviewed elsewhere. Furthermore, to further
clarify the roles and mechanisms of SGK1 in cancer, we
Abbreviations: ACTH, adrenocorticotropic hormone; Arg1, arginase 1; Akt,
protein kinase B; APC, adenomatous polyposis coli; AR, androgen receptor;
ATP, adenosine triphosphate; BPH, benign prostatic hyperplasia; CDKN1B/p27,
cyclin-dependent kinase inhibitor 1B; CNAs, copy number alterations; CRC,
colorectal cancer; CSC, cancer stem cell; DC, dendritic cell; DFS, disease-free
survival; DOX, doxorubicin; EOC, epithelial ovarian cancer; ER, estrogen receptor;
ERa, estrogen receptor a; EC, endometrial cancer; ECM, extracellular matrix; FA,
fatty acid; FoxO, forkhead box O; FOXP2, forehead box protein P2; FVPTC,
follicular variant of papillary thyroid carcinoma; GINS1, GINS complex subunit 1;
GLI1, GLI family zinc finger 1; GR, glucocorticoid receptor; GSK3b, glycogen
synthase kinase-3 beta; GNAI2, G protein alpha inhibiting activity polytide 2;
H3K4, lysine 4 on histone H3; HCC, hepatocellular carcinoma; HIPK2,
homeodomain-interacting protein kinases 2; H. pylori, Helicobacter pylori; IL-2,
interleukin-2; JAK, Janus kinase; KMT2D, lysine (K)-specific methyltransferase
2D; LP, lymphocyte predominant; miRNA, smicroRNAs; MM, multiple myeloma;
MMPs, matrix metalloproteinase; MTA1, metastasis-associated 1; mTOR,
mammalian target of rapamycin; NDRG1, N-myc down-regulated gene 1;
NSCLC, non-small cell lung cancer; OS, overall survival; OSCC, oral
squamous cell carcinoma; PARP, poly (ADP-ribose) polymerase; PCa, prostate
cancer; PDK1, 3-phosphoinositide dependent kinase-1; PIN1, peptidylprolyl
cis/trans isomerase, NIMA-interacting 1; PI3K, phosphoinosit ide
3-kinase; PKP3, plakophilin 3; PR, progesterone receptor; PRAD1,
parathyroidadenomatosisgene-1; PTC, papillary thyroid carcinoma; PTEN,
phosphatase and tensin homology deleted on chromosome ten; TAM, tumor-
associated macrophage; TCF, T cell factor; TCGA, The Cancer Genome Atlas; TH,
T helper; TIMP3, tissue inhibitor of metalloproteinases 3; TNF-a, tumor necrosis
factor-a; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; Treg,
regulatory T cells; TSC2, tuberous sclerosis 2; XIST, X-inactive specific transcript;
YAP, Yes-associated protein; 3’-UTR, 3’-untranslated region; 5-FU, 5-fluorouracil.
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systematically discuss whether SGK1 is an oncogene or a
cancer suppressor by backtracking and summarizing the
studies covering cells, cancer tissues and biofluids. We further
summarize and discuss these findings and the implications for
molecular research.
CLINICAL VALUE OF SGK1 IN CANCER

A growing number of investigations suggest that SGK1 is a
potential predictor of tumor type, tumor grade and lymph node
metastasis in multiple human cancer types (21). Moreover, SGK1
serves as a prognostic factor for the survival of cancer patients
(16, 21, 22).

SGK1 Expression in Cancer
The expression pattern of SGK1 has been extensively
investigated and compared in nontumor and tumor human
tissues (Table 1). In most tumor types, the expression of SGK1
is dysregulated, although SGK1 upregulation or downregulation
has been differentially observed, subject to the particular tumor
type. In solid tumors, SGK1 is often upregulated in most of the
cancer, such as adrenocortical adenomas (26), breast cancer (14),
endometrial cancer (30), gastric cancer (GC) (15), lung cancer
(16, 17, 31), medulloblastoma (32), oral squamous cell
carcinoma (OSCC) (33), ovarian cancer (34), prostate
carcinoma (20, 35), renal clear cell carcinoma (32), and
rhabdomyosarcoma (36). Although the exact reason why SGK1
expression in cancer in the intestinal system is downregulated
remains unclear (24, 25), it has been postulated to most likely be
due to transcriptional repressors acting on the SGK1 promoter
(37). What these repressors are and how they are controlled
remains unclear (37). Recently, Chen et al. (29) reported that
carcinomatous SGK1 expression in human colorectal cancer
(CRC) was notably elevated compared with that in nontumor
controls according to immunohistochemical assays, which was
inconsistent with previous observations (24, 25).

Decreased SGK1 expression was also observed in adrenocortical
carcinoma (23), which is associated with adrenocorticotropic
hormone (ACTH)-independent glucocorticoid secretion (23). In
contrast, tumors originating from medullary and lymphatic
systems often demonstrate overexpression of SGK1 (27, 38).
SGK1 is often upregulated in both acute and chronic
myelogenous leukemia, such as in myeloma (39), B-cell
lymphoma (27, 28), and Hodgkin lymphoma (38), and has been
demonstrated to be significantly correlated with enhancer-
associated rearrangements and highly recurrent mutations of the
SGK1 gene (27, 28, 38).

Clinical Significance of SGK1 Tissue
Expression in Cancer
As stated above, aberrant expression of SGK1 is closely related
to the clinical characteristics of human cancer. Moreover,
SGK1 expression was suggested to indicate a later clinical
stage, as well as the extent of metastasis. For instance, a high
copy number of the SGK1 gene was positively correlated with
January 2021 | Volume 10 | Article 608722
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short-interval recurrence and metastasis in high-grade Müllerian
adenosarcoma (40). SGK1 mRNA expression was significantly
higher in nonsmall cell lung cancer and was correlated with
several clinical features, being elevated in high-grade tumors and
in tumors with a larger size and worse clinical stage (31);
however, no correlation was found between SGK1 protein
expression and these clinical parameters (31). Naruse et al.
(33) found that increased SGK1 expression in oral squamous
cell carcinoma tissue was significantly associated with tumor
stage and pattern of invasion (P<0.05 and P<0.01, respectively).
In addition, higher SGK1 expression was observed in 1090 tumor
samples of invasive breast cancer from The Cancer Genome
Atlas (TCGA) (41). Further study indicated that SGK1 was
essential for osteoclastogenesis and dramatically correlated
with breast cancer bone metastasis (42). In contrast, Lee et al.
(43) demonstrated that SGK1 was upregulated in response to,
and an important controller of intestinal cell differentiation.
Reexpression of SGK1 in colorectal cancer cell lines resulted in
differentiation, decreased migration rates, and inhibition of
metastasis (43). In addition, Szmulewitz et al. (18) found that
SGK1 expression was high in most untreated prostate cancers
and declines with androgen deprivation. However, their data
further suggested that relatively low expression of SGK1 is
associated with higher tumor grade and increased cancer
recurrence (adjusted log-rank test P = 0.077) and is a potential
indicator of aberrant AR signaling in these tumors (18). These
evidence suggests the significance of SGK1 in terms of its
correlation with cancer staging, differentiation, and metastasis.
Moreover, these studies indicated that SGK1 expression varies
greatly in different type of cancers, and is tumor- and cellular
context-dependent.

