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ABSTRACT 

Multiple myeloma remains an incurable disease, and continued efforts are required to develop 

novel agents and novel drug combinations with more effective anti-myeloma activity. Here, we 

show that the pan-PIM kinase inhibitors SGI1776 and CX6258 exhibit significant anti-myeloma 

activity and that combining a pan-PIM kinase inhibitor with the immunomodulatory agent 

lenalidomide in an in vivo myeloma xenograft mouse model resulted in synergistic myeloma cell 

killing without additional hematologic or hepatic toxicities. Further investigations indicated that 

treatment with a pan-PIM kinase inhibitor promoted increased ubiquitination and subsequent 

degradation of IKZF1 and IKZF3, two transcription factors crucial for survival of myeloma cells. 

Combining a pan-PIM kinase inhibitor with lenalidomide led to more effective degradation of 

IKZF1 and IKZF3 in multiple myeloma cell lines as well as xenografts of myeloma tumors. We 

also demonstrated that treatment with a pan-PIM kinase inhibitor resulted in increased expression 

of cereblon, and that knockdown of cereblon via a shRNA lentivirus abolished the effects of PIM 

kinase inhibition on the degradation of IKZF1 and IKZF3 and myeloma cell apoptosis, 

demonstrating a central role of cereblon in pan-PIM kinase inhibitor-mediated down-regulation of 

IKZF1 and IKZF3 and myeloma killing. These data elucidate the mechanism of pan-PIM kinase 

inhibitor mediated anti-myeloma effect and the rationale for the synergy observed with 

lenalidomide co-treatment, and provide justification for a clinical trial of the combination of pan-

PIM kinase inhibitors and lenalidomide for the treatment of multiple myeloma. 
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HIGHLIGHTS 

• Pan-PIM kinase inhibitors (SGI1776 and CX6258) exhibited significant anti-

myeloma activity 

• Combination of a pan-PIM kinase inhibitor and lenalidomide showed synergistic 

anti-myeloma effects without additional hematologic or hepatic toxicities  

• Combining pan-PIM kinase inhibitors with lenalidomide enhanced the degradation 

of IKZF1 and IKZF3  

• Elevated expression of cereblon by pan-PIM kinase inhibitors prompted the 

degradation of IKZF1 and IKZF3 
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ABSTRACT  

Multiple myeloma remains an incurable disease, and continued efforts are required to 

develop novel agents and novel drug combinations with more effective anti-myeloma 

activity. Here, we show that the pan-PIM kinase inhibitors SGI1776 and CX6258 exhibit 

significant anti-myeloma activity and that combining a pan-PIM kinase inhibitor with the 

immunomodulatory agent lenalidomide in an in vivo myeloma xenograft mouse model 

resulted in synergistic myeloma cell killing without additional hematologic or hepatic 

toxicities. Further investigations indicated that treatment with a pan-PIM kinase inhibitor 

promoted increased ubiquitination and subsequent degradation of IKZF1 and IKZF3, two 

transcription factors crucial for survival of myeloma cells. Combining a pan-PIM kinase 

inhibitor with lenalidomide led to more effective degradation of IKZF1 and IKZF3 in 

multiple myeloma cell lines as well as xenografts of myeloma tumors. We also 

demonstrated that treatment with a pan-PIM kinase inhibitor resulted in increased 

expression of cereblon, and that knockdown of cereblon via a shRNA lentivirus abolished 

the effects of PIM kinase inhibition on the degradation of IKZF1 and IKZF3 and myeloma 

cell apoptosis, demonstrating a central role of cereblon in pan-PIM kinase inhibitor-

mediated down-regulation of IKZF1 and IKZF3 and myeloma killing. These data 

elucidate the mechanism of pan-PIM kinase inhibitor mediated anti-myeloma effect and 

the rationale for the synergy observed with lenalidomide co-treatment, and provide 

justification for a clinical trial of the combination of  pan-PIM kinase inhibitors and 

lenalidomide for the treatment of multiple myeloma. 
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1. INTRODUCTION 

Multiple myeloma (MM) is a malignant plasma cell disorder with no curative therapy[1]. 

MM is the second most common hematologic malignancy, with an estimated 30,770 new 

cases in the United States in 2018[2]. Symptomatic MM is characterized by a clonal 

proliferation of plasma cells and evidence of end-organ damages that include anemia, 

hypercalcemia, lytic bone lesions, and renal failure[3], resulting in significant mortality 

and morbidity. Over the last 2-3 decades, the response to treatment and survival of 

patients with MM have significantly improved largely due to the incorporation of several 

new biological and molecular targeted agents which have been used along with autologous 

hematopoietic stem cell transplant. However, relapse is almost universal with nearly all 

patients eventually developing resistance to currently available agents even after 

achievement of a complete remission[4], therefore continued effort should be dedicated to 

developing novel therapies and novel drug combinations with more effective anti-

myeloma activity. 

