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ABSTRACT 

Induction of endoplasmic reticulum stress and activation of the intrinsic apoptotic pathway is 

widely believed to contribute to β-cell death in type 1 diabetes (T1D). MCL-1 is an anti-

apoptotic member of the BCL-2 protein family, whose depletion causes apoptosis in rodent β-

cells in vitro. Importantly, decreased MCL-1 expression was observed in islets from T1D 

patients. We report here that MCL-1 downregulation is associated with cytokine-mediated killing 

of human β-cells, a process partially prevented by MCL-1 overexpression. By generating a β-cell 

specific Mcl-1 knockout mouse strain (βMcl-1KO), we observed that, surprisingly, MCL-1 

ablation does not affect islet development and function. β-cells from βMcl-1KO mice were, 

however, more susceptible to cytokine-induced apoptosis. Moreover, βMcl-1KO mice displayed 

higher hyperglycaemia and lower pancreatic insulin content after multiple low dose 

streptozotocin treatment. We found that the kinase GSK3β, the E3 ligases MULE and βTrCP and 

the deubiquitinase USP9x, regulate cytokine-mediated MCL-1 protein turnover in rodent β-cells. 

Our results identify MCL-1 as a critical pro-survival protein for preventing β-cell death and 

clarify the mechanisms behind its downregulation by pro-inflammatory cytokines. Development 

of strategies to prevent MCL-1 loss in the early stages of T1D may enhance β-cell survival and 

thereby delay or prevent disease progression. 
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Secretion of pro-inflammatory cytokines by immune cells contributes to β-cell death in type 1 

diabetes (T1D) (1) and exposure of human islets in vitro to the pro-inflammatory cytokines 

interleukin-1β (IL-1β) and interferon-γ (IFN-γ) induce global changes in gene expression (2) that 

are remarkably similar to those observed in laser-captures islet cells from T1D patients (3). One 

of the mechanisms involved in cytokine-mediated β-cell killing is the induction of endoplasmic 

reticulum (ER) stress and the consequent activation of the intrinsic (mitochondrial) apoptotic 

pathway (4; 5). The intrinsic apoptotic pathway is regulated by the B-cell lymphoma 2 (BCL-2) 

family of proteins, which is divided into three groups: the anti-apoptotic members (e.g. MCL-1, 

BCL-2), the pro-apoptotic BH3-only proteins (e.g. BIM, DP5/HRK, PUMA) and the multi-BH 

(BCL-2 Homology) domain pro-apoptotic protein BAX and BAK (5; 6).  

MCL-1 prevents apoptosis induced by BIM and PUMA, two BH3 only proteins that contribute 

to ER stress and inflammatory cytokine induced β-cell killing (5; 7-9). MCL-1 protein is 

expressed in rodent β-cells
 

and cytotoxic insults that induce β-cell apoptosis, such as 

inflammatory cytokines, reduce MCL-1 protein expression in these cells (7; 10; 11). Importantly, 

MCL-1 overexpression protects primary rat β-cells against diverse cytotoxic conditions (7; 11). 

Moreover, overexpression of microRNA-29 (miR-29) promotes β-cell death by decreasing 

MCL-1 protein expression (10). Interestingly, abnormally reduced expression of MCL-1 is 

present in islets from T1D patients infected with a diabetogenic enterovirus, suggesting that 

defects in MCL-1 expression play a role in the development of human diabetes (12).  

We have previously shown that MCL-1 protein expression is reduced in inflammatory cytokine-

treated β-cells due to the combined actions of ER stress-mediated translation arrest and JNK-

induced MCL-1 phosphorylation, which was reported to prime this protein for ubiquitination and 

proteasomal degradation (11). Given the importance of MCL-1 in the survival of β-cells, the aim 
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of the present study was to clarify its role in human β-cells, as well as in an in vivo murine model 

of diabetes and to determine the mechanisms involved in the post-translational regulation of 

MCL-1 protein levels in β-cells. We found that inflammatory cytokine-mediated MCL-1 

downregulation contributes to the death of human β-cells and that this can be partially inhibited 

by ectopic MCL-1 overexpression. We generated a β-cell specific Mcl-1 knockout mouse line 

(βMcl-1KO) and observed that these mice were more hyperglycaemic and had lower insulin 

content after multiple low dose streptozotocin (MLDSTZ) treatment. Mechanistic studies in rat 

β-cells indicated that the kinase GSK3β, the E3 ligases MULE and βTrCP, as well as the 

deubiquitinase, USP9X, regulate inflammatory cytokine-mediated MCL-1 reduction in β-cells. 

Overall, our results identify MCL-1 as an important guardian against β-cell death and clarify the 

mechanisms behind its regulation by pro-inflammatory cytokines.  

  

Page 4 of 45Diabetes



 5 

RESEARCH DESIGN AND METHODS 

Materials 

The cytokine concentrations utilised were based on prior studies (13-15) and are described in 

Suppl. Table 1. The GSK3α/β inhibitors SB216763 and BIO (Sigma-Aldrich, Diegem, Belgium) 

were dissolved in DMSO (1:1000) and used at 5 µmol/L or 1 µmol/L, respectively. For 

immunoprecipitation experiments, cells were treated with the proteasome inhibitor MG-132 

(Sigma-Aldrich, Diegem, Belgium) at 1 µmol/L.  

Generation and characterisation of a β-cell specific Mcl-1 knockout mouse strain, islet 

isolation, culture and glucose-stimulated insulin secretion and cell lines utilized  

The human β-cell line EndoCβH1 and the rat insulinoma cell line INS-1E were cultured as 

described (14). Human islets were isolated from 6 non-diabetic organ donors (age 74±3 years; 

BMI 25±1 kg/m
2
,
 
insulin positive cells 63±8%) in Pisa, Italy, with the approval of the local 

human research ethics committee. These islets were cultured and treated as described (16).   

Conditional Mcl-1 knockout mice were generated as described (17). Mcl-1
fl/fl

 mice were crossed 

with RIP-Cre transgenic mice (18) to generate a β-cell specific Mcl-1 knockout mouse (βMcl-

1KO) line. Both lines are on the C57BL/6 genetic background and wild type (WT) littermates 

were used as controls. βMcl-1KO mice were born at the expected normal Mendelian ratio. The 

non-fasted-glycaemia and body weight were followed in male and female βMcl-1KO mice and 

their respective WT littermates from 6-24 weeks (data not shown, and Suppl. Fig. 2). An intra-

peritoneal glucose tolerance test (ipGTT) was performed in these animals at 12 and 24 weeks of 

age. Mice were injected with 2g/kg body weight glucose after 6 h of fasting. At 24 weeks, mice 

were sacrificed and their pancreas collected for measuring the total pancreatic insulin content 
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(19) or for immunofluorescence analysis (see below). Mice were housed and handled according 

to the Belgian Regulations for Animal Care and with permission from the local Ethic Committee. 

