
NEOPLASIA

Combined functional and molecular analysis of tumor cell signaling defines
2 distinct myeloma subgroups: Akt-dependent and Akt-independent
multiple myeloma
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Hans-Konrad Müller-Hermelink,2 Mindaugas Andrulis,3 Axel Greiner,4 Carmen Wesemeier,1 Jörg C. Rath,1

Hermann Einsele,1 and Ralf C. Bargou1

1Department of Internal Medicine II, Division of Hematology and 2Institute of Pathology, University Hospital of Würzburg, Würzburg; 3Institute of Pathology,
University Hospital of Heidelberg, Heidelberg; and 4Institute of Pathology and Cytology, Deggendorf, Germany

Although the phosphatidylinositide 3-
kinase (PI3K)/Akt pathway has been re-
ported to contribute to the malignant
growth of multiple myeloma (MM), the
true relevance of Akt kinases for this
disease is still unclear. In particular, func-
tional analyses in primary tumor cells and
genetic target validation experiments are
missing. Here, we used combined func-
tional and molecular analyses to deter-

mine the importance of Akt activity in a
large panel of primary MM samples and in
MM cell lines. Akt down-regulation with
isoform-specific siRNA constructs or with
an Akt1/2-specific pharmacologic inhibi-
tor strongly induced apoptosis in approxi-
mately half of the primary MM samples
analyzed. Sensitivity to Akt inhibition
strongly correlated with the activation
status of Akt as determined by immuno-

histochemistry, phospho-Akt–specific
flow cytometry, and Western analysis.
Additional blockade of the MAPK and the
IL-6R/STAT3 pathways was often not suf-
ficient to decrease the viability of MM
cells resilient to Akt inhibition. Taken to-
gether, these experiments led to the iden-
tification of 2 myeloma subgroups: Akt-
dependent and Akt-independent MM.
(Blood. 2008;112:3403-3411)

Introduction

Multiple myeloma (MM) is caused by the growth of a malignant
plasma cell clone in the bone marrow (BM). This still incurable
disease is characterized by a remarkably heterogeneous clinical
course and the median survival ranges from 2 to 3 years for
high-risk MM to better than 5 years for low-risk patients.1 While
this suggests the existence of different biologically defined sub-
groups, the knowledge about such biologic differences is still
limited. Many experimental oberservations support the hypothesis
that MM evolves through a multistep transformation process.2 In
addition to the BM microenvironment, genetic alterations are
supposed to enhance the activity of deregulated signaling path-
ways.2-5 One of these signaling cascades is the phosphatidylinosi-
tide 3-kinase (PI3K)/protein kinase B (PKB) pathway, also known
as the Akt pathway.

The PKB/Akt kinase family includes 3 isoforms (PKB�/Akt1,
PKB�/Akt2, and PKB�/Akt3) that are encoded by separate genes
and that are involved in the regulation of apoptosis, proliferation,
motility, and energy metabolism.6 Although the different isoforms
share high sequence homology, their tissue distribution varies, and
functional differences have been reported in healthy tissues and
tumors.7-9 For example, human breast and ovarian carcinomas may
harbor an activating mutation of Akt1 and often display elevated
Akt1 activity.10,11 Amplification and tumorigenicity of Akt2 was
found in pancreatic tumors and constitutive activation of Akt2 in
ovarian cancer cells sensitized them to PI3K inhibition.12,13 Akt3
enzymatic activity was reported to be elevated in hormone-
insensitive breast and prostate tumors.14

Activation of Akt involves phosphorylation of 2 amino-acid
residues: threonine 308 and serine 473 (numbers refer to Akt1).6

For a number of human tumors, including various carcinomas,
glioblastoma multiforme, and hematologic malignancies, constitu-
tive activation of Akt has been reported and has often been linked to
late-stage cancers with poor prognosis.6

The PI3K/Akt pathway has also been studied in MM and Akt
was shown to be frequently activated in primary MM speci-
mens.15,16 In addition to stimulation from the BM microenviron-
ment, deletion of the tumor suppressor gene PTEN entails hyperac-
tivation of Akt, and the prominence of PTEN deletions in other
human tumors supports a role for Akt in tumor progression.6,17-19

Functionally, the PI3K/Akt pathway is implicated in cell-cycle and
apoptosis regulation in MM cells.19-21 A major drawback of
previous studies on the role of Akt in MM is that most data were
obtained with small compound inhibitors that do not specifically
target Akt. Therefore, it is unclear whether their biologic effects are
due to Akt inhibition or are the result of off-target effects. Recent
advances in the development of specific small-molecule inhibitors
of Akt now provide new opportunities to appraise its role in MM.
Furthermore, virtually nothing is known about the role of single Akt
isoforms and only very limited analyses on the contribution of Akt
activity to MM cell survival have been performed with primary material.
Consequently, the precise role ofAkt for the pathogenesis of MM and its
value as a therapeutic target requires further investigation.