 

Recently, many new drugs have been developed for the treatment of MM, including 

immunomodulatory drugs (IMiDs), proteasome inhibitors, monoclonal antibodies, and 

HDAC inhibitors[4]. IMiDs, including thalidomide, lenalidomide and pomalidomide, are 

one of the mainstays in the treatment of MM. Lenalidomide is the most commonly used 

IMiD in the treatment of MM, and is used in newly diagnosed myeloma patients, in the 

relapsed setting, and for maintenance therapy after induction or autologous hematopoietic 

stem cell transplant.  Given this universality, the development of agents with the potential 
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to synergize with lenalidomide  can lead to a drastic improvement in treatment response 

and survival in patients with MM. 

 

PIM (proviral insertion in murine malignancies) kinases are a small family of 

serine/threonine kinases with 3 isoforms (PIM1, PIM2 and PIM3)[5, 6]. PIM kinases are 

overexpressed and play important roles in tumorigenesis in various human cancers, 

including prostate cancer[7], B-cell lymphoma[8, 9], leukemias[10, 11], and breast 

cancer[12, 13]. The expression of PIM2 kinase was found to be higher in MM than in any 

other cancer type[14]. Recent research showed that inhibition of PIM2 kinase has 

significant anti-tumor efficacy in multiple myeloma[15] and that targeting PIM3 may have 

activity against adult T-cell leukemia[16]. It has also been reported that PIM1 mRNA 

expression is a potential prognostic biomarker in acute myeloid leukemia[17]. 

Furthermore, accumulating lines of evidence have suggested that PIM kinases are 

important in the pathogenesis of MM. PIM kinases play a wide range of roles in MM 

pathogenesis including cell proliferation[18], survival[14], cell cycle dysregulation, 

oncogenic collaboration with c-Myc, DNA damage repair[19], and bone destruction[20, 

21]. A phase 1 study of the novel pan-PIM kinase inhibitor (LGH447) showed 

encouraging single-agent activities in heavily pre-treated relapsed/refractory MM[22]. 

 

Despite growing interest in pan-PIM kinase inhibitors as therapeutic agents in MM, the 

molecular pathways through which these agents kill myeloma cells, and their ability to be 

combined with other anti-myeloma agents has not been characterized. In the current study, 
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we investigated the anti-myeloma effects of pan-PIM kinase inhibitors, their combinatorial 

effects with lenalidomide, and their mechanism of action in both of these settings. 

 

2. MATERIALS AND METHODS 

2.1. Reagents and antibodies 

CX6528, SGI1776, and lenalidomide were purchased from Selleckchem (Houston, TX). 

SGI1776 used for in vivo studies was provided by Tolero Pharmaceuticals, Inc (Lehi, 

Utah). Cycloheximide, bortezomib, and MG132 were purchased from Sigma-Aldrich (St. 

Louis, MO).  Antibodies against PIM1, PIM2, PIM3 and ubiquitin were purchased from 

Abcam (Cambridge, MA). Antibodies against c-Myc, IRF4, pS6, and PARP were 

purchased from Cell Signaling (Danvers, MA). Annexin V and caspase 3 antibodies were 

purchased from BD Biosciences (San Jose, CA). IKZF1 antibody was purchased from 

Santa Cruz Biotechnology, Inc (Dallas, TX). IKZF3 antibody was purchased from Novus 

Biologicals LLC (Littleton, CO). Cereblon antibody was obtained from Sigma-Aldrich 

(St. Louis, MO). 

 

2.2. Primary human CD138+ myeloma cells and myeloma cell lines 

Primary human CD138+ cells were isolated from the bone marrow aspirates of patients 

with myeloma with patients’ informed consent and IRB approval. The study was 

performed in compliance with the guidelines of the Ethical Committee of Duke 

University Medical Center.  MM cell lines used in this study included MM1R, MM1S, 

RPMI8226, RPMI8226-Dox40, NCIH929, OPM1, JK6L and U266. MM1R cells stably 
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co-expressing eGFP and luciferase were generated by transducing with lentiviruses 

encoding eGFP and luciferase as reported previously [23].  

 

2.3. Cell proliferation assay 

MM cell lines or primary human CD138+ myeloma cells were treated with various 

concentrations of SGI1776 or CX6528 as indicated in the text. For thiazolyl blue 

tetrazolium bromide (MTT) cell proliferation assay, 5 x 104  myeloma cells were plated 

in triplicate in a well of a 96-well plate in a final volume of 100µl that contained  

SGI1776 or CX6528. The cells were incubated at 370C in 5% CO2 incubator for various 

durations as indicated after which 20µl of the combined MTS/PMS solution (5mg/ml 

MTT) were added into each well and the plate was incubated for and additional 3-4 hrs 

at 370C in 5% CO2 incubator. Absorbances  at 490 nm were then measured using a plate 

reader. For live cell number measurement, MM cells were plated in 12-well plates 

(0.5×105 cells/well) and treated with various concentration of SGI1776 or CX6528, then 

stained with trypan blue and counted at the timepoints indicated.  

