
 

 

Introduction 
 
Genetic linkage analysis revealed that a gene 
located at 3p25-pter is associated with auto-
somal recessive nonsyndromic mental retarda-
tion (ARNSMR) [1]. Single-strand conformational 
polymorphism analysis and direct DNA sequenc-
ing identified a nonsense mutation in the coding 
region of a gene named as cereblon (CRBN) [2]. 
The nomenclature of CRBN was based on its 
putative role in cerebral development and the 
presence of a large (237-amino acid) highly con-
served ATP-dependent Lon protease domain [2]. 
However, whether this protein possesses ATP-
dependent Lon protease activity or not has not 
been convincingly proved. In addition, why non-
sense mutation that leads to truncation of the C

-terminal 24 amino acid of this gene resulted in 
mental retardation is not well illustrated yet. 
CRBN has recently been recognized as the tar-
get of immunomodulatory drugs (IMiDs) and the 
binding of IMiDs to CRBN is teratogenic [3]. Fur-
thermore, IMiD binding to CRBN is cytotoxic to 
multiple myeloma cells and absence of CRBN 
confers IMiDs resistance.  Although IMiDs are 
widely used in treating multiple myeloma pa-
tients, the molecular mechanism of the treat-
ment with IMiD is not well understood. Further-
more, the overall normal physiologic function of 
this protein is not well illustrated. In this review, 
we will summarize the potential functional role 
of this protein and attempt to facilitate further 
studies to unveil the functional role of this pro-
tein and the molecular mechanism of IMiDs-
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Abstract: It has been found that nonsense mutation R419X of cereblon (CRBN) is associated with autosomal reces-
sive non-syndromic mental retardation. Further experiments showed that CRBN binds to the cytosolic C-terminus of 
large-conductance Ca++ activated potassium channel (BKCa) α-subunit and the cytosolic C-terminus of a voltage-gated 
chloride channel-2 (ClC-2), suggesting that CRBN may play a role in memory and learning via regulating the assembly 
and surface expression of BKCa and ClC-2 channels. In addition, it has also been found that CRBN directly interacts 
with the α1 subunit of AMP-activated protein kinase (AMPK) and prevents formation of a functional holoenzyme with 
regulatory subunits β and γ. Since AMPK is a master sensor of energy balance that inhibits ATP-consuming anabolic 
pathways and increases ATP-producing catabolic pathways, binding of CRBN with α1 subunit of AMPK may play a role 
in these pathways by regulating the function of AMPK. Furthermore, CRBN interacts with damaged DNA binding pro-
tein 1 and forms an E3 ubiquitin ligase complex with Cullin 4 where it functions as a substrate receptor in which the 
proteins recognized by CRBN might be ubiquitinated and degraded by proteasomes. Proteasome-mediated degrada-
tion of unneeded or damaged proteins plays a very important role in maintaining regular function of a cell, such as 
cell survival, dividing, proliferation and growth. Intriguingly, a new role for CRBN has been identified, i.e, the binding of 
immunomodulatory drugs (IMiDs), e.g. thalidomide, to CRBN has now been associated with teratogenicity and also 
the cytotoxicity of IMiDs, including lenalidomide, which are widely used to treat multiple myeloma patients. CRBN 
likely plays an important role in binding, ubiquitination and degradation of factors involved in maintaining function of 
myeloma cells. These new findings regarding the role of CRBN in IMiD action will stimulate intense investigation of 
CRBN's downstream factors involved in maintaining regular function of a cell.  
 
Keywords: CRBN, ClC-2, AMPK, BKCa, DDB1, Cul4A, E3 ubiquitin ligase 



Functional of the thalidomide binding protein cereblon 

 
 
288                                                                                                   Int J Biochem Mol Biol 2011:2(3):287-294 

mediated cancer cell death.   
 
