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Preclinical Model of Ovarian
ancer, the SGK1 Inhibitor SI113
ounteracts the Development of
aclitaxel Resistance and
estores Drug Sensitivity
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Abstract
Ovarian cancer is the second most common gynecological malignancy worldwide. Paclitaxel is particularly
important in the therapy of ovarian carcinomas, but the treatment efficacy is counteracted by the development of
resistance to chemotherapy. The identification of target molecules that can prevent or control the development of
chemoresistance might provide important tools for the management of patients affected by ovarian cancer.
Serum- and glucocorticoid-regulated kinase 1 (SGK1) appears to be a key determinant of resistance to chemo- and
radiotherapy. Specifically, SGK1 affects paclitaxel sensitivity in RKO colon carcinoma cells by modulating the
specificity protein 1 (SP1)–dependent expression of Ran-specific GTPase-activating protein (RANBP1), a member
of the GTP-binding nuclear protein Ran (RAN) network that is required for the organization and function of the
mitotic spindle. SGK1 inhibition might thus be useful for counteracting the development of paclitaxel resistance.
Here, we present in vitro data obtained using ovarian carcinoma cell lines that indicate that the SGK1 inhibitor
SI113 inhibits cancer cell proliferation, potentiates the effects of paclitaxel-based chemotherapy, counteracts the
development of paclitaxel resistance, and restores paclitaxel sensitivity in paclitaxel-resistant A2780 ovarian cancer
cells. The results were corroborated by preclinical studies of xenografts generated in nude mice through the
implantation of paclitaxel-resistant human ovarian cancer cells. The SGK1 inhibitor SI113 synergizes with paclitaxel
in the treatment of xenografted ovarian cancer cells. Taken together, these data suggest that SGK1 inhibition
should be investigated in clinical trials for the treatment of paclitaxel-resistant ovarian cancer.
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troduction
varian cancer is the second most common gynecological malignancy
orldwide, and 75% of cases are diagnosed at an advanced stage.1 For
ost patients, multimodal therapy is the internationally accepted
andard of care.2 Paclitaxel is particularly important in the therapy of
arian carcinomas, but its treatment efficacy is counteracted by the
velopment of resistance to chemotherapy.3,4 Therefore, the
entification of target molecules that can prevent or control the
velopment of chemoresistance might provide important tools for
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e management of patients affected by ovarian cancer. Multiple
gnaling pathways have been implicated in resistance to chemother-
y, and innovative therapeutic strategies for overcoming these effects
e urgently needed.5 Recent studies based on array-CGH and gene
pression profiles suggest that deregulation of the phosphoinositide
kinase / RAC-alpha serine/threonine-protein kinase (PI3K/AKT)
thway is common in ovarian cancer and associated with poorer
tcomes,6 and the loss of phosphatase and tensin homolog (PTEN)
amplification of PI3K or AKT has also been found to be common
these patients.7 Serum- and glucocorticoid-regulated kinase 1
GK1) has recently gained attention in the field of molecular
cology. This ubiquitous protein belongs to the family of serine/
reonine kinases that share structural and functional similarities with
e AKT family of kinases8 and is a key enzyme in the hormonal
gulation of several ion channels and carriers,9,10 as well as pumps,11

zymes,12,13 and transcription factors.14–17 SGK1 is regulated by
any factors, including insulin, cyclic adenosine monophosphate
AMP),13,18,19 insulin like growth factor-1 (IGF-1),20 steroids,21

terleukin-2 (IL-2),22 and transforming growth factor β (TGFβ),23

d SGK1 activation requires two progressive phosphorylation steps:
e mammalian target of rapamycin (mTOR)–dependent phosphor-
ation of serine 422 in the hydrophobic motif (H-motif)24 followed
the PDK1-dependent phosphorylation of threonine 256.25

ecause several pathways involve SGK1, this kinase regulates a
ide variety of physiological and pathophysiological functions,
cluding cell proliferation and differentiation,26 nuclear transport,27

optosis, and inflammation.22,28 Moreover, recent evidence indi-
tes a correlation between SGK1 expression and events of
vasiveness and metastatization. 29–31 A few studies have
own increased SGK1 expression and/or activity in different types
human tumors, including ovarian,32 multiple myeloma,33