Here, we used an siRNA-mediated knockdown approach to
selectively deplete the different Akt isoforms and to determine the
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consequences for the viability of MM cells. This was comple-
mented with an analysis of the biologic and molecular effects of the
recently described Akt1- and Akt2-specific inhibitor Akti-1/222-24

on a panel of primary MM cells, and correlated with the activation
status of Akt in these samples.

Methods

Cell culture

Human MM cell lines AMO-1, MM.1S, OPM-2, and U266 as well as
primary MM cells were maintained in RPMI 1640 medium (PAA Laborato-
ries, Pasching, Austria), supplemented with 10% fetal bovine serum (FBS;
Biochrom, Berlin, Germany), 100 U/mL penicillin, 100 �g/mL streptomy-
cin (PAN Biotech, Aidenbach, Germany), GlutaMAX-I (Invitrogen,
Karlsruhe, Germany), and 1 mM Na-pyruvate (PAN Biotech). Primary MM
cells were cultured either in the presence of 10 ng/mL recombinant human
IL-6 or in the presence of bone marrow stromal cells (BMSCs). Cells were
grown at 37°C and 5% CO2.

Preparation of primary MM cells and BMSCs

Primary MM cells were obtained from diagnostic BM aspirates of patients
with MM and purified as previously described.25 Primary BMSCs were
derived from the same source.25 All primary material was collected after
informed consent was obtained in accordance with the Declaration of
Helsinki and after permission was received from the local ethics committee
(Ethik-Kommission der Medizinischen Fakultät der Universität Würzburg;
reference number 73/05).

Application of drugs

Drugs were diluted from concentrated stocks to 2 times final concentrations
in full RPMI medium and an applicable volume was added to myeloma cell
cultures seeded in 96- or 48-well plates. Appropriate controls (cells treated
with dimethyl sulfoxide [DMSO] or buffer) were always included.

Transfection of AMO-1 and MM.1S cells by electroporation

Cells were washed with and resuspended in fresh RPMI medium without
additives. Electroporations were performed using suspensions of 2 � 107

cells in 500 �L, and 0.4 cm-wide cuvettes (Invitrogen). Pulse settings were
950 �F and either 280 V (AMO-1) or 300 V (MM.1S). Plasmid concentra-
tions were 15 �g/mL for pSUPER-Akt1 (siAkt1) or pSUPER-Akt2 (siAkt2),
20 �g/mL for pSUPER-Akt3 (siAkt3), and 10 �g/mL for pcDNA3.1-
EGFP. Cells were collected 24 hours after electroporation, and debris was
removed by gradient centrifugation with OptiPrep (Axis-Shield, Oslo,
Norway).26 Strongly transfected cells were subsequently purified by
fluorescence-activated cell sorting (FACS) of bright enhanced green
fluorescent protein (EGFP)–positive cells (Figure S1, available on the
Blood website; see the Supplemental Materials link at the top of the online
article). These were washed with phosphate-buffered saline (PBS),
resuspended in full RPMI medium, and used for experiments. The
viability of MM cells transfected with control vector was better than 70%
in all experiments.

Generation of siRNA expression constructs

Design and construction of pSUPER-based siRNA expression vectors are
described in Brummelkamp et al.27 The following sense oligonucleotides
were used (sequences derived from the actual genes marked in bold): dGATCCC-
CACGAGGGGAGTACATCAAGACTTCAAGAGAGTCTTGATGTACT-
CCCCTCGTTTTTTGGAAA (targeting Akt1; see also Czauderna et al28); dG-
ATCCCCGACCTGGAGGCCACGGTACTTCAAGAGAGTACCGTGGC-
CTCCAGGTCTTTTTGGAAA (targeting Akt2); and dGATCCCCGCTAT-
CCAGGCTGTAGCAGTTCAAGAGACTGCTACAGCCTGGATAGCTT-
TTTGGAAA (targeting Akt3). The efficacy of individual constructs was
confirmed 3 days after electroporation through Western analysis of the respective

target. The siRNA expression construct against human signal transducer and
activator of transcription 3 (STAT3) is described in Chatterjee et al.26

Apoptosis assay

To identify apoptotic cells, samples were washed with PBS and resus-
pended in staining buffer as described before.26 Primary MM cells were
stained with annexin V–FITC (Bender MedSystems, Vienna, Austria) and
propidium iodide (PI). EGFP� cell populations were stained with annexin
V–ATTO 647 (Alexis, Lausen, Switzerland). Experiments with primary
MM cells were not evaluated if the absolute survival measured for the
DMSO control wells was below 30% (range, 32%-86%; median, 68%).