For ex vivo experiments, mouse islets were isolated and cultured as described (20). Glucose-

stimulated insulin secretion (GSIS) was performed in freshly isolated islets (19; 21). Insulin was 

quantified using the Ultra Sensitive Mouse Insulin ELISA Kit (Crystal Chem, Downers Grove, 

USA). The GSIS experiments were performed and measured in triplicates. 

Multiple low-dose streptozotocin treatment 

Non-fasted male mice aged 7-8 weeks were injected i.p. for 5 consecutive days with either 42.5 

mg/kg body weight streptozotocin (Sigma-Aldrich, Belgium) dissolved in citrate buffer (100 mM 

pH ≤ 4.5, made freshly) or citrate buffer alone. Blood glucose levels were measured on days -3, 

1, 2, 3, 4, 5 pre- and post-injection and later weekly during 10 weeks after the last injection in 

non-fasting conditions using a glucometer (Accu-Chek, Roche, Switzerland) (22). 

Hyperglycaemia was defined as non-fasting blood glucose levels >200 mg/dL in two sequential 

measurements. At the end of the experiment, the animals were sacrificed and the pancreas 

collected for histological analysis or for measuring the insulin content. 

Immunofluorescence  

Pancreatic tissues were collected and fixed overnight in 4% formaldehyde (BDH-Prolabo, 

Radnor, USA). Subsequently, the tissues were embedded in paraffin and at least 3 different 

sections were stained for analysis as described (23). Antibodies used are listed in Suppl. Table 2. 

Semi-quantitative analysis of insulin and glucagon staining was performed by analysing at least 

3 different pancreas sections of 3 different animals per genotype, with a minimum of 15 islets 

examined per animal.  

Page 6 of 45Diabetes



 7 

RNA interference, transient transfection, infection with recombinant adenovirus and site-

directed mutagenesis 

The small interfering (si)RNAs (30 nmol/L) used are listed in Suppl. Table 3 and transfections 

were performed as described (13; 16; 24). MCL-1 overexpression was achieved by transient 

transfection with a plasmid encoding rat MCL-1 (16) or by adenoviral infection (11). Control 

adenoviruses encoding luciferase or β-galactosidase were obtained from SIRION Biotech 

(Martinsried, Germany). The expression vector for FLAG-tagged rat MCL-1 (Agilent 

Technologies, Santa Clara, USA) was kindly provided by Prof. Eminy Lee (Institute of 

Biomedical Science of Taipei, Taiwan). Sequences encoding non-tagged rat MCL-1 were cloned 

into the pExpress plasmid (Express Genomics, MD, USA). The constructs encoding the 

phosphorylation site mutants of rat MCL-1 were generated using the Q5-Site directed 

mutagenesis kit (NEB, Ipswich, USA) using the WT rat Flag-MCL-1 vector as a template.   

Assessment of cell viability 

The percentages of viable, apoptotic and necrotic cells were determined using the DNA-binding 

dyes Propidium Iodide (PI, 5 µg/mL, Sigma-Aldrich) and Hoechst 33342 (HO, 5 µg/mL, Sigma-

Aldrich), as described (11). In all experiments, the numbers of necrotic cells were low (between 

1.8-2.1%) and did not change between the different conditions. For mouse islets, the percentages 

of dead cells were evaluated in a minimum of 10 islets per condition. All assessments were 

performed by two independent researchers one of whom was unaware of the identity of the 

samples.  

Quantitative RT-PCR, immunoprecipitation and Western blot analysis 
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Poly(A)
+
mRNA was isolated and reverse-transcribed as described (16). The real-time PCR 

amplification reaction was performed using SYBR Green and compared with a standard curve 

(25). All primers used are listed in Suppl. Table 3.  

For total cellular extracts, cells were lysed in Laemmli buffer and for immunoprecipitation 1x 

RIPA buffer and the lysates were processed as described in (26). Western blot analysis was 

performed as described (11). The antibodies used are listed in the Suppl. Table 2. Images were 

acquired by Chemidoc (BioRad, Temse, Belgium) and analysed using ImageJ 1.49 software (27).  

Flow cytometric analysis (FACS) 

Single mouse islet cell preparations were obtained as described (20). To exclude dead cells, cells 

were stained using the LIVE/DEAD fixable dead cell stain kit (Life Technologies, Belgium). 

APC-anti-human CD4 (mouse, clone RPA-T4) antibody was used to assess Mcl-1 gene deletion 

(28; 29). Cells were acquired on a FACSCanto II flow cytometer (BD Biosciences) and the data 

were analyzed using the FlowJo software (TreeStar, Ashland, OR) (29). The sorting of β-cell 

enriched cell populations was performed as described (30).  

Statistical Analysis 

Data are presented as means ± SEM. Comparisons were performed by two-tailed paired 

Student’s t-test or by ANOVA followed by paired t-test with Bonferroni correction for multiple 

comparisons. A p value of <0.05 was considered as statistically significant.  
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RESULTS 

Pro-inflammatory cytokines decrease MCL-1 protein expression in human pancreatic β-

cells contributing to apoptosis.  

Exposure of human EndoCβH1 cells to IL-1β+IFN-γ or TNF+IFN-γ for 16h induced significant 

increase in β-cell apoptosis that was further slightly increased at 24h (Suppl. 1a). By 24h, these 

inflammatory cytokines also caused a significant reduction of the expression of MCL-1 protein 

(up to 50%) in EndoCβH1 cells (Fig. 1a). We next exposed EndoCβH1 cells to different 

concentrations of cytokines for 24h. In all conditions, a significant reduction of MCL-1 

expression (Fig. 1b) and increased apoptosis of EndoCβH1 cells (Figs. 1c-d) was observed. 

Moreover, knockdown of Mcl-1 further increased the killing of EndoCβH1 cells induced by 

these cytokine combinations (Figs. 1c-d and Suppl. Fig. 1b-c). A second siRNA confirmed the 

potentiating effect of Mcl-1 knockdown on cytokine-mediated apoptosis of EndoCβH1 cells 

(Suppl. Figs. 1b-d). In converse experiments, overexpression of rat MCL-1 using an adenovirus 

system (Ad-MCL-1), diminished cytokine-mediated apoptosis in both EndoCβH1 cells and 

primary human islet cells (Figs. 1e-f and Suppl. Figs. 1e-f).  

