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Teratogenic effects of thalidomide: molecular mechanisms
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Abstract Fifty years ago, prescription of the sedative

thalidomide caused a worldwide epidemic of multiple birth

defects. The drug is now used in the treatment of leprosy

and multiple myeloma. However, its use is limited due to

its potent teratogenic activity. The mechanism by which

thalidomide causes limb malformations and other devel-

opmental defects is a long-standing question. Multiple

hypotheses exist to explain the molecular mechanism of

thalidomide action. Among them, theories involving oxi-

dative stress and anti-angiogenesis have been widely

supported. Nevertheless, until recently, the direct target of

thalidomide remained elusive. We identified a thalidomide-

binding protein, cereblon (CRBN), as a primary target for

thalidomide teratogenicity. Our data suggest that thalido-

mide initiates its teratogenic effects by binding to CRBN

and inhibiting its ubiquitin ligase activity. In this review,

we summarize the biology of thalidomide, focusing on the

molecular mechanisms of its teratogenic effects. In addi-

tion, we discuss the questions still to be addressed.
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Introduction

Thalidomide (a-phthalimidoglutarimide) was developed

and sold by the German pharmaceutical company Grun-

enthal in 1957. The drug was prescribed for use as a

sedative and for the treatment of morning sickness. No

remarkable toxicity was observed when tested on rodents,

and thalidomide was distributed in over 40 countries.

However, studies by McBride and Lenz independently

reported its teratogenicity in 1961 and 1962, respectively.

The use of thalidomide during early pregnancy led to

serious embryotoxic effects, such as limb defects (amelia

and phocomelia). Over 10,000 children were affected

worldwide [1–7].

Thalidomide was immediately withdrawn from the

market, but studies designed to uncover the mechanism of

thalidomide action have continued. Since then, several

remarkable clinical effects of this drug have been discov-

ered. In 1965, the Israeli physician, Sheskin, found

thalidomide to be effective for the treatment of erythema

nodosum leprosum (ENL), an inflammatory complication

of leprosy that results in painful skin lesions [8]. This

discovery promoted further investigation of the clinically

useful effects of thalidomide. During the 1980s and early

1990s, investigators found that thalidomide was an effec-

tive treatment for certain autoimmune disorders, such as

chronic graft versus host disease and rheumatoid arthritis

[9–13]. In the early 1990s, it was reported that thalidomide

inhibits the production of TNF-a and replication of HIV

[14–16]. In 1994, thalidomide was demonstrated to have
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anti-angiogenic activity, suggesting that the drug has an

anti-cancer effect [17]. In 1999, thalidomide was shown to

be effective for the treatment of multiple myeloma, a

malignant B cell lymphoma [18]. With respect to ENL and

myeloma, thalidomide was approved for use by the US

FDA in 1998 and 2006, respectively. Due to its serious

teratogenicity, the prescription of thalidomide is strictly

controlled by the System for Thalidomide Education and

Prescribing Safety (STEPS) program [19]. In South

America, thalidomide is widely used for the treatment of

leprosy. Sadly, many children have been born with severe

birth defects due to poor patient understanding of the

proper use of the drug and inconsistent contraceptive

administration [20, 21].

How does thalidomide induce teratogenic effects such as

limb deformities? Researchers have been investigating this

question for over 40 years. Elucidation of the molecular

basis of thalidomide teratogenicity is important for many

reasons. First, the elucidation of its mechanism of action

can lead to elimination of its side effects and the devel-

opment of thalidomide derivatives and related compounds

that do not have teratogenic activity. Second, understand-

ing the mechanism by which thalidomide induces limb

deformities can lead to new insights into the molecular

mechanisms of limb development. Previous studies have

proposed many hypotheses [5, 22]. Among them, thalido-

mide-induced oxidative stress and anti-angiogenic action

are viewed as possible and reasonable causes of thalido-

mide teratogenicity [17, 22–24]. However, several

important questions have remained unanswered, such as

the direct targets of thalidomide and how the target mol-

ecules mediate its teratogenic effects.

Recently, we identified a thalidomide-binding protein,

cereblon (CRBN), using newly developed affinity purifi-

cation techniques [25]. Our findings suggest that

thalidomide exerts its teratogenic effects by binding to

CRBN and inhibiting its activity. We concluded that

CRBN is a primary target of thalidomide teratogenicity.