Phospho-Akt–specific flow cytometry

For phospho-Akt (Ser473) analysis, freshly isolated primary MM cells
(5 � 104 cells/well) were kept in 200 �L medium without interleukin-6
(IL-6) and treated in 5 different ways. A total of 2 samples were exposed to
either 10 �M Akti-1/2 or to a corresponding amount of DMSO. A third
sample (phospho-Akt positive control) was treated for 15 minutes with
25 ng/mL IL-6 and 50 ng/mL insulin-like growth factor-1 (IGF-1) before
being harvested. A total of 2 samples were cocultured overnight with
BMSCs before 10 �M Akti-1/2 or a corresponding amount of DMSO was
added. Cells were harvested after 14 hours of drug treatment and immedi-
ately fixed with an equal volume of Fix Buffer I (BD Biosciences,
Heidelberg, Germany [BD]) for 20 minutes at 37°C. Cells were spun down,
resuspended in ice-cold 90% methanol, and vigorously shaken for
30 minutes at 4°C. After 2 rinses with 3% BSA in PBS (PBS/B), cells were
resuspended in 100 �L of anti–phospho-Akt (Ser473) antibody solution
(Cell Signaling Technology, Frankfurt am Main, Germany; no. 4058; 1:100
in PBS) and incubated at room temperature for 1 hour. Cells were washed
twice with PBS/B, resuspended in 100 �L of Alexa Fluor 647–conjugated
secondary antibody solution (Invitrogen; A21244; 1:100 in PBS), and kept
at room temperature in the dark for 30 minutes. After 2 rinses with PBS/B,
the samples were subjected to flow cytometry. Live cells, which could be
clearly distinguished in forward versus sideways scatter plots, were gated
and the median fluorescence intensity (MFI) was determined. Fold changes
of the MFI were defined as the fraction (MFI of measured sample) divided
by (MFI of sample kept in medium and treated with Akti-1/2).29 A change of
MFI larger than 1.3-fold was considered indicative for constitutive activa-
tion of Akt. Drug treatment alone did not change the autofluorescence of
MM cells (Figure S2). Intracellular staining of phospho-STAT3 and
phospho-ERK1/2 was performed as described with fixation times of
10 minutes and 50 minutes, respectively. The following antibodies were
used: anti–phospho-STAT3–Alexa Fluor 488 (BD; 557814; 1:10 in PBS)
and anti–phospho-ERK1/2–Alexa Fluor 647 (BD; 612593; 1:20 in PBS).
Incubation with antibodies was for 1 hour at room temperature in the dark.

Histochemical analysis

Giemsa staining and immunohistochemical (IHC) 3-step peroxidase stain-
ing were performed with formalin-fixed, paraffin-embedded bone marrow
biopsies heavily infiltrated by MM cells as previously described.30 Slides
were viewed with equipment from Olympus (Hamburg, Germany; camera
BX50/DP-Soft version 5) and processed with Adobe Photoshop version 3.0
(Adobe Systems, San Jose, CA). The anti–phospho-Akt antibody used was
from Cell Signaling Technology (no. 3787; dilution 1:50).

Western analysis

Sample preparation for MM cell lines was described before.31 Primary MM
cells (2 � 105 cells/well) were treated as detailed in Stühmer et al.25

Antibodies detecting Akt1 (no. 2967), Akt2 (no. 2962), Akt3 (no. 4059),
pan-Akt (no. 9272), phospho-Akt (Ser473; no. 4058), phospho-FoxO1/3a
(no. 9464), phospho-ERK1/2 (no. 9101), ERK1/2 (no. 9102), phospho-
STAT3 (Tyr705; no. 9131), and STAT3 (no. 9132) were purchased from
Cell Signaling Technology. Anti–�-tubulin (BZL 03568) was from BIO-
ZOL (Eching, Germany). Secondary antibodies specific for rabbit
(NA9310V), mouse (NA9340V), or rat (NA9350V) were from GE
Healthcare (Little Chalfont, United Kingdom). Akt isoform specificity of

3404 ZÖLLINGER et al BLOOD, 15 OCTOBER 2008 � VOLUME 112, NUMBER 8

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/112/8/3403/1306666/zh802008003403.pdf by guest on 05 June 2024



the antibodies was confirmed by Western analysis with recombinant
proteins (Figure S3).

Reagents

Akti-1/2 (124018) and PD98059 (513001) were purchased from Merck
(Darmstadt, Germany) and phorbol myristate acetate (PMA) was purchased
from Alexis. Sant7 was produced in our laboratory as described before.32

Recombinant human IL-6 and IGF-1 proteins were obtained from Immuno-
Tools (Friesoythe, Germany).

Statistical analysis

For statistical analysis of viability assays, a 1-tailed unpaired Student
t test was used.

