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Abstract
Multiple myeloma (MM) is a generally fatal plasma cell cancer that often shows activation of

the phosphoinositide 3-kinase/Akt (PI3K/Akt) pathway. Targeted pharmacologic therapies,

however, have not yet progressed beyond the clinical trial stage, and given the complexity

of the PI3K/Akt signalling system (e.g. multiple protein isoforms, diverse feedback regula-

tion mechanisms, strong variability between patients) it is mandatory to characterise its ram-

ifications in order to better guide informed decisions about the best therapeutic approaches.

Here we explore whether serum and glucocorticoid-regulated kinase 3 (SGK3), a potential

downstream effector of PI3K, plays a role in oncogenic signalling in MM cells—either in con-

cert with or independent of Akt. SGK3 was expressed in all MM cell lines and in all primary

MM samples tested. Four MM cell lines representing a broad range of intrinsic Akt activation

(very strong: MM.1s, moderate: L 363 and JJN-3, absent: AMO-1) were chosen to test the

effects of transient SGK3 knockdown alone and in combination with pharmacological inhibi-

tion of Akt, PI3K-p110α, or in the context of serum starvation. Although the electroporation

protocol led to strong SGK3 depletion for at least 5 days its absence had no substantial ef-

fect on the activation status of potential downstream substrates, or on the survival, viability

or proliferation of MM cells in all experimental contexts tested. We conclude that it is unlikely

that SGK3 plays a significant role for oncogenic signalling in multiple myeloma.

Introduction
Multiple myeloma (MM) is a haematologic cancer caused by mature, antibody-producing B-
cells (plasma cells) [1]. It accounts for� 10% of all haematological malignancies and has an in-
cidence rate in Europe of 4.5-6/100,000/year, affecting primarily the elderly population [2].
Due to ageing societies the incidence is thus continuously rising. Most patients have benefited
from the recent introduction of novel therapeutics such as proteasome inhibitors and IMiDs,

PLOSONE | DOI:10.1371/journal.pone.0122689 April 2, 2015 1 / 17

OPEN ACCESS

Citation: Hausmann S, Brandt E, Köchel C, Einsele
H, Bargou RC, Seggewiss-Bernhardt R, et al. (2015)
Loss of Serum and Glucocorticoid-Regulated Kinase
3 (SGK3) Does Not Affect Proliferation and Survival
of Multiple Myeloma Cell Lines. PLoS ONE 10(4):
e0122689. doi:10.1371/journal.pone.0122689

Academic Editor: Richard Pearson, Peter
MacCallum Cancer Centre, AUSTRALIA

Received: September 4, 2014

Accepted: February 15, 2015

Published: April 2, 2015

Copyright: © 2015 Hausmann et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: This work was supported by the Wilhelm
Sander-Stiftung (www.sanst.de)(Grant No.
2011.114.1 to RS-B, TS) and the Deutsche
Forschungsgemeinschaft (www.dfg.de)(KFO 216
(RCB, HE, TS)). The funders had no role in study
design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0122689&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://www.sanst.de
http://www.dfg.de


and survival parameters have shown substantial improvements over the last decade [3,4]. How-
ever, it has also become clear that the disease is characterised by a high degree of genetic het-
erogeneity, potentially due to the long development time from monoclonal gammopathy of
undetermined significance (MGUS) to MM [5,6,7]. Truly targeted molecular therapies are thus
yet unavailable because actionable and/or broadly relevant therapeutic targets are missing.

One of the growth and survival pathways strongly implicated in MM pathogenesis is the
phosphoinositide 3-kinase/Akt (PI3K/Akt) pathway [8,9,10,11,12,13]. In addition to extrinsic
activation by microenvironmental factors [14] the pathway is often intrinsically active [10,15].
We have recently shown through isoform-specific knockdown analyses and with isoform-spe-
cific pharmacologic inhibitors that the activity of PI3K, and specifically of the isoform p110α,
is primarily required to maintain intrinsic Akt activation in MM cell lines [15]. The genetic
mechanisms underlying this oncogenic deregulation in MM are not entirely clear as some of
the lesions that could potentially be involved, such as PIK3CAmutation or PTEN deletion, are
too rare in this disease to be held fully accountable [16]. Pharmacologic blockade of PI3K-
p110α [15] or of Akt [10,11] is toxic to MM cell lines and primary MM cells, with intrinsic Akt
activation a good predictor for sensitivity to Akt blockade [10]. In addition, PI3K-p110α or
Akt blockade in concert with inhibition of the Ras/MAPK pathway often leads to enhanced
MM cell death [11,15]. However, for the Akt-independent MM cell line AMO-1 such a combi-
nation effect is seen with PI3K/MEK1,2 inhibition but not with Akt/MEK1,2 inhibition
[11,15], arguing for the existence of PI3K-dependent contributions to MM cell survival that
can be independent of Akt.