In this review, we summarize the biology of thalido-

mide, focusing on the molecular mechanism of its

teratogenic effects.

Chemistry and pharmacokinetics of thalidomide

Thalidomide is a derivative of glutamic acid and contains

two imide rings: glutarimide and phthalimide. The drug is

poorly soluble in water and is often dissolved in dimethyl

sulfoxide (DMSO) as a vehicle for experimental use.

Thalidomide has two isomeric forms, S (-) and R (?). The

S (-) isomer was thought to work as a teratogen and the R

(?) isomer as a sedative. However, both compounds rap-

idly interchange under physiological conditions and it is

impossible to isolate one form from the other [1, 3, 5].

Furthermore, both forms were found to be teratogenic in a

rabbit model [26].

Thalidomide undergoes spontaneous non-enzymatic

hydrolytic breakdown into more than a dozen products

under physiological conditions [1, 3, 5]. In addition, the

drug is bio-transformed by liver cytochrome P450

(CYP450) into its hydroxylated products [1, 3, 5, 27, 28].

The peak plasma concentration of thalidomide is detected at

3–6 h after administration, and the drug and its metabolic

products are quickly eliminated in the urine, with a mean

elimination half-life of approximately 7.3 h [3, 29, 30].

The teratogenic phenotype induced by thalidomide

When pregnant women took thalidomide for morning

sickness at between 3 and 8 weeks after conception, mul-

tiple birth defects occurred [1, 4, 31]. A wide spectrum of

birth defects such as malformations of the limb, ear, eye,

internal organs, and central nervous system were docu-

mented [1, 4, 31]. Limb malformations were the most

frequently observed defects [5, 31], as described in detail

below. Ear defects were also frequent; ear malformations

varied from anotia to mild malformation of the external

ear. Ocular anomalies such as uveal coloboma, glaucoma,

microphthalmia were also observed, and in internal organs,

the most frequent defects were kidney malformations, heart

defects, and structural chest defects [31]. The mortality rate

for babies born with thalidomide-induced defects was very

high (about 30–40%). In addition, thalidomide caused an

unknown number of miscarriages. Indeed, thalidomide

induced several inoperable defects such as imperforate

anus and other gastrointestinal deformities, contributing

significantly to early deaths [5, 7, 31–33]. Facial nerve

palsy was also common, and autism and mental retardation

were reported even though the incidence was low [31].

The developing limb is composed of three parts: stylo-

pod, zeugopod, and autopod. The stylopod is the proximal

part of limb and gives rise to the humerus in the forelimb

and the femur in the hindlimb. The zeugopod is the mid-

part that comprises the radius and ulna in the forelimb as

well as the tibia and fibula in the hindlimb. The autopod is

the distal part and comprises the hand or the foot, respec-

tively. Thalidomide induces two types of limb defects:

amelia and phocomelia. Amelia is complete absence of the

limb, and phocomelia consists of limbs with a stylopod, a

truncated or absent zeugopod, and a nearly intact autopod

[4].

Thalidomide induces limb/fin deformities in humans,

monkeys, rabbits, chicks, and zebrafish (Danio rerio)

[4, 25]. It is noteworthy that amelia only occurs in chicks,

whereas both amelia and phocomelia occur in monkeys
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and rabbits [4]. In zebrafish, thalidomide induces short-

ening of the pectoral fins along the proximodistal axis

[25]. The fin is structurally different from the limb, even

though the molecular pathway(s) that govern their devel-

opment are shared [34, 35]. In vertebrates, fibroblast

growth factor 8 (Fgf8) is essential for limb/fin develop-

ment along the proximodistal axis [36, 37]. Fgf8 is

expressed in the apical ectodermal ridge (AER), the dis-

talmost end of the fin and limb, and thalidomide inhibits

the expression of Fgf8 in the AER in rabbist, chicks and

zebrafish [24, 25, 38]. Therefore, the basis of the terato-

genic pathway of thalidomide is likely conserved from fish

to mammals. However, rodents are resistant to limb

deformities induced by thalidomide [1–5]. Even when

administered at doses of up to 4,000 mg/kg, thalidomide

did not induce limb malformation in rats [39]. However,

several reports have demonstrated the effects of thalido-

mide (e.g., anti-angiogenic effect) in cell lines and tissues

from mice and rats [5, 40, 41]. The reason for this resis-

tance remains a mystery.

