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Introduction

Fms-like tyrosine kinase 3 (FLT3) belongs to the class III 
receptor tyrosine kinases (RTKs), and when activated by its 
ligand (FL), contributes to survival, proliferation and dif-
ferentiation in hematopoietic progenitor cells [1,2]. Gain-
of-function mutations in the FLT3 gene such as internal 
tandem duplications (ITDs) in the juxtamembrane domain 
are observed in acute myeloid leukemia (AML) cells, and 
these mutations lead to constitutive activation of the 

tyrosine kinase [2,3]. FLT3 with ITD mutation activates the 
signal transduction pathways as the native receptor, includ-
ing the Ras–MAPK (mitogen-activated protein kinase) and 
the Stat (signal transducer and activator of transcription) 
pathways [4].

AML is a heterogeneous disease with a dismal outcome 
in most patients. Although knowledge about the molecular 
background has increased tremendously in recent years, 
for the vast majority of patients, cytotoxic therapy has not 
changed in the last 20 years [5]. Therefore, especially for 
patients with high-risk AML, new treatment strategies are 
urgently needed [6].

Sorafenib is a multi-targeted kinase inhibitor of serine/
threonine kinases such as Raf as well as tyrosine kinases, 
including vascular endothelial growth factor (VEGF) recep-
tors [7], and is approved for the treatment of renal cell as well 
as hepatocellular cancer [8–11]. Recently it was also shown to 
inhibit oncogenic activation of FLT3-ITD [12,13]. These data 
led to the conclusion that sorafenib may hold promise in the 
therapy of AML [14]. However, although beneficial in certain 
AML subentities such as that with FLT3-ITD, the addition of 
sorafenib to standard chemotherapy was not superior to pla-
cebo in a clinical trial of unselected patients with AML over 
60 years of age [15]. As these patients were not selected on 
the basis of their molecular genotype, we hypothesized that 
the therapeutic efficacy of sorafenib was highly dependent 
on the oncogenic signaling context. We were therefore inter-
ested to learn whether sorafenib induced different signaling 
events in cells with or without FLT3-ITD. We took advantage 
of myeloid 32D cells that become growth-factor indepen-
dent upon expression of FLT3-ITD [16] and the patient-
derived MV4-11 and U937 AML cell lines, with and without 
FLT3-ITD mutations, respectively. We observed that in AML  
cells lacking FLT3-ITD, sorafenib induced a paradoxical 
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phosphorylation of C-Raf (known as Raf-1) and extracel-
lular signal-regulated kinase 2 (Erk2). This was associated 
with an increase in cellular proliferation and metabolism 
in AML cells lacking FLT3-ITD treated with sorafenib at low 
concentration.

Materials and methods

Reagents
Sorafenib tosylate (Bay 54-9085) (hereafter referred to as 
sorafenib) was purchased from Bayer HealthCare (Bayer 
Schering Pharma, Berlin, Germany) and dissolved in 
dimethyl sulfoxide (DMSO) to a stock concentration of  
1 mM and stored at  80°C. U0126 (Mek1/2 inhibitor)  
(New England Biolabs, Frankfurt, Germany) was dissolved  
in DMSO as 10 mM stock concentration and stored at  
 20°C. Propidium iodide (PI) (Sigma-Aldrich, Taufkirchen, 
Germany) was prepared as 0.5 mg/mL stock concentration  
in phosphate-buffered saline (PBS) and stored at 4°C. 
Ribonuclease A (RNase A; Sigma-Aldrich; stock solution  
1 mg/mL) and recombinant murine interleukin-3 (rm IL-3) 
(Immuno Tools, Friesoythe, Germany; stock concentration 
50 mg/mL) were prepared in water and stored at  20°C. 
Cytarabine (CellPharm, Hannover, Germany) was stored as 
412 mM stock solution in 0.9% sodium chloride.