A considerable number of pharmacologic inhibitors for the PI3K/Akt/mTOR axis has re-
cently been developed but translation of preclinical results into useful therapies has remained a
challenging task, and—at least for the first two targets—no candidate drug has so far been ap-
proved for cancer therapy [17]. However, with the recently reported achievement of clinically
relevant responses in some MM patients in a phase I Akt inhibitor trial [18] the possibility for
future inclusion of PI3K/Akt inhibition in targeted MM therapies has drawn nearer, and com-
prehensive knowledge concerning the organisation and ramifications of PI3K-mediated onco-
genic signalling in MM is therefore of critical importance for its successful clinical
implementation.

The serum and glucocorticoid-regulated kinase 3 (SGK3) belongs like Akt to the AGC
group of serine/threonine kinases [19]. In contrast to SGK2, for which very little information is
available [19] and to SGK1, which is primarily considered to be regulated in its activity at the
genomic level [19,20,21], SGK3 has recently been implicated in some solid cancer cell line
models as an Akt-independent transmitter of mutant PI3K-p110α activity [22]. Since SGK3
can potentially complement or substitute for Akt activity downstream of PI3K [19,20,23], such
a function would increase the complexity of a signalling network already notorious for its re-
dundancies and regulatory feedback mechanisms [24]. Because the reported pattern of PI3K/
Akt activity in multiple myeloma represents a reasonable constellation in which SGK3 signal-
ling could be relevant in at least a subgroup of cases, we decided to analyze its expression in
MM and to probe its potential function within the PI3K/Akt signalling system in MM cells.

Materials and Methods

Cell lines and primary cells
Human MM cell lines were bought from the German Collection of Microorganisms and Cell
Cultures (DSMZ, Braunschweig, Germany) or from LGC Standards (Wesel, Germany). INA-6
cells [25] were a gift from Martin Gramatzki (University Medical Center Schleswig-Holstein,
Kiel, Germany). Newly acquired cell lines were immediately expanded to create stock and
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working banks, which were stored in liquid nitrogen. Subsequently, MM cell cultures were
freshly grown from these frozen stocks at 3–4 month intervals. The cell culture parameters
were 5% CO2 at 37°C in RPMI-1640 medium supplemented with 10% FBS, 1 mM sodium py-
ruvate, 2 mM glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin. INA-6 cells were
supplied with 2 ng/ml recombinant human interleukin-6. All MM cell line cultures were regu-
larly checked for mycoplasma negativity [26]. The purification of primary MM samples
through microbead selection of CD138-positive cells is described in detail in [27]. Patient char-
acteristics and treatment regimens pertaining to the primary MM samples are listed in Table 1.

Ethics statement
Primary MM cells were isolated from bone marrow aspirates of MM patients that were ac-
quired on occasions of routine diagnostic interventions after informed consent of patients
(Ethics Committee of the Medical Faculty of Würzburg University, reference numbers: 73/05,
76/13).

Reagents
Annexin V was prepared following a protocol detailed in [28] and coupled to either fluores-
ceinisothiocyanate (Sigma, Deisenhofen, Germany; F7250) or to PromoFluor 647 using its

Table 1. Patient characteristics and clinical features.

patient age gender stadium Ig-type time since diagnosis
(months)