The Prognostic Value of SGK1 in Cancer
SGK1 not only has great potential in indicating the clinical
features of human cancer but also plays an important role in
predicting the progression and prognosis of cancer patients.
Abbruzzese et al. (31) showed that SGK1 upregulation in tissue
Frontiers in Oncology | www.frontiersin.org 3
predicted cancer progression and a worse prognosis in nonsmall
cell lung cancer (NSCLC) patients. Consistent with this report,
Tang et al. (16) demonstrated that high SGK1 expression had
strong prognostic value for reduced overall survival (OS) in
NSCLC patients. In esophageal squamous cell carcinoma
patients, both OS and disease-free survival (DFS) were
significantly shorter in the SGK1-high group than in the low
group (OS: P = 0.0055; DFS: P = 0.0240) (44). In gastric cancer
patients, serum Lnc-SGK1 expression in combination with H.
pylori infection was significantly associated with poor prognosis
and could be an ideal diagnostic index in human GC (15).
Conversely, fewer tumor copy number segments of the SGK1
gene were found to be markedly associated with poor survival in
glioblastoma multiforme patients (22). Moreover, increased
median overall survival associated with increased SGK1 copy
number segments may be a reflection of better tumor
oxygenation (22). A similar observation was made in
adrenocortical carcinoma patients, Ronchi et al. (23) showed
that low SGK1 protein levels were associated with poor overall
survival in patients with adrenocortical carcinoma (P < 0.005;
hazard ratio = 2.0; 95% confidence interval = 1.24–3.24),
independent of tumor stage and glucocorticoid secretion. In
prostate cancer patients, Szmulewitz et al. (18) found that
high-grade cancers were nearly twice as likely to have relatively
low SGK1 staining compared to low-grade cancers (13.8% vs.
26.5%, P = 0.08). In addition, low SGK1 expression in untreated
tumors was associated with an increased risk of cancer
recurrence (adjusted log-rank test P = 0.077), with 5-year
progression-free survival of 47.8% versus 72.6% (P = 0.034)
(18). Therefore, SGK1 seems to be an indicator of a good or
bad prognosis for cancer patients, depending on the tumor type.

Therapy resistance is a major risk factor for poor prognosis in
cancer patients who undergo chemo- and radio-therapy. In
prostate cancer, despite new treatments for castration-resistant
prostate cancer (CRPC), the prognosis of patients with CRPC
remains bleak due to acquired resistance to androgen receptor
(AR)-directed therapy. Isikbay et al. (45) found that SGK1
TABLE 1 | Expression pattern of SGK1 in different types of human cancer.

Type of Cancer Functions References

Downregulated
Adrenocortical carcinoma Poor overall survival (23)
Colorectal cancer Not given (24, 25)
Upregulated
Adrenocortical adenomas Tumorigenesis (26)
Breast cancer Promoting growth and metastasis (14)
B-cell lymphoma Tumorigenesis (27, 28)
Colorectal cancer Promoting growth and metastasis (29)
Endometrial carcinoma Tumor growth (30)
Gastric carcinoma Poor prognosis (15)
Hodgkin lymphoma Tumorigenesis (28)
Lung carcinoma Promoting growth and metastasis (16, 17, 31)
Medulloblastoma Tumorigenesis (32)
Myeloma Tumor growth (28)
Oral squamous cell carcinoma Promoting growth and invasion (33)
Ovarian carcinoma Tumor growth (34)
Prostate cancer Promoting growth and metastasis (20, 35)
Renal clear cell carcinoma Tumorigenesis (32)
Rhabdomyosarcoma Promoting growth and invasion (36)
January 2021 | Volume 10 | A
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activation plays a crucial role in GR-mediated CRPC progression
through acquired resistance to androgen receptor (AR)-directed
therapy. In doxorubicin (DOX)-treated rhabdomyosarcoma,
SGK1 was found to often be upregulated and led to a poor
prognosis (36). In addition, SGK1 was detected to play a key role
in the development of resistance to cancer chemotherapy in
NSCLC patients (16). Tang et al. (16) demonstrated that high
SGK1 expression had strong prognostic value for reduced overall
survival in NSCLC patients that received chemotherapy.
FUNCTIONAL ROLES OF SGK1
IN CANCER

Tumor development is a multistep process that includes sustained
proliferation signaling, evasion of growth suppressors, cell death
resistance, enabling of replicative immortality, angiogenesis
induction, invasion and metastasis activation, energy metabolism
reprogramming, evasion of immune destruction, and creation
of a “tumor microenvironment” (46). A growing number
of investigations indicate that SGK1 has critical roles in
tumorigenesis (47), cancer cell proliferation and apoptosis (48,
49), cancer cell invasion (50) and migration (51), cancer cell
autophagy (19, 20, 30), cancer metabolism (52, 53), therapeutic
resistance (6, 54), and the tumor microenvironment (39, 55). The
following section will detail the findings related to the functional
roles of SGK1 in diverse human cancers.
Tumorigenesis
As a critical factor that senses the genomic response to cellular
and environmental changes during carcinogenesis, SGKs,
including SGK1, are extensively reported to be dysregulated
during malignant transformation of normal human tissues (4,
21). Elevated SGK1 is intimately linked to tumorigenesis (21).
Several reports have indicated that SGK1 exhibits an oncogenic
role in the initiation of human cancer. Wang et al. (56) found
that increased SGK1 expression facilitated the development of
intestinal tumors in adenomatous polyposis coli (APC)-deficient
mice. Feng et al. (57) showed that glucocorticoids elevated during
chronic restraint mediate the effect of chronic restraint on p53
through induction of SGK1, which in turn increases MDM2
activity and decreases p53 function, thus providing direct
evidence that SGK1 promotes colonic tumorigenesis in vivo
(57). Using high-resolution single nucleotide polymorphism
microarrays (Affymetrix SNP 6.0) to detect copy number
alterations (CNAs) related to early adrenocortical adenomas,
SGK1 was identified to be involved in tumorigenesis of
adrenocort ica l adenoma (26) . Fo l lowing chemica l
carcinogenesis, SGK1 knockout mice [sgk1(-/-)] mice
developed significantly fewer colonic tumors than wild-type
littermates [sgk1(+/+)], suggesting that SGK1 deficiency
counteracts the development of colonic tumors, an effect due
at least in part to upregulation of FOXO3a and BIM (47). In
addition, similar results were obtained in another report,
showing that EMD638683, a selective inhibitor of SGK1,
Frontiers in Oncology | www.frontiersin.org 4
significantly decreased the number of colonic tumors following
chemical carcinogenesis in vivo (58). Therefore, we can conclude
that SGK1 governs key processes during the development of
various cancer types.

