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Thalidomide was originally used to relieve morning sick-
ness and caused serious congenital birth defects in the early 
1960s1,2. Thalidomide-induced birth defects are characterized 

by a distinctive pattern of abnormalities affecting various organs, 
including limb deformities such as phocomelia and amelia, ear mal-
formations, bowel atresia, cranial nerve dysfunction and malforma-
tions of the heart, kidneys, genital tracts and intestine1. After being 
withdrawn from the market, further studies revealed new poten-
tially therapeutic activities of thalidomide and its derivatives. This 
led to the approval of thalidomide for the treatment of leprosy and 
multiple myeloma in 1998 and 1999, respectively3. These findings 
also led to the development of thalidomide derivatives that are col-
lectively called immunomodulatory drugs.

For decades, little was known about the molecular mechanisms 
of action of thalidomide and its derivatives until we identified 
CRBN as a primary target of thalidomide4. CRBN, together with 
DDB1 and Cul4, forms an E3 ubiquitin ligase complex called cullin-
ring ligase 4 (CRL4CRBN)5. In the previous study, we have demon-
strated using zebrafish and chicken embryos that CRBN mediates 
thalidomide-induced limb and ear defects. Fgf8, a key regulator 
for limb development, is expressed in the apical ectodermal ridge 
(AER) of developing limb buds and is necessary for proximodistal 
outgrowth of developing limb buds6,7. Thalidomide treatment abol-
ishes Fgf8 expression in a CRBN-dependent manner in zebrafish 
pectoral fins and chicken forelimbs4. Nevertheless, the mechanism 
linking the thalidomide–CRL4CRBN pathway to Fgf8 downregulation 
in the AER and to other teratogenic phenotypes remains unclear.

Recent biochemical and pharmacological studies of the anti
cancer activity of thalidomide and its derivatives have led to the iden-
tification of numerous drug-dependent neosubstrates of CRL4CRBN, 
such as Ikaros, Aiolos, CK1α, GSPT1, GFP91 and SALL4. These 
factors bind to CRBN and are targeted for ubiquitination and deg-
radation only in the presence of immunomodulatory drugs, which 

serve as molecular glues between the enzyme and the substrates8–14. 
However, little is known about the mechanism of the teratogenic 
side-effects of thalidomide. Phenotypic similarities between thalido-
mide-exposed newborns and patients carrying mutations in the p63 
gene (TP63)15 prompted us to investigate whether p63 is involved 
in the thalidomide–CRL4CRBN pathway. In the AER, Fgf8 is part of 
a complex pathway involving p63, a member of the p53 transcrip-
tion factor family16,17. In humans, TP63 mutations result in several 
disorders that are characterized by congenital limb malformations, 
ectodermal dysplasias and facial clefts. TP63-null mouse embryos 
display malformations of epithelial derivatives including limbs, tail, 
urogenital structures, brain, face and teeth18,19. Alternative promoter 
usage and alternative splicing of TP63 result in the production of 
more than ten isoforms with different N and C termini, TAp63α and 
∆Np63α are main isoforms with differential expression patterns 
and developmental functions. TAp63α is essential for heart and 
ear development and oocyte maintenance18–20, whereas ∆Np63α is 
essential for AER maintenance and limb outgrowth16,17.

In this study, we show that p63 isoforms ∆Np63α and TAp63α 
are neosubstrates of CRL4CRBN and are targeted for degradation in 
the presence of thalidomide. Using zebrafish, we show that char-
acteristic features of thalidomide embryopathy, such as limb or ear 
malformations, are caused by thalidomide-dependent degradation 
of ∆Np63 and TAp63, respectively.

Results
∆Np63α and TAp63α are CRL4CRBN neosubstrates. Given the 
phenotypic similarity between TP63-related disorders and tha-
lidomide embryopathy, we examined whether p63 serves as a 
thalidomide-dependent neosubstrate of CRL4CRBN. Here keratino-
cyte-derived HaCat cells were used because RNA sequencing data 
in the past suggested that TP63 is expressed at a high level in this 
cell line. Thalidomide treatment of human HaCat cells resulted in a 
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concentration- and time-dependent decrease of ∆Np63α proteins, 
while it had little effect on levels of mRNA encoding p63 (Fig. 1a 
and Supplementary Fig. 1a–c). The decrease of ∆Np63α by thalid-
omide was detectable at concentrations as low as 1 µM. In CRBN-
depleted HaCat cells, however, the ΔNp63α protein level was not 
downregulated appreciably by thalidomide (Fig. 1b). While expres-
sion of the TAp63α isoform was hardly detectable in undifferenti-
ated HaCat cells, its expression was elevated upon the induction 
of differentiation, as reported previously21,22, and was reduced 
by thalidomide treatment (Supplementary Fig. 1d). Moreover, 
TAp63α expression was not affected by thalidomide treatment in 
CRBN-depleted HaCat cells (Supplementary Fig. 1d), suggesting 
that thalidomide-induced downregulation of ∆p63α and TAp63α 
is dependent on CRBN. To confirm this finding, ∆Np63α and 
TAp63α were ectopically expressed in HEK293T cells, in which the 
endogenous TP63 gene is not expressed (Supplementary Fig. 1e).  
As a result, production of both isoforms was downregulated by 
thalidomide treatment (Fig. 1c,d). These data indicate that both 
∆Np63α and TAp63α are downstream factors of the thalidomide–
CRL4CRBN pathway.