prior therapies

1 65 f III B IgG
kappa

27 HD-Melphalan + ABSCT

2 61 m II B IgG
kappa

22 3x HD-Melphalan + ABSCT, RAD, VCD

3 55 m III B IgG
kappa

2 0

4 67 f III A IgA
lambda

3 Dexa, VCD

5 77 m II A IgG
kappa

82 Melphalan-Prednisone, RD, MPV, BPT, VCD, PAD

6 73 f III B IgA kappa 0 0

7 75 f III A IgG
kappa

73 Dexa, 2x HD-Melphalan + ABSCT, AUY + Bortezomib, BPT, RD, 1x
HD-Melphalan + ABSCT, RD

8 87 m III B IgG
kappa

20 Melphalan + Prednisone

9 59 m III B IgG
kappa

27 PAD, 1x HD-Melphalan + ABSCT, Revlimid

ABSCT: autologous stem cell transplantation

AUY: NVP-AUY922

BPT: bortezomib, prednisone and thalidomide

Dexa: dexamethasone

HD-Melphalan: high dose melphalan

MPV: melphalan, prednisone and bortezomib

PAD: prednisone, adriamycin and dexamethasone

RAD: revlimid, adriamycin and dexamethasone

RD: revlimid and dexamethasone

VCD: bortezomib, cyclophosphamide and dexamethasone

doi:10.1371/journal.pone.0122689.t001
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N-hydroxysuccinimidyl ester (PromoCell, Heidelberg, Germany; PK-PF647-1). The stealth
siRNA against SGK3 (5'-UGCCGAGAUGUUGCUGAAAUGUAUG; representative of bases
1087 to 1111 of the coding sequence for human SGK3) was ordered from Life Technologies
(Darmstadt, Germany). The sequence is an extended version of a target sequence that was
published for a short-hairpin RNA expression construct [22]. The sequence of the (only
moderately effective) stealth siRNA against EGFP used in control electroporations was 5'-C
GAAGGCUACGUCCAGGGCGCACC. The following small molecule inhibitors were used
in this study: PI3K-p110α inhibitor BYL-719 (Active Biochemicals, Bonn, Germany
(A-1214)), pan-Akt inhibitor MK-2206 (Active Biochemicals (A-1026)), Akt1&2 inhibitor
Akti1,2 (Calbiochem, Schwalbach, Germany (124018)), MEK1&2 inhibitor PD0325902 (Sell-
eck Chemicals, München, Germany (S1036)).

Electroporation of MM cells and drug treatment of electroporated cells
The protocol for MM cell electroporation with siRNA oligonucleotides and subsequent purifi-
cation of viable cells is described in detail in [29]. The SGK3 stealth siRNA was used at a con-
centration of 3 μM in the electroporation mixtures. A stealth siRNA targeting enhanced green
fluorescent protein (EGFP) was used in the control electroporations. For drug treatments of
electroporated MM cells, the cells were seeded on day 2 post-electroporation into 96 well plates
in 100 μl of full medium and at densities of between 15,000 and 50,000 cells per well, dependent
on the specific cell line and the intended assay (higher cell numbers for alamarBlue assays,
lower numbers for annexin V FACS measurements). Drugs were dissolved in DMSO and kept
as frozen stock solutions, from which they were freshly diluted in full medium to either 2x (sin-
gle drug additions) or 4x (two-drug combinations) working solutions. Of these either 100 μl or
50 μl were added per well of MM cells to yield final volumes of 200 μl. Cells were then cultured
for an additional 3–5 days prior to cell death/viability analyses.

Western blotting and antibodies
Frozen cell pellets were dissolved in Laemmlie-buffer (60 mM Tris-HCl, 10% glycerol, 2%
SDS, 10% β-mercaptoethanol, 0.01% bromophenol blue; pH 6.8) (10 μl buffer per 100,000
cells) and subjected to sonication (3–5 s on ice with a UP50H sonicator equipped with an MS1
sonotrode) (Hielscher, Teltow, Germany). Samples were then heated to 89°C for 3 min, spun
for 5 min at room temperature and the supernatants used for standard SDS-PAGE with 12%
gels. Wet blotting was carried out in Mini Trans-Blot modules (Bio-Rad Laboratories) using ni-
trocellulose membranes and blotting buffer (20% v/v methanol, 25 mM Tris-HCl, 192 mM gly-
cine, pH 8.6). The following antibodies were used for target detection: anti-β-actin (Sigma-
Aldrich, Deisenhofen, Germany; A5316), anti-pan-Akt (Cell Signaling Technology (CST),
Frankfurt am Main, Germany; no. 9272), anti-phospho-Akt (Thr320) (CST; no. 2965), anti-
phospho-Akt (Ser473) (CST; no. 4058), anti-phospho-ERK1/2 (CST; no. 9101), anti-FOXO1/
3A (CST; no. 9464), anti-phospho-GSK-3β (CST; no. 9336), anti-phospho-PDK1 (Ser241)
(CST; no. 3438), anti-phospho-PRAS40 (Perbio Science, Bonn, Germany; PA5-17175), anti-
phospho-PRAS40 (CST; no. 2997), anti-SGK3 (Santa Cruz Biotechnology, Heidelberg, Ger-
many; sc-166847). Secondary antibody F(ab')2 fragments coupled to horseradish peroxidase
and specific for rabbit-IgG (no. 111-036-045) or mouse-IgG (no. 115-036-072) were obtained
from Jackson ImmunoResearch, Newmarket, UK.

Phospho-SGK3 antibodies tested but without specific signals in MM cells included products
from CST (no. 5642), Santa Cruz Biotechnology (sc-33044), and a custom-made antibody gen-
erously provided by Mark Rider (Brussels, Belgium).
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A freshly made solution of luminol (2.5 mM), p-coumaric acid (0.2 mM) and H2O2 (0.01%)
in 100 mM Tris-HCl (pH 8.8) was used as reagent for chemiluminescent detection [30].

Flow cytometry
Cells were washed with PBS, pelleted and resuspended in 200 μl of cold annexin V binding
buffer (10 mMHEPES/NaOH, 140 mMNaCl, 2.5 mM CaCl2; pH7.4) containing 1 μl of
annexin V-PromoFluor 647 solution (see Reagents) and 1 μg/ml propidium iodide. Flow cy-
tometry was performed with a FACSCalibur (BD Biosciences, Heidelberg, Germany). Datafiles
were analysed with FlowJo version 8.8.7 (Tree Star, Inc., Ashland, U.S.A.).