Cancer Cell Proliferation and Apoptosis
As a robust cellular regulator of gene expression, SGK1 is
involved in a broad range of cell growth signaling pathways
through regulation of the expression of downstream genes and or
posttranslation modification of proteins, which in turn promotes
or suppresses cell proliferation. SGK1 determines cancer cell
proliferation or cell apoptosis in various tumors (21, 59, 60). The
global regulatory mechanism of SGK1 in determining cancer cell
destiny is shown in Figure 1.

In breast cancer, Wu et al. (60) reported that glucocorticoid
receptor (GR)-mediated induction of SGK-1 expression
increased cancer cell proliferation by inactivating FOXO3a and
that SGK1 activation remarkably decreased the FOXO3a-
induced apoptosis in SK-BR-3 breast cancer cells. Moreover, in
hypoxic breast cancer cells, SGK1 expression was obviously
stimulated to sustain cell survival (61). SGK1, which is
activated by 3-phosphoinositide dependent kinase-1 (PDK1),
contributes to the maintenance of residual mTORC1 activity
and cancer cell growth through direct phosphorylation and
inhibition of tuberous sclerosis 2 (TSC2) (54). Recently, Toska
et al. (62) found that PI3K/AKT inhibitors activated ER, which
promoted SGK1 transcription through direct binding to its
promoter. In addition, elevated SGK1, in turn, phosphorylated
lysine (K)-specific methyltransferase 2D (KMT2D), suppressing
its function and leading to a loss of methylation of lysine 4 on
histone H3 (H3K4) and a repressive chromatin state at estrogen
receptor (ER) loci that attenuated ER activity (62). All these
evidences suggest that either activation or upregulation of SGK
can significantly promote the growth of breast cancer.

SGK1 expression also promotes the development of intestinal
tumors in adenomatous polyposis coli (APC)-deficient mice, an
effect at least partially due to enhanced beta-catenin protein
abundance (56). In vitro experiments also revealed that SGK1
overexpression enhanced colonic tumor cell proliferation activity
and inhibited cell apoptosis induced by 5-fluorouracil (5-FU),
while SGK1 shRNA and inhibitors showed inverse effects (48).
Similarly, overexpression of SGK1 markedly promoted the
growth of NSCLC cells by promoting the phosphorylation of
glycogen synthase kinase-3 beta (GSK3b) and activating beta-
catenin/T cell factor (TCF) signaling (17). In glioblastoma, the
SGK1 kinase inhibitor SI113 drastically reduced cell viability and
clonogenic capabilities in vitro and inhibited tumor growth in
vivo (63, 64). Further research indicated that SI113 treatment
caused endoplasmic reticulum stress and apoptosis in
endometrial cancer cells, evidenced by cleavage of the
apoptotic markers poly-ADP-ribose polymerase (PARP) and
Caspase-9 (30). SGK1 inhibitor-induced apoptosis was also
reported in lymphocyte predominant (LP) cells and large B-
cell lymphoma (DLBCL) cells (38). Recently, we demonstrated
that ectopic expression of SGK1 significantly increased cell
viability in prostate cancer cells (19). Conversely, SGK1
inhibition mediated by either GSK650394 or SGK1 shRNA
January 2021 | Volume 10 | Article 608722
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induced caspase-dependent apoptosis, evidenced by cleavage of
the apoptosis markers caspase-3, 8, and 9 and PARP and by Bax
upregulation and Bcl-2 downregulation (19).

SGK1 also plays an important role in cell cycle regulation.
SGK1 contributed to cell survival and cell cycle progression via
downregulation of p53 expression by enhancing its mono- and
polyubiquitylation in RKO colorectal cancer cells (65). Hong
et al. (66) reported that SGK1 activation mediated p27 T157
phosphorylation and cytoplasmic p27 mislocalization, which in
turn promoted G1 phase cell cycle progression in lung cancer. In
multiple myeloma (MM), induction of SGK1 expression by the
cytokines interleukin (IL)-6, tumor necrosis factor-a (TNF-a),
and IL-21 significantly supported the growth of myeloma cells,
whereas downregulation of SGK1 with shRNAs resulted in
decreased proliferation of myeloma cells and reduced cell
numbers (39). On the molecular level, this was reflected by the
upregulation of cell cycle inhibitory genes, for example,
CDKNA1/p21, whereas positively acting factors, such as CDK6
and RBL2/p130, were downregulated (39). In addition, SI113-
mediated cell cycle arrest was widely confirmed in several cancer
types, including colon cancer (67), hepatocarcinoma (68) and
glioblastoma (69). In line with these reports, we showed that
either SGK1 silencing or GSK650394, the first reported specific
inhibitor of SGK1 (49), dramatically caused G2/M arrest and
activated apoptosis in prostate cancer (19). Mechanistically,
SGK1 inhibition upregulated the expression of p21, which is
also known as a cyclin-dependent kinase (CDK) inhibitor that
can inhibit the formation of the cyclin-CDK complex (19).

Overall, SGK1 can regulate multiple downstream effector
molecules related to apoptosis, cell growth and cell cycle
through transcriptional regulation and/or phosphorylation,
thus participating in the modulation of cancer growth.
Frontiers in Oncology | www.frontiersin.org 5
However, the interaction between these downstream effector
molecules needs further study.