east,34,35 prostate,36 tongue,37 endometrial,38 and non–small cell
ng cancer,39 and other studies have demonstrated that SGK1-
ockout mouse models show resistance to chemically induced colon
rcinogenesis.40 Furthermore, SGK1 appears to be a key determi-
nt of resistance to chemo- and radiotherapy.41–45 Specifically,
K1 affects Taxol sensitivity in RKO colon carcinoma cells by
odulating the SP1-dependent expression of RANBP1, a member of
e RAN network that is required for the organization and function of
e mitotic spindle. SGK1 silencing induces apoptosis, reduces cell
oliferation, and enhances paclitaxel sensitivity in RKO cells, which
dicate that it mimics the phenotypic consequences of RANBP1
activation,46 and this phenotype is completely reverted by
ogenous RANBP1 expression.15 Taken together, these data
dicate that SGK1 might play a significant role in spindle assembly,
netic instability, and sensitivity to paclitaxel. In different malignant
ll lines, such as MCF7 breast carcinoma, A-172 glioma, and RKO
lon carcinoma cells, the pharmacological inhibition of SGK1 by
113 can induce cellular death and thereby reduce the cell number.
113 rapidly induces apoptosis in RKO colon carcinoma cells, and
hen used in combination with paclitaxel, the two agents together
duce a higher degree of apoptosis than either agent alone, which
rongly suggests that SI113 and paclitaxel might be successfully used
gether.47 Here, we present in vitro data obtained in ovarian
rcinoma cell lines and in vivo data from ovarian carcinoma xenografts in
de mice that indicate that SI113 inhibits cancer cell proliferation,
tentiates the effects of paclitaxel-based chemotherapy, counteracts the
velopment of paclitaxel resistance, and restores sensitivity to paclitaxel
paclitaxel-resistant A2780 ovarian cancer cells.
esults

I113 and Paclitaxel resistance in A2780 human ovarian
ncer cells

Resistance to paclitaxel can be induced in A2780 cells by allowing
em to grow in gradually increasing concentrations of paclitaxel. The
clitaxel-sensitive human ovarian cancer cell line A2780 was plated
described in the Methods section (“Development of Paclitaxel

esistance”).
The cells were first cultured in the presence of 1 nM paclitaxel
igure 1A), and the cells that developed resistance to 1 nM paclitaxel
ere used as controls for experiments with paclitaxel 5 nM
igure 1B). The cells that developed resistance to 5 nM paclitaxel
ere used as controls for experiments with paclitaxel 10 nM
igure 1C). The cells that developed resistance to 10 nM paclitaxel
ere used as controls for experiments with paclitaxel 20 nM
igure 1D). Briefly, for each paclitaxel concentration, cells resistant
the dose used in the previous experiment were used as controls.
Figure 1, A through D describes the experimental results obtained
ith 1, 5, 10,m and 20 nM paclitaxel, respectively, in the absence and
esence of SI113 (6 μM). In all the experiments, the combination of
th agents was more effective than either agent alone. In Figure 1A,
2780 paclitaxel-sensitive cells were used as control cells (CTRL).
ontrol cells reached complete confluency and cellular overgrowth
G) before the 12th day of culture. The proliferation of A2780
clitaxel-sensitive cells treated with a low dose of paclitaxel (1 nM)
d not differ from that of the control cells. The cells treated with
113 alone reached complete confluency and OG on day 18,
hereas the cells treated with the combination of the two agents did
t reach complete confluency after 18 days of culture (Figure 1A).
Figure 1B, A2780 cells resistant to paclitaxel 1 nM, treated with
clitaxel 1 nM, were used as control cells (CTRL). Control cells
ached complete confluency and cellular OG on the 12th day of
lture. Compared with the control cells, treatment with either SI113
μM) or paclitaxel (5 nM) had little effect on cell proliferation and
ability, although complete confluency and OG were observed later
the experiment. The concomitant presence of SI113 (6 μM) and
clitaxel (5 nM) induced reductions in cellular viability and
oliferation, although the cell number remained notably stable
roughout the experiment (Figure 1B). In Figure 1C, A2780 cells
sistant to paclitaxel 5 nM, treated with paclitaxel 5 nM were used as
ntrol cells (CTRL). Control cells reached complete confluency and
G on day 6, as expected given the cellular chemoresistance. On the
her hand, cells resistant to paclitaxel 5 nM, treated with SI113
one, grew slowly and reached complete confluency and OG only on
y 15. This effect is probably attributable to the SI113 molecule
self. Cells resistant to paclitaxel 5 nM grew more slowly in the
esence of paclitaxel 10 nM, although the effect was transient since
clitaxel resistance at 10 nM was acquired between 15 and 18 days.
he concomitant administration of SI113 (6 μM) and paclitaxel 10

resulted in an almost complete annihilation of the tumor cell
pulation (Figure 1C). In Figure 1D, A2780 cells resistant to
clitaxel 10 nM, treated with paclitaxel 10 nM, were used as control
lls (CTRL). Again, control cells reached complete confluency and
G on day 6, as expected given the cellular chemoresistance. Cells
sistant to paclitaxel 10 nM grew more slowly in the presence of
ther paclitaxel 20 nM or SI113 (6 μM). The concomitant
ministration of SI113 (6 μM) and paclitaxel 20 nM resulted again in
complete annihilation of the tumor cell population, suggesting that