Multiple hypotheses for the effect of thalidomide

Studies of the molecular mechanisms of thalidomide action

have been conducted for nearly half a century. More than

30 hypotheses have been proposed to explain how thalido-

mide causes limb defects [22, 42–44]. Many of them focus

on the disruption of molecular pathways including DNA

intercalation, acetylation of macromolecules, interference of

glutamate metabolism and folic acid antagonism. For

example, Stephens et al. [42, 44] hypothesized that thalid-

omide intercalates with the GC box of specific gene

promoters, including insulin-like growth factor-1 (Igf1) and

Fgf2, both of which are important for limb growth. There is

also little or no in vitro experimental evidence to support the

DNA intercalation hypothesis of Stephens et al., and it does

not adequately explain the tissue specificity of the effects of

thalidomide.

Oxidative stress hypothesis

In 1999, Parman et al. [23] suggested that thalidomide

caused limb deformities through a mechanism involving

oxidative stress. They demonstrated that thalidomide gen-

erates reactive oxygen species (ROS), oxidizes DNA and

accumulates 8-hydroxy-20-deoxyguanosine in rabbits.

Moreover, they used a spin-trap reagent, a-phenyl-N-tert-

butylnitrone (PBN), which has been shown to be effective

in the in vitro trapping of free-radical intermediates of

teratogenic anticonvulsant drugs, as well as in inhibiting

the in vivo teratogenicity of an anticonvulsant phenytoin in

mice [45, 46]. They demonstrated that PBN suppresses

both oxidation and limb defects induced by thalidomide in

rabbits. Neither oxidative stress nor limb malformation is

induced by thalidomide in mice [23].

Harris et al. [38] showed that Fgf8 and Fgf10 expression

is inhibited by treatment with thalidomide and that this

effect is reversed by PBN pre-treatment in rabbits. Oxi-

dative stress by thalidomide is likely to downregulate

essential limb growth signaling. Fgf10 is an important

regulator for limb development as well as Fgf8 and is

expressed in the mesoderm beneath the AER. Fgf8 and

Fgf10 form a positive feedback loop, and this Fgf signaling

is important for cell proliferation and survival [47]. Fgf8

and Fgf10 have been shown to be downstream targets of

Nuclear Factor-jB (NF-jB) [22, 38]. NF-jB is a redox-

sensitive transcription factor whose function is affected by

oxidative stress. Therefore, oxidative stress caused by

thalidomide has been suggested to induce aberrant NF-jB

activity, which in turn attenuates Fgf8 and Fgf10, expres-

sion, resulting in limb deformities [22].

During their study of the downstream pathways of tha-

lidomide signaling, Knobloch et al. [48] showed that the

upregulation of Bone morphogenic proteins (Bmps) and

Dickkopf-1 (Dkk-1) by thalidomide is involved in its

teratogenicity and is reversed by PBN. Treatment with

thalidomide upregulates Bmp-4, -5,-7. Bmps belong to the

transforming growth factor-b (TGF-b) family and play an

essential role in multiple aspects of embryogenesis [4]. In

limb development, Bmps, which are expressed in the dis-

talmost tip of the epidermal cells, including the AER and

the mesenchymal cells just beneath the AER, are important

for limb patterning, and have been demonstrated to stabi-

lize phosphatase and tensin homolog (PTEN) proteins,

which block Akt survival signaling [49–52]. In addition,

Bmps have been shown to inhibit Fgf signaling in mouse

limb development [53]. It has been reported that NF-jB

negatively inhibits Bmps expression [4, 54]. Thus, upreg-

ulation of Bmps is likely to fit with the hypothesis of

Harris’s group [22]. Dkk-1 is a downstream target of Bmps

and functions as an antagonist of Wnt, which regulates cell

survival and proliferation [55]. Thalidomide blocks Wnt

signaling and increases glycogen synthase kinase-3b
(Gsk3b) activity through upregulation of Dkk-1 [48]. Sta-

bilization of PTEN also activates Gsk3b, which promotes

the programmed cell death (PCD) pathway [56].