 

2.4. Western blot analysis 

MM cells were harvested, washed with PBS, and re-suspended in lysis buffer containing 

50mM Tris-HCl pH 7.4, 150mM NaCl, 1mM EDTA, 1% Triton x100, 1% Sodium 

deoxycholate, and 0.1% SDS. The cells were further lysed by brief sonication. The 

lysates were centrifuged at 12,000rpm for 10min to remove cell debris. Total protein was 

quantified using the Dc protein estimation kit (Bio Rad). Approximately 20µg protein 

was loaded and run on SDS-PAGE then transferred onto PVDF membrane. The 
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membrane was blocked with 5% milk in Tris-Buffered Saline containing 0.05% of 

Tween 20 (TBST) for 1hr then primary antibodies were applied with 1% BSA in TBST 

and incubated overnight at 40C. The membrane was then probed with HRP-conjugated 

secondary antibody for 1hr at room temperatue and developed using Pierce ECL 

substrate. Data shown is representative of at least 3 separate sets of experiments. 

 

2.5. Real-time PCR detection 

Total RNA was isolated by Trizol (Invitrogen).  The first-strand cDNA was synthesized 

with the iScript cDNA synthesis kit (Bio-Rad). RT-PCR was performed on Bio-Rad iQ5 

using the following primers: IKZF1: 5’-CCCCTGTAAGCGATACTC CA-3’ and 5’-

CCACGACTCTGTCACTCTTGG-3’; IKZF3: 5’-ATCAACAAGGAAGGGGAGGT-3’ 

and 5’-CAGGGCTCTGTGTTCTCCTC-3’; cereblon: 5’-

TCCAGCAAGCTAAAGTGCAA-3’ and 5’-AGCGAGGCCATGAAGTTAGA-3’; β-

Actin: 5’-ACCTTCTACAATGAGCTG-3’ and 5’-CCTGGATAGCAACGTACAGG-3’. 

 

2.6. Apoptosis assay 

MM cells were treated with SGI1776 or CX6528 for various durations, then harvested 

and stained with Annexin V antibody, and analyzed by flow cytometry analysis or lysed 

and immunoblotted for the levels of PARP cleavage and caspase-3 cleavage.  

 

2.7. Lentivirus production and gene transduction 

The production and gene transduction of lentiviruses encoding shRNA against human 

cereblon (CRBN) and control shRNA were performed as described previously [24]. 
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Briefly, oligonucleotides encoding CRBN specific shRNA, or control shRNA were 

cloned into GIPZ lentiviral vectors.  Lentiviruses were produced after transient 

transfection of HEK 293T cells with individual lentiviral vector along with the packaging 

plasmids (VSV-G and psPax2) according to the manufacturer’s instructions (Trans- GIPZ 

Lentiviral shRNA Packaging Kit). The supernatants containing viral particles were 

collected 48h after transfection. Cells were transduced with lentiviruses by co-

centrifugation at 3,000rpm for 3h at 370C in the presence of 8µg/ml polybrene.  

 

2.8. Syngeneic transplanted VK*MYC myeloma mouse model 

All our animal studies were conducted in accordance with guidelines approved by the 

Institutional Animal Care and Use Committees at Duke University. Syngeneic 

transplanted VK*MYC myeloma mouse model was used for in vivo studies[25-28]. 

Cryopreserved splenocytes of VK*MYC mice were kindly provided by Dr. P. Leif 

Bergsagel at Mayo Clinic, Arizona. The cells were expanded by injecting 1 vial of the 

cells into 10 C57Bl/6 mice of 10-12 weeks old.  The splenocytes were harvested once the 

intensity of the monoclonal (M) spike reached >1/2 of the albumin intensity and used for 

experiments.  To generate syngeneic transplanted VK*MYC myeloma mouse model, 

cryopreserved splenocytes were injected via tail vein into 10-12 weeks old, non-irradiated 

C57Bl/6 mice (10 recipient mice per one vial of cells, that is approximately 

1 × 106 splenocytoes per mouse). Blood samples were collected weekly beginning 3 

weeks after cell injection. Myeloma development was monitored by measurement of the 

M spike on serum protein electrophoresis. When the myeloma developed (~ day 26 after 

cell injection), the mice were treated with SGI1776 (75mg/kg body weight) or control 
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buffer daily given by oral gavage. In a separate set of experiments, when myeloma was 

established the mice were treated with control buffer, SGI1776 (35mg/kg), lenalidomide 

(25mg/kg) or a combination of SGI1776 and lenalidomide via daily oral gavage. Animal 

survival was monitored. 

 

2.9. Myeloma xenograft mouse modeles 

For myeloma xenograft mouse experiments, two tumor inoculation approaches were 

used: subcutaneous injection and intravenous administration. MM1R cells stably 

expressing luciferase (1.5×106 cells/mouse) were injected subcutaneously or 

intravenously into sublethally irradiated (1.5Gy for subcutaneous model and 1.75Gy for 

intravenous model) NSG mice.  Tumor growth was followed weekly by bioluminescence 

imaging using Living Imaging Software (Xenogen) after intraperitoneal administration of 

luciferin.  When tumors were established as determined by bioluminescence imaging, the 

mice were treated with control buffer, SGI1776 (35mg/kg), lenalidomide (25mg/kg) or a 

combination of SGI1776 and lenalidomide via daily oral gavage. Blood samples were 

collected for the measurement of whole blood cell counts and liver alanine transaminase 

enzyme (ALT). Tumor growth was monitored by measuring tumor size (in the 

subcutaneous model) and/or quantifying bioluminescence intensity. Animal survival was 

monitored daily. In the subcutaneous model, at the end of experiments the mice were 

euthanized and the tumors were harvested and weighed. Protein was extracted from the 

tumors and  the expression of IKZF1 and IKZF3 was measured by immunoblot analysis. 