SI
an
su
in
sig
co
ce
w

SI
O

ex
re
pa
ag
al
SI
pr
co
co
w
pa
w
pa
tr
in
R

in
re
(S
re
co
in
pa

D
P

sp
R
de
w
(2
ta
sp
55
de
ba
al
be
w
ch
up
2)
an

Figure 1. Cell proliferation of A2780 cells based on trypan blue exclusion assays. The inhibition of SGK1 activity by SI113 counteracts the
development of paclitaxel resistance in A2780 cells. The experiments were conducted with 1, 5, 10 and 20 nM paclitaxel (A through D,
respectively) in the absence and presence of SI113 (6 μM), as indicated. In all the experiments, the combination of both agents is more
effective than either agent alone. The effect of SI113 and paclitaxel is very weak at low paclitaxel concentrations (A and B). In contrast, at
paclitaxel doses of 10 (C) and 20 nM (D), the concomitant administration of SI113 (6 μM) results in an almost complete annihilation of the
tumor cell population, and the development of cells resistant to paclitaxel is inhibited. Statistics are reported in Supplementary Table 1.
The results are the averages ± SDs of three independent experiments run in triplicate.
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113 and paclitaxel exert a strong synergistic effect on the proliferation
d survival of A2780 cells (Figure 1D). Taken together, the results
ggest that the administration of SI113 together with paclitaxel can
deed counteract the development of paclitaxel resistance. Statistically
nificant differences in cell counting between the different cell culture
nditions, as indicated, are reported in Supplementary Table 1. When
ll counting was not accurate because of the cellular overgrowth, the test
as considered not applicable (NA).

113 Restores Paclitaxel Sensitivity in Paclitaxel-Resistant
varian Cancer Cells
A2780 cells developed paclitaxel resistance through chronic
posures to 100 nM paclitaxel (A2780TC clone48), and the
sulting A2780TC cells were plated and treated with 100 nM
clitaxel, SI113 at concentrations of 6 μM, 12.5 μM, or both
ents together (Figure 2, A and B). The cells treated with paclitaxel
one showed resistance as expected, whereas the administration of
113 alone at a dose of 6 μM or 12.5 μM had some effect on cell
oliferation. Interestingly, the administration of both agents in
mbination resulted in a significant inhibition of cell proliferation
mpared with the effects of either agent alone at the same doses,
hich confirmed that SI113 treatment sensitizes A2780TC cells to
clitaxel. This effect was even evident in A2780TC cells treated
ith only 10 nM paclitaxel, which corresponded to 10% of the
clitaxel dose to which the cells showed resistance. Indeed, SI113
eatment at both 6 μM and 12.5 μM restored paclitaxel sensitivity
A2780TC cells, to a paclitaxel dose as low as 10 nM (Figure 2C).
NA-specific SGK1 silencing was performed to confirm the
volvement of SGK1 in paclitaxel resistance. SGK1 silencing
duced the expression of the kinase by approximately 50%
upplementary Figure 1). Paclitaxel (10 and 100 nM) significantly
duced the viability of SGK1-silenced A2780TC cells but not
ntrol cells (Figure 2D), which strongly suggests that SGK1
hibition might play a role in mediating the effects of SI113 on
clitaxel resistance.

ifferential Expression Patterns of Paclitaxel-Sensitive and
aclitaxel-Resistant Human Ovarian Cancer Cell Lines
Sensitivity or resistance to paclitaxel might be characterized by
ecific expression profiles of candidate genes, such as SGK1 and
ANBP1. The differential protein expression patterns related to the
velopment of paclitaxel resistance in A2780 and A2780TC cells
ere first explored through two-dimensional gel electrophoresis
DE) followed by a nanoscale liquid chromatography coupled with
ndem mass spectrometry (LC–MS/MS) analysis. After automatic
ot detection, background subtraction, and volume normalization,
0 spots in A2780TC cells and 491 spots in A2780 cells were
tected, and the differences in protein expression were identified
sed on the relative volume (%Vol, an option of the software that
lows an analysis of the data independent of experimental variations
tween gels caused by differences in loading or staining). The groups
ere compared through a function interclass analysis, and a fold
ange of +/−1.8 was considered statistically significant (a report of
- or downregulated proteins is provided in Supplementary Table
. The results showed that 55 proteins were differentially expressed,
d the differentially expressed proteins were analyzed using the