Mitochondrial activity/viability assay
The alamarBlue colorimetric assay was used to determine knockdown and drug effects on the
viability (i.e. the collective and interconnected effects on metabolism, proliferation and cell
death) of electroporated MM cells. Between 25,000 (AMO-1, JJN-3, L-363) and 50,000
(MM.1s) cells were seeded per well (96-well plates) and each test condition was prepared in
triplicate. Measurements and data analyses were performed as described in the manufacturer's
manual (MorphoSys, Oxford, UK). The size of effects was calculated relative to DMSO-treated
controls (= 100% values).

BrdU proliferation assay
MM cells electroporated with siRNAs against EGFP (control) or SGK3 were kept in culture for
4 days and were then treated with 5-bromo-2'-desoxyuridine (BrdU) [20 μM] for 2 h. After 2
washes with PBS cells were resuspended in 70% cold EtOH and stored at -20°C until further
use. For BrdU immunostaining the cell suspension was thawed, twice washed in cold PBS and
incubated for 30 min at room temperature in acid denaturing solution (2N HCl, 0.5% Triton
X-100). Cells were collected and resuspended in neutralization solution (100 μM
Na2[B4O5(OH)4]) (pH 8.5) for 2 min, washed with PBS and resuspended in 100 μl of 0.5%
Tween 20 and 1% BSA in PBS (TBP) containing 1 μl of anti-BrdU-Alexa Fluor 647 conjugated
antibody (Invitrogen, Carlsbad U.S.A.; A21305). Incubation was at RT in the dark for 2 h.
Cells were washed in 0.5% Tween 20, 1% BSA in PBS, resuspended in PBS/propidium iodide
(50 μg/ml) and submitted to FACS analysis.

Data analysis
Dose-effect curves were calculated from at least three independent experiments by non-linear
regression analysis (sigmoidal shape, variable slope setting) using GraphPad Prism 3.0 (Graph-
Pad Software, La Jolla, CA, U.S.A.). Regression analysis was not performed for data sets when
it was obvious that a dose-effect relationship did not exist (MK-2206 treatment of AMO-1
cells).

Results and Discussion

Expression of SGK3 in multiple myeloma cells
In order to characterise SGK3 protein expression in MM cells in relation to expression or acti-
vation of other components of the PI3K/Akt system we initially performed Western analyses
with extracts fromMM cell lines and primary MM samples. The level of SGK3 varied consider-
ably between different MM cell lines, but the protein was always detectable (Fig 1). Its expres-
sion pattern was similar to that of PI3K-p110α, a major determinant of PI3K to Akt signaling
in MM [15,31], and to that of pan-Akt (Fig 1). A major drawback for functional SGK3 analyses
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is the apparent lack of antibodies for reliable Western assessment of SGK3 phosphorylation
under regular culture conditions (i.e. steady-state levels). Although SGK3 phosphorylation
across a range of solid cancer cell lines has been reported [22], with the exception of a single
cell line [32] such signals have otherwise only been shown in the context of genetically engi-
neered strong protein overexpression [32,33]. We used pairs of SGK3 depleted/control trans-
fected MM samples, in conditions with or without IL-6/IGF-1-mediated stimulation of the

Fig 1. SGK3 expression in relation to (activated) signalling components of the PI3K/Akt system in MM
cell lines. Shown are Western blots for PI3K pathway-associated signalling proteins or for their
phosphorylated forms. Cells from the MM cell lines indicated were harvested from standard cell culture, the
signals are thus representative of steady-state levels in culture. One cell lysate per line was used to load
multiple gels. The representative β-actin control derives from the same blot on which SGK3 and P-FOXO1/3A
were also stained. Note: the strong phospho-STAT3 signal in INA-6 cells results from permanent
supplementation of the culture with recombinant human IL-6.

doi:10.1371/journal.pone.0122689.g001
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PI3K system, to test a number of anti-phospho-SGK3 antibodies in Western blotting. However,
we never detected signals that could specifically be attributed to phospho-SGK3 (data not
shown, the antibodies tested are listed in the Methods section). Staining for phosphorylated
substrates downstream of PI3K (phospho-Akt) and downstream of Akt and, potentially, SGK3
(phospho-FOXO1/3A, phospho-PRAS40, phospho-GSK-3β) confirmed the pattern for phos-
pho-Akt previously reported for MM cell lines [10], with either strong (MM.1s, OPM-2), inter-
mediate (JJN-3, KMS-11, L-363, MOLP-8) or low/undetectable levels (AMO-1, INA-6, U266).
Whereas the phospho-PRAS40 pattern closely matched that of phospho-Akt, the patterns of
phospho-GSK-3β and phospho-FOXO1/3A showed no such correlation, leaving an Akt inde-
pendent contribution via SGK3 a possibility (Fig 1). Activity of the Ras/MAPK pathway (repre-
sented by phospho-ERK1/2) and the JAK/STAT pathway (represented by phospho-STAT3)
was not correlated to activation of any of the PI3K/Akt system components.