 

2.10. Statistical analysis 
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Statistical analyses were performed with GraphPad Prism software. Comparisons of gene 

expresson were performed using one-way ANOVA. Student’s t-test was also used to 

compare paired samples. The differences in survival were determined by Log-Rank sum 

test. Differences were considered statisticaly significant at p<0.05. 
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3. RESULTS 

3.1. Pan-PIM kinase inhibitors show effective anti-myeloma activity in human 

myeloma cells in vitro 

Two pan-PIM kinase inhibitors, SGI1776 and CX6258, were used to test the anti-

myeloma activity of PIM kinase inhibition [11, 29].  We found that both SGI1776 and 

CX6258 effectively inhibited the growth of 8 human myeloma cell lines with an average 

IC50 of ~7.5µM (Figure 1A and Supplemental Figure S1) and induced apoptosis as 

demonstrated by PARP cleavage, Caspase 3 activation, and positive Annexin V staining 

(Figure 1B-C and Supplemental Figure S2 ). Additionally, SGI1776 and CX5268 

demonstrated significant anti-myeloma activity for primary human myeloma cells isolated 

from patients’ bone marrow aspirates (Figure 1D).  

 

3.2. Pan-PIM kinase inhibitors have in vivo anti-myeloma activity in a syngeneic 

transplanted VK*MYC myeloma mouse model  

We next investigated the anti-myeloma activity of pan-PIM kinase inhibitors in vivo using 

a syngeneic transplanted VK*MYC myeloma mouse model[25-28, 30]. Cryopreserved 

splenocytes of VK*MYC mice were injected via tail vein into 10-12 weeks old, non-

irradiated syngeneic C57Bl/6 mice (~1 × 106 splenocytes/recipient mouse). Myeloma 

development was monitored by measurement of the monoclonal M spike on serum protein 

electrophoresis weekly starting at week 3 after cell injection.  At day 26 of cell injection 

when myeloma was established as evidenced by M spike (Supplemental Figure S3), the 

mice were treated with daily SGI1776 (75mg/kg body weight) or control buffer.  The 

transplanted VK*MYC myeloma model is a very aggressive mouse model. Daily 
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treatment of transplanted VK*MYC mice with established myeloma with SGI1776 

extended their survival (median survival of 40 days for mice receiving control buffer 

versus 46 days for mice treated with SGI1776; p=0.006, Figure 1E). These data confirm 

the single agent anti-myeloma activity of pan-PIM inhibitors previously seen in both 

preclinical and clinical studies[14, 22, 31]. 

 

3.3. Combination of pan-PIM kinase inhibitor and lenalidomide has enhanced anti-

myeloma activity in vivo in myeloma xenograft mouse models 

The effectiveness of pan-PIM kinase inhibitors in killing human myeloma cells in vitro 

and their ability to prolong the survival of syngeneic transplanted VK*MYC myeloma 

mouse model prompted us to investigate the combinatorial effects of pan-PIM kinase 

inhibitors with lenalidomide in vivo. Two myeloma xenograft mouse models were used: 

subcutaneous tumor cell implantation and tail vein administration of tumor cells. The 

subcutaneous xenograft mouse model allows us to make tumor size measurement and 

harvest tumors at the end of treatment for molecular analyses. The tail vein 

administration model results in systemic spread of tumor cells and allows for detection 

of a survival benefit with treatment. 

 

In the subcutaneous xenograft mouse model, MM1R cells stably expressing luciferase 

(1.5×106 cells/mouse) were injected subcutaneously into the back of sublethally 

irradiated (1.5Gy) NSG mice.  Tumor growth was followed weekly by bioluminescence 

imaging. Beginning at day 10 after xenograft implantation (when the tumors were 

established and could be detected by bio-luminescence imaging), mice were treated daily 
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with either: DMSO, SGI1776 (35mg/kg body weight), lenalidomide (25mg/kg body 

weight), or the combination of SGI1776 and lenalidomide by oral gavage. While both 

SGI1776 and lenalidomide alone were able to inhibit tumor growth compared to the 

control group (Figure 2A-D), the combination of SGI1776 and lenalidomide had 

enhanced anti-myeloma effect, resulting in near complete inhibition of myeloma cell 

growth after 3 weeks of treatment (Figure 2A-D).  