MCL-1 depletion in vivo sensitises mouse islet cells to inflammatory cytokine-mediated 

death and renders mice more susceptible to diabetes  

To explore the role of MCL-1 in islet cells in vivo, we generated a β-cell specific Mcl-1 knockout 

mouse strain (βMcl-1KO). The expression of MCL-1 protein in islets was significantly reduced 

in βMcl-1KO mice as determined by Western blot analysis (Fig. 2a). In βMcl-1KO mice, a 

human CD4 reporter is subjugated to Mcl-1 promoter/enhancer elements as described in (17). 

Therefore, β-cells in which Mcl-1
fl
 has been deleted expressed the hCD4 protein that can be 
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detected by FACS using fluorochrome-labeled anti-human-CD4 antibodies. We observed that 

91.3±0.5% of the β-cell enriched population from βMcl-1KO mice expressed the hCD4 protein, 

while only 3.9±0.3% of the β-cell depleted population expressed this marker (Fig. 2b). As 

expected, hCD4 expression was undetectable in β cells from WT mice (Fig. 2b). These results 

indicate an efficient recombination process and Mcl-1
fl
 deletion in βMcl-1KO mice. 

β-cell death induced by IL-1β+IFN-γ or TNF+IFN-γ was exacerbated in islets from βMcl-1KO 

mice (Figs. 2c-d). Neither mRNA nor protein expression of BCL-2 and BCL-XL were altered in 

islets from βMcl-1KO mice (Figs. 2e-h). The βMcl-1KO mice were born at the expected 

Mendelian ratio and showed no obvious abnormalities up to 24 weeks (data not shown). Intra-

peritoneal glucose tolerance tests (ipGTT) showed no difference between WT and βMcl-1KO 

mice (Suppl. Figs 2a-d). There were also no differences in fed blood glucose or body weight 

between WT and βMcl-1KO mice (Suppl. Figs 2e-f). Moreover, the total insulin content of the 

pancreas, islet morphology and β-cell response to glucose were normal in the βMcl-1KO mice 

(Suppl. Figs. 2g-k). 

We next evaluated whether βMcl-1KO mice are more susceptible to diabetes induced by 

MLDSTZ, a treatment that induces a combined toxic autoimmune form of diabetes in mice (31; 

32). As expected, both WT and βMcl-1KO mice developed hyperglycemia 10 days after the last 

injection of streptozotocin (Fig. 3a). The pancreatic insulin content was decreased by 60-90% in 

animals of both genotypes as compared to control buffer injected mice (Fig. 3c-d). Interestingly, 

MLDSTZ-induced hyperglycaemia was more severe in βMcl-1KO mice, with a 2-fold increase 

in the AUC calculated based on the glycaemic values as compared to WT littermates (Figs. 3a-

b). In line with this, the insulin content of pancreata from βMcl-1KO mice was >50% lower than 

in WT mice after MLDSTZ treatment (Fig. 3c). Analysis of the pancreatic sections of both 
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βMcl-1KO and WT mice showed a clear decrease in the numbers of islets as well as insulin 

staining in the MLDSTZ treated animals of both genotypes compared to the vehicle injected 

mice (Fig. 3e). Islets from the MLDSTZ treated βMcl-1KO mice displayed reduced insulin 

staining compared to their WT counterparts (Fig. 3e and Suppl. Fig. 2k). In line with these 

observations, an increased percentage of α-cells was observed in MLDSTZ treated mice as 

compared to their vehicle treated counterparts (Fig. 3e and Suppl. Fig. 2l). Collectively, these 

results demonstrate that β-cells from βMcl-1KO mice are abnormally sensitive to stress. 

 

GSK3β is critical for cytokine-mediated MCL-1 degradation 

We have previously shown that the cytokine-mediated MCL-1 protein decrease in rat β-cells is a 

post-transcriptional process since these cells actually displayed increased Mcl-1 mRNA levels 

(11). We have now made similar observations in human β-cells, since cytokines cause an 

increase in MCL-1 mRNA expression in EndoCβH1 cells (Suppl. Fig. 3a). Studies in other cell 

types showed that MCL-1 protein stability can be regulated through phosphorylation by GSK3β, 

which primes MCL-1 for ubiquitination and proteasomal degradation (33). Inhibition of GSK3 

using specific compounds did not affect MCL-1 protein expression under basal condition but it 

diminished the cytokine-mediated reduction in MCL-1 protein expression (Fig. 4a). β-catenin, a 

known target of GSK3 kinase, was reported to be modulated by the GSK3 inhibitors. Inhibition 

of GSK3β activity induced a significant protection from cytokine-induced cell death in both rat 

INS-1E cells and human EndoCβH1 cells (Figs. 4b-c).  

GSK3β-targeted phosphorylation sites are conserved between human and rat MCL-1 (Fig. 5a) 

(33). We therefore generated expression vectors for rat phosphorylation site mutant MCL-1 
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proteins in which serine 139 or 142, or threonine 143 were substituted for by the phospho-null 

residue alanine. Treatment with cytokines downregulated the levels of both the overexpressed 

and exogenous WT MCL-1 protein with similar kinetics as the endogenous MCL-1 protein in 

INS-1E cells (Suppl. Fig. 3b). The expression levels of all MCL-1 protein forms were 

comparable in untreated cells (Suppl. Fig. 3c). The T143A mutation diminished cytokine-

mediated decrease in MCL-1 protein expression at 16h but not at 24h (Fig. 5b). Conversely, the 

S139A mutation resulted in more substantial protection against IL-1β+IFN-γ-induced MCL-1 

degradation (Fig. 5c). Finally, the S142A mutation did not affect MCL-1 protein turnover (Fig. 

5d). A significant decrease in cytokine-mediated caspase-3 activation was observed in INS-1 

cells overexpressing the S139A mutant form of MCL-1 (Figs. 5b-e). These results show that 

GSK3β mediated phosphorylation controls the levels of MCL-1 protein in cytokine treated 

pancreatic β-cells and thereby controls their survival. 

 

MCL-1 is ubiquitinated in response to treatment with IL-1β plus IFN-γ and this process is 

regulated by E3-ligases and the de-ubiquitinase USP9x. 