Results

siRNA-mediated knockdown of Akt induces apoptosis in
MM.1S but not in AMO-1 cells

To directly test the necessity of Akt signaling for the viability of
MM cells and to appraise the importance of the different Akt
isoforms for cell survival, we performed transfection experiments

with siRNA expression vectors directed selectively against Akt1,
Akt2, or Akt3. For this approach, 2 electroporatable MM cell lines
were used that in culture either do (MM.1S) or do not (AMO-1)
display constitutive phosphorylation of Akt (phosphorylation of
Ser473 used as readout for activity; Figures 1A,2A). Each siRNA
expression construct led to specific down-regulation of its intended
target without affecting protein levels of the other 2 Akt isoforms
(Figure 1A). Knockdown of Akt1 and to a lesser extent of Akt2 in
MM.1S cells also produced a sizeable decrease of total phosphory-
lated Akt, whereas down-regulation of Akt3 did not, indicating that
phosphorylation of Akt3 may not significantly contribute to the
phospho-Akt pool. Knockdown of Akt3 was restricted to MM.1S
because AMO-1 cells were devoid of Akt3 protein as judged by
Western analysis (Figure 1A). Next, combined down-regulation of
Akt1 and Akt2 or of all 3 Akt isoforms (only in MM.1S) was
performed to abolish Akt signaling (Figure 1B). Knockdown of
Akt1 and Akt2 was sufficient to strongly deplete AMO-1 and
MM.1S cells of total Akt protein (Figure 1B). In MM.1S cells, this
treatment led to strong reductions of phospho-Akt and of phospho-
FoxO1/3a, a substrate of Akt. Additional down-regulation of Akt3
in MM.1S cells did not increase these effects. The viability of the
transfected cells was determined 6 days after transfection (Figure

Figure 1. SiRNA knockdown of Akt isoforms in MM cell lines. (A) Specificity of Akt isoform knockdown in MM cell lines AMO-1 and MM.1S as determined by Western
analysis 3 days after electroporation with pSUPER-derived siRNA expression vectors (siAkt1, siAkt2, and siAkt3; pSU � empty vector) and subsequent enrichment of strongly
transfected cells. MM.1S cells display a constitutive phospho-Akt signal, whereas AMO-1 cells do not. AMO-1 cells are devoid of Akt3 protein. Staining of �-tubulin was used as
loading control. (B) Western analysis of the molecular effects of combined knockdown of Akt1 and Akt2 or of all 3 isoforms in AMO-1 and MM.1S cells. Shown is the
down-regulation of single Akt isoforms, its effect on the total level of Akt protein (pan-Akt), on the level of activated Akt protein (phospho-Akt [Ser473]), and on the amount of
phosphorylated Akt substrate FoxO1/3a. (C) Viability of MM cells transfected with (combinations of) Akt knockdown constructs. Purified populations of transfected cells were
cocultured with BMSCs and their survival determined by annexin V–ATTO 647/PI staining 6 days after electroporation. The graph comprises the results from 3 independent
experiments. The bars display the percentage of viable cells for the respective Akt knockdown constructs compared with identically treated empty vector controls. Error bars
mark standard deviations. P values were determined by 1-tailed unpaired Student t tests (*P � .01; **P � .04).
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1C). Knockdown of Akt1 strongly induced apoptosis in MM.1S
cells (16% survival compared with cells transfected with empty
pSUPER vector) and, although less pronounced, a similar result
was obtained by down-regulation of Akt2 (41% survival). Com-
bined knockdown of both Akt1 and Akt2 did not produce any
benefit over Akt1 knockdown alone (20% survival). Depletion of
Akt3 had rather minor effects on the viability of MM.1S cells (72%
survival). The viability of AMO-1 cells, which do not display
constitutive Akt phosphorylation, was completely unaffected by
siRNA-mediated single knockdown of either Akt1 or Akt2 (Figure
1C). Likewise, knockdown of both Akt isoforms did not induce cell
death (Figure 1C) or impair proliferation (A.Z., personal observa-
tions, June 2007).

Pharmacologic inhibition of Akt1 and Akt2 mimics the
apoptotic effects of siRNA-mediated Akt knockdown in
MM cells