Cancer Cell Invasion and Migration
Aberrant SGK1 expression has been reported in metastatic
cancers, which universally display an aggressive pathophysiology
(43, 70). Consistent with this, it has been reported that SGK1
is essential for the invasion and metastasis of different human
cancers (Figure 1). Overexpression of SGK1 significantly
promotes cell migration and invasion in various cancers,
including breast cancer (42), lung cancer (17), colon cancer (51),
glioma (71), hepatoma (71), OSCC (33), prostate cancer (20), and
rhabdomyosarcoma (36).

In breast cancer, SGK inhibition significantly impaired cell
migration by downregulating N-myc downregulated gene 1
(NDRG1) (50). Bone metastasis is a severe complication
associated with various carcinomas. Using an intracardiac
injection model in mice, Zhang et al. (42) reported that SGK1
was essential for osteoclastogenesis and promotes breast cancer
bone metastasis by regulating the Ca2+ release-activated Ca2+

channel Orai1; inhibition of SGK1 resulted in a significant
reduction in bone metastasis (42).

In colorectal cancer, transfection with a constitutively active
SGK1 mutant significantly enhanced cell motility and cell
migration via vinculin dephosphorylation (51). Liang et al.
(48) also found that SGK1 overexpression promoted colonic
tumor cell migration, while SGK1 shRNA and inhibitors showed
the inverse effects (72). In contrast, Lee et al. (43) showed that
SGK1 is upregulated in response to, and an important controller
of, intestinal cell differentiation. Overexpression of SGK1 in
colorectal cancer cell lines resulted differentiation, decreased
migration activity, and inhibition of metastasis in an
FIGURE 1 | The emerging roles and mechanisms of SGK1 in cancer growth and metastasis.
January 2021 | Volume 10 | Article 608722
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orthotopic xenograft model (43). These effects may be mediated,
at least in part, by SGK1-induced plakophilin 3 (PKP3)
expression, an essential component of desmosomes that has
been linked to metastatic potential and differentiation in
tumours, and increased degradation of MYC (43).

Xiaobo et al. (17) found that overexpression of SGK1
promoted migration of NSCLC cells, while downregulation
of SGK1 inhibited migration and metastasis of NSCLC
cells. Their further investigation suggested that SGK1 promotes
phosphorylation of GSK3 beta, and GSK3 beta phosphorylation
induces beta catenin upregulation, which facilitates to upregulate
the target genes downstream of beta-catenin/TCF signaling,
including genes involved in promoting tumor invasion and
metastasis (17).

Recently, we found that SGK1 expression is positively
correlated with human prostate cancer progression and
metastasis (20). In vitro, using wound healing, migration and
invasion assays, we showed that SGK1 inhibition significantly
attenuates invasion and migration of PCa cells, whereas
overexpression of SGK1 dramatically promoted invasion and
migration of PCa cells (20). Through an in vivo tail vein
metastasis assay, we also found that SGK1 downregulation
significantly inhibited lung metastasis of prostate cancer cells.
Our further results suggested that SGK1 inhibition had
antimetastatic effects, evidenced by decreased matrix
metalloproteinase 3 (MMP-3) and MMP-9 levels, which were
induced at least partially by repression of epithelial-to-
mesenchymal transition (EMT) through downregulation of
Snail (20).

Several inhibitors of SGK1 have shown great potential in
inhibiting tumor metastasis. Using glioblastoma multiforme,
hepatocarcinoma and colorectal carcinoma cell lines,
Abbruzzese et al. (71) recognized an inhibitory effect of SI113
on cell migration, invasion, and epithelial-to-mesenchymal
transition. In addition, when exposed to SI113, these cancer
cells showed a remarkable subversion of the cytoskeletal
architecture, characterized by F-actin destabilization, phospho-
FAK delocalization, and tubulin depolymerization (71). In
addition, administration of EMD638683 - an inhibitor specific
for SGK1 - decreased the viability of RD and RH30 cells and
enhanced the effects of the cytotoxic drug doxorubicin (36). We
obtained similar results in PCa cells treated with GSK650394
(20), the first developed inhibitor of SGK (49). Recently, a new
SGK1 inhibitor analog was developed, the GSK650394 analog
QGY-5-114-A, which significantly inhibited CRC cell migration
in vitro (72).

These studies indicate that SGK1 can regulate multiple
downstream effector molecules involved in EMT and cell
migration, thus participating in tumor invasion and metastasis.
However, the direct downstream target genes of SGK1 regulating
invasion and metastasis need to be further identified.
SGK1-Mediated Autophagy
in Cancer Progression
Macroautophagy regulation is now recognized as one of the
hallmarks of cancer cells (73). Accumulating evidence suggests
Frontiers in Oncology | www.frontiersin.org 6
that autophagy plays a critical role in the various stages of
tumorigenesis and tumor progression (74). Depending on the
type of cancer and the context, macroautophagy can be a tumor
suppressor or it can help cancer cells overcome metabolic stress
and the cytotoxicity of chemotherapy (75). SGK1-mediated
autophagy modulation was first found in maintenance of
skeletal muscle homeostasis (76). Andres-Mateos et al. (76)
reported that SGK1 regulated muscle mass maintenance via
downregulation of proteolysis and autophagy and by
increasing protein synthesis during hibernation. In recent
years, an increasing number of studies have suggested that
SGK1-mediated autophagy regulation plays an important role
in the occurrence and progression of cancer (Figure 2), including
glioblastoma multiforme (63, 69), endometrial cancer (30), and
prostate cancer (19, 20). SI113-mediated SGK1 inhibition
markedly induced cytotoxic autophagy in human glioblastoma
multiforme cells (69). A similar effect was observed in
endometrial cancer after treatment with SI113, revealed by an
increase in the markers LC3B-II and beclin I, detected via both
immunofluorescence and western blotting analysis (30). Our
recent studies further demonstrated that SGK1-mediated
autophagy cross talks with cell death (19) and cell migration
(20) in PCa. We demonstrated that SGK1 inhibition, mediated
by either GSK650394 or SGK1 shRNA, significantly induced
cytotoxic autophagy (19). However, 3MA-mediated autophagy
inhibition attenuated SGK1 inhibition-induced apoptosis and
antimetastatic effects (19, 20). Moreover, suppression of mTOR
and FOXO3a phosphorylation is critical for blockade of the
SGK1-induced cytocidal and antimetastatic effects, at least
partially via pFOXO3a (S253)-LC3 and pFOXO3a(S253)-p27
interactions (19, 20). Although the role and function of SGK1 in
regulating autophagy have been confirmed, the key downstream
molecules that regulate autophagy need to be further clarified.