Image of Figure 1
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Figure 2. Cell proliferation of A2780TC cells based on trypan blue exclusion assays. The inhibition of SGK1 activity by SI113 restores
paclitaxel sensitivity in A2780TC cells. The cells were plated and treated with 100 nM paclitaxel, 6 μM SI113 (A), 12.5 μM SI113 (B), or
both agents together. The cells treated with paclitaxel alone show resistance, as expected. SI113 alone at a dose of 6 μMor 12.5 μM has
some effect on the cell number, whereas the combination of both agents induces a greater reduction in the cell number compared with
that obtained with either agent alone. (C) SI113 treatment at both 6 μM and 12.5 μM restores paclitaxel sensitivity in resistant cells to a
dose as low as 10 nM. (D) SGK1 silencing in A2780TC cells restores paclitaxel sensitivity. *P ≤ .05; **P ≤ .01; ***P ≤ .001. The results
are presented as the averages ± SDs from three independent experiments run in triplicate.
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genuity Pathway Analysis software (IPA) tool (Ingenuity Systems,
ww.ingenuity.com). Specifically, IPA was used to functionally
rrelate the differentially expressed proteins with pathways. The
ftware constructs a hypothetical network of protein interactions
sed on the IPA knowledgebase. Data including the protein IDs and
eir quantitative expression values were uploaded into the
plication, and the differentially expressed proteins were overlapped
to global molecular networks generated from information
ntained in the knowledgebase. Networks were then algorithmically
nerated based on their connectivity and “named” based on the most
mmon functional group(s) present.49 The IPA analysis allowed
entification of the biological functions that were most significantly
sociated with the genes in the network. Specifically, the identified
oteins were mapped onto five networks, and three of the most
presentative networks are described in Supplementary Figure 2. The
rst network, which had a score of 60 and 26 focus molecules, is
volved in functions associated with cellular compromise, inflam-
atory response, and developmental disorder. The second network,
hich contains 10 focus molecules and was given a score of 17,
hibited functions connected with cell death and survival,
velopmental disorder, and hereditary disorder. The third network
ouped proteins involved in gene expression, developmental
sorder, and hereditary disorder (Supplementary Table 3). A
ofunctional analysis showed that apoptosis, necrosis, and cell
ath of tumor cell lines were inhibited in paclitaxel-resistant cells
upplementary Figure 3). An analysis of the differentially expressed
ots between the A2780 and A2780TC cell lines confirmed the
esence of Ran-specific GTPase-activating protein [RANG_HU-
AN] (RANBP1) (spot 15), coded by the RANBP1 gene, and GTP-
nding nuclear protein Ran [RAN_HUMAN] (spot 5), coded by the
AN gene, which were upregulated in A2780TC cells compared to
2780 cells with fold changes of 2.1 and 1.8, respectively (Figure 3A).
ecause our previous studies demonstrated that RANBP1 mediates
K1-dependent fluctuations in paclitaxel sensitivity,15 we focused
the differential expression of SGK1 and RANBP1 as genetic

arkers of paclitaxel resistance. A further analysis showed that the
otein expression of SGK1 and RANBP1 was clearly increased in
2780TC compared with A2780 cells (Figure 3B). The endogenous
RNA levels of both SGK1 and RANBP1 in sensitive (A2780) and
sistant (A2780TC and OVCAR3) human ovarian cancer cell lines

http://www.ingenuity.com
Image of Figure 2
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ere evaluated by qRT-PCR. The results showed 12-fold and 130-
ld increases in SGK1 mRNA levels in A2780TC and OVCAR3
lls, respectively, compared with A2780 cells (Figure 3C, left panel),
d an increase in the mRNA level of RANBP1 was also found in the
gure 3.Differential expression patterns between the A2780 and A2780
lls (left) and A2780TC cells (right) and relative densitometric analysis o
tensity values are expressed as average fold changes ± SDs. (B) Wes
ere separated by SDS-PAGE and detected with p-SGK1, SGK1, and R
gnal intensity values (average fold changes ± SDs) from three indepe
nsitometry and are shown under each lane in the blots. (C) qRT-PC
clitaxel-sensitive (A2780) and paclitaxel-resistant (A2780TC and OVC
e presented as the average log10-transformed relative fold expression
ay ANOVA. *P ≤ .05; **P ≤ .01; ***P ≤ .001.
sistant cells (Figure 3C, right panel). We also evaluated whether
clitaxel (100 nM) treatment could modulate the expression levels
SGK1 and RANBP1 in these cell lines. In A2780 cells, the

eatment reduced both the SGK1 and RANBP1 mRNA levels.
TC cell lines. (A) RANBP1 and RAN spots in 2DE gels from A2780
f three independent 2DE gel experiments (right panel). The signal
tern blot of proteins from A2780 and A2780TC cells. Cell extracts
ANBP1 antibodies. GAPDH was used as a loading control. The
ndent experiments in both cell lines were obtained by scanning
R analysis of SGK1 mRNA (left) and RANBP1 mRNA (right) in

AR3) ovarian cancer cell lines. The results, normalized to HPRT1,
values ± SDs from triplicate assessments and evaluated by one-

Image of Figure 3
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onversely, the treatment induced significant increases in the SGK1
d RANBP1 mRNA levels in paclitaxel-resistant cell lines (Figure 4,
and B). Taken together, these data identify the SGK1 and

