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Proteins of the BCL-2 family control the permeabilisation of the mitochondrial outer 

membrane (MOMP), which is a key regulatory mechanism for the induction of apoptosis. 

The BCL-2 protein MCL-1, which prevents MOMP, was shown to be essential for the 

survival of T- and B-cells, as well as of neutrophils and hematopoietic stem cells1–4.

As MCL-1 represents the main barrier for the response to the BH3 mimetic ABT-7375, the 

modulation of MCL-1 activity and stability by interfering with its posttranslational 

modifications has gained particular attention.
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We have previously demonstrated that the cytokine IL-3 maintains the survival of pro B-cell 

lines by stabilization of MCL-1. IL-3 induces the PI3K/AKT pathway, which negatively 

regulates Glycogen Synthase Kinase-3 (GSK-3) through inhibitory phosphorylation6. 

Conversely, upon loss of PI3K signalling, we found that GSK-3 phosphorylates MCL-1 on 

S159, earmarking MCL-1 for enhanced ubiquitylation and degradation. Thus, inhibition of 

GSK-3, or replacement of S159 by alanine, resulted in MCL-1 stabilization and prevention 

from apoptosis7. While similar findings were reported by a number of subsequent studies by 

others (reviewed in ref. 8), the in vivo role of this posttranslational modification of MCL-1 

has not yet been addressed.

In this study, we investigated the relevance of MCL-1 S159 phosphorylation in vivo. We 

employed a murine bone marrow (BM) transplantation strategy, retrovirally introducing 

MCL-1, or the GSK-3 phosphorylation-deficient mutant MCL-1S159A in BM cells, followed 

by adoptive transfer of infected donor cells to lethally irradiated recipient mice. Equal 

expression levels of pMIG control, wild-type or mutant MCL-1 were crucial for our 

experiments, and were assured by testing virus supernatants for equal MOI and analysing 

infected donor bone marrow for equal levels of GFP and thus inferred MCL-1 or 

MCL-1S159A mRNA expression, by flow cytometry (Fig. 1A and B).

Four weeks after transplantation, the mice which had received bone marrow infected with 

MCL-1S159A BM (n=30) exhibited a significantly elevated WBC count (9.07 x 103/μl) as 

compared to mice expressing wild-type MCL-1 (6.95 x 103/μl, n=29, p=0.0014), while mice 

expressing control vector pMIG (n=29) had the lowest average WBC count (5.37 x 103/μl) 

(Fig. 1C). Likewise, lymphocyte (p=0,0015, Fig. 1D) and neutrophil granulocyte (Fig. S1A) 

numbers were highest in mice, which had received BM infected with MCL-1S159A, while 

the numbers of monocytes, platelets and red blood cells (RBC) were independent of 

expression of MCL-1wt or MCL-1S159A (Fig. S1B, C and D). This effect of MCL-1 

phosphorylation on lymphocyte and neutrophil granulocytes numbers may reflect the 

general requirement of MCL-1 for the survival of these cell types1–3.

Six weeks after adoptive transfer, BM, thymocytes, splenocytes and lymph node (LN) 

lymphocytes were examined. Importantly, the mean fluorescence intensity (MFI) of GFP in 

BM cells expressing MCL-1-IRES-GFP or MCL-1S159A-IRES-GFP was equal, indicating 

that the mRNA levels for MCL-1wt and MCL-1S159A were similar (Fig. 1E), and thus the 

effects of MCL-1S159A expression on cell numbers were not attributable to different vector 

expression levels, but correlated with the mutation status of MCL-1. We did not observe an 

effect of MCL-1 or MCL-1S159A expression on proliferation in vivo or in cell lines, ruling 

out that this was the cause for the difference in cell numbers (Fig. S1E and data not shown).

The proportion of GFP+ cells was significantly higher in peripheral blood with GFP+ cells 

expressing MCL-1S159A (Fig. 1F), most likely because during maturation, MCL-1S159A cells 

outcompeted uninfected cells more efficiently than did cells expressing MCL-1wt.

While the proportions of KL cells (Lin−/Sca−/Kit+) were similar among GFP+ BM cells of 

each genotype, we found a significantly elevated KSL (Kit+Sca+Lin−, stem cell) population 

among MCL-1S159A cells, compared to pMIG control and MCL-1wt cells (Fig. 1G). In 
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contrats, the distribution of the B-cell subpopulations in the BM was independent of the 

expression of MCL-1wt or MCL-1S159A (Fig. S2A).