For technical reasons the analysis of Akt signaling in primary MM
samples relies on pharmacologic inhibitors. We therefore explored
the utility and biologic consequences of Akt inhibition with
Akti-1/2, a novel small-molecule inhibitor selective for Akt1 and
Akt2, in 4 MM cell lines, including the 2 cell lines for which
siRNA-mediated Akt knockdown had been performed. Akti-1/2 is
an allosteric inhibitor specific for Akt1 and Akt2 that down-
regulates phosphorylation and activation of these isozymes in
cultured cells and in mice.23 It is assumed that binding of Akti-1/2
leads to the formation of an inactive conformation where Akt
cannot be phosphorylated by upstream kinases, and that this
process is pleckstrin homology domain dependent.22,23 Treatment
with 10 �M Akti-1/2 abolished phosphorylation of Akt and of
FoxO1/3a in both cell lines that displayed a constitutive phospho-
Akt signal (MM.1S and OPM-2; Figure 2A), and induced cell death
with half-maximally effective concentrations of 7 �M (MM.1S)
and 4 �M (OPM-2), respectively. Conversely, the viability of
AMO-1 and U266 cells was largely unaffected at concentrations of
up to 20 �M (Figure 2B). These results mirror the effects of
siRNA-mediated Akt knockdown in AMO-1 and MM.1S cells and
strongly support the notion that the biologic effects of Akti-1/2 on
MM cells are indeed due to its specificity for Akt1/2.

Treatment with the Akt-inhibitor Akti-1/2 down-regulates Akt
activation in primary MM cells and induces apoptosis

Next, we analyzed Akt activation in primary MM cells and the
effect of Akti-1/2 on their viability. Freshly isolated CD138� cells
were treated with 10 �M Akti-1/2 and survival was determined
after 5 days. Effectivity of Akti-1/2 to block Akt signaling was
tested by Western analysis of primary cells stimulated for 15 min-
utes with IL-6 and IGF-1 to generate a maximal phospho-Akt
signal (n � 4). In addition, differences in the relative levels of
phospho-Akt were determined by phospho-Akt–specific flow cy-
tometry of primary MM cells kept either with or without the
presence of BMSCs (n � 20). Western analyses confirmed that
IL-6– and IGF-1–mediated activation of Akt was blocked by the
inhibitor (Figure 3A). We observed that Akti-1/2 inhibited Akt
phosphorylation in primary MM cells in the absence or presence of
BMSCs (Figure 3B). Akti-1/2 thus effectively abrogated Akt
activity in different culture settings and also in the presence of
stimulating cytokines. Both patient tumor samples shown in Figure
3 underwent apoptosis after Akti-1/2 treatment. Coculture with
BMSCs did not protect Akti-1/2–sensitive primary MM cells from
drug-induced apoptosis (n � 4).

Primary MM cells that display constitutive Akt activation are
more sensitive to Akti-1/2 treatment

For several primary myeloma samples, we investigated the effects
of Akti-1/2–mediated Akt inhibition in freshly isolated tumor cells
in relation to the presence of Akt phosphorylation in situ as
detected by IHC in formaldehyde-fixed, paraffin-embedded bone
marrow biopsies, or Akt phosphorylation in vitro as determined by
phospho-Akt–specific flow cytometry. The results for 2 different
MM cases are exemplarily depicted in Figure 4A through C. Both
samples displayed similar prominence of abundant atypical plasma
cells with strong CD138 positivity (Figure 4A). However, only one
of these samples was positive for phospho-Akt, with strong
staining in confluent plasmacytoma infiltrates (Figure 4A; patient
6) and in scattered intermixed myeloma cells (inset). No phospho-
Akt signal was detected for patient 17. Phospho-Akt–specific flow
cytometry to probe shifts of Akt activity (Figure 4B) was per-
formed with MM cells isolated from both patients. Tumor cells

Figure 2. Treatment with Akt1/2 inhibitor Akti-1/2 is preferentially toxic for phospho-Akt–positive MM cells. (A) Western analysis of AMO-1, MM.1S, OPM-2, and U266
cells treated overnight with either 10 �M Akti-1/2 or a corresponding amount of solvent (DMSO). Whereas the levels of total Akt protein remained unaffected, phosphorylated
forms of Akt and its substrate FoxO1/3a were strongly diminished in MM.1S and OPM-2 cells. (B) Viability of AMO-1, MM.1S, OPM-2, and U266 cells in coculture with BMSCs
after 5 days of treatment with different concentrations of Akti-1/2. Survival was determined by annexin V–FITC/PI staining and expressed in relation to the viability of
DMSO-treated control cells. The graph displays the results from 3 independent experiments; error bars mark standard deviations.
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were treated overnight with 10 �M Akti-1/2 or with DMSO.
Treatment with the inhibitor led to a prominent downward MFI
shift for phospho-Akt in cells from patient 6, whereas no such shift
was detectable in cells from patient 17, confirming that Akt
phosphorylation was present only in the former. Consistent with
these results, treatment with 10 �M Akti-1/2 for 5 days was toxic
for tumor cells from patient 6 but had little effect on the viability of
cells from patient 17.

