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Investigating the mechanism and species-specificity of thalidomide derivatives 

Abstract 

Thalidomide, once infamous for its teratogenic effects, and its derivatives lenalidomide 

and pomalidomide have found new clinical utility as highly effective treatments for multiple 

myeloma, other B cell neoplasms, and myelodysplastic syndrome (MDS) with del(5q). These 

drugs bind to cereblon (CRBN), the substrate adaptor of the CRL4CRBN E3 ubiquitin ligase and 

induce the recruitment and ubiquitination of specific protein targets, ultimately resulting in their 

degradation by the proteasome. Prior work identified lenalidomide-induced ubiquitination and 

degradation of the lymphoid transcription factors Ikaros (IKZF1) and Aiolos (IKZF3). 

Degradation of IKZF1 and IKZF3 kills multiple myeloma cells and increases IL-2 release by T 

cells, explaining two aspects of lenalidomide’s clinical efficacy, but does not account for 

lenalidomide’s therapeutic window in MDS with del(5q). 

Here, we demonstrated that lenalidomide induces the ubiquitination of casein kinase 1A1 

(CK1α) by CRL4CRBN, resulting in CK1α degradation. CK1α is encoded by a gene, CSNK1A1, 

within the common deleted region for del(5q) MDS, and its haploinsufficiency sensitizes cells to 

lenalidomide therapy. Thus, lenalidomide-induced degradation of CK1α provides a mechanistic 

basis for lenalidomide’s therapeutic window in del(5q) MDS. 

Despite their widespread clinical use, studies of thalidomide derivatives have been 

limited by their lack of effect in mouse models. While characterizing CK1α as a lenalidomide-

induced substrate, we found that mouse cells are resistant to thalidomide-derivatives because of 

species-specific differences in CRBN.  To enable in vivo study of this class of drugs, we 
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developed a knock-in mouse model with a single amino acid change in Crbn, CrbnI391V, which 

shows thalidomide-induced degradation of Ikzf1, Ikzf3, and Ck1α. Using this model, we 

demonstrated that haploinsufficiency for Csnk1a1 confers lenalidomide sensitivity in vivo and 

that both lenalidomide-induced selection and Trp53-mediated resistance occur at the level of 

hematopoietic stem cells. We also demonstrated that CrbnI391V is sufficient to confer 

thalidomide-induced fetal loss in mice. Further study of the CrbnI391V model will provide 

valuable insights into the in vivo efficacy and toxicity of this class of drugs, as well as the 

opportunities to identify tissue-specific substrates which may contribute to efficacy in other 

conditions.  
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Preface  

The use of thalidomide as a treatment for morning sickness in the 1950s resulted in the 

birth of more than 10,000 infants with significant disabilities and changed how drugs are tested 

and approved. Since that time, thalidomide and its derivatives lenalidomide and pomalidomide 

have become clinically-effective and widely-used treatments for multiple myeloma, 

myelodysplastic syndrome (MDS) with del(5q), and complications of leprosy.  

The recent discovery of the novel mechanism of thalidomide derivatives has further 

increased interest in this class of drugs. Thalidomide derivatives induce targeted degradation of 

specific proteins, including several transcription factors, suggesting that this mechanism might 

be harnessed to target otherwise “undruggable” proteins. Despite advances in understanding the 

mechanism of thalidomide derivatives in multiple myeloma, the biochemical basis of their 

efficacy in del(5q) MDS and teratogenic effects remains unknown. Investigations into the 

mechanism and use of thalidomide derivatives have been further hampered by the lack of effect 

of these drugs in mouse models. This thesis sought to characterize the biochemical basis of 

lenalidomide response in del(5q) MDS, to characterize a thalidomide-responsive mouse model, 

and to use this model to investigate the in vivo effects of these drugs.  

A brief history of the thalidomide tragedy 

Thalidomide (Figure 1.1) was first developed by the German pharmaceutical company 

Chemie Grünenthal in the 1950s. Thalidomide was found to be an effective sedative that had no 

lethal dose in mice, making it an extremely attractive drug candidate in an era where demand for 

sedatives was high and barbiturates, with their significant safety problems, were the only other 

sedative class.  In 1957, thalidomide was introduced to the market for numerous indications 
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including morning sickness, nausea, anxiety, influenza, and depression and it was advertised and 

marketed as completely safe. It was eventually sold in 46 countries around the world, under a 

variety of names, and became one of the best-selling drugs of the time [1].  

 

Figure 1.1: The chemical structure of thalidomide.  

Concerns were first raised in 1959 about peripheral neuropathy [2], as patients taking 

thalidomide long-term experienced numbness, tingling, and shooting pains in their hands and 

feet. While an increase in the number of newborns with hypoplastic and aplastic abnormalities of 

the limbs was noted by local doctors [3], it was difficult to attribute these cases to any specific 

cause. This was made especially difficult as thalidomide was present in many different 

preparations and mothers often did not remember taking thalidomide during their pregnancy [1, 

4]. It was only in 1961 that McBride [5] in Australia and Lenz [3] in Germany first 

independently suggested that thalidomide might be associated with birth defects. After the 

connection was made, many other groups quickly replicated the findings, and thalidomide was 

withdrawn from international markets in 1961-1962. However, significant damage had already 

been done, with an estimated 10,000 affected children born between 1957 and 1962 [1].  

While thalidomide was tested in mice, whether thalidomide was tested in pregnant 

animals before use in humans remains a matter of debate. The successor of Chemie Grünenthal 
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states that it was tested in pregnant mice without effects, but documents related to the 

thalidomide tragedy were destroyed in advance of thalidomide-related legal proceedings and no 

contemporaneous reports of these experiments were published [6, 7].  

After the news of thalidomide’s effects emerged, scientists rushed to test the effects in 

various animal models. Experiments in multiple primate models produced limb defects and other 

malformations seen in humans at clinically-relevant doses [8-17]. Thalidomide treatment of 

pregnant rabbits also produced limb and other defects [18-25]. In contrast, treatment of pregnant 

mice and rats generally did not produce malformations [20, 21, 24, 26, 27], even when pregnant 

rodents were treated with doses of thalidomide as high as 4,000 mg per kg [28]. Thus, 

thalidomide provided the first suggestion that drugs could have distinct effects in different 

species.  

The incidence of thalidomide malformations was markedly lower in the United States, 

where Food and Drug Administration (FDA) reviewer Frances Kelsey had delayed the drug’s 

application because of concerns over peripheral neuropathy and the lack of sufficient testing in 

pregnancy [29, 30]. Despite not being approved by the FDA, some cases of thalidomide 

embryopathy did occur in the United States, as samples of the drug were distributed to 

physicians who were not formally involved in clinical trials. The thalidomide tragedy provided 

political impetus to tighten regulation of new drug applications, culminating in 1962 passage of 

the Kefauver Harris Amendment to the Federal Food, Drug, and Cosmetic Act. These new rules 

required drug companies to demonstrate efficacy as well as safety, test drugs on animals, keep 

accurate records, and report the results of all pre-clinical trials to the FDA. Based on experiences 

with the species-specificity of thalidomide, companies were required to test for teratogenicity in 

multiple animal species if the drug was to be used in women of childbearing age [29]. 
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Thalidomide embryopathy  

Thalidomide embryopathy refers to the wide range of developmental defects that can 

arise following in utero thalidomide exposure. The critical period for thalidomide-induced 

malformations in humans is between 20 and 36 days after fertilization (Figure 1.2) and maternal 

ingestion of a single 50 mg thalidomide tablet during this period may be sufficient to alter 

development [1]. Thalidomide embryopathy affects a wide range of tissues and organ systems, 

resulting in infant mortality as high as 40% and an increased rate of stillbirths and in utero fetal 

death. Although early pregnancy detection was limited in the 1950s, an increased rate of 

miscarriages was noted in the time [1, 31] and some studies have found that maternal exposure to 

thalidomide before the 20-36 day critical period or at high doses can cause spontaneous abortion 

[32]. Experiments in many non-human primates [8-17], in which early pregnancy can be closely 

monitored, find an increased rate of spontaneous abortions in addition to malformations, 

especially when thalidomide is administered in high doses or early in development. Thus, the 

total number of fetuses affected by both the abortifacient and malformation-inducing effects of 

thalidomide, while significant, will never be exactly known.  
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Figure 1.2: Critical period for thalidomide’s teratogenic effects in humans. 

 Excerpted from Vargesson [1]. 

Limb defects, including phocomelia and amelia, are the most common and characteristic 

thalidomide-induced malformations. These malformations are often bilateral and most 

commonly affect the upper limbs, although all four limbs can be affected. Phocomelia is a 

shortening of the proximal elements of a limb (the long bones), with preservation of the distal 

elements (the hands or feet), while amelia refers to a complete absence of limb elements. 

Thalidomide classically affects the thumb first, then the radius, humerus, and ulna, often 

resulting in combined loss of the radius and thumb known as radial dysplasia. In addition to the 

limbs, thalidomide causes other skeletal issues including characteristic hip and shoulder 

malformations, hypoplastic or absent hips, and abnormal development of the vertebral column 

[1]. 
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Thalidomide-induced malformations are not limited to the skeletal system. Ear and eye 

damage is a hallmark of thalidomide embryopathy, and microphthalmia, anophthalmia, anotia, 

and microtia are often observed. Malformations of the heart, kidneys, gastrointestinal tract, and 

genitals have been noted, and this severe multi-organ damage likely contributed to the high rate 

of infant mortality among affected children. Infants exposed to thalidomide in utero also 

characteristically have a “storkmark” or enlarged facial nevus or hemangioma at birth [1].  

The repurposing of thalidomide and development of the IMiDs 

After the thalidomide tragedy, thalidomide was tested in several cancers based on the 

idea that its teratogenicity might result from a propensity to kill rapidly dividing cells [33]. While 

these tests were largely negative, thalidomide was incidentally found to be effective in the 

treatment of erythema nodosum leprosum (ENL) in a series of patients given the drug as a 

sedative during their illness [34], and these results were later confirmed in several randomized 

trials [35, 36]. ENL is an acute inflammatory complication of lepromatous leprosy characterized 

by severe systemic inflammation, fever, cutaneous lesions, arthritis, glomerulonephritis, and 

circulating immune complexes [37]. Thalidomide’s success in ENL led to its experimental use 

throughout the 1970s in a variety of other dermatologic and inflammatory conditions including 

sarcoidosis, Bechet’s disease, inflammatory bowel disease, ankylosing spondylitis, and 

rheumatoid arthritis [38]. Its anti-emetic and sedative properties were also employed to treat 

cancer cachexia and HIV wasting syndrome [38].  

In 1990, circulating levels of tumor necrosis factor α (TNFα) and interleukin-1 were 

found to be increased the serum of patients with ENL, suggesting that cytokine alterations were a 

key feature of leprosy reactions [39]. This finding also suggested that thalidomide’s efficacy in 
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ENL might arise from immunomodulatory effects and soon thalidomide was shown to inhibit 

lipopolysaccharide-stimulated production of TNFα from human blood monocytes treated in vitro 

[40]. In 1998, the new manufacturer of thalidomide, Celgene, secured FDA approval for use of 

the drug in ENL, redeeming the infamous drug for legitimate clinical use [41]. 

In the late 1990s, Celgene created and tested thalidomide derivatives in an attempt to 

identify compounds with enhanced effects on TNFα and improved stability [42-44]. The two 

most successful of these derivatives were later independently marketed as lenalidomide and 

pomalidomide (Figure 1.3). In addition to inhibition of TNFα release from monocytes, these 

drugs were found to alter NK cell function and increase T cell proliferation and production of IL-

2 and interferon gamma [45, 46].  Because of these shared effects on the immune system, 

lenalidomide, thalidomide, and pomalidomide were deemed to form a new class of 

immunomodulatory drugs (IMiDs). 
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Figure 1.3: Chemical structures of IMiD compounds.  Chemical structures of thalidomide, 

lenalidomide, and pomalidomide, with phthaloyl and glutarimide rings indicated and differences 

between the structures highlighted.  

From the 1950s onward, many scientists studied the cellular effects of thalidomide in an 

attempt to understand the basis of its teratogenicity. In the wake of Judah Folkman’s work on the 

role of angiogenesis in cancer progression [47], thalidomide was reported to have antiangiogenic 

effects [48, 49], triggering a flurry of research. Thalidomide was tested in multiple myeloma, a 

malignancy of plasma cells, because of the prominent bone marrow vascularity and elevated 

levels of angiogenic cytokines seen in this condition, as well as the correlation between elevated 

bone marrow vascularity and worse prognosis [50]. Thalidomide had a remarkable effect in 

multiple myeloma, launching the widespread clinical use of this drug and its derivatives. 
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However, thalidomide’s rapid effect in multiple myeloma and lack of a clear reduction in bone 

marrow vascularity in responders [50, 51] may have foreshadowed that it operates through a 

distinct mechanism.   

Thalidomide’s reported anti-cytokine and anti-angiogenic effects also motivated testing 

in myelodysplastic syndrome and thalidomide was found to improve blood counts in MDS 

patients [52]. When these findings were replicated with lenalidomide, subgroup analyses found 

that patients with del(5q) MDS had particularly profound responses, often with complete 

disappearance of the del(5q) clone [53]. These findings were replicated in larger trials [54] and 

lenalidomide was approved for use in del(5q) MDS.  

Today, treatment with IMiDs is the standard of care in multiple myeloma and 

myelodysplastic syndrome with del(5q) [55, 56]. IMiDs are also used in the treatment of ENL 

[37] as well as B cell neoplasms like mantle cell lymphoma [57], chronic lymphocytic leukemia 

[58, 59], and diffuse large B cell lymphoma [60]. Currently, clinical trials are investigating the 

role of the IMiDs in the treatment of acute myeloid leukemia, systemic light chain amyloidosis, 

systemic lupus erythematosus, and inflammatory bowel disease [46, 61, 62]. 

Mechanism of action 

In 2010, Ito et al. [63] identified cereblon (CRBN) as the primary molecular target of 

thalidomide (Figure 1.4). CRBN is the substrate adaptor of the CRL4CRBN E3 ubiquitin ligase, a 

cullin-ring ligase composed of damaged DNA binding protein 1 (DDB1), cullin 4a (CUL4A), and 

regulator of cullins 1 (ROC1). While thalidomide was initially thought to inhibit the activity of 

CRL4CRBN, subsequent work revealed that thalidomide derivatives work by a novel drug 

mechanism—modulation of the substrate specificity of an E3 ubiquitin ligase.  
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Proteome-wide surveys revealed that the lymphoid transcription factors IKZF1 and 

IKZF3 are selectively ubiquitinated and degraded in the presence of lenalidomide in multiple 

myeloma cells [64-66]. Biochemical investigation demonstrated that lenalidomide induces the 

recruitment of IKZF1 and IKZF3 to CRL4CRBN and promotes their ubiquitination by this 

complex, ultimately resulting in targeted ubiquitination of these transcription factors by the 

proteasome.  

 

Figure 1.4: Mechanism of lenalidomide in multiple myeloma.  Lenalidomide binds to CRBN, 

the substrate adaptor of the CRL4CRBN E3 ubiquitin ligase. Lenalidomide induces the recruitment 

of specific substrates to CRL4CRBN and their ubiquitination by this ligase. In multiple myeloma, 

the ubiquitination and subsequent proteasomal degradation of two B cell transcription factors, 

IKZF1 and IKZF3, kills multiple myeloma cells.  Yellow hexagons represent ubiquitin 

molecules. Modified from Fink and Ebert [67]. 
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Lenalidomide-induced ubiquitination of these substrates can be recapitulated in vitro, 

confirming direct interaction between these targets and CRBN. Lenalidomide-induced substrate 

recognition is exquisitely specific, as other highly homologous members of the Ikaros family are 

not affected. A 60 amino-acid region within the IKZF3 protein constitutes a lenalidomide-

inducible degron.  Fusion of this sequence to a heterologous protein is sufficient for 

lenalidomide-induced degradation, but single point mutations in this region can abrogate the 

lenalidomide response [65].  

The crystal structure of CRBN-DDB1 bound to lenalidomide [68, 69] provides further 

mechanistic insight into how IMiDs act on CRL4CRBN.  The IMiD compounds bind CRBN 

through their shared glutarimide ring, leaving portions of their variable phthaloyl ring solvent-

exposed (Figure 1.3). Substrates are recruited to the CRBN-IMiD interface only in the presence 

of drug and they make contacts with both the surface of CRBN and the IMiD. Thus, IMiDs 

appear to act as a “molecular glue,” bridging the interface between CRBN and recruited 

substrates [70]. 

Therapeutic activity of IMiDs in multiple myeloma and other B cell neoplasms 

IMiDs are remarkably effective in multiple myeloma, with response rates for combined 

lenalidomide and dexamethasone exceeding 70% as a first-line therapy [71-75]. CRBN-mediated 

degradation of IKZF1 and IKZF3 provides a mechanism for the effects of thalidomide 

derivatives in multiple myeloma. IKZF1 and IKZF3 are transcription factors that are essential for 

B cell differentiation, and multiple myeloma cells require ongoing expression of IKZF1 and 

IKZF3 for survival. In cell lines, lenalidomide response is associated with sensitivity to IKZF1/3 

knockdown. Addiction to IKZF1 and IKZF3 expression may also explain the efficacy of 
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lenalidomide in other B cell malignancies including mantle cell lymphoma and chronic 

lymphocytic leukemia (CLL).  

IKZF1 and IKZF3 regulate a transcriptional network that is essential for multiple 

myeloma cells.  In particular, IKZF3 regulates expression of interferon regulatory factor 4 

(IRF4), a transcription factor that has previously been demonstrated to be an essential gene in 

multiple myeloma [76] and is linked with lenalidomide’s activity in disease [77]. IRF4 is a 

master regulator of an aberrant myeloma-specific gene program, which encompasses a positive 

feedback loop with the oncogene MYC as well as many other genes essential to myeloma 

survival. Regardless of their underlying genetic alterations, myeloma cells are addicted to this 

IRF4-controlled expression profile [76]. Through targeted degradation of IKZF3 and the 

subsequent decrease in IRF4 expression, lenalidomide exploits the IRF4 addiction of multiple 

myeloma cells to contribute to its overall therapeutic window.  

IKZF3 is also a transcriptional repressor of the interleukin 2 gene (IL2).  Lenalidomide-

induced degradation of IKZF3 is associated with increased IL2 transcription and production, 

providing an explanation for at least some of lenalidomide’s immunomodulatory effects. 

Increased IL-2 production has been shown to increase the proliferation of NK, NKT, and CD4+ T 

cells in CLL [78]. This lenalidomide-induced activation of an anti-leukemic immune response 

may contribute to lenalidomide’s therapeutic efficacy in this condition.  

Given lenalidomide’s mechanism of action, it is intriguing that IMiDs and proteasome 

inhibitors are synergistic in the treatment of multiple myeloma [79]. Recent evidence suggests 

that this synergy may result from the pharmacokinetic properties and dosing schedules of these 

drugs. While treatment with proteasome inhibitors can block lenalidomide-induced degradation 
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of IKZF1 and IKZF3 in vitro [65], this effect depends on both the order of administration and 

dose.  When the drugs are administered at the same time, lenalidomide-induced degradation 

occurs before the onset of proteasomal blockade [80]. Similarly, low doses of proteasome 

inhibitor cause the death of myeloma cells while still allowing proteasomal degradation of 

lenalidomide’s substrates [80]. Such dose effects may be particularly relevant in the clinic since 

lenalidomide is given daily, while proteasome inhibitors are administered as pulse infusions. 

These findings remain to be confirmed clinically but provide a biologically plausible explanation 

for these synergistic effects.  

Similar drugs 

Thalidomide derivatives are the first drug class that works by altering the substrate 

specificity of an E3 ubiquitin ligase. If this approach can be applied more broadly, it may provide 

a powerful way to alter previously “undruggable targets,” such as transcription factors essential 

in cancer. As we describe in Chapter 2, our work provided a proof of concept that changes in the 

chemical structure of thalidomide derivatives could alter their substrate specificity. Recent work 

has focused on the synthesis and characterization of novel thalidomide derivatives, such as CC-

122, CC-220, and CC-885 [81-83]. These molecules all bind CRBN but differ in their substrate 

specificity. These derivatives are currently in clinical trials for a variety of conditions, including 

hepatocellular carcinoma, systemic lupus erythematosus, and B cell neoplasms [83-86]. Several 

groups have also generated bifunctional thalidomide-derivatives which consist of the CRBN-

binding portion of thalidomide chemically linked to a small molecule that binds to a protein of 

interest [87-89]. Through this approach, a variety of novel protein targets can be recruited to 

CRL4CRBN for ubiquitination and are ultimately degraded by the proteasome.  
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Recently, a second class of drugs was reported to work by inducing the ubiquitination of 

specific protein targets. Indisulam and related drugs bind to DCAF15, the substrate adaptor of 

the CRL4DCAF15 ubiquitin ligase [90, 91]. This binding induces the recruitment and ubiquitination 

of the splicing factor RBM39. Subsequent degradation of RBM39 explains the activity of 

indisulam and its derivatives in cancer cells. The mechanism of indisulam derivatives is 

strikingly similar to that of thalidomide derivatives and suggests that modulation of E3 ubiquitin 

ligase activity is a powerful pharmacologic mechanism that may be broadly applicable. 

Pathogenesis of del(5q) MDS 

Myelodysplastic syndromes (MDS) are a heterogeneous group of clonal hematopoietic 

stem cell disorders characterized by ineffective hematopoiesis, peripheral cytopenias, and a risk 

of progression to acute myeloid leukemia (AML) [92-94]. MDS commonly affects the elderly, 

causing anemia, infections, and bleeding that necessitate transfusions and reduce life expectancy. 

Sequencing studies have identified recurrent mutations in essential cellular processes, such as 

RNA splicing, epigenetic regulation, the DNA-damage response, and tyrosine kinase signaling, 

suggesting that these pathways play a role in the pathogenesis of MDS [95]. Fifty percent of 

patients also have identifiable cytogenetic abnormalities, although in many cases the pathological 

significance of these rearrangements remains unknown [94]. The most common and best 

understood cytogenetic abnormality in MDS is deletion of the large arm of chromosome 5 

(del(5q)). MDS with an isolated 5q deletion was first described in 1974 in patients with 

macrocytic anemia, erythroid hypoplasia, normal to elevated platelet count, hypolobulated 

megakaryocytes, and low blast counts [96]. This constellation of clinical findings was dubbed the 

“5q- syndrome,” although further work revealed that up to 25% of patients with MDS have 
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abnormalities in 5q without the classical syndrome. Together, these entities are referred to as 

del(5q) MDS [93]. 

The phenotype of del(5q) MDS is thought to result from haploinsufficiency of critical 

genes on 5q. Mapping studies have defined two common deleted regions (CDR) on 5q: 5q32-33, 

which is associated with 5q- syndrome [97], and 5q31, which is more often found in AML with 

del(5q) [98] (Figure 1.5). Del(5q) cells express genes within these CDRs at approximately 50% 

of normal levels and homozygous deletions or mutations are uncommon, consistent with a 

haploinsufficient mechanism [99]. Indeed, heterozygous deletion of RPS14, a component of the 

40S ribosome encoded within the CDR, has been shown to cause the hypoplastic anemia seen in 

the 5q- syndrome [100, 101]. Additionally, haploinsufficiency of two microRNAs, miR-145 and 

miR-146a, may explain the accompanying dysplastic megakaryopoiesis and thrombocytosis 

[102, 103].  Thus, del(5q) MDS is a disease of haploinsufficiency.  
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Figure 1.5: Commonly deleted regions in del(5q).  Genes in the 5q32-33 region, which is most 

associated with 5q- syndrome, are shown to the right. CSNK1A1, the putative target of 

lenalidomide in del(5q) MDS discussed in Chapter 2, is boxed. Modified from Ebert [104]. 

Lenalidomide in del(5q) MDS 

Lenalidomide is a remarkably effective treatment for del(5q) MDS and is unique in that it 

specifically targets the del(5q) clone [105]. In clinical trials, lenalidomide reduced the 

transfusion requirement and increased the hemoglobin level of 76% of del(5q) patients, with 

67% becoming transfusion-independent [53, 54, 106, 107]. Erythroid responses occurred rapidly 

(median, 4.6 weeks), and were quite durable, with a median response time of over two years [53, 

54]. Remarkably, cytogenetic responses were seen in up to 73% of patients and 45% of patients 
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had a complete disappearance of the del(5q) clone [53, 54, 106, 107]. Unfortunately, resistance 

to lenalidomide ultimately develops and it is associated with selection of a pre-existing p53 

mutant clone [108, 109].  

Several targets on chromosome 5q have been proposed to explain lenalidomide’s effect in 

del(5q) MDS [99, 110]. Pellagati et al. [111] reported that lenalidomide treatment of MDS cells 

results in increased expression of the tumor suppressor SPARC, a gene located within the del(5q) 

CDR. However, there is no direct biochemical link between lenalidomide and SPARC 

expression, suggesting that SPARC upregulation is a downstream effect. Wei et al. [110] reported 

that lenalidomide inhibits the activity of two dual specificity phosphatases, CDC25C and PP2A, 

which are encoded on 5q and expressed at heterozygous levels in del(5q) MDS cells. However, 

these genes are not encoded within the del(5q) CDR and there are reports of lenalidomide 

response in patients with small del(5q) deletions that do not include these genes [112]. 

Additionally, while Wei et al. [110] proposed that lenalidomide directly inhibits CDC25C, these 

results are difficult to reconcile with Ito et al.’s [63] finding that CRBN is the direct molecular 

target of thalidomide derivatives.  

CRBN-mediated degradation of IKZF1 and IKZF3 is unlikely to explain the efficacy of 

lenalidomide in del(5q) MDS since IKZF1 and IKZF3 are primarily lymphoid transcription 

factors and are not highly expressed in the myeloid cells that cause MDS [113]. Disruption of 

IKZF1 and IKZF3 has been shown to lead to lymphoid, not myeloid, malignancies [113]. 

Additionally, neither IKZF1 nor IKZF3 is encoded in the del(5q) CDR and there is no evidence 

that del(5q) cells would be specifically sensitive to their degradation. However, the 

characterization of lenalidomide-induced degradation of IKZF1 and IKZF3 led to the hypothesis 
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that lenalidomide-induced ubiquitination and degradation of a unique protein could explain 

lenalidomide’s efficacy in del(5q) MDS. We investigate this hypothesis in Chapter 2. 

Mechanism of thalidomide’s teratogenicity  

Despite 60 years of intensive study, no single mechanism of thalidomide’s teratogenicity 

has been fully accepted by the field.  There are currently three leading hypotheses for the 

mechanism of thalidomide’s limb deformations: anti-angiogenesis [48], oxidative stress [114], 

and inhibition of Fgf8 [63]. Since thalidomide and lenalidomide are not teratogenic in rodents 

[20, 21, 24, 26-28, 115], most of these experiments have been conducted in rabbits, chicks, or 

zebrafish [116].  

The anti-angiogenesis hypothesis rests on the same experimental basis that led to 

thalidomide’s initial testing in multiple myeloma. The underlying idea is that blood vessels are 

essential to development and that thalidomide or its metabolites specifically affect blood vessels 

which have not yet acquired their smooth muscle coats. In this model, limb development is 

particularly sensitive to the anti-angiogenic effects of thalidomide because the limb vasculature 

does not acquire smooth muscle coverage until late in development [1].  

Proponents of the oxidative stress hypothesis suggest that thalidomide induces the 

formation of reactive oxygen species which cause the death of limb bud cells through oxidative 

stress. This model can be merged to some extent with the third hypothesis, as thalidomide 

treatment of rabbit limbs reduces expression of the key patterning growth factors Fgf8 and 

Fgf10, but blocking reactive oxygen species restores their expression [1]. These growth factors 

are also central to Ito et al.’s [63] model that inhibition of CRBN by thalidomide triggers 

downregulation of Fgf8 and Fgf10 through unknown mechanisms. 
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Thus, while more than 30 models have been proposed to explain the mechanism of 

thalidomide’s teratogenicity [1], none provides a satisfying biochemical explanation that fits our 

current understanding of the molecular targets of thalidomide derivatives.  

IMiDs in rodent models 

Thalidomide’s lack of effect in rodent models was the first large-scale demonstration of a 

species-specific effect of a drug. With the development of thalidomide derivatives, it was 

subsequently shown that lenalidomide is ineffective in mouse multiple myeloma models [117]. 

Historically, the lack of thalidomide-induced teratogenicity in rodent models was most 

commonly attributed to differences in the production of key active thalidomide metabolites in 

mice and humans [118-123]. Now with the identification of CRBN, IKZF1, and IZKF3 as direct 

molecular partners of IMiDs we can ask whether differences in these proteins underlies IMiD’s 

species-specific effects.  

Several sequences differences exist between mouse and human CRBN (Figure 1.6). 

Despite these differences, both proteins bind thalidomide [63] and lenalidomide (Figure 2.14), so a 

lack of CRBN-drug binding does not explain lack of response. While Ito et al.’s [63] model posits 

that inhibition of CRBN leads to thalidomide-induced teratogenicity, it does not explain the 

molecular basis of the species-specific response. While differences in CRBN could alter 

sensitivity to inhibition by IMiDs, Ito et al.’s [63] model predicts that knockout of Crbn should 

cause teratogenic effects. In fact, Crbn null mice have normal limb development [124, 125]. 
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Figure 1.6: Amino acid sequence alignment of human and mouse CRBN.  Residues that 

differ between human CRBN and mouse Crbn are shaded in red, with the degree of shading 

determined by the similarity of the amino acids. Residues which contact IMiDs according to a 

crystal structure [68] are highlighted in teal. Sequences shown are human CRBN isoform 1 

(UniProt Q96SW2) and mouse CRBN isoform 2 (UniProt Q8C7D2). 

The lenalidomide-responsive regions of IKZF1 and IKZF3 are identical in mice and 

humans (Figure 1.7), ruling out differences in target protein sequences as an explanation for 

lenalidomide’s failure in mouse myeloma models [65]. This finding focused our attention on 

how species-specific differences in CRBN might affect the IMiD-induced recruitment of 

substrates to CRL4CRBN without disrupting CRBN-IMiD binding. Understanding how 

differences in CRBN affect species-specific responses could allow the development of 
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humanized mouse models that promote understanding of the biochemical basis of thalidomide 

derivatives’ clinical efficacy and teratogenic effects. Chapter 2 investigates this hypothesis and 

Chapter 3 reports the characterization and use of such an in vivo model. 

Figure 1.7: Comparison of the IMiD-responsive regions of IKZF1 and IKZF3 in humans 

and mice.  An alignment of the second zinc finger of IKZF1 and IKZF3 of human and mouse 

origin is shown. This region of IKZF1/IZKF3 has recently been shown to be sufficient for IMiD-

induced degradation [126].  

Aims of the thesis 

This thesis sought to build upon recent advances in our understanding of the molecular 

mechanism of thalidomide derivatives. Because degradation of IKZF1 and IKZF3 is unlikely to 

explain lenalidomide’s therapeutic response in del(5q) MDS, we sought to identify additional 

lenalidomide-induced targets of CRL4CRBN that explain lenalidomide’s therapeutic window in 

this condition (Chapter 2). After identifying CK1α as a lenalidomide-induced CRL4CRBN target, 

we noted that degradation of Ikzf1, Ikzf3, and Ck1α was not seen in mouse cells. We asked 

whether species-specific differences in CRBN could explain this response and identified a single 

amino acid change in mouse Crbn, CrbnI391V, that sensitized mouse cells to IMiD treatment.  
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In Chapter 3, we generated a knock-in mouse model with this single amino acid change 

in Crbn to determine if it confers in vivo lenalidomide response. Characterization of this model 

revealed that CrbnI391V is sufficient for IMiD-induced degradation of Ikzf1, Ikzf3, and Ck1α in 

mouse cells, along with the recently identified target Zfp91. Using the CrbnI391V model, we 

demonstrate that haploinsufficiency for Csnk1a1 explains lenalidomide’s therapeutic window in 

vivo. Additionally, we show that this single amino acid change confers thalidomide-induced fetal 

loss in mice.  

Overall, the work presented here has enhanced our understanding of the mechanisms 

underlying the efficacy and toxicity of these clinically important drugs and has generated new 

tools to support their future study. 



 
 

Chapter 2 Lenalidomide induces the ubiquitination of CKlα by CRL4CRBN 
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Marie McConkey assisted with breeding, colony management, and technical support. Eamon 
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Summary  

Lenalidomide is a highly effective treatment for myelodysplastic syndrome (MDS) with 

deletion of chromosome 5q (del(5q)). Here, we demonstrate that lenalidomide induces the 

ubiquitination of casein kinase 1A1 (CK1α) by the CRL4CRBN E3 ubiquitin ligase, resulting in 

CK1α degradation. CK1α is encoded by a gene within the common deleted region for del(5q) MDS 

and haploinsufficient expression sensitizes cells to lenalidomide therapy, providing a mechanistic 

basis for lenalidomide’s therapeutic window in del(5q) MDS. We found that mouse cells are 

resistant to lenalidomide but that changing a single amino acid in mouse Crbn to the corresponding 

human residue enables lenalidomide-dependent degradation of CK1α. We further demonstrate that 

minor side chain modifications in thalidomide and a novel analog, CC-122, can modulate the 

spectrum of substrates targeted by CRL4CRBN. These findings have implications for the clinical 

activity of lenalidomide and related compounds and demonstrate the therapeutic potential of novel 

modulators of E3 ubiquitin ligases. 
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Introduction 

The immunomodulatory (IMiD) agents lenalidomide, thalidomide, and pomalidomide are 

the first drugs identified that promote the ubiquitination and degradation of specific substrates by 

an E3 ubiquitin ligase. These compounds bind CRBN [63], the substrate adaptor for the 

CRL4CRBN E3 ubiquitin ligase, and modulate the substrate specificity of the enzyme. Each of 

these drugs induces degradation of two lymphoid transcription factors—IKZF1 and IKZF3—

leading to dramatic clinical efficacy in multiple myeloma and increased interleukin-2 release 

from T-cells [64-66].  However, it has not yet been determined whether degradation of distinct 

substrates may mediate additional activities and whether all IMiD compounds have the same 

substrate specificity. 