Brief view of CRBN gene and protein 
 
Human CRBN gene is located on chromosome 3 
at 3p26.2 [1, 4]. The size of CRBN genomic DNA 
is 30,111 bases that contain 11 predicted ex-
ons [2, 5] coding for 442 amino acids [2]. 
Mouse CRBN promoter region contains a NF-E2-
related factor 2 binding site and the expression 
of mouse CRBN is significantly increased upon 
exposure of the cells to hypoxia/reoxygenation 
[6]. The apparent molecular weight of CRBN 
protein is ~ 51 kDa [7]. Human CRBN contains 
the N-terminal part (237-amino acids from 81 to 
317) of ATP-dependent Lon protease domain 
without the conserved Walker A and Walker B 
motifs, 11 casein kinase II phosphorylation 
sites, 4 protein kinase C phosphorylation sites, 
1 N-linked glycosylation site and 2 myristoyla-
tion sites [2]. Rat CRBN protein contains a regu-
lator of G protein-signaling-like domain and a 
leucine zipper motif [7]. CRBN is widely ex-
pressed in testis, spleen, prostate, liver, pan-
creas, placenta, kidney, lung, skeletal muscle, 
ovary, small intestine, peripheral blood leuko-
cyte, colon, brain and retina [5, 7-10] where 
CRBN is located in cytoplasm, nucleus and pe-
ripheral membrane [3, 5, 7-9, 11].  

 
CRBN protein may play an important role in cen-
tral nervous system development, especially in 
memory and learning 
 
Deletion of genomic DNA on chromosome 3 that 
includes CRBN is associated with mental retar-
dation [4, 12, 13], suggesting that wild-type 
CRBN may play a role in memory and learning. 
The findings that CRBN is highly expressed in 
human brain [2, 10] support this conclusion. 
Further analysis revealed that an R419X non-
sense mutation of CRBN leads to the truncation 
of the C-terminal 24 amino acids and is directly 
associated with ARNSMR [2], indicating that 
wild-type CRBN protein plays an important role 
in memory and learning. This result also indi-
cates that the C-terminal 24 amino acids are 
crucial for CRBN function. However, the molecu-
lar mechanism of CRBN function involved in 
memory and learning remains unsolved and the 
pathogenic consequences caused by the trun-
cation in CRBN gene are not clear. 
 
Shortly after identification of CRBN as a poten-
tial candidate involved in memory and learning, 
rat CRBN was identified as a large-conductance 

Ca++ activated potassium channel (BKCa) α-
subunit (Slo) binding protein in rat brain [7]. 
Mammalian BKCa channels are widely expressed 
in neuronal and non-neuronal tissues including 
epithelia, smooth muscle and sensory cells, 
composed of four identical α-subunits and four 
β-subunits [14, 15] and located on the plasma 
membrane [15]. CRBN binding to Slo subunits 
may play an important role in regulating assem-
bly by disruption of tetramer formation and in 
reducing the functional BKCa channels on 
plasma membrane surface by holding them in 
endoplasmic reticulum. Of note, a functional 
defect of the BKCa channel is associated with 
autism and mental retardation [16]. In addition, 
BKCa channel over-expression causes impair-
ment of learning and memory [17]. Further-
more, mice lacking BKCa channels show cerebel-
lar dysfunction in the form of abnormal condi-
tioned eye-blink reflex, abnormal locomotion 
and pronounced deficiency in motor coordina-
tion, perhaps due to the consequences of cere-
bellar learning deficiency [18]. Thus, it is most 
likely that CRBN participates in memory and 
learning by regulating the cell surface expres-
sion of functional BKCa channels [7, 8]. 
 
However, normal function of the central nervous 
system requires not only anion channels and 
cation channels, but also neurotransmitter 
transporters and receptors. Thus, BKCa should 
not be the sole channel that plays an important 
role in the central nervous system. Interestingly, 
it has been found that the Lon region of CRBN 
interacts with the C-terminal tail of ClCs, such as 
ClC-1 and ClC-2 [9]. ClCs are ubiquitously ex-
pressed as homodimers [19, 20] at the plasma 
membrane where they function as inwardly rec-
tifying chloride channels [9]. These chloride 
channels play important roles in the regulation 
of cellular excitability, in trans-epithelial trans-
port and in cell volume regulation [21]. It has 
been revealed that ClC-2 is expressed in brain 
[22] and detected in neuronal cell bodies and 
synapses [23, 24], suggesting that ClC-2 may 
play a role in control of neuronal excitability. 
Thus, CRBN binding to ClC-2 may play a role in 
control of neuronal excitability by preventing the 
formation of a functional ClC-2 homodimer on 
the plasma membrane surface. However, since 
no convincing data have been presented, the 
functional role of CRBN binding to ClCs needs to 
be further elucidated. It is tempting to postu-
late, however, that the well-recognized sedative 
properties of thalidomide may in some way be 
related to the drug’s inhibition of CRBN. 
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CRBN may play a role in energy-balance by in-
teracting with AMP-activated protein kinase 
(AMPK) 
 