 

In the systemic myeloma xenograft mouse model, NSG mice were sublethally irradiated 

(1.75Gy) and injected via tail vein MM1R cells stably expressing luciferase (1.5×106 

cells/mouse).  Tumor growth was followed weekly by bioluminescence imaging after 

intraperitoneal administration of luciferin.  Beginning at day 19 after intravenous cell 

injection (when the tumors were established and could be detected by bio-luminescence 

imaging), mice were treated daily with either: DMSO, SGI1776 (35mg/kg) alone, 

lenalidomide (25mg/kg) alone, or the combination of SGI1776 and lenalidomide through 

oral gavage. The SGI1776 and lenalidomide combination led to improved disease control 

compared to either agent alone (Figure 3A). Tumor bio-luminescence intensities were 

significantly reduced in the combination group compared to the control or single agent 

groups.  Furthermore, combination treatment resulted in a 3 week survival advantage 

compared to the DMSO control group (median survival of 73 days vs 52 days for the 

combination treatment group vs the DMSO control group, respectively; p<0.01, Figure 

3B). Importantly, no additional hematologic or hepatic toxicities were observed in the 

combination group (Figure 3C). 
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3.4. Pan-PIM kinase inhibitors promote proteasome degradation of IKZF1 and 

IKZF3  

We performed studies to understand the downstream molecular events following the 

treatment of pan-PIM kinase inhibitors. Specifically, we focused on the expression and 

the degradation of IKAROS Family Zinc Finger (IKZF) 1 and 3, because these two zinc-

finger transcriptional factors play a pivotal role in both the generation of plasma cells [32, 

33] and the survival of myeloma cells [34, 35]. IKZF1 and IKZF3 regulate the expression 

of c-Myc and interferon regulatory factor 4 (IRF4).  Furthermore, recent studies have 

demonstrated that IKZF1 and IKZF3 play an important role in IMiDs’ anti-myeloma 

activity [34-38]. We first examined if pan-PIM kinase inhibitors would affect the 

expression of IKZF1 and IKZF3 in MM cells.  Treatment with pan-PIM kinase inhibitors 

(SGI1776 or CX5268) consistently caused down-regulation of IKZF1 and IKZF3 as well 

as their downstream targets, i.e., c-Myc and IRF4, in all myeloma cell lines we tested 

including MM1R and MM1S shown in Figure 4A (Supplementary Figure S4 for other 

myeloma cell lines). Additionally, the protein levels of IKZF1 and IKZF3 in tumor 

samples from SGI1776 treated subcutaneous xenograft mice dramatically decreased 

compared to the control (Figure 4B). 

 

We hypothesized that combining pan-PIM kinase inhibitors and lenalidomide would lead 

to more effective down-regulation of IKZF1 and IKZF3. Indeed, as shown in Figure 4A 

this combination resulted in further decreased protein level of IKZF1 and IKZF3 as well 

as their downstream targets c-Myc and IRF4 in vitro in human MM cell lines. This 

augmented downregulation of IKZF1 and IKZF3 with the combination treatment was 
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also observed in vivo in tumors from mice implanted with subcutaneous xenografts of 

MM cells (Figure 4B).  

 

To determine the mechanism by which PIM-kinase inhibition decreases IKZF1 and 

IKZF3 protein levels, we first determined if pan-PIM kinase inhibitors affected gene 

transcription of IKZF1 and IKZF3.  MM cell lines were treated with SGI1776 or CX6258 

for 16hrs and harvested for RNA. Real-time PCR did not show decrease in IKZF1 and 

IKZF3 mRNA levels after pan-PIM kinase inhibitor treatment (Figure 4C and 

Supplemental Figure S5). In fact, IKZF1 and IKZF3 mRNA levels may increase with 

pan-PIM kinase inhibitor treatment. This increase in IKZF1 and IKZF3 mRNA level 

could be due to the compensatory feedback from the down-regulation of IKZF1 and 

IKZF3 protein.  These data suggested that pan-PIM kinase inhibitors down-regulate 

IKZF1 and IKZF3 expression at the post-transcription level.  

 

We then set out to determine if inhibition of PIM kinases increased the rate of IKZF1 and 

IKZF3 degradation. To this end, we treated MM1R cells with DMSO, SGI1776, or 

CX6258 for 3hrs, and then added cycloheximide to inhibit new protein synthesis. Cells 

were harvested every hour for 6 hours post cycloheximide treatment, and IKZF1 and 

IKZF3 protein levels were measured by immunoblot.  As shown in Figure 4D, treatment 

with the pan-PIM kinase inhibitors SGI1776 or CX6258 significantly increased the 

protein degradation of IKZF1 and IKZF3.  
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We further examined if this decrerase in IKZF1 and IKZF3 protein with PIM kinase 

inhibition was dependant on proteasome mediated degradation by treating MM1R cells 

with a PIM inhibitor, a proteasome inhibitors (either MG132 or bortezomib) or the 

combination of a PIM inhibitor and a proteasome inhibitor.  MG132 and bortezomib 

protected IKZF1 and IKZF3 from pan-PIM kinase inhibitor-induced degradation (Figure 

4E), suggesting that pan-PIM kinase inhibitors increased proteasome degradation of 

IKZF1 and IKZF3.  