Lenalidomide is also a highly effective treatment for myelodysplastic syndrome (MDS) 

with deletion of chromosome 5q (del(5q)), inducing cytogenetic remission in more than 50% of 

patients [53, 54, 107]. In vitro, lenalidomide selectively induces apoptosis of del(5q) MDS cells 

[110, 111]. No biallelic deletions or loss of function mutations on the remaining allele have been 

detected in any of the genes in the del(5q) common deleted region, implying that MDS with 

del(5q) is a disease of haploinsufficiency [97, 127]. We hypothesized that ubiquitination of a 

distinct CRBN substrate explains the efficacy of lenalidomide in del(5q) MDS.  

Results 

Lenalidomide induces degradation of CK1α 

In order to identify lenalidomide-regulated CRL4CRBN substrates in myeloid cells, we 

applied stable isotope labeling of amino acids in cell culture (SILAC)-based quantitative mass 

spectrometry [128] to assess global changes in ubiquitination [129] and protein levels in the 
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del(5q) myeloid cell line KG-1 (Figure 2.1, Figure 2.2, Figure 2.3) [129]. Treatment with 1 μM 

lenalidomide significantly altered only 7 K-ε-GG sites from 5 proteins out of 13,061 

reproducible sites, demonstrating the highly specific effects of this drug. Moreover, lenalidomide 

significantly altered the protein abundance of 3 out of 5 differentially ubiquitinated proteins. 

Consistent with previous studies, lenalidomide treatment decreased ubiquitination of CRBN 

(P=0.026) and increased ubiquitination of IKZF1 (P=7.23 x 10-6 and P=4.97 x 10-4 for two 

distinct sites), with a reciprocal decrease in IKZF1 protein abundance (P=0.006) [64, 65]. 

 

Figure 2.1: SILAC proteomics demonstrates lenalidomide-induced changes in 

ubiquitination and protein levels. a, Log2 ratios for individual K-ε-GG sites of lenalidomide- 

(1 µM) versus DMSO-treated KG-1 cells for biological replicates 1 and 2. Each point represents 

a unique K- ε -GG site. Significantly regulated sites (P < 0.05) are red. b, Log2 ratios of protein 

abundance for lenalidomide- (1 µM) versus DMSO-treated KG-1 cells for biological replicates 1 

and 2. Each point represents a unique protein group. Significantly regulated proteins (P < 0.05) 

are red. Data are from Namrata Udeshi, Tanya Svinkina, and D.R. Mani.  
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Figure 2.2: Effect of lenalidomide on specific ubiquitination sites.  Median log2 ratios for 

different lysine residues in CK1α isoform 2, IKZF1 isoform 1, and CRBN isoform 2 for 1 or 10 

µM lenalidomide treated KG-1 cells versus DMSO treated cells. SILAC experiments were 

performed in two biological replicates with flipped SILAC labeling. Only lysine residues 

detected in both replicates are shown. Error bars are range. Data are from Namrata Udeshi, 

Tanya Svinkina, and D.R. Mani.  
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Figure 2.3: Statistically significant SILAC results with 1 μM lenalidomide.  a, List of 

significantly regulated K-ε-GG sites with 1 μM lenalidomide vs. DMSO. P value is adjusted as 

described in the methods section. b, List of significantly regulated proteins with 1 μM 

lenalidomide vs. DMSO. P value is adjusted as described in the methods section. Average log2 

fold change of two biological replicates. Data are from Namrata Udeshi, Tanya Svinkina, and 

D.R. Mani.  

In addition to IKZF1, we detected increased ubiquitination (P=0.04) and decreased 

protein abundance (P =0.006) of casein kinase 1A1 (CK1α) following treatment with 1 µM 

lenalidomide (Figure 2.1, Figure 2.2, Figure 2.3). CK1α is encoded by the CSNK1A1 gene, 

which is located in the del(5q) common deleted region and is expressed at haploinsufficient 
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levels in del(5q) MDS [97, 99]. CK1α has been implicated in the biology of del(5q) MDS [130] 

and has been shown to be a therapeutic target in myeloid malignancies [131], and is therefore an 

attractive candidate for mediating the effects of lenalidomide in del(5q) MDS.   

CK1α is a substrate of CRL4CRBN  

We sought to determine whether CK1α is a lenalidomide-dependent substrate of the 

CRL4CRBN E3 ubiquitin ligase. We confirmed that lenalidomide treatment decreases CK1α 

protein levels in multiple human cell lines (Figure 2.4, Figure 2.5). 

 

Figure 2.4: Lenalidomide treatment reduces protein levels of CK1α in human KG-1 cells 

without altering CSNK1A1 mRNA levels.  a, Effects of lenalidomide (Len) on endogenous 

CK1α protein levels in KG-1 cells after 24-h treatment. IB, immunoblot. b, CSNK1A1 mRNA 

levels in KG-1 cells following lenalidomide treatment. Data are mean ± s.d. c, Time course of 

effect of lenalidomide treatment on CK1α protein levels in KG-1 cells. Data are from Jan Krönke 

and Slater Hurst.  



32 
 

Figure 2.5: Effect of lenalidomide in human cell lines.  MM1S, K562, and Jurkat cells were 

treated with different concentrations of lenalidomide for 24 hours. CK1α protein levels were 

detected by western blot and CSNK1A1 mRNA expression levels were measured by RQ-PCR. 

Data are mean ± s.d. Data are from Jan Krönke and Slater Hurst.  

Lenalidomide decreased CK1α protein levels without altering CSNK1A1 mRNA 

expression (Figure 2.4, Figure 2.5), consistent with a post-translational mechanism of 

regulation. The lenalidomide-dependent decrease in CK1α protein level was abrogated by 

treatment with the proteasome inhibitor MG132 and the NEDD8-activating enzyme inhibitor 

MLN4924, which interferes with the activity of cullin-RING E3 ubiquitin ligases, implicating 

proteasome- and cullin-dependent degradation of CK1α (Figure 2.6a). Homozygous genetic 

inactivation of CRBN by CRISPR-Cas9 genome editing eliminated lenalidomide-dependent 

degradation of CK1α, demonstrating CRBN-dependent degradation of CK1α (Figure 2.6b). 

We next examined whether CK1α binds CRBN and is ubiquitinated by the CRL4CRBN E3 

ubiquitin ligase. We observed co-immunoprecipitation of CK1α with endogenous and FLAG-

tagged CRBN only in the presence of lenalidomide (Figure 2.6d). Lenalidomide treatment 

increased the ubiquitination of endogenous CK1α in KG-1 cells (Figure 2.6c) and in the 



33 
 

presence of CRBN in vitro (Figure 2.6e), confirming that CK1α is a direct target of CRL4CRBN. 

Lenalidomide treatment did not alter the subcellular localization of CK1α (Figure 2.7). Using a 

chimeric protein of CK1α and CK1ε, which shares significant homology with CK1α but is not 

responsive to lenalidomide, we found that the N-terminal half (amino acids 1-177) of CK1α is 

essential for lenalidomide-induced degradation (Figure 2.8). Sequence alignment with the 

previously delineated lenalidomide-responsive degron in IKZF1/3 did not reveal any evident 

homology, suggesting that CK1α and IKZF1/3 may interact with the CRBN-lenalidomide 

complex in distinct manners. 
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Figure 2.6: Lenalidomide induces the ubiquitination of CK1α by CRL4CRBN.  a, CK1α 

protein levels in KG-1 cells treated with DMSO, lenalidomide alone, or lenalidomide with 

MG132 or MLN4924 for 6 hours. b, CK1α protein levels in CRBN knockout 293T cells treated 

with lenalidomide. c, In vivo ubiquitination analysis of HA-tagged CK1α transiently expressed in 

293T cells. d, Immunoprecipitation of FLAG-CRBN in 293T cells treated with DMSO or 1 μM 

lenalidomide in the presence of MG132. e, Ubiquitination of CK1α by CRBN in vitro. Lysine-

free (K0) ubiquitin was used in the reaction.  Panels a and b are from Jan Krönke and Slater 

Hurst. 
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Figure 2.7: Lenalidomide does not alter the subcellular localization of CK1α.  

Immunofluorescence for CK1α after treatment with DMSO or 10 μM lenalidomide. Enlarged 

area is indicated by a box in Merge. FITC channel represents staining for CK1α. No changes in 

CK1α localization are seen upon lenalidomide treatment.  
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Figure 2.8: Narrowing the lenalidomide responsive region of CK1α.  a, Chimeric proteins of 

casein kinase 1A1 (CK1α) and casein kinase 1E (CK1ε), which shares significant homology with 

CK1α but is not responsive to lenalidomide, that were used to determine the lenalidomide-

responsive region in CK1α. b, FLAG-tagged (chimeric) proteins from a were transfected in 293T 

cells together with a CRBN-expressing plasmid. Cells were treated with 1 µM lenalidomide for 

24 hours and protein was detected with a FLAG-specific antibody. Data are from Jan Krönke and 

Slater Hurst. 

Effect of CSNK1A1 expression level 

We next explored the biological effects of CK1α depletion. CK1α is a widely expressed 

serine/threonine kinase involved in many essential cellular pathways, including cell cycle 

regulation, DNA damage repair, and the β-catenin and NFκB pathways [132, 133]. Most notably, 

CK1α inhibits p53 through MDM2 and MDMX and negatively regulates Wnt signaling as a 

component of the β-catenin destruction complex [132, 134-137]. It has recently been implicated 

as a tumor suppressor and loss of casein kinase expression drives invasion and metastasis in colon 

cancer [132] and melanoma [138]. In a hematopoietic-specific conditional knockout mouse 

model, homozygous inactivation of Csnk1a1 induces apoptosis and bone marrow failure via p53 

activation, while heterozygous loss of Csnk1a1 causes β-catenin accumulation and stem cell 

expansion [139]. Similarly, cells haploinsufficient for Csnk1a1 preferentially undergo apoptosis 

in response to the casein kinase 1 inhibitor D4476 [131]. Since del(5q) cells express about 50% 
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of normal levels of CSNK1A1 [99], these results led us to hypothesize that del(5q) cells would be 

more sensitive to the effects of lenalidomide-induced degradation of CK1α as compared to 

normal cells with two copies of the gene.  

To evaluate whether decreased CSNK1A1 expression sensitizes cells to lenalidomide, we 

transduced primary human CD34+ hematopoietic stem and progenitor cells with GFP-tagged 

lentiviral vectors expressing CSNK1A1 or control shRNAs. Cells expressing CSNK1A1 shRNAs 

were depleted in the absence of treatment, demonstrating that knockdown of CSNK1A1 inhibits 

the growth or survival of hematopoietic cells (Figure 2.9). Treatment with lenalidomide 

enhanced the depletion of cells expressing CSNK1A1 shRNAs but had no effect on cells 

expressing control shRNAs, demonstrating that reduced CSNK1A1 levels sensitize hematopoietic 

cells to lenalidomide.  
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Figure 2.9: CSNK1A1 knockdown increases lenalidomide sensitivity in hematopoietic cells. 

a, Knockdown validation by western blot. b-d, CD34+ cells were transduced with GFP-labeled 

lentivirus expressing either control shRNA targeting luciferase (b) or shRNA targeting CSNK1A1 

(c, d) and treated with DMSO or 1 µM lenalidomide. The percentage of GFP+ cells was assessed 

by flow cytometry over time. Data are from Jan Krönke and Slater Hurst. 

We next evaluated whether overexpression of CSNK1A1 could reduce the lenalidomide 

sensitivity of del(5q) MDS cells. We obtained bone marrow samples from MDS patients with 

heterozygous deletions of chromosome 5q, including heterozygous deletion of CSNK1A1, prior 

to treatment with lenalidomide. We isolated CD34+ cells from these samples and transduced 

them with a GFP-tagged lentivirus expressing CSNK1A1 cDNA or empty vector (Figure 2.10). 

Overexpression of CSNK1A1 reduced the lenalidomide sensitivity of CD34+ cells from three out 

of five del(5q) MDS patients, which compares well with the clinically-observed cytogenetic 

response rate of about 50% [53, 54, 107]. In contrast, overexpression of CSNK1A1 had no effect 
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on CD34+ cells from patients with normal karyotype MDS or normal donors. Although 

lenalidomide also induced the degradation of IKZF1 in myeloid cells (Figure 2.1a,b), 

overexpression of IKZF1 had a similar effect on del(5q) MDS, normal karyotype MDS, and 

normal donor CD34+ cells, suggesting that degradation of IKZF1 does not explain 

lenalidomide’s therapeutic window in del(5q) MDS (Figure 2.11). These findings demonstrate 

that increased expression of CSNK1A1 specifically rescues del(5q) cells from lenalidomide 

treatment.  
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Figure 2.10: Ectopic CSNK1A1 overexpression reduces lenalidomide sensitivity in primary 

del(5q) MDS cells. a, mRNA expression of CSNK1A1 in cord blood CD34+ cells infected with 

lentivirus expressing CSNK1A1 and GFP or control vector expressing GFP alone. CD34+ cells 

were infected with lentivirus and GFP+ cells were sorted three days later. Values are mean ± s.d. 

b, CD34+ cells derived from patient or control bone marrow were transduced with the vectors 

used in a and treated with DMSO or 1 µM lenalidomide. Results are reported as a ratio of the 

percentage of GFP+ cells in the lenalidomide condition to the percentage of GFP+ cells in the 

DMSO condition after 5 days of treatment. A ratio greater than 1 for the CSNK1A1 vector but 

not for the empty vector indicates that CSNK1A1 expression reduces lenalidomide sensitivity. 

More information about the source of the patient samples used in this experiment is in Table 2.1. 
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Figure 2.11: Expression of IKZF1 in patient samples.  a, mRNA expression of IKZF1 in cord 

blood CD34+ cells infected with lentivirus expressing IKZF1 and GFP or GFP only as in Figure 

2.10a.  Values are mean ± s.d. b, CD34+ cells derived from patient or control bone marrow were 

transduced with a lentivirus expressing IKZF1 and GFP or a GFP-only control vector and treated 

with DMSO or 1 µM lenalidomide. The percentage of GFP+ cells was assessed by flow 

cytometry after five days for each vector-drug combination. Results are reported as a ratio of the 

percentage of GFP+ cells in the lenalidomide condition to the percentage of GFP+ cells in the 

DMSO condition for each vector. More information about the source of the patient samples used 

in these experiments is in Table 2.1. 
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Table 2.1: Characteristics of patient samples used for CSNK1A1 and IKZF1 expression 

experiments.  Results of TP53 sequencing, including exons with adequate coverage, is given in 

the rightmost column. All samples sequenced had wild-type TP53. ND, not done due to limited 

patient material. WT, TP53 exon sequence has only known benign polymorphisms. 

Sample # Karyotype Category 
TP53 Status (exons 
sequenced) 

1 

46,XX,del(5)(q15q33)[14] / 
46,XX,del(5)(q15q33),del(12)(p11p13.3)[6] 
/ 47,XX,del(5)(q15q33),+8[1] / 46,XX[3] 

del(5q) MDS Pre-
Lenalidomide WT (2-8, 10-11) 

2 46,XX,del(5)(q13q33)[17] / 46,XX[3] 
del(5q) MDS Pre-
Lenalidomide ND 

3 46,XY,del(5)(q15q35) [23] / 46,XY[2] 
del(5q) MDS Pre-
Lenalidomide ND 

4 
46,XX,del(5)(q13q33),t(12;13)(q15;q11) 
[16]/46,XX,+8[1] / 46,XX [3] 

del(5q) MDS Pre-
Lenalidomide WT (2-11) 

5 46,XX,del(5)(q13q33) [14] / 46,XX [6] 
del(5q) MDS Pre-
Lenalidomide WT (2-11) 

6 Normal Normal Karyotype MDS WT (4-7, 9-10) 
7 Normal Normal Karyotype MDS WT (2-11) 
8 Normal Normal Karyotype MDS WT (2-11) 
9 Normal Normal Karyotype MDS WT (3-4, 6-11) 

10 Normal 
Normal Adult Bone 
Marrow CD34+ ND 

11 Normal 
Normal Adult Bone 
Marrow CD34+ ND 

12 Normal 
Normal Adult Bone 
Marrow CD34+ ND 

13 Normal Cord Blood CD34+ ND 

ND: 
TP53 sequencing not done due to limited sample size or normal donor 
sample  

WT: TP53 sequence is wild-type (known benign polymorphisms only) in the exons sequenced 
 

Species-specific effects of lenalidomide 

We next sought to use a conditional knockout mouse model to determine whether 

haploinsufficiency for Csnk1a1 sensitizes cells to lenalidomide treatment [139]. In initial 

experiments, we found that lenalidomide did not decrease Ck1α protein levels in mouse Ba/F3 
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cells, primary murine leukemia cells, or mice treated in vivo (Figure 2.12), suggesting that 

mouse cells are intrinsically resistant to IMiD compounds. Consistent with these findings, mice 

do not develop the limb malformations observed in human embryos exposed to thalidomide [21, 

24, 27] and murine multiple myeloma cells do not respond to lenalidomide [117]. Since CRBN is 

the direct protein target of lenalidomide, we examined whether expression of human CRBN 

could confer lenalidomide sensitivity to mouse cells. Overexpression of human, but not mouse, 

CRBN in mouse Ba/F3 cells resulted in a lenalidomide-dependent decrease of Ck1α protein 

levels, implying that amino acid differences between mouse CRBN (mCrbn) and human CBRN 

(hCRBN) are responsible for the species-specific response to lenalidomide (Figure 2.13). 

 

Figure 2.12: Lenalidomide does not induce degradation of Ck1α in mouse cells. a, Ck1α 

protein levels are unaffected in mouse Ba/F3 cells and primary mouse AML cells (MA9) treated 

with a range of lenalidomide (Len) doses. b, Ck1α expression in bone marrow cells of mice 

treated with DMSO or lenalidomide. Part a is from Jan Krönke and Slater Hurst. Part b is from 

Rebekka Schneider and Jan Krönke.  

To identify the amino acids responsible for this difference, we tested human/mouse 

CRBN chimeric proteins for their ability to confer lenalidomide-induced Ck1α degradation in 

mouse Ba/F3 cells (Figure 2.13a). Lenalidomide sensitivity was determined by the C-terminal 

half of CRBN, which contains only 5 non-conserved amino acids between human and mouse. 

When these non-conserved positions in human CRBN were substituted with the corresponding 
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amino acid in mouse Crbn, only one substitution, V387I (human CRBN isoform 2, which is 

equivalent to V388 in human CRBN isoform 1), disrupted the lenalidomide-responsiveness of 

human CRBN (Figure 2.13a).  Substitution of the isoleucine at this position in mouse Crbn for 

the human valine (mCrbnI391V) was sufficient to confer lenalidomide-induced CK1α degradation 

in mouse cells (Figure 2.13b), and there was no effect of similar substitutions at nearby residues 

(Figure 2.13c). Similar effects of the hCRBNV387I and mCrbnI391V point mutations were 

observed on lenalidomide-induced degradation of IKZF1 and IKZF3 in human 293T cells 

(Figure 2.13d), suggesting that a single amino acid change in CRBN determines lenalidomide-

responsiveness for multiple substrates. Consistent with previous reports [63], we found that 

mCrbn binds lenalidomide and we did not observe increased lenalidomide binding of the 

mCrbnI391V mutant (Figure 2.14). 
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Figure 2.13: Amino acid changes in CRBN explain species-specific lenalidomide effects.  a, 

Effect of the expression of human CRBN (h), mouse Crbn (m), chimeras of human and mouse 

CRBN (m-h and h-m, breakpoint at residue 221 (human) / 225 (mouse)) and variants of the m-h 

chimera where single amino acids in the C-terminus were mutated to their corresponding mouse 

residue on lenalidomide-dependent CK1α degradation in mouse Ba/F3 cells. b, Expression of 

mouse CrbnI391V restores lenalidomide-dependent CK1α degradation in mouse Ba/F3 cells. c, 

Expression of mouse CrbnV380E does not alter lenalidomide-dependent CK1α degradation in 

mouse Ba/F3 cells. d, Effect of hCRBN, hCRBNV387I, mCrbn, and mCrbnI391V on lenalidomide 

sensitivity of an IKZF1-luciferase fusion protein expressed in human 293T cells. Data are mean 

± s.e.m. a, b and d are from Jan Krönke and Slater Hurst.  
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Figure 2.14: Lenalidomide binds mCrbn and mCrbnI391V.  Lenalidomide-bead affinity 

purification of various forms of FLAG-tagged CRBN. Human CRBN, mouse Crbn, and mouse 

CrbnI391V are all equally pulled down with lenalidomide beads in the presence of DMSO (D), but 

these interactions are inhibited by pre-incubation with 100-fold free lenalidomide (L). Input 

CRBN expression is shown below. 

We modeled the effects of this mouse-human amino acid substitution based on recently 

published crystal structures of the CRBN-DDB1-IMiD drug complex [68, 69]. V387 of human 

CRBN (equivalent to I391 of mouse Crbn) is located in the IMiD drug binding region of CRBN 

but does not directly interact with lenalidomide (Figure 2.15a). To investigate how the 

substitution of isoleucine for valine in mouse Crbn confers lenalidomide-responsiveness, we 

superimposed the structures for the mouse and human IMiD-binding regions bound to 

lenalidomide as solved in Chamberlain et al. [68]. No backbone changes are present at the site of 

the valine-isoleucine species differences (Figure 2.15b), but the isoleucine residue is well-

defined in the electron density with the long arm of the side chain oriented towards the indole 

NH moiety of W403 in the mouse structure. The increase in steric bulk of the isoleucine side 

chain, relative to valine, results in a bulge in the solvent accessible surface of the mouse protein 
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adjacent to both W403 and lenalidomide (Figure 2.15c, d). It has been proposed that IMiD 

binding produces a hotspot for substrate interactions by placement of the hydrophobic 

phthalimide or isoindolinone ring in an environment of potential hydrogen bond donors and 

acceptors from the surface of CRBN [68]. In this case, the larger side chain of the isoleucine 

residue found in rodents may sterically clash with substrate proteins such as IKZF1 and CK1α, 

blocking access to key hydrogen bonds from CRBN, such as from the indole NH from 

tryptophan 403 (mouse numbering). Steric clashes and occlusion of key bonds with substrate 

proteins thereby provide a potential explanation of why IMiD compounds bind mouse Crbn 

(Figure 2.14) but do not promote degradation of Ikzf1 and Ck1α.   
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Figure 2.15: Comparison of the IMiD-binding regions of human and mouse CRBN.  a, 

Alignment of human and mouse CRBN IMiD binding region. Non-conserved amino acids are 

red. Amino acids involved in IMiD binding [68, 69] are indicated by blue bars. Mouse W403 is 

indicated with a green bar. b, Superposition of the IMiD binding domains of human CRBN 

(blue, PDB accession 4TZ4) and mouse Crbn (yellow, PDB accession 4TZC). Residues are 

labeled according to human isoform 2 (blue numbers) and mouse isoform 2 (yellow numbers). c, 

The V388 residue is indicated on the surface of human CRBN with a black arrow. d, The 

corresponding mouse residue, I391, is indicated on the surface of mouse Crbn with a black 

arrow. Mouse W403 is indicated by a red arrow. Philip Chamberlain provided the graphics in 

this figure. 
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Having determined the mechanism of lenalidomide resistance in mouse cells, we 

expressed the mCrbnI391V cDNA in hematopoietic cells from Csnk1a1 conditional knockout mice 

to determine the effects of Csnk1a1 haploinsufficiency on lenalidomide sensitivity. We isolated 

CD45.2+ c-Kit+ hematopoietic stem and progenitor cells from Csnk1a1+/-Mx1Cre+ and Mx1Cre+ 

control littermates treated with poly (I:C) to induce gene excision in hematopoietic cells. We 

transduced these cells with a retroviral vector expressing mCrbnI391V and cultured them in 

competition with similarly transduced isogenic CD45.1 c-Kit+ cells in the presence or absence of 

lenalidomide (Figure 2.16a). Lenalidomide had no effect on control cells, but Csnk1a1+/-

Mx1Cre+ cells were significantly depleted in the presence of lenalidomide (Figure 2.16b). The 

enhanced sensitivity of Csnk1a1+/- Mx1Cre+ cells to lenalidomide was associated with induction 

of the p53 target gene p21 (Figure 2.16c) and increased levels of apoptosis (Figure 2.16d) and 

was rescued by heterozygous deletion of Trp53 (Figure 2.16b), demonstrating a critical down-

stream role for the p53 pathway. These results are consistent with the clinical observation that 

TP53 mutations confer lenalidomide resistance in MDS with del(5q) [108].  
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Figure 2.16: Effects of lenalidomide treatment on Csnk1a1+/- mouse hematopoietic cells.  a, 

Csnk1a1+/-Mx1Cre+ or Mx1Cre+ c-Kit+ hematopoietic stem and progenitor cells (CD45.2+) and 

competitor cells (CD45.1+) were transduced with mouse CrbnI391V, mixed in equal ratios, and 

treated with lenalidomide or DMSO. The relative percentage of CD45.1+ and CD45.2+ cells was 

followed by flow cytometry over 5 days.  b, Effects of 0.1 µM lenalidomide on the chimerism of 

Csnk1a1+/- Mx1Cre+, Csnk1a1+/- Trp53+/- Mx1Cre+, Trp53+/- Mx1Cre+, or Mx1Cre+ cells 

(CD45.2+) transduced with mouse CrbnI391V in comparison to CD45.1+ competitor cells. c, 

Quantitative RT-PCR analysis of p21 expression in Csnk1a1+/- or control cells transduced with  

Mouse CrbnI391V and treated with DMSO or lenalidomide. Data are normalized to DMSO and 

shown as mean ± s.d. d, Ratio of CD45.2+ cells and CD45.1+ cells in late apoptosis (Annexin V+  
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Figure 2.16 (Continued) 

DAPI+) after transduction with mouse CrbnI391V and four-day treatment with 0.1 μM 

lenalidomide. CD45.2+ cells are either Csnk1a1+/- Mx1Cre+ or Mx1Cre+. Data are normalized to 

DMSO treatment. Data are mean ± s.e.m.  

Differential substrate specificity  

Thalidomide, lenalidomide, and pomalidomide target IKZF1 and IKZF3 for 

ubiquitination and degradation and are active in multiple myeloma, but only lenalidomide has 

been shown to be clinically effective in del(5q) MDS [53, 54, 65, 107]. We therefore asked 

whether different thalidomide analogs have different relative substrate specificities. Treatment of 

KG-1 cells with 0.1 µM lenalidomide resulted in a greater decrease in CK1α protein levels than 

treatment with 10 µM pomalidomide or 100 µM thalidomide, in contrast to the relative effects of 

these treatments on IKZF1 (Figure 2.17). Consistent with the role of CK1α as a negative 

regulator of Wnt signaling, we observed a larger increase in protein levels of β-catenin after 

treatment with lenalidomide than pomalidomide or thalidomide (Figure 2.17). 
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Figure 2.17: Lenalidomide has a stronger effect on CK1α than thalidomide or 

pomalidomide.  Effect of lenalidomide, pomalidomide (Pom), and thalidomide (Thal) on protein 

levels of CK1α, β-catenin, and IKZF1 in KG-1 cells treated for 24 hours with the indicated drug 

concentrations. Data are from Jan Krönke and Slater Hurst. 

We next investigated the substrate specificity of CC-122, a novel CRBN-binding agent 

that shares the glutarimide ring but has significant structural differences from the other IMiDs 

and has recently entered clinical trials (Figure 2.18). We used tandem mass tag (TMT) 

quantitative proteomics [140] in the MDS-L cell line to compare the activities of lenalidomide 

and CC-122.  As expected, treatment with lenalidomide significantly decreased protein levels of 

both IKZF1 and CK1α. In striking contrast, treatment with 1 µM CC-122 caused an even greater 

decrease in IKZF1 (P=2.77 x 10-10, 72 hours) than 10 µM lenalidomide (P=2.10 x 10-8, 72 

hours), but had no effect on CK1α protein levels (P>0.05)(Figure 2.19).  
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Figure 2.18: Structures of thalidomide, lenalidomide, pomalidomide, and CC-122. 

 

Figure 2.19: Global proteomics with lenalidomide and CC-122.  a, Protein levels of IKZF1 

and CK1α assessed by tandem mass tag quantitative proteomics in MDS-L cells treated with 

DMSO, 10 μM lenalidomide, or 1 μM CC-122 for 24 hours (left panel) or 72 hours (right panel). 

b, Comparison of Log2 ratios for CK1α and IKZF1 in MDS-L cells after treatment with 

lenalidomide or CC-122 for 24 or 72 hours assessed by tandem mass tag (TMT) quantitative 

proteomics. c, Adjusted P values for CK1α and IKZF1 proteomic data in MDS-L cells. Data are 

from Kyle MacBeth. 
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We confirmed the TMT mass spectrometry findings by western blot for IKZF1 and CK1α 

in MDS-L and KG-1 cells (Figure 2.20a). While all compounds induced degradation of IKZF1, 

thalidomide and CC-122 did not affect CK1α protein levels, even at high concentrations. 

Although CC-122 has a greater potency than lenalidomide for degradation of IKZF1 and IKZF3, 

it was ineffective in decreasing CK1α protein levels compared to lenalidomide, suggesting that 

subtle chemical modifications can affect substrate preference (Figure 2.19, Figure 2.20a). 

Furthermore, treatment with excess CC-122 abrogated the lenalidomide-induced degradation of 

CK1α, demonstrating that lenalidomide and CC-122 compete for the same glutarimide binding 

site on CRBN (Figure 2.20b). These experiments demonstrate that despite structural similarity, 

the substrate specificities of thalidomide analogs differ. Notably, only lenalidomide has a strong 

effect on CK1α, suggesting that it may indeed be the most appropriate modulator of CRL4CRBN 

for the treatment of del(5q) MDS (Figure 2.21). 
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Figure 2.20: Western Blot verification of the effects of different IMiDs on CK1α protein 

levels.  Western blot analysis of CK1α and IKZF1 protein levels in MDS-L cells treated with 

DMSO or different concentrations of thalidomide, lenalidomide, pomalidomide, or CC-122. d, 

KG-1 cells were treated with DMSO or lenalidomide (Len) in the absence or presence of 

different concentrations of CC-122. Data are from Kyle MacBeth. 
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Figure 2.21: Schematic presentation of the interaction of different thalidomide analogs with 

CRBN, substrates, and therapeutic indications. 

Intriguingly, lenalidomide, but not thalidomide or pomalidomide, has been reported to 

induce the formation of two -strands composed of CRBN residues 346-363 [68]. Although 

conformational differences are difficult to interpret in the absence of a substrate-bound structure, 

the formation of these -strands is expected to make significant changes in the surface of CRBN 

near the IMiD binding site [68] and thus it may contribute to the differential recruitment of 

IKZF1 and CK1α. The interaction of specific thalidomide analogs with particular substrates may 

therefore be governed by unique structural determinants, revealing the biological and clinical 

potential for members of this class of drugs to induce degradation of distinct sets of proteins.  

Discussion 

We demonstrated that lenalidomide targets CK1α for degradation and that heterozygous 

deletion of CSNK1A1 in del(5q) MDS provides a therapeutic window for selective targeting of 

the malignant cells by lenalidomide. The concept that genes within heterozygous deletions could 
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cause vulnerabilities in cancer cells was first proposed 20 years ago [141] and has been more 

recently demonstrated as CYCLOPS genes (cancer vulnerabilities unveiled by genomic loss) in 

cell lines [142]. Our data demonstrate that in del(5q) MDS, lenalidomide-induced degradation of 

CK1α below haploinsufficient levels induces p53 activity and growth inhibition, as CK1α is a 

negative regulator of p53. Deletion of contiguous genes on chromosome 5q, such as RPS14, may 

further sensitize del(5q) cells to p53 activation [101, 110, 143]. This mechanism of activity is 

consistent with the acquisition of TP53 mutations in del(5q) MDS patients who develop 

resistance to lenalidomide. Degradation of CK1α may also contribute to other clinical effects of 

lenalidomide such as activity in the activated B-cell (ABC) subtype of diffuse large B-cell 

lymphoma [77] and lenalidomide-induced myelosuppression. Further investigation is required to 

determine the complete biological effects from degradation of each substrate.  

Lenalidomide, like thalidomide and pomalidomide, binds CRBN and induces degradation 

of specific substrates.  We found that a single amino acid difference between mouse and human 

CRBN renders mouse cells insensitive to IMiD compounds. This discovery enabled us to 

demonstrate, using a genetically engineered mouse model, that Csnk1a1 haploinsufficiency 

sensitizes cells to lenalidomide. Non-conserved amino acid changes in CRBN may also explain 

why thalidomide does not cause teratogenicity in mice and was approved for use in pregnant 

women, leading to the birth of more than 10,000 newborns with limb malformations and other 

disabilities.  

Thalidomide, lenalidomide, and pomalidomide all induce CRL4CRBN-mediated 

degradation of IKZF1 and IKZF3, but the subtle differences in chemical structure between these 

molecules cause dramatic changes in potency. We now find that thalidomide and a novel 

compound, CC-122, induce the degradation of IKZF1 but not CK1α. CC-122 may have a greater 
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therapeutic window for the treatment of B cell malignancies and other diseases that depend on 

IKZF1 and IKZF3, but would not be predicted to have activity in del(5q) MDS.  

CC-122, like thalidomide and its analogs, has a glutarimide ring that anchors the 

molecule in CRBN, and structural variation in the remainder of the molecule is thought to 

determine substrate specificity [68, 69]. These findings provide evidence that thalidomide-related 

molecules have distinct biological activities, mediated by degradation of distinct sets of 

substrates, and that these compounds will be the first in a larger class of drugs with therapeutic 

utility through the targeting of specific proteins for degradation.  