Cancer Metabolism
Several studies have suggested that SGK1 plays a crucial role in
the metabolic switch of diverse cell types, including regulating fat
and glucose metabolism in adipocytes (77), affecting glucose
absorption in the intestine (78), and modulating glycogen
metabolism in the muscle/liver/brain (79). For cancer cells to
survive during metastasis, they must overcome anoikis, a
caspase-dependent cell death process triggered by extracellular
matrix (ECM) detachment, and rectify detachment-induced
metabolic defects that compromise cell survival (80, 81).
Mason et al. (53) identified that SGK1 activation was sufficient
to promote ATP production and cell survival during ECM
detachment in breast cancer and colorectal cancer.
Interestingly, constitutively active SGK1 did not influence
caspase activation in either ECM-attached or -detached cancer
cells, suggesting that the effects of SGK1 activation on ATP
generation and viability are independent of anoikis (53).
Unsaturated fatty acids (FAs) are indispensable for cancer cell
growth, but to date, the mechanism of increased FA uptake in
hypoxia is largely unknown. Matschke et al. (52) showed that
exposure to acute or chronic cycling hypoxia markedly
upregulated the expression of SGK1, increased uptake of FAs,
and increased sensitivity to serum deprivation in NCI-H460
January 2021 | Volume 10 | Article 608722
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NSCLC cells. In addition, SKG1 inhibition dramatically
decreased long-term survival and potently sensitized the
parental and anoxia-tolerant NCI-H460 cells to the cytotoxic
effects of ionizing radiation under normoxia and the anoxia-
tolerant cancer cells under severe hypoxia (52). Although the key
roles of SGK1 in cancer metabolism have been identified (Figure
2), the underlying mechanisms of SGK1 involvement in
metabolism regulation need to be further investigated in cancer.

Chemo- and Radio-Resistance
Therapeutic resistance of cancer is an important factor in
improving the invasiveness and metastasis of cancer cells (82,
83), which depends upon escaping apoptosis and increasing drug
efflux (84). In the last two decades, several studies have focused
on AKT as an important mediator of cancer therapeutic
resistance (85). Indeed, a great number of clinical trials
evaluating the therapeutic efficacy of AKT inhibitors for cancer
therapy have been designed or are ongoing globally (86).
However, resistance to these inhibitors has been observed,
typically in tumors characterized by SGK1 activation (54, 62,
87, 88). Therefore, SGK1 appears to be a malevolent player in the
stress response to chemical and radio-therapeutics and might be
responsible for a selective advantage that favors uncontrolled
cancer progression and selection of the most aggressive clones
(89). Although the role of SGK1 in cancer therapy resistance was
reviewed and discussed in 2016 (6), emerging functions and
mechanisms have been reported in recent four years. In addition,
SGK1 is commonly perceived to be a new drug target candidate
for cancer treatment (Figure 3).

Chemo-Resistance
In breast cancer, Sommer et al. (90) revealed a number of Akt-
inhibitor-resistant lines displaying markedly elevated SGK1 and
that exhibited significant phosphorylation of the SGK1 substrate
Frontiers in Oncology | www.frontiersin.org 7
NDRG1. In contrast, most Akt-inhibitor-sensitive cell lines
display low/undetectable levels of SGK1 (90). In tamoxifen-
resistant human breast cancer, immunohistochemical staining
analysis showed an inverse correlation between SGK1 expression
and the severity of tamoxifen resistance (91). Moreover, SGK1
depletion prevented the dexamethasone-induced increase in
SGK1 expression and the inhibitory effects of dexamethasone
on paclitaxel-induced SEK1-JNK signaling and apoptosis in
MDA-MB-231 breast cancer cells (92).

In ovarian carcinoma, in vitro assays showed that in
glucocorticoid receptor (GR)-positive HeyA8 and SKOV3 cells,
dexamethasone (100 nM) treatment upregulated the pro-survival
genes SGK1, and MKP1/DUSP1 and inhibited carboplatin/
gemcitabine-induced cell death (93). However, in a preclinical
model of ovarian cancer, the SGK1 inhibitor SI113 counteracted
the development of paclitaxel resistance and restored drug
sensitivity (94).

In colorectal cancer, SGK1 overexpression promoted colonic
tumor cell proliferation and migration and inhibited cell apoptosis
induced by 5-fluorouracil (5-FU) (48). SGK1 also enhanced the
transcript levels RAN-binding protein 1 (RANBP1), a major effector
of the GTPase RAN, and decreased Taxol sensitivity in RKO colon
carcinoma cells (95). However, SI113-mediated SGK1 inhibition
appears to be effective in inducing cell death in RKO cells and
potentiating paclitaxel sensitivity, indicating that this new molecule
could be efficiently employed, alone or in combination with
paclitaxel, in colon cancer chemotherapy (67). Moreover,
knockdown of SGK1 significantly decreased doxorubicin resistance
in colorectal cancer (96). In addition, through comprehensive
analysis of a microRNA-messenger RNA regulatory network,
Zhang et al. (97) found that SGK1 drove gemcitabine-resistance in
gemcitabine-resistant bladder cancer cells. All these studies indicate
that SGK1plays a key role in tumor chemotherapy resistance and is a
promising therapeutic target of cancer.
FIGURE 2 | The emerging roles and mechanisms of SGK1 in cancer cell autophagy and metabolism.
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Radio-Resistance
In addition to chemo-resistance, increasing studies have shown
that SGK1 can also facilitate chemoresistance. Thus, combining
SGK1 inhibition with radiation therapy may provide a powerful
novel anti-tumor strategy to combat cancer. Towhid et al. (58)
reported that pharmacological inhibition of SGK1 with
EMD638683 (50 µM) synergized with low doses of radiation (3
GY) caused mitochondrial depolarization and late apoptosis
(necro-apoptosis) in a colon carcinoma (CaCo-2) cell line, with
a relative increase in caspase-3, indicating that EMD638683
promotes radiation-induced suicidal death of colon tumor
cells. SKG1 inhibition also decreases long-term survival and
potently sensitized the parental and anoxia-tolerant NCI-H460
cells under normoxia and anoxia-tolerant lung cancer cells under
severe hypoxia to the cytotoxic effects of ionizing radiation (52).
The role of SGK1 in the development of radio-resistance of liver
Frontiers in Oncology | www.frontiersin.org 8
cancer and glioblastoma multiforme was extensively investigated
by Talarico et al. (63, 68, 69). Consistent with knockdown and
overexpression cellular models for SGK1, SI113 potentiated and
synergized with radiotherapy in killing liver tumor cells without
toxicity, which was confirmed by a short-term in vivo toxicity
test (68). They further showed that SGK1 was overexpressed in
highly malignant gliomas and that SI113 dramatically
potentiated the effects of radiotherapy, modulated the response
to oxidative stress, and induced cytotoxic autophagy in
glioblastoma multiforme cells (63, 69). Recently, Chen et al.
(98) observed a CD44+ cancer stem cell (CSC) population
increase in radioresistant LNCaP (LNCaPR18) and C4-2 (C4-
2R26) PCa cells compared with respective parental cells. In
addition, they suggested that higher GR levels and SGK1-Wnt/
b-catenin signaling activation contributed to the radiation-
induced CSC increase in PCa (98). All these investigations
FIGURE 3 | The emerging roles and mechanisms of SGK1 in cancer chemo- and radio-resistance.
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indicate that SGK1 could be a promising therapeutic target for
overcoming radio-resistance in human cancer.