In total, apoptosis measurements after Akti-1/2 treatment
were performed for 30 different primary samples. They segre-
gated into 2 groups of approximately equal numbers that were
either very sensitive to Akti-1/2 treatment (less than 40%
survival compared with DMSO-treated controls) or more resil-
ient or even resistant to Akt inhibition (Figure 4D). For 26 of
these samples, IHC staining for phospho-Akt (n � 19; Figure
4E), and/or phospho-Akt–specific flow cytometry (n � 20;
Figure 4F), was performed. Correlation of IHC positivity for
phospho-Akt with sensitivity to treatment with Akti-1/2 showed
that of the 10 samples that displayed phospho-Akt staining,
8 underwent strong apoptosis after Akt inhibition (Figure 4E).
Conversely, all primary samples that were IHC-negative for Akt
phosphorylation fell into the Akti-1/2 resilient/resistant subgroup.

Phospho-Akt–specific flow cytometry showed presence of
phosphorylated Akt in 13 of the 20 primary samples thus analyzed
(Figure 4F). Of these samples, 12 were sensitive to Akti-1/2
treatment, whereas all of the 7 samples devoid of Akt phosphoryla-
tion displayed Akti-1/2 resistance. In summary, these results
showed that 15 (58%) of 26 primary samples displayed activated
Akt as assessed by IHC and/or phospho-Akt–specific flow cytom-
etry, and that 13 of these were strongly sensitive to pharmacologic
inhibition of Akt. Samples without detectable levels of phospho-
Akt were invariably less sensitive or even insensitive to treatment
with Akti-1/2.

MM cells resilient to Akt inhibition are often unaffected by
additional inhibition of STAT3 and MAPK

In addition to the PI3K/Akt pathway, the STAT3 and MAPK
pathways have been implicated in MM cell survival. We therefore
tested whether the combined blockade of all 3 pathways would lead
to an increase in apoptosis of MM cells resistant to Akt inhibition.
Knockdown of STAT3 in AMO-1 cells was combined with
pharmacologic inhibition of MEK1/2 with PD98059 and of Akt
with Akti-1/2 (Figure 5A). The viability of the cells was not
affected by this treatment (Figure 5B). A total of 7 Akt resilient/
resistant primary MM samples were also subjected to the triple
pathway blockade. Treatment with Sant7 or PD98059 effectively
down-regulated the levels of phospho-STAT3 and phospho-
ERK1/2 in primary MM cells cocultured with BMSCs (exemplary
depiction of 1 primary sample in Figure 5C), but in 4 of 7 samples
the combined inhibition of Akt, MEK, and STAT3 hardly increased
apoptosis beyond the level of Akti1/2 treatment alone (Figure 5D).
Thus, there appear to be patients with MM who are quite resistant
even to the combined blockade of 3 major signaling pathways
commonly implicated in the growth and survival of MM cells.

Discussion

Previous studies have suggested a role for the PI3K/Akt pathway
for malignant growth and survival of MM cells and pharmacologic
intervention with this pathway induced cell death in MM cell lines
and primary tumor samples.16,20,21 In BM biopsies from patients
with MM phosphorylated Akt has been observed, and this activa-
tion may result from BM microenvironment–derived cytokines,
such as IL-6 or IGF-1, or from monoallelic deletion of the gene for
the Akt-inhibitory phosphatase PTEN.17-19 However, most of the
latter data has been accrued through the use of small-molecule

Figure 3. Akti-1/2 inhibits Akt phosphorylation in primary MM cells and induces apoptosis in the presence or absence of BMSCs. Shown are 2 examples of
biochemical analysis of the effects of Akti-1/2 on primary MM cells. (A) Western analysis of freshly purified CD138� MM cells (200 000 per lane) treated overnight with either
DMSO or Akti-1/2 (10 �M). At 15 minutes before harvest, cells were stimulated with a combination of IL-6 and IGF-1 to show inducibility of activated Akt and lack of this effect in
cells treated with the Akt inhibitor. Phospho-ERK1/2, which was always unchanged by Akti-1/2 treatment in primary MM cells or in MM cell lines, serves as surrogate loading
control for the blot for patient 14. (B) Phospho-Akt–specific flow cytometry for the same primary samples as in panel A. A total of 50 000 cells per well were kept for a total of
24 hours in medium alone or in coculture with BMSCs. They were then treated overnight with Akti-1/2 (10 �M) or DMSO. Primary MM cells stimulated with IL-6 and IGF-1 for
15 minutes served as positive control. (C) Cytotoxic effect of Akti-1/2 treatment on the same primary MM cells as shown in panels A and B. Freshly purified MM cells were kept
overnight either in medium supplemented with 2 ng/mL IL-6 or in the presence of BMSCs. They were then exposed to different concentrations of Akti-1/2 and their viability was
measured after 5 days by annexin V–FITC/PI staining and flow cytometry.
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inhibitors that are known not to target Akt directly. Thus, the use of
PI3K inhibitors abrogates all signaling downstream of PI3K, Akt
included, and likewise, a class of novel alkylphospholipids (eg,
perifosine) blocks Akt phosphorylation in conjunction with several
other effects.33-35 Accordingly, it is still unclear to what extent Akt
contributes to the viability of MM cells.