Methods 

Reagents 

Lenalidomide (Toronto Research Chemicals, Selleck Chemicals, and Celgene), 

Thalidomide (Millipore and Celgene), Pomalidomide (Selleck Chemicals and Celgene), MG-132 

(Selleck Chemicals), CC-122 (Celgene), PR619 (Lifesensors), MLN4924 (Active Biochem), and 

Leptomycin B (Santa Cruz) were dissolved in DMSO at 10 to 100 mM and stored at -20°C for 

up to 6 months. For cell culture experiments drugs were diluted at least by 1:1000 so that the 

final DMSO concentration was 0.1% or lower. 

Cell lines 

KG-1, Ba/F3, K562, MM1S, Jurkat, HEL, and 293T cells were obtained from American 

Type Culture Collection (ATCC) and their identity was not further authenticated. MDS-L cells 

were provided by Kaoru Tohyama, Kawasaki Medical School (Japan). Cells were cultured in 

RPMI 1640 (Mediatech) or DMEM (Mediatech) supplemented with 10-20% heat-inactivated 

fetal bovine serum (FBS) (Omega Scientific) and 1% penicillin, streptomycin, and L-glutamine 
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(Mediatech). Cells were grown at 37˚C in a humidified incubator under 5% CO2. Ba/F3 cells 

were cultured in the presence of 10 ng/mL mouse IL-3 (Miltenyi) and MDS-L cells were 

cultured with 10 ng/mL human GM-CSF. 293T cells were transfected using TransIT-LT1 

(Mirius Bio) according to the manufacturer’s protocol. Cell lines were intermittently tested for 

mycoplasma. 

Cell culture and treatment for K-ε-GG and proteome profiling 

KG-1 cells were cultured for 2 weeks (~6 cell doublings) in RPMI depleted of L-arginine 

and L-lysine (Caisson Labs Inc.) and supplemented with 10% dialyzed FBS (Sigma) and L-

arginine (Arg0) and L-lysine (Lys0) (light), 13C6
14N4-L-arginine (Arg6) and 4,4,5,5-D4-L-lysine 

(Lys4) (medium) or 13C6
15N4-L-arginine (Arg10) and 13C6

15N2-L-Lysine (Lys8) (heavy) to 

generate light-, medium- and heavy-labeled cells. Media was exchanged every 3rd day. On day 

14 cells were treated with 1 µM lenalidomide, 10 µM lenalidomide or DMSO for 4 hours for 

ubiquitination profiling and 24 hours for protein level assessment. Experiments were performed 

in two biological replicates with flipped SILAC labeling: Replicate 1: DMSO/light, lenalidomide 

1 µM/medium; lenalidomide 10 µM/ heavy; Replicate 2: lenalidomide 1 µM/light; lenalidomide 

10 µM / medium; DMSO/heavy. 

SILAC based K-ε-GG and proteome profiling of KG-1 cells 

Cell lysis and trypsin digestion, basic pH reversed phase fractionation, K-ε-GG 

enrichment, and LC-MS/MS analysis for KG-1 cells were performed as recently described [65] 

with minor changes. Cell pellets used for K-ε-GG profiling were lysed in 8 M urea, 50 mM Tris-

HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 2 µg/mL aprotinin (Sigma-Aldrich), 10 µg/mL 

leupeptin (Roche Applied Science), 1 mM phenylmethylsulfonyl fluoride (PMSF), 50 μM PR-

619, and 1 mM chloroacetamide at 4ºC. Pellets used for proteome profiling were lysed in 8 M 
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urea, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 2 µg/mL aprotinin (Sigma-

Aldrich), 10 µg/mL leupeptin (Roche Applied Science), 1 mM phenylmethylsulfonyl fluoride 

(PMSF), at 4 ºC [65]. For this work, 10 mg of protein was input per SILAC state for the 

ubiquitin workflow. For proteome profiling, 1.5 mg of protein was input per SILAC state. 

Proteins were reduced with 5 mM dithiothreitol for 45 minutes at room temperature and 

subsequently carbamidomethylated with 10 mM iodoacetamide for 30 min at RT in the dark. 

Samples were diluted to 2 M urea with 50 mM Tris-HCl, pH 7.5, and digested with sequencing 

grade trypsin (Promega) at 25 °C overnight using an enzyme-to-substrate ratio of 1:50. Digested 

samples were acidified to 1% formic acid (Sigma-Aldrich). Tryptic peptides were centrifuged for 

5 min at 3000 x g to remove the precipitate. Peptides were desalted exactly as previously 

described [65]. 

Samples were fractionated by basic pH reversed phase (bRP) fractionation using an 

Agilent 1100 Series HPLC and Zorbax 300 Å Extend-C18 columns as previously described [129, 

144]. A 9.4 mm × 250 mm column (Agilent, 5 μm bead size) was used to fractionate samples 

intended for K-ε-GG enrichment, whereas a 4.6 mm × 250 mm column (Agilent, 3.5 μm bead 

size) was used to fractionate samples intended for proteome analysis [144]. For K-ε-GG samples, 

approximately 15 mg of peptide sample was resuspended in 1.8 mL of basic RP solvent A (2% 

MeCN, 5 mM ammonium formate, pH 10), separated into 2 HPLC vials and injected with 

Solvent A at a flow rate of 3 mL/min. A 64-min method was used for fractionation exactly as 

previously described [65, 129]. A total of 96 2 mL fractions were collected every 0.66 min at a 

flow rate of 3 mL/min. After separation, bRP fractions were pooled in a serpentine, non-

contiguous manner to generate 8 final fractions (final fraction 1 = 1, 9, 17, 25, 33, 41, 49, 57, 65; 

final fraction 2 = 2, 10, 18, 26, 34, 42, 50, 58, 66; …). Since 10 mg of protein per SILAC state 
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was used for K-ε-GG samples and the maximum loading capacity on the 9.4 mm × 250 mm 

column bRP column is 15 mg, two rounds of fractionation were completed per replicate sample.   

Proteome samples were brought up in 0.9 mL of basic RP solvent A and injected with 

solvent A at a flow rate of 1 mL/min. Peptides were separated using the bRP method previously 

described for the 4.6 mm × 250 mm column [144]. Approximately 5% of each proteome fraction 

was taken and pooled to generate 24 final fractions (final fraction 1 = 1, 25, 49; final fraction 2 = 

2, 26, 50; …) plus a fraction “A” that contains early eluting peptides. All bRP pooled fractions 

were dried using a SpeedVac concentrator.  

K-ɛ-GG enrichment was completed using the anti-K-ε-GG antibody obtained from the 

PTMScan® ubiquitin remnant motif (K-ε-GG) kit (Cell Signaling Technology) as previously 

described [65, 129]. Briefly, bRP fractions we reconstituted in 1.5 mL of immunoaffinity 

purification buffer and each fraction was incubated with 31 µg of cross-linked anti-K-ε-GG 

antibody for 1 hour at 4 ºC with end-over-end rotation. Following incubation, samples were spun 

down and the supernatant was removed. Antibody-bound beads were washed 4x with 1.5 mL of 

ice-cold phosphate buffered saline (PBS). Peptides were eluted with 2 x 50 µl of 0.15% TFA. 

Eluted peptides were desalted using C18 StageTips.  

K-ε-GG and proteome fractions were reconstituted in 9 μL and 20 μL of 3% MeCN/1% 

FA, respectively, and analyzed using a Q Exactive mass spectrometer (Thermo Fisher Scientific) 

coupled on-line to a Proxeon Easy-nLC 1000 system. For analysis of each fraction, 4 μL and 1 

μL of K-ε-GG and global proteome samples was injected, respectively.  Samples were injected 

onto a microcapillary column (360 μm OD x 75 μm ID) packed with 24 cm of ReproSil-Pul C18-

AQ 1.9 μm beads (Dr. Maisch GmbH) that was heated to 50 °C and equipped with an integrated 

electrospray emitter tip (10 μm).  For online LC separation, solvent A was 0.1 % FA/3 % MeCN 
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and solvent B was 90% MeCN/0.1% FA. Peptides were eluted into the mass spectrometer using 

the LC-MS method previously described [65]. The Q Exactive instrument was operated in the 

data-dependent mode acquiring 12 HCD MS/MS scans (R=17,500) after each MS1 scan 

(R=70,000) using an MS1 ion target of 3 x 106 ions and an MS2 target of 5 x 104 ions. The 

maximum ion time for the MS/MS scans was set to 120 ms, the collision energy was set to 25, 

the dynamic exclusion time was set to 20 s, and the peptide match setting was set to on.  

The MaxQuant software version 1.3.0.5 was used to analyze MS data. Data were 

searched against the human UniProt database as well as a database provided by MaxQuant 

containing common laboratory contaminants. The search parameters were as follows: enzyme 

specificity was set to trypsin, maximum number of mixed cleavages set to 2, precursor mass 

tolerance was set to 20 ppm for the first search and set to 6 ppm for the main search. Oxidized 

methionine and N-terminal protein acetylation were searched as variable modifications and 

carbamidomethylation of cysteine was searched as a fixed modification. Data files from K-ε-GG 

enriched samples were also searched with Gly-Gly addition to lysine as a variable modification. 

The minimum peptide length was set to 6, and false discovery rate for peptide, protein, and site 

identification was set to 1%. Reverse and contaminant hits were removed from datasets. 

Normalized ratios were utilized for quantification. For proteome data, proteins identified by 2 or 

more razor/unique peptides and quantified by 2 or more ratio counts in both biological replicates 

were considered for the final dataset. For the K-ε-GG data, K-ε-GG sites were considered if they 

were quantified in both biological replicates. 

For data analysis, normalized SILAC ratios for the 2 biological replicates were filtered to 

retain only those deemed reproducible. Reproducibility was based on replicates being confined 

within the 95% limits of agreement of a Bland-Altman plot [145]. In the Bland-Altman plot, 
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differences of the replicates are plotted against the average values and the limits of agreement 

correspond to the prediction confidence interval for a regression line with unit slope. 

Reproducible replicates were then subjected to a moderated t-test to assess statistical significance 

[146]. This statistic is similar to the ordinary t-statistic, with the exception that the standard 

errors are calculated using an empirical Bayes method utilizing information across all proteins, 

thereby making inference about each individual protein more robust. The nominal P values 

arising from the moderated t-statistic are corrected for multiple testing by controlling the false 

discovery rate (FDR), as proposed by Benjamini and Hochberg [147]. Proteins with an FDR 

adjusted P value of less than 0.05 were deemed to be reproducibly regulated. Figures containing 

scatter plots of SILAC data show all points regardless of the reproducibility measure. Statistical 

significance was assessed using only reproducible data points.  

The original mass spectra may be downloaded from MassIVE (http://massive.ucsd.edu) 

using the identifier: MSV000079014. The data are accessible at 

ftp:// MSV000079014:a@massive.ucsd.edu. 

Plasmids and Virus constructs 

The following cDNAs were cloned in the pRSF91 retrovirus backbone (kind gift of 

Christopher Baum, Hanover Medical School) or pEF1a-IRES-GFP lentiviral backbone:  

CSNK1A1 Isoform 2 (ccsbBroadEN_06055), CSNK1A1 Isoform 1 (kind gift from William G. 

Kaelin), CSNK1E (ccsbBroadEN_00379), mouse Crbn Isoform 2 (Thermo Scientific), and 

human CRBN Isoform 2 (ccsbBroadEn_08244). Human IKZF1 isoform 1 was synthesized using 

gBlocks (IDT) with internal BstXI and BsrGI sites removed using synonymous substitutions. For 

certain experiments, GFP was replaced by GFP-T2A-Puro to allow for drug selection of 

positively transduced cells. Chimeric cDNAs and point mutations were cloned with overlapping 
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PCR primers. Point mutations in mouse-human CRBN chimeric proteins are annotated according 

to their position in human CRBN isoform 2. Lentivirus was concentrated by ultracentrifugation 

for transduction of primary cells.  

Lentiviral vectors (TRC005 backbone) expressing shRNAs targeting luciferase 

(TRCN0000072254: ATGTTTACTACACTCGGATAT) and CSNK1A1 (#1: TRCN0000342505, 

CATCTATTTGGCGATCAACAT; #2: TRCN0000342507, GCAGAATTTGCGATGTACTTA) 

were obtained from The RNAi Consortium (TRC) of the Broad Institute. For certain 

experiments, the puromycin resistance gene was replaced by GFP.  

The luciferase reporter plasmid pCMV-IRES-RenillaLUC-IRES-Gateway-FireflyLUC 

was a kind gift from William G. Kaelin (Dana-Farber Cancer Institute). Cloning of cDNAs was 

performed using Gateway LR reaction (Invitrogen). 

CRISPR-mediated genetic deletion was performed with the pSgRNA-CAS9-T2A-Puro 

plasmid [148] using CRBN exon 1-specific guide RNAs (CRBN targeting sequence: #1 

TCCTGCTGATCTCCTTCGC, #2 AACCACCTGCCGCTCCTGCC). 1 x 105 293T cells were 

transfected in a 12-well with 500 ng of each plasmid using TransLTI (Mirius). After 24 hours, 

transfected cells were selected with 2 µg/mL puromycin for 4 days. Then 293T cells were diluted 

to single cell and plated in 96-well. Colonies were tested by western blot and Sanger sequencing 

of the endogenous CRBN exon 1 locus for inactivating biallelic out-of-frame mutations.  

Western blot and antibodies 

Protein lysates were run on Tris-HCl, 1mm Criterion Precast gels (Bio-Rad) or NuPAGE 

Bis-Tris gels (Novex) gels at a constant voltage. Proteins were transferred onto Immobilon-P 

transfer membranes (Millipore) at a constant amperage. Before staining with primary antibodies, 
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blots were blocked in 5% non-fat dry milk (Santa Cruz) or 5% BSA in TBS-T 0.1% for 30 

minutes. 

For protein detection primary antibodies detecting CK1α (C-19, Santa Cruz or Abcam 

ab108296), β-catenin (Cell Signaling #9587 and #8480), HA (HRP-conjugate, Miltenyi, GG8-

1F3.3), FLAG (M2, HRP-conjugate Sigma Aldrich), ubiquitin conjugates (FK2, HRP-conjugate 

Enzo Life Sciences), Actin (HRP-conjugate, Abcam), β-tubulin (Cell Signaling #2146) and 

GAPDH (Santa Cruz sc-47724) were used. Secondary antibodies were HRP conjugated Bovine 

anti-Goat (Jackson ImmunoResearch) and HRP conjugated donkey anti-rabbit (GE Healthcare). 

SuperSignal (Thermo Scientific) chemiluminescent substrate was used for detection.  For re-

probing, blots were stripped in Restore Western Blot Stripping Buffer (Thermo Scientific), 

activated in methanol, and re-blocked. 

Flow cytometry  

Flow cytometry was performed on a FACS Canto II (BD Bioscience) using the PE and 

FITC channels for the detection of dTomato and GFP, respectively. DAPI staining was 

performed to exclude dead cells. A High-Throughput Sampler (BD) was used for some 

experiments. 

Quantitative RT-PCR 

Gene expression was measured by reverse transcription quantitative PCR (RQ-PCR).  For 

RNA isolation and reverse transcription, a cDNA Synthesis Kit for MultiMacs (Miltenyi) was 

used according to the manufacturer’s protocol. The following primer-probe sets from Life 

Technologies were used with TaqMan Gene Expression Master Mix (Life Technologies): human 

GAPDH (402869), human CSNK1A1 (Hs00793391_m1), human IKZF1 (Hs00958474_m1), 

mouse Gapdh (Mm99999915_g1), mouse p21 (Mm04205640_g1). Analysis was performed on a 
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7900HT Fast Real-Time PCR System (Applied Biosystems) in a 384-well plate. Relative 

expression levels were calculated using the ΔΔCT method. 

Immunoprecipitation of CRBN 

For immunoprecipitation of FLAG-CRBN, 3 x 106 293T cells were plated in a 10 cm 

dish and transfected with 10 μg FLAG-hCRBN or empty vector. Cells were treated with DMSO 

or 1 μM lenalidomide in the presence of 10 μM MG132 for 3 hours. Cells were lysed in Pierce 

IP Lysis Buffer and lysates were cleared by centrifugation. FLAG-CRBN was 

immunoprecipitated overnight using anti-FLAG M2 Affinity Gel (Sigma-Aldrich) in the 

presence of 10 μM MG132 and DMSO or 1 μM lenalidomide. The beads were washed 3 times 

with IP lysis buffer (Pierce) and protein was eluted from the affinity gel with 250 µg/mL FLAG 

peptide (Sigma) after incubation for 30 min at 4°C. Protein lysates were then analyzed as 

described above.  

For immunoprecipitation of endogenous CRBN 5 x 106 293T cells were treated with 

DMSO or 10 µM lenalidomide and 10 µM MG132 for 4 hours. Protein lysates were incubated 

overnight at 4 °C with 1 µg of a polyclonal mouse anti-CRBN antibody (abcam) in the presence 

of lenalidomide or DMSO and MG132, Protein G sepharose beads were added for one hour. The 

beads were washed once with IP lysis buffer (Pierce) and protein was eluted from the beads by 

incubation with LDS loading buffer (Life Technologies) at 70 °C for 10 minutes.  

In vivo ubiquitination 

For assessment of endogenous ubiquitination of CK1α 2 x 107 KG-1 cells were treated 

with DMSO, 1 or 10 µM lenalidomide for 4 hours and then lysed in IP lysis buffer containing 10 

mM NEM and 10 µM MG132. Ubiquitinated proteins were pulled down by Ubiquilin 1 Tandem 

UBA (TUBE2) Agarose (Boston Biochem) for 4 hours at 4 °C and washed 3x with IP lysis 
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buffer. Protein was eluted by incubation with Laemmli buffer (Biorad) at 95 °C for 5 minutes, 

separated by SDS-PAGE, transferred to PVDF membrane and probed with anti-CK1α.  

In vitro ubiquitination 

293T cells were transfected with either HA-CK1α or FLAG-CRBN expressing vectors. 

After 48 hours, cells were lysed in Pierce IP lysis buffer (Thermo Scientific) and 

immunoprecipitated overnight with FLAG-Sepharose beads (Anti-FLAG M2 Affinity Gel, 

Sigma) or HA-Sepharose beads (EZView Red anti-HA affinity gel, Sigma). The beads were 

washed 3x in IP lysis buffer and 2x in E3 Ligase Reaction buffer (Boston Biochem) and eluted 

with 250 µg/mL FLAG peptide (Sigma) or 100 µg/mL HA peptide for 30 min at 4 °C. The 

eluates were mixed in a 1:1 ratio and added to a ubiquitination reaction mixture containing 200 

nM E1 (UBE1), 2 μM UbcH5a, 1 μM UbcH5c, 1 μg/μL K0 ubiquitin, 1 µM ubiquitin aldehyde, 

1x Mg-ATP, 1x E3 Ligase Reaction Buffer (all Boston Biochem), 10 μM MG132, 100 nM 

MG101 and 1 μM lenalidomide, 10 μM lenalidomide, or DMSO (1:1000) as appropriate in a 

total volume of 25 µl. 

Negative controls did not include E1 and E2 enzymes. After a 90-minute incubation at 30 

°C, the reaction was denatured by adding 5x SDS containing loading buffer (Boston Biochem), 

boiled at 95 °C for 5 minutes, separated by SDS-PAGE and transferred to a PVDF membrane in 

order to detect HA-CK1α and its ubiquitinated forms with a CK1α-specific antibody. The 

membrane was then stripped and re-probed with anti-FLAG antibody.  

Immunofluorescence 

50,000 293T cells were grown on Lab-Tek 8 well chamber slides (Nunc) for 24 hours and 

then treated with DMSO or 10μM lenalidomide for various durations. At the conclusion of 

treatment, the media was decanted and the wells were washed 1x with PBS. Cells were fixed in 
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4% formaldehyde in PBS for 15 minutes, washed 3x 5 min in PBS and blocked for 1 hour at 

room temperature in PBS with 0.3% Tween-20 and 5% BSA. Primary antibody was anti-CK1α 

(C-19, Santa Cruz), which was diluted 1:100 in PBS with 0.3% Tween-20 and 1% BSA 

(antibody dilution buffer) and incubated for 2 hours at room temperature. After 3x 5 min washes 

in PBS, Alexa Fluor 488 donkey anti-Goat (Life Technologies) was added at 1:200 in antibody 

dilution buffer and incubated for 1 hour at room temperature. After 3x 5 min washes in PBS 

slides were coverslipped with Vectashield mounting media with DAPI (Vector Laboratories). 

Slides were analyzed by fluorescence microscopy at 100x using a Nikon Eclipse 90i and NIS 

Elements. Channels were merged using ImageJ.  

Purification, culture, and lentiviral infection of human CD34+ cells for shRNA experiments 

Research cord blood units were obtained from The New York Blood Center according to 

an Institutional Review Board-approved protocol. Cord blood CD34+ hematopoietic cells were 

isolated from Ficoll purified PBMCs with an Indirect CD34 MicroBead kit (Miltenyi) and an 

Auto MACS Pro (Miltenyi) according to the manufacturer’s protocol. Cells were cultured in 

serum-free media (SFEM, StemSpan) containing 50 ng/mL recombinant human TPO (Miltenyi), 

40 ng/mL human FLT3 ligand (Miltenyi), 25 ng/mL recombinant human SCF (Miltenyi), and 10 

ng/mL IL-3 (Miltenyi). For shRNA experiments, CD34+ cells were transduced with a VSV-G 

pseudotyped TRC pLKO.005 lentiviral vector expressing GFP instead of the puromycin 

resistance gene.  Infection was performed after 24 hours in culture in a 96-well using spinfection 

in the presence of 2 µg/mL polybrene (hexadimethrine bromide, Sigma). Forty-eight hours after 

transduction the number of transduced cells was analyzed by flow cytometry and was used as the 

baseline. Then cells were cultured in 1 µM lenalidomide or DMSO and the relative number of 

infected cells was assessed by flow cytometry for 3 weeks.  
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Purification, culture, and lentiviral infection of patient samples 

Viably frozen bone marrow mononuclear cells were obtained from healthy donors or 

patients with del(5q) MDS according to IRB approved protocols at the University of 

Pennsylvania and Roswell Park Cancer Institute. Informed consent was obtained from all 

subjects. Samples were thawed and CD34+ hematopoietic cells were isolated 20-24 hours later 

using an Indirect CD34 MicroBead kit (Miltenyi) and an Auto MACS Pro (Miltenyi). Cells were 

grown in serum-free media (SFEM, StemSpan) supplemented with 25 ng/mL SCF, 40 ng/mL 

FLT3 ligand, 50 ng/mL thrombopoietin, 40 μg/mL lipids, 100 U/mL Pen/Strep and 2 mM 

glutamine. 6-8 hours after CD34+ isolation, cells were transduced with concentrated VSV-G 

pseudotyped pEF1a-GFP-IRES-hCSNK1A1, pEF1a-GFP-IRES-hIKZF1 or empty vector control 

virus via spinfection in the presence of 4 µg/mL polybrene (Sigma, diluted to 2 µg/mL after 

spinfection). After 3 days, the initial percentage of transduced cells was determined by flow 

cytometry and remaining cells were split to treatment with either DMSO or 1 µM lenalidomide. 

The relative abundance of transduced cells in each condition was assessed after 5 days by flow 

cytometry. Control cord-blood CD34+ cells were isolated as above. Adult bone marrow CD34+ 

cells were purchased as single-donor lots from AllCells (Alameda, CA).  The number of 

replicates for each patient sample, vector, and treatment was limited by the number of cells 

available and was as follows: one for samples 1-5, 8, 9 and 12; two for samples 6, 7 and 10; three 

for sample 11; four for sample 13. Samples were combined from three experiments.  

For qPCR validation of CSNK1A1 or IKZF1 mRNA expression, cord blood CD34+ cells 

were transduced with lentivirus expressing GFP and the cDNA of interest or empty vector. After 

3 days, transduced GFP+ cells were FACS sorted and RNA extraction and qPCR were performed 

as above.  
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TP53 Sequencing of patient samples 

Genomic DNA was extracted from the CD34- fraction of the patient bone marrow 

samples using a DNA Blood Mini Kit (Qiagen). PCR and sequencing were performed as 

described in the International Agency for Research on Cancer’s Direct Sequencing Protocol 

(http://p53.iarc.fr/download/tp53_directsequencing_iarc.pdf). Mutations were identified using 

Mutation Surveyor (Softgenetics). Benign polymorphisms were identified using the International 

Agency for Research on Cancer’s Portal (http://p53.iarc.fr/TP53GeneVariations.aspx).  

Expressing different CRBN proteins in Ba/F3 cells 

Variants of human and mouse CRBN were cloned into a modified pRSF91 backbone to 

generate pRSF91-CRBN-IRES-GFP-T2A-Puro retroviral constructs. 200,000 Ba/F3 cells were 

infected with ecotropic retrovirus in the presence of 2 μg/mL polybrene. After 24 hours, 1 μg/mL 

puromycin (Gibco) was added and cells were selected for 3-4 days. Cells were confirmed to be 

>90% GFP+ by flow cytometry and 1,000,000 cells were plated per 6-well and treated with 

DMSO or lenalidomide for 24 hours. Protein lysates were harvested and immunoblotted for 

CK1α as described above.  

IKZF1 and IKZF3 luciferase reporter assay 

10,000 293T cells were transfected with 50 ng of pCMV-IRES-RenillaLUC-IRES-

IKZF1/IKZF3-FireflyLUC reporter plasmid together with 100 ng of a vector expressing hCRBN, 

mCrbn, different chimeric or mutant CRBN forms or empty control. After 48 hours, cells were 

treated with DMSO and lenalidomide for 4 hours. Firefly and Renilla luciferase activity were 

measured using the Dual-Glo Luciferase Assay System (Promega) according to the 

manufacturer’s protocol.  
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Lenalidomide affinity purification 

A lenalidomide derivative was conjugated to affigel beads as described previously [65]. 

FLAG-tagged cDNAs encoding hCRBN, mCrbn, and mCrbnI391V were expressed from the 

pRSF91 retroviral backbone in 293T cells. Cell lysates were pre-mixed with DMSO or a 100-

fold excess of lenalidomide and lenalidomide-conjugated affigel beads were added. After 

incubation, the lenalidomide-bound affigel bead fraction was isolated by centrifugation and 

washed. Bead-associated proteins were eluted in hot Laemmli buffer and run on a denaturing 

protein gel. Various forms of CRBN were detected with an anti-FLAG antibody.  

Mouse experiments 

Mouse experiments were performed according to an IACUC approved protocol at 

Children’s Hospital Boston. Generation and characterization of the conditional Csnk1a1 

knockout mouse has been described previously [130]. Csnk1a1flox/+ mice were crossed with 

Mx1Cre+ mice on a C57BL/6NTac background to obtain Csnk1a1flox/+ Mx1Cre+ mice. 

Csnk1a1flox/+ Mx1Cre+ or control Csnk1a1+/+ Mx1Cre+ mice were treated with 3 doses of 200 μg 

poly(I:C) (Invivogen HMW) at 8-10 weeks of age and gene excision was confirmed where 

applicable. At least 2 weeks following poly(I:C) treatment, the long bones and spines were 

harvested and crushed, and red blood cells were lysed. Bone marrow from age-matched mice of 

the same genotype was pooled to create sex-balanced groups. C-Kit+ cells were isolated with a 

CD117 MicroBead Kit (Miltenyi) and an AutoMacs Pro and grown in SFEM (StemSpan) 

supplemented with antibiotics and 50 ng/mL mTPO (Peprotech) and 50 ng/mL mSCF 

(Peprotech) for 24 hours. Ecotropic pseudotyped retrovirus was spun onto Retronectin 

(Clontech) coated 6-well plates and cells were added in 1 mL of media with 2 μg/mL polybrene. 

An additional 1 mL of media was added after 24 hours. After 48 hours, GFP+ cells were isolated 
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by FACS sorting (BD FACS Aria II) and CD45.1+ and CD45.2+ cells were mixed. Cells were 

treated with various doses of lenalidomide and the percent CD45.1+ and CD45.2+ cells 

expressing the fluorescent marker was followed by flow cytometry over time following cell 

surface staining.  Antibodies for flow cytometry were as follows: CD45.1 APC/Cy7 (A20, 

BioLegend), CD45.2 PE (104, eBioscience), and CD45.2 FITC (104, eBioscience). The number 

of mice needed for each experiment was calculated by assuming a yield of 5 million c-Kit+ cells 

per mouse (long bones and spine), a transduction rate of 40%, and a target of 50,000 GFP+ cells 

per experimental well, which was found to reduce variability in pilot experiments. Due to the 

experimental design, the genotypes of the mice could not be blinded or randomized. 

For in vivo treatment, female C57BL/6 mice were treated with once-daily intraperitoneal 

injection of 10 mg/kg lenalidomide dissolved in DMSO and diluted in 100 µl PBS or with 

DMSO in 100 µl PBS.  Bone marrow was harvested after 14 days and lysed with IP lysis buffer 

(Pierce). Due to experimental design, the treatment groups could not be blinded. 

Quantitative Mass Spectrometry in MDS-L cells 

MDS-L multiplexed quantitative mass spectrometry samples were processed and 

analyzed by the Thermo Fisher Scientific Center for Multiplexed Proteomics at Harvard Medical 

School.  Samples were prepared as previously described [149] with the following modification. 

All solutions are reported as final concentrations. Lysis buffer (8 M Urea, 1% SDS, 50 mM Tris 

pH 8.5, Protease and Phosphatase inhibitors from Roche) was added to the cell pellets to achieve 

a cell lysate with a protein concentration between 2-8 mg/mL. A micro-BCA assay (Pierce) was 

used to determine the final protein concentration in the cell lysate. Proteins were reduced and 

alkylated as previously described. Proteins were precipitated using methanol/chloroform. In 

brief, four volumes of methanol were added to the cell lysate, followed by one volume of 
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chloroform, and finally three volumes of water. The mixture was vortexed and centrifuged to 

separate the chloroform phase from the aqueous phase. The precipitated protein was washed with 

one volume of ice-cold methanol. The washed precipitated protein was allowed to air dry. 

Precipitated protein was resuspended in 4 M Urea, 50 mM Tris pH 8.5. Proteins were first 

digested with LysC (1:50; enzyme:protein) for 12 hours at 25 oC. The LysC digestion is diluted 

down to 1 M Urea, 50 mM Tris pH8.5 and then digested with trypsin (1:100; enzyme:protein) for 

another 8 hours at 25 oC. Peptides were desalted using a C18 solid phase extraction cartridges as 

previously described. Dried peptides were resuspended in 200 mM EPPS, pH 8.0. Peptide 

quantification was performed using the micro-BCA assay (Pierce). The same amount of peptide 

from each condition was labeled with tandem mass tag (TMT) reagent (1:3; peptide:TMT label) 

(Pierce). The 6-plex and 10-plex labeling reactions were performed for 2 hours at 25 oC. 

Modification of tyrosine residue with TMT was reversed by the addition of 5% hydroxyl amine 

for 15 minutes at 25 oC. The reaction was quenched with 0.5% TFA and samples were combined 

at a 1:1:1:1:1:1 ratio for 6-plex experiments or 1:1:1:1:1:1:1:1:1:1 for 10-plex experiments. 

Combined samples were desalted and offline fractionated into 24 fractions as previously 

described. 

Liquid chromatography-MS3 spectrometry (LC-MS/MS) in MDS-L cells 

12 of the 24 peptide fractions from the basic reverse phase step (every other fraction) 

were analyzed with an LC-MS3 data collection strategy on an Orbitrap Fusion mass 

spectrometer (Thermo Fisher Scientific) equipped with a Proxeon Easy nLC 1000 for online 

sample handling and peptide separations. Approximately 5 µg of peptide resuspended in 5% 

formic acid + 5% acetonitrile was loaded onto a 100 µm inner diameter fused-silica 

microcapillary with a needle tip pulled to an internal diameter less than 5 µm. The column was 
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packed in-house to a length of 35 cm with a C18 reverse phase resin (GP118 resin 1.8 μm, 120 Å, 

Sepax Technologies). The peptides were separated using a 120 min linear gradient from 3% to 

25% buffer B (100% ACN + 0.125% formic acid) equilibrated with buffer A (3% ACN + 

0.125% formic acid) at a flow rate of 600 nL/min across the column. The scan sequence for the 

Fusion Orbitrap began with an MS1 spectrum (Orbitrap analysis, resolution 120,000, 400−1400 

m/z scan range, AGC target 2 × 105, maximum injection time 100 ms, dynamic exclusion of 75 

seconds). ‘Top speed’ (1 second) was selected for MS2 analysis, which consisted of CID 

(quadrupole isolation set at 0.5 Da and ion trap analysis, AGC 4 × 103, NCE 35, maximum 

injection time 150 ms). The top ten precursors from each MS2 scan were selected for MS3 

analysis (synchronous precursor selection), in which precursors were fragmented by HCD prior 

to Orbitrap analysis (NCE 55, max AGC 5 × 104, maximum injection time 150 ms, isolation 

window 2.5 Da, resolution 60,000 (10-plex experiments) or 15,000 (6-plex experiments)). 

LC-MS3 data analysis for MDS-L cells 

A suite of in-house software tools were used for .RAW file processing and controlling 

peptide and protein level false discovery rates, assembling proteins from peptides, and protein 

quantification from peptides as previously described [149]. MS/MS spectra were searched 

against a UniProt human database (February 2014) with both the forward and reverse sequences. 