As mentioned above, a good deal of evidence suggests

that thalidomide teratogenicity is strongly linked to oxi-

dative stress. Furthermore, downstream thalidomide

signaling has been considerably clarified by these studies

(Fig. 1). Oxidative stress induced by thalidomide causes

PCD, possibly through blocking Fgf, Wnt, and Akt sig-

naling. However, many questions remain. How is oxidative

stress induced by thalidomide in the limb buds? And does

Molecular mechanisms of thalidomide teratogenicity 1571
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this model explain the tissue specificity of thalidomide

action? Although breakdown of thalidomide may generate

free radicals [23, 57], this hypothesis does not adequately

explain why defects of the limb are most frequent, if tha-

lidomide breakdown is the only source of oxidative stress

generation.

Anti-angiogenesis hypothesis

D’Amato et al. [17] found that thalidomide inhibits Fgf2-

induced angiogenesis in a rabbit cornea micropocket

assay. They postulated that the inhibition of angiogenesis

caused limb defects, since blood vessel formation is

crucial for limb development. Since drugs with anti-

angiogenic effects can often be used as anti-cancer med-

ications, this idea was intriguing to many scientists and

physicians.

Thalidomide-induced anti-angiogenesis occurs in

organisms from mammals to zebrafish [17, 24, 25, 58].

Interestingly, thalidomide can inhibit angiogenesis in

mouse and rat aortic ring cultures and mouse cornea

models, indicating that cells and tissues from rodents are

sensitive to the effects of thalidomide in vitro [40, 41].

Figg et al. [59] suggested that metabolic breakdown by

CYP450 in the liver is required for thalidomide to be

active. Thalidomide exhibits its anti-angiogenic effect in

the aortic ring assay only in the presence of human or

rabbit liver microsomes. Interestingly, thalidomide is not

activated in the presence of rat liver microsomes. In

addition, thalidomide metabolites are different between

multiple myeloma patients and rodents [60]; therefore,

thalidomide bioactivation appears to occur in a species-

specific manner.

Vargesson et al. [24] recently suggested that the anti-

angiogenic activity of thalidomide was a primary cause of

chick limb malformations. Using CPS49, a synthetic tha-

lidomide analog based on the anti-angiogenic activity of

the parental compound [61], they demonstrated that inhi-

bition of angiogenesis by CPS49 precedes changes in limb

morphology, cell death, and inhibition of Fgf8/Fgf10 in

chicks [24]. They suggested that inhibition of angiogenesis

by thalidomide induces cell death and a reduction in the

expression of growth factors such as Fgf8 and Fgf10, in

turn resulting in mesenchymal loss in the limb bud

(Fig. 2).

These findings suggest that the anti-angiogenic effects

of thalidomide are considerably linked to limb defects.

However, our recent findings suggest that the inhibition of

pectoral fin buds by thalidomide precedes anti-vasculo-

genesis in zebrafish [25]. Using fli1a:EGFP transgenic

zebrafish that express EGFP in their vascular endothelial

cells, we monitored vasculogenesis and fin development.

The marginal blood vessel (MBV) is formed at the distal

part of developing pectoral fin buds between 46 and 57 h

post-fertilization (hpf), and it is only at 52–54 hpf that

blood circulation initiates there [62, 63]. Consistent

with the earlier studies, we showed that thalidomide

inhibited MBV formation at 52 hpf and confirmed the anti-

angiogenic activity of the drug. Remarkably, however,

zebrafish embryos treated with thalidomide exhibited

developmental defects in the fin buds at 47 hpf, when the

MBV is still absent. Moreover, in 48-hpf embryos, we

observed a reduction in Fgf8 expression by thalidomide

treatment. Thus, morphological and transcriptional changes

Fig. 1 Schematic model of the oxidative stress hypothesis. Thalid-

omide induces ROS, and oxidative stress upregulates expression of

Bmps through aberrant NF-jB activity. This alteration results in

blocking Fgf (Fgf8/Fgf10), Akt, and Wnt pathways known to be

important for cell survival and proliferation [4, 22, 36, 46, 47, 51]
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in pectoral fin buds precede inhibition of vasculogenesis

and are therefore not secondary to the anti-angiogenic

effect of thalidomide in zebrafish. Therefore, the sequence

of events induced by thalidomide is different in different

species. Furthermore, Lebrin et al. [64] recently suggested

that thalidomide induces vessel maturation rather than

inhibiting vessel sprouting in studies on heredity hemor-

rhagic telangiectasia (HHT) characterized by vascular

malformations. In these patients, thalidomide treatment

lowers nosebleed frequency in individuals with HHT and

enhances blood vessel stabilization. They also showed that

thalidomide treatment induces the expression of platelet-

derived growth factor-b (Pdgf-b) in endothelial cells and

stimulates mural cell activation, resulting in the maturation

of vessels. Thus, the effects of thalidomide on vasculo-

genesis/angiogenesis are complicated and still poorly

understood.