Exposure of INS-1E cells to IL-1β+IFN-γ did not affect the general protein ubiquitination pattern 

(Fig. 6a, left - input), but it increased the ubiquitination of over-expressed WT-FLAG-MCL-1 

(Fig. 6a, right - anti-FLAG). In certain tumour cells, MCL-1 was shown to be ubiquitinated by 

the E3 ubiquitin-ligases, F-box and WD repeat domain-containing 7 (FBW7), beta-transducin 

repeat containing protein (βTrCP) and the MCL-1 ubiquitin ligase (MULE) (34). We found that 

FBW7 was downregulated in β-cells upon treatment with IL-1β+IFN-γ (14), and conversely, the 

levels of MULE and βTrCP were increased under these conditions (Figs. 6b-c). Knockdown of 

FBW7 with a previously validated small interfering RNA (siRNA) (14) increased MCL-1 
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expression under basal conditions, but had no impact on the cytokine-mediated decrease of this 

protein (Fig. 6d). Conversely, knockdown of MULE or βTrCP, using two different siRNAs for 

each target, did not alter MCL-1 protein levels under basal conditions, but it substantially 

reduced the cytokine-mediated loss of MCL-1 in INS-1E cells (Figs. 6e-f, Suppl. Figs. 4a-d). 

The ubiquitin-specific peptidase 9 X-linked (USP9x) was shown to de-ubiquitinate MCL-1 in 

certain tumour cells, thereby protecting MCL-1 from proteasomal degradation (35). Treatment 

with IL-1β+IFN-γ decreased the expression of USP9x in INS-1E cells (Fig. 6g) and knockdown 

of USP9x using two different siRNAs potentiated the IL-1β+IFN-γ-mediated decrease in MCL-1 

levels (Fig. 6h and Suppl. Figs. 4e-f). These results show that pro-inflammatory cytokines 

increase the expression of the E3 ligases βTrCP and MULE but decrease the expression of the 

de-ubiqutinase, USP9x. These processes together conspire to cause a reduction in MCL-1 

protein. 
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DISCUSSION 

 

MCL-1 is an anti-apoptotic member of the BCL-2 protein family that protects pancreatic cells 

against apoptosis by sequestering the multi-BH domain pro-apoptotic BAX/BAK proteins, and 

the pro-apoptotic BH3-only proteins, such as BIM and PUMA (7; 33). We have previously 

shown that a variety of cytotoxic stimuli, such as, pro-inflammatory cytokines, the ER stressor 

thapsigargin, the saturated acid palmitate and the viral mimetic double-stranded RNA, promote 

apoptosis by decreasing MCL-1 protein levels in rat β-cells (7; 11). We observed here that 

inflammatory cytokines also decrease MCL-1 protein expression in human β-cells and that this 

contributes to the apoptosis of these cells. Interestingly, dose response experiments indicated that 

relatively low levels of cytokines were already able to decrease MCL-1 levels and induce death 

of EndoCβH1 cells. These results are in line with a recent report, revealing decreased expression 

of MCL-1 in islets from T1D patients infected with diabetogenic enterovirus (12). Collectively, 

these findings suggest that decreased levels of MCL-1 in β-cells may contribute to the 

development of diabetes. 

We report here that MCL-1 overexpression partially protects human β-cell against the pro-

apoptotic effect of pro-inflammatory cytokines. To evaluate the protective role of MCL-1 in 

immune-mediated β-cell death in vivo, we developed a β-cell specific Mcl-1 KO mouse strain.  

βMcl-1KO mice were born at the expected Mendelian frequency and showed no obvious 

metabolic abnormalities even in adulthood. This is remarkable, because loss of MCL-1 in other 

essential cell types, such as neurons, cardiomyocytes or haematopoietic stem/progenitor cells, 

causes death of mice (36-39). It is therefore possible that during development β-cells are less 

dependent on MCL-1 than these other cell types, suggesting that the survival of β-cells may be 
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safeguarded by other pro-survival BCL-2 family members (e.g. BCL-XL) or that several of these 

pro-survival proteins function in these cells in an overlapping manner.  

In agreement with findings from Mcl-1 gene knockdown studies in rodent and human β-cells 

((11) and present data), islets from the βMcl-1KO mice were abnormally susceptible to cell death 

induced by both IL-1β+IFN-γ or TNF+IFN-γ treatment. MLDSTZ treatment induces a slow and 

progressive decrease in insulin levels due to direct toxicity and islet inflammation with 

consequent β-cell killing (31; 32). The development of diabetes in our experiments followed the 

usual time course in this model, with hyperglycaemia appearing 10 days after the end of 

streptozotocin treatment, indicating that the disease was mainly due to islet inflammation. 

Interestingly, MLDSTZ treatment induced a more pronounced hyperglycaemia in the βMcl-1KO 

mice compared to their WT littermates, as reflected by a 2-fold increase in the AUC calculated 

based on the glycaemic levels. In line with these data, there was a >50% decrease in insulin 

content in βMcl-1KO mice as compared to their WT littermates. Moreover, histological analysis 

of the pancreas showed a reduced percentage of insulin positive cells and an increased 

percentage of glucagon positive cells in the βMcl-1KO islets. The increased glucagon staining 

probably reflects the stronger depletion of insulin positive cells in the KO islets. These results 

indicate that MLDSTZ treatment causes increased β-cell destruction in the βMcl-1KO mice. This 

could be due to increased mononuclear cell infiltration in βMcl-1KO mice, since islets from 

these mice are probably more susceptible to STZ- and immune-induced cell death than wild type 

islets, and this could lead to increased inflammation (40). Overall, our results establish the 

crucial role for MCL-1 in protecting mouse as well as human β-cells from apoptosis in vitro and 

during diabetes development in mice in vivo. 
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Our next aim was to unravel the regulatory mechanisms that drive inflammatory cytokine 

mediated MCL-1 downregulation in pancreatic β-cells. Due to its short half-life (~30 min; 

compared to ~20 h for BCL-XL and BCL-2), MCL-1 is disproportionally susceptible to 

alterations in protein translation (33). MCL-1 is structurally unique among other anti-apoptotic 

proteins of the BCL-2 family, since it contains an N-terminal domain with several phospho-

degron motives that are associated with its rapid turnover (33; 34). JNK-mediated 

phosphorylation decreases MCL-1 protein stability, a process that can be prevented by JNK 

inhibitors (11). Phosphorylation by GSK3β can also promote MCL-1 protein degradation, at 

least in cancer cells (33). We have now found that inhibition of GSK3β, using two specific 

compounds, diminishes IL-1β+IFN-γ mediated MCL-1 protein degradation. This was 

accompanied by a significant protection against cytokine-induced apoptosis in both rat and, 

importantly, human β-cells.  