Cell lines
The IL-3-dependent, murine myeloid cell line 32D was 
obtained from the German Resource Centre of Microorgan-
isms and Cell Cultures (DSMZ, Braunschweig, Germany) 
and grown in RPMI 1640 (Gibco, Darmstadt, Germany) con-
taining 2 mM l-glutamine and 10% WEHI-3B-conditioned 
medium as a source of IL-3 or 5 ng/mL recombinant murine 
IL-3. The murine WEHI-3B cell line (DSMZ) was cultivated in 
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) con-
taining 4 mM l-glutamine and 4.5 g/L d-glucose. The human 
AML cell line U937 (DSMZ), human acute monocytic leuke-
mia MV4-11 (harboring FLT3-ITD mutation) (DSMZ) and 
FLT3-ITD-transformed murine myeloid 32D cells (kindly 
provided by Dr. Hubert Serve, Goethe University, Frankfurt, 
Germany) were maintained in RPMI 1640 supplemented 
with 2 mM l-glutamine. All cell culture media were supple-
mented with 10% heat-inactivated fetal calf serum (PAA, 
Pasching, Austria) and 1% penicillin/streptomycin (PAA). 
The WEHI-3B cell line was used for preparing conditioned 
medium. All experiments were performed on exponentially 
growing cells. Cells were treated with different sorafenib 
concentrations and incubated for 48 or 72 h. Mek1/2 inhibi-
tor U0126 (a final concentration of 10 mM) was added to the 
cells 2 h before sorafenib treatment and incubated for 72 h. 
Cytarabine was used at 100 nM in U937 cells incubated under 
standard procedures for 48 h with or without sorafenib (at 
200 nM). DMSO (control) was added to cells at equivalent 
concentration to that in the experimental cells. All cells were 
cultivated in a humidified atmosphere of 37°C and 5% CO2.

Patient samples
Frozen peripheral blood mononuclear cells taken from three 
patients with AML were thawed using standard protocols. 

The blast count before freezing the cells was 53, 68 and 
72%, respectively. Thawed cells were washed twice in PBS 
and then grown in cell culture medium (RPMI 1640; Gibco) 
containing 2 mM l-glutamine, supplemented with 20% fetal 
calf serum (PAN Biotech GmbH, Aidenbach, Germany) and 
1% penicillin/streptomycin (PAA). Cells (2  106 cells/well) 
were seeded in six-well plates (Greiner Bio One, Fricken-
hausen, Germany) in a volume of 3 mL medium per well 
and were treated with sorafenib (final concentration of 10 
and 50 nM). As control we used the MV4-11 cell line treated 
with sorafenib (final concentration of 50 nM). DMSO (con-
trol) was added to cells at equivalent concentration to that 
in the experimental cells (50 nM sorafenib). All cells were 
cultivated in a humidified atmosphere of 37°C and 5% CO2. 
Twenty-four hours later the whole-cell lysates were prepared 
using modified radioimmunoprecipitation assay (RIPA)  
buffer, and cell extracts (30 mg) were fractioned on 10%  
sodium dodecyl sulfate (SDS)-polyacrylamide gel and  
transferred to nitrocellulose membranes (GE Healthcare, 
Frankfurt, Germany), and analysis of phosphorylated Erk 
was performed as described below for immunoblot analysis.

In addition, peripheral blood cells of one patient suffer-
ing from thyroid cancer were analyzed for phosphorylated 
Erk on and off treatment with sorafenib. Peripheral blood 
mononuclear cells were isolated using Ficoll–Paque (density 
1.077 g/ml; GE Healthcare) and immunoblotting performed 
as described below.

Informed consent was obtained from all patients whose 
blood cells were analyzed.

Immunoblot analysis
Whole-cell lysates were prepared using modified RIPA lysis 
buffer (50 mM Tris pH7.4, 150 mM NaCl, 1 mM ethylene-
diaminetetraacetic acid [EDTA], 1% NP-40, 0.25% sodium 
deoxycholate) containing protease and phosphatase inhibi-
tors (1 mM each phenylmethylsulfonyl fluoride [PMSF], 
NaF, Na3VO4 and 1 mg/mL each aprotinin, leupeptin, pep-
statin) (Sigma-Aldrich). Cell extracts (30 mg or 20 mg) were 
fractioned on 10% SDS-polyacrylamide or Mini-Protean 
TGX stain-free gels (10%, 4–15%, 4–20%; Bio-Rad, Munich, 
Germany) and transferred to nitrocellulose membranes (GE 
Healthcare). Immunoblot analysis was performed with the 
following antibodies: phospho-Erk (sc-7383), p70 S6 kinase 
a (sc-230) and Raf-1 (sc-133), Erk1/2 (sc-135900) (Santa 
Cruz Biotechnology, Heidelberg, Germany), phospho-C-
Raf (#9427), phospho-Bad (#4366), p44/42 MAPK (Erk1/2) 
(#9102) and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH (#2118) (New England Biolabs), phospho-p70 S6 
kinase (PA5-17884) (Thermo Fisher Scientific, Schwerte, 
Germany) and b-actin (Abcam, Cambridge, UK), and horse-
radish peroxidase (HRP)-conjugated secondary antibodies 
were detected by chemiluminescence (GE Healthcare). 
Membranes were re-probed using Restore Western Blot 
Stripping Buffer (Thermo Fisher Scientific) according to the 
manufacturer’s instructions.