ANBP1 mRNA expression levels in response to paclitaxel treatment
possible phenotypic hallmarks of paclitaxel sensitivity or resistance.
K1 enhances the transcription of RANBP1 through the
osphorylation of serine 59 in the N-terminal activation domain
Sp1.15 We thus wondered whether the RANBP1 expression levels
e modulated by the SI113-dependent inhibition of Sgk1 in
clitaxel-sensitive cells (A2780) as well as in resistant cell lines
gure 4. Paclitaxel (100 nM)-dependent modulation of SGK1 (A) and
alysis) in paclitaxel-sensitive (A2780) and paclitaxel-resistant (A2780T
PRT1 levels) are expressed as the average relative fold expression valu
st. (C) qRT-PCR analysis of RANBP1 mRNA levels in A2780 (left panel
SI113. The results (normalized to the HPRT1 levels) are expressed as
sessments and were evaluated by one-way ANOVA. *P ≤ .05; **P ≤
2780TC) characterized by enhanced expression of SGK1 and
ANBP1. A further analysis showed that A2780 cells were sensitive
the effect of SI113 on the expression of RANBP1: a significant
duction in RNBP1 expression was obtained with SI113 doses as low
600 nM, and further inhibition was detected at higher doses of the
hibitor (6 μM and 12.5 μM) (Figure 4C, left panel). A2780TC
lls were resistant to the effect of SI113 on the expression of
ANBP1, as demonstrated by a dose–response curve that was clearly
ifted toward higher doses of the kinase inhibitor (Figure 4C, right
nel).
RANBP1 (B) mRNA expression levels (evaluated by qRT-PCR
C and OVCAR3) ovarian cell lines. The results (normalized to the
es ± SDs from triplicate experiments and were evaluated using t
) and A2780TC (right panel) after treatment with increasing doses
the average relative fold expression values ± SDs from triplicate
.01; ***P ≤ .001.

Image of Figure 4


Figure 5. SI113 sensitizes A2780TC xenografts in immunocompromised mice to paclitaxel. (A) Tumor growth curves of animals treated
with vehicle alone (control) SI113, paclitaxel, or both agents together. The data are expressed as mm3 ± standard error (SE) and were
evaluated by one-way ANOVA. (B) The mice were sacrificed 21 days after the beginning of the treatment, and their tumors were excised
and weighed. The histogram shows the tumor weight (in grams) of each experimental arm expressed in means ± SEs. The differences
among the groups were analyzed by one-way ANOVA. (C, D) Quantitative RT-PCR analysis of SGK1 (left) and RANBP1 (right) mRNA levels
in tumors from the above-mentioned four experimental arms. The results (normalized to the HPRT1 levels) are expressed as the average
relative fold expression values ± SDs from triplicate experiments and were evaluated by one-way ANOVA. (E) Western blot of proteins
extracted from A2780TC-derived xenografts treated as indicated. Cell extracts were separated by SDS-PAGE and detected with SGK1 and
RANBP1 antibodies. *P ≤ .05; **P ≤ .01; ***P ≤ .001.
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113 Increases Sensitivity to Paclitaxel Treatment in a Murine
odel of Resistant Ovarian Cancer
Based on the in vitro studies, we generated xenografts for in vivo
periments by implanting 2.5 × 106 paclitaxel-resistant A2780TC
lls into the flanks of nude mice. Twenty-four xenografted mice were
ndomly divided into four experimental groups: i) treatment with
e drug vehicle, ii) treatment with paclitaxel (5 mg/kg), iii)
eatment with SI113 (9.3 mg/kg), and iv) treatment with the
mbination of paclitaxel and SI113. The treatments were started
hours after cell implantation, and the drugs (or vehicles) were
ministered 5 days per week. The tumor volumes were measured
ery 7 days for 21 days, as indicated in the Methods section, and the
ice were sacrificed on day 21. The tumors were excised, weighed,
d immediately frozen in liquid nitrogen. Paclitaxel treatment had
effect on tumor growth, as expected based on the known