We hypothesised that mutations of the GSK-3β-targeted phospho-degrons might disrupt MCL-1 

phosphorylation and thereby increase MCL-1 protein stability. In rat MCL-1, threonine 143 

(corresponding to Thr163 in human MCL-1) acts as a critical primary phosphorylation site that 

then primes MCL-1 for subsequent phosphorylation at other sites, as shown in different cell 

types (41; 42). Surprisingly, in our studies the T143A mutation only delayed cytokine mediated 

MCL-1 degradation. This suggests that phosphorylation of T143 contributes, but is not an 

absolute prerequisite for GSK3β-mediated phosphorylation of other sites in MCL-1 and its 

degradation in INS-1E cells (33; 34). This indicates that cell type specific differences exist in the 

post-translational modifications of MCL-1 and the control of its turnover. Furthermore, our 

studies revealed that serine 139 in rat MCL-1 (corresponding to S159 in human MCL-1) is 

critical for MCL-1 degradation in INS-1E cells. Indeed, the S159A mutation substantially 
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protected MCL-1 against cytokine-induced degradation in INS-1E cells and this decreased 

caspase-3 activation, indicating protection against apoptosis. The S159 residue was shown to be 

phosphorylated only by GSK3β, reducing the anti-apoptotic function of MCL-1 by priming it for 

ubiquitination and proteasomal degradation (33; 34). Accordingly, we found that treatment with 

IL-1β+IFN-γ induces prominent ubiquitination of MCL-1 in INS-1E cells. 

Several E3 ligases, including MULE, βTrCP and FBW7, contribute to the ubiquitination-

mediated proteasomal degradation of MCL-1 in cancer cells after phosphorylation by GSK3β 

(34). Interestingly, we observed that pro-inflammatory cytokines modulate the mRNA 

expression of these three E3 ligases in INS-1E cells. While Mule and βTrCP are upregulated, 

FBW7 expression is downregulated after exposure to IL-1β+IFN-γ (Fig. 7). In HeLa cells MULE 

was shown to ubiquitinate MCL-1 and thereby prime it for proteasomal degradation whereas, 

conversely, knockdown of MULE was found to increase MCL-1 protein levels in sarcoma cells 

and thereby protected them from apoptosis induced by DNA damage (34). In A293T cells, 

overexpression of βTrCP induced MCL-1 ubiquitination, followed by a decrease in its levels. 

The opposite was seen when βTrCP expression was silenced (34). In agreement with these 

reports, we observed that knockdown of both MULE and βTrCP increased the levels of MCL-1 

protein even when the INS-1E cells were exposed to IL-1β+IFN-γ. This suggests that pro-

inflammatory cytokine-induced MCL-1 degradation depends on ubiquitination mediated by these 

E3 ligases. Surprisingly, knockdown of FBW7 in INS-1E cells increased MCL-1 expression only 

under control (no treatment) conditions, suggesting that this E3 ligase regulates MCL-1 steady-

state protein levels but has no role in MCL-1 degradation induced by cytotoxic stressors, at least 

in this cell type. This may be explained by the fact that depletion of this E3 ligase enhances NF-
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κB-mediated NO generation (14), which has previously been shown to induce ER stress and a 

consequent decrease in MCL-1 (Fig. 7) (11).  

Besides the effects of E3 ligases, MCL-1 turnover is also affected by the opposing action of the 

de-ubiquitinase, USP9x. USP9x antagonises K48-linked poly-ubiquitination and thereby 

stabilises the MCL-1 protein, allowing it to inhibit apoptosis (35). Interestingly, exposure to pro-

inflammatory cytokines decreased expression of USP9x in INS-1E cells, while knockdown of 

USP9x significantly decreased MCL-1 expression in both untreated and cytokine-treated INS-1E 

cells. Collectively, these findings suggest that the de-ubiquitinase USP9x contributes to MCL-1 

stabilisation by antagonising its K48-linked poly-ubiquitination and thereby functions as an 

inhibitor of apoptosis in β-cells (Fig. 7).  

In conclusion, the data presented here provide evidence that MCL-1 exerts a critical anti-

apoptotic role in human β-cells in vitro, and its deficiency affects diabetes development in mice. 

Moreover, we clarified the mechanisms that regulate MCL-1 protein turnover in rat β-cells when 

exposed to a pro-inflammatory milieu (Fig. 7). Prevention of MCL-1 downregulation in β-cells 

might be achieved via multiple ways: inhibition of GSK3β kinase, mutation of critical residues in 

the MCL-1 phosphodegron motives or modulation of ubiquitin editing enzymes, such as 

overexpression of the deubiquitinase USP9x. This information might serve as a basis for 

development of new strategies to prevent β-cell death in T1D.  
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FIGURE LEGENDS 

Figure 1: Pro-inflammatory cytokines decrease MCL-1 protein expression in human 

pancreatic β-cells, contributing to apoptosis.  (a) EndoCβH1 cells were treated with IL-1β (50 

U/mL) + IFN-γ (1000 U/mL) or TNF (1000 U/mL) + IFN-γ (1000 U/mL) for 16 or 24 h and the 

expression of MCL-1 and α-tubulin (loading control) proteins were analysed by Western blotting 

(WB). A representative WB (left panel) and densitometric assessment of MCL-1 levels (right 

panel) are shown. *p<0.05, **p<0.01 vs untreated (0h) condition. (b) EndoCβH1 cells were 

treated with different concentrations of IL-1β+IFN-γ or TNF+IFN-γ for 24h, as indicated, and 

the expression of MCL-1 and α-tubulin (loading control) were analysed by WB. A representative 

WB (left panel) and densitometric assessment of MCL-1 levels (right panel) are shown. *p<0.05 

vs untreated condition. (c-d) EndoCβH1 cells were transfected with siCTR (control siRNA) or 

siMcl-1 RNA #2 and treated with different concentrations of IL-1β+IFN-γ (c) or TNF+IFN-γ (d) 

for 24h, as indicated. Cell viability was assessed by HO/PI staining. *p<0.05 vs siCTR under 

untreated condition; #p<0.05 siMcl-1 vs siCTR under the respective condition. (e-f) EndoCβH1 

cells (e) or dispersed primary human islet cells (f) were transduced with a control adenovirus 

(AdCTR) or an adenovirus encoding rat MCL-1 (Ad-MCL-1) at multiplicity of infection (MOI) 

10 and exposed to IL-1β (50 U/mL) +IFN-γ (1000 U/mL) or TNF (1000 U/mL) + IFN-γ (1000 

U/mL) for 24h (e) or 48h (f) as indicated. *p<0.05, **p<0.01 vs AdCTR under untreated 

condition #p<0.05 Ad-MCL-1 vs AdCTR under the respective conditions. (a-f) Data represent 

mean ± SEM of 4-8 independent experiments.  
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Figure 2: Islet-cells from the ββββMcl-1KO mice are abnormally sensitive to pro-inflammatory 

cytokine-induced death. (a) Islets from βMcl-1KO (KO) and wild-type (WT) littermates were 

isolated and MCL-1 protein levels were examined. A representative WB (left panel) and 

densitometric assessment of MCL-1 levels (right panel) are shown. *p<0.05 βMcl-1KO vs WT. 