Database search criteria are as follows: tryptic with two missed cleavages, a precursor mass 

tolerance of 50 ppm, fragment ion mass tolerance of 1.0 Da, static alkylation of cysteine 

(57.02146 Da), static TMT labeling of lysine residues and N-termini of peptides (229.162932 

Da), and variable oxidation of methionine (15.99491 Da). TMT reporter ion intensities were 

measured using a 0.03 Da window (6-plex) or 0.003 Da window (10-plex) around the theoretical 

m/z for each reporter ion in the MS3 scan. Peptide spectral matches with poor quality MS3 
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spectra were excluded from quantitation (<100 summed signal-to-noise across 6 channels and 

<0.5 precursor isolation specificity for 6-plexes or (<200 summed signal-to-noise across 10 

channels and <0.5 precursor isolation specificity for 10-plexes).  

A moderated t-test was applied across all proteins to assess statistical significance [146]. 

This statistic is similar to the ordinary t-statistic, with the exception that the standard errors are 

calculated using an empirical Bayes method utilizing information across all proteins, thereby 

making inference about each individual protein more robust. This test assumes normality and 

uses an estimated standard deviation intended to handle relatively few replicates per condition.  

Posterior residual standard deviations are used in place of ordinary standard deviation in the 

moderated t-test applied. This shrinkage of protein-wise sample variances to a pooled estimate 

provides more stable inference when sample numbers are reduced. The nominal P values arising 

from the moderated t-statistic are corrected for multiple testing by controlling the false discovery 

rate (FDR), as proposed by Benjamini and Hochberg [147]. Proteins with an FDR adjusted P 

value of less than 0.05 were deemed to be reproducibly regulated. 

IMiD compound substrate selectivity in KG-1 and MDS-L cells 

Cells (2-4 x 106) were plated in 10cm dishes and incubated overnight (18-24 h). Cells 

were treated with DMSO, lenalidomide (1-10 μM), CC-122 (1-10 μM), pomalidomide (1-10 

μM), or thalidomide (10-100 μM) for 6 hours. Drug- treated cells were collected, washed with 

PBS and cell pellets were lysed in RIPA buffer containing protease and phosphatase inhibitors 

for 30-45 minutes followed by sonication and centrifugation. Protein lysates were quantified 

using BCA protein assay kit and 10-15 μg of protein was used for western analysis. CC-122 and 

lenalidomide competition experiment was conducted as above except cells were pre-treated with 
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DMSO or 10 μM CC-122 for 90 minutes followed by treatment with lenalidomide (0.3-10 μM) 

or DMSO for 6 hours. 

The synthesis and characterization of CC-122, which was carried out by Celgene, is 

described in the Supplementary Methods section of the publication describing this work [82].   

 



 
 

Chapter 3 Development of a thalidomide-sensitive mouse model via a single amino acid 

change in Cereblon 
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Contributions 

I designed and performed the experiments in this chapter including the characterization of 

known IMiD-target degradation, competitive transplants, peripheral blood analysis, 

hematopoietic stem and progenitor analysis, and fetal loss experiments except as noted below.  

The CrbnI391V mouse model was generated by Ingenious Targeting Labs, who also 

provided the Southern Blot design and data. James Kennedy and Andrew Nguyen generated the 

Hoxb8 cell lines. Andrew Guirguis performed the reporter Hoxb8 experiments. Proteomics were 

performed by the Carr group at the Broad Institute, including Namrata Udeshi, Tanya Svinkina, 

and D.R. Mani. Daniel Haldar performed the Western Blots for the Zfp91 and the T cell time 

course that are shown. Dylan Adams helped generate the c-Kit+ reporter data.  

I had significant help in establishing, maintaining, breeding and organizing the CrbnI391V 

mouse colony from Marie McConkey and Dylan Adams. Marie McConkey, Dylan Adams, 

Daniel Haldar, and Michelle Chen provided help with treating and harvesting mice, establishing 

timed matings, weighing mice, and other of the myriad of technical tasks that were required to 

complete these experiments.  

Rebekka Schneider and Ronald Mathieu provided helpful guidance on the development 

of flow cytometry antibody panels. Brian Liddicoat provided guidance on recognizing different 

mouse embryonic stages. Quinn Sievers kindly provided reporter constructs for IKZF3, ZFP91, 

and their associated mutations. 

 

Note: We are currently in the process of submitting this work for publication. 
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Summary 

Thalidomide, once infamous for its teratogenic effects, and derivatives lenalidomide and 

pomalidomide have found new clinical utility as treatments for multiple myeloma and 

myelodysplastic syndrome with del(5q). Despite their widespread clinical use, studies of these 

drugs have been limited by their lack of effect in rodent models. Here, we report the 

development of a knock-in mouse which is sensitive to thalidomide derivatives. Thalidomide 

analogs bind to CRBN and recruit protein targets to the CRL4CRBN E3 ubiquitin ligase, resulting 

in their degradation by the proteasome. Mice with a single amino acid change in Crbn, CrbnI391V, 

show thalidomide-induced degradation of drug targets identified in human cells including Ikzf1, 

Ikzf3, zinc finger protein 91 (Zfp91), and Ck1α. Previous work suggested that haploinsufficient 

expression of CK1α could explain the efficacy of lenalidomide in del(5q) myelodysplastic 

syndrome. Using the CrbnI391V model, we demonstrate that haploinsufficiency for Ck1α confers 

lenalidomide sensitivity in vivo and that both lenalidomide-induced selection and Trp53-

mediated resistance occur at the level of hematopoietic stem cells. We also demonstrate that 

CrbnI391V is sufficient to confer thalidomide-induced fetal loss in mice. Further study of the 

CrbnI391V model will provide valuable insights into the in vivo efficacy and toxicity of this class 

of drugs.   
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Introduction  

The use of thalidomide as a treatment for morning sickness in the 1950s resulted in the 

birth of more than 10,000 children with phocomelia and other characteristic malformations, as 

well as an untold but likely high number of miscarriages [1, 150].  Since that time IMiDs have 

demonstrated clinical efficacy in multiple myeloma [71-75], other B cell neoplasms including 

mantle cell lymphoma [57] and chronic lymphocytic leukemia [58, 59], and myelodysplastic 

syndrome (MDS) with del(5q) [53, 54, 107]. Despite our rapidly advancing understanding of the 

molecular mechanism of these drugs, in vivo studies of thalidomide derivatives have been limited 

by their lack of effect in rodent models [20, 21, 24, 26-28, 115]. In the case of thalidomide, this 

species difference may have prevented the recognition of teratogenicity, as pre-clinical studies in 

rodent models are reported to have been performed [4, 7, 24]. Predictive in vivo models are 

particularly important for understanding the clinical mechanism of thalidomide derivatives, as 

they are thought to have effects on the immune system, stroma-tissue interactions, and 

organismal development that are not well recapitulated in vitro [46, 151-153].  

In Chapter 2, we found that Ikzf1, Ikzf3, and Ck1α are not degraded in mouse cells 

treated with thalidomide analogs. We showed that expression of human CRBN restored the 

thalidomide responsiveness of mouse cells, implicating differences in the amino acid sequence of 

CRBN in the lack of IMiD effects in mouse cells. Here, we report the development of a knock-in 

mouse model that is sensitive to thalidomide analogs.  

Design considerations 

In Chapter 2, we showed that retroviral overexpression of human CRBN or mouse Crbn 

with substitution of the isoleucine at position 391 with the corresponding human valine residue 
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(CrbnI391V) results in a mouse cell that degrades Ikzf1, Ikzf3, and Ck1α in response to 

thalidomide derivatives. This suggests several potential ways to make a lenalidomide-sensitive 

mouse. First, human or humanized CRBN could be introduced into the Rosa26 or endogenous 

Crbn locus. Although Rosa26 transgenic mice are generally faster and easier to make, they 

express the transgene ubiquitously, without endogenous patterns of regulation, and often at high 

levels [154, 155]. Conversely, it is more difficult to knock-in a gene at the endogenous locus, but 

it is more likely to be expressed at physiologic levels with tissue-specific expression and 

endogenous mechanisms of control. Since knock-in mice can be used as heterozygotes or 

homozygotes, they also provide a way to eliminate endogenous mouse Crbn that might compete 

with the transgenic CRBN for lenalidomide binding. Importantly, Crbn knock-out mice are 

viable and have no significant hematologic defects [124, 125], so expression of Crbn is not 

required for normal development. Additionally, CRBN is expressed widely in humans, with 

detectable expression in testis, spleen, prostate, liver, pancreas, placenta, kidney, lung, skeletal 

muscle, ovary, small intestine, peripheral blood leukocytes, colon and brain, so expression of 

CRBN in a variety of tissues will likely be fairly well tolerated [156].  

However, in earlier experiments (data not shown), we observed selection against CRBN 

overexpression both in vitro and in bone marrow transplant models, raising concerns that similar 

negative selection might occur during embryonic development or in other organ systems when 

CRBN is expressed at high levels without endogenous regulatory mechanisms. Thus, we opted to 

create a knock-in at the endogenous mouse Crbn locus under the control of the endogenous 

promoter.  

Either full-length human CRBN or the single point mutation mouse CrbnI391V could be 

knocked-in to the endogenous Crbn locus to create a lenalidomide-sensitive mouse. Expression 
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of mouse CrbnI391V recapitulates the effects of human CRBN on Ikzf3 and Ck1α degradation in 

lenalidomide-treated mouse cell lines, as well as the relative depletion of Csnk1a1+/- primary 

mouse bone marrow cells treated with lenalidomide. However, we do not understand all aspects 

of the mechanism of lenalidomide, most notably its teratogenic targets. The fact that Ikzf1 and 

Ck1α degradation depend on the same species-difference in CRBN argues that I391V plays a 

crucial role in lenalidomide’s central mechanism. However, this single point mutant change may 

not be sufficient to affect lenalidomide’s other unknown targets. Conversely, full-length human 

CRBN may not be well tolerated by mouse cells due to novel targets or the disruption of 

endogenous interactions. Since mouse CrbnI391V only differs by a single amino acid from 

endogenous mouse Crbn, it is less likely to significantly disrupt mouse cells or development. 

Additionally, it is technically easier to knock-in a single point mutant than a cDNA and the 

resulting transgene is more likely to express well. For these reasons, we decided to make a 

mouse CrbnI391V knock-in mutant in order to study the effect of thalidomide analogs in vivo. 

Specifically, we sought to understand the effects of lenalidomide on hematopoiesis, to 

demonstrate that haploinsufficiency for Ck1α can explain lenalidomide’s therapeutic window in 

vivo, and to determine whether CrbnI391V is sufficient to confer thalidomide-induced 

teratogenicity.  

Results 

Thalidomide derivatives induce degradation of substrates in CrbnI391V knock-in mice 

To enable the study of thalidomide derivatives in vivo, we generated a knock-in mouse 

model in which isoleucine was substituted with valine at position 391 in murine Crbn by 

homologous recombination (Figure 3.1a). Integration of the targeting vector was assessed by 

Southern Blot and PCR at the Crbn locus (Figure 3.1b-d). Pups homozygous for the I391V 
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mutation were born at the expected Mendelian frequency (Figure 3.2a). The I391V amino acid 

change was confirmed in adult tissues by DNA sequencing (Figure 3.2b) and did not impair the 

expression of Crbn in hematopoietic cells (Figure 3.2c).  
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Figure 3.1: Design and generation of CrbnI391V knock-in mice. a, Schema of CrbnI391V allele 

after FLP-excision of the Neo cassette in the knock-in mice used in these studies. b, Design of 

Southern blot experiment showing the location of restriction enzyme sites and probe. c, Southern 

blot showing insertion of targeting cassette at Crbn locus in targeted ES cells. 144, 271, 274, 

332, and 352 are successfully targeted mouse embryonic stem cell clones. B6 is wild-type 

control mouse embryonic stem cells. d, Results of genotyping PCR. Lane 1 is tissue from a wild-

type mouse. Lane 2 is tissue from a CrbnI391V/I391V mouse wild-type mouse. 
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Figure 3.2: Genotype ratios and Crbn expression in CrbnI391V mice.  a, Genotype ratios in 

pups derived from CrbnI391V/+ x CrbnI391V/+ crosses do not show a statistically significant 

deviation from Mendelian ratios. b, Sanger sequencing results of Crbn from peripheral blood of 

wild-type or CrbnI391V/I391V mice. c, Presence of the CrbnI391V allele does not decrease expression 

of Crbn in T cells, as assessed by qPCR. ns is not significant. 

We first assessed whether cells from CrbnI391V/I391V mice degrade substrates when treated 

with thalidomide derivatives in vitro. We used tandem mass tag (TMT) mass spectrometry to 

assess changes in the global proteome of c-Kit+ hematopoietic stem and progenitor cells from 

knock-in and wild-type mice treated with 1 µM lenalidomide. In CrbnI391V/I391V cells, 

lenalidomide treatment resulted in decreased protein abundance of Ikzf1 (Log2 fold change=-

0.7785, adjusted P value= 0.02 for isoform CRA_a and Log2 fold change=-0.727 , adjusted P 

value=0.03 isoform CRA_b) and Ck1α (Log2 fold change = -1.044 , adjusted P value=0.02)) 

relative to vehicle-treated cells (Figure 3.3, Figure 3.4a). In contrast, no statically-significant 
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changes in protein abundance were seen following lenalidomide treatment of wild-type cells 

(Figure 3.3).  

Since lenalidomide and pomalidomide differ in their substrate specificities (Chapter 2), 

we also evaluated the effect of 1 µM pomalidomide treatment on CrbnI391V/I391V c-Kit+ cells 

(Figure 3.3c, Figure 3.4b). We found that pomalidomide treatment decreased protein abundance 

of Ikzf1 (Log2 fold change= -1.3245, adjusted P value= 0.003 for isoform CRA_a and Log2 fold 

change= -1.2715, adjusted P value=0.003 for CRA_b) relative to vehicle-treated cells. There was 

no change in the protein levels of Ck1α. Pomalidomide treatment also decreased protein levels of 

the zinc finger protein Zfp91 (Log2 fold change= -1.315, adjusted P value= 0.01), which was 

recently shown to be degraded by lenalidomide in human cells [157].  
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Figure 3.3: Global proteome profiling identifies downregulated proteins in wild-type and 

knock-in cells treated with thalidomide derivatives in vitro. c-Kit+ hematopoietic stem and 

progenitor cells were isolated from CrbnI391V/I391V mice or wild-type mice and treated in vitro 

with 1 µM lenalidomide, 1 µM pomalidomide, or DMSO vehicle for 12 hours. Protein 

abundance was assessed by tandem mass tag mass spectrometry and downregulated proteins are 

shown here. Statistical significance was calculated with a two-sample modified t-test and P 

values were adjusted for multiple comparisons according to Benjamini and Hochberg [147]. The 

horizontal line indicates an adjusted P value of 0.05 and proteins with a P value <0.05 are 

colored red. Log2 fold change is the average of two biological replicates. 
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Figure 3.4: Proteins significantly altered by IMiD treatment in CrbnI391V/I391V cells.  These 

tables provide additional data from the tandem mass tag global proteome experiment shown in 

Figure 3.3. a, List of significantly regulated proteins in CrbnI391V/I391V c-Kit+ cells treated with 1 

μM lenalidomide vs. DMSO. b, List of significantly regulated proteins in CrbnI391V/I391V c-Kit+ 

cells treated with 1 µM pomalidomide vs. DMSO. There were no significantly regulated proteins 

in wild-type c-Kit+ cells treated with 1 µM lenalidomide. Average Log2 fold change is of two 

biological replicates. 

To validate these results, we established an immortalized myeloid progenitor cell line by 

expressing the transcription factor Hoxb8 in c-Kit+ cells from knock-in and wild-type mice and 

culturing the cells in stem cell factor [158]. Using flow cytometry, we measured the post-
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translational stability of an IKZF3 degron reporter in which a 60 amino-acid region of IKZF3 is 

fused in frame with GFP (Figure 3.5a) [65, 126]. As shown in Figure 3.5b, treatment with low 

doses of lenalidomide, pomalidomide, and thalidomide induced degradation of the IKZF3 

reporter in Hoxb8 cells from CrbnI391V/I391V mice. In contrast, only minimal degradation of the 

IKZF3 reporter was observed in Hoxb8 cells from wild-type mice. Comparison of the dose-

response curves from knock-in and wild-type Hoxb8 cells suggests that wild-type cells are 

approximately 100-fold less sensitive to treatment with various thalidomide derivatives. 

Additionally, degradation was not seen in knock-in Hoxb8 cells expressing a mutant version of 

the IKZF3 degron which is resistant to thalidomide derivatives (Figure 3.5c). 

 

 

 



90 
 

 

Figure 3.5: IKZF3 and ZFP91 reporter assays in Hoxb8 cells.  Hoxb8 cells derived from 

wild-type or CrbnI391V/I391V mice were infected with a fluorescent reporter (a) containing a 60 

amino-acid region of IKZF3 or the fourth zinc finger of ZFP91 fused in-frame to GFP. This 

construct also contains a copy of mCherry, separated from the GFP-fusion protein by an internal 

ribosome entry sequence, as a transcriptional control. Comparison of the percentage of mCherry+ 

cells that are also GFP+ before and after treatment with IMiDs provides a measure of post-

translational degradation. b, Post-translational degradation of the 60 amino-acid IKZF3 reporter 

in CrbnI391V/I391V or wild-type Hoxb8-transformed cells treated with lenalidomide, thalidomide, 

or pomalidomide in vitro for 6 hours. c, Post-translational degradation of a wild-type or a 

thalidomide-resistant C148A mutant IKZF3 reporter in CrbnI391V/I391V Hoxb8-transformed cells 

treated in vitro for 6 hours.  d, Post-translational degradation of a ZFP91 flow reporter in knock-

in or wild-type Hoxb8 cells treated in vitro for 12 hours. 
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We used a similar GFP fluorescent reporter containing a thalidomide-sensitive region of 

human ZFP91 to assess the post-translational stability of this protein in knock-in and wild-type 

Hoxb8 cells (Figure 3.5d). Treatment with pomalidomide, lenalidomide, and thalidomide 

induced degradation of a ZFP91 reporter in CrbnI391V/I391V Hoxb8 cells but not wild-type Hoxb8 

cells.  

We next asked whether treatment with thalidomide derivatives induces the degradation of 

endogenously expressed proteins. We found that lenalidomide treatment resulted in degradation 

of endogenously expressed Ikzf3 and Ck1α in cultured, c-Kit+ bone marrow cells and splenic T 

cells from CrbnI391V/I391V mice (Figure 3.6). No degradation of these proteins was observed with 

high dose treatment of wild-type mouse cells, while CrbnI391V/+ cells had an intermediate 

phenotype. 

 

Figure 3.6: Degradation of IKZF3 and CK1α in T and c-Kit cells from CrbnI391V mice 

treated in vitro. Degradation of Ikzf3 and Ck1α as assessed by western blot in T cells (a) and c-

Kit+ cells (b) from CrbnI391V/I391V, CrbnI391V/+, or wild-type mice after 18-hour in vitro treatment 

with the drug indicated. All samples on the T cell blot were run on adjacent lanes on the same 

gel, but the order of lanes has been changed for clarity.  
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Similar results were observed with in vivo administration of thalidomide analogs (Figure 

3.7). Single dose treatment with thalidomide or lenalidomide decreased protein levels of Ikzf1, 

Ck1α, and Zfp91 in T cells from CrbnI391V/I391V mice. Maximum degradation of these proteins 

was seen approximately 6 hours after treatment with 50 mg/kg lenalidomide, with recovery of 

baseline protein levels of Ikzf1, Ck1α, and Zfp91 by 24 hours (Figure 3.7a,b).  While higher and 

more frequent doses of thalidomide derivatives are required to achieve a similar effect in mice as 

in humans, this is consistent with the higher rate of thalidomide metabolism in mice [120, 159].  

 

Figure 3.7: Effects of in vivo IMiD treatment on cells from CrbnI391V/I391V mice.  a, In vivo 

treatment of CrbnI391V/I391V mice with lenalidomide or thalidomide results in degradation of Ikzf1 

and Ck1α in T cells after 12 hours. b, Western Blot time course of effects of in vivo lenalidomide 

treatment in CrbnI391V/I391V mice shows maximum degradation of Ikzf1 and Ck1α in T cells at 6 

hours, with recovery of baseline protein levels by 24 hours. c, Zfp91 protein levels are reduced in 

T cells from CrbnI391V/I391V mice treated with lenalidomide with similar kinetics.  
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Thalidomide derivatives have immunomodulatory effects which are observed in humans 

but not mice, including increased production of the cytokine IL-2 by T cells [160], which 

contributes to lenalidomide’s efficacy in leprosy [161].  IKZF3 is a transcriptional repressor of 

the IL2 gene, and degradation of IKZF3 increases IL2 mRNA and protein [162].  In CrbnI391V T 

cells cultured in vitro and treated with lenalidomide or pomalidomide, we observed a genotype-

dependent increase in the transcription and secretion of IL-2 (Figure 3.8). This confirms the 

downstream functional effects of thalidomide target degradation in CrbnI391V mice and supports 

the use of this model to further study the in vivo immunomodulatory effects of thalidomide 

derivatives. In aggregate, these findings demonstrate that thalidomide analog induced 

degradation of Ikzf1, Ikzf3, Ck1α, and Zfp91 can be restored with a single isoleucine to valine 

change in mouse Crbn. 
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Figure 3.8: Treatment with lenalidomide or pomalidomide increases IL-2 production by 

CrbnI391V T cells.  a, T cells from CrbnI391V/I391V and CrbnI391V/+ mice have increased production 

of IL-2 by ELISA when treated with lenalidomide (Len) or pomalidomide (Pom) for 24 hours. 

For wild-type cells, P value>0.05 for all comparisons with DMSO. For CrbnI391V/+ and 

CrbnI391V/I391V, all comparisons with DMSO have P value <0.01. b, T cells from CrbnI391V/I391V 

and CrbnI391V/+ mice have increased expression of IL2 by qPCR after 24-hour treatment with 1 

μM lenalidomide. IL2 expression for the vehicle treated samples in each genotype is normalized 

to 100%.  
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Effect of lenalidomide treatment on hematopoiesis 

Much of the clinical efficacy and toxicity of thalidomide analogs is due to effects on 

hematopoietic cells that reside and differentiate within a complex microenvironment in vivo. We 

therefore examined the effects of thalidomide derivatives on in vivo hematopoiesis. We focused 

further work on lenalidomide given its widespread clinical use in both multiple myeloma and 

del(5q) MDS. Administration of lenalidomide for 21 days resulted in a decline in total white 

blood cell count in CrbnI391V mice, but not wild-type mice, without a significant change in red 

blood cell number (Figure 3.9). The leukopenia was driven primarily by a decrease in the 

number of B220+ B cells, but there was also a statistically significant decrease in the number of 

CD3+ T cells and CD11b+ Gr1+ granulocytes. These findings are consistent with the role of 

IKZF1 and IKZF3 in lymphocyte development [163-165]. We also observed a statistically 

significant decrease in platelet count of knock-in mice treated with lenalidomide, without a 

significant change in the platelet counts of wild-type mice. This finding is consistent with the 

thrombocytopenia commonly seen in patients treated with thalidomide derivatives, which is 

often a dose-limiting toxicity [53, 54, 73, 166, 167].  
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Figure 3.9: Effect of lenalidomide treatment on peripheral blood counts.  Peripheral blood 

counts of wild-type and CrbnI391V/I391V mice after 21 days of treatment with 50 mg/kg 

lenalidomide or vehicle. CD11b+ Gr1+ granulocyte and platelet data are pooled from two cohorts 

of mice treated for 21-24 days.  ** P<0.005. P values calculated using unpaired Students t-test. 

ns is not significant. 

We next examined the effects of lenalidomide on normal hematopoietic stem and 

progenitor cells, which has been difficult to examine in patients with hematologic malignancies 

due to the presence of neoplastic hematopoiesis as well as therapy-induced alterations of the 

bone marrow microenvironment. Lenalidomide treatment resulted in a decrease in the proportion 

of Lineage- c-Kit+ (LK) and Lineage- c-Kit+ Sca1+ (LSK) cells as well as phenotypically-defined 
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Lineage- c-Kit+ Sca1+ CD48- CD150+ long-term hematopoietic stem cells (LT-HSC) and 

Lineage- c-Kit+ Sca1+ CD48- CD150- short-term hematopoietic stem cell (ST-HSC) in the bone 

marrow (Figure 3.10, Figure 3.11). 

 

Figure 3.10: Effect of lenalidomide treatment on hematopoietic stem and progenitor cells.  

Hematopoietic stem and progenitor cell compartments in wild-type and CrbnI391V/I391V mice after 

21 days of treatment with 50 mg/kg lenalidomide or vehicle. ST-HSC are Lineage- c-Kit+ Sca1+ 

CD48- CD150-. LT-HSC are Lineage- c-Kit+ Sca1+ CD48- CD150+. Lineage markers are CD3, 

B220, CD11b, Gr1, and Ter119.  ** indicates P value <0.005. ns is not significant. P values 

calculated using unpaired Students t-test. 
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Figure 3.11: Flow cytometry gating strategy for hematopoietic stem and progenitor 

compartments.  Representative flow plot showing effect of lenalidomide on hematopoietic stem 

and progenitor cells in CrbnI391V/I391V mice. LK are Lineage- c-Kit+ Sca1-. LSK are Lineage- c-

Kit+ Sca1+. ST-HSC are Lineage- c-Kit+ Sca1+ CD48- CD150-. LT-HSC are Lineage- c-Kit+ Sca1+ 

CD48- CD150+. MPP are Lineage- c-Kit+ Sca1+ CD48+ CD150-. CMP are Lineage- c-Kit+ Sca1- 

CD34+ CD16/32mid. GMP are Lineage- c-Kit+ Sca1- CD34+ CD16/32hi. MEP are Lineage- c-Kit+ 

Sca1- CD34+ CD16/32low Lineage markers are CD3, B220, CD11b, Gr1, and Ter119. 
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Figure 3.12: Effect of lenalidomide on hematopoietic progenitor compartments in CrbnI391V 

mice.  Hematopoietic progenitor compartments in wild-type and CrbnI391V/I391V mice after 28 or 

35 days of treatment with 50 mg/kg lenalidomide or vehicle. MPP are Lineage- c-Kit+ Sca1+ 

CD48+ CD150-. CMP are Lineage- c-Kit+ Sca1- CD34+ CD16/32mid. GMP are Lineage- c-Kit+ 

Sca1- CD34+ CD16/32hi. MEP are Lineage- c-Kit+ Sca1- CD34+ CD16/32low. Lineage markers are 

CD3, B220, CD11b, Ter119, and Gr1. Data are combined from two independent experiments. ** 

P<0.005. P values calculated using unpaired Students t-test. ns is not significant. 

There was also a decrease in the proportion of multipotent progenitors (MPP; Lineage- c-

Kit+ Sca1+ CD48+ CD150-), common myeloid progenitors (CMP; Lineage- c-Kit+ Sca1- CD34+ 
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CD16/32intermediate), and granulocyte-macrophage progenitors (GMP; Lineage- c-Kit+ Sca1- 

CD34+ CD16/32hi) in knock-in mice treated with lenalidomide, but not wild-type mice (Figure 

3.11, Figure 3.12). This finding indicates that long-term, high dose treatment with lenalidomide 

will impair the hematopoietic stem and progenitor cell compartment, consistent with the known 

myeloablative effects of high dose lenalidomide [53, 54, 73, 166, 167]. 

In contrast to its effects on other hematopoietic stem and progenitor cells, lenalidomide 

treatment did not significantly alter the percentage of megakaryocyte-erythroid progenitors 

(MEP; Lineage- c-Kit+ Sca1- CD34+ CD16/32low, Figure 3.12) in the bone marrow of 

CrbnI391V/I391V mice. Since the HSC, MPP, and CMP that give rise to the MEP lineage are all 

decreased in lenalidomide-treated CrbnI391V/I391V mice, this suggests that lenalidomide treatment 

enhances the development of megakaryocyte-erythroid lineage, which is consistent with the 

normal RBC counts seen in these mice. We also found that there was an expansion of the 

erythoblast II erythroid progenitor (Ter119+ CD71intermediate, see Figure 3.13) compartment in the 

bone marrow of lenalidomide-treated CrbnI391V/I391V mice, but not wild-type mice, While the 

effects of lenalidomide or related analogs on normal erythropoiesis have not been examined 

previously in vivo, these effects are consistent with studies of lenalidomide on human erythroid 

progenitor cells cultured in vitro [168, 169].  
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Figure 3.13: Effect of lenalidomide treatment on erythroid differentiation in CrbnI391V mice.  

Erythroid differentiation subsets were identified by staining for CD71 and TER119 in the bone 

marrow of wild-type and CrbnI391V/I391V mice after 35 days of treatment with vehicle or 50 mg/kg 

lenalidomide. Flow plots with labeled erythroid differentiation subsets are shown for 

CrbnI391V/I391V mice treated with vehicle (a) or lenalidomide (b). c, Quantitation of erythroid 

differentiation subsets in all treated mice. ** indicates P<0.005, P values calculated using 

unpaired Students t-test. ns is not significant. 

In vivo modeling of efficacy of lenalidomide in cells haploinsufficient for Csnk1a1 

In Chapter 2, we found that lenalidomide induces ubiquitination of CK1α by CRL4CRBN, 

ultimately resulting in its degradation by the proteasome. Since CK1α is encoded within the 
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del(5q) common deleted region [97] and is expressed at haploinsufficient levels in del(5q) MDS 

cells [99], this degradation could provide a mechanistic basis for lenalidomide’s therapeutic 

window in del(5q) MDS. In Chapter 2, we used retroviral overexpression of CrbnI391V to 

demonstrate that Csnk1a1+/- cells are more sensitive to in vitro lenalidomide treatment than wild-

type cells and preferentially undergo apoptosis through activation of Tp53. Here, we sought to 

use the CrbnI391V model to demonstrate that haploinsufficiency for Csnk1a1 is sufficient to 

explain lenalidomide’s therapeutic window in vivo.  

We first examined whether physiologic expression of CrbnI391V is sufficient to confer 

lenalidomide sensitivity to Csnk1a1+/- cells in vitro. We bred CrbnI391V mice to Csnk1a1+/fl 

MxCre+ mice, in which exon 5 of Csnk1a1 is floxed and Cre recombinase can be induced in 

hematopoietic cells [130]. We harvested c-Kit+ cells these mice for an in vitro competition 

experiment (Figure 3.14). After inducing excision of the floxed Csnk1a1 allele, we saw no effect 

of in vitro lenalidomide treatment on Crbn+/+ cells (Figure 3.14). In contrast, CrbnI391V 

Csnk1a1+/- MxCre+ cells were significantly more sensitive to lenalidomide than CrbnI391V MxCre+ 

cells and were depleted from the culture over time (Figure 3.14). Their depletion correlated with 

increased expression of the Tp53 transcriptional target p21 and an increased percentage of 

Annexin V+ cells, consistent with apoptotic cell death (Figure 3.15). This effect was seen both in 

CrbnI391V/I391V and CrbnI391V/+ cells, confirming that heterozygous expression of CrbnI391V is 

sufficient to confer response. 
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Figure 3.14: CrbnI391V cells heterozygous for Csnk1a1 are more sensitive to lenalidomide in 

vitro.  An in vitro competition experiment was performed by isolating CD45.2+ c-Kit+ cells of 

the listed genotypes, mixing them in a 1:1 ratio with CD45.1+ c-Kit+ cells of the same Crbn 

genotype, treating the cells with vehicle, 1 µM lenalidomide (a) or 10 μM lenalidomide (b), and 

following the percentage of CD45.1+ and CD45.2+ cells in the cultures over time by flow 

cytometry. The data are given as the ratio of the percentage of CD45.2+ cells to the percentage of 

CD45.1+ cells at each time point, normalized to the value of the DMSO treated sample at that 

time point. Part c shows the results of different doses of lenalidomide on the relative proportion 

of CD45.1+ and CD45.2+ cells in the cultures after 8 days of treatment. 
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Figure 3.15: Lenalidomide induces p21 and apoptotic cell death in CrbnI391V Csnk1a1+/- 

cells.  a, Lenalidomide treatment induces expression of p21 in CrbnI391V/+ Csnk1a1+/-Mx1Cre+ c-

Kit+ cells treated for 26 hours.  b, Lenalidomide treatment increases the proportion of CrbnI391V/+ 

Csnk1a1+/-Mx1Cre+ c-Kit+ cells in early apoptosis (Annexin V+ DAPI-) after three days of 

treatment. Data are normalized to the percentage of cells for each genotype which are Annexin 

V+ DAPI- when treated with DMSO. 

To evaluate the selective effect of lenalidomide on Csnk1a1 haploinsufficient 

hematopoietic cells in vivo, we performed a competitive transplantation assay (Figure 3.16). We 

mixed CD45.2+ CrbnI391V/I391Vcells of various genotypes with CD45.1+/CD45.2+ CrbnI391V/I391V 

competitor cells and transplanted a 1:1 mixture into lethally-irradiated CD45.1+ mice. After an 

engraftment period, we induced excision of the heterozygous floxed Cnsk1a1 allele and 

randomized the mice to treatment with lenalidomide or vehicle.  
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Figure 3.16: Design of in vivo transplant experiment. 