We therefore conducted siRNA-mediated knockdown of Akt1,
Akt2, and Akt3 and assessed their contribution to the viability of
MM cells that constitutively display Akt phosphorylation (cell line
MM.1S) or that are devoid of activated Akt (cell line AMO-1).
Whereas AMO-1 cells, which did not contain detectable levels of
Akt3, remained completely unaffected by any combination of
Akt-isoform depletion, survival of MM.1S cells was strongly
impaired by knockdown of either Akt1 or Akt2, and was slightly
compromised by knockdown of Akt3. Akt3 depletion did not
notably affect the total level of phospho-Akt in MM.1S.
A prosurvival role for Akt3 has been reported in some tumor

entities, but this was associated with strong protein expression.14

These results imply that in MM Akt1 and Akt2 may well be the
most important isoforms.

We therefore used Akti-1/2, a novel allosteric small-
molecule inhibitor specific for Akt1 and Akt2 to perform
functional analyses with MM cell lines and primary tumor
cells.22-24 Isozyme-specific inhibitors might help to identify
therapy-relevant Akt isoforms and thus to explore less-toxic
routes to the clinical use of Akt blockade.36

MM cell lines with constitutive Akt phosphorylation (MM.1S,
OPM-2) were efficiently driven into apoptosis by Akti-1/2, whereas
those devoid of phospho-Akt (AMO-1, U266) were insensitive.
These effects match the Akt1 and Akt2 knockdown results in the
transfectable cell lines AMO-1 and MM.1S and confirm that the
antimyeloma activity of Akti-1/2 in cell lines and, by implication,
in primary MM cells, appears to be a true consequence of Akt1
and/or Akt2 blockade.

Figure 4. Akt is activated in a subset of primary MM samples and this determines their vulnerability to pharmacologic Akt inhibition. (A-C) IHC, phospho-Akt–specific
flow cytometry, and susceptibility to pharmacologic Akt inhibition in 2 exemplary primary MM samples. (Ai,ii) Immunohistochemical detection of phospho-Akt in bone marrow
biopsies heavily infiltrated by MM cells (right panels). Giemsa stained overview and IHC staining for plasma-cell marker CD138 (inset) shown to the left. Original magnifications,
400� (left) and 200� (right and insets). (Bi,ii) Phospho-Akt–specific flow cytometry in freshly purified CD138� MM cells from the same patients as in panel A. A total of 50 000
cells per well were kept for a total of 24 hours in medium alone. They were then treated overnight with Akti-1/2 (10 �M) or DMSO. (Ci,ii) Viability of freshly purified CD138� MM
cells from the same patients as in panels A and B after treatment with Akti-1/2 for 5 days. Cells were cocultured with BMSCs and survival was determined by annexin V–FITC/PI
staining and flow cytometry. The percentage of viable cells reflects comparison to DMSO-treated controls. Of note, whereas the Akti-1/2 resistant sample (patient 17) did not
display Akt phosphorylation, the Akti-1/2–sensitive case (patient 6) showed strong phospho-Akt signals. (D) Effect plot of all primary MM samples tested (n � 30) for their
susceptibility to treatment with 10 �M Akti-1/2. Viability determined as described in panel C. The medians for the strongly sensitive and the more resilient/resistant groups are
indicated. (E) Correlation of Akt activation in BM biopsies with viability of MM cells from the corresponding patient after treatment with Akti-1/2 (n � 19). Viability was determined
as described in panel C. (F) Correlation of the fold change in MFI for phospho-Akt in primary MM cells with their viability after treatment with Akti-1/2 (n � 20). Measurements
performed as described in panels B and C. Horizontal bars mark the medians.
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Treatment of primary MM samples with Akti-1/2 showed that a
substantial measure of heterogeneity exists in the sensitivity of
myeloma cells toward Akt inhibition. Whereas the drug was
essentially lethal for approximately half of the primary MM
samples tested, the remainder was clearly more resilient or even
resistant. Because we attempted to elucidate the role of Akt
activation in primary MM cells, samples (cell numbers permitting)
were simultaneously analyzed for cell death and probed for the
presence of constitutive Akt activation by phospho-Akt–specific
flow cytometry. When available, bone marrow biopsies of the
respective patients were immunohistochemically stained for phos-
pho-Akt. A strong correlation was found between the phospho-Akt
status in situ and presence of a phospho-Akt signal in vitro. MM
samples for which a phospho-Akt signal could be confirmed were

usually very sensitive for Akti-1/2–mediated apoptosis, whereas
phospho-Akt–negative samples were always resilient or resistant.
Lack of a clearly detectable phospho-Akt signal therefore appears
to be predictive for resistance to pharmacologic Akt inhibition.
Furthermore, our analysis suggests the existence of 2 functional
myeloma subgroups: those with silent Akt, that do not depend on
activated Akt for survival; and those with activated Akt, in which
pharmacologic blockade leads to cell death.