Cell proliferation assays
The number of viable cells was determined by trypan blue 
dye exclusion test. Cell proliferation was measured with the 
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CellTiter 96 AQueous One Solution Cell Proliferation Assay 
(MTS; Promega, Mannheim, Germany) according to the 
manufacturer’s instructions. U937 and MV4-11 cells (25 000 
cells/well) were seeded in 96-well plates (Greiner Bio One) 
in a volume of 50 mL medium per well. A 1 mM stock solu-
tion of sorafenib was diluted into the culture medium at final 
concentrations of 0.001, 0.01, 0.1, 1 and 10 mM. DMSO (con-
trol) was diluted into the culture medium at equivalent con-
centration to that in the experimental wells. Subsequently, 
cells were treated with different concentrations of sorafenib. 
Seventy-two hours later assays were performed by adding  
20 mL CellTiter 96 AQueous One Solution reagent to each  
well for 2 h. Absorbance was determined at 492 nm in a  
Sunrise Microplate Reader (Tecan, Grödig, Austria). Six 
replicate wells were used for each analysis. Data were  
analyzed using JMP 8.0 statistical software (SAS Institute 
GmbH, Böblingen, Germany).

To study the effect of the Mek1/2 inhibitor U0126 on cell 
proliferation, U937 cells (25 000 cells/well) were seeded in 
a 96-well plate (Greiner Bio One) and incubated for 72 h in 
the presence of various concentrations (0, 0.001, 0.01, 0.1, 1 
and 10 mM) of U0126 or the appropriate amount of DMSO, 
and cell proliferation was determined by the CellTiter 96 
AQueous One Solution Cell Proliferation Assay, as described 
above. To test effects of the Mek1/2 inhibitor on the  
MAPK pathway we used a final concentration of 10 mM 
U0126 on U937 cells.

For cell proliferation analysis by bromodeoxyuridine 
(BrdU) incorporation (S-phase, determination of cell cycle), 
32D and U937 cells were incubated with BrdU (a final con-
centration of 10 mM; Becton Dickinson [BD] Biosciences, 
Heidelberg, Germany) for 2 h after sorafenib (0, 10, 30, 50, 
200 nM) treatment (48 h). Cells were fixed in 70% ethanol, 
and HCl (2 M) and Na2B4O7 (0.1 M, pH 8.5) were subse-
quently added and incubated with anti-BrdU-conjugated 
Alexa Fluor 488 antibody (no. 558599; BD) at room temper-
ature. Cells were washed after each step with PBS containing 
0.5% bovine serum albumin (BSA). Finally cells were stained  
with 10 mg/mL final concentration of PI containing RNase A 
(final concentration of 50 mg/mL) and analyzed using a BD 
LSR II flow cytometer and FACSDiva 6.1.3 (BD) and Flowjo 
7.6 (Tree Star, Inc., Ashland, OR) software. All cells were 
incubated in a humidified atmosphere of 37°C and 5% CO2.

Determination of phosphorylation of MAPKs
The Proteome Profiler Human Phospho-MAPK Array 
(ARY002B; R&D Systems, Wiesbaden, Germany), in which 
capture and control antibodies are spotted in duplicate 
on nitrocellulose membranes, was used to determine the 
relative phosphorylation levels of 26 kinases including 
nine MAPKs, according to the manufacturer’s instructions. 
U937 cells were treated with sorafenib (final concentration 
of 200 nM) for 48 h. The cell lysates were prepared using 
the buffer provided. Then 300 mg treated and untreated cell 
lysates were mixed with biotinylated detection antibody and 
incubated with the membranes, respectively. Finally, after 
washing away the unbound material, streptavidin HRP and 
chemiluminescent detection reagents were used to detect 
phosphorylated proteins.