In the spleen and lymph nodes, the distribution of T and B cells cells was not influenced by 

expression of MCL-1wt or MCL-1S159A (Fig. S2B and C), and the distribution of splenic B 

cells at maturation stages T1, T2 and FO remained unchanged (Fig. S2D). Likewise, the 

percentage of CD4+ and CD8+ cells among GFP+ thymocytes, splenocytes and lymph node 

lymphocytes was similar in mice with bone marrow expressing pMIG control, MCL-1wt or 

MCL-1S159A (Fig S2E, F and G). In sum, this demonstrates that expression of MCL-1 or 

MCL-1S159A does not affect the differentiation potential of one or the other leukocyte subset 

in vivo, but leads to a comparable expansion of all cell types expressing the transgene. We 

analysed the protein expression levels of MCL-1 in splenocytes derived from mice, which 

had received BM expressing MCL-1 or MCL-1S159A. Consistent with previous results, 

showing that MCL-1S159 phosphorylation decreases MCL-1 stability7, 8, splenocytes 

expressing the phosphorylation-deficient mutant exhibited significantly elevated protein 

levels (Fig. 1H).

Anti-apoptotic BCL-2 family members such as BCL-2 and, as shown more recently, 

MCL-1, strongly accelerate the development of c-Myc-induced lymphoma9, 10. Here, we set 

out to investigate to investigate the effect of S159 phosphorylation of MCL-1 on the 

acceleration of lymphoma development by cooperation of MCL-1 with oncogenic Myc. We 

infected pooled BM cells from young Eμ-Myc donor mice (age <5 weeks) with control 

vector pMIG, MCL-1wt, or MCL-1S159A, followed by flow cytometry analysis for equal 

expression of GFP and thus pMIG, and MCL-1wt-, or MCL-1S159A-encoding vectors, and 

transplantation into irradiated recipient mice.

We employed an elevated white blood cell count in peripheral blood as an early indicator for 

the onset of leukaemia, as palpable tumours occurred only at later stages (6–8 weeks after 

BM transfer).

Four weeks after BM transfer, pre-malignant mice, which had received Eμ-Myc 

MCL-1S159A bone marrow (as compared to Eμ-Myc MCL-1wt mice) exhibited a trend to 

elevated WBC counts (Fig. S3A), lymphocyte and neutrophil granulocyte counts (Fig. S3B 

and C). No difference was observed for numbers of red blood cells and platelets (Fig. S3D 

and E). As observed before with non-malignant bone marrow, Eμ-Myc cells expressing 

MCL-1S159A competed out against uninfected cells more efficiently than did Eμ-Myc cells 

expressing MCL-1wt (Fig. S3F).

As shown by Kaplan-Meier-plot and statistical comparison by log-rank test, Eμ-Myc/

MCL-1S159A-expressing mice exhibited a significantly earlier onset of leukemia than Eμ-

Myc/MCL-1wt-expressing animals (p=0.0424), while only one control (vector-expressing) 

Eμ-Myc/pMIG mouse became leukemic in the respective time period (Fig. 2A). 

Consistently, Eμ-Myc/MCL-1S159A mice, in comparison to Eμ-Myc/MCL-1wt-expressing 

mice, exhibited elevated spleen weight when terminated after exhibiting palpable tumors 

(Fig. 2B).
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All of the MCL-1/Eμ-Myc and Eμ-Myc/MCL-1S159A-expressing mice developed malignant 

lymphoma with massive B-cell infiltration into spleen and BM (Fig. 2C). Interestingly, in 

contrast to recent findings of B220+IgM+ lymphoma with vav-MCL-1/Eμ-Myc double 

transgenic animals10, these tumours were, with the exception of a single MCL-1/Eμ-Myc 

animal, all B220+IgM− pre B cell lymphoma.

High PI3K signalling has been observed in many tumours, including lymphoblastic 

leukemia11,12 and has recently been shown to cooperate with c-MYC in Burkitt 

lymphomagenesis13. Likewise, the frequent amplification of MCL-1 in a variety of tumors14 

and the protection from Myc-induced leukaemia by the absence of a single MCL-1 allele15 

underscores the dosage-dependent role of MCL-1 protein levels for tumour cell survival.