In searching for more CRBN partners in the 
brain, rat CRBN was used as a bait in a yeast 
two hybrid system to screen rat brain cDNA 
[11]. Interestingly, it was found that rat CRBN 
directly interacts with the α1 subunit of AMPK. 
The following results clearly indicate that this 
binding is specific: 1) AMPK α1 subunit was co-
immunoprecipitated with CRBN; 2) CRBN as 
well as AMPK β and AMPK γ1 were co-
immunoprecipitated with AMPK α1; 3) Pull-
down experiments showed that either wild-type 
AMPK α1 or T172D- or D157A-mutated AMPK 
α1 can bind to the purified (from E. coli) glu-
tathione-S-transferase-CRBN fusion protein; 4) 
Double immunohistostaining of hippocampal 
neurons indicated that some of the AMPK α1 
subunits are co-localized with CRBN [11]. Fur-
ther experiments suggested that a small region 
in the C-terminus, from 393 to 422, of AMPK α1 
subunit would be the critical region for high af-
finity binding to CRBN. 
 
AMPK holoenzyme is a serine/threonine protein 
kinase comprising a heterotrimer of a catalytic α 
subunit and two regulatory subunits β and γ. 
Interestingly, CRBN binding to AMPK α1 subunit 
competes with AMPK γ1 for AMPK complex for-
mation [11]. This competition resulted in de-
creased activation of AMPK. Thus, expression of 
rat, mouse or human CRBN in HEK293FT cells 
or other cells significantly suppressed the acti-
vation of endogenous AMPK [11]. Due to the 
suppression of AMPK activation by over-
expression of exogenous CRBN, the phosphory-
lation of the AMPK substrate acetyl coenzyme A 
carboxylase was also significantly decreased 
[11]. In contrast, knockdown of endogenous 
CRBN dramatically up-regulated the endoge-
nous AMPK activity [11]. Thus, CRBN functions 
as a negative regulator of AMPK. 
 
The heterotrimeric protein of AMPK is highly 
expressed in skeletal muscle, liver, kidney, 
brain, mammary glands, heart, lung and adi-
pose tissue [25] where it functions as a master 
sensor of energy balance that inhibits ATP-
consuming anabolic pathways and increases 
ATP-producing catabolic pathways. For example, 
during acute exercise, as muscles contract, ATP 
is efficiently hydrolyzed to ADP and inorganic 
phosphate. Two ADP molecules are catalyzed by 
adenylate kinase to generate one ATP molecule 

and one AMP molecule. As more AMP is pro-
duced during muscle contraction, the AMP:ATP 
ratio is dramatically increased. Once the ratio of 
AMP:ATP has risen, two AMP molecules will re-
place the bound ATP molecules at the cys-
tathionine beta synthase domains of the AMPK 
γ subunit [26] which in turn induces conforma-
tional changes of the protein and exposes the 
T172 of AMPK α subunit to an upstream AMPK 
kinase [27]. Upon phosphorylation of T172 on 
AMPK α subunit by AMPK kinase, the holoen-
zyme becomes activated. The activated AMPK 
acts as a metabolic switch that regulates many 
different pathways involving protein metabo-
lism, cell growth, apoptosis, lipid metabolism 
and carbohydrate metabolism. For example, the 
activated AMPK promotes relocation of glucose 
transporter 4 (GLUT4) from the cytosolic pool to 
the plasma membrane (by an unknown mecha-
nism) [28-36]. Once GLUT4 is relocated to 
plasma membrane, it will facilitate the cellular 
uptake of glucose which will be used to gener-
ate ATP by glycolysis. In the meantime, activa-
tion of AMPK will: 1) stimulate the hepatic fatty 
acid oxidation and ketogenesis; 2) inhibit cho-
lesterol synthesis, lipogenesis and triglyceride 
synthesis; 3) stimulate skeletal muscle fatty 
acid oxidation; and 4) modulate (down) insulin 
secretion by pancreatic beta-cells. 
 