Apoptosis assay
Murine 32D and FLT3-ITD expressing 32D cells were 
treated with different concentrations of sorafenib (10, 30, 
50, 100 nM). Human U937 and MV4-11 cells were treated 
with sorafenib at a final concentration of 200 nM and incu-
bated at 37°C for 72 h in a humidified, 5% CO2 atmosphere. 
Untreated or treated cells with DMSO were used as controls. 
Seventy-two hours later cells were stained using an Annexin 
V-FITC [fluorescein isothiocyanate] Apoptosis Detection  
Kit I (BD Biosciences) according to the manufacturer’s 
instructions. Labeled cells were analyzed using a BD LSR 
II flow cytometer and FACSDiva 6.1.3 (BD) and Flowjo 7.6 
(Tree Star, Inc.) software.

Metabolic assay
Measurement of the extracellular acidification rate (ECAR, 
mpH/min) and oxygen consumption rate (OCR, pmol/min) 
was performed with an XF96 Extracellular Flux Analyzer 
(Seahorse Bioscience, North Billerica, MA). Cell culture 
media containing 10, 30, 50 and 200 nM sorafenib were pre-
pared from a 4 mM stock solution. DMSO controls were set 
up using a concentration equivalent to the amount of DMSO 
in the 200 nM sorafenib media. Then 80 mL of these media 
containing 35 000 32D or 32D-FLT3-ITD cells were seeded in 
an XF96 polyethylene terephthalate (PET) 96-well cell culture 
plate and incubated for 24 h in a humidified atmosphere at 
37°C and 5% CO2. Next 80 mL culture medium of the appro-
priate sorafenib, U0126 or DMSO concentration was added 
to each well and cells were incubated for an additional 24 h. 
Additionally an XF96 sensor cartridge was prepared accord-
ing to the manufacturer’s instructions. The reagent deliv-
ery ports of the sensor cartridge were loaded with 25 mL of  
10 mM d-glucose, 5 mM oligomycin and 100 mM 2-deoxy- 
d-glucose. Prior to the measurement the culture media of 
the cell plate were exchanged and cells were resuspended in  
175 mL of assay medium followed by 60 min incubation at 
37°C without CO2. Calibration and measurement were per-
formed according to the manufacturer’s standard protocols 
for an XF glycolysis stress test.

Normalization was done using a Pierce Bicinchoninic 
Acid [BCA] Protein Assay Kit (Thermo Scientific). Cells were 
washed with PBS and lysed by adding 50 mL RIPA buffer per 
well. The cell plates were stored overnight at 4°C and the pro-
tein concentration of each well was determined by measur-
ing the optical density at 540 nm (OD540 nm) with a Sunrise 
Microplate Reader.

Statistical analysis
Statistical analysis was performed using the software pack-
age GraphPad Prism 6 for Mac OS X. Two-way analysis of 
variance (ANOVA) testing was performed for calculation of 
significance in cell cycle analyses.

Results

Sorafenib treatment results in opposite effects in 32D 
cells with or without FLT3-ITD expression
We first analyzed sorafenib-induced apoptosis in the AML 
model cell line 32D-FLT3-ITD, a murine growth factor  
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available online at http://informahealthcare. com/doi/abs/
10.3109/10428194.2014.1003055). In keeping with inhibition 
of oncogenic FLT3 signaling, the phosphorylation of down-
stream targets such as Erk1/2 was decreased in the FLT3-ITD 
positive cells [Figure 1(A), left panel]. In striking contrast, 

independent cell line expressing the FLT3-ITD mutant. This 
was compared with parental murine 32D cells dependent on 
IL-3. As expected, sorafenib induced dose-dependent apop-
tosis in 32D-FLT3-ITD cells (3.3–24.1%, Annexin V-FITC/
PI-positive cells, respectively) (Supplementary Figure 1 

 

Figure 1. Sorafenib inhibits FLT3 signaling in 32D cells expressing FLT3-ITD but paradoxically induces Erk activity and proliferation in 32D control 
cells. (A) Immunoblot analyses of Erk activity in 32D-FLT3-ITD (left panel) and 32D (right panel) cell lines. 32D and 32D-FLT3-ITD cells were 
incubated with different concentrations of sorafenib for 48 h. Cells with DMSO served as control. Whole cell extracts (20 mg) were analyzed by 
immunoblotting using an antibody against phosphorylated Erk (phospho Erk, 42 and 44 kDa). Total Erk1/2 and b-actin served as loading controls. 
(B) Flow cytometric analysis of BrdU-Alexa Fluor 488/propidium iodide (PI)-stained cells. 32D cells were treated or untreated with sorafenib for 
48 h. (C) Cell cycle determination of five independent experiments using the murine 32D cell line. Shown are cells in G1- and S-phase. Data are 
presented as percent of control without sorafenib (left). The plot is a “min–max” plot and shows an increase of cells in S-phase depending on 
increasing sorafenib concentration (p  0.0012).
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parental 32D control cells displayed resistance to low con-
centrations of sorafenib and showed a paradoxical increase 
in Erk1/2 phosphorylation [Figure 1(A), right panel]. We 
next addressed whether this was associated with a change in  
cell cycle kinetics using BrdU incorporation in 32D cells. 
A significant increase of the percentage of cells in S-phase 
depending on the dose of sorafenib was observed (p  0.0012) 
[Figures 1(B) and 1(C)].