SGK3 was also found to be present in all primary MM samples tested (note: the apparently
very strong signal in sample pMM-6 is in part the result of rearward smearing off of a strong
band that runs slightly lower than full-length SGK3) (Fig 2). Although the phosphorylation lev-
els of PI3K system components showed strong differences between the individual primary
samples, the presence of phospho-Akt was more stringently correlated with phosphorylation
of downstream substrates than in MM cell lines (Fig 2). Taken together, these analyses showed
that SGK3 expression in MM cells appears to be ubiquitous, but that its presence is not obvi-
ously correlated to a particular activity pattern of potential downstream substrates.

Analysis of SGK3 knockdown in MM cells
Because specific pharmacologic inhibitors for SGK3 are not available, we decided to use
siRNA-mediated knockdown to investigate the consequences of SGK3 depletion in MM cells.
Transient transfection of MM cell lines with RNAi oligonucleotides can efficiently be achieved
through electroporation and results in substantial target depletion for at least 5 days [29]. The
MM cell lines chosen in our experiments represent an intrinsically phospho-Akt negative line
(AMO-1), two that are moderately phospho-Akt positive (JJN-3, L-363) and one that is strong-
ly phospho-Akt positive (MM.1s), and whose phospho-Akt signal is dependent on PI3K-
p110α activity [15]. L-363 cells also represent the rare case of an MM cell line with an activat-
ing mutation in PIK3CA. Electroporation of the stealth siRNA against SGK3 (stSGK3) into
MM cells very effectively decreased SGK3 protein levels, and the knockdown remained strong
even until day 7 post-electroporation (Fig 3A and 3B; a stealth siRNA targeting EGFP (stEGFP)
was used in the respective control transfections). However, Western analyses showed that
SGK3 depletion was without effect on the intrinsic activity levels of PI3K/Akt pathway compo-
nents in all MM cell lines tested (Fig 3B). Furthermore, measurements of cell death (annexin
V/PI staining (Fig 3C)) and of mitochondrial activity (alamarBlue assay (Fig 3D)) at day 4
post-electroporation did not reveal differences between SGK3 knockdown cells and their re-
spective controls, except perhaps a slight impairment in the viability of SGK3-depleted JJN-3
cells. Cell cycle/proliferation analyses based on BrdU incorporation into newly synthesized
DNA led to identical results for control and SGK3 knockdown cells (assay performed on day 4
post-electroporation, i.e. when SGK3 levels had reached their low point) (Fig 3E). Lastly, the
evaluation of FACS-based mean forward scatter readings, again taken for cell samples at day 4
post-electroporation, showed that absence of SGK3 did not affect cell volume. These results are
in contrast to, for example, the at least modest effects reported for SGK3 depletion in certain
cell lines derived from solid cancers (breast [34], hepatic [35], prostate [36]). On the other
hand, siRNA-mediated knockdown of Akt [10] or of PI3K-p110α [15] can substantially affect
cell survival/viability in PI3K-p110α/Akt dependent multiple myeloma cell lines like MM.1s,
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L-363 and JJN-3. The consistent lack of effects in this context therefore argues against a major
role of SGK3 on its own for maintenance of MM cell proliferation and survival.

Analysis of SGK3 knockdown in combination with inhibition of Akt
We next tested if SGK3 knockdown might be more harmful within the context of simultaneous
inhibition of Akt, because both enzymes occupy equivalent positions in signalling pathways
downstream of PI3K [19]. SGK3 could thus represent a second pillar of PI3K-mediated growth
and survival signalling and its function in MM cells might only be indispensible in conditions
of Akt inhibition, or its inhibition might enhance the effects of Akt blockade. We tested two al-
losteric inhibitors of Akt, MK-2206 [37,38] and the structurally unrelated compound Akti 1,2

Fig 2. SGK3 expression in relation to (activated) signalling components of the PI3K/Akt system in
primary MM cells. Shown are Western blots prepared from frozen pellets of primary MM cells purified by
CD138 microbead selection. The material was used to load two gels, with the representative β-actin control
belonging to the same blot on which PI3K-p110α, P-FOXO1/3A, P-Akt (Thr308) and pan-Akt were also
stained. Of note, the phospho-Akt (Thr308) antibody also stained a slightly larger band in most primary MM
samples (marked by "?") that was not visible in any MM cell line. This band runs slightly higher, though, than
the SGK3 band as stained on the parallel blot. Staining for P-PRAS40 (CST; no. 2997) was performed after
staining for P-GSK-3β. Since both antibodies were raised in rabbit the latter signal reappeared in the
P-PRAS40 blot.