 

Specific ubiquitinations were measured to determine the ubiquitin-proteasome cascade. 

As shown in Figure 4F, treatment of pan-PIM kinase inhibitors increased the 

ubiquitination of IKZF1 and IKZF3, further supporting that pan-PIM kinase inhibitors 

down-regulate IKZF1 and IKZF3 by the ubiquitin-proteasome pathway.  

 

3.5. Increased cereblon expression is associated with pan-PIM kinase inhibitor 

induced down-regulation of IKZF1 and IKZF3  

Cereblon (CRBN) is a substrate receptor of the E3 ubiquitin ligase complex which 

mediates the degradation of target proteins including IKZF1 and IKZF3 through the 

ubiquitin-proteasome system [39]. Importantly, CRBN is the common primary target of 

all IMiDs and the interaction of CRBN and IMiDs is critical for induction of apoptosis of 

myeloma cells [34]. Binding of IMiDs increases the affinity of CRBN to IKZF1 and 

IKZF3 [36-38, 40], leading to their rapid ubiquitination and subsequent degradation. 

We investigated whether CRBN is involved in the regulation of pan-PIM kinase 

inhibitor-induced IKZF1 and IKZF3 protein ubiquitination and degradation.  
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We found that both SGI1776 and CX6258 increased mRNA expression of CRBN in a 

time dependent manner (Figure 5A), and also increased CRBN protein level (Figure 5B). 

To determine if CRBN is required for pan-PIM kinase inhibitor-induced degradation of 

IKZF1 and IKZF3 and for the anti-myeloma activity of pan-PIM kinase inhibitors, we 

knocked down CRBN with a CRBN-specific shRNA lentivirus and then treatment with 

pan-PIM kinase inhibitors. CRBN-specific shRNA reduced CRBN gene expression by 

>80% (Figure 5C). With knockdown of CRBN, both SGI1776 and CX6258 were unable 

to induce down-regulation of IKZF1 and IKZF3 (Figure 5D), indicating increased CRBN 

expression is associated with pan-PIM inhibitors induced down-regulation of IKZF1 and 

IKZF3. Importantly, when CRBN was knocked down, the effects of SGI1776 and 

CX6258 on inducing myeloma cell apoptosis were significantly attenuated (Figure 5E), 

demonstrating the critical role of CRBN upregulation in the anti-myeloma activity of 

pan-PIM kinase inhibitor. 

 

Due to a single amino acid change in murine CRBN (isoleucine instead of valine at 

position 391), lenalidomide does not bind to murine CRBN to induce IKZF1/IKZF3 

degradation[38, 41]. To further determine the role of CRBN-IKZF1/3 pathway in the 

anti-myeloma activity of pan-PIM kinase inhibitor and the synergy between pan-PIM 

kinase inhibitor and lenalidomide, we treated transplanted VK*MYC myeloma mice with 

either: DMSO, SGI1776 alone, lenalidomide alone, or the combination of SGI1776 and 

lenalidomide. As expected, lenalidomide is ineffective in VK*MYC myeloma mice 

(Figure 5F). Moreover,  the survival of the mice treated with the combination was almost 
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the same as that of the mice treated with SGI1776 alone (Figure 5F). This finding 

suggests that pan-PIM kinase inhibitors enhance lenalidomide’s anti-myeloma activity 

via the cereblon-IKZF1/3 cascade and that the synergy observed is a result of PIM 

inhibition on this axis.  

 

4. DISCUSSION 

This study confirms the anti-myeloma effect of pan-PIM kinase inhibitors using in vivo 

and in vitro models. Importantly, we demonstrated that the novel combination of pan-

PIM kinase inhibitors and lenalidomide has a synergistic anti-myeloma effect.  

Furthermore, our data showed that pan-PIM kinase inhibitors increase the expression of 

CRBN and subsequently promote the degradation of IKZF1 and IKZF3. Our study is the 

first to report a synergistic anti-myeloma effect of the combination of pan-PIM kinase 

inhibitors and lenalidomide, and the enhanced degradation of IKZF1 and IKZF3 through 

the regulation of CRBN expression. 

 

IMiDs, including thalidomide, lenalidomide and pomalidomide, are widely used for the 

treatment of MM, and nearly all myeloma patients will receive IMiDs at some point 

during their course of treatment.  IMiDs bind to CRBN, leading to the recruitment and 

targeted ubiquitination and degradation of IKZF1 and IKZF3[34-36, 38]. However, 

lenalidomide has no effect on the expression of CRBN [34]. Our study indicated that the 

mechanism of pan-PIM kinase inhibitors on MM is different from that of lenalidomide. 