Of note, the upper MCL-1 band observed in islets from βMcl-1KO is due to the fact that during 

gene targeting (development of the Mcl-1 floxed mice) inadvertently an in-frame sequence 

encoding a few amino acids at the N terminus was inserted (43) (b) Left panel: Representative 

FACS plot showing β-cell enriched and β-cell depleted cell populations selected based on their 

size and auto-fluorescence (30). Middle and right panels: representative FACS plot showing the 

expression of the human CD4 reporter on β-cell enriched and β-cell depleted populations from 

WT (grey) and βMcl-1KO
 
mice (black). (c-d) Islets from βMcl-1KO mice or WT littermates 

were isolated and exposed to different concentrations of IL-1β+IFN-γ for 24h (c) or TNF+IFN-γ 

for 72h, as indicated (d). Cell death was assessed by HO/PI staining. #p<0.05 βMcl-1KO vs WT 

under the respective condition. *p<0.05 WT cytokine vs WT untreated. (e-h) Mouse islets were 

isolated from βMclKO and WT littermates and expression of BCL-XL and BCL-2 mRNA and 

protein were analysed by real time PCR (e-g) and Western blotting (f-h), respectively. (f-h) A 

representative WB (left panel) and densitometric assessment of MCL-1 levels (right panel) are 

shown. Data represent mean ± SEM of 3-6 independent experiments. 

Figure 3: Loss of MCL-1 sensitises mice to MLDSTZ-induced diabetes.  (a) Male βMcl-1KO 

mice and WT littermates were injected with 42.5 mg/kg body weight of streptozotocin (STZ, 

n=11-13) or control buffer (Buffer, n=2-6) for 5 subsequent days. Fed glucose levels were 

measured at day -3, 1, 2, 3, 4, 5 of treatment and then at day 3, 10, 17, 24, 31, 38, 45, 52, 59 and 
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66 days after the last injection. *p<0.05 βMcl-1KO+MLDSTZ vs WT+MLDSTZ. (b) 

Quantitative analysis of the area under the curves (AUC) of the data from (a, MLDSTZ-treated 

animals) is shown. ***p<0.001 βMcl-1KO vs WT. (c) Total pancreatic insulin content was 

evaluated in MLDSTZ-treated animals at the end of the experiment. **p<0.05 βMcl-1KO vs 

WT. (d) Total pancreatic insulin content in βMcl-1KO and WT males from the control buffer-

treated group. (a-d) Data represent mean ± SEM of 2-9 independent experiments. (e) 

Representative images of immunofluorescence staining for insulin (green), glucagon (red) and 

DAPI in islets from untreated (i.e. control) WT and βMcl-1KO mice (24-week old males) and 

mice of those genotypes after MLDSTZ treatment are shown. Scale bars, 2 µm- 20X.  

Figure 4: GSK3β is required for cytokine-mediated MCL-1 protein degradation. (a) INS-1E 

cells were treated with DMSO (control) or the GSK3 inhibitors, SB or BIO, alone or in 

combination with treatment with IL-1β+IFN-γ for 16h. The expression of MCL-1, β-catenin and 

α-tubulin (loading control) proteins were analysed. A representative blot (left panel) and 

densitometric assessment of MCL-1 protein levels (right panel) are shown. (b-c) INS-1E (b) and 

EndoC-βH1 (c) cells were treated with DMSO (control) or the GSK3 inhibitors, SB or BIO, 

alone or in combination with pro-inflammatory cytokines for 16h (b) or 24h (c), respectively, as 

indicated. Cell viability was assessed by HO/PI staining. (a-c) *p<0.05, **p<0.01, ***p<0.001 

DMSO/cytokines vs DMSO/untreated condition; #p<0.05, ###p<0.001 vs DMSO/treated under 

respective condition. Data represent mean ± SEM of 4-5 independent experiments.  

Figure 5: Identification of the amino acid residues in MCL-1 that are critical for its stability. 

(a) The amino acid sequences of human and rat MCL-1 were aligned by the t-coffee program 

(44). Identical and conserved amino acids are marked by black and grey boxes, respectively. (b-
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e) Rat INS-1E cells were transfected with expression constructs encoding WT Flag-MCL-1 

(WT) or the indicated Flag-MCL-1 mutants and exposed to IL-1β+IFN-γ for 0, 16 or 24h, as 

indicated. The expression levels of MCL-1, cleaved caspase-3 (a marker of apoptosis) and α-

tubulin (loading control) proteins were analysed. (b-d) Representative WBs (upper panel) and 

densitometric assessments of WT and phospho-mutant MCL-1 proteins (lower panel) are shown. 

(e) A densitometric assessment of cleaved caspase-3 is shown. The levels of activated caspase-3 

are represented as fold-change compared to WT cells at 0h. (b-e) *p<0.05 WT cytokine vs WT 

untreated (0h), #p<0.05, ##p<0.01, ###p<0.001 Flag-MCL-1 mutants vs WT MCL-1 under the 

respective conditions. Data represent mean ± SEM of 5 independent experiments.  

Figure 6: Knockdown of MULE or βTrCP preserves MCL-1 protein levels upon pro-

inflammatory cytokine exposure, whereas silencing of USP9x potentiates MCL-1 decrease. (a) 

INS-1E cells were transfected with expression constructs encoding WT Flag-MCL-1 and 

exposed to IL-1β+IFN-γ for 10h. Cells were lysed and extracts immunoprecipitated with Flag-

tag antibody and immunoblotted for ubiquitin. A representative WB of at least 5 independent 

experiments is shown. (b-c) Mule (b) and βTrCP (c) mRNA expression in INS-1E cells exposed 

to IL-1β+IFN-γ for 16h *p<0.05 treated vs untreated condition. (d-f) INS-1E cells were 

transfected with siCTR (control siRNA), siFbw7, siMule (#1, #2) or siβTrCP (#1, #2) and treated 

with IL-1β+IFN-γ as indicated. The expression of MCL-1 and α-tubulin (loading control) 

proteins were analysed by Western blotting. A representative blot (upper panel) and 

densitometric assessment of MCL-1 protein levels (lower panel) are shown. (g) USP9x mRNA 

expression in INS-1E cells exposed to IL-1β+IFN-γ for 16h *p<0.05 treated vs untreated 

condition. (h) INS-1E cells were transfected with siCTR (control siRNA) or siUSP9x (#1, #2) 

and treated with IL-1β+IFN-γ for 16h. The expression of MCL-1 and α-tubulin (loading control) 
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proteins was analysed by Western blotting. A representative blot (upper panel) and densitometric 

assessment of MCL-1 (lower panel) are shown. (d-f, h) *p<0.05 siCTR cytokines vs siCTR 

under untreated condition; #p<0.05, ##p<0.01, ###p<0.001 siUSP9x, siMULE or siβTrCP vs 

siCTR under respective conditions. (b-h) Data represent mean ± SEM of 3-6 independent 

experiments.  