We next wanted to assess whether the observed effects 
of sorafenib on signal transduction and the cell cycle also 
resulted in metabolic changes. To this end, we simultane-
ously measured pH as a surrogate parameter for lactate con-
centration and oxygen consumption in the 32D cell system. 
As expected, in 32D-FLT3-ITD cells, exposure to sorafenib 
for 24 h at higher concentration induced a decrease in 
metabolic activity. In contrast, in 32D control cells, a sig-
nificant increase in metabolic activity, i.e. oxygen consump-
tion (p  0.0002) and lactate production (p  0.0001), was 
observed (Figure 2). After the short exposure time of 24 h no 
apoptosis was detected (data not shown).

From these observations we deduce that sorafenib leads to 
dephosphorylation of Erk1/2 in 32D-FLT3-ITD but increases 
phosphorylation of Erk in 32D cells, thereby enhancing pro-
liferation and metabolic activity. The Erk2 inhibitor U0126 
abrogated this effect (Figure 2).

Sorafenib induces a paradoxical activation of  
Raf/Erk inU937 cells lacking FLT3-ITD expression
In order to prove that the described results were dependent 
on the expression of FLT3-ITD, we chose the human AML cell 
line MV4-11 that expresses FLT3-ITD endogenously [17]. As 
a human control cell line lacking FLT3-ITD, the AML cell line 
U937 was selected [18]. Consistent with our model, MV4-11 
cells were much more sensitive toward sorafenib as com-
pared to U937 cells with regard to survival. The proliferation 
of U937 cells was inhibited at high sorafenib concentrations 
above 1 mM, whereas MV4-11 cells responded to concentra-
tions of 0.01 mM [Figure 3(A)]. Sorafenib induced apoptosis 
in FLT3-ITD positive MV4-11 cells, whereas FLT3-negative 
U937 cells were resistant to low concentrations of sorafenib 

(200 nM) [Figure 3(B)]. In keeping with this, the inhibitory 
phosphorylation of the pro-apoptotic protein Bad (Bcl-2-
associated agonist of cell death) [19,20] was decreased in 
response to sorafenib only in sensitive MV4-11 cells, but not 
in resistant U937 cells [Figure 3(C)].

On the basis of our results we further investigated the 
phosphorylation of molecules involved in FLT3 signaling, 
including C-Raf and Erk. While in MV4-11 cells we observed 
the expected decrease of phosphorylation after sorafenib 
exposure [Figure 4(A)], the FLT3-ITD negative U937 cells 
showed an up-regulation in the phosphorylation level of 
C-Raf (at Ser338) and Erk1/2 upon exposure to sorafenib 
[Figure 4(B)]. In order to analyze activity of the MAPK path-
way on cell proliferation, we analyzed the cell cycle by BrdU 
uptake in U937 cells. The percentage of cells in S-phase was 
slightly increased upon exposure to sorafenib [Figure 4(C)].

We next investigated the phosphorylation level of Erk1/2, 
c-Jun N-terminal kinases (JNK1–3) and different p38 isoforms 
(a, b, d and g), the MAPK pathway and other intracellular 
proteins, such as Akt, glycogen synthase kinase 3 (Gsk-3), 
ribosomal protein S6 kinase (p70 S6 kinase), cAMP respon-
sive element binding (Creb), p53 and mammalian target of 
rapamycin (mTor) using a Human Phospho-MAPK Array, in 
which the capture antibodies specific for MAPKs were spot-
ted on a nitrocellulose membrane. We observed that incu-
bation of U937 cells with sorafenib induced increased phos-
phorylation of Erk2 at Thr185/Tyr187 and Mkk6 (also known 
as Mek6) at Ser207/Thr211 sites. In contrast the phosphory-
lation status of Erk1 was unchanged. Also, the phosphoryla-
tion levels of the other spotted proteins were very similar to 
the control array (data not shown).