Identification of a direct target of thalidomide

As mentioned above, the existing hypotheses are unable to

explain all aspects of thalidomide teratogenicity, although

they provide important insights and have contributed to

progress in studies of the mechanism of thalidomide action.

Moreover, they do not answer a crucial question: what is/

are the direct target(s) of thalidomide teratogenicity?

Identification of thalidomide target molecule(s) is essential

to elucidate the molecular mechanism of thalidomide.

To accomplish this, we developed a new affinity

purification technique. We developed ferrite-glycidyl

methacrylate (FG) beads that allow single step purification

of ligand target molecules [65–67] (Fig. 3a). FG beads

allow for magnetic separation of target molecules from cell

or tissue extracts and are suitable for use in automated high

throughput screening.

Using FG beads, we identified CRBN as a thalidomide-

binding protein [25]. We covalently attached a carboxyl-

type derivative of thalidomide to the amino-group of FG

beads (Fig. 3a). We then performed affinity chromatogra-

phy to purify thalidomide-binding molecules from extracts

of human cell lines derived from various tissues including

HeLa, 293T, HUVEC, U266, and Jurkat cells. Surprisingly,

the only thalidomide-binding proteins that were identified

were CRBN and damaged DNA binding protein 1 (DDB1)

(Fig. 3b). CRBN directly binds to thalidomide and DDB1

indirectly interacts with thalidomide by binding to CRBN.

CRBN is a 442-amino acid protein that is conserved from

plant to human. The gene that encodes CRBN was origi-

nally identified as a candidate gene of an autosomal

recessive non-syndromic mild mental retardation [68].

CRBN binds to DDB1, a calcium-activated potassium

channel (SLO1), and a voltage-gated chloride channel

(CIC-2), but its cellular and physiological functions were

largely unknown [69–71]. On the other hand, DDB1 is well

known and well characterized. DDB1 was originally iden-

tified as a nucleotide excision repair protein that associates

with damaged DNA binding protein 2 (DDB2) as a

heterodimer [72]. However, accumulating data strongly

suggest that DDB1 is a subunit of a Cul4-based E3 ubiquitin

ligase complex with cullin 4 (Cul4: Cul4A or Cul4B),

regulator of cullins-1 (Roc1), and a substrate receptor [69,

73–75]. The E3 ubiquitin ligase functions in the ubiquitin–

proteasome protein degradation pathway and attaches

polyubiquitin chains to substrate proteins for degradation

via the protease complex [76]. Recent investigations show

that many E3 ubiquitin ligases are important for various

physiological processes such as cell cycle regulation,

immune response, carcinogenesis, and development [73,

75]. In the Cul4-based E3 ubiquitin ligase complex, Roc1

and Cul4 form the catalytic core and interact with E2,

an ubiquitin-conjugating enzyme. DDB1 forms a bridge

Fig. 2 Schematic model of the anti-angiogenesis hypothesis. Anti-

angiogenesis induced by thalidomide leads to cell death and

downregulation of growth factors including Fgf8/Fgf10. Disruption

of growth factor signaling pathways is also likely to be involved in

cell death. The sequence of events results in mesenchymal loss and in

turn limb deformities [5, 24]
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between Cul4 and the substrate receptor. Substrate recep-

tors such as DDB2 and Cockayne Syndrome A (CSA)

recognize proteins targeted for polyubiquitination [77, 78].

We showed that CRBN forms an E3 ubiquitin ligase

complex with DDB1, Cul4A, and Roc1. Since CRBN

competes with DDB2 for DDB1-binding, CRBN is likely

to function as a novel substrate receptor. Although the

substrates of CRBN remain unidentified, we found that the

CRBN-containing E3 complex has auto-ubiquitination

activity. Moreover, we demonstrated that thalidomide

inhibits auto-ubiquitination of CRBN in vitro, suggesting

that thalidomide is an E3 inhibitor.