Specifically, our data showed that pan-PIM kinase inhibitors increase CRBN expression, 

providing IMiDs with more CRBN targets to bind to, and resulting in enhanced 
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recruitment and targeted ubiquitination and degradation of IKZF1 and IKZF3. Based on 

our findings, CRBN is not only critical for IMiDs’ anti-myeloma activity but also plays a 

central role in pan-PIM kinase inhibitor-mediated IKZF1 and IKZF3 degradation and in 

pan-PIM kinase inhibitors’ anti-myeloma activity. In the setting of combining pan-PIM 

kinase inhibitor and lenalidomide, the enhanced degradation of IKZF1 and IKZF3 comes 

from two sources: the lenalidomide induced increased  capability of CRBN for the 

recruitment of IKZF1 and IKZF3, and the increased CRBN levels induced by Pan-PIM 

inhibitors. Based on these findings we conclude that lenalidomide and pan-PIM kinase 

inhibitors induced down-regulation of IKZF1 and IKZF3 through complimentary, non-

overlapping mechanisms resulting in a synergistic anti-myeloma effect when used in 

combination (Figure 6). Additionally, we hypothesize that the addition of pan-PIM kinase 

inhibitors may delay development of acquired resistance to IMiDs as several studies have 

shown that the expression of CRBN correlates with sensitivity to IMiDs [42-44]. 

 

Despite many advances, management of MM is still a challenge. Our study provides 

justification for clinical trials combining pan-PIM inhibitors and IMiD for the treatment 

of MM and has important ramifications in the care of patients with MM. 
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FIGURE LEGENDS 

Figure 1. Pan-PIM kinase inhibitors showed effective anti-myeloma activity in vitro 

and in vivo. A. Dose-dependent inhibition of cell viability by SGI1776 and CX6258.  

Cell proliferation was measured by MTT assay. B. PAPR cleavage and Caspase 3 

activation were analyzed by western blot. MM1R and MM1S cells were treated with 

7.5µM of SGI1776 (SGI), 5µM CX6258 (CX), or DMSO (CTR) for 12h. C. Increased 

Annexin V+ cells by SGI1776 and CX6258 were analyzed by flow cytometry.  MM1R 

cells were treated with 7.5µM SGI1776, 5µM CX6258, or DMSO for 12h. Percentages of 

Annexin V+ cells from 3 separate sets of experiments were shown (Mean ± SEM. **: p< 

0.01).  D. Inhibition of primary human CD138+ myeloma cells by SGI1776 and CX6528. 

Cell proliferation was measured by MTT assay. Numbers represent different human 

derived samples. E. Improved animal survival by treatment of SGI1776 in transplanted 

VK*MYC mice.  

 

Figure 2. Pan-PIM kinase inhibitor and lenalidomide combination resulted in more 

effective anti-myeloma activity in vivo in subcutaneous xenograft myeloma model. 

MM1R cells stably expressing luciferase (1.5×106 cells/mouse) were injected 

subcutaneously into the back of sublethally irradiated (1.5Gy) NSG mice.  Tumor growth 

was followed weekly by bioluminescence imaging. At day 10 of cell injection, mice were 

treated (indicated as Week 0 in A and day 0 in B) with either: DMSO, SGI1776 

(35mg/kg body weight), lenalidomide (25mg/kg body weight), or the combination of 

SGI1776 and lenalidomide by daily oral gavage. A and B: The combination of SGI1776 

and lenalidomide is more effective in anti-myeloma activity. A: Bio-luminescence 
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imaging; B: Tumor volume. The inset panel showed myeloma tumor establishment 

measured by bioluminescent imaging just before the treatment. C and D: Tumor was 

significantly reduced in mice treated with a combination of SGI1776 and lenalidomide. 

C: Tumor size; D: tumor weight. (ns: no statistically significant; *: p<0.05; **: p< 0.01)   

 

Figure 3. Pan-PIM kinase inhibitor and lenalidomide combination resulted in more 

effective anti-myeloma activity in vivo in systemic xenograft myeloma model. MM1R 

cells stably expressing luciferase (1.5×106 cells/mouse) were injected via tail vein into 

sublethally irradiated (1.75Gy) NSG mice.  Tumor growth was followed weekly by 

bioluminescence imaging. At day 19 of cell injection, mice were treated (indicated as 

Week 0 in A) with either: DMSO, SGI1776 (35mg/kg body weight), lenalidomide 

(25mg/kg body weight), or the combination of SGI1776 and lenalidomide by daily oral 

gavage. A. Tumor growth was significantly reduced in mice treated with a combination 

of SGI1776 and lenalidomide. B. Combination of SGI1776 and lenalidomide 

significantly prolonged animal survival. C. No added hematologic or hepatic toxicities 

were observed in SGI1776 and lenalidomide combination treatment. Liver alanine 

transaminase (ALT) activity was measured by colorimetric ELISA. (ns: no statistically 

significant; *: p<0.05; **: p< 0.01)   

 

Figure 4. Pan-PIM kinase inhibitors promote IKZF1 and IKZF3 degradation. A. 