CRBN forms an E3 ubiquitin ligase complex with 
damaged DNA binding protein 1 (DDB1) and 
Cullin-4 (CUL4)  
 
The DDB1, CUL4 and regulator of cullin 1 
(ROC1) complex is an identified cullin-RING 
ubiquitin ligase that regulates DNA repair [37-
43], DNA replication [44-47] and transcription 
[48]. Although the DDB1 in this complex might 
directly recruit substrates to the E3 ubiquitin 
ligase, ubiquitination of several known sub-
strates suggested that this ubiquitination proc-
ess might require additional cellular factors [40, 
49]. In searching for additional cellular factors 
that might participate in ubiquitination in E3 
ubiquitin ligase complex, CRBN, along with 
other 30 proteins, was identified as a potential 
factor or substrate receptor contributing to ubiq-
uitination of cellular proteins and named as 
DDB1-CUL4-associated factor (DCAF) [50]. 
 
Although DCAF proteins were suggested to be 
factors serving as the substrate-recruiting mod-
ules or substrate receptors for the E3 ubiquitin 
ligase machinery [50, 51], the functional role of 
CRBN in this complex is still unknown. Given the 
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fact that CRBN also binds to BKCa [7, 8], ClC-2 
[9] and AMPK [11], it is possible that CRBN 
might function as a substrate-recruiter to bind 
to these proteins for ubquitination by the E3 
ubiquitin ligase machinery. However, even if it is 
the case that binding of BKCa, ClC-2 and AMPK 
to CRBN leads to ubiquitination and protea-
some-mediated degradation, it is still not clear 
whether CRBN will bind to other proteins or not. 
 
Thalidomide, an IMiD drug, was prescribed in 
1950s to pregnant women as a treatment for 
their morning sickness. However, treatment with 
this sedative drug caused birth defects [52-54]. 
In searching for thalidomide target proteins, 
thalidomide was immobilized on ferriteglycidyl 
methacrylate beads and used to pull out the 
thalidomide binding proteins from human Hela 
cell extracts [3]. CRBN and DDB1 were specifi-
cally pulled out from these cell extracts [3]. In-
terestingly, CRBN can be auto-ubiquitinated in 
vitro and in vivo [3]. Thus, it is possible that 
auto-ubiquitination of CRBN may play a self-
regulatory role, i.e., 1) in the presence of CRBN 
substrate, CRBN binds to its substrate and 
leads to ubiquitination of the CRBN-bound sub-
strate and then proteasome-mediated degrada-
tion of the ubiquitinated substrate; 2) in the 
absence of CRBN substrate, CRBN is auto-
ubiquitinated and undergoes proteasome-
mediated degradation. In addition, auto-
ubiquitination of CRBN was inhibited by thalido-
mide in a concentration dependent manner [3], 
suggesting that binding of thalidomide to CRBN 
may inhibit the function of the CRBN-DDB1-
CUL4A-ROC1 E3 ubiquitin ligase complex, but 
not the other DCAFs-bound DDB1-CUL4A-ROC1 
E3 ubiquitin ligase complex.    
 