Figure 7: The interplay of cytokine-induced signaling cascades and the ubiquitin-proteasome 

degradation pathway in the regulation of MCL-1 protein stability.  

Pro-inflammatory cytokines trigger activation of NF-κB transcription factors and the kinases, 

JNK and GSK3β. The IL-1β+IFN-γ-mediated decrease in FBW7 and increase in βTrCP 

contributes to activation of the NF-κB pathway (14). NF-κB-mediated NO generation contributes 

to MCL-1 decrease via induction of ER stress. Moreover, the NF-κB target gene encoded BH3-

only protein PUMA inhibits MCL-1, thereby contributing to β-cell death (15). Phosphorylation 

by GSK3β (via the serine 139) primes MCL-1 for ubiquitination and degradation by the 

proteasome. This process is regulated by the E3 ligases, MULE and βTrCP, as well as by the de-

ubiquitinase, USP9x. While treatment with IL-1β+IFN-γ induces the expression of the E3 

ligases, MULE and βTrCP, this treatment decreases the levels of the de-ubiquitinase, USP9x, 

thereby resulting in increased turnover of MCL-1 protein and increased β-cell apoptosis.  
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Figure 4 
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Figure 5 

c                                               d              

a                           b     
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Figure 6 
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Supplemental Figure Legends: 

Supplemental Figure 1: Cytokine-induced EndoCβH1 cell apoptosis and efficacy of Mcl-1 

knockdown and overexpression. (a) EndoCβH1 cells were treated with IL-1β (50 U/mL) +IFN-γ 

(1000 U/mL) or TNF (1000 U/mL)+IFN-γ (1000 U/mL) for 16h or 24h. Cell viability was 

assessed by HO/PI staining. *p<0.05 vs untreated. (b-c) EndoCβH1 cells were transfected with 

siCTR or siMcl-1 (#1, #2). Mcl-1 mRNA expression was analysed by real time RT-PCR (b). 

*p<0.05 vs siCTR. A representative Western blot of MCL-1 and α-tubulin (loading control) of 3 

independent experiments (c). (d) EndoCβH1 cells were transfected with siCTR or siMcl-1 (#1, 

#2). Cell viability after cytokine treatment was analysed by HO/PI staining. *p<0.05 vs siCTR 

under untreated condition; #p<0.05, ##p<0.01 siMcl-1 vs siCTR under respective condition. (e-f) 

EndoCβH1 cells (e) and dispersed human islets (f) were transduced with a control adenovirus 

virus (AdCtr) or an adenovirus encoding rat MCL-1 (AdMCL-1) at a multiplicity of infection 

(MOI) 10. The mRNA expression of rat Mcl-1 was analysed by real time RT-PCR. Data 

represent mean ± SEM of 3-6 independent experiments. *p<0,005 Ad MCL-1 vs Ad Ctr. 

Supplemental Figure 2:  β-cell specific MCL-1 depletion does not influence glucose metabolism 

in mice and semi-quantitative analysis of insulin and glucagon staining on sections from islets 

of MLDSTZ treated ββββMcl-1KO mice and WT littermates. (a-d) Intra-peritoneal glucose 

tolerance tests (ipGTT) were performed in male (a-b) and female (c-d) βMcl-1KO and WT mice 

at 12 and 24 weeks, as indicated. (e-f) Fed glycaemic levels (e) and body weight (f) of male 

βMcl-1KO mice and WT littermates. (g) Islets were isolated from βMcl-1KO or WT littermates 

and glucose stimulated insulin release in response to glucose alone or in combination with 

forskoline (20 mM) was assessed. *p<0.05 vs 2.8 mM WT. #p<0.05 vs 16.7 mM WT. (h) Total 

pancreatic insulin content was evaluated in female βMcl-1KO and WT littermates at 24 weeks. 
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Data represent mean ± SEM 4-7 different animals per group. (i-j) Representative images of 

immunofluorescence staining for insulin (green), glucagon (red) and DAPI in islets from WT (i) 

and βMcl-1KO (j) mice. Scale bars, 2 µm- 40X. (k) Percentages of insulin staining area in islets 

from βMCL-1KO mice and WT littermates after MLDSTZ treatment. Grade 1: islets containing 

60-80% of insulin-positive cells (normal insulin staining). Grade 2: islets containing 30-59% of 

insulin-positive cells (insulin-depleted islets). Grade 3: islets containing 10-29% of insulin-

positive cells (severely insulin-depleted islets). Grade 4: islets containing 0-9% of insulin-

positive cells (near total insulin-depleted islets). More than 60% of islets from WT mice showed 

grade 2 and more than 20% showed grade 3. Conversely, in islets from βMcl-1KO mice around 

60% were grade 3 and almost 40% grade 4, indicating decreased insulin staining as compared to 

WT islets. (l) Percentages of glucagon staining area in islets from βMcl-1KO mice and WT 

littermates after MLDSTZ treatment. Grade 1: islets containing 0-5% of glucagon-positive cells 

(glucagon-depleted islets). Grade 2: islets containing 6-15% of glucagon-positive cells (normal 

glucagon staining). Grade 3: islets containing 16-70% of glucagon-positive cells (increased 

glucagon levels). Grade 4: islets containing >71% of glucagon-positive cells (increased glucagon 

levels). Around 40% of the islets from WT mice showed grade 2, while 40% showed grade 3. In 

contrast, around 70% of the islets from the βMcl-1KO showed grade 4. These results are in line 

with, and probably reflect, the increased depletion of insulin positive cells in the islets from the 

KO mice.  

Supplemental Figure 3: Mcl-1 mRNA expression is induced by inflammatory cytokines in 

EndoCβH1 cells and ectopically expressed MCL-1 protein has the same degradation kinetics 

as the endogenous MCL-1 protein in cells exposed to cytokines. (a) EndoCβH1 cells were 

treated with IL-1β+IFN-γ for up to 24h, as indicated, and the expression of MCL-1 mRNA was 
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analysed by real time RT-PCR. *p<0.05 vs untreated (0h). (b) INS-1E cells were transfected or 

not with an expression vector encoding for rat MCL-1 (pExpress-MCL-1) and exposed to IL-

1β+IFN-γ for different time points, as indicated. Expression of endogenous MCL-1 (from non-

transfected INS-1E cells) and ectopically expressed (obtained by transient transfection with 

pExpress-MCL-1) was analysed by Western blotting and data are represented as densitometric 

assessment (b) INS-1E cells were transfected with expression constructs encoding WT Flag-

MCL-1 from rat (WT) or the indicated Flag-MCL-1 mutants and Flag-MCL-1 expression was 

analysed under basal condition by Western blotting and data are represented as densitometric 

assessment. Data represent mean ± SEM of 3-5 independent experiments.  