emoresistance of A2780TC cells. The group treated with SI113
owed a significant reduction in tumor volume on day 21 compared
ith the control group, and a more substantial effect was observed in
e mice treated with the combination of paclitaxel and SI113
igure 5A). The measurements of tumor weight further confirmed
e effectiveness of the combination of paclitaxel and SI113
igure 5B). The excised tumor samples were then processed for
tection of the SGK1 and RANBP1 expression levels at both the
anscriptional and protein levels through qRT-PC and Western
otting, respectively. The tumors isolated from mice treated with
clitaxel showed increases in the mRNA levels of both SGK1 and
ANBP1 compared with the tumors from untreated mice, confirming
e results obtained in theA2780TCcells. The administration of SI113 as
single agent had little effect on the expression of SGK1 and RANBP1,
hereas a significant reduction in RANBP1mRNA transcript expression
as detected in the tumors from mice treated with both paclitaxel and
113 compared with those obtained from the control mice (Figure 5, C
dD). All the variations in the transcript levels of SGK1 and RANBP1
tained between the different experimental groups were confirmed at
e protein level (Figure 5E).
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iscussion
his manuscript describes a continuation and refinement of previous
ork demonstrating that SGK1 enhances the expression of the gene
coding RANBP1 and induces resistance to paclitaxel in RKO cells.
K1 silencing increases the sensitivity of cancer cells to paclitaxel,
d this effect is counteracted by the ectopic expression of RANBP1.
113, an SGK1 kinase inhibitor, has been demonstrated to synergize
ith physical agents (radiotherapy) and drugs (mitotic spindle
isons) to induce apoptotic cell death in several human tumors.
Because the development of paclitaxel resistance is generally
nsidered an important cause of ovarian cancer recurrence and is
sociated with low overall survival, 50 we assessed whether
odulation of the SGK1/RANBP1 axis might be helpful for
unteracting the development of paclitaxel resistance and restoring
nsitivity to the drug in ovarian cancer cell lines. The present study
ovides the first demonstration that the SGK1 inhibitor SI113 can
helpful for inhibiting the development of paclitaxel resistance in
man ovarian cancer cells and can restore paclitaxel sensitivity in
lls that are resistant to the drug, and this finding was obtained in cell
ltures and in a preclinical mouse model of xenografted human
clitaxel-resistant ovarian cancer. The effect of SI113 was mimicked
SGK1 silencing, which suggested that SGK1 inhibition might play
role in mediating the effects of SI113 on paclitaxel resistance.
hrough a 2D gel analysis followed by mass spectrometry, we
entified several proteins whose expression appears to be related to
e development of paclitaxel resistance, and an IPA analysis of
fferentially expressed proteins identified functional networks related
cellular compromise, inflammatory response, developmental

sorder, and cell death and survival. Moreover, our findings
monstrate that the mRNA expression levels of the genes encoding
K1 and RANBP1 in response to paclitaxel might be considered a
llmark of paclitaxel resistance. In fact, paclitaxel-sensitive and
clitaxel-resistant cells respond to the drug with a significant decrease
increase in the expression of the above-mentioned genes,

spectively, which suggests that the hyperexpression of pro-
oliferative and antiapoptotic genes might play a role in the
velopment of paclitaxel resistance. SI113 was originally developed
a dual Src/Abl inhibitor. Given the extensive similarity shared by
e ATP-binding sites of several kinases, we cannot confirm the
solute specificity of SI113 for SGK1, although we previously
monstrated that SI113 shows an almost 1000-fold higher selectivity
r SGK1 with respect to AKT151 and retains some activity toward its
iginal targets.47 These characteristics show that SI113 is a very
teresting kinase inhibitor, and based on the recent identification of
K1 as a key mediator of Src-induced transformation, a strategy that

rgets both two kinases could result in enhanced therapeutic
ficacy.52 Because SI113 appears to be well tolerated in mice, we
rongly recommend that this molecule be considered for clinical trials
volving women with paclitaxel-resistant ovarian cancer.

aterials and Methods

ell Lines
The paclitaxel-sensitive human ovarian cancer cell line A2780 and the
clitaxel-resistant OVCAR3 cell line were purchased from ATCC
eorgetown University in Washington, DC). Paclitaxel-resistant
2780TC cells were generated by exposing the cells to increasing
ncentrations of paclitaxel (increased in a stepwise manner) and were
ltured in the presence of paclitaxel at a dose of 100 nM to maintain
eir drug-resistant phenotype (as described by Ferlini et al.48).

evelopment of Paclitaxel Resistance
A2780 cells were plated in 218 wells of six-well plates at a density
1 × 105 cells: the cells in the 54 control wells were treated with
hicle alone (DMSO), the cells in 54 other wells were treated with
clitaxel (1 nM), the cells in 54 different wells were treated with
113 (6 μM), and the cells in the remaining 54 wells were treated
ith both paclitaxel (1 nM) and SI113 (6 μM). The cells were
ltured for 18 days, and every 3 days, the cells in three wells from
ch group were trypsinized and counted by trypan blue exclusion.
resh tissue culture and treatment medium were added to the
maining wells for continued culture of these cells. The cells that
veloped resistance to paclitaxel (1 nM) were used for other
periments with progressively higher doses of paclitaxel in the
esence and absence of SI113 (6 μM). Specifically, paclitaxel
ncentrations of 1, 5, 10, and 20 nM were used, and at each
clitaxel concentration, cells resistant to the previous dose of
clitaxel were used as controls.