In the peripheral blood we observed a rapid and sustained depletion of Csnk1a1+/- cells, 

relative to control Csnk1a1+/+ cells, in mice receiving lenalidomide, but not in those treated with 

vehicle control (Figure 3.17). This enhanced lenalidomide sensitivity of Csnk1a1+/- cells was 

apparent in all hematopoietic stem and progenitor subsets, including LT-HSC and ST-HSC 

(Figure 3.18).  This provides the first evidence of therapeutic activity of lenalidomide in 

hematopoietic stem cells. 
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Figure 3.17: In vivo lenalidomide treatment results in the depletion of Csnk1a1+/- cells but is 

rescued by deletion of a single allele of Trp53. Peripheral blood chimerism over time in 

transplanted mice treated with vehicle or 50 mg/kg lenalidomide twice per day. Data are given as 

a ratio of the percentage of CD45.2+ cells (test genotype) in the peripheral blood relative to the 

sum of the percentage of CD45.1+/CD45.2+ (competitor) and CD45.2+ (test genotype) cells. This 

method of data analysis excludes any CD45.1+ cells arising from residual recipient-derived 

hematopoiesis.  
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Figure 3.18: Analysis of hematopoietic stem and progenitor cells in in vivo competition 

experiments.  Chimerism in hematopoietic stem and progenitor compartments of transplanted 

mice after 41 days of treatment with vehicle or 50 mg/kg lenalidomide twice per day. Chimerism 

is reported as in Figure 3.15. ST-HSC are Lineage- c-Kit+ Sca1+ CD48- CD150-. LT-HSC are 

Lineage- c-Kit+ Sca1+ CD48- CD150+. Lineage markers are CD3, B220, CD11b, Gr1 and Ter119. 

GMP are Lineage− c-Kit+ Sca-1− CD34+ CD16/32+, CMP are Lineage− c-Kit+ Sca-1− CD34+ 

CD16/32− , MEP are Lineage− c-Kit+ Sca-1− CD34− CD16/32−. Lineage markers are CD3, B220, 

CD11b, Gr1 and Ter119. 

Heterozygous deletion of Trp53 was sufficient to confer resistance to lenalidomide 

sensitivity in Csnk1a1+/- cells (Figure 3.17). This resistance was seen in all hematopoietic stem 

and progenitor subsets, including LT-HSC and ST-HSC (Figure 3.18) and is consistent with the 

outgrowth of TP53 mutant cells seen in del(5q) patients who develop lenalidomide resistance 

[108, 170, 171].  These results demonstrate that Tp53 plays a key downstream role in the in vivo 

lenalidomide sensitivity of Csnk1a1+/- cells. 
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To further investigate the role of Tp53 levels in lenalidomide sensitivity, we asked 

whether haploinsufficiency for other del(5q) genes could contribute to lenalidomide response. 

The ribosomal protein Rps14 is also encoded with the del(5q) common deleted region and was 

recently implicated in a p53-dependent erythroid differentiation defect in MDS. Hematopoietic 

cells heterozygous for Rps14 have increased baseline levels of Tp53 [172]. To test whether 

Csnk1a1+/- Rps14+/- cells are more sensitive to lenalidomide than Csnk1a1+/- cells, we bred 

CrbnI391V Csnk1a1+/fl MxCre+ mice with Rps14fl/+ mice in which exons 2-4 of Rps14 are floxed 

[172].  As shown in Figure 3.19a, b, we observed a minor but statistically significant increase in 

the lenalidomide sensitivity of CrbnI391V/I391V Csnk1a1+/- Rps14+/- cells relative to CrbnI391V/I391V 

Csnk1a1+/- cells treated in vitro. No increased lenalidomide sensitivity was seen in CrbnI391V/I391V 

Rps14+/- cells relative to CrbnI391V/I391V cells.  

In contrast to these in vitro results, we did not observe a significant difference between 

Csnk1a1+/- Rps14+/- cells and Csnk1a1+/- cells in an in vivo competition experiment (Figure 

3.19c). The discrepancy between in vitro and in vivo results could arise from differences in the 

doses used or the stage of hematopoiesis at which lenalidomide and haploinsufficiency for 

Csnk1a1 and Rps14 exert their effects. 

Our results provide the first demonstration that haploinsufficiency for CK1α is sufficient 

to explain the selective elimination of del(5q) cells in response to lenalidomide in vivo. They 

confirm the essential role of Tp53 as a downstream effector in this mechanism and driver of in 

vivo resistance at the stem cell level. Thus, casein kinase is a unique, mechanistically-based 

determinant of in vivo lenalidomide sensitivity.   
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Figure 3.19: Haploinsufficiency for Rps14 contributes to lenalidomide sensitivity in vitro 

but not in vivo.  a, Heterozygous deletion of Rps14 further enhances the lenalidomide sensitivity 

of CrbnI391V/+ Csnk1a1+/- MxCre+ cells in vitro but does not affect lenalidomide sensitivity as a 

single mutation. b, Similar results are seen in CrbnI391V/I391V cells. c, Peripheral blood chimerism 

in an in vivo competition experiment shows no difference in lenalidomide sensitivity of 

CrbnI391V/I391V Csnk1a1+/-  and CrbnI391V/I391V Csnk1a1+/- Rps14+/- cells after twice daily treatment 

with 50 mg/kg lenalidomide. * indicates P<0.05. 

Thalidomide-induced teratogenicity in CrbnI391V mice 

The differences between species in CRBN sequence and response to thalidomide 

derivatives suggests a possible basis for the species-specific teratogenicity of thalidomide. While 

there are several amino acid differences between mouse and human CRBN, several pieces of 

evidence implicate the V388 residue (hCRBN, the corresponding residue to I391V in mice; 
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Note: Since the work in Chapter 2 was performed with isoform 2 of CRBN, this residue was 

called V387 in that chapter) in thalidomide’s effects (Figure 3.20). In contrast to mice, rabbits 

carry a valine at this position and have thalidomide embryopathy [23-25]. The only primate 

known to carry the mouse-like isoleucine residue, the greater bush baby, is also the only primate 

known to be resistant to thalidomide [173]. Other thalidomide resistant species, including rats, 

cats, and swine also have a valine at this position. 
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Figure 3.20: Comparison of CRBN sequences in species with and without thalidomide 

teratogenicity. Humans [1, 3, 5], orangutans [8], rhesus macaques [10-13], marmosets [16], 

green monkeys [17], and rabbits [18-25] exhibit limb defects, fetal loss, and other malformations 

following treatment with thalidomide in utero. In contrast, such malformations are not seen in 

the greater bushbaby [173], mouse [21, 24, 27], rat [20, 21, 26, 27], cat [174], or pig [175, 176]. 

Thalidomide teratogenicity correlates with the presence of a valine at the amino acid position 

corresponding with 388 in human CRBN (highlighted), while the presence of an isoleucine at 

this position predicts lack of thalidomide teratogenicity. More details about the sequences 

included in the alignment are in the Methods section. While Butler [173] reported that he studied 

Galago crassicuudatus, the naming and classification of Galago has undergone significant 

changes since then, including the recognition of several new species and a change in the genus 

name to Otolemur [177]. The UniProt sequence for the only fully sequenced Otolemur species, 

O. garnettii, is shown. This could be either the species that Butler studied or a closely related 

species.  

We asked whether altering the isoleucine at this position in mouse Crbn to the 

corresponding human valine (CrbnI391V) was sufficient to confer thalidomide-induced fetal loss 
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in mice. Treatment with either lenalidomide or thalidomide during pregnancy resulted in a high 

rate of fetal loss in CrbnI391V/I391V mice without any effect on wild-type mice (Figure 3.21). 

Additionally, when fetuses survived to birth, CrbnI391V/I391V litters treated with lenalidomide were 

significantly smaller than those treated with vehicle (Figure 3.22).  

 

Figure 3.21: Thalidomide-derivative induced fetal loss in CrbnI391V mice.  a, Lenalidomide 

induces fetal loss of CrbnI391V/I391V litters but not wild-type litters. Plugged wild-type or 

CrbnI391V/I391V dams who had been mated with males of the same genotype were treated with 125  
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Figure 3.21 (Continued) 

mg/kg lenalidomide every 12 hours from e4.5-e10.5. Data shown are the percent of dams 

pregnant at e17.5. The table below lists the total number of dams treated and the number 

pregnant at e17.5. P values are from an N-1 Chi-square test. b, Thalidomide also induces fetal 

demise of CrbnI391V/I391V litters but not wild-type litters. Plugged wild-type or CrbnI391V/I391V 

dams who had been mated with males of the same genotype were treated with 400 mg/kg 

thalidomide from e4.5-e10.5. Data shown are the percent of dams pregnant at harvests on e10.5 

and e17.5 combined. The table below lists the total number of dams treated and the number 

pregnant. P values are from an N-1 Chi-square test. c, Lenalidomide and thalidomide treatment 

cause miscarriage before e10.5. Pregnant dams were treated with lenalidomide or thalidomide 

from e4.5-e10.5 and the presence of litters was assessed by harvest at e10.5. Red bars indicate 

the presence of two recently aborted litters with dead fetuses in the lenalidomide treatment 

group. 
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Figure 3.22: Effect of lenalidomide treatment on litter size at birth. Given that lenalidomide 

treatment of pregnant CrbnI391V/I391V dams causes a penetrant fetal loss phenotype, data are a pool 

of multiple experiments in which dams were treated with 25-125 mg/kg of lenalidomide every 12 

hours for e4.5-e9.5 or e4.5-e10.5 presumed days of gestation. Data were analyzed with an 

unpaired t-test. ns is not significant. 

Through sequential studies, we narrowed the critical period for this effect to e4.5-e9.5, 

with a trend towards a less penetrant fetal loss phenotype with treatment from e8.5-e11.5 (Figure 

3.23). Fetal loss was observed to occur by e10.5, and dead but non-resorbed fetuses were 

observed at this time point (Figure 3.21c, Figure 3.23). There was a trend towards an increased 

rate of anophthalmia in litters treated at e7.5 only (Figure 3.23f), but otherwise litters that were 

carried to term appeared to have normal morphology at birth and at weaning.  

Carnegie developmental stages provide a method to compare the chronology of the 

development of different vertebrate embryos.  By comparison of Carnegie stages, the critical 

period for fetal loss in lenalidomide-treated CrbnI391V/I391V mice precedes the critical period for 

phocomelia and amelia in humans (Figure 3.23), suggesting that the CrbnI391V mice may better 
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recapitulate thalidomide-induced spontaneous abortion occurring before the critical period for 

malformations.  

In total, these results demonstrate a clear, statistically-significant impact of lenalidomide 

and thalidomide on CrbnI391Vmouse embryos. While the causative target of thalidomide 

embryopathy remains to be identified, our studies demonstrate that at least some of thalidomide’s 

developmental effects can be attributed to a thalidomide-induced target which depends on this 

single amino acid change in Crbn. 
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Figure 3.23: Determination of the critical period for IMiD-induced teratogenicity in 

CrbnI391V/I391V mice a, Each row shows a treatment schedule with the color reflecting whether 

this dose and treatment schedule produced fetal loss. Black bars above the table represent an 

approximate comparison with the critical period for various thalidomide-induced malformations 

in humans, given in days post conception. Human critical periods are from Vargesson [1]. 

Corresponding mouse embryonic stages were assigned by comparison with Carnegie stages [178, 

179]. P value is from an unpaired t-test. ns, not significant. All treatment doses are calculated 

based on dam’s weight at e4.5. (b-e), Effects of lenalidomide treatment during specified 

embryonic periods as assessed by the presence of pups at >e10.5. All dams were mated with 

males of the same genotype. Listed below each graph is the number of dams treated and the 

number of live litters observed at >e10.5. f, Effect of a single dose lenalidomide at e7.5 on the 

percentage of pups found to be missing eyes. bid indicated twice per day treatment. 
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Discussion  

Here, we report the development and characterization of a mouse model with a single 

isoleucine to valine point mutation in Crbn. These mice respond to thalidomide derivatives, 

allowing us to conduct the first in vivo studies of these clinically important drugs in mice. We 

confirmed the degradation of the known targets Ikzf1, Ikzf3, and Ck1α, as well as the 

downstream phenotypic consequences of degradation of these proteins in primary cells. We also 

demonstrate that the I391V mutation is sufficient to confer degradation of Zfp91 in mouse cells.  

We provide the first in vivo demonstration that Csnk1a1+/- cells are more sensitive to 

lenalidomide treatment, reinforcing haploinsufficiency for CK1α as a crucial determinant of 

lenalidomide’s therapeutic window in del(5q) MDS. We show that lenalidomide acts at the level 

of hematopoietic stem cells to deplete Csnk1a1+/- cells, but that heterozygous Trp53 mutations 

can provide resistance in the same cell population. This provides a mechanistic explanation for 

the selection of TP53 mutant clones seen in lenalidomide-treated patients [108].  

In vivo study of the CrbnI391V mice offered insights into clinically-relevant toxicities of 

thalidomide derivatives. Lenalidomide treatment of CrbnI391V mice decreased the number of 

peripheral white blood cells, LT-HSC, and ST-HSC, recapitulating the development of 

cytopenias in patients receiving these drugs and suggesting that they originate at the stem cell 

level [53, 54, 73, 166, 167]. Both Ikzf1 and Ck1α are known to be important for the survival of 

hematopoietic stem cells [130, 165]. Further investigation of the effect of lenalidomide treatment 

on Trp53 null hematopoietic cells could help to clarify whether activation of Tp53 secondary to 

Ck1α degradation mediates this effect. 
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We also demonstrate that the CrbnI391V mutation is sufficient to confer thalidomide-

induced fetal loss. Potential mechanistic explanations for thalidomide-induced fetal loss and the 

absence of thalidomide-induced limb defects in CrbnI391V mice are discussed in Chapter 4. 

In the future, CrbnI391V mice will provide a valuable system in which to identify new 

biochemical targets of thalidomide derivatives, expand our understanding of their effects in in 

vivo systems, and test new clinical indications. These possibilities are further discussed in 

Chapter 4.  

In the past, thalidomide derivatives were brought into the clinic without a clear 

understanding of their biochemical mechanism or predictive pre-clinical models. However, the 

discovery of their mechanism of action has enabled an understanding of the basis for its clinical 

activity and the generation of a predictive murine model. Since they target otherwise 

“undruggable” transcription factors, significant effort is currently being devoted to developing 

new derivatives with unique targets. CrbnI391V mice will play an important role in the future 

development of thalidomide derivatives by promoting the identification of novel substrates and 

allowing hypothesis-driven pre-clinical testing, as well as studies of biomarkers of response and 

biological mechanisms of resistance. The CrbnI391V mice will also help to promote the 

identification of the biochemical target of thalidomide teratogenicity, as well as the cause of 

other observed side effects. Ultimately, biochemical manipulations may be able to eliminate or 

reduce degradation of these unwanted substrates, resulting in new generations of safer drugs 

which can be more widely used.  
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Methods 

Animal Studies: 

Animal work was carried out according to IACUC-approved protocols at Boston 

Children’s Hospital and Brigham and Women’s Hospital. Mice were housed in a barrier facility 

with a 12 hr: 12 hr light: dark cycle. CrbnI391V mice we generated via homologous recombination 

by Ingenious Targeting Labs (Ronkonkoma, NY) on a C57BL/6 background. After generation of 

germline chimeras, the remaining FRT sites and Neomycin cassette at the Crbn locus were 

removed by crossing with a C57BL/6 FLP mouse line.  

Conditional knockout mice for Csnk1a1 (B6.129(Cg)-Csnk1a1<tm1.1Ybn>/J) and Rps14 

(B6.129(Cg)-RPS14<tm1.1Ybn>/J) have been previously described [130, 172]. Mx1-Cre mice 

(Tg(Mx1-cre)1Cgn, stock number 002527) and Trp53 conditional knockout mice (B6.129S2-

Trp53<tm1Tyj>/J, stock number 002101) were obtained from the Jackson Laboratory (Bar 

Harbor, ME). We induced excision of condition alleles under the control of Mx1-Cre with three 

intraperitoneal injections of 0.2 mg high molecular weight poly(I:C) (Invivogen).  

In vivo treatment 

For in vivo treatment, lenalidomide, thalidomide, and pomalidomide were obtained from 

Ark Pharm (Arlington Heights, IL). Stock solutions of drugs were prepared in DMSO, stored at -

80°C, and diluted to 10-20% DMSO with sterile saline directly before administration. Drugs 

were dosed by gavage using Instech Lab’s (Plymouth Meeting, PA) flexible feeding tubes. Mice 

were randomized to treatment groups using the rand() function of Excel (Microsoft).  
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Teratogenicity experiments 

For teratogenicity experiments, females were checked each morning for the presence of a 

mating plug. When a plug was observed, the female was removed from the mating cage. Noon 

on the day that a plug was discovered was considered to be e0.5. Weight gain over the first four 

days of the pregnancy was tracked and any females which had lost significant weight from e0.5 

to e4.5 were excluded from randomization and treatment. Maternal day e4.5 weights were used 

to determine the amount of drug given for the whole experiment. When indicated, dams were 

sacrificed at e10.5 or e16.5 to determine the number of viable pups at that developmental stage. 

In other cases, the dams were allowed to give birth and the number and phenotype of the pups 

was determined the day after birth and at the time of weaning. 

In vivo transplant 

Whole bone marrow was obtained from the long bones and spine of donor mice by 

crushing, followed by filtration, and erythrocyte lysis in BD Pharm Lyse. Recipients were 

prepared for transplant with two doses of 475 cGy irradiation, at least 4 hours apart. Immediately 

following the second dose of irradiation, unselected donor bone marrow white cells were 

resuspended in Hank’s Buffered Salt Solution and 5-10 million cells/recipient were administered 

by retro-orbital injection. Mice were transferred to autoclaved cages for at least four weeks to 

allow for engraftment before treatment was started.  

Genotyping of mice 

Mice were initially genotyped using the NDEL1 and PT4 primers, listed below. In knock-

in mice, one set of LoxP-FRT sites remains (143 bp). The NDEL1-PT4 primer pair produces a 

band of 705 bp in the wild-type mice and 848 bp in the knock-in mice.  For routine colony 
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maintenance, mice were genotyped by Transnetyx (Cordova, TN) using a custom assay which 

can be shared upon request.  

NDEL1: 5’-ACT TTG GAA GTG GCA GAA GAA TTA GGG -3’ 

PT4: 5’-GCT CTT GAA CTT GGT AGG CAA ATG C -3’ 

Generation of Hoxb8 cell lines and Hoxb8 cell line experiments 

An immortalized myeloid progenitor cell line was generated from homozygous 

CrbnI391V/I391V and wild-type mice via estrogen-regulated expression of Hoxb8 as previously 

described [158]. c-Kit+ bone marrow cells were infected with an MSCV retrovirus encoding ER-

Hoxb8, then grown in vitro in RPMI supplemented with 10% fetal calf serum, 

penicillin/streptomycin, murine stem cell factor (SCF) and 1 µM β-estradiol (Sigma).  Following 

1 month of culture, single cell cloning was performed, and a representative clone with bilineage 

(neutrophil and macrophage) differentiation potential upon estrogen withdrawal was selected for 

all downstream applications.  SCF was generated from a Chinese hamster ovary cell line as 

previously described [180] with conditioned media used at a final concentration of 2% (~100 

ng/mL). 

Hoxb8 cell lines were infected with lentiviral reports containing regions of IKZF3 or 

ZFP91 shown to be sufficient for thalidomide-derivative-induced degradation [126]. The IKZF3 

reporter is SFFV-driven and consists of aa 130-189 of human IKZF3 fused to a C terminal 

enhanced GFP via a rigid linker, an internal ribosome entry sequence, and mCherry as a 

transcriptional control. For experiments requiring a thalidomide-resistant version of this reporter, 

a C148A mutant was used. The ZFP91 reporter is PGK-driven and consists of aa 400-422 of 

human ZFP91 fused to a C terminal enhanced GFP via a flexible linker, an internal ribosome 

entry sequence, and mCherry as a transcriptional control. 



123 
 

Western Blots 

Western Blots were performed as previously described [65, 82]. Antibodies used were as 

follows: anti-Ck1α (C-19, Santa Cruz Biotechnology), anti-Ikzf1 (H-100, Santa Cruz 

Biotechnology), anti-IkzfF3 (Imgenex), anti-Zfp91 (A303-245A, Bethyl Laboratories), anti-

Actin HRP (ab20272, abcam), Goat anti-Rabbit HRP (Prometheus Labs), and Bovine anti-Goat 

HRP (Jackson Immunolabs). 

Isolation of mouse bone marrow and c-Kit+ cells 

A single cell suspension of mouse bone marrow was obtained by crushing the long bones 

and spine in a mortar and pestle. Brief resuspension of the cells in BD Pharm Lyse (BD) was 

used to lyse the erythrocytes, except in the case of Ter119/CD71 staining. For isolation of c-Kit+ 

cells, erythrocyte-lysed bone marrow was stained with CD117 microbeads (Miltenyi) and 

isolated using an AutoMACS Pro (Miltenyi). C-Kit+ cells were grown in Serum-Free Expansion 

Media (StemCell Technologies) supplemented with 50 ng/mL mTPO (Peprotech) and 50 ng/mL 

mSCF (Peprotech). 

Isolation of mouse T cells 

A single cell suspension of mouse splenocytes was obtained by crushing spleens through 

a 100 µm filter. The resulting cell pellet was resuspended in BD Pharm Lyse (BD) for lysis of 

erythrocytes. T cells were isolated using an AutoMACS Pro (Miltenyi) after staining with either 

a Pan T Cell Kit II (Miltenyi) or CD3 Microbeads (Miltenyi).  

Isolation of peripheral blood and blood counts 

Peripheral blood was obtained via retroorbital bleeds according to an IACUC-approved 

protocol. Blood counts were obtained on a Hemavet (Drew Scientific), using the mouse settings. 

Before flow staining of peripheral blood, red cells were lysed with BD Pharm Lyse (BD). 



124 
 

Proteomics on c-Kit+ cells: In Solution Digestion  

c-Kit+ were harvested and treated in vitro for 12 hours. After treatment, cell pellets were 

harvested by centrifugation, washed twice in cold PBS, and flash frozen in liquid nitrogen. Cell 

pellets were lysed at 4 ºC in 8 M urea, 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 2 

µg/µl Aprotinin (Sigma-Aldrich), 10 µg/µl Leupeptin (Roche), and 1 mM phenylmethylsulfonyl 

fluoride (PMSF) (Sigma). Protein concentration was determined using a bicinchoninic acid 

(BCA) protein assay (Pierce). Proteins were reduced with 5 mM (DTT) for 45 min at room 

temperature (RT), followed by alkylation with 10 mM iodoacetamide for 30 min at room 

temperature in the dark.  Urea concentration was reduced to 2 M with 50 mM Tris-HCl, pH 8. 

Samples were pre-digested for 2 h at 30 ºC with Endoproteinase Lys-C (Wako Laboratories) at 

an enzyme-to-substrate ratio of 1:50. Samples were digested overnight at 37 ºC with sequencing 

grade trypsin (Promega) at an enzyme-to-substrate ratio of 1:50. Following overnight digest, 

samples were acidified with neat formic acid to a final concentration of 1%. Acidified samples 

were subsequently desalted on a 100 mg tC18 Sep-Pak SPE cartridge (Waters).  Briefly, 

cartridges were conditioned with 1 mL of 100% MeCN, 1 mL of 50% MeCN/0.1% FA, and 4x 

with 1 mL of 0.1% TFA. The sample was loaded, and washed 3x with 1 mL of 0.1% TFA, 1x 

with 1 mL of 1% FA, and eluted 2x with 600 µl of 50% MeCN/0.1% FA. Following desalting, 

100 µg of the sample was dried to completion and stored at -80 ºC. 

Proteomics on c-Kit+ cells: TMT labeling of peptides  

Desalted peptides were labeled with TMT 10-plex reagents (Thermo Fisher Scientific). 

Each TMT reagent was resuspended in 41 µL of MeCN.  Peptides were resuspended in 100 µL 

of 50 mM HEPES and combined with TMT reagent. Samples were incubated at room 

temperature for 1 hour while shaking. The TMT reaction was quenched with 8 µL of 5% 
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hydroxylamine at room temperature for 15 min with shaking. TMT labeled samples were 

combined, dried to completion, reconstituted in 100 µL of 0.1% FA, and desalted on StageTips 

or 100 mg SepPak columns as described above.  

Proteomics on c-Kit+ cells: Basic Reverse Phase (bRP) Fractionation  

The TMT labeled samples were fractionated using offline high pH reversed-phase 

chromatography (bRP).  Samples were fractionated using Zorbax 300 Extend C18 column (4.6 × 

250 mm, 300 Å, 5 μm, Agilent) on an Agilent 1100 series high-pressure liquid chromatography 

(HPLC) system. Samples were reconstituted in 900 µL of 5 mM ammonium formate (pH 

10.0)/2% (vol/vol) acetonitrile (MeCN) (bRP solvent A). Samples were injected with Solvent A 

at a flow rate of 1 mL/min and separated using a 96 min gradient. The gradient consisted of an 

initial increase to 16% solvent B (90% MeCN, 5 mM ammonium formate, pH 10), followed by 

60 min linear gradient from 16% solvent B to 40% B and successive ramps to 44% and 60% at a 

flow rate of 1 mL/min.  Fractions were collected in a 96-deep well plate (GE Healthcare) and 

pooled in a non-contiguous manner into final 24 proteome fractions. Pooled fractions were dried 

to completeness using a SpeedVac concentrator.  

Proteomics on c-Kit+ cells: Liquid chromatography and mass spectrometry 

Desalted peptides were resuspended in 9 µL of 3% MeCN/0.1% FA and analyzed by 

online nanoflow liquid chromatography tandem mass spectrometry (LC-MS/MS) using Orbitrap 

Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific) coupled on-line to a 

Proxeon Easy-nLC 1200 (Thermo Fisher Scientific) as previously described. Briefly, 4 µL of 

each sample was loaded onto a microcapillary column (360 μm outer diameter × 75 μm inner 

diameter) containing an integrated electrospray emitter tip (10 μm), packed to approximately 22 

cm with ReproSil-Pur C18-AQ 1.9 μm beads (Dr. Maisch GmbH) and heated to 50 ºC. Samples 
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were analyzed with 110 min method. The 110 min method contained a mobile phase with a flow 

rate of 200 nL/min, comprised of 3% acetonitrile/0.1% formic acid (Solvent A) and 90% 

acetonitrile /0.1% formic acid (Solvent B), with the following gradient profile: (min:%B) 0:2; 

1:6; 85:30; 94:60; 95:90; 100:90; 101:50; 110:50 (the last two steps at 500 nL/min flow rate).  

The Lumos was operated in the data-dependent mode acquiring HCD MS/MS scans (r = 50,000) 

after each MS1 scan (r = 50,000) on the 2 s loop using an MS1 target of 3 × 106 and an MS2 

target of 5 × 104. The maximum ion time utilized for MS/MS scans was 105 ms; the HCD-

normalized collision energy was set to 34; the dynamic exclusion time was set to 45 s, isotope 

exclusion function was enables, and peptide match function was disabled. Charge exclusion was 

enabled for charge states that were unassigned, 1 and >6. 

Proteomics on c-Kit+ cells: Data Analysis 

All data were analyzed using Spectrum Mill software package v 6.1 pre-release (Agilent 

Technologies). Similar MS/MS spectra acquired on the same precursor m/z within +/- 60 s were 

merged. MS/MS spectra were excluded from searching if they were not within the precursor 

MH+ range of 750-4000 Da or if they failed the quality filter by not having a sequence tag length 

>0. MS/MS spectra were searched against UniProt mouse database with the mutant version of 

Crbn included. All spectra were allowed +/- 20 ppm mass tolerance for precursor and product 

ions, 30% minimum matched peak intensity, and “trypsin allow P” enzyme specificity with up to 

2 missed cleavages. The fixed modifications were carbamidomethylation at cysteine, and TMT at 

N-termini and internal lysine residues. Variable modifications included oxidized methionine and 

N-terminal protein acetylation. Individual spectra were automatically designated as confidently 

assigned using the Spectrum Mill autovalidation module. Specifically, a target-decoy based 

false-discovery rate (FDR) scoring threshold criteria via a two-step auto threshold strategy at the 

spectral and protein levels was used. First, peptide mode was set to allow automatic variable 
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range precursor mass filtering with score thresholds optimized to yield a spectral level FDR of 

<1.2%. A protein polishing autovalidation was applied to further filter the peptide spectrum 

matches using a target protein-level FDR threshold of 0.  Following autovalidation, a protein-

protein comparison table was generated, which contained experimental ratios over the median of 

all TMT channels. For all experiments, contaminants and reverse hits were removed.  

Furthermore, data were filtered to only consider proteins with 2 or more unique peptides and was 

median normalized. For statistical analysis, a two-sample moderated t-test was implemented.  

Flow cytometry 

Flow cytometry was performed on a BS LSRII or BD Canto II using the following 

antibodies. Lineage markers are CD3, B220, CD11b, Gr1, and Ter119. 

LSK= Lineage- c-Kit+ Sca1+. 

ST-HSC= Lineage- c-Kit+ Sca1+ CD48- CD150-   

LT-HSC= Lineage- c-Kit+ Sca1+ CD48- CD150+.  

Lineage markers are CD3, B220, CD11b, Gr1 and Ter119. 
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Table 3.1: Flow cytometry antibodies used in this study.  

Marker 
(Clone) Color Supplier Clone 
Annexin V  APC eBioscience  
B220 APC-eFluour780, Pac Blue eBioscience, Biolegend RA3-6B2 
CD105 PE/Cy7 Biolegend MJ7/18 
CD117 BV605, APC, Alexa Fluor 488 BD Horizon, Biolegend 2B8 
CD11b Pac Blue, APC Biolegend M1/70 

CD150  PE/Cy7, PE/Cy5 Biolegend 
TC15-
12F12.2 

CD16/32 PE, APC/Cy7 BioLegend 93 
CD3 PE Biolegend 500A2 
CD3 APC eBioscience OKT3 
CD3 Pac Blue Biolegend 17A2 
CD34 AF700 eBioscience RAM34 
CD41 APC Biolegend MWReg30 
CD45.1 PE, AlexaFluor 647, APC/Cy7 eBioscience, Biolegend A20 
CD45.2 PE, FITC eBioscience 104 
CD48 PerCP/Cy5.5, APC/Cy7 Biolegend HM48-1 
CD71 PE BD Pharmingen C2 
CD71 PE, FITC eBioscience, Biolegend R17217 
Gr1 Pac Blue, Alex Fluor 700, APC Biolegend, eBioscience RB6-8C5 

Sca1 APC-Cy7, FITC 
BD Pharmingen, 
eBioscience D7 

Ter 119 
APC-eFluor780, FITC, APCCy7, 
PacBlue, Alexa Fluor 700 eBioscience, Biolegend TER-119 

Southern Blot 

Secondary confirmation of positive clones identified by PCR was performed by Southern 

Blotting analysis. DNA was digested with MfeI and EcoRI to confirm the integration of the 

targeting vector. The digested DNA was electrophoretically separated on a 0.8% agarose gel.  

After transfer to a nylon membrane, the digested DNA was hybridized with a probe (iNeo) 

targeted against the Neo Cassette.  DNA from C57Bl/6 (B6) mouse strain was used as wild-type 

controls.  
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Annexin V staining 

Annexin V staining was performed according to the manufacturer’s recommended 

protocol for the Annexin V APC kit. (17-8007-74, eBioscience). 

ELISA 

T cells were harvested from the mice as described, stimulated with Dynabead Mouse T 

cell activator and treated with lenalidomide, pomalidomide or DMSO. After 48 hours, the 

amount of IL-2 in the supernatant was measured with a Mouse IL-2 Quantikine ELISA Kit (R 

&D Technologies) relative to the provided standard curve.  

RT-qPCR 

For the IL2 qPCR, cDNA was prepared from T cells using a MultiMACs mRNA 

Isolation Kit (Miltenyi) and MultiMACS cDNA Synthesis kit (Miltenyi) per the manufacturer’s 

protocol.  For analysis of Crbn expression, total RNA was isolated in Trizol (Thermo Fisher) and 

purified using an RNeasy Mini kit (Qiagen). cDNA synthesis was performed with a QuantiTect 

reverse transcription kit (Qiagen). qPCR was performed on an ABI 7900HT (Applied 

Biosystems) using TaqMan Gene Expression Master Mix or TaqMan Fast Advanced Master Mix 

(ThermoFisher Scientific) and TaqMan probes for Gapdh (Mm99999915_g1), Crbn 

(Mm01182416_m1), IL2 (Mm00434256_m1) and p21 (Mm04205640_g1). Data were analyzed 

relative to Gapdh using the ΔΔCT method. 

Alignment of CRBN sequences 

Protein sequences of CRBN homologs in different species were obtained from UniProt 

and aligned with Clustal Omega. A listing of the UniProt identifiers and residues included in the 

alignment shown in Figure 3.20 is shown below.  
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Table 3.2: CRBN sequences used in alignment in Figure 3.20. 

Species 
Scientific Name UniProt Identifier Residues included 

Human Homo sapiens Q96SW2 384-391 
Orangutan Pongo abelii Q5R6Y2  371-378 
Rhesus Macaque Macaca mulatta H9FVB2  384-391 
Marmoset Callithrix jacchus F7BPB1  384-391 
Green Monkey Chlorocebus sabaeus A0A0D9RF76  384-391 
Rabbit Oryctolagus cuniculus G1U0G4 380-387 
Bushbaby Otolemur garnettii H0WVJ5  386-393 
Mouse Mus musculus Q8C7D2  387-394 
Rat Rattus norvegicus Q56AP7  387-394 
Cat Felis catus M3XFX7  386-393 
Pig 

Sus scrofa F1SFL6 
321-328 

 



 
 

Chapter 4 Discussion
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Thalidomide derivatives have captured significant scientific interest because of their 

clinical efficacy and unique mechanism of action. This thesis sought to understand the 

mechanistic basis of lenalidomide’s therapeutic efficacy in del(5q) MDS, as well as the species-

specificity of response. In Chapter 2, we demonstrated that CK1α is a direct biochemical target 

of lenalidomide and that haploinsufficiency for Csnk1a1 provides an explanation for 

lenalidomide’s therapeutic window in del(5q) MDS.  We also found that changes in the chemical 

structure of thalidomide derivatives can alter their substrate specificity, suggesting that additional 

changes could enhance the efficacy or reduce the side effects of these drugs. We identified a 

single amino acid change that accounts for species-specific differences in CRBN and prevents 

the activity of thalidomide derivatives in mouse cells. Remarkably, this single amino acid change 

restores IMiD response in mouse cells.  