Supplemental Figure 4: Efficacy of the knockdown of Mule, βTrCP and USP9x.  (a-f) INS-1E 

cells were transfected with siCTR (control siRNA), siMule (#1, #2) (a-b), siβTrCP (#1, #2) (c-d) 

or siUSP9x (#1, #2) (e-f) and treated with IL-1β+IFN-γ for 16h, as indicated. Mule (a), βTrCP 

(b) and USP9x (c) mRNA expression levels were analysed by real time RT-PCR. A 

representative Western blot of MULE (b), βTrCP (d) and USP9x (f) and α-tubulin (loading 

control) expressions under untreated condition of at least 3 independent experiments is shown. 

*p<0.05, ***p<0.001 siCTR cytokines vs siCTR under untreated conditions, #p<0.05, ##p<0.01, 

###p<0.001 siUSP9x, siMule or siβTrCP vs siCTR, under the respective conditions. Data 

represent mean ± SEM of 3-4 independent experiments. 
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Supplemental Figure 3 
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Supplemental Figure 4 
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Supplemental Table 1 

List of cytokines and concentrations used in the experiments      

 

 

 

  

Cytokine Cell type Concentration Company 

Recombinant human 

IL-1β 

INS-1E cells 

EndoCβH1/ mouse islets 

10 U/mL 

5-50 U/mL 

R&D Systems, 

Abingdon, UK 

Recombinant rat   

IFN-γ 

INS-1E cells 

 

36 ng/mL R&D Systems,  

Abingdon, UK 

Recombinant mouse 

IFN-γ 

Mouse islets 100-1000 U/mL PeproTech, 

RockyHill, USA 

Recombinant human 

IFN-γ 

EndoCβH1 and human islets 100-1000 U/mL PeproTech, 

RockyHill, USA 

Recombinant murine 

TNF 

INS-1E cells/ EndoCβH1/ 

mouse and human islets 

100-1000 U/mL Innogenetics, 

Ghent, Belgium 
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Supplemental Table 2 

List of antibodies used in the Western blot or immunofluorescence analysis 

 

Antibody Company Reference 

MCL-1 Biovision (Abingdon, UK) 3035-100 

α-tubulin Sigma (Diegem, Belgium) T9026 

GAPDH Trevigen (Gaithersburg, USA) 2275PC100 

Insulin Sigma (Diegem, Belgium) I2018 

Glucagon Sigma (Diegem, Belgium) G2654 

β-catenin Santa Cruz (Heidelberg, Germany) Sc-133239 

FLAG Sigma (Diegem, Belgium) F3564 

Cl. caspase 3 Cell Signaling (Leiden, Netherlands) 9661 

BCL-2 Cell Signaling (Leiden, Netherlands) 2870 

BCL-XL Cell Signaling (Leiden, Netherlands) 2764 

MULE Cell Signaling (Leiden, Netherlands) 5695 

β-TrCP Cell Signaling (Leiden, Netherlands) 11984 

USP9x Cell Signaling (Leiden, Netherlands) 5571 
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Supplemental Table 3  

List of the sequences of the used siRNAs and primers  

siRNAs Sequence sense (5’-3’) Sequence antisense (5’-3’) 

Human Mcl-1 #1  Sequence is not provided (Ambion, Alst, Belgium, Cat # 1299001, HSS181042) 

Human Mcl-1 #2 Sequence is not provided (Ambion, Alst, Belgium, Cat # 1299001, HSS181043) 

Rat FBW7 #1 CGUUAACAAGUGGAAUGGAACUCAA UUGAGUUCCAUUCCACUUGUUAACG 

Rat FBW7 #2 UCGUUACAGUUUGACGGCAUCCAUG CAUGGAUGCCGUCAAACUGUAACGA 

Rat USP9x #1 GAGAUGGAGCAAGAGUUCUUAUGAA UUCAUAAGAACUCUUGCUCCAUCUC 

Rat USP9x #2 GGAGAAUCCUCAGUUCUCAUCUACU AGUAGAUGAGAACUGAGGAUUCUCC 

Rat Mule #1 UAAAGUGGCUGGGAAAUACCUUGGC GCCAAGGUAUUUCCCAGCCACUUUA 

Rat Mule #2 CAAAGUUGAAGAAAUCAGUACGCUG CAGCGUACUGAUUUCUUCAACUUUG 

Rat βTrCP #1 CCAUGAGGAAUUGGUACGCUGUAUU AAUACAGCGUACCAAUUCCUCAUGG 

Rat βTrCP #2 GCAGCGGAAACUCUCAGCAAGCUAU AUAGCUUGCUGAGAGUUUCCGCUGC 

Real time PCR primers Sequence sense (5’-3’) Sequence antisense (5’-3’) 

Rat USP9x GAAGGGGTGCCTACCTCAA GCCTTCTACACCTGGCTGAC 

Rat βTrCP TCAGGCTGTGGGACATAGAG GGTCCAGAGCAGCCATAAGA 

Rat FBW7 GCTGGAGTGGACCAGAGAAG GGGGAGCAAGGAGATGAAGT 

Rat Mcl-1 CCTCCAGCCACCAACTACAT CCACTTTCTTTCTGCCGTGTTA 

Human Mcl-1 CCATCATGTCGCCCGAAGAGG TACCAGATTCCCCGACCAACTCCA 

Rat GAPDH GCCTGGAGAAACCTGCCAAGTATGA AACCTGGTCCTCAGTGTAGCCC 

Human GAPDH CAGCCTCAAGATCATCAGCA TGTGGTCATGAGTCCTTCCA 

Mouse Bcl-2 TCGCTACCGTCGTGACTTCG TTCCTCCACCACCGTGGCAA 

Mouse Bcl-xL TGGCAGCAGTGAAGCAAGCG AGTGCCCCGCCAAAGGAGAA 

Site-directed 

mutagenesis primers 

Sequence sense (5’-3’) Sequence antisense (5’-3’) 

S139 AGCTGACGGCGCGCTGCCCTCCA CCGGAGCTCTTAGCCGCCTCG 

S142 CTCGCTGCCCGCCACGCCGCCGC CCGTCAGCTCCGGAGCTCTTAGCCGC 

T143 GCTGCCCTCCGCGCCGCCGCCGC GAGCCGTCAGCTCCGGAGCTCTTAGCC

GC 
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