Pan-PIM kinase inhibitors decreased the protein levels of IKZF1, IKZF3, c-Myc and 

IRF4, and the combination of pan-PIM inhibitors and lenalidomide resulted in more 

effective down-regulation of IKZF1, IKZF3, c-Myc and IRF4. MM1S and MM1R cells 
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were treated with DMSO, SGI1776 (7.5µM for MM1R and 5µM for MM1S), 

lenalidomide (L, 1µM for both MM1R and MM1S), or a combination of SGI1776 and 

lenalidomide.  The expression of IKZF1, IKZF3, c-Myc, IRF4, and β-actin was measured 

by immunoblot analysis. B. Pan-PIM kinase inhibitor SGI1776 decreased the protein 

levels of IKZF1 and IKZF3 in vivo in xenograft tumor,  and the combination of SGI1776 

and lenalidomide resulted in more effective down-regulation of IKZF1 and IKZF3 in 

vivo. The expression of IKZF1 and IKZF3 from grinded tumor was measured by 

immunoblot analysis. C. Pan-PIM kinase inhibitors, SGI1776 (10µM), CX6258 (5µ), did 

not decrease the gene transcription of IKZF1 and IKZF3 in MM1R and MM1S cells. 

IKZF1 and IKZF3 mRNAs from MM cells after Pan-PIM inhibitor treatment were 

quantitated by Real-time PCR. D. Pan-PIM kinase inhibitors increased IKZF1 and IKZF3 

protein degradation. MM1R cells were treated with  CX6528 (5µM), SGI1776 (10µM), 

or DMSO 3h and then treated with cycloheximide (100mg/ml).  Cells were collected at 

each hour. E. Proteasome inhibitor (MG132 and bortezomib) prevented the degradation 

of IKZF1 and IKZF3 by pan-PIM kinase inhibitors. MM1R cells were treated with 

DMSO (CTR), proteasome inhibitor MG132 (M, 1µM) or Bortezomib (B, 50nM) for 1h, 

followed by treatment with DMSO, CX6528 (5µM) or  SGI1776 (10µM) for additional 

6h.  F. Pan-PIM inhibitors increased the ubiquitination of IKZF1 and IKZF3. MM1R 

cells were treated with DMSO (CTR), 10µM SGI1776 (SGI) or 5µM CX6258 (CX) for 

16 hours. Total ubiquitinated proteins were captured using immunoprecipitation and then 

the elute was immunoblotted for ubiquitinated IKZF1 and IKZF3. (ns: no statistically 

significant; *: p<0.05) 
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Figure 5. Pan-PIM kinase inhibitors up-regulate CRBN and promote the 

degradation of IKZF1 and IKZF3.  A. SGI176 (10µM) and CX6258 (5µM) up-

regulated CRBN mRNA expression. B. SGI176 (10µM) and CX6258 (5µM) increased 

CRBN protein expression level and down-regulated protein expression of IKZF1, IKZF3, 

c-Myc and IRF4 measured at 24h after treatment. C. MM1R cells were transduced with 

lentiviral vector encoding control shRNA (shCTR) or CRBN-specific shRNA (shCRBN) 

lentivirus for 48h and CRBN mRNA expression was measured by real-time PCR.  D. 

IKZF1 and IKZF3 protein expression was measured after sh CRBN or sh CTR lentivirus 

infections. E. Knockdown of CRBN significantly reduced the anti-myeloma effects of 

pan-PIM kinase inhibitors. MM1R cells were transduced with lentiviral vector encoding 

control shRNA (shCTR) or CRBN-specific shRNA (shCRBN) lentivirus for 48h and 

treated with SGI1776 (10µM) and CX6258 (5µM). Annexin V+ cells were measured by 

flow cytometry. Percentages of Annexin V+ cells from 3 separate sets of experiments 

were shown (Mean ± SEM). F. The survival of the mice treated with SGI1776 and 

lenalidomide combination was almost the same as that of the mice treated with SGI1776 

alone.  At day 29 after cell injection, transplanted VK*MYC myeloma mice were treated 

with either: DMSO, SGI1776 alone, lenalidomide alone, or the combination of SGI1776 

and lenalidomide. (ns: no statistically significant; *: p<0.05; **: p< 0.01; ***:p<0.001) 

 

Figure 6. Schematic diagram of our working model. Schematic diagram showing the 

different, yet complimentary mechanisms of pan-PIM kinase inhibitors and lenalidomide. 

Lenalidomide binds directly to CRBN, promoting the recruitment of IKZF1 and IKZF3 

to CRBN and subsequent degradation of IKZF1 and IKZF3. Pan-PIM kinase inhibitors 
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increase the expression of CRBN, resulting in enhanced recruitment of IKZF1 and IKZF3 

and effective anti-myeloma activity. The combination of pan-PIM kinase inhibitors with 

lenalidomide provide complimentary mechanisms of action for more effective 

degradation of IKZF1 and IKZF3 and synergy in anti-myeloma activity. 
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HIGHLIGHTS 

• Pan-PIM kinase inhibitors (SGI1776 and CX6258) exhibited significant anti-

myeloma activity 

• Combination of a pan-PIM kinase inhibitor and lenalidomide showed synergistic 

anti-myeloma effects without additional hematologic or hepatic toxicities  

• Combining pan-PIM kinase inhibitors with lenalidomide enhanced the 

degradation of IKZF1 and IKZF3  

• Elevated expression of cereblon by pan-PIM kinase inhibitors prompted the 

degradation of IKZF1 and IKZF3 

 