In Chapter 3, we extended these findings by generating a CrbnI391V knock-in mouse, 

thereby creating a novel in vivo model in which to study these drugs. Using this model, we found 

that expression of CrbnI391V is sufficient to permit IMiD-induced degradation of Ikzf1, Ikzf3, 

Ck1α, and Zfp91. We demonstrated that haploinsufficiency for Csnk1a1 explains lenalidomide’s 

therapeutic efficacy in vivo and that this effect occurs at the level of hematopoietic stem cells. 

We also recapitulated the clinically-observed effects of chronic lenalidomide treatment on 

hematopoiesis and demonstrated that they also arise from lenalidomide’s effects on 

hematopoietic stem cells. CrbnI391V was sufficient to confer IMiD-induced teratogenicity in mice, 

suggesting that this single amino acid difference contributed to the failure of mouse models to 

recapitulate thalidomide’s teratogenicity. 

 While these findings provide an explanation for many of the observed effects of 
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thalidomide-derivatives, they also raise new questions for investigation, which will be discussed 

here.  

Drug-induced synthetic haploinsufficiency 

Somatic copy number alterations are common features of cancer and can arise either from 

selective pressure for deletion of a tumor suppressor gene or incidental genomic instability [181]. 

In both cases, somatic copy number alterations tend to be large, involving several essential genes 

in addition to any tumor suppressors. Heterozygous deletion of essential genes has been 

hypothesized to confer cancer-specific vulnerabilities, termed ‘CYCLOPS’ (Copy-number 

alterations Yielding Cancer Liabilities Owing to Partial losS) [141, 142]. Several CYCLOPS 

genes have been reported, including subunits of the proteasome [142], spliceosome [182], and 

RNA polymerase II complex [183]. Inhibition of these targets through various methods 

selectively inhibits cancer cell growth [142, 182, 183].  

Here, we reported the first example of an FDA-approved drug which derives its 

therapeutic window from inhibition of a haploinsufficient gene. Csnk1a1 is slightly different 

than other CYCLOPS genes in that heterozygous deletion confers a selective advantage to MDS 

cells and contributes to the disease phenotype [130]. However, unlike traditional tumor 

suppressors, further inhibition of Csnk1a1 results in cell death.  

Many candidate CYCLOPS genes are not enzymes and are thus not amenable to the 

traditional pharmacologic strategy of inhibiting an enzymatic active site [182]. Induced protein 

degradation may be a particularly effective strategy to target CYCLOPS genes, as it can be used 

to target a wide range of proteins, including transcription factors and other non-enzymes. In 

addition to our identification of lenalidomide-induced degradation of CK1α, Paolella et al. [182] 
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found that cancer cells with copy loss of the splicing factor Sf3b1 could be selectively killed by 

inhibiting the activity of a deubiquitinase, which resulted in increased degradation of Sf3b1 by 

the proteasome.  

Recently, several groups have reported bifunctional thalidomide-derivative drugs which 

have the potential to induce the selective degradation of a wide range of protein targets [87-89]. 

These drugs consist of a small molecule, which binds to the protein of interest, linked to a 

portion of thalidomide and result in the ubiquitination of the protein of interest by CRBNCRL4 and 

ultimately its degradation by the proteasome.  This strategy could be particularly effective in 

targeting CYCLOPS genes as it can be applied to any protein with a small molecule ligand, 

regardless of whether the ligand affects protein function. For many non-enzymatic CYCLOPS 

targets, it may be much simpler to identify a small molecule ligand than a direct inhibitor.  

Other therapeutic indications for CK1α degradation 

We demonstrated that degradation of CK1α plays an important role in the efficacy of 

lenalidomide in del(5q) MDS both in vitro and in vivo. However, CK1α has many other cellular 

functions and has been implicated in both normal development [137, 184, 185] and disease [132, 

133, 136, 186]. Recent studies have reported that Csnk1a1 is overexpressed in multiple myeloma 

cells and that malignant plasma cells from these patients are more sensitive to inhibition of CK1α 

than normal bone marrow cells [187-189], suggesting that lenalidomide-induced degradation of 

CK1α may also contribute to the clinical efficacy of this drug in multiple myeloma. Additionally, 

inhibition of CK1α has been shown to reduce the development of erlotinib resistance in EGRF-

mutant non-small cell lung cancer [190], kill acute myeloid leukemia stem cells [131], and 

protect keratinocytes from UV-damage [191].  As it is already FDA-approved, lenalidomide 



135 
 

could be used to test hypotheses regarding CK1α inhibition in these conditions and is currently 

being studied for use in acute myeloid leukemia [192].  

Contribution of other del(5q) genes to lenalidomide sensitivity in MDS with del(5q) 

We demonstrated that CK1α is a direct biochemical target of lenalidomide and that 

haploinsufficiency for Csnk1a1 provides a mechanistic explanation for lenalidomide’s 

therapeutic window in del(5q) MDS both in vivo and in vitro. However, haploinsufficiency for 

other genes on 5q could further enhance the susceptibility of del(5q) cells to lenalidomide.  

IMiD-induced degradation of other proteins encoded with the del(5q) CDR has not been 

observed in multiple proteomics experiments [65, 82], so they are unlikely to be direct 

biochemical targets of lenalidomide. However, heterozygous expression of these approximately 

40 other genes [97] could change cellular physiology or increase dependence on direct IMiD 

targets. Since many del(5q) MDS patients have 5q deletions which extend beyond the CDR, 

reduced expression of other nearby genes on 5q, such as PP2A and CDC26C [110], could also 

contribute to lenalidomide response.  

TP53 activation is a prominent component of del(5q) MDS and is thought to underlie the 

associated hematopoietic defects [193, 194]. Since CK1α degradation induces apoptotic cell 

death through TP53 induction, increased baseline TP53 levels resulting from heterozygous 

expression of other genes on 5q might act synergistically to increase lenalidomide sensitivity. 

The ribosomal protein RPS14 is expressed at haploinsufficient levels in del(5q) MDS cells, 

resulting in the induction of TP53 and the characteristic anemia of del(5q) MDS [101]. We tested 

the effect of combined Csnk1a1 and Rps14 heterozygous loss on lenalidomide sensitivity in the 

CrbnI391V mouse model. While Csnk1a1+/- Rps14+/- cells showed slightly increased lenalidomide 

sensitivity in vitro, there was no significant difference in the in vivo response. This could be due 
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to the dose level or treatment schedule, but it could also reflect the fact that many genes within 

the CDR negatively regulate TP53 and collectively contribute to TP53 activation in del(5q) 

MDS. Other genes encoded within the del(5q) CDR [97] whose knockdown results in TP53 

activation include the ribosomal protein RPL7 [195], G3BP [196], and the Treacher Collins 

syndrome gene TCOF [197].  

Heterozygous expression of other genes within the del(5q) CDR could also increase the 

dependency of del(5q) MDS cells on direct lenalidomide targets. We have characterized 

lenalidomide-induced degradation of Ikzf1, Ikzf3, Ck1α, and Zfp91 in the CrbnI391V mice. In 

addition to these proteins, several other putative IMiD-induced targets were seen in the 

proteomics data (Figure 3.3, Figure 3.4). These targets include Rnf166, Znf276, and Pde6d, all 

of which have also been seen in proteomics experiments in human cell lines and are currently 

being validated as IMiD-induced targets by our lab [65, 82]. PDE6D, in particular, could be 

relevant to del(5q) MDS because it is part of a rod phosphodiesterase complex which also 

contains PDE6A, a protein encoded within the del(5q) CDR [97, 198]. Pde6d knock-out mice are 

viable, but their hematopoietic system has not been investigated [199]. Additionally, Fang et al. 

[200] recently reported that IMiD-mediated degradation of IKZF1 de-represses expression of 

GPR68, a G-protein coupled receptor implicated in calcium metabolism, resulting in increased 

intracellular calcium and apoptosis in an MDS cell line. They suggest that heterozygous 

expression of CAST, a regulator of calcium signaling, which is not within the CDR but is 

encoded nearby in 5q15, could further sensitize MDS cells containing larger 5q deletions to 

lenalidomide treatment.  

We could use the CrbnI391V mice to investigate these possibilities through a pooled 

competitive in vivo screen.  Using bone marrow from CrbnI391V Csnk1a1+/- Cas9 mice and 
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lentiviral expression of gRNA, we could generate a pool of CrbnI391V Csnk1a1+/- Cas9 bone 

marrow cells with CRISPR-mediated disruption of other genes on 5q. By comparing the relative 

frequency of each gRNA in the bone marrow of mice before and after in vivo treatment with 

vehicle or lenalidomide, we could assess whether loss of other genes on 5q enhances or 

diminishes in vivo sensitivity to lenalidomide. This screen could also be performed with 

CrbnI391V Csnk1a1+/- Rps14+/- Cas9 cells to investigate the effect of a third hit on lenalidomide 

response.  

Potential mechanisms of lenalidomide in non-del(5q) MDS 

While lenalidomide is most effective in MDS with del(5q), IMiD treatment can also 

induce an erythroid response in the much larger number of MDS patients without del(5q). 

Several trials of lenalidomide have been conducted in MDS patients without del(5q). These trials 

have found that lenalidomide treatment produces an erythroid response in about 40% of patients, 

with about 25% achieving transfusion independence and another 20% achieving a clinically 

meaningful reduction in transfusions [53, 201, 202]. In contrast to the effects of lenalidomide in 

del(5q) MDS, histological and cytogenetic remissions are rare in non-del(5q) MDS. Instead, 

lenalidomide’s therapeutics benefits seem to result from the promotion of erythropoiesis.  

Several mechanisms have been proposed to explain lenalidomide-induced erythroid 

responses in non-del(5q) MDS. Ebert et al. [169] found that non-del(5q) MDS patients who 

respond to lenalidomide have decreased pre-treatment expression of erythroid genes. In vitro 

lenalidomide treatment promotes erythroid development and the formation of CFU-E in normal 

human cells, suggesting that lenalidomide may work in MDS patients by stimulating erythroid 

differentiation [168, 169]. Some investigators have suggested that lenalidomide promotes 

erythroid differentiation by altering cytokine levels to generate a favorable bone marrow 
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microenvironment [203]. Others have reported that lenalidomide enhances erythropoietin 

receptor signaling by inducing the formation of lipid rafts enriched for Jak2 signaling molecules 

[204] or stabilizing EpoR by inhibiting the E3 ubiquitin ligase RNF41 [205].  

Whether lenalidomide’s effects in non-del(5q) MDS are mediated by CRBN remains 

unknown.  However, our results in the CrbnI391V model provide some evidence that lenalidomide 

promotes erythropoiesis through CRBN.  While we did not specifically study a mouse model of 

MDS, we observed normal RBC counts, preserved megakaryocyte-erythroid progenitors, and 

expansion of erythroid progenitor subsets in CrbnI391V mice chronically treated with 

lenalidomide. These erythroid compartments were preserved or expanded despite significantly 

decreased numbers of hematopoietic stem and progenitor cells, suggesting that lenalidomide may 

enhance erythropoiesis in more mature cells.  

CRBN-dependent, lenalidomide-induced enhanced erythropoiesis could result from 

degradation of a known or novel target. Degradation of CK1α is unlikely to explain this effect, as 

both lenalidomide and pomalidomide promote erythroid differentiation of human cells in vitro 

[206] despite the lack of pomalidomide-induced Ck1α degradation in the CrbnI391V model 

(Figure 3.3c). Additionally, neither the bone marrow expansion of Csnk1a1+/- mice or bone 

marrow failure of Csnk1a1-/- mice seems have erythropoiesis-specific features [130]. IKZF3 is 

not expressed in erythroid cells and an Ikzf3 null mouse has no erythroid phenotype [164], so 

degradation of IKZF3 is similarly unlikely to explain this phenotype. IKZF1 plays a role in 

erythroid development, although reports of the effects of Ikzf1 knock-out on mouse 

erythropoiesis are mixed. Some investigators report that Ikzf1 null mice have reduced stem and 

progenitor function, but that erythropoiesis and the formation of more mature erythroid 

progenitors are spared [163, 165], a phenotype similar to that observed in lenalidomide-treated 
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CrbnI391V mice. In contrast, other groups report that Ikzf1 null mice have anemia, impaired 

erythropoiesis, and delayed globin switching [207]. However, these findings should be viewed in 

light of the fact that lenalidomide treatment is unlikely to induce full degradation of IKZF1 

analogous to Ikzf1-/- null mice, so unique effects of low protein levels of IKZF1 should be 

considered. One group reported that haploinsufficiency for IKZF1 increases STAT5 signaling 

[208]. STAT5 is downstream of the EpoR and activation of STAT5 can substitute for Epo in 

erythroid progenitor expansion and terminal differentiation [209], which would be consistent 

with effects observed in MDS patients. While their cellular function remains to be elucidated, it 

is also possible that degradation of ZFP91 or another uncharacterized protein substrate explains 

lenalidomide’s pro-erythropoietic effects in non-del(5q) MDS.  

Degradation of IKZF1 and IKZF3 almost certainly alters the expression of cytokines in 

the bone marrow microenvironment, but which cytokine alterations might promote 

erythropoiesis in MDS remains uncertain. 

Several experiments in CrbnI391V mice could help to elucidate the molecular basis of 

lenalidomide’s pro-erythropoietic effects in non-del(5q) MDS. For example, measuring 

circulating erythropoietin levels, EpoR expression levels, and STAT5 phosphorylation in 

lenalidomide-treated mice could help to evaluate the aforementioned hypotheses regarding the 

promotion of erythropoiesis. Similarly, characterizing the bone marrow microenvironment of 

lenalidomide-treated mice could enhance our understanding of how IKZF1 and IKZF3 

degradation alter the in vivo hematopoietic milieu.  

Teratogenicity in the CrbnI391V model 

We demonstrated a clear genotype-specific, IMiD-induced fetal loss effect in CrbnI391V 

mice, which is consistent with the effects of thalidomide in humans and primates. While 
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thalidomide is most infamous for its characteristic malformations, it also caused an increased rate 

of stillbirths and an approximately 40% rate of infant mortality during the initial tragedy [1, 210, 

211]. There is also evidence that thalidomide can also cause spontaneous abortions in humans if 

received before the critical period for malformations or at high doses [1, 31, 32]. Similar effects 

are seen in multiple non-human primates, in which thalidomide induces a significant proportion 

of spontaneous abortions as well as malformations [8-17].  

The lack of phocomelia and amelia in our model could result from additional species-

specific differences in degraded proteins which prevents their IMiD-induced degradation by 

CrbnI391V, or species-specific differences in the developmental function of these proteins and 

thus the phenotypic consequences of their degradation. Alternatively, the spectrum of 

phenotypes that comprise thalidomide embryopathy could result from alteration of multiple 

downstream targets, only some of which depend on the I391V residue for thalidomide-induced 

CRBN degradation or retain thalidomide-responsive sequences in mice. It is also possible that 

the more compressed timescale of development in mice makes it more technically difficult to 

separate the critical periods for fetal loss from those for malformations.  

IMiD-induced fetal loss in the CrbnI391V model could result from degradation of a 

validated or novel IMiD target. Homozygous null Ikzf1 and Ikzf3 mice are developmentally 

normal [163, 164], suggesting that degradation of these targets does not explain the observed 

fetal loss. Unfortunately, homozygous Zfp91 knockout mice have not yet been studied. Of the 

known targets, CK1α is most likely to explain the fetal loss effect, as homozygous knock-out of 

Ck1α leads to embryonic death [132]. However, this death occurs before embryonic day e6.5, 

which is significantly earlier than the death at approximately e10.5 observed with lenalidomide 

treatment (Figure 3.21c). Our observation of thalidomide-induced fetal loss also argues against 
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degradation of Ck1α as the causative effect, as thalidomide has a much weaker effect on Ck1α 

than lenalidomide in vitro (Figure 2.17). However, our experiments with thalidomide were 

conducted with much higher drug doses due to the unfavorable pharmacokinetics of thalidomide 

in mice, and the degree of in utero Ck1α degradation induced by this dose of thalidomide is 

unknown. The role of Ck1α in IMiD-induced fetal loss could be tested by repeating the 

teratogenicity experiments at a dose-limiting concentration in CrbnI391V and CrbnI391V Csnk1a1+/- 

mice. If degradation of Ck1α contributes to the fetal loss phenotype, we would expect to see this 

effect at lower lenalidomide concentrations in CrbnI391V Csnk1a1+/- mice due to their lower 

baseline Csnk1a1 expression. Alternatively, we could test the effects of IMiD treatment in 

CrbnI391V mice that express a lenalidomide-resistant allele of Ck1α which retains normal 

developmental function, although such an allele has not yet been characterized. 

If the fetal loss phenotype is instead due to lenalidomide-induced degradation of a novel 

target, this target may be expressed only in developmental tissues. Thalidomide-derivatives 

primarily target zinc-finger transcription factors [126], which are often highly restricted in their 

tissue expression. To identify novel development targets of thalidomide derivatives, we could 

perform global proteomics studies in mouse embryonic stem cells or whole or dissected tissues 

from mouse embryos developing in vitro or in utero. 

Future applications of the CrbnI391V mouse model  

The CrbnI391V model represents the first in vivo mouse model of thalidomide derivative 

activity. In the future, this model could be used to advance our understanding of thalidomide 

derivatives in several ways, including access to unique cell types, the ability to study complex 

mechanisms not well-modeled in vitro, and opportunities for preclinical testing.  
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Characterization of the in vivo response of CrbnI391V multiple myeloma mouse models is 

currently being conducted in the lab of a collaborator.  

CrbnI391V mice provide access to a wide variety of tissues in which to identify additional 

targets that explain the efficacy or toxicity of thalidomide derivatives, including those for which 

cell lines models are inadequate. As noted above, thalidomide-derivatives mostly target zinc-

finger transcription factors [126], whose expression is often lineage-specific. Thus, global 

proteomics may fail to capture degradation of specific IMiD protein targets because they are only 

expressed in specific tissue types or under certain physiologic conditions.  

Restricted expression of transcription factors is especially important during development. 

As discussed above, the readily available embryonic and fetal tissue from CrbnI391V mice 

provides a unique opportunity to identify the biochemical targets underlying thalidomide-

induced fetal loss.  

IMiD-induced sedation, peripheral neuropathy, and thrombosis are also areas in which 

tissues from the CrbnI391V mice could help identify novel targets. Thalidomide was first marketed 

as a sedative and anti-emetic, although the biochemical bases of these effects remain unknown. If 

sedation is observed after thalidomide treatment of the CrbnI391V mice, brain tissue could be 

studied by global proteomics and the effects correlated with available genetic knockout models. 

Similarly, peripheral neuropathy is a commonly reported side effect of thalidomide treatment 

[212], but studies involving human nerve cells have been limited by tissue availability. This 

phenotype could be readily studied in CrbnI391V mice following chronic IMiD administration, 

with nerve tissue available as needed.  Increased venous and arterial thrombosis is also reported 

in patients undergoing thalidomide treatment [213-215], but the cellular and mechanistic basis of 

this effect is unclear. We are currently exploring thrombosis risk in CrbnI391V mice treated with 
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IMiDs in order to recapitulate this effect, and ultimately understand its cellular and biochemical 

basis.  

Many of thalidomide’s effects involve complicated interactions which are difficult to 

dissect in vitro. While thalidomide’s immunomodulatory effects form the basis of its clinical 

efficacy in many conditions, the exact mechanism of thalidomide’s effect on the immune system 

is difficult to determine without access to knock-out mice and other well-characterized in vivo 

tools. Similarly, alterations in the bone marrow microenvironment and cytokine production have 

been hypothesized to play an important role in lenalidomide response in multiple myeloma but 

studying these effects has thus far been limited to in vitro and xenograft systems [46, 151-153]. 

Our CrbnI391V model provides a unique opportunity to dissect the complex in vivo interplay of 

cytokines and immune cell subsets and the relative contributions of cell-autonomous and non-

cell autonomous effects.  

Thalidomide-derivatives are an active area of drug development and clinical testing. The 

manufacturer of lenalidomide, Celgene, is currently working to develop thalidomide-derivatives 

with novel substrate specificities, with the goal of increasing therapeutic indications and 

reducing unwanted side effects. Currently, thalidomide derivatives are only prescribed through a 

closely regulated program that requires provider registration and frequent patient follow-up 

[216]. The development of a thalidomide-derivative that retained clinical efficacy but did not 

cause teratogenicity would greatly increase ease of prescribing and expand the range of clinical 

conditions and patient populations for which the potential benefits of treatment would outweigh 

the risks. 

CrbnI391V mice could play an important role in new drug discovery by providing the 

ability to test the in vivo efficacy and side effects of these new derivatives, including some 
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aspects of reproductive toxicity, in mice, which are easier to work with than primates or rabbits. 

Various academic and industry groups are also testing IMiDs for additional clinical indications, 

including inflammatory bowel disease [46] and lupus [46, 217]. Because mouse models of 

disease are widely used and well-characterized, the CrbnI391V mouse could be crossed with 

disease-specific models to perform pre-clinical testing. If initial pre-clinical results are positive, 

CrbnI391V mice can also be crossed with a multitude of other well-characterized genetically 

engineered mouse models to investigate the mechanism of IMiDs in these conditions.   

Structural basis of the importance of V388 in IMiD-induced degradation of IKZF1, IKZF3, 

and CK1α 

After we published the work described in Chapter 2, several groups reported crystal 

structures of CRBN-DDB1-IMiD-substrate complexes which help to explain the biochemical 

basis of these drugs species-specific effects. Petzold et al. described the first CRBN-DDB1-

lenalidomide-CK1α tertiary crystal structure [70]. This work demonstrated that IMiDs act like 

molecular glue, binding to CRBN and jointly creating a binding interface with which CK1α 

interacts. Despite their limited primary sequence homology, both IKZF1 and CK1α interact with 

CRBN through β-loops that are predicted to have striking conformational similarity.  The 

recruitment of CK1α to CRBN induces a slight repositioning of the phthalimide ring of the 

lenalidomide relative to the lenalidomide-CRBN-only structure. This repositioning is tolerated 

when lenalidomide is bound, but the presence of an additional carbonyl group at the C3 

phthalimide ring position of pomalidomide and thalidomide is predicted to result in increased 

steric clash with the backbone of CRBN if CK1α recruitment were to occur. This provides a 

structural explanation for lenalidomide’s enhanced effects on CK1α relative to other IMiDs.  
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In the CRBN-DDB1-lenalidomide-CK1α structure, V388 (homologous to I391) is in 

close proximity to Gly40 and Glu41 of CK1α [70] (Note: This is the same residue referred to in 

Chapter 2 as V387, as the two isoforms of human CRBN vary by one amino acid in their 

numbering). The valine to isoleucine mutation found in mice introduces a methyl group which is 

predicted to disrupt CK1α-Crbn binding through steric clashes.  On the basis of this structural 

observation, the V388I mutation is predicted to not alter IMiD binding, consistent with our 

finding that mCrbn, mCrbnI391V, and hCRBN all bind agarose-bead bound lenalidomide with 

similar affinities (Figure 2.14).  

Contribution of other Crbn residues to thalidomide derivatives’ species-specific effects 

In addition to I391, there are several other sequence differences between human and 

mouse CRBN (Figure 1.6) whose significance is not yet determined. While we have 

demonstrated here that CrbnI391V is sufficient to confer IMiD-induced degradation of Ck1α, 

Ikzf1, Ikzf3, and Zfp91, other species-specific differences in CRBN could contribute to the 

degradation seen in human cells. Given that some of the clinical effects of thalidomide 

derivatives remain unexplained, new substrates may also have different dependencies on specific 

CRBN residues. Additionally, several groups are actively developing new thalidomide 

derivatives which may interact with CRBN in unique ways.  

A useful example of these considerations is provided by the case of the novel thalidomide 

derivative CC-885 [81]. While CC-885 still binds CRBN through a glutarimide ring, the rest of 

the molecule has a chemical structure distinct from thalidomide, lenalidomide, and 

pomalidomide. This unique structure confers the ability to recruit and ubiquitinate a novel 

substrate, GSPT1, in addition to IKZF1 and IKZF3, and induces unique conformational changes 

in CRBN [81, 218].  
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Figure 4.1a highlights the amino acid differences between hCRBN and mCrbn on the 

hCRBN-DDB1-CK1α crystal structure [70], with species differences colored yellow, green, and 

red. V388 (which correspond to I391 in the mouse) is buried within the CK1α-CRBN interface, 

but there is also the yellow residue, E377, adjacent to CK1α binding.  E377 is instead V380 in 

the mouse. We did not detect any effects of hCRBNE377V or mCrbnV380E on CK1α degradation by 

Western Blot (Figure 2.13), as expected since this residue is adjacent to the CK1α binding site 

but does not make direct contacts.  

In contrast, E377 is essential to CRBN-induced degradation of GSPT1 by CC-885 [81]. 

Figure 4.1b highlights amino acid differences between hCRBN and mCrbn on the hCRBN-

DDB1-CC-885-GSPT1 crystal structure [81]. Here, the yellow E377 residue makes close 

contacts with CC-885 and is buried at the drug-CRBN interface (Figure 4.1c). The mouse 

residue V380 fails to make hydrogen bond contacts with CC-885, reducing drug binding. While 

CC-885-induced IKZF1 degradation remains dependent on V388, GSPT1 interacts with the 

CRBN-CC-885 complex differently so that V388I has no effect. Intriguingly, despite some 

binding of CC-885, mCrbnI391V is not sufficient to confer CC-885-induced degradation of Ikzf1 

in mouse cells, suggesting that drug binding may introduce conformational changes that make 

both E377 and V388 essential to the recruitment and ubiquitination of IKZF1. The lab is 

currently generating a CrbnI391V V380E double knock-in mouse to address these questions and 

generate an in vivo model for the activity of CC-885.  

In addition to V388 and E377, the crystal structures reveal several other sequence 

differences between hCRBN and mCrbn which could affect substrate recruitment. In Figure 

4.1a, b(arrow), several species-dimorphic amino acids are highlighted in red which could play a 

role in species-specific effects in the case of a larger or differently shaped recruited protein 
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target. Figure 4.1c shows the F150 residue in the DDB1-CRBN-CC-885-GSPT1 structure, 

which makes clear, tertiary-structure-dependent contacts with GSPT1 and is uniquely required 

for GSPT1 recruitment. While F150 is identical between mouse and human CBRN, the adjacent 

residue Asp149 is mutated to a glutamic acid in mouse CRBN, and this change could affect the 

recruitment of a larger substrate.  

Thus, as the number of thalidomide derivatives and their substrates increases, our view of 

the role of specific CRBN mutations in the species-specific effects of thalidomide derivatives is 

likely to become more complicated.  
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Figure 4.1: Structural visualization of additional human-mouse differences in CRBN. a, A 

rendering of the CRBN-DDB1-Lenalidomide-CK1α crystal structure from PDB 5FQD [70]. 

CRBN is blue, DDB1 is grey, and CK1α is purple. Human CRBN residue V388 is highlighted in 

green, and human CRBN residue E377 is shown in yellow. Other residues which differ between 

human and mouse CRBN are shown in red. b, and c are renderings of the CRBN-DDB1-CC-

885-GSPT1 crystal structure from PDB 5HXB [81]. Residues are colored as in a, except GSPT1 

is purple and human residue F150 is teal. b shows several residues adjacent to the CRBN-GSPT1 

binding site which differ between mouse and human CRBN and could contact larger or 

differently shaped recruited substrates.  c highlights that CC-885 makes close contact with 

residue F150. While this residue is the same in mouse and humans, it is adjacent to D149, which 

is a glutamic acid in mice.  
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Conclusion 

With their novel mechanism and ability to target otherwise “undruggable” protein targets, 

thalidomide derivatives are likely to form an enlarging and clinically important class of drugs. 

The work presented here identified CK1α as a direct target of thalidomide derivatives, providing 

a mechanistic explanation of the therapeutic window of lenalidomide in del(5q) MDS. By 

comparing different thalidomide derivatives, we found that changes in chemical structure could 

alter substrate specificity, providing proof of concept for expansion of this novel drug 

mechanism to a variety of targets. We also provide a mechanistic explanation for the failure of 

these drugs in mouse models. By changing a single methyl group, we have generated a novel 

mouse model which will support the understanding and clinical development of this growing 

class of drugs.  

 

 



150 
 

References 

1. Vargesson, N., Thalidomide-induced teratogenesis: history and mechanisms. Birth Defects 
Res C Embryo Today, 2015. 105(2): p. 140-56. 

2. Florence, A.L., Is Thalidomide to Blame? British Medical Journal, 1960. 2(5217): p. 1954-
1954. 

3. Lenz, W., R.A. Pfeiffer, W. Kosenow, and D.J. Hayman, THALIDOMIDE AND 
CONGENITAL ABNORMALITIES. The Lancet, 1962. 279(7219): p. 45-46. 

4. Warkany, J., Why I doubted that thalidomide was the cause of the epidemic of limb defects 
of 1959 to 1961. Teratology, 1988. 38(3): p. 217-9. 

5. McBride, W.G., THALIDOMIDE AND CONGENITAL ABNORMALITIES. The Lancet, 
1961. 278(7216): p. 1358. 

6. Greek, R., N. Shanks, M.J. Rice, and U. of Tech, The History and Implications of Testing 
Thalidomide on Animals. The Journal of Philosophy, Science & Law, 2011. 11(3): p. 1-32. 

7. Grunenthal's thalidomide apology in full. The Telegraph, 2012. 

8. Hendrickx, A.G., L.R. Axelrod, and L.D. Clayborn, 'Thalidomide' syndrome in baboons. 
Nature, 1966. 210(5039): p. 958-9. 

9. Delahunt, C.S. and L.J. Lassen, Thalidomide Syndrome in Monkeys. Science, 1964. 
146(3649): p. 1300-5. 

10. Lucey, J.F. and R.E. Behrman, Thalidomide: effect upon pregnancy in the rhesus monkey. 
Science, 1963. 139(3561): p. 1295-6. 

11. Barrow, M.V., A.J. Steffek, and C.T.G. King, THALIDOMIDE SYNDROME IN RHESUS 
MONKEYS (MACACA MULATTA). Folia Primatologica, 1969. 10(3): p. 195-203. 

12. Wilson, J.G. and J.A. Gavan, Congenital malformations in nonhuman primates: 
Spontaneous and experimentally induced. The Anatomical Record, 1967. 158(1): p. 99-
109. 



151 
 

13. Vondruska, J.F., O.E. Fancher, and J.C. Calandra, An investigation into the teratogenic 
potential of captan, folpet, and Difolatan in nonhuman primates. Toxicology and Applied 
Pharmacology, 1971. 18(3): p. 619-624. 

14. Hendrickx, A.G. and L. Newman, Appendicular skeletal and visceral malformations 
induced by thalidomide in bonnet monkeys. Teratology, 1973. 7(2): p. 151-159. 

15. Ema, M., R. Ise, H. Kato, S. Oneda, A. Hirose, M. Hirata-Koizumi, A.V. Singh, T.B. 
Knudsen, and T. Ihara, Fetal malformations and early embryonic gene expression response 
in cynomolgus monkeys maternally exposed to thalidomide. Reproductive Toxicology, 
2010. 29(1). 

16. Poswillo, D.E., W.J. Hamilton, and D. Soer, The Marmoset as an Animal Model for 
Teratological Research. Nature, 1972. 239(5373): p. 239460a0. 

17. Hendrickx, A.G. and R.H. Sawyer, Developmental staging and thalidomide teratogenicity 
in the green monkey (Cercopithecus aethiops). Teratology, 1978. 18(3): p. 393-404. 

18. Spencer, K.E.V., THALIDOMIDE AND CONGENITAL ABNORMALITIES. The Lancet, 
1962. 280(7246): p. 100. 

19. Nudleman, K.L. and A.A. Travill, A morphological and histochemical study of 
thalidomide‐induced upper limb malformations in rabbit fetuses. Teratology, 1971. 4(4): 
p. 409-425. 

20. Felisati, D. and V. Knapp, THALIDOMIDE AND CONGENITAL ABNORMALITIES. The 
Lancet, 1962. 280(7258): p. 724-725. 

21. Glick, E.N., A. Giroud, H. Tuchmann-Duplessis, and L. Mercier-Parot, THALIDOMIDE 
AND CONGENITAL ABNORMALITIES. The Lancet, 1962. 280(7250): p. 298-299. 

22. Somers, G.F., THALIDOMIDE AND CONGENITAL ABNORMALITIES. The Lancet, 
1962. 279(7235): p. 912-913. 

23. Sawin, P.B., D. Crary, R.R. Fox, and H.M. Wuest, Thalidomide malformations and genetic 
background in the rabbit. Experientia, 1965. 21(11): p. 672-7. 



152 
 

24. Fratta, I.D., E.B. Sigg, and K. Maiorana, TERATOGENIC EFFECTS OF THALIDOMIDE 
IN RABBITS, RATS, HAMSTERS, AND MICE. Toxicology and applied pharmacology, 
1965. 7: p. 268-286. 

25. Hay, M.F., Effects of Thalidomide on Pregnancy in the Rabbit. J Reprod Fertil, 1964. 8: p. 
59-76. 

26. Pliess, G., THALIDOMIDE AND CONGENITAL ABNORMALITIES. The Lancet, 1962. 
279(7239): p. 1128-1129. 

27. Scott, W.J., R. Fradkin, and J.G. Wilson, Non-confirmation of thalidomide induced 
teratogenesis in rats and mice. Teratology, 1977. 16(3): p. 333-335. 

28. Brent, R., DRUG TESTING IN ANIMALS FOR TERATOGENIC EFFECTS. 
THALIDOMIDE IN THE PREGNANT RAT. The Journal of pediatrics, 1964. 64: p. 762-
770. 