doi:10.1371/journal.pone.0122689.g002

SGK3 in Multiple Myeloma

PLOSONE | DOI:10.1371/journal.pone.0122689 April 2, 2015 8 / 17



SGK3 in Multiple Myeloma

PLOSONE | DOI:10.1371/journal.pone.0122689 April 2, 2015 9 / 17



(also known as Akt inhibitor VIII) [39], both of which bind in a pocket between the pleckstrin-
homology domain and the kinase domain and thus prevent Akt phosphorylation/activation
[40]. Both compounds abrogated the constitutive phosphorylations of Akt and of the Akt
downstream substrates FOXO1/3A and PRAS40 in MM cells, although MK-2206 was effective
at lower concentrations than Akti1,2 (Fig 4A; downregulation of phospho-Akt signals with
Akti1,2 only shown for the strongly phospho-Akt positive MM.1s cells). These inhibitors did
not affect phosphorylation of the upstream kinase PDK-1 at position Ser241, which is pre-
sumed to be essential for PDK-1 activity [41]. Both Akt inhibitors were titrated to MM cells
electroporated with either stealth siRNA against EGFP (electroporation control cells, green
dots in Fig 4B and 4C) or against SGK3 (red dots in Fig 4B and 4C). The drugs were added
2 days after electroporation, i.e. at a time when cell integrity was expected to be fully re-estab-
lished and when SGK3 knockdown was mostly achieved. Cells were then cultured for another
3 days prior to cell death (annexin V/PI) or viability (alamarBlue) measurements. Additionally,
for the MK-2206 treatments, another control titration with cells taken from the regular cell
culture (blue dots in Fig 4B) was simultaneously performed to account for potential effects
caused by the electroporation procedure. Cell line MM.1s, which is strongly dependent on Akt
signalling for survival [10], showed complete killing curves for both inhibitors, whereas the
phospho-Akt negative MM cell line AMO-1 was unaffected (lower and not dose-dependent
viability values in the AMO-1 alamarBlue assay for treatment with MK-2206 were mostly a
consequence of the electroporation treatment per se) (Fig 4B). L-363 cells displayed little to
moderate Akt inhibitor-induced acute cell death but were more profoundly affected in their
viability, a result in keeping with the role that Akt signalling has for maintenance of metabolic
activity [42]. In general, treatment of SGK3 knockdown cells with Akt inhibitors induced
marginally higher rates of apoptosis and/or decreases in proliferation/viability compared to
respective control cells, but the differences were at best slight and, for MM.1s cells treated with
MK-2206, indistinguishable from the effects on untransfected control cells. Taken together,
these experiments therefore do not support the notion that SGK3 might act as a redundant
safeguard mechanism to maintain growth and survival of MM cells under conditions of Akt
blockade.

SGK3 knockdown in combination with MEK blockade
We have previously shown that the combined blockade of PI3K and MEK1,2 in the phospho-
Akt negative MM cell line AMO-1 leads to strong synergistic induction of cell death. This effect
was observed for the combination of pan PI3K/mTOR inhibitor PI103 with MEK1,2 inhibitor
PD184352 [11], as well as for the combination of PI3K-p110α inhibitor BYL-719 with MEK1,2

Fig 3. SGK3 knockdown in MM cell lines. A) Western blot showing time-dependence of stealth siRNA-mediated SGK3 (stSGK3) depletion in
electroporated JJN-3 cells. A stealth siRNA against enhanced green fluorescent protein (stEGFP) was used in control electroporations. B) SGK3 knockdown
and phosphorylation levels of Akt and of potential SGK3 downstream substrates in stEGFP vs. stSGK3 transfected MM cell lines. Cells were harvested at
day 3 post-electroporation. For each cell line two gels were run and the representative β-actin control derives from the gel that was also stained for P-Akt
(Thr308) (all cell lines) and pan-Akt (L-363, MM.1s) or P-FOXO1/3A and P-GSK-3β (JJN-3). C) SGK3 knockdown does not substantially affect the survival of
MM cells. Shown are the results of annexin V/PI staining followed by FACS analysis at day 4 post-electroporation. Relative survival rates are shown, i.e.
survival (the annexin V/PI negative fraction) in stEGFP transfected control samples was always set as 100% and survival of the respective SGK3 knockdown
samples is shown relative to their cognate controls. At least three independent experiments were performed for each cell line. Error bars denote s.e.m. D)
Same experiments as described for C) but viability determined by alamarBlue colorimetric assay. E) Proliferation analysis (one of 2 similar experiments
shown) performed on day 4 post-electroporation in MM cell lines treated with the stealth siRNA against EGFP versus stealth siRNA against SGK3. The
percentages given above the lines denote the respective share of cells that have incorporated bromo-desoxyuridine (BrdU) during a 2 h BrdU pulse,
indicating active DNA synthesis. F) Forward-scatter analysis of stEGFP versus stSGK3 treated cells at day 4 post-electroporation as a measure of cell
volume. Top: examples for selection of the live cell fractions of stEGFP and stSGK3 transfected cells based on their forward versus sideward scatter location.
Bottom: Distribution of the mean forward scatter values for between 4 and 5 independent experiments (i.e. different electroporations) per cell line. Horizontal
black lines mark the mean value of the datapoints shown and vertical black lines indicate the s.e.m.