Although treatment with thalidomide caused 
birth defects [52-54], the molecular mechanism 
of the birth defects was not well elucidated. Ito 
et al [3] have found that the development of 
pectoral fins and otic vesicles in thalidomide-
treated zebrafish embryos was disturbed. The 
embryos injected with an anti-sense oligonu-
cleotide for zebrafish Crbn yielded specific de-
fects in fin and otic vesicle development, which 
is similar to those of thalidomide-treated em-
bryos. These defects were rescued by co-
injection of zebrafish Crbn mRNA [3]. In addi-
tion, thalidomide treatment of zebrafish em-
bryos over-expressing Y374A/W376A-mutated 
zebrafish Crbn, which prevents thalidomide 
binding, did not significantly affect otic vesicle 
size [3]. Furthermore, the expression of fibro-

blast growth factor 8a (Fgf8a) in thalidomide 
treated embryos was severely reduced and 
Fgf8a expression was restored upon injection of 
Y374A/W376A-mutated zebrafish Crbn mRNA, 
suggesting that thalidomide exerts teratogenic 
effects by inhibiting CRBN function. What is the 
molecular mechanism of thalidomide-induced 
teratogenicity? The review article published re-
cently [55] gave a comprehensive review of the 
molecular mechanisms of thalidomide-induced 
teratogenicity. Briefly, many hypotheses, includ-
ing oxidative stress hypothesis and anti-
angiogenesis hypothesis, have been proposed 
to explain how thalidomide causes birth defects. 
However, none of these hypotheses has clearly 
indicated the functional role of CRBN. There-
fore, the CRBN substrates involved in develop-
ment remain to be determined. 
 
In spite of the teratogenic effect of thalidomide, 
it has been found that thalidomide is useful in 
treating multiple myeloma patients [56, 57]. 
Based on this finding, related compounds in-
cluding thalidomide and its analogues lenalido-
mide and pomalidomide are widely used nowa-
days to treat multiple myeloma patients and 
other hematogenic malignancies. Despite the 
fact that the availability of the IMiDs has dra-
matically improved survival for patients with 
myeloma [58], the molecular mechanism of the 
action of these IMiDs remains unclear. A recent 
paper published in Leukemia [59] gave a com-
prehensive review about the molecular mecha-
nism of the action of IMiDs in multiple myeloma, 
indicating that these IMiDs possess pleiotropic 
anti-myeloma properties including immune-
modulation, anti-angiogenic, anti-inflammatory 
and anti-proliferative effects. However, the di-
rect target of these IMiDs is not known. It has 
been shown that CRBN is the direct target of 
thalidomide in teratogenic effects [3, 55], imply-
ing that CRBN might also be the direct target of 
the IMiDs used in the treatment of multiple 
myeloma patients. Interestingly, our recent re-
sults indicate that CRBN expression is required 
for the anti-myeloma activity of IMiDs including 
lenalidomide and pomalidomide [60], implying 
that CRBN might be the direct target of these 
IMiDs.  
 
Although the availability of the IMiDs has dra-
matically improved survival for patients with 
multiple myeloma, the majority of the patients 
treated with IMiDs develop resistance over time 
by mechanisms that remain unknown [58]. In 
one study of myeloma cells made resistant to 
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lenalidomide [61], analysis revealed that dys-
regulation of Wnt/β-catenin pathway may be 
one of the possible reasons of lenalidomide 
resistance. Interestingly, acute lenalidomide 
treatment increased β-catenin transcription by 3 
fold and both acute and chronic exposure of 
multiple myeloma cells to lenalidomide resulted 
in enhanced accumulation of β-catenin protein 
by up to 20 fold [61]. This fact could be inter-
preted as that the phosphorylated β-catenin 
protein could be a substrate of CRBN. In the 
absence of Wnt, β-catenin is phosphorylated by 
casein kinase 1α at Ser45, which primes it for 
phosphorylation by glycogen synthase kinase-3 
α/β at Thr41, Ser37 and then Ser33 (on β-
catenin) [62]. At least, theoretically, once phos-
phorylated β-catenin is recognized by CRBN, it 
should trigger β-catenin ubiquitination (by CRBN
-DDB1-CUL4-ROC1 E3 ubiquitin ligase complex) 
and proteasome-mediated degradation. How-
ever, in the presence of thalidomide or lenalido-
mide, CRBN cannot form a functional CRBN-
DDB1-CUL4-ROC1 E3 ubiquitin ligase, thus, the 
phosphorylated β-catenin protein cannot be 
efficiently ubiquitinated. The consequence of 
this inhibition effect would result in enhanced 
accumulation of β-catenin protein and en-
hanced downstream targets cyclin D1 and c-
Myc [61]. Although this interpretation sounds 
reasonable, up regulation of cyclin D1 and c-
Myc does not fit with the ability of lenalidomide 
to efficiently kill the parental multiple myeloma 
cells that have not undergone lenalidomide long
-term selection. Thus, enhanced accumulation 
of β-catenin during short term or long term 
treatment with lenalidomide might be a conse-
quence, but not the major mechanism of le-
nalidomide resistance. In fact, recently, we have 
found that the expression of CRBN in the le-
nalidomide selected multiple myeloma cells is 
un-detectable and the likely source of resis-
tance. CRBN knockdown by small interfering 
RNA confers resistance to lenalidomide or po-
malidomide [60].  Thus, it will be quite interest-
ing in these studies to examine levels of β-
catenin and CRBN in those relapsed patients 
who become resistant to IMiD treatment. 
 