Here we show in an animal model, that the absence of MCL-1 S159 phosphorylation, 

usually achieved by cytokine-dependent, AKT-mediated GSK-3 inactivation, represents a 

mechanism by which constitutive PI3K signalling contributes to lymphadenopathy fostering 

malignancy, and possibly therapy resistance. Our results provide a rationale for the 

combination of PI3K inhibitors with BCL-2 antagonists that lack the capacity to directly 

target MCL-1 such as ABT737, or its more bioavailable derivative, ABT263.

Methods

Mice

Mice used in these experiments were on the C57BL/NCrl background. Eμ-myc transgenic 

mice have been described. All animal experiments were performed according to German law 

for animal protection (Tierschutzgesetz) as published on May 25, 1998. Genotyping was 

performed by PCR analysis of tail DNA using the following primers: mycS, 5′-

CGGACACACAACGTCTTGGA-3′, and mycAS, 5′-CTCTCACGAGAGATTCCA GC-3′.

Constructs, transfection and retroviral infection

Human MCL-1 or the phosphorylation-deficient mutant, MCL-1S159A, were subcloned into 

the pMIG vector. BM cells were infected with retrovirus supernatants, followed by adoptive 

transfer to irradiated recipient mice.

Human MCL-1 was amplified by PCR and cloned into the pMIG retroviral vector using the 

following primers: hMCL-1S, 5′-

CGCGGATCCACCATGTTTGGCCTCAAAAGAAACGC-3′, and hMCL-1AS, 5′-

CCGGAATTCCGGCTATCTTATTAGATATGCCAAACCA-3. The MCL-1 mutant 

S159A was generated using the Quikchange Kit (Agilent) following primers: hMCl-1S, 5′-

ACGGACGGGGCACTACCCTCGA-3′, and hMCL-1AS, 5′-

TCGAGGGTAGTGCCCCGTCCGT-3. 293T cells were infected with Hit60, VsVg and 

pMIG constructs using superfect (Qiagen) according to manufacturers protocol. After 16h, 

sodium butyrate was added (5mM) for 8h. Retrovirus-containing supernatant was harvested 

after 12h and 24h, respectively. C57BL/NCrl or Eμ-myc mouse BM was mobilized with 5-

Fluoruracil (150mg/kg), isolated 3 days after injection and taken in culture with IMDM 

containing IL-3 (10ng/ml), IL-6 (10ng/ml) and mSCF (50ng/ml). After 12h in culture, the 

BM cell culture was infected with the respective virus supernatants, which was repeated 
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after 10h. The infection level (GFP) of BM cells was monitored after 10h by FACS and 

5x105 infected BM cells were engrafted in 6–8 weeks old irradiated (9.5Gy) female C57BL/

NCrl mice.

ADVIA hematology analyzer and flow cytometric analysis

Peripheral blood was analysed using the ADVIA hematology analyser. Flow cytometry 

analysis was done on FACSCalibur (Becton Dickinson) and Gallios™ (Beckman Coulter). 

Hematopoietic organs were isolated and single-cell suspensions of bone marrow, lymph 

nodes, Spleen and Thymus prepared. Cells were counted with the Z1 Coulter Counter and 

1x106 cells stained for certain cell populations using specific monoclonal antibodies: 500A2, 

anti-CD3e; H129.19, anti-CD4; 53-6.7, anti-CD8a; RA3-6B2, anti-CD45R-B220 (Becton 

Dickinson); M1/70, anti-CD11b; 1B11, anti-CD43; RMM-1, anti-IgM; 11-26c.2a, anti-IgD; 

D7, anti-Sca-1; RB6-8C5, anti-Gr-1 (BioLegend); 3C1, anti-c-Kit (Milteny Biotec); 

hematopoietic lineage biotin panel (CD3e, CD11b, CD45R-B220, Ter-119, and Ly6G-Gr-1) 

(eBioscience).

Western blots

Western blots were analysed by Lumi-Imager (Roche).

Histology

Tissues were fixed in 4% buffered formalin, decalcified in a mixture of 10 % ethylene-

diamine-tetraacetic acid disodium salt (EDTA, Serva, Cat. No. 11280.02) and 3.3 % tris-

(hydroxymethyl) aminomethane (THAM, AppliChem, Cat. No. A1086,1000) in dd H2O at 

pH: 7.0 – 7.2 and paraffin embedded. Histological examination of all the specimens was 

performed using hematoxylin-eosin (H&E) staining.

Proliferation using the RTCA analyzing system

HeLa cells were plated (5000/well) onto 96-well E-plates and recorded every 15 min for 49 

h over time.