ell Viability Assay
Cell proliferation was evaluated by measuring the total number of
lls using a Bürker chamber. A2780TC cells, SGK1-silenced cells,
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d SCRL A2780TC cells were seeded at a density of 3 × 105 cells/
l in six-well plates. The cell viability, which was determined using a
ypan blue exclusion dye, is expressed either as the cell number or
rcentage of vehicle-treated controls, as indicated.

entiviral Production and Cell Transduction
pLKO.1-puro-shSGK1 (Sigma 08041814MN, TCR0000040175)
r the RNA interference experiments and shSCRL (Sigma SHC002V) as
control were prepared as previously described41 and used to generate
ntiviral particles in HEK293T packaging cells. Supernatants from
SGK1- or shSCRL HEK293T cells were collected and used for the
ansduction of A2780TC cells in the presence of 8 μg/ml polybrene
igma).

D PAGE
A2780 and A2780TC cells were washed twice with 1× PBS and,
ter the PBS was carefully removed, 500 μl of lysis buffer containing
mM Tris HCl pH 7.5, 120 mM sodium chloride, 30 mM
tassium chloride, 0.1% dithiothreitol (DTT), and 05% Triton X-
0 supplemented with protease and phosphatase inhibitor cocktail
alt Protease Inhibitor Cocktail/Halt Phosphatase Inhibitor
ocktail, Thermo Fisher Scientific Inc). The cells were then scraped,
d the resulting cell suspension was collected, incubated at 0°C for
minutes, and sonicated using Ultrasonic Baths (VWR) at 4°C for
seconds. The cell lysate was centrifuged at 15,000 ×g for
minutes. The supernatant was carefully removed, and the protein
ntent was measured using the Bradford method (Bio-Rad,
ercules, CA) according to the manufacturer's instructions. The
pernatants were stored at 80°C. A total of 120 μg of protein was
luted into isoelectrofocusing (IEF) sample buffer containing 8 M
ea, 4% CHAPS, 0.1 M DTT, and 0.8% pH 3-10 nonlinear (NL)
rrier ampholyte buffer. IEF was performed on nonlinear immobi-
ed pH gradients (pH 3-10 NL; 24-cm-long IPG strips; GE
ealthcare). The first-dimension IPG strips were run on a GE
ealthcare IPGphor unit until a total of 50,000 Vh was reached.
ior to SDS-PAGE, the IPG strips were equilibrated with a
thiothreitol (10 mg/ml) SDS equilibration solution followed by
eatment with iodoacetamide (25 mg/ml) SDS equilibration
lution as described in the GE Healthcare Ettan DIGE protocol.
he second-dimension separation was performed using 10% SDS–
lyacrylamide gels (2 W/gel; 25°C) until the bromophenol blue dye
ont reached the end of the gels.53 The gels were stained with MS-
mpatible silver staining procedure.54 The protein spots were
alyzed in terms of volume using Image Master 2D-Platinum
ftware, version 6.0 (GE Healthcare BioSciences).53–55 The protein
ots showing a differential expression profile were manually excised
om the silver-stained gel using OneTouch Plus Spotpicker (Gel
mpany), destained, and in-gel digested as previously reported.56–58

he resulting tryptic peptides were purified using Pierce C18 Spin
olumns (Thermo Fisher Scientific Inc.) according to the manufac-
rer's recommended procedure, eluted with 40 μl of 70%
etonitrile, and dehydrated in a vacuum evaporator.23

anoscale LC–MS/MS Analysis
Tryptic peptides were analyzed using Nanoscale LC–MS/MS50.
he LC–MS/MS analysis was performed using an Easy LC 1000
noscale liquid chromatography (nanoLC) system (Thermo Fisher
ientific, Odense, Denmark). The analytical nanoLC column was a
lled fused silica capillary (75-μm i.d.) that was packed in house to a
ngth of 10 cm with 3-μm C18 silica particles from Dr. Maisch
ntringen, Germany). The purified peptides were resuspended using
1% formic acid and loaded at 500 nl/min on the analytical column.
he peptides were eluted using a binary gradient. Mobile phase A
nsisted of 0.1% formic acid and 2% acetonitrile, whereas mobile phase
was 0.1% formic acid and 80% acetonitrile. Gradient elution was
rformed at a flow rate of 350 nl/min using the following program: 0%
to 30% B in 15 minutes, 30% B to 100% B in 5 minutes, and 100%
r 5 minutes. The columnwas reequilibrated with 0%B for 10 minutes
fore the following injection. MS detection was performed using a Q
xactive quadrupole-orbitrap mass spectrometer (Thermo Fisher
ientific, Bremen, Germany) operated in the positive ion mode and
ith nanoelectrospray (nESI) potential of 1800 V applied at the column
ont-end via a tee-piece. Data-dependent acquisition was performed
ing a top-5 method with the following parameters for full MS andMS/
S: resolution (FWHM), 70,000/17,500; AGC target, 1e6/5e5; and
aximum injection time (milliseconds), 50/400. The mass window for
ecursor ion isolation was 2.0 m/z, whereas the normalized collision
ergy was 30. The ion threshold for triggering MS/MS events was 2e4,
d dynamic exclusion was 15 seconds. Proteome Discoverer 1.3 was
ed for data processing (Thermo Fisher Scientific, Bremen, Germany)
ing Sequest as the search engine and the HUMAN-refprot-isoforms.
sta as the sequence database. The following search parameters were used:
S tolerance, 15 ppm;MS/MS tolerance, 0.02 Da; fixed modifications,
rbamidomethylation of cysteine; variable modification, oxidation of
ethionine, phosphorylation of serine, threonine and tyrosine; enzyme,
ypsin; max. missed cleavages, 2; and taxonomy, human. We consider
ly those protein hits based on two successful peptide identifications
corrN2.0 for doubly charged peptides, N2.5 for triply charged peptides,
dN 3.0 for peptides with a charge state N3) as valid.