The Regulatory Effect of SGK1 on the
Tumor Microenvironment
The tumor microenvironment plays a crucial role in cancer
initiation (99), progression (100), and metastasis (101). The
primary components of the tumor microenvironment are
fibroblasts (102), immune cells (103), endothelial cells (104),
ECM (105), and cytokines (106). Among them, immune cells
play vital roles in enhancing cancer progression by secreting
numerous pro-inflammatory factors (107). According to several
reports (15, 55, 108, 109), SGK1 can modulate the function of
immune cells, such as T helper (TH) cells, regulatory T cells
(Tregs), and tumor-associated macrophages (TAMs), and plays
an important role in the tumor microenvironment through
crosstalk with cytokine signaling pathways (39, 110) and
chemokine signaling pathways (111), as shown in Figure 4.

Heikamp et al. (55) found that T cells with selective knockout
of SGK1 were resistant to experimentally induced asthma,
generated substantial IFN-g in response to viral infection and
more readily rejected tumors. Further investigations indicated
that SGK1 could promote T helper type 2 (TH2) differentiation
by negatively regulating degradation of the transcription factor
JunB mediated by the E3 ligase Nedd4-2 (55). Simultaneously,
SGK1 restrained the production of interferon-g (IFN-g) by
increasing the expression of the long isoform of the
transcription factor TCF-1, thus promoting cancer growth
(55). Therefore, SGK1 downregulation contributes to tumor
rejection via blocking TCF-1 signaling. SGK1 and the
phosphorylation and translocation of the downstream
Frontiers in Oncology | www.frontiersin.org 9
transcription factor forkhead box O 1 (FOXO1) also play
critical roles in differentiation of T helper 17 cells/regulatory T
cells (TH17/Treg) (108). In addition, tumor-associated
macrophages (TAMs) have attracted attention because they
can regulate key cancer-related activities (112). In growing
tumors, TAMs are often referred to as M2-like macrophages
(113), which are cells that display tumorigenic and
immunosuppressive functions and express the enzyme arginase
1 (Arg1) (114). Recently, Arlauckas et al. (109) showed that
Arg1+ macrophages are more abundant in tumors than in other
organs, and SGK1 was recognized as a novel marker of Arg1+
macrophages, indicating its critical role in the function of
Arg1+ macrophages.

SGK1 was also demonstrated to be a downstream effector of
interleukin-2 (IL-2) in kidney cancer (110). IL-2 is a cytokine
that is essential for lymphocytic survival and function (115).
Amato et al. (110) showed that IL-2 binding to its receptor
triggers survival signal transduction pathways contributing to A-
498 kidney cancer cell proliferation via SGK1 activation. Fagerli
et al. (39) determined the changes in gene expression induced by
IL-6, TNF-a, IL-21, or coculture with bone marrow stromal cells
in myeloma cell lines. Among a limited set of genes that were
consistently activated in response to growth factors, SGK1 was
identified as a prominent transcriptional target of cytokine-
induced signaling in myeloma cells, indicating that SGK1 is a
highly cytokine-responsive gene and promotes malignant growth
of myeloma cells (39). On the one hand, these studies indicate
that SGK1 plays an important role in the maturation of immune
cells and their antitumor effects; on the other hand, SGK1
functions as an oncogene in promoting tumor growth via
crosstalk with cytokines.
FIGURE 4 | The regulatory effect of SGK1 on the tumor microenvironment.
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REGULATION OF SGK1 IN HUMAN
CANCER

Although SGK1 plays multiple roles in cancer initiation,
progression, metastasis, and treatment response in humans, its
expression is modulated by various factors, including a multitude of
stimuli, such as growth factors, mineralocorticoids, and cytokines.
Moreover, various cellular stresses, such as hyperosmotic cell
shrinkage, heat shock, ultraviolet irradiation, and oxidative stress,
have been shown to induce SGK1 gene transcription (4, 12).
Mechanistically, the expression of SGK1 can be regulated via both
transcriptional factors and epigenetic factor-inducedmechanisms in
cancer cells (Figure 5).

Transcriptional Factors
Various transcriptional factors, including activators and
repressors, have been found to be involved in the regulation of
SGK1 expression in human cancer, which has been reviewed
above in this study. SGK1 expression regulation by several
transcriptional activators, such as mTOR (19, 66, 116–118),
AR (45, 51, 119–121), PI3K (53, 122, 123), GR (45, 60, 98, 120,
124), Wnt/b-catenin (45, 125, 126), c-fms (127), Yes-associated
transcriptional regulator (YAP) (128), Src (129), progesterone
receptor (PR) (130), GINS complex subunit 1(GINS1) (131), and
GLI family zinc finger 1 (GLI1) (132), and by transcriptional
repressors, such as p53 (57, 65, 133), peptidylprolyl cis/trans
isomerase, NIMA-interacting 1 (PIN1) (91), Rictor (134, 135),
and metastasis associated 1 (MTA1) (61), suggests some of the
underlying mechanisms of the oncogenic or tumor suppressive
role of these transcriptional factors in human cancer. Therefore,
due to the multiple upstream transcriptional activators of SGK1,
Frontiers in Oncology | www.frontiersin.org 10
single inhibition of the activity of one activator usually induces
upregulation or functional activation of other activators (45, 54,
136), which is also the main reason for single target drug
resistance. For example, several reports have indicated that GR
activity was enhanced after therapeutic inhibition of AR
signaling (136), which contributed to tumor-promoting PCa
cell viability (45). A similar tumor growth bypass pathway was
also found in breast cancer; Castel et al. (54) showed that PDK1-
SGK1 signaling sustained AKT-independent mTORC1
activation and confers resistance to PI3Ka inhibition,
indicating that either PDK1 or SGK1 blockade prevents
mTORC1 activation and restores the antitumoral effects of
PI3Ka inhibition in resistant cells.