doi:10.1371/journal.pone.0122689.g003
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inhibitor PD0325901 [15]. However, no such effect was found for the combination of Akt in-
hibitor Akti1,2 with MEK1,2 inhibitor PD98059 [10]. We therefore tested if the PI3K-depen-
dent survival signal in this combination blockade with MEK inhibitors is transmitted by SGK3
(Fig 5). AMO-1 cells electroporated with either stealth siRNA against SGK3 (gray bars) or
against EGFP (white bars) were kept in cell culture for two days to recover from the effects of
electroporation and to downregulate SGK3. Cells were then subjected to single or combination
drug treatments for 3 additional days, and apoptosis was measured by annexin V/PI staining
and FACS analysis. As expected, the combination of PI3K-p110α and MEK1,2 inhibition
(BYL-719 + PD0325901) strongly affected AMO-1 cell survival, whereas each drug alone had
little impact, and this effect was not mirrored by combinations of Akt and MEK inhibitor
(MK-2206 + PD0325901 or Akti1,2 + PD0325901) (Fig 5A). However, apoptosis induction in

Fig 4. SGK3 knockdown in combination with Akt inhibition. A) Titration of allosteric Akt inhibitors MK-
2206 and Akti1,2. MM cells were incubated with the drugs for 30 min prior to harvest for Western blotting. B)
Dose-effect curves representing cell death (annexin V) or viability (alamarBlue) assays for MM.1s cells (left),
L-363 cells (middle) and AMO-1 cells (right) from either untreated cultures (blue dots), cells electroporated
with stealth siRNA against EGFP (green dots) or cells electroporated with stealth siRNA against SGK3 (red
dots), and treated with various concentrations of MK-2206 for 3 days. Drugs were added to electroporated
cells at day 2 post-electroporation. Cells from untreated cultures were kept at similar densities as those of
electroporated cells prior to drug addition. Each dose/effect curve is based on between 3 and 4 independent
experiments. Error bars indicate s.e.m. C) Same experimental setup as described in B) but with Akt inhibitor
Akti1,2. Each dose/effect curve is based on between 2 and 3 independent experiments. Error bars indicate s.
e.m.

doi:10.1371/journal.pone.0122689.g004

Fig 5. SGK3 knockdown in the broader context of MEK1,2/PI3K blockade.MM cells were electroporated with stealth siRNAs against EGFP or SGK3
and drugs were added at day 2 post-electroporation for a further 3-day incubation. Cell death was measured by annexin V/PI staining and FACS analysis.
Error bars denote s.e.m. based on 3 independent experiments. The survival rates were calculated relative to DMSO-treated cells. The absolute survival rates
for the experimental pairs in these experiments (DMSO treated stEGFP vs. DMSO treated stSGK3 transfected cells) were 92.7% vs. 93.6% (AMO-1) and
92.7% vs. 91.9% (L-363), i.e. there was no substantial difference between control cells and SGK3 knockdown cells. Titration of BYL-719 and choice of its
concentration are detailed in [15]. Of note, the strong synergistic effect observed in AMO-1 cells for the combination of PI3K-p110α inhibitor BYL-719 and
MEK1,2 inhibitor PD0325901 is not observed when the PI3K-p110α inhibitor is substituted with an Akt inhibitor (MK-2206 or Akti1,2), but it is also not
mirrored by the combination of MEK1,2 inhibition and SGK3 depletion.

doi:10.1371/journal.pone.0122689.g005
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PD0325901-treated AMO-1 cells depleted for SGK3 was no more effective than in control cells
(Fig 5A, third columns from the left), arguing against SGK3 as the crucial mediator of PI3K-p110α
dependence in this cell line. Although SGK3 knockdown cells exhibited slightly increased rates of
cell death in some settings (i.e. for treatment with BYL-719 or with PD0325901 + MK-2206;
Fig 5A) the effects were always small and within the limits of experimental variation. Taken
together, these experiments provided no evidence for a functional role of SGK3 downstream of
PI3K-p110α in AMO-1 cells. L-363 cells, which harbour an activating PIK3CAmutation, also
showed no substantial increases in cell death when pharmacological blockade of MEK1,2, Akt
or PI3K-p110α was performed in cells devoid of SGK3 (Fig 5B).