We next investigated whether CRBN is associated with

thalidomide-induced defects in vivo. Our primary model

animal was the zebrafish. Since zebrafish exhibit rapid

growth and have transparent bodies, defects are easier to

observe and analyze. The use of zebrafish leads to an

advantage for genetic and chemical screening for the drugs

for the treatment of human diseases [79]. Moreover, mor-

pholino antisense oligonucleotide-mediated knockdown

analysis is possible in zebrafish [80]. Zebrafish express

zCrbn, which is *70% homologous to human CRBN and

binds to thalidomide. We showed that either thalidomide

treatment or knockdown of zCrbn induced similar defects

in zebrafish including retardation of pectoral fin and otic

vesicle (ear) formation, and inhibition of Fgf8 expression

in fin buds.

To unequivocally confirm that CRBN is an in vivo target

of thalidomide, we constructed a CRBN mutant whose

product was fully functional with the exception that it was

unable to bind thalidomide. CRBNYW/AA, in which tyrosin-

384 (Y) and tryptophan-386 (W) have been replaced

with alanine (A), has extremely low thalidomide-binding

activity. However, CRBNYW/AA can still form an E3

complex with DDB1, Cul4A and Roc1, and retains ubiq-

uitination activity. We showed that thalidomide does not

inhibit the ubiquitination activity of CRBNYW/AA. We then

constructed zCrbnYW/AA (Y374A/W376A) as a counterpart

of Y384A/W386A in human. Expression of zCrbnYW/AA

effectively suppressed thalidomide-induced malformation

in zebrafish.

Finally, we investigated the conserved role of CRBN in

zebrafish and chicks. As expected, expression of human

CRBNYW/AA in chick forelimbs reduced thalidomide-

induced limb deformities and prevented downregulation of

Fgf8 and Fgf10. Therefore, we concluded that CRBN is a

direct target of thalidomide, which binds to CRBN and

inhibits its E3 ubiquitin ligase function. The subsequent

aberrant accumulation of substrates results in develop-

mental defects such as limb and ear deformities, in part

through Fgf8 and Fgf10 downregulation (Fig. 4).

Our findings have identified a primary target for

thalidomide activity. However, several questions still

remain to be addressed and new questions are raised by the

present study. How does CRBN fit into existing signaling

models? Why are the effects of thalidomide tissue-specific?

Why are mice and rats resistant to thalidomide? And are

there other thalidomide-binding proteins?

The connection between CRBN and existing hypotheses

Thalidomide facilitates the formation of ROS and thereby

causes oxidative DNA damage. Oxidative stress is thought

to occur through the direct formation of ROS from tha-

lidomide [23]. If so, it is clearly a CRBN-independent

process. It was thought that, perhaps, damaged DNA-

binding protein DDB1 may link CRBN to the induction of

oxidative stress. However, our data do not support this

theory. In DNA repair, DDB1 forms a complex with DDB2

that binds to damaged DNA and recognizes several sub-

strates involved in DNA repair [77]. CRBN binds to

DDB1, but not DDB2. CRBN and DDB2 interact with

DDB1 in a competitive manner [25]. Hence, CRBN

probably functions independently of the DDB2-mediated

DNA damage response pathway. Recently, it was reported

Fig. 3 Identification of a direct target of thalidomide. a Structure

of thalidomide (thal)-immobilized FG beads. The carboxy derivative

of thalidomide (FR259625) is attached covalently to the amino-group of

FG beads. GMA Glycidyl methacrylate. b Thalidomide-binding

proteins. CRBN and DDB1 were affinity purified from human cell

extracts using thal-immobilized FG beads. No other proteins were

detected. Bound proteins were visualized by silver staining. DDB1

indirectly interacts with thalidomide by binding to CRBN [25]
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that the expression of CRBN is positively regulated by

NF-E2–related factor 2 (Nrf-2) when cells are exposed

to oxidative stress [81]. Nrf-2-activated ROS regulates

detoxification genes, which possess an antioxidant

responsive element (ARE) [82]. Overexpression of Nrf-2

upregulates CRBN, which also has an ARE [81]. If CRBN

plays a specific role in the antioxidant pathway and blocks

spontaneous ROS generation, CRBN is well connected to

the oxidative stress hypothesis. This idea is still highly

speculative, but further study of the relationship between

CRBN and the antioxidant pathway might shed new light

on this issue.