Furthermore, several feedback pathways exist between SGK1
and some of the transcriptional factors mentioned above,
including negative feedback pathways between SGK1 and p53
(16, 65), PI3K (62), and Rictor (134, 135) and positive feedback
pathways between SGK1 and YAP (128) and AR (121). In
addition, Marzook et al. (61) discovered that MTA1 is a novel
corepressor of SGK1. Surprisingly, this regulatory corepressive
function of MTA1 was lost under hypoxia, allowing enhanced
SGK1 expression and engaging the MTA1-SGK1 axis for the
benefit of cancer cell survival (61).

Epigenetic Factors
Epigenetic factors have also been reported to mediate the
transcriptional machinery of SGK1. Among various epigenetic
factors, miRNAs and lncRNAs have been reported to modulate
SGK1 expression.

Using microarray and RNA-Seq-based gene expression
profiling and ChIP-Seq analyses of breast cancer cells, Godbole
FIGURE 5 | Regulation of SGK1 in human cancer.
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et al. (130) observed that SGK1 and the tumor metastasis-
suppressor gene NDRG1 are upregulated and that the
microRNAs miR-29a and miR-101-1 targeting the 3’-UTR of
SGK1 are downregulated in response to progesterone. SGK1 was
also reported as a direct target of miR-576-3p, and miR-576-3p
significantly inhibited lung adenocarcinoma migration and
invasion by binding to the 3’ untranslated region (3’-UTR) of
SGK1 (137).

In nonsmall-cell lung cancer, C-containing genotypes of
MIAT rs1061451 were found to be protective factors in
NSCLC, and myocardial infarction associated transcript
(MIAT), which may act as a ceRNA via miR-133a-5p,
modulated the SGK1 expression level (138). A similar
observation was reported in CRC; lncRNA X-inactive specific
transcript (XIST) was shown to positively regulate SGK1
expression by interacting with miR-124 in doxorubicin-
resistant CRC cells (96). Moreover, an SGK1-depletion-elicited
decrease in DOX resistance was greatly restored by XIST
overexpression or miR-124 inhibition in DOX-resistant CRC
cells (96).

In human gastric cancer, serum Lnc-SGK1 expression in T
cells in combination with H. pylori (Hp) infection and/or a high-
salt diet (HSD) was associated with poor prognosis of GC
patients (15). Further results indicated that Hp infection and a
high-salt diet can upregulate SGK1 expression and in turn
enhance Lnc-SGK1 expression through JunB activation (15). In
addition, expression of Lnc-SGK1 can induce TH2 and TH17
cells and reduce TH1 cell differentiation by enhancing SGK1
transcription through a cis regulatory mode (15). In contrast,
using a luciferase reporter assay, Liu et al. (139) found that the
long noncoding RNA HOTTIP decreased expression of the
SGK1 gene. Subsequently, they verified that HOTTIP may be
an oncogene and that knockdown of HOTTIP inhibited CRC cell
proliferation and migration and induced apoptosis by targeting
SGK1 (139). All these investigations indicate that miRNAs are
the main epigenetic regulators to repress SGK1 expression via
targeting its 3’-UTR, thus affecting the occurrence and progress
of cancer.
SGK1 INHIBITORS

In light of the emerging evidence highlighting multiple roles for
SGK1 in mediating tumorigenesis and progression, several
specific and selective inhibitors of SGK1 have been developed,
including GSK650394 (49), EMD638683 (140), SI113 (141),
QGY-5-114-A (72), and ZINC00319000 (142). The mentioned
SGK1 inhibitors and their various anti-tumor effects are
summarized in Table 2.

GSK650394
Given that SGK1 expression is required for androgen-dependent
growth of prostate cancer cells, Sherk et al. (49) developed a
novel heterocyclic indazole derivate, GSK650394, which is the
first reported SGK1 inhibitor that restrains the enzymatic activity
of SGK1, with half maximal inhibitory concentration (IC50)
Frontiers in Oncology | www.frontiersin.org 11
values of 62 nM based on an in vitro scintillation proximity
assay (SPA). GSK650394 functionally inhibited SGK1 in an
LNCaP growth assay, with an IC50 value of approximately 1
mM (which is similar to the previously measured IC50 in other
cell-based assays) (49). More recently, GSK650394 has shown
anti-tumor effects in several other tumors, including breast
cancer (143), squamous cell carcinoma of the head and neck
(143, 144), lung cancer (52), CRC (72), and cervical cancer (145).
In addition, our results also indicated that GSK650394 could
significantly inhibit PCa cells proliferation, invasion and
migration (19, 20). However, GSK650394 also inhibits the
enzymatic activity of SGK2 in the SPA assay, with an
IC50 value of 103 nM, indicating that GSK650394 is equally
active toward both SGK1 and SGK2. In addition, this inhibitor is
only approximately 30-fold more selective for SGK1 than for Akt
and other related kinases, such as protein kinase B isoforms
(AKT1, AKT2, AKT3), Janus kinase isoforms (JAK1, JAK3),
insulin-like growth factor1 receptor (IGF1R), Rho-associated
pro te in k inase (ROCK) , dua l - spec ific i ty ty ros ine
phosphorylation-regulated kinase (DYRK1A) and PDK1, and
less than 10-fold more selective for SGK1 than for Aurora and
c-Jun N-terminal kinase (49, 146).