Serum dependence of MM cells in the context of SGK3 depletion
We finally tested if SGK3 knockdown had any influence on the survival of MM cells in condi-
tions of serum deprivation, because extrinsic serum-dependent growth and survival signals
should at least in parts be transmitted by PI3K. MM cells were electroporated with stSGK3 or
stEGFP siRNAs and kept in cell culture for 2 days in order to recover and to downregulate
SGK3. Cells were then washed 3 times with PBS and resuspended in full medium without FBS.
The concentration of FBS was then adjusted for the different test conditions and cell death de-
termined after 3 additional days in culture (Fig 6). In contrast to effects described for the hepa-
tocellular carcinoma cell line QGY-7701 [35] SGK3 knockdown had no influence on the serum
dependence of any of the MM cell lines tested (Fig 6).

Relevance of SGK3 for the growth and survival of MM cells
The PI3K/Akt system is generally recognised as an important signalling and survival axis in
tumor biology, including in MM [10,15,43,44,45], but clinically approved targeted molecular
therapies are currently still limited to inhibitors of the mTOR components [17]. However, a
large number of candidate compounds including isoform-specific PI3K inhibitors as well as
pan-PI3K or Akt inhibitors, and drugs exhibiting dual target specificities towards PI3K/mTOR
are in preclinical and clinical evaluation [46]. A phase III trial in MM with perifosine, an

Fig 6. Serum dependence of SGK3 depleted MM cells.MM cells transfected with either stealth siRNA against EGFP (white columns) or against SGK3
(grey columns) were washed three times with PBS at day 2 post-electroporation and resuspended in fresh medium, subsequently adjusted to contain the
indicated concentrations of FBS. After further culture for 3 days cell death was determined by annexin V/PI staining and FACS analysis. Error bars indicate s.
e.m. based on 4 independent experiments.

doi:10.1371/journal.pone.0122689.g006
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alkylphospholipid that leads to downregulation of Akt [47], has failed to show additional thera-
peutic benefit when the drug was combined with bortezomib and dexamethasone. However, a
recent phase I trial with the pan-Akt inhibitor GSK2110183 (afuresertib) revealed clinically rel-
evant responses in some MM patients [18], thus suggesting that Akt blockade can be beneficial
if the right patients and therapeutic settings can be identified. Because our preclinical analyses
of the Akt and PI3K isoforms in MM have revealed strong variability in the intrinsic activity of
this pathway and in the response of MM cells to its blockade [10,15], we tested if SGK3 might
provide a significant escape route from PI3K or Akt blockade-mediated apoptosis. SGK3 has
recently been described as an oncogenic player in some solid cancers. Most prominently, it was
identified as a crucial component in PI3K downstream signalling in cancer cells that harbour
activating PIK3CAmutations, a condition that is often associated with relatively low intrinsic
Akt activity [22]. SGK3 has also been described as androgen or estrogen inducible survival ki-
nase in prostate [36] and breast cancer [34], respectively, and the SGK3 locus constitutes a ge-
netically amplified lesion in hepatic cancer [35]. However, these examples also show that for
SGK3 no consistent oncogenic mechanism is implied, and an immunohistochemical study in
ovarian cancer did not find SGK3 phosphorylation (activation) to be correlated to either the
phospho-Akt status or the PIK3CAmutation status [48].

In our experiments we detected SGK3 protein expression in all MM cell lines and primary
MM samples tested, but our functional analyses found no evidence for a substantial role of this
kinase in the maintenance of growth and survival of MM cells. A clear limitation of our study
is the lack of functional analyses with primary MM cells, which have been impossible due to
the absence of suitable pharmacologic inhibitors, the non-transfectability of primary MM cells
and a general dearth in unambiguous functional readouts for intrinsic or extrinsic SGK3 acti-
vation. However, the four transfectable MM cell lines chosen for our experiments do represent
a broad range of intrinsic PI3K/Akt activation levels, and they represent MM cell lines that
strongly (MM.1s), moderately (L-363, JJN-3) or not at all respond with apoptosis/viability de-
creases to blockade of Akt or PI3K/PI3K-p110α [10,11,15]. L-363 also represents the rare case
of an MM cell line with an activating PIK3CAmutation. Furthermore, stealth siRNA-mediated
transient SGK3 knockdown led to reliable and strong SGK3 protein depletion for more than 5
days, and thus permitted the addition of small molecule pathway inhibitors to MM samples
virtually devoid of SGK3. Based on previous experience with Akt and PI3K-p110α blockade
the time frame for these experiments should have been sufficient to establish functional effects
[10,11,15]. The fact that SGK3 depletion alone or in combination with Akt inhibition failed to
show an SGK3-dependent contribution to the survival or viability of MM cells therefore argues
against a prominent role for SGK3 in the oncogenic deregulation of the PI3K/Akt system in
multiple myeloma, and against its utility as a potential therapeutic target in this disease. Based
on the limited scope of our study it can certainly not be ruled out that either in a clinical setting
or perhaps for smaller MM subgroups SGK3 blockade might still prove beneficial. However, at
the current stage of SGK inhibitor development no options exist to rigorously assess this.
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