29. Kelsey, F.O., Events After Thalidomide. Journal of Dental Research, 1967. 46(6): p. 1201-
1205. 

30. Kelsey, F.O., Thalidomide update: regulatory aspects. Teratology, 1988. 38(3): p. 221-6. 

31. Lenz, W., A short history of thalidomide embryopathy. Teratology, 1988. 38(3): p. 203-15. 

32. Kajii, T., M. Kida, and K. Takahashi, The effect of thalidomide intake during 113 human 
pregnancies. Teratology, 1973. 8(2): p. 163-6. 

33. Grabstald, H. and R. Golbey, Clinical experiences with thalidomide in patients with cancer. 
Clinical Pharmacology & Therapeutics, 1965. 6(3): p. 298-302. 

34. Sheskin, J., Thalidomide in the treatment of lepra reactions. Clinical Pharmacology & 
Therapeutics, 1965. 6(3): p. 303-306. 

35. Iyer, C.G., J. Languillon, K. Ramanujam, G. Tarabini-Castellani, J.T. De las Aguas, L.M. 
Bechelli, K. Uemura, V. Martinez Dominguez, and T. Sundaresan, WHO co-ordinated 
short-term double-blind trial with thalidomide in the treatment of acute lepra reactions in 
male lepromatous patients. Bulletin of the World Health Organization, 1971. 45(6): p. 719-
732. 



153 
 

36. Kaur, I., S. Dogra, T. Narang, and D. De, Comparative efficacy of thalidomide and 
prednisolone in the treatment of moderate to severe erythema nodosum leprosum: a 
randomized study. Australas J Dermatol, 2009. 50(3): p. 181-5. 

37. Polycarpou, A., S.L. Walker, and D.N.J. Lockwood, A Systematic Review of 
Immunological Studies of Erythema Nodosum Leprosum. Frontiers in Immunology, 2017. 
8(233). 

38. Rehman, W., L.M. Arfons, and H.M. Lazarus, The rise, fall and subsequent triumph of 
thalidomide: lessons learned in drug development. Ther Adv Hematol, 2011. 2(5): p. 291-
308. 

39. Sarno, E.N., G.E. Grau, L.M. Vieira, and J.A. Nery, Serum levels of tumour necrosis factor‐
alpha and interleuk in‐1 β during leprosy reactional srates. Clinical & Experimental 
Immunology, 1991. 84(1): p. 103-108. 

40. Sampaio, E., E. Sarno, R. Galilly, Z. Cohn, and G. Kaplan, Thalidomide selectively inhibits 
tumor necrosis factor alpha production by stimulated human monocytes. The Journal of 
experimental medicine, 1991. 173(3): p. 699-703. 

41. Okafor, M.C., Thalidomide for Erythema Nodosum Leprosum and Other Applications. 
Pharmacotherapy: The Journal of Human Pharmacology and Drug Therapy, 2003. 23(4): 
p. 481-493. 

42. Corral, L.G., G.W. Muller, A.L. Moreira, Y. Chen, M. Wu, D. Stirling, and G. Kaplan, 
Selection of novel analogs of thalidomide with enhanced tumor necrosis factor alpha 
inhibitory activity. Molecular medicine (Cambridge, Mass.), 1996. 2(4): p. 506-515. 

43. Muller, G.W., R. Chen, S.Y. Huang, L.G. Corral, L.M. Wong, R.T. Patterson, Y. Chen, G. 
Kaplan, and D.I. Stirling, Amino-substituted thalidomide analogs: potent inhibitors of 
TNF-alpha production. Bioorganic & medicinal chemistry letters, 1999. 9(11): p. 1625-
1630. 

44. Muller, G.W., L.G. Corral, M.G. Shire, H. Wang, A. Moreira, G. Kaplan, and D.I. Stirling, 
Structural modifications of thalidomide produce analogs with enhanced tumor necrosis 
factor inhibitory activity. Journal of medicinal chemistry, 1996. 39(17): p. 3238-3240. 

45. Dauguet, N., J.-J. Fournié, R. Poupot, and M. Poupot, Lenalidomide down regulates the 
production of interferon-γ and the expression of inhibitory cytotoxic receptors of human 
Natural Killer cells. Cellular Immunology, 2010. 264(2): p. 163-170. 



154 
 

46. Millrine, D. and T. Kishimoto, A Brighter Side to Thalidomide: Its Potential Use in 
Immunological Disorders. Trends Mol Med, 2017. 23(4): p. 348-361. 

47. Folkman, J., Angiogenesis in cancer, vascular, rheumatoid and other disease. Nature 
Medicine, 1995. 1(1): p. 27. 

48. D'Amato, R., M. Loughnan, E. Flynn, and J. Folkman, Thalidomide is an inhibitor of 
angiogenesis. Proceedings of the National Academy of Sciences of the United States of 
America, 1994. 91(9): p. 4082-4085. 

49. Kenyon, B.M., F. Browne, and R.J. D'Amato, Effects of thalidomide and related 
metabolites in a mouse corneal model of neovascularization. Exp Eye Res, 1997. 64(6): p. 
971-8. 

50. Singhal, S., J. Mehta, R. Desikan, D. Ayers, P. Roberson, P. Eddlemon, N. Munshi, E. 
Anaissie, C. Wilson, M. Dhodapkar, J. Zeddis, and B. Barlogie, Antitumor activity of 
thalidomide in refractory multiple myeloma. The New England journal of medicine, 1999. 
341(21): p. 1565-1571. 

51. Rajkumar, S.V. and T.E. Witzig, A review of angiogenesis and antiangiogenic therapy with 
thalidomide in multiple myeloma. Cancer Treat Rev, 2000. 26(5): p. 351-62. 

52. Raza, A., P. Meyer, D. Dutt, F. Zorat, L. Lisak, F. Nascimben, M. du Randt, C. Kaspar, C. 
Goldberg, J. Loew, S. Dar, S. Gezer, P. Venugopal, and J. Zeldis, Thalidomide produces 
transfusion independence in long-standing refractory anemias of patients with 
myelodysplastic syndromes. Blood, 2001. 98(4): p. 958-965. 

53. List, A., S. Kurtin, D. Roe, A. Buresh, D. Mahadevan, D. Fuchs, L. Rimsza, R. Heaton, R. 
Knight, and J. Zeldis, Efficacy of lenalidomide in myelodysplastic syndromes. The New 
England journal of medicine, 2005. 352(6): p. 549-557. 

54. List, A., G. Dewald, J. Bennett, A. Giagounidis, A. Raza, E. Feldman, B. Powell, P. 
Greenberg, D. Thomas, R. Stone, C. Reeder, K. Wride, J. Patin, M. Schmidt, J. Zeldis, R. 
Knight, and I. Myelodysplastic Syndrome-003 Study, Lenalidomide in the myelodysplastic 
syndrome with chromosome 5q deletion. The New England journal of medicine, 2006. 
355(14): p. 1456-1465. 

55. Montalban‐Bravo, G. and G. Garcia‐Manero, Myelodysplastic syndromes: 2018 update on 
diagnosis, risk‐stratification and management. American Journal of Hematology, 2018. 
93(1): p. 129-147. 



155 
 

56. Rajkumar, S.V., Multiple myeloma: 2016 update on diagnosis, risk-stratification, and 
management. Am J Hematol, 2016. 91(7): p. 719-34. 

57. Habermann, T., I. Lossos, G. Justice, J. Vose, P. Wiernik, K. McBride, K. Wride, A. Ervin-
Haynes, K. Takeshita, D. Pietronigro, J. Zeldis, and J. Tuscano, Lenalidomide oral 
monotherapy produces a high response rate in patients with relapsed or refractory mantle 
cell lymphoma. British journal of haematology, 2009. 145(3): p. 344-349. 

58. Chanan-Khan, A., K. Miller, L. Musial, D. Lawrence, S. Padmanabhan, K. Takeshita, C. 
Porter, D. Goodrich, Z. Bernstein, P. Wallace, D. Spaner, A. Mohr, C. Byrne, F. 
Hernandez-Ilizaliturri, C. Chrystal, P. Starostik, and M. Czuczman, Clinical efficacy of 
lenalidomide in patients with relapsed or refractory chronic lymphocytic leukemia: results 
of a phase II study. Journal of clinical oncology : official journal of the American Society 
of Clinical Oncology, 2006. 24(34): p. 5343-5349. 

59. Ferrajoli, A., B.-N. Lee, E. Schlette, S. O'Brien, H. Gao, S. Wen, W. Wierda, Z. Estrov, S. 
Faderl, E. Cohen, C. Li, J. Reuben, and M. Keating, Lenalidomide induces complete and 
partial remissions in patients with relapsed and refractory chronic lymphocytic leukemia. 
Blood, 2008. 111(11): p. 5291-5297. 

60. Cabanillas, F. and B. Shah, Advances in Diagnosis and Management of Diffuse Large B-
cell Lymphoma. Clin Lymphoma Myeloma Leuk, 2017. 17(12): p. 783-796. 

61. Visani, G., F. Ferrara, F. Di Raimondo, F. Loscocco, F. Fuligni, S. Paolini, V. Zammit, E. 
Spina, M. Rocchi, A. Visani, P.P. Piccaluga, and A. Isidori, Low-dose lenalidomide plus 
cytarabine in very elderly, unfit acute myeloid leukemia patients: Final result of a phase II 
study. Leuk Res, 2017. 62: p. 77-83. 

62. Zumbo, G., O. Sadeghi-Alavijeh, P.N. Hawkins, and M. Fontana, New and developing 
therapies for AL amyloidosis. Expert Opin Pharmacother, 2017. 18(2): p. 139-149. 

63. Ito, T., H. Ando, T. Suzuki, T. Ogura, K. Hotta, Y. Imamura, Y. Yamaguchi, and H. Handa, 
Identification of a primary target of thalidomide teratogenicity. Science (New York, N.Y.), 
2010. 327(5971): p. 1345-1350. 

64. Lu, G., R. Middleton, H. Sun, M. Naniong, C. Ott, C. Mitsiades, K.-K. Wong, J. Bradner, 
and W. Kaelin, The myeloma drug lenalidomide promotes the cereblon-dependent 
destruction of Ikaros proteins. Science (New York, N.Y.), 2014. 343(6168): p. 305-309. 



156 
 

65. Krönke, J., N. Udeshi, A. Narla, P. Grauman, S. Hurst, M. McConkey, T. Svinkina, D. 
Heckl, E. Comer, X. Li, C. Ciarlo, E. Hartman, N. Munshi, M. Schenone, S. Schreiber, S. 
Carr, and B. Ebert, Lenalidomide causes selective degradation of IKZF1 and IKZF3 in 
multiple myeloma cells. Science (New York, N.Y.), 2014. 343(6168): p. 301-305. 

66. Gandhi, A.K., J. Kang, C.G. Havens, T. Conklin, Y. Ning, L. Wu, T. Ito, H. Ando, M.F. 
Waldman, A. Thakurta, A. Klippel, H. Handa, T.O. Daniel, P.H. Schafer, and R. Chopra, 
Immunomodulatory agents lenalidomide and pomalidomide co-stimulate T cells by 
inducing degradation of T cell repressors Ikaros and Aiolos via modulation of the E3 
ubiquitin ligase complex CRL4(CRBN.). British journal of haematology, 2014. 164(6): p. 
811-821. 

67. Fink, E.C. and B.L. Ebert, The novel mechanism of lenalidomide activity. Blood, 2015. 
126(21): p. 2366-9. 

68. Chamberlain, P.P., A. Lopez-Girona, K. Miller, G. Carmel, B. Pagarigan, B. Chie-Leon, 
E. Rychak, L.G. Corral, Y.J. Ren, M. Wang, M. Riley, S.L. Delker, T. Ito, H. Ando, T. 
Mori, Y. Hirano, H. Handa, T. Hakoshima, T.O. Daniel, and B.E. Cathers, Structure of the 
human Cereblon-DDB1-lenalidomide complex reveals basis for responsiveness to 
thalidomide analogs. Nature structural & molecular biology, 2014. 21(9): p. 803-809. 

69. Fischer, E.S., K. Böhm, J.R. Lydeard, H. Yang, M.B. Stadler, S. Cavadini, J. Nagel, F. 
Serluca, V. Acker, G.M. Lingaraju, R.B. Tichkule, M. Schebesta, W.C. Forrester, M. 
Schirle, U. Hassiepen, J. Ottl, M. Hild, R.E. Beckwith, J.W. Harper, J.L. Jenkins, and N.H. 
Thomä, Structure of the DDB1-CRBN E3 ubiquitin ligase in complex with thalidomide. 
Nature, 2014. 512(7512): p. 49-53. 

70. Petzold, G., E.S. Fischer, and N.H. Thoma, Structural basis of lenalidomide-induced 
CK1alpha degradation by the CRL4(CRBN) ubiquitin ligase. Nature, 2016. 532(7597): p. 
127-30. 

71. Attal, M., V. Lauwers-Cances, G. Marit, D. Caillot, P. Moreau, T. Facon, A. Stoppa, C. 
Hulin, L. Benboubker, L. Garderet, O. Decaux, S. Leyvraz, M.-C. Vekemans, L. Voillat, 
M. Michallet, B. Pegourie, C. Dumontet, M. Roussel, X. Leleu, C. Mathiot, C. Payen, H. 
Avet-Loiseau, J.-L. Harousseau, and I.F.M. Investigators, Lenalidomide maintenance after 
stem-cell transplantation for multiple myeloma. The New England journal of medicine, 
2012. 366(19): p. 1782-1791. 

72. McCarthy, P., K. Owzar, C. Hofmeister, D. Hurd, H. Hassoun, P. Richardson, S. Giralt, E. 
Stadtmauer, D. Weisdorf, R. Vij, J. Moreb, N. Callander, K. Van Besien, T. Gentile, L. 
Isola, R. Maziarz, D. Gabriel, A. Bashey, H. Landau, T. Martin, M. Qazilbash, D. Levitan, 



157 
 

B. McClune, R. Schlossman, V. Hars, J. Postiglione, C. Jiang, E. Bennett, S. Barry, L. 
Bressler, M. Kelly, M. Seiler, C. Rosenbaum, P. Hari, M. Pasquini, M. Horowitz, T. Shea, 
S. Devine, K. Anderson, and C. Linker, Lenalidomide after stem-cell transplantation for 
multiple myeloma. The New England journal of medicine, 2012. 366(19): p. 1770-1781. 

73. Palumbo, A., R. Hajek, M. Delforge, M. Kropff, M. Petrucci, J. Catalano, H. Gisslinger, 
W. Wiktor-Jędrzejczak, M. Zodelava, K. Weisel, N. Cascavilla, G. Iosava, M. Cavo, J. 
Kloczko, J. Bladé, M. Beksac, I. Spicka, T. Plesner, J. Radke, C. Langer, D. Ben Yehuda, 
A. Corso, L. Herbein, Z. Yu, J. Mei, C. Jacques, M. Dimopoulos, and M.M. Investigators, 
Continuous lenalidomide treatment for newly diagnosed multiple myeloma. The New 
England journal of medicine, 2012. 366(19): p. 1759-1769. 

74. Weber, D., C. Chen, R. Niesvizky, M. Wang, A. Belch, E. Stadtmauer, D. Siegel, I. 
Borrello, S. Rajkumar, A. Chanan-Khan, S. Lonial, Z. Yu, J. Patin, M. Olesnyckyj, J. 
Zeldis, R. Knight, and I. Multiple Myeloma Study, Lenalidomide plus dexamethasone for 
relapsed multiple myeloma in North America. The New England journal of medicine, 2007. 
357(21): p. 2133-2142. 

75. Rajkumar, S., S. Hayman, M. Lacy, A. Dispenzieri, S. Geyer, B. Kabat, S. Zeldenrust, S. 
Kumar, P. Greipp, R. Fonseca, J. Lust, S. Russell, R. Kyle, T. Witzig, and M. Gertz, 
Combination therapy with lenalidomide plus dexamethasone (Rev/Dex) for newly 
diagnosed myeloma. Blood, 2005. 106(13): p. 4050-4053. 

76. Shaffer, A.L., N.C. Emre, L. Lamy, V.N. Ngo, G. Wright, W. Xiao, J. Powell, S. Dave, X. 
Yu, H. Zhao, Y. Zeng, B. Chen, J. Epstein, and L.M. Staudt, IRF4 addiction in multiple 
myeloma. Nature, 2008. 454(7201): p. 226-231. 

77. Yang, Y., A.L. Shaffer, N.C. Emre, M. Ceribelli, M. Zhang, G. Wright, W. Xiao, J. Powell, 
J. Platig, H. Kohlhammer, R.M. Young, H. Zhao, Y. Yang, W. Xu, J.J. Buggy, S. 
Balasubramanian, L.A. Mathews, P. Shinn, R. Guha, M. Ferrer, C. Thomas, T.A. 
Waldmann, and L.M. Staudt, Exploiting synthetic lethality for the therapy of ABC diffuse 
large B cell lymphoma. Cancer cell, 2012. 21(6): p. 723-737. 

78. Acebes-Huerta, A., L. Huergo-Zapico, A.P. Gonzalez-Rodriguez, A. Fernandez-Guizan, 
A.R. Payer, A. López-Soto, and S. Gonzalez, Lenalidomide induces immunomodulation in 
chronic lymphocytic leukemia and enhances antitumor immune responses mediated by NK 
and CD4 T cells. BioMed research international, 2014. 2014: p. 265840. 

79. Stewart, A.K., S.V. Rajkumar, M.A. Dimopoulos, T. Masszi, I. Špička, A. Oriol, R. Hájek, 
L. Rosiñol, D.S. Siegel, G.G. Mihaylov, V. Goranova-Marinova, P. Rajnics, A. Suvorov, 
R. Niesvizky, A.J. Jakubowiak, J.F. San-Miguel, H. Ludwig, M. Wang, V. Maisnar, J. 



158 
 

Minarik, W.I. Bensinger, M.-V.V. Mateos, D. Ben-Yehuda, V. Kukreti, N. Zojwalla, M.E. 
Tonda, X. Yang, B. Xing, P. Moreau, A. Palumbo, and A. Investigators, Carfilzomib, 
lenalidomide, and dexamethasone for relapsed multiple myeloma. The New England 
journal of medicine, 2015. 372(2): p. 142-152. 

80. Shi, C.-X.X., K.M. Kortüm, Y.X. Zhu, P. Jedlowski, L. Bruins, E. Braggio, and A.K. 
Stewart, Proteasome inhibitors block Ikaros degradation by lenalidomide in multiple 
myeloma. Haematologica, 2015. 100(8): p. 7. 

81. Matyskiela, M.E., G. Lu, T. Ito, B. Pagarigan, C.C. Lu, K. Miller, W. Fang, N.Y. Wang, 
D. Nguyen, J. Houston, G. Carmel, T. Tran, M. Riley, L. Nosaka, G.C. Lander, S. 
Gaidarova, S. Xu, A.L. Ruchelman, H. Handa, J. Carmichael, T.O. Daniel, B.E. Cathers, 
A. Lopez-Girona, and P.P. Chamberlain, A novel cereblon modulator recruits GSPT1 to 
the CRL4(CRBN) ubiquitin ligase. Nature, 2016. 535(7611): p. 252-7. 

82. Krönke, J., E.C. Fink, P.W. Hollenbach, K.J. MacBeth, S.N. Hurst, N.D. Udeshi, P.P. 
Chamberlain, D.R. Mani, H.W. Man, A.K. Gandhi, T. Svinkina, R.K. Schneider, M. 
McConkey, M. Järås, E. Griffiths, M. Wetzler, L. Bullinger, B.E. Cathers, S.A. Carr, R. 
Chopra, and B.L. Ebert, Lenalidomide induces ubiquitination and degradation of casein 
kinase 1A1 in del(5q) MDS. Nature, 2015. 523(7559): p. 183-188. 

83. Matyskiela, M.E., W. Zhang, H.-W.W. Man, G. Muller, G. Khambatta, F. Baculi, M. 
Hickman, L. LeBrun, B. Pagarigan, G. Carmel, C.-C.C. Lu, G. Lu, M. Riley, Y. Satoh, P. 
Schafer, T.O. Daniel, J. Carmichael, B.E. Cathers, and P.P. Chamberlain, A Cereblon 
Modulator (CC-220) with Improved Degradation of Ikaros and Aiolos. Journal of 
medicinal chemistry, 2018. 61(2): p. 535-542. 

84. Celgene, A Study to Evaluate the Efficacy and Safety of CC-220 in Subjects With Active 
Systemic Lupus Erythematosus, in Clinicaltrials.gov. 2017, National Library of Medicine. 

85. Cubillos-Zapata, C., R. Cordoba, J. Avendaño-Ortiz, C. Arribas-Jiménez, E. Hernández-
Jiménez, V. Toledano, T. Villaescusa, V. Moreno, and E. López-Collazo, CC-122 
immunomodulatory effects in refractory patients with diffuse large B-cell lymphoma. 
Oncoimmunology, 2016. 5(12). 

86. Celgene, A Safety and Efficacy Study of CC-122 in Combination With Nivolumab in 
Subjects With Unresectable Hepatocellular Carcinoma (HCC), in Clinicaltrials.gov. 2016, 
National Library of Medicine. 



159 
 

87. Winter, G.E., D.L. Buckley, J. Paulk, J.M. Roberts, A. Souza, S. Dhe-Paganon, and J.E. 
Bradner, DRUG DEVELOPMENT. Phthalimide conjugation as a strategy for in vivo target 
protein degradation. Science (New York, N.Y.), 2015. 348(6241): p. 1376-1381. 

88. Lai, A.C., M. Toure, D. Hellerschmied, J. Salami, S. Jaime-Figueroa, E. Ko, J. Hines, and 
C.M. Crews, Modular PROTAC Design for the Degradation of Oncogenic BCR-ABL. 
Angew Chem Int Ed Engl, 2016. 55(2): p. 807-10. 

89. Lu, J., Y. Qian, M. Altieri, H. Dong, J. Wang, K. Raina, J. Hines, J.D. Winkler, A.P. Crew, 
K. Coleman, and C.M. Crews, Hijacking the E3 Ubiquitin Ligase Cereblon to Efficiently 
Target BRD4. Chem Biol, 2015. 22(6): p. 755-63. 

90. Uehara, T., Y. Minoshima, K. Sagane, N.H. Sugi, K.O. Mitsuhashi, N. Yamamoto, H. 
Kamiyama, K. Takahashi, Y. Kotake, M. Uesugi, A. Yokoi, A. Inoue, T. Yoshida, M. 
Mabuchi, A. Tanaka, and T. Owa, Selective degradation of splicing factor CAPERalpha 
by anticancer sulfonamides. Nat Chem Biol, 2017. 13(6): p. 675-680. 

91. Han, T., M. Goralski, N. Gaskill, E. Capota, J. Kim, T.C. Ting, Y. Xie, N.S. Williams, and 
D. Nijhawan, Anticancer sulfonamides target splicing by inducing RBM39 degradation via 
recruitment to DCAF15. Science, 2017. 356(6336). 

92. Adès, L., R. Itzykson, and P. Fenaux, Myelodysplastic syndromes. Lancet, 2014. 
383(9936): p. 2239-52. 

93. Komrokji, R., E. Padron, B. Ebert, and A. List, Deletion 5q MDS: molecular and 
therapeutic implications. Best practice & research. Clinical haematology, 2013. 26(4): p. 
365-375. 

94. Lindsley, R. and B. Ebert, Molecular pathophysiology of myelodysplastic syndromes. 
Annual review of pathology, 2013. 8: p. 21-47. 

95. Bejar, R., K. Stevenson, O. Abdel-Wahab, N. Galili, B. Nilsson, G. Garcia-Manero, H. 
Kantarjian, A. Raza, R.L. Levine, D. Neuberg, and B.L. Ebert, Clinical effect of point 
mutations in myelodysplastic syndromes. N Engl J Med, 2011. 364(26): p. 2496-506. 

96. Van den Berghe, H., J.J. Cassiman, G. David, J.P. Fryns, J.L. Michaux, and G. Sokal, 
Distinct haematological disorder with deletion of long arm of no. 5 chromosome. Nature, 
1974. 251(5474): p. 437-8. 



160 
 

97. Boultwood, J., C. Fidler, A. Strickson, F. Watkins, S. Gama, L. Kearney, S. Tosi, A. 
Kasprzyk, J.-F. Cheng, R. Jaju, and J. Wainscoat, Narrowing and genomic annotation of 
the commonly deleted region of the 5q- syndrome. Blood, 2002. 99(12): p. 4638-4641. 

98. Horrigan, S., C. Westbrook, A. Kim, M. Banerjee, W. Stock, and R. Larson, Polymerase 
chain reaction-based diagnosis of del (5q) in acute myeloid leukemia and myelodysplastic 
syndrome identifies a minimal deletion interval. Blood, 1996. 88(7): p. 2665-2670. 

99. Boultwood, J., A. Pellagatti, H. Cattan, C. Lawrie, A. Giagounidis, L. Malcovati, M. Della 
Porta, M. Jädersten, S. Killick, C. Fidler, M. Cazzola, E. Hellström-Lindberg, and J. 
Wainscoat, Gene expression profiling of CD34+ cells in patients with the 5q- syndrome. 
British journal of haematology, 2007. 139(4): p. 578-589. 

100. Ebert, B., Molecular dissection of the 5q deletion in myelodysplastic syndrome. Seminars 
in oncology, 2011. 38(5): p. 621-626. 

101. Ebert, B.L., J. Pretz, J. Bosco, C.Y. Chang, P. Tamayo, N. Galili, A. Raza, D.E. Root, E. 
Attar, S.R. Ellis, and T.R. Golub, Identification of RPS14 as a 5q- syndrome gene by RNA 
interference screen. Nature, 2008. 451(7176): p. 335-339. 

102. Kumar, M., A. Narla, A. Nonami, A. Mullally, N. Dimitrova, B. Ball, J. McAuley, L. 
Poveromo, J. Kutok, N. Galili, A. Raza, E. Attar, D. Gilliland, T. Jacks, and B. Ebert, 
Coordinate loss of a microRNA and protein-coding gene cooperate in the pathogenesis of 
5q- syndrome. Blood, 2011. 118(17): p. 4666-4673. 

103. Starczynowski, D., F. Kuchenbauer, B. Argiropoulos, S. Sung, R. Morin, A. Muranyi, M. 
Hirst, D. Hogge, M. Marra, R. Wells, R. Buckstein, W. Lam, R. Humphries, and A. Karsan, 
Identification of miR-145 and miR-146a as mediators of the 5q- syndrome phenotype. Nat 
Med, 2010. 16(1): p. 49-58. 

104. Ebert, B., Deletion 5q in myelodysplastic syndrome: a paradigm for the study of 
hemizygous deletions in cancer. Leukemia, 2009. 23(7): p. 1252-1256. 

105. Tehranchi, R., P. Woll, K. Anderson, N. Buza-Vidas, T. Mizukami, A. Mead, I. Astrand-
Grundström, B. Strömbeck, A. Horvat, H. Ferry, R. Dhanda, R. Hast, T. Rydén, P. Vyas, 
G. Göhring, B. Schlegelberger, B. Johansson, E. Hellström-Lindberg, A. List, L. Nilsson, 
and S. Jacobsen, Persistent malignant stem cells in del(5q) myelodysplasia in remission. 
The New England journal of medicine, 2010. 363(11): p. 1025-1037. 



161 
 

106. Adès, L., S. Boehrer, T. Prebet, O. Beyne-Rauzy, L. Legros, C. Ravoet, F. Dreyfus, A. 
Stamatoullas, M. Chaury, J. Delaunay, G. Laurent, N. Vey, S. Burcheri, R.-M. Mbida, N. 
Hoarau, C. Gardin, and P. Fenaux, Efficacy and safety of lenalidomide in intermediate-2 
or high-risk myelodysplastic syndromes with 5q deletion: results of a phase 2 study. Blood, 
2009. 113(17): p. 3947-3952. 

107. Fenaux, P., A. Giagounidis, D. Selleslag, O. Beyne-Rauzy, G. Mufti, M. Mittelman, P. 
Muus, P. Te Boekhorst, G. Sanz, C. Del Cañizo, A. Guerci-Bresler, L. Nilsson, U. 
Platzbecker, M. Lübbert, B. Quesnel, M. Cazzola, A. Ganser, D. Bowen, B. 
Schlegelberger, C. Aul, R. Knight, J. Francis, T. Fu, E. Hellström-Lindberg, and 
M.D.S.L.d.q.S. Group, A randomized phase 3 study of lenalidomide versus placebo in RBC 
transfusion-dependent patients with Low-/Intermediate-1-risk myelodysplastic syndromes 
with del5q. Blood, 2011. 118(14): p. 3765-3776. 

108. Jädersten, M., L. Saft, A. Smith, A. Kulasekararaj, S. Pomplun, G. Göhring, A. Hedlund, 
R. Hast, B. Schlegelberger, A. Porwit, E. Hellström-Lindberg, and G.J. Mufti, TP53 
mutations in low-risk myelodysplastic syndromes with del(5q) predict disease progression. 
Journal of clinical oncology : official journal of the American Society of Clinical 
Oncology, 2011. 29(15): p. 1971-1979. 

109. Jadersten, M. and E. Hellstrom-Lindberg, Myelodysplastic syndromes: biology and 
treatment. J Intern Med, 2009. 265(3): p. 307-28. 

110. Wei, S., X. Chen, K. Rocha, P. Epling-Burnette, J. Djeu, Q. Liu, J. Byrd, L. Sokol, N. 
Lawrence, R. Pireddu, G. Dewald, A. Williams, J. Maciejewski, and A. List, A critical role 
for phosphatase haplodeficiency in the selective suppression of deletion 5q MDS by 
lenalidomide. Proceedings of the National Academy of Sciences of the United States of 
America, 2009. 106(31): p. 12974-12979. 

111. Pellagatti, A., M. Jadersten, A.M. Forsblom, H. Cattan, B. Christensson, E.K. 
Emanuelsson, M. Merup, L. Nilsson, J. Samuelsson, B. Sander, J.S. Wainscoat, J. 
Boultwood, and E. Hellstrom-Lindberg, Lenalidomide inhibits the malignant clone and up-
regulates the SPARC gene mapping to the commonly deleted region in 5q- syndrome 
patients. Proc Natl Acad Sci U S A, 2007. 104(27): p. 11406-11. 

112. Vlachos, A., J. Farrar, E. Atsidaftos, E. Muir, A. Narla, T. Markello, S. Singh, M. 
Landowski, H. Gazda, L. Blanc, J. Liu, S. Ellis, R. Arceci, B. Ebert, D. Bodine, and J. 
Lipton, Diminutive somatic deletions in the 5q region lead to a phenotype atypical of 
classical 5q- syndrome. Blood, 2013. 122(14): p. 2487-2490. 



162 
 

113. John, L. and A. Ward, The Ikaros gene family: transcriptional regulators of hematopoiesis 
and immunity. Molecular immunology, 2011. 48(9-10): p. 1272-1278. 

114. Parman, T., M. Wiley, and P. Wells, Free radical-mediated oxidative DNA damage in the 
mechanism of thalidomide teratogenicity. Nat Med, 1999. 5(5): p. 582-585. 

115. Chesi, M., G.M. Matthews, V.M. Garbitt, S.E. Palmer, J. Shortt, M. Lefebure, A.K. 
Stewart, R.W. Johnstone, and P.L. Bergsagel, Drug response in a genetically engineered 
mouse model of multiple myeloma is predictive of clinical efficacy. Blood, 2012. 120(2): 
p. 376-385. 

116. Ito, T. and H. Handa, Deciphering the mystery of thalidomide teratogenicity. Congenital 
anomalies, 2012. 52(1): p. 1-7. 

117. Chesi, M., G. Matthews, V. Garbitt, S. Palmer, J. Shortt, M. Lefebure, A. Stewart, R. 
Johnstone, and P. Bergsagel, Drug response in a genetically engineered mouse model of 
multiple myeloma is predictive of clinical efficacy. Blood, 2012. 120(2): p. 376-385. 

118. Ando, Y., E. Fuse, and W.D. Figg, Thalidomide metabolism by the CYP2C subfamily. Clin 
Cancer Res, 2002. 8(6): p. 1964-73. 

119. Kazuki, Y., M. Akita, K. Kobayashi, M. Osaki, D. Satoh, R. Ohta, S. Abe, S. Takehara, K. 
Kazuki, H. Yamazaki, T. Kamataki, and M. Oshimura, Thalidomide-induced limb 
abnormalities in a humanized CYP3A mouse model. Sci Rep, 2016. 6: p. 21419. 

120. Lu, J., N. Helsby, B.D. Palmer, M. Tingle, B.C. Baguley, P. Kestell, and L.-M.M. Ching, 
Metabolism of thalidomide in liver microsomes of mice, rabbits, and humans. The Journal 
of pharmacology and experimental therapeutics, 2004. 310(2): p. 571-577. 

121. Lu, J., B.D. Palmer, P. Kestell, P. Browett, B.C. Baguley, G. Muller, and L.M. Ching, 
Thalidomide metabolites in mice and patients with multiple myeloma. Clin Cancer Res, 
2003. 9(5): p. 1680-8. 

122. Ito, T., H. Ando, and H. Handa, Teratogenic effects of thalidomide: molecular mechanisms. 
Cellular and Molecular Life Sciences, 2011. 68(9): p. 1569-1579. 

123. Bauer, K.S., S.C. Dixon, and W.D. Figg, Inhibition of angiogenesis by thalidomide 
requires metabolic activation, which is species-dependent. Biochem Pharmacol, 1998. 
55(11): p. 1827-34. 



163 
 

124. Lee, K., S.-J. Yang, Y. Kim, Y. Choi, J. Nam, C. Choi, H.-S. Choi, and C.-S. Park, 
Disruption of the cereblon gene enhances hepatic AMPK activity and prevents high-fat 
diet-induced obesity and insulin resistance in mice. Diabetes, 2013. 62(6): p. 1855-1864. 