What about the relationship between CRBN and anti-

angiogenesis? CRBN is highly expressed in head vasculature

and can be purified from human umbilical vein endothelial

cells using thalidomide-immobilized beads [25]. In zebra-

fish, thalidomide inhibits growth of the MBV in the limb

at 52 hpf [25]. Even though fin deformities precede

anti-angiogenesis, the presence of the MBV and blood

circulation is important for fin development at later stages.

Importantly, fin defects induced by thalidomide are rescued

by expression of zCrbnYW/AA at 72 hpf [25]. In chicks,

anti-angiogenesis has been shown to be a primary cause of

thalidomide-induced defects [24]. Thalidomide-induced

limb defects are suppressed by expression of a CRBN

mutant deficient in thalidomide binding. It is possible that

vessel defects induced by thalidomide are also at least

partly rescued at this point. We thus speculate that CRBN

might contribute to angiogenesis.

Although the relationship between CRBN and thalido-

mide teratogenicity is established, the role of CRBN in

known pathways such as Fgf, Wnt, Akt and angiogenesis is

just beginning to be understood. Thus far, we have only

shown that CRBN is important for Fgf8/10 expression

(Fig. 4). Elucidation of the role of CRBN in other signaling

pathways is an important issue to be addressed.

Tissue specificity of thalidomide action

We observed strong expression of zcrbn in the pectoral fin,

brain, and head vasculature in zebrafish [25]. In the pec-

toral fin, zcrbn is expressed in migrating and proximal

mesenchyme. On the other hand, zcrbn expression is not

detectable in somites in 48-hpf zebrafish embryos. The

expression pattern of zcrbn is consistent with its role as a

mediator of thalidomide teratogenicity. However, CRBN

appears to be expressed ubiquitously in adult human and

mouse tissues [83]. Therefore, CRBN is necessary but not

sufficient for thalidomide teratogenicity. Other molecules,

perhaps downstream targets of CRBN, are also likely to be

involved. The tissue specificity of thalidomide teratoge-

nicity may be defined in part by the expression patterns of

such molecules. With regard to this, Fgf8 is particularly

interesting because of its tissue-specific expression.

Species specificity of thalidomide action

Mouse/rat CRBN is *95% homologous to human CRBN

and has been shown to bind thalidomide [25]. Hence, CRBN

is unlikely to direct the species specificity of thalidomide

effects. Several possibilities may explain why rodents are

resistant to the teratogenic effects of thalidomide.

First, differences in the pharmacokinetics of thalidomide

metabolism may explain the species differences. As

mentioned above, thalidomide is rapidly hydrolyzed or

Fig. 4 Schematic model of the molecular mechanisms of thalidomide

teratogenicity from a CRBN-centric perspective. Thalidomide binds

directly to CRBN and inhibits its E3 ubiquitin ligase activity. This

inhibition results in aberrant accumulation of substrates (unknown),

which in turn causes developmental defects such as limb deformities,

in part through downregulation of Fgfs (Fgf8/Fgf10) [25]. We

speculate that the accumulation of substrates might cause oxidative

stress and induce anti-angiogenic responses, but the idea has not been

experimentally proven
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metabolized into over a dozen products in vitro and in vivo,

and many of the breakdown products are non-teratogenic

[24]. In support of this, the plasma elimination half-life of

orally administered thalidomide is significantly shorter in

mice (*0.5 h) than in rabbits (*2.2 h) and humans

(*7.3 h) [30].

Second, it is possible that the breakdown or bioactiva-

tion of thalidomide may be required for the induction of its

teratogenicity. As mentioned above, thalidomide is enzy-

matically or spontaneously hydrolyzed to more than a

dozen breakdown products. However, evidence exists that

the bioactivation of thalidomide in the liver is not critically

involved in its teratogenic action, at least in zebrafish and

chicks. In zebrafish, developmental defects in the ear were

observed around 30 hpf, when the liver is in an early stage

of development and is not yet functional. hnf4, one of the

key transcription factors responsible for hepatic transcrip-

tion of CYP450 genes, is not yet expressed at 30 hpf, and

vascularization essential for liver function occurs only after

60 hpf [84]. In chicks, thalidomide applied directly to one

of the forelimb buds causes specific defects in the thalid-

omide-treated limb, but not in the other limb [24, 25].