As sorafenib induced phosphorylation of Erk2 in U937 
cells, we incubated these cells with the Mek1/2 inhibitor 
U0126 (final concentration of 10 mM). We found that U0126 
abrogated sorafenib stimulated Erk2 activation but did not 
diminish the basal phosphorylation of Erk2 (Figure 5, lanes 
6 vs. 5). We further analyzed the activity of ribosomal pro-
tein S6 kinase (p70 S6 kinase) in U937 cells by immunob-
lotting, and found a basal phosphorylation of p70S6 kinase  
(at Thr421/Ser424 sites) that was reduced by U0126  

Figure 2. Sorafenib enhances glycolytic and respiratory activity in 32D but leads to decreased glycolysis and respiration in 32D-FLT3-ITD cells. The 
extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) decline in 32D-FLT3-ITD cells but increase significantly in 32D cells 
after exposure to sorafenib for 24 h (p  0.0001 ECAR; p  0.0002 OCR). Addition of U0126 (10 mM) abrogates this effect in 32D cells. ECAR was 
determined after the addition of glucose, OCR was measured in basal medium without glucose.
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in AML cells, depending on the oncogenic background of  
these cells.

Discussion

AML is thought to be caused by two different classes of muta-
tions: (i) a type I mutation that is a pro-proliferative onco-
genic (i.e. gain-of-function) mutation such as a mutation in 
one of the RAS genes, and (ii) a type II mutation that is com-
monly a genomic translocation resulting in a gene fusion 
such as PML (promyelocytic leukemia gene)–RARA (retinoic 
acid receptor-alpha), CBFb (core-binding factor beta)–-
MYH11 (myosin, heavy chain 11, smooth muscle) or RUNX1i 
(runt-related transcription factor 1)–RUNX1T1 (runt-related 
transcription factor 1; translocated to, 1; former: AML1–-
ETO). The complete genomic sequencing efforts published 
recently showed impressively that most mutations found in 
the analysis of 200 patients with AML were already known 
candidate genes [21]. One of the most frequently observed 
genetic modifications in AML is an in-frame ITD of the FLT3 
gene resulting in a constitutive activation of FLT3 kinase. This 
aberration is associated with a poor outcome. We and others 
have previously observed that sorafenib is active in FLT3-ITD 
positive AML [12,13,22]. In addition, rare cases may respond 
to sorafenib. Recently, sorafenib was also shown to be effec-
tive in an imatinib-resistant AML with FIP1L1/PDGFRA 

(Figure 5, lanes 3 vs. 5). As expected, p70 S6 kinase phospho-
rylation was decreased in response to sorafenib in MV4-11 
cells (Figure 5).

Paradoxical activation of Erk is observed in primary AML 
cells lacking FLT3-ITD
We next wanted to know whether the paradoxical activation 
of Ras-Raf signaling could also be detected in primary AML 
patient cells lacking FLT3-ITD. To this end, we incubated 
peripheral blood mononuclear cells of three patients with 
leukemic AML with sorafenib. Figure 6(A) shows a represen-
tative case indeed suggesting that this activation may also be 
found in primary AML cells lacking FLT3-ITD. In contrast 
to the cell lines analyzed, in the primary cases the band for 
unphosphorylated Erk also appeared stronger, potentially 
suggesting a transcriptional effect of sorafenib.

Next we addressed the question of whether non- 
transformed cells also displayed this phenomenon. We  
therefore analyzed peripheral blood mononuclear cells of 
a single patient suffering from thyroid cancer under and 
after stopping sorafenib. Figure 6(B) shows that here also an 
increase in phosphorylated Erk could be found.