125. Rajadhyaksha, A., S. Ra, S. Kishinevsky, A. Lee, P. Romanienko, M. DuBoff, C. Yang, B. 
Zupan, M. Byrne, Z. Daruwalla, W. Mark, B. Kosofsky, M. Toth, and J. Higgins, 
Behavioral characterization of cereblon forebrain-specific conditional null mice: a model 
for human non-syndromic intellectual disability. Behavioural brain research, 2012. 226(2): 
p. 428-434. 

126. Sievers, Q.L., Modulation of the CRL4CRBN E3 ubiquitin ligase by thalidomide analogs, in 
Biological and Biomedical Sciences. 2017, Harvard University. 

127. Graubert, T.A., M.A. Payton, J. Shao, R.A. Walgren, R.S. Monahan, J.L. Frater, M.A. 
Walshauser, M.G. Martin, Y. Kasai, and M.J. Walter, Integrated genomic analysis 
implicates haploinsufficiency of multiple chromosome 5q31.2 genes in de novo 
myelodysplastic syndromes pathogenesis. PloS one, 2008. 4(2). 

128. Ong, S.E., B. Blagoev, I. Kratchmarova, D.B. Kristensen, H. Steen, A. Pandey, and M. 
Mann, Stable isotope labeling by amino acids in cell culture, SILAC, as a simple and 
accurate approach to expression proteomics. Mol Cell Proteomics, 2002. 1(5): p. 376-86. 

129. Udeshi, N.D., P. Mertins, T. Svinkina, and S.A. Carr, Large-scale identification of 
ubiquitination sites by mass spectrometry. Nat Protoc, 2013. 8(10): p. 1950-60. 

130. Schneider, R.K., V. Adema, D. Heckl, M. Jaras, M. Mallo, A.M. Lord, L.P. Chu, M.E. 
McConkey, R. Kramann, A. Mullally, R. Bejar, F. Sole, and B.L. Ebert, Role of casein 
kinase 1A1 in the biology and targeted therapy of del(5q) MDS. Cancer Cell, 2014. 26(4): 
p. 509-20. 

131. Jaras, M., P.G. Miller, L.P. Chu, R.V. Puram, E.C. Fink, R.K. Schneider, F. Al-Shahrour, 
P. Pena, L.J. Breyfogle, K.A. Hartwell, M.E. McConkey, G.S. Cowley, D.E. Root, M.G. 
Kharas, A. Mullally, and B.L. Ebert, Csnk1a1 inhibition has p53-dependent therapeutic 
efficacy in acute myeloid leukemia. J Exp Med, 2014. 211(4): p. 605-12. 

132. Elyada, E., A. Pribluda, R.E. Goldstein, Y. Morgenstern, G. Brachya, G. Cojocaru, I. Snir-
Alkalay, I. Burstain, R. Haffner-Krausz, S. Jung, Z. Wiener, K. Alitalo, M. Oren, E. 
Pikarsky, and Y. Ben-Neriah, CKIalpha ablation highlights a critical role for p53 in 
invasiveness control. Nature, 2011. 470(7334): p. 409-13. 



164 
 

133. Bidere, N., V.N. Ngo, J. Lee, C. Collins, L. Zheng, F. Wan, R.E. Davis, G. Lenz, D.E. 
Anderson, D. Arnoult, A. Vazquez, K. Sakai, J. Zhang, Z. Meng, T.D. Veenstra, L.M. 
Staudt, and M.J. Lenardo, Casein kinase 1alpha governs antigen-receptor-induced NF-
kappaB activation and human lymphoma cell survival. Nature, 2009. 458(7234): p. 92-6. 

134. Huart, A.S., N.J. MacLaine, D.W. Meek, and T.R. Hupp, CK1alpha plays a central role in 
mediating MDM2 control of p53 and E2F-1 protein stability. J Biol Chem, 2009. 284(47): 
p. 32384-94. 

135. Wu, S., L. Chen, A. Becker, E. Schonbrunn, and J. Chen, Casein kinase 1alpha regulates 
an MDMX intramolecular interaction to stimulate p53 binding. Mol Cell Biol, 2012. 
32(23): p. 4821-32. 

136. Knippschild, U., M. Kruger, J. Richter, P. Xu, B. Garcia-Reyes, C. Peifer, J. Halekotte, V. 
Bakulev, and J. Bischof, The CK1 Family: Contribution to Cellular Stress Response and 
Its Role in Carcinogenesis. Front Oncol, 2014. 4: p. 96. 

137. Venerando, A., M. Ruzzene, and L.A. Pinna, Casein kinase: the triple meaning of a 
misnomer. The Biochemical journal, 2014. 460(2): p. 141-156. 

138. Sinnberg, T., M. Menzel, S. Kaesler, T. Biedermann, B. Sauer, S. Nahnsen, M. Schwarz, 
C. Garbe, and B. Schittek, Suppression of casein kinase 1alpha in melanoma cells induces 
a switch in beta-catenin signaling to promote metastasis. Cancer Res, 2010. 70(17): p. 
6999-7009. 

139. Schneider, R.K., V. Adema, D. Heckl, M. Jaras, M. Mallo, A.M. Lord, L.P. Chu, M.E. 
McConkey, R. Kramann, A. Mullally, R. Bejar, F. Sole, and B.L. Ebert, Role of Casein 
Kinase 1A1 in the Biology and Targeted Therapy of del(5q) MDS. Cancer Cell, 2014. 

140. Rauniyar, N. and J.R. Yates, 3rd, Isobaric labeling-based relative quantification in shotgun 
proteomics. J Proteome Res, 2014. 13(12): p. 5293-309. 

141. Frei, E., 3rd, Gene deletion: a new target for cancer chemotherapy. Lancet, 1993. 
342(8872): p. 662-4. 

142. Nijhawan, D., T.I. Zack, Y. Ren, M.R. Strickland, R. Lamothe, S.E. Schumacher, A. 
Tsherniak, H.C. Besche, J. Rosenbluh, S. Shehata, G.S. Cowley, B.A. Weir, A.L. 
Goldberg, J.P. Mesirov, D.E. Root, S.N. Bhatia, R. Beroukhim, and W.C. Hahn, Cancer 
vulnerabilities unveiled by genomic loss. Cell, 2012. 150(4): p. 842-854. 



165 
 

143. Narla, A. and B.L. Ebert, Ribosomopathies: human disorders of ribosome dysfunction. 
Blood, 2010. 115(16): p. 3196-205. 

144. Mertins, P., J.W. Qiao, J. Patel, N.D. Udeshi, K.R. Clauser, D.R. Mani, M.W. Burgess, 
M.A. Gillette, J.D. Jaffe, and S.A. Carr, Integrated proteomic analysis of post-translational 
modifications by serial enrichment. Nat Methods, 2013. 10(7): p. 634-7. 

145. Bland, J.M. and D.G. Altman, Statistical methods for assessing agreement between two 
methods of clinical measurement. Lancet, 1986. 1(8476): p. 307-10. 

146. Smyth, G.K., Linear models and empirical bayes methods for assessing differential 
expression in microarray experiments. Stat Appl Genet Mol Biol, 2004. 3: p. Article3. 

147. Benjamini, Y. and Y. Hochberg, Controlling the false discovery rate: a practical and 
powerful approach to multiple testing. Journal of the Royal Statistical Society, 1995. Series 
B (Methodological)(289-300). 

148. Heckl, D., M.S. Kowalczyk, D. Yudovich, R. Belizaire, R.V. Puram, M.E. McConkey, A. 
Thielke, J.C. Aster, A. Regev, and B.L. Ebert, Generation of mouse models of myeloid 
malignancy with combinatorial genetic lesions using CRISPR-Cas9 genome editing. Nat 
Biotechnol, 2014. 32(9): p. 941-6. 

149. Weekes, M.P., P. Tomasec, E.L. Huttlin, C.A. Fielding, D. Nusinow, R.J. Stanton, E.C. 
Wang, R. Aicheler, I. Murrell, G.W. Wilkinson, P.J. Lehner, and S.P. Gygi, Quantitative 
temporal viromics: an approach to investigate host-pathogen interaction. Cell, 2014. 
157(6): p. 1460-72. 

150. Kim, J.H. and A.R. Scialli, Thalidomide: the tragedy of birth defects and the effective 
treatment of disease. Toxicol Sci, 2011. 122(1): p. 1-6. 

151. Görgün, G., E. Calabrese, E. Soydan, T. Hideshima, G. Perrone, M. Bandi, D. Cirstea, L. 
Santo, Y. Hu, Y.-T.T. Tai, S. Nahar, N. Mimura, C. Fabre, N. Raje, N. Munshi, P. 
Richardson, and K.C. Anderson, Immunomodulatory effects of lenalidomide and 
pomalidomide on interaction of tumor and bone marrow accessory cells in multiple 
myeloma. Blood, 2010. 116(17): p. 3227-3237. 

152. Melchert, M. and A. List, The thalidomide saga. The international journal of biochemistry 
& cell biology, 2007. 39(7-8): p. 1489-1499. 



166 
 

153. Ximeri, M., A. Galanopoulos, M. Klaus, A. Parcharidou, K. Giannikou, M. Psyllaki, A. 
Symeonidis, V. Pappa, Z. Kartasis, D. Liapi, E. Hatzimichael, S. Kokoris, P. 
Korkolopoulou, C. Sambani, C. Pontikoglou, H.A. Papadaki, and H.S. Group, Effect of 
lenalidomide therapy on hematopoiesis of patients with myelodysplastic syndrome 
associated with chromosome 5q deletion. Haematologica, 2010. 95(3): p. 406-414. 

154. Perez-Pinera, P., D.G. Ousterout, M.T. Brown, and C.A. Gersbach, Gene targeting to the 
ROSA26 locus directed by engineered zinc finger nucleases. Nucleic Acids Res, 2012. 
40(8): p. 3741-52. 

155. Roebroek, A.J., P.L. Gordts, and S. Reekmans, Knock-in approaches. Methods Mol Biol, 
2011. 693: p. 257-75. 

156. Xin, W., N. Xiaohua, C. Peilin, C. Xin, S. Yaqiong, and W. Qihan, Primary function 
analysis of human mental retardation related gene CRBN. Molecular biology reports, 
2008. 35(2): p. 251-256. 

157. An, J., C.M. Ponthier, R. Sack, J. Seebacher, M.B. Stadler, K.A. Donovan, and E.S. 
Fischer, pSILAC mass spectrometry reveals ZFP91 as IMiD-dependent substrate of the 
CRL4(CRBN) ubiquitin ligase. Nat Commun, 2017. 8: p. 15398. 

158. Wang, G.G., K.R. Calvo, M.P. Pasillas, D.B. Sykes, H. Hacker, and M.P. Kamps, 
Quantitative production of macrophages or neutrophils ex vivo using conditional Hoxb8. 
Nat Methods, 2006. 3(4): p. 287-93. 

159. Chung, F., J. Lu, B.D. Palmer, P. Kestell, P. Browett, B.C. Baguley, M. Tingle, and L.M. 
Ching, Thalidomide pharmacokinetics and metabolite formation in mice, rabbits, and 
multiple myeloma patients. Clin Cancer Res, 2004. 10(17): p. 5949-56. 

160. Haslett, P.A.J., L.G. Corral, M. Albert, and G. Kaplan, Thalidomide costimulates primary 
human T lymphocytes, preferentially inducing proliferation, cytokine production, and 
cytotoxic responses in the CD8+ subset. The Journal of experimental medicine, 1998. 
187(11): p. 1885-1892. 

161. Haslett, P.A., P. Roche, C.R. Butlin, M. Macdonald, N. Shrestha, R. Manandhar, J. 
Lemaster, R. Hawksworth, M. Shah, A.S. Lubinsky, M. Albert, J. Worley, and G. Kaplan, 
Effective treatment of erythema nodosum leprosum with thalidomide is associated with 
immune stimulation. J Infect Dis, 2005. 192(12): p. 2045-53. 



167 
 

162. Quintana, F.J., H. Jin, E.J. Burns, M. Nadeau, A. Yeste, D. Kumar, M. Rangachari, C. Zhu, 
S. Xiao, J. Seavitt, K. Georgopoulos, and V.K. Kuchroo, Aiolos promotes TH17 
differentiation by directly silencing Il2 expression. Nat Immunol, 2012. 13(8): p. 770-7. 

163. Wang, J.H., A. Nichogiannopoulou, L. Wu, L. Sun, A.H. Sharpe, M. Bigby, and K. 
Georgopoulos, Selective defects in the development of the fetal and adult lymphoid system 
in mice with an Ikaros null mutation. Immunity, 1996. 5(6): p. 537-49. 

164. Wang, J.H., N. Avitahl, A. Cariappa, C. Friedrich, T. Ikeda, A. Renold, K. Andrikopoulos, 
L. Liang, S. Pillai, B.A. Morgan, and K. Georgopoulos, Aiolos regulates B cell activation 
and maturation to effector state. Immunity, 1998. 9(4): p. 543-53. 

165. Nichogiannopoulou, A., M. Trevisan, S. Neben, C. Friedrich, and K. Georgopoulos, 
Defects in hemopoietic stem cell activity in Ikaros mutant mice. J Exp Med, 1999. 190(9): 
p. 1201-14. 

166. Sekeres, M.A., J.P. Maciejewski, A.A. Giagounidis, K. Wride, R. Knight, A. Raza, and 
A.F. List, Relationship of treatment-related cytopenias and response to lenalidomide in 
patients with lower-risk myelodysplastic syndromes. Journal of clinical oncology : official 
journal of the American Society of Clinical Oncology, 2008. 26(36): p. 5943-5949. 

167. Dimopoulos, M.A., C. Chen, A. Spencer, R. Niesvizky, M. Attal, E.A. Stadtmauer, M.T. 
Petrucci, Z. Yu, M. Olesnyckyj, J.B. Zeldis, R.D. Knight, and D.M. Weber, Long-term 
follow-up on overall survival from the MM-009 and MM-010 phase III trials of 
lenalidomide plus dexamethasone in patients with relapsed or refractory multiple 
myeloma. Leukemia, 2009. 23: p. 2147. 

168. Narla, A., S. Dutt, J.R. McAuley, F. Al-Shahrour, S. Hurst, M. McConkey, D. Neuberg, 
and B.L. Ebert, Dexamethasone and lenalidomide have distinct functional effects on 
erythropoiesis. Blood, 2011. 118(8): p. 2296-304. 

169. Ebert, B.L., N. Galili, P. Tamayo, J. Bosco, R. Mak, J. Pretz, S. Tanguturi, C. Ladd-Acosta, 
R. Stone, T.R. Golub, and A. Raza, An erythroid differentiation signature predicts response 
to lenalidomide in myelodysplastic syndrome. PLoS Med, 2008. 5(2): p. e35. 

170. Mallo, M., M. Del Rey, M. Ibanez, M.J. Calasanz, L. Arenillas, M.J. Larrayoz, C. Pedro, 
A. Jerez, J. Maciejewski, D. Costa, M. Nomdedeu, M. Diez-Campelo, E. Lumbreras, T. 
Gonzalez-Martinez, I. Marugan, E. Such, J. Cervera, J.C. Cigudosa, S. Alvarez, L. 
Florensa, J.M. Hernandez, and F. Sole, Response to lenalidomide in myelodysplastic 
syndromes with del(5q): influence of cytogenetics and mutations. Br J Haematol, 2013. 
162(1): p. 74-86. 



168 
 

171. Saft, L., M. Karimi, M. Ghaderi, A. Matolcsy, G.J. Mufti, A. Kulasekararaj, G. Gohring, 
A. Giagounidis, D. Selleslag, P. Muus, G. Sanz, M. Mittelman, D. Bowen, A. Porwit, T. 
Fu, J. Backstrom, P. Fenaux, K.J. MacBeth, and E. Hellstrom-Lindberg, p53 protein 
expression independently predicts outcome in patients with lower-risk myelodysplastic 
syndromes with del(5q). Haematologica, 2014. 99(6): p. 1041-9. 

172. Schneider, R.K., M. Schenone, M.V. Ferreira, R. Kramann, C.E. Joyce, C. Hartigan, F. 
Beier, T.H. Brummendorf, U. Germing, U. Platzbecker, G. Busche, R. Knuchel, M.C. 
Chen, C.S. Waters, E. Chen, L.P. Chu, C.D. Novina, R.C. Lindsley, S.A. Carr, and B.L. 
Ebert, Rps14 haploinsufficiency causes a block in erythroid differentiation mediated by 
S100A8 and S100A9. Nat Med, 2016. 22(3): p. 288-97. 

173. Butler, H., The effect of thalidomide on a prosimian: the greater galago (Galago 
crassicaudatus). J Med Primatol, 1977. 6(5): p. 319-24. 

174. Khera, K.S., Fetal cardiovascular and other defects induced by thalidomide in cats. 
Teratology, 1975. 11(1): p. 65-9. 

175. Earl, F.L., A.S. Tegeris, G.E. Whitmore, R. Morison, and O.G. Fitzhugh, THE USE OF 
SWINE IN DRUG TOXICITY STUDIES*. Annals of the New York Academy of Sciences, 
1964. 111(2): p. 671-688. 

176. Jonsson, B.G., Thalidomide Teratology in Swine: A Preparatory Study. Acta 
Pharmacologica et Toxicologica, 1972. 31(1‐2): p. 24-26. 

177. Grubb, P., T.M. Butynski, J.F. Oates, S.K. Bearder, T.R. Disotell, C.P. Groves, and T.T. 
Struhsaker, Assessment of the Diversity of African Primates. International Journal of 
Primatology, 2003. 24(6): p. 1301-1357. 

178. Otis, E.M. and R. Brent, Equivalent ages in mouse and human embryos. Anat Rec, 1954. 
120(1): p. 33-63. 

179. O'Rahilly, R., Early human development and the chief sources of information on staged 
human embryos. Eur J Obstet Gynecol Reprod Biol, 1979. 9(4): p. 273-80. 

180. Sykes, D.B., Y.S. Kfoury, F.E. Mercier, M.J. Wawer, J.M. Law, M.K. Haynes, T.A. Lewis, 
A. Schajnovitz, E. Jain, D. Lee, H. Meyer, K.A. Pierce, N.J. Tolliday, A. Waller, S.J. 
Ferrara, A.L. Eheim, D. Stoeckigt, K.L. Maxcy, J.M. Cobert, J. Bachand, B.A. Szekely, S. 
Mukherjee, L.A. Sklar, J.D. Kotz, C.B. Clish, R.I. Sadreyev, P.A. Clemons, A. Janzer, S.L. 



169 
 

Schreiber, and D.T. Scadden, Inhibition of Dihydroorotate Dehydrogenase Overcomes 
Differentiation Blockade in Acute Myeloid Leukemia. Cell, 2016. 167(1): p. 171-186 e15. 

181. Beroukhim, R., C.H. Mermel, D. Porter, G. Wei, S. Raychaudhuri, J. Donovan, J. 
Barretina, J.S. Boehm, J. Dobson, M. Urashima, K.T. Mc Henry, R.M. Pinchback, A.H. 
Ligon, Y.J. Cho, L. Haery, H. Greulich, M. Reich, W. Winckler, M.S. Lawrence, B.A. 
Weir, K.E. Tanaka, D.Y. Chiang, A.J. Bass, A. Loo, C. Hoffman, J. Prensner, T. Liefeld, 
Q. Gao, D. Yecies, S. Signoretti, E. Maher, F.J. Kaye, H. Sasaki, J.E. Tepper, J.A. Fletcher, 
J. Tabernero, J. Baselga, M.S. Tsao, F. Demichelis, M.A. Rubin, P.A. Janne, M.J. Daly, C. 
Nucera, R.L. Levine, B.L. Ebert, S. Gabriel, A.K. Rustgi, C.R. Antonescu, M. Ladanyi, A. 
Letai, L.A. Garraway, M. Loda, D.G. Beer, L.D. True, A. Okamoto, S.L. Pomeroy, S. 
Singer, T.R. Golub, E.S. Lander, G. Getz, W.R. Sellers, and M. Meyerson, The landscape 
of somatic copy-number alteration across human cancers. Nature, 2010. 463(7283): p. 
899-905. 

182. Paolella, B.R., W.J. Gibson, L.M. Urbanski, J.A. Alberta, T.I. Zack, P. Bandopadhayay, 
C.A. Nichols, P.K. Agarwalla, M.S. Brown, R. Lamothe, Y. Yu, P.S. Choi, E.A. Obeng, 
D. Heckl, G. Wei, B. Wang, A. Tsherniak, F. Vazquez, B.A. Weir, D.E. Root, G.S. Cowley, 
S.J. Buhrlage, C.D. Stiles, B.L. Ebert, W.C. Hahn, R. Reed, and R. Beroukhim, Copy-
number and gene dependency analysis reveals partial copy loss of wild-type SF3B1 as a 
novel cancer vulnerability. Elife, 2017. 6. 

183. Liu, Y., X. Zhang, C. Han, G. Wan, X. Huang, C. Ivan, D. Jiang, C. Rodriguez-Aguayo, 
G. Lopez-Berestein, P.H. Rao, D.M. Maru, A. Pahl, X. He, A.K. Sood, L.M. Ellis, J. 
Anderl, and X. Lu, TP53 loss creates therapeutic vulnerability in colorectal cancer. 
Nature, 2015. 520(7549): p. 697-701. 

184. Bao, X., Z. Siprashvili, B.J. Zarnegar, R.M. Shenoy, E.J. Rios, N. Nady, K. Qu, A. Mah, 
D.E. Webster, A.J. Rubin, G.G. Wozniak, S. Tao, J. Wysocka, and P.A. Khavari, CSNK1a1 
Regulates PRMT1 to Maintain the Progenitor State in Self-Renewing Somatic Tissue. Dev 
Cell, 2017. 43(2): p. 227-239 e5. 

185. Cruciat, C.-M.M., Casein kinase 1 and Wnt/β-catenin signaling. Current opinion in cell 
biology, 2014. 31: p. 46-55. 

186. Richter, J., A.L. Kretz, J. Lemke, M. Fauler, J.U. Werner, S. Paschke, F. Leithauser, D. 
Henne-Bruns, A. Hillenbrand, and U. Knippschild, CK1alpha overexpression correlates 
with poor survival in colorectal cancer. BMC Cancer, 2018. 18(1): p. 140. 

187. Manni, S., M. Carrino, M. Manzoni, K. Gianesin, S.C. Nunes, M. Costacurta, L.Q. Tubi, 
P. Macaccaro, E. Taiana, A. Cabrelle, G. Barila, A. Martines, R. Zambello, L. Bonaldi, L. 



170 
 

Trentin, A. Neri, G. Semenzato, and F. Piazza, Inactivation of CK1alpha in multiple 
myeloma empowers drug cytotoxicity by affecting AKT and beta-catenin survival signaling 
pathways. Oncotarget, 2017. 8(9): p. 14604-14619. 

188. Manni, S., M. Carrino, and F. Piazza, Role of protein kinases CK1alpha and CK2 in 
multiple myeloma: regulation of pivotal survival and stress-managing pathways. J 
Hematol Oncol, 2017. 10(1): p. 157. 

189. Hu, Y., W. Song, D. Cirstea, D. Lu, N.C. Munshi, and K.C. Anderson, CSNK1alpha1 
mediates malignant plasma cell survival. Leukemia, 2015. 29(2): p. 474-82. 

190. Lantermann, A.B., D. Chen, K. McCutcheon, G. Hoffman, E. Frias, D. Ruddy, D. Rakiec, 
J. Korn, G. McAllister, F. Stegmeier, M.J. Meyer, and S.V. Sharma, Inhibition of Casein 
Kinase 1 Alpha Prevents Acquired Drug Resistance to Erlotinib in EGFR-Mutant Non-
Small Cell Lung Cancer. Cancer Res, 2015. 75(22): p. 4937-48. 

191. Chang, C.H., C.J. Kuo, T. Ito, Y.Y. Su, S.T. Jiang, M.H. Chiu, Y.H. Lin, A. Nist, M. 
Mernberger, T. Stiewe, S. Ito, K. Wakamatsu, Y.A. Hsueh, S.Y. Shieh, I. Snir-Alkalay, 
and Y. Ben-Neriah, CK1alpha ablation in keratinocytes induces p53-dependent, sunburn-
protective skin hyperpigmentation. Proc Natl Acad Sci U S A, 2017. 114(38): p. E8035-
E8044. 

192. Zeidner, J.F. and M.C. Foster, Immunomodulatory Drugs: IMiDs in Acute Myeloid 
Leukemia (AML). Curr Drug Targets, 2017. 18(3): p. 304-314. 

193. Pellagatti, A., T. Marafioti, J.C. Paterson, J.L. Barlow, L.F. Drynan, A. Giagounidis, S.A. 
Pileri, M. Cazzola, A.N. McKenzie, J.S. Wainscoat, and J. Boultwood, Induction of p53 
and up-regulation of the p53 pathway in the human 5q- syndrome. Blood, 2010. 115(13): 
p. 2721-3. 

194. Barlow, J.L., L.F. Drynan, D.R. Hewett, L.R. Holmes, S. Lorenzo-Abalde, A.L. Lane, H.E. 
Jolin, R. Pannell, A.J. Middleton, S.H. Wong, A.J. Warren, J.S. Wainscoat, J. Boultwood, 
and A.N. McKenzie, A p53-dependent mechanism underlies macrocytic anemia in a mouse 
model of human 5q- syndrome. Nat Med, 2010. 16(1): p. 59-66. 

195. Fumagalli, S., A. Di Cara, A. Neb-Gulati, F. Natt, S. Schwemberger, J. Hall, G.F. Babcock, 
R. Bernardi, P.P. Pandolfi, and G. Thomas, Absence of nucleolar disruption after 
impairment of 40S ribosome biogenesis reveals an rpL11-translation-dependent 
mechanism of p53 induction. Nat Cell Biol, 2009. 11(4): p. 501-8. 



171 
 

196. Kim, M.M., D. Wiederschain, D. Kennedy, E. Hansen, and Z.M. Yuan, Modulation of p53 
and MDM2 activity by novel interaction with Ras-GAP binding proteins (G3BP). 
Oncogene, 2007. 26(29): p. 4209-15. 

197. Jones, N.C., M.L. Lynn, K. Gaudenz, D. Sakai, K. Aoto, J.P. Rey, E.F. Glynn, L. Ellington, 
C. Du, J. Dixon, M.J. Dixon, and P.A. Trainor, Prevention of the neurocristopathy 
Treacher Collins syndrome through inhibition of p53 function. Nat Med, 2008. 14(2): p. 
125-33. 

198. Nikolova, S., A. Guenther, R. Savai, N. Weissmann, H.A. Ghofrani, M. Konigshoff, O. 
Eickelberg, W. Klepetko, R. Voswinckel, W. Seeger, F. Grimminger, R.T. Schermuly, and 
S.S. Pullamsetti, Phosphodiesterase 6 subunits are expressed and altered in idiopathic 
pulmonary fibrosis. Respir Res, 2010. 11: p. 146. 

199. Zhang, H., S. Li, T. Doan, F. Rieke, P.B. Detwiler, J.M. Frederick, and W. Baehr, Deletion 
of PrBP/delta impedes transport of GRK1 and PDE6 catalytic subunits to photoreceptor 
outer segments. Proc Natl Acad Sci U S A, 2007. 104(21): p. 8857-62. 

200. Fang, J., X. Liu, L. Bolanos, B. Barker, C. Rigolino, A. Cortelezzi, E.N. Oliva, M. Cuzzola, 
H.L. Grimes, C. Fontanillo, K. Komurov, K. MacBeth, and D.T. Starczynowski, A 
calcium- and calpain-dependent pathway determines the response to lenalidomide in 
myelodysplastic syndromes. Nat Med, 2016. 22(7): p. 727-34. 

201. Santini, V., A. Almeida, A. Giagounidis, S. Gropper, A. Jonasova, N. Vey, G.J. Mufti, R. 
Buckstein, M. Mittelman, U. Platzbecker, O. Shpilberg, R. Ram, C. Del Canizo, N. 
Gattermann, K. Ozawa, A. Risueno, K.J. MacBeth, J. Zhong, F. Seguy, A. Hoenekopp, 
C.L. Beach, and P. Fenaux, Randomized Phase III Study of Lenalidomide Versus Placebo 
in RBC Transfusion-Dependent Patients With Lower-Risk Non-del(5q) Myelodysplastic 
Syndromes and Ineligible for or Refractory to Erythropoiesis-Stimulating Agents. J Clin 
Oncol, 2016. 34(25): p. 2988-96. 

202. Raza, A., J.A. Reeves, E.J. Feldman, G.W. Dewald, J.M. Bennett, H.J. Deeg, L. Dreisbach, 
C.A. Schiffer, R.M. Stone, P.L. Greenberg, P.T. Curtin, V.M. Klimek, J.M. Shammo, D. 
Thomas, R.D. Knight, M. Schmidt, K. Wride, J.B. Zeldis, and A.F. List, Phase 2 study of 
lenalidomide in transfusion-dependent, low-risk, and intermediate-1 risk myelodysplastic 
syndromes with karyotypes other than deletion 5q. Blood, 2008. 111(1): p. 86-93. 

203. Kerdivel, G., V. Chesnais, E. Becht, A. Toma, N. Cagnard, F. Dumont, A. Rousseau, P. 
Fenaux, S. Chevret, N. Chapuis, V. Boeva, W.H. Fridman, M. Fontenay, and O. Kosmider, 
Lenalidomide-mediated erythroid improvement in non-del(5q) myelodysplastic syndromes 
is associated with bone marrow immuno-remodeling. Leukemia, 2018. 32(2): p. 558-562. 



172 
 

204. McGraw, K.L., A.A. Basiorka, J.O. Johnson, J. Clark, G. Caceres, E. Padron, R. Heaton, 
Y. Ozawa, S. Wei, L. Sokol, and A.F. List, Lenalidomide induces lipid raft assembly to 
enhance erythropoietin receptor signaling in myelodysplastic syndrome progenitors. PLoS 
One, 2014. 9(12): p. e114249. 

205. Basiorka, A.A., K.L. McGraw, L. De Ceuninck, L.N. Griner, L. Zhang, J.A. Clark, G. 
Caceres, L. Sokol, R.S. Komrokji, G.W. Reuther, S. Wei, J. Tavernier, and A.F. List, 
Lenalidomide Stabilizes the Erythropoietin Receptor by Inhibiting the E3 Ubiquitin Ligase 
RNF41. Cancer Res, 2016. 76(12): p. 3531-40. 

206. Moutouh-de Parseval, L.A., D. Verhelle, E. Glezer, K. Jensen-Pergakes, G.D. Ferguson, 
L.G. Corral, C.L. Morris, G. Muller, H. Brady, and K. Chan, Pomalidomide and 
lenalidomide regulate erythropoiesis and fetal hemoglobin production in human CD34+ 
cells. J Clin Invest, 2008. 118(1): p. 248-58. 

207. Lopez, R.A., S. Schoetz, K. DeAngelis, D. O'Neill, and A. Bank, Multiple hematopoietic 
defects and delayed globin switching in Ikaros null mice. Proc Natl Acad Sci U S A, 2002. 
99(2): p. 602-7. 

208. Jager, R., H. Gisslinger, F. Passamonti, E. Rumi, T. Berg, B. Gisslinger, D. Pietra, A. 
Harutyunyan, T. Klampfl, D. Olcaydu, M. Cazzola, and R. Kralovics, Deletions of the 
transcription factor Ikaros in myeloproliferative neoplasms. Leukemia, 2010. 24(7): p. 
1290-8. 

209. Grebien, F., M.A. Kerenyi, B. Kovacic, T. Kolbe, V. Becker, H. Dolznig, K. Pfeffer, U. 
Klingmuller, M. Muller, H. Beug, E.W. Mullner, and R. Moriggl, Stat5 activation enables 
erythropoiesis in the absence of EpoR and Jak2. Blood, 2008. 111(9): p. 4511-22. 

210. Webb, J.F., Canadian Thalidomide Experience. Can Med Assoc J, 1963. 89: p. 987-92. 

211. Smithells, R.W. and C.G. Newman, Recognition of thalidomide defects. J Med Genet, 
1992. 29(10): p. 716-23. 

212. Palumbo, A., J. Freeman, L. Weiss, and P. Fenaux, The clinical safety of lenalidomide in 
multiple myeloma and myelodysplastic syndromes. Expert Opin Drug Saf, 2012. 11(1): p. 
107-20. 

213. Leebeek, F.W., Update of thrombosis in multiple myeloma. Thromb Res, 2016. 140 Suppl 
1: p. S76-80. 



173 
 

214. Holstein, S.A. and P.L. McCarthy, Immunomodulatory Drugs in Multiple Myeloma: 
Mechanisms of Action and Clinical Experience. Drugs, 2017. 77(5): p. 505-520. 

215. Carrier, M., G. Le Gal, J. Tay, C. Wu, and A.Y. Lee, Rates of venous thromboembolism in 
multiple myeloma patients undergoing immunomodulatory therapy with thalidomide or 
lenalidomide: a systematic review and meta-analysis. J Thromb Haemost, 2011. 9(4): p. 
653-63. 

216. Brandenburg, N.A., R. Bwire, J. Freeman, F. Houn, P. Sheehan, and J.B. Zeldis, 
Effectiveness of Risk Evaluation and Mitigation Strategies (REMS) for Lenalidomide and 
Thalidomide: Patient Comprehension and Knowledge Retention. Drug Safety, 2017. 40(4): 
p. 333-341. 

217. Okon, L., M. Rosenbach, M. Krathen, M. Rose, K. Propert, J. Okawa, and V. Werth, 
Lenalidomide in treatment-refractory cutaneous lupus erythematosus: Efficacy and safety 
in a 52-week trial. Journal of the American Academy of Dermatology, 2014. 70(3): p. 583-
584. 

218. Chamberlain, P.P., B.E. Cathers, and A. Lopez-Girona, Compositions and methods for 
inducing conformational changes in cereblon and other e3 ubiquitin ligases. 2015, 
Celgene Corporation: USA. 
 