Conclusion and future prospects 
 
A non-sense mutation of CRBN gene was identi-
fied in a kindred with mild mental retardation 
[2]. However, how such a small truncation in the 
C-terminus of CRBN causes mental retardation 
remains unknown. CRBN interacts with BKCa [7, 
63] and ClCs [9] and modulates their functions. 

Therefore, it is possible that CRBN participates 
in memory and learning via modulating large-
conductance calcium-activated potassium chan-
nel activity and ClC chloride channel activity. In 
addition, CRBN interacts with the α1 subunit of 
AMPK [11], prevents the formation of functional 
AMPK and modulates the multifunctional meta-
bolic sensor AMPK. Recently, CRBN has also 
been found to be a substrate receptor in the 
DDB1-CUL4A-ROC1 E3 ubiquitin ligase complex 
[3, 50].  
 
Although the substrates of CRBN have not been 
well elucidated yet, CRBN has been found to be 
the target protein of IMiDs [3, 55]. Treatment of 
pregnant women and zebrafish or chicks em-
bryos with thalidomide is teratogenic [3, 55], 
implying that CRBN might play an important role 
in development. In addition, IMiDs, which pos-
sess pleiotropic anti-myeloma properties includ-
ing immuno-modulation, anti-angiogenic, anti-
inflammatory and anti-proliferative effects [59], 
are widely used to treat multiple myeloma and 
preferentially target clonogenic cells (or stem 
like cells) in the side population of multiple mye-
loma [64]. 
 
Thus, although few papers have been published 
since the identification of CRBN as a factor as-
sociated with memory and learning in 2004, 
published results clearly indicate that CRBN 
plays important roles in binding proteins for 
degradation, in cell survival, in memory and 
learning and in energy balance and fetal devel-
opment. In addition, inhibition of CRBN function 
by IMiDs may play an important role in treating 
multiple myeloma patients. Therefore, future 
efforts will be made to determine: 1) how CRBN 
gene expression is regulated; 2) the structural 
and functional relationship of CRBN; 3) the sub-
strates of CRBN in CRBN-DDB1-CUL4-ROC1 E3 
ubiquitin ligase complex; 4) the molecular 
mechanism of CRBN-mediated memory and 
learning; 5) the molecular mechanism of IMiDs 
induced apoptosis; 6) the molecular mechanism 
of IMiDs-resistance in multiple myeloma; and 7) 
whether we can combat IMiDs-resistance or not. 
It is expected that with improved understanding 
of the molecular mechanisms of CRBN func-
tions, novel therapeutic approaches could be 
developed in treating multiple myeloma and 
other cancers. 
 
Abbreviations 
 
AMPK, AMP-activated protein kinase; ARNSMR, auto-
somal recessive nonsyndromic mental retardation; 
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BKCa, large-conductance Ca++ activated potassium 
channel; ClC-2, voltage-gated chloride channel-2; 
CRBN, cereblon; CUL4, Cullin 4; DCAF, DDB1-CUL4A-
associated factor; DDB1, damaged DNA binding pro-
tein 1; Fgf8a, fibroblast growth factor 8a; GLUT4, 
glucose transporter 4; IMiDs, immunomodulatory 
drugs; ROC1, regulator of cullin 1; Slo, BKCa α-
subunit.  
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