Hence, teratological outcomes can be due to the parent

thalidomide. It is, however, quite difficult to demonstrate

this point unequivocally in vivo. Does CRBN only bind to

the parent thalidomide? Currently, we are investigating

its interaction with thalidomide-related compounds. Our

preliminary data showed that CRBN bound to some tha-

lidomide analogs and derivatives. Evidently, thalidomide is

not the only compound that interacts with CRBN. There-

fore, it is possible that the species-dependent breakdown

products that retain CRBN-binding activity contribute to

developmental defects. Further study of the relationship

between CRBN and thalidomide breakdown products may

shed new light on this issue.

Third, thalidomide-induced formation of ROS is repor-

ted to occur in rabbits but not in mice. This may be due to

the finding that the glutathione-dependent antioxidant

response is stronger in mice and rats than in human [85].

Finally, interspecies differences in gestational devel-

opment may result in different developmental toxic

manifestations after exposure to thalidomide [86].

Other thalidomide-binding proteins

We performed affinity purification from extracts of

numerous cell lines and developing zebrafish embryos.

Nevertheless, the only thalidomide-binding proteins iden-

tified were CRBN and the CRBN-binding protein DDB1

[25] (Fig. 3b). CRBN may be a major target of thalido-

mide, but the above data do not exclude the possibility

that thalidomide has other targets. The immobilization of

chemical compounds on affinity beads is an important

factor with respect to target purification. As previously

mentioned, thalidomide is composed of phthalimide and

glutarimide. CRBN was purified using thalidomide beads

on which the phthalimide moiety of thalidomide is

immobilized (Fig. 3a). Previously, we identified a novel

target of the cancer reagent, methotrexate (MTX), using a

similar technique [87]. In this study, affinity chromatog-

raphy using MTX immobilized by the c-carboxyl group of

its glutamate moiety resulted in a high yield purification of

a known target, dehydrofolate reductase (DHFR). On the

other hand, MTX immobilized through another part of the

glutamate moiety resulted in purification of deoxycytidine

kinase (dCK). Changing the part of thalidomide immobi-

lized on the beads might lead to the discovery of new

targets. Currently, we are investigating other target proteins

using thalidomide beads on which the glutarimide moiety

is immobilized.

Conclusions

Since 1961, scientists and physicians have been investi-

gating the way in which thalidomide causes limb

malformation. However, the molecular mechanisms of

thalidomide teratogenicity remain a mystery. The data

accumulated thus far reveal that thalidomide induces oxi-

dative stress, affects angiogenesis, and inhibits Fgf, Wnt,

and Akt signaling. Furthermore, CRBN, a direct and pri-

mary target of thalidomide teratogenicity, has recently

been identified. Thalidomide binds to CRBN and inhibits

the E3 ubiquitin ligase function that is important for limb/

fin and ear development. However, several questions

remain to be solved, such as the mechanisms of tissue

specificity and species specificity. Moreover, new ques-

tions have arisen, such as how CRBN fits into other

hypotheses and models.

Finally, we discuss a possible relationship between

CRBN and the therapeutic effects of thalidomide. Despite

serious adverse side effects, thalidomide is now used for

the treatment of multiple myeloma and leprosy. In addition,

new thalidomide derivatives have been developed [2, 3].

Among them, lenalidomide (CC-5013) and pomalidomide

(CC-4047) have potent pharmacological effects. Lenalid-

omide is effective for the treatment of myeloma,

myelodisplastic syndrome (MDS), chronic lymphocytic

leukemia, non-Hodgkins leukemia, and solid tumors [88–

92], and has been approved for the treatment of multiple

myeloma and 5q-MDS by the US FDA. Pomalidomide is

used for the treatment of myeloma, myelofibrosis, sickle

cell anemia, and solid tumors [93]. Due to their struc-

tural similarity to thalidomide, these compounds have

teratogenic potential. Whether CRBN is involved in the
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pharmacological effects of thalidomide or its derivatives is

unclear. If CRBN is not involved in the beneficial effects of

thalidomide, non-teratogenic thalidomide derivatives could

be designed. High throughput screening for thalidomide

derivatives and related compounds that retain the phar-

macological effects of thalidomide but lack CRBN-binding

may lead to major therapeutic advances. Conversely, if

CRBN is associated with the therapeutic effects of thalid-

omide, studies are needed to identify downstream targets

and substrates. This would allow for the screening of

compounds that target only the downstream signaling

pathway or therapeutic substrates.
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