Several genetic lesions have been described that can lead to
increased activity of Akt. Thus, monoallelic deletion of PTEN
causes higher levels of phosphatidylinositol (3,4,5)-trisphosphate,
which is important for the placement of Akt near its upstream
kinase(s). PTEN deletions are found in 20% of MM cell lines (eg,
in OPM-2) or plasma cell leukemias, but are less frequent in

Figure 5. MM cells resistant to Akt inhibition can also be unresponsive to blockade of other survival pathways. (A) Western analysis of signaling pathway components
in AMO-1 cells after knockdown of STAT3 and additional inhibition of the Ras/MAPK pathway with PD98059 (50 �M) and of Akt with Akti-1/2 (10 �M) (pSUPER � control
vector, siSTAT3 � siRNA expression construct26). Transfected cells were purified 1 day after electroporation, cultured together with BMSCs, and treated with PD98059,
Akti-1/2, or both. The next day, cells were harvested for Western blotting, and the same material was used to run 2 different gels to permit unequivocal staining of
phosphorylated versus total protein. Only 1 of 2 identical tubulin controls is shown for clarity. (B) Viability of pSUPER-transfected AMO-1 cells after treatment with 10 �M
Akti-1/2 and of siSTAT3-transfected cells additionally treated with 10 �M Akti-1/2 and 50 �M PD98059. Viability was assayed at day 5 of drug treatment; survival is calculated
as the percentage of live cells compared with the pSUPER control sample. Cells were cocultured with BMSCs, and the graph displays the results from 3 independent
experiments. Error bars mark standard deviations. (C) Signaling analysis of primary MM cells after treatment with Sant7 and PD98059. A total of 5 � 104 primary MM cells were
kept in medium alone or in coculture with BMSCs for 24 hours. They were then treated overnight with Sant7 (50 �g/mL) or with an equivalent amount of buffer and changes in
their phospho-STAT3 level were measured. Primary MM cells stimulated with 25 ng/mL IL-6 for 15 minutes served as positive control. Similarly, phospho-ERK1/2 signals were
blocked with PD98059 (50 �M) and induced with PMA. (D) Viability of Akti-1/2–resistant/resilient primary MM cells (n � 7; individually coded) after additional blockade of the
IL-6R/STAT3 and Ras/MAPK pathways. Freshly isolated MM cells were cocultured with BMSCs and incubated with Akti-1/2 (10 �M) or, in addition, with PD98059 (50 �M) and
Sant7 (50 �g/mL). Viability was measured on day 5. Cells treated with DMSO served as control.
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patients with intramedullary MM (5%),37 and therefore seem to be
rare events in MM. We did not detect PTEN deletions in 8 primary
samples tested, 4 of which displayed constitutively activated Akt
(Table S1), or in the cell line MM.1S. PTEN deficiency is therefore
unlikely to account for the high proportion of phospho-Akt–
positive primary samples.

Because other signaling pathways also play a role for the survival
and growth of MM cells, we tested if additional blockade of the
IL-6R/STAT3 and the Ras/MAPK pathway leads to apoptosis of
Akt-independent myeloma cells. Single or combined disruption of these
pathways in AMO-1 cells did not appreciably compromise their
survival, and 4 of 7 primary samples resilient to the Akt inhibitor were
not further affected by additional pathway blockade. Thus, survival of
some MM cells was unaffected even by the combined blockade of
3 prominent oncogenic pathways. This heterogeneity in tumor cell
signaling might reflect the genetic variability of the disease and
underscores that different signaling events are involved in the pathogen-
esis and in disease progression of MM.

The presence of Akt-dependent and Akt-independent MM could
have important implications for the development of future thera-
pies. One important aspect is that functional signaling analyses
might help to guide the treatment of patients with novel molecular
(targeted) therapies. Another issue is to appraise the status of
phospho-Akt as a prognostic marker and to find out if this might
help to predict whether or not a patient will benefit from a certain
therapy. Thus, MM subgroups defined by functional signaling
analysis could become novel prognostic markers for a better
stratification of disease management.

In summary, this paper represents the first comprehensive
signaling analysis for the Akt pathway in MM and identifies novel

functionally defined MM subgroups. Future studies are intended to
elucidate the genetic lesions that promote constitutive activation of
the Akt pathway. Better knowledge of the molecular characteristics
of relevant oncogenic pathways and a more detailed understanding
of tumor heterogeneity should then provide a rational basis for the
development of targeted therapies.
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