Statistical Analysis

Statistical analysis was carried out with Graph Pad Prism (Version 5.0c) and statistical 

significance was calculated with the unpaired student’s t-test.

For further details, see supplemental methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of S159 phosphorylation-deficient MCL-1 on leukocyte numbers
(A) Proportion of GFP+ BM cells infected with empty control vector (pMIG) or vectors 

encoding MCL-1WT-IRES-GFP (MCL-1WT) or MCL-1S159A-IRES-GFP (MCL-1S159A) as 

determined by flow cytometry. Inset shows a histogram of a representative individual 

experiment: pMIG (blue) 23% GFP+ infected BM (MFI=574); MCL-1WT (green) 25.5% 

GFP+ infected BM (MFI=704); MCL-1S159A (red) 25,7% GFP+ infected BM (MFI=704). 

(B) Mean fluorescence intensity of GFP+ BM cells indicating expression levels of 

MCL-1WT-IRES-GFP and MCL-1S159A-IRES-GFP as determined by flow cytometry. 

Points represent infected bone marrow used for transfer to the recipient mice as shown in 

Fig 1C–G. (C) Peripheral white blood cell count (WBC) was determined using the ADVIA 

hematology analyzer 4 weeks after engraftment. Empty vector control pMIG 5.37 x 103/μl ± 
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0.29 (n=29), MCL-1WT 6.95 x 103/μl ± 0.32 (n= 29) and MCL-1S159A 9.07 x 103/μl ± 0.54 

(n= 30). Mice, which had received MCL-1S159A BM had significantly higher WBC count 

than MCL-1WT BM recipients. (D) Lymphocyte count: pMIG 4.35 x 103/μl ± 0.22 (n=29), 

MCL-1WT 5.62 x 103/μl ± 0.28 (n= 29) and MCL-1S159A 7.44 x 103/μl ± 0.47 (n= 30). 

MCL-1WT versus MCL-1S159A. (E) Mean fluorescence intensity of GFP+ cells indicating 

expression levels of MCL-1WT and MCL-1S159A as determined by flow cytometry. Points 

represent individual BM samples 6 weeks after engraftment. (F) Percentage of GFP+ 

peripheral blood cells, expressing empty vector control pMIG, MCL-1WT-IRES-GFP or 

MCL-1S159A-IRES-GFP as determined by flow cytometry. (G) Bars represent the 

percentage of sca1− c-kit+ precursor (KL) cells and ckit+ and sca1+ (KSL) hematopoietic 

stem cells, from lin− GFP+ BM cells. The proportion of sca1+ c-kit+ cells among lin− GFP+ 

BM expressing MCL-1S159A was significantly elevated, compared to MCL-1WT GFP+BM 

cells. *p<0.05. **p<0.1. (H) Expression of MCL-1 and GFP (as normalization) were 

analyzed by Western blotting, and quantified with a LUMI-Imager. Bars represent the ratio 

of MCL-1 to GFP of six independent Western blots for MCL-1WT and MCL-1S159A. Values 

are means ± SEM (n= 19) * p<0.05.
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Figure 2. S159 phosphorylation-deficient-MCL1 accelerates lymphoma
(A) Kaplan–Meier curve of disease-free survival (defined as a WBC <22 x 103/μl, which is 

four times the normal WBC): MCL1WT (n= 22), median 70 days; MCL-1S159A (n=22), 56 

days, the number for empty vector control pMIG was n=22. Mice which had received Eμ-

myc/MCL-1S159A infected BM developed leukemia significantly earlier than Eμ-myc/

MCL-1WT animals (p=0.0424) (B) Macroscopic appearance and spleen weight of diseased 

mice (*p<0.05) (C) Histology of formalin-fixed and paraffin-embedded murine spleen and 

bone marrow tissue slices (H&E staining, original magnification 400x). Black asterisks: 

bone, open asterisks: megakaryocytes, arrowheads: erythropoietic cells. C57/Bl6: Healthy 

control with normal tissue architecture of spleen and bone marrow (BM) including intact 

hematopoiesis (WP: white pulp, RP: red Pulp).

Eμ-myc/MCL-1WT and Eμ-myc/MCL-1S159A: Lymphoblasts (arrows) infiltrate and destroy 

the architecture of the spleen and the bone marrow where hematopoiesis is completely 

replaced by the lymphoid blasts.
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