Taken together, these data imply that sorafenib, a drug 
commonly used in “targeted” cancer therapy, can induce 
paradoxical effects on signal transduction that result in 
an increase of cellular proliferation and metabolic activity 

 

Figure 3. Sorafenib inhibits FLT3 signaling at low concentration and induces apoptosis in FLT3-ITD expressing cells but not in AML cells lacking 
FLT3-ITD. (A) Cell proliferation analyzed by CellTiter 96® AQueous One Solution Cell Proliferation Assay using 72 h sorafenib treated or untreated 
MV4-11 and U937 cells. Data were recorded as optical densities (ODs) (measured from six replicate wells). Standard deviation (SD) is indicated 
(bars). MV4-11 and U937 cells were treated or untreated with sorafenib (200 nM) for 72 h (B,C). (B) Annexin V-FITC/propidium iodide (PI)-stained 
cells were analyzed by flow cytometry. Upper right quadrants: apoptotic cells. (C) Immunoblot analyses of Bad phosphorylation. Whole-cell extracts 
were analyzed by Mini-Protean TGX stain-free gel. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as loading control.

2695 sorafenib in acute myeloid leukemia 



  

given concomitant with chemotherapy in patients with AML 
above 60 years of age [15]. In the present study we investi-
gated whether sorafenib induced different effects on myeloid 
cells depending on their oncogenic background. To this end, 
we took advantage of murine myeloid 32D cells transformed 
with FLT3-ITD, and also analyzed human cell lines with this 
mutation (MV4-11) in comparison with cells without this 
mutation (U937).

Cells with FLT3-ITD were addicted to this aberrant kinase 
signaling, as incubation with low concentrations of the multi-
targeted kinase inhibitor sorafenib resulted in a blockade of 
downstream signaling events, which was associated with 
a decrease of cell proliferation [Figure 3(A)] and induction 
of apoptosis in murine (Supplementary Figure 1 available 
online at http://informahealthcare. com/doi/abs/10.3109/
10428194.2014.1003055) and human cells expressing FLT3-
ITD [Figure 3(B)]. However, as Figure 3(A) also shows, U937 
cells not expressing FLT3-ITD were rather resistant toward 
therapeutic concentrations of sorafenib. This was also true 
for 32D cells without FLT3-ITD (data not shown). When we 
analyzed the phosphorylation level of down-stream targets, 
we found that in cells without FLT3-ITD, sorafenib induced a 
not expected paradoxical up-regulation of phosphorylation 
in Erk. In this regard we also observed that the sorafenib-
induced Erk2 phosphorylation was impaired by the Mek1/2 
inhibitor U0126 in U937 cells (Figure 5, lanes 4 vs. 6).

T674I mutation [23]. Therefore we proposed a preferential 
activity of sorafenib especially in FLT3-ITD positive AML. 
In line with this notion, a recently published randomized 
clinical trial could not detect a beneficial effect of sorafenib 

 
Figure 4. Sorafenib inhibits MAPK signaling in MV4-11 but activates it in U937 cells. Immunoblot analysis of phosphorylated C-Raf and Erk using  
48 h sorafenib (50, 100, 200 nM) treated or untreated MV4-11 (A) and 72 h sorafenib (200 nM) treated or untreated U937 cells (B). Total C-Raf, Erk1/2 
and GAPDH served as loading controls. (C) Flow cytometric analysis of BrdU-Alexa Fluor 488/propidium iodide (PI)-stained cells. U937 cells were 
treated or untreated with sorafenib for 48 h. The percentage of cells in S-phase as well as G1/G2 is displayed.

Figure 5. Mek1/2 inhibitor blocks sorafenib-induced Erk2 activity 
in U937 cells. Immunoblot analysis of p70S6 kinase and Erk1/2 
phosphorylation. U937 cells were treated with Mek1/2 inhibitor U0126 
(10 mM) and/or sorafenib (200 nM) for 72 h. MV4-11 cells were treated 
with 200 nM sorafenib for 72 h. Untreated cells were used as controls. 
Total Erk1/2, p70S6 kinase a and GAPDH served as loading controls.
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remains to be determined. In this respect, using the myeloid 
cell line U937, co-incubation of cytarabine and sorafenib 
somehow diminished the paradoxical effect of sorafenib. 
The molecular reasons for this observation need to be 
determined (Supplementary Figure 2 available online at 
http://informahealthcare. com/doi/abs/10.3109/10428194. 
2014.1003055).

In summary, we conclude that sorafenib induces oppos-
ing effects in AML cell lines: (1) inhibition of MAPK signal-
ing pathway in FLT3-ITD expressing cells and (2) increased 
activation of Erk2 via C-Raf–Mek1/2 signaling in FLT3 wild-
type cells. This is associated with differences in the cell cycle 
and cell metabolism. The genetic context could therefore be 
a critical determinant of sorafenib treatment responses in 
AML that may warrant genetic patient stratification in future 
clinical trials.
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