munoblotting and Immunoprecipitation
The cells were processed as indicated previously15 and probed with a
at polyclonal RANBP1 antibody (sc-1160, Santa Cruz Biotechnology,
ntaCruz, CA), a rabbit polyclonal SGK1 antibody (cat# 07-315, EDM
illipore Corporation, CA), a rabbit monoclonal p-SGK1 (Ser78)
tibody (#D36D11, Cell Signaling, Danvers, MA), a rabbit polyclonal
APDH antibody (sc-25778, Santa Cruz Biotechnology), and β-tubulin
tibody (cat# MA5-16308, Thermo Fischer, Waltham, MA).

uantitative Real-Time PCR
RNA extraction was performed using the miRNeasy Mini Kit
iagen, Valencia, CA) following the manufacturer's instructions.
NA was quantified using a Multiskan Go spectrophotometer
hermo Scientific, Waltham, MA). The quality of RNA was assayed
determining the 260/280 absorbance ratio and through

rmaldehyde agarose gel electrophoresis. One microgram of total
NA was subjected to reverse transcription using the High-Capacity
NA-to-cDNA Kit (Applied Biosystems, Foster City, CA) according
the manufacturer's instructions. One microliter of cDNA was
plified via real-time PCR using Promega SYBR green (Promega,
adison, WI) and 10 pmol of specific primers.27,59 The relative
pression levels of mRNAs were calculated with the comparative 2−
Ct method using HPRT1 as the housekeeping gene. The real-time
R assays were performed in triplicate in a total volume of 20 μl
ing a Bio-Rad iQ 5 apparatus under the following conditions: initial
naturation step of 95°C for 3 minutes followed by 40 cycles of
seconds at 95°C and 1 minute at 57°C. The specificity of the PCR

oducts was determined through melting curve analysis.
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ice Treatment
For the in vivo experiments, paclitaxel was used at a concentration
10 mg/kg/day, and SI113 (50 mM in DMSO) was diluted 1:5 in
line solution to obtain a final concentration of 10 mM. Forty-three
icroliters of the solution was injected intraperitoneally into
nografted nude female mice to obtain a final in vivo concentration
approximately 12.5 μM, which corresponds to a dose of 9.3 mg/
/day assuming a drug distribution volume in the animal of 35 ml.
he female nude mice (aged 4 weeks, Charles River) were maintained
der pathogen-free conditions and given food/water ad libitum. The
periments were performed in accordance with the Catanzaro
niversity Institutional Animal Care and Use Committee guidelines
ing an approved protocol. At 6 weeks of age, the mice were
bcutaneously injected with 2.5 × 106 A2780TC cells suspended in
0 μl of a 1:1 solution containing RPMI without serum and
atrigel solution (BD Collaborative Research) in the dorsal
sterior-lateral right region. The mice were randomly assigned to
ur groups of six animals and then administered vehicle alone
MSO), SI113, paclitaxel, or both agents for 5 days/week. The
mor volumes were measured every 7 days using caliper. Specifically,
o perpendicular diameters (a = smaller diameter; b = larger
ameter) were measured, and the tumor volume was calculated in
cordance with the formula V = π/6 × a2 × b. The mice were
aced under general anesthesia and sacrificed by vertebral dislocation.

tatistical Analysis
All the tests were performed at least in triplicate, and all the
periments were performed at least three times. The results are
pressed as the means ± standard deviations (SDs). The differences
tween groups were analyzed using Student's t test or one-way
alysis of variance (ANOVA) followed by Bonferroni's test for
ultiple comparisons. The analysis was conducted using GraphPad
rism software (San Diego, CA), and differences were considered
gnificant at *P ≤ .05, **P ≤ .01, and ***P ≤ .001.
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The experimental protocols were approved by the Research
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