EMD638683
The second developed SGK1 inhibitor is a benzohydrazide
derivative named EMD638683 developed by Ackermann et al.
(140). In vitro testing identified EMD638683 as an SGK1
inhibitor with an IC50 of 3 mM in human cervical carcinoma
HeLa cells. Originally, MD638683 served as a template for drugs
counteracting hypertension in individuals with type II diabetes
and metabolic syndrome in vivo (140) but was more recently
evaluated in experimental models of colon cancer (58), breast
cancer (143), and rhabdomyosarcoma (36). The molecule has
been shown to induce pro-apoptotic responses (143); enhance
the effects of the cytotoxic drug doxorubicin, leading to reduced
migration and decreased cell proliferation (36); and promote
radiation-induced suicidal death of colon tumor cells in vitro and
decrease the number of colonic tumors following chemical
carcinogenesis in vivo (58). Ackermann et al. (140)
demonstrated that EMD638683 also has an inhibitory effect on
mitogen- and stress-activated protein kinase 1 (MSK1), cAMP-
dependent protein kinase (PKA), protein kinase C-related kinase
TABLE 2 | SGK1 inhibitors and their various anti-tumor effects.

Molecule Anti-tumor effects References

GSK650394 Inducing apoptosis and cell cycle
arrest; impairing invasion and
migration

[19, 20, 49]

EMD638683 Inducing apoptosis and impairing
migration

[30, 140, 143]

SI113 Inducing ER stress and
apoptosis; inhibiting EMT

[24, 67, 141]

QGY-5-114-A Inducing apoptosis and cell cycle
arrest; impairing migration

[72]

ZINC00319000 Unclear, it needs to be further
investigated

[142]
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2 (PRK2), and the SGK isoforms SGK2 and SGK3. The specificity
at a dose of 1 µM has been well tested among these kinases (140).
However, in oncological reports, the molecule was tested at a
dose of 50 µM (58), and therefore, it is not impossible that other
kinases are inhibited at this dose range.

SI113
What’smore,Ortuso et al. (141) screened a family of dual SRC/ABL
small molecule inhibitors characterized by a substituted pyrazolo
[3,4-d] pyrimidine scaffold to inhibit SGK1 and AKT kinase
activity. Among these molecules, SI113 was particularly selective
in inhibiting SGK1kinase activity, while beingmuch less effective in
inhibiting AKT1 (141). In addition, a dose-dependence curve of
SI113-dependent SGK1 and AKT1 inhibition showed that the
inhibition of SGK1 activity occurred at an IC50 value of 600
nmol/L, with a 100-fold selectivity compared to AKT1 (against
which SI113 had an IC50 value equal to 50 µmol/L) (141).
Subsequent studies have shown that SI113 induced cell death,
thus counteracting cell proliferation in various cancer cell lines
(30, 67). Specifically, SI113 induced cell apoptosis, both alone and
synergistically with paclitaxel in RKO cells (67) and ovarian cancer
cells (94), or synergized with radiotherapy in hepatocarcinoma
models in vitro and in vivo (68). Remarkably, multiple studies have
confirmed that SI113 exhibits powerful anti-tumor effects in
glioblastoma multiforme, including activating cell apoptosis,
induction of endoplasmic reticulum stress, inhibition of
epithelial-to-mesenchymal transition, and especially stimulation
of cytotoxic autophagy (63, 64, 69, 71, 147). All these studies
indicate that SI113 has strong anti-tumor activity, and its selective
inhibitory effect on SGK1 is significantly superior to that of the two
previously reported inhibitors.

QGY-5-114-A
More recently, Liang et al. (72) designed and synthesized 39 new
analogs of the SGK1 inhibitor GSK650394. They showed that
certain analogs, numbered MH-1-11-A, MH1-11-B, QGY-5-90,
QGY-OMe, QGY-5-163, QGY-5-114-A, and QGY-5-121, could
inhibit the viability of colonic tumor HCT116 cells. To compare
the inhibitory potency of these seven analogs, IC50 values were
determined, and only compound QGY-5-114-A showed a
significantly lower IC50 value of 122.9 mM, indicating better
inhibitory potency than the inhibitor GSK650394. Furthermore,
QGY-5-114-A could dramatically restrain colonic tumor cell
proliferation via activating cell apoptosis and inducing cell cycle
arrest at G0/G1 phase, and significantly impede colonic tumor
cell migration in vitro (72).

ZINC00319000
Using a structure-based virtual high-throughput screening
strategy, Mohammad et al. (142) found four compounds
bearing appreciable binding affinity and specificity towards the
binding pocket of SGK1. Among them, the compound
ZINC00319000 was selected and identified based on docking
results with all-atom molecular dynamics simulation for 100 ns.
Molecular dynamics simulation results further suggested that the
binding of ZINC00319000 stabilizes the SGK1 structure and
leads to few conformational changes, indicating that
Frontiers in Oncology | www.frontiersin.org 12
ZINC00319000 might be further exploited as a scaffold to
develop promising inhibitors of SGK1 for therapeutic
management of associated diseases, including cancer (142).
However, its anti-tumor effects and mechanisms need to be
further investigated.
CONCLUSIONS

In studies of several tumor types, the expression and function of
SGK1 are quite different. This may be due to the specific immune
and metabolic microenvironment, and proteogenomics profile of
specific tumor type. Although the biological functions and
mechanisms of SGK1 have been extensively studied, further
studies on its clinical application are still needed. Although
several SGK1 inhibitors have paved the way for novel
therapeutic interventions in the future, the prospects for
clinical application of these inhibitors in cancer therapy are
vague, which means that more preclinical studies, especially on
toxicity and safety, should be conducted.

SGK1 is involved in the development of almost all tumors and
may function as a promising biomarker for cancer diagnosis and
prognosis. This review highlights the scientific achievements of
human cancer research on SGK1, outlines the advances, and
challenges in application of SGK1 as a diagnostic and prognostic
tool in cancer, and discusses its biological function and clinical
insights. SGK1 functions as an oncogene in some tumors and as a
tumor suppressor in others, which suggests that the function of
SGK1 is tumor- and cellular context-dependent. Its biological
functions encompass tumor occurrence, progression, and
metastasis; cell autophagy, metabolism, and therapy resistance;
and the tumor microenvironment, indicating its potential as a
new target for cancer treatment. Despite the role of SGK1 in
cancer has been widely studied, its role and molecular regulation
mechanism in tumor autophagy and metabolism need to be
further investigated, especially the key downstream effector
molecules and possible signaling pathways of SGK1 modulating
autophagy and metabolism.
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