We next investigated whether the decrease in p63 protein lev-
els upon thalidomide treatment results from CRL4CRBN-dependent 
ubiquitination and proteasomal degradation. Thalidomide-induced 
reduction of ∆Np63α protein levels was prevented by simultane-
ous treatment with the proteasome inhibitor MG132 (Fig. 2a) or 
the neddylation inhibitor MLN4924 (Fig. 2b). Moreover, tha-
lidomide shortened the half-life of the ∆Np63α protein (Fig. 2c), 
suggesting that p63 proteins are thalidomide-dependent neosub-
strates of CRL4CRBN. To explore this idea further, we performed 
cell-based ubiquitination assays using ∆Np63α or TAp63α over-
expressed in HEK293T cells. Six-hour treatment with thalidomide 
and MG132 induced accumulation of ubiquitinated p63 proteins in 
control HEK293T cells (Fig. 2d), but not in CRBN-depleted cells 
(Supplementary Fig. 1f). Moreover, co-immunoprecipitation stud-
ies using recombinant proteins suggested that both ∆Np63α and 
TAp63α weakly interact with CRBN in the absence of thalidomide 
and that their interactions are stabilized by thalidomide (Fig. 2e and 

Supplementary Fig. 1g), leading us to conclude that these TP63 gene 
products are thalidomide-dependent neosubstrates of CRL4CRBN.

To generalize the above findings, we examined whether similar 
results are obtained using various cell types. Expression of TP63 is 
tissue-specific and was undetectable in many cell lines including 
those previously used to identify neosubstrates such as HEK293T, 
HCT116 and MM.1S cells (Supplementary Fig. 1e,h–j). However, 
we detected p63 proteins in some cell lines and confirmed a tha-
lidomide-dependent decrease in p63 protein levels in melanoma 
A375-C5 cells and human cardiac myocytes (Supplementary Fig. 1k).  
The restricted expression pattern of p63 may account, in part, for 
why p63 proteins were not identified as neosubstrates in previous 
studies. Recently, SALL4 was identified as a thalidomide-dependent 
neosubstrate that may be involved in thalidomide embryopathy13,14. 
While SALL4 was not expressed in HaCat cells, thalidomide-induced 
degradation of SALL4 was confirmed in induced pluripotent stem 
cells (Supplementary Fig. 1l). Conversely, p63 was not expressed at 
a detectable level in induced pluripotent stem cells (Supplementary 
Fig. 1j,l), suggesting that thalidomide-induced degradation of p63 
and SALL4 occurs independently.

z∆Np63α mediates thalidomide-induced fin defects. We next 
investigated if p63 degradation is involved in thalidomide teratoge-
nicity. To this end, we adopted zebrafish as an experimental animal, 
as it has several advantages for this study. First, rapid embryonic 
development and optical transparency of the embryos allow easy 
monitoring of developmental processes. Second, knockdown of 
genes of interest can be easily conducted using morpholino-anti-
sense oligonucleotides23. Third, zebrafish has a CRBN homolog, 
zCRBN, which is 70% homologous to human CRBN4, and several 
groups have independently shown that zebrafish are sensitive to 
thalidomide4,24,25. To determine whether the thalidomide-dependent 
interaction between p63 and CRBN is evolutionarily conserved, we 
cloned zebrafish homologs of ∆Np63α and TAp63α (Supplementary 
Fig. 2) and transiently overexpressed them together with zCRBN 
in HEK293T CRBN−/− cells for co-immunoprecipitation stud-
ies. Thalidomide increased the interaction of zCRBN with both 
z∆Np63α and zTAp63α (Supplementary Fig. 3a), indicating that the 
thalidomide–CRL4CRBN–p63 pathway is conserved between humans 
and zebrafish. On the other hand, zCRBN did not interact with 
zSALL4 even in the presence of thalidomide (Supplementary Fig. 3b),  
as reported previously13, suggesting that SALL4 is not involved in 
thalidomide teratogenicity in zebrafish. Moreover, physical interac-
tions between p63 and SALL4 were not observed (Supplementary 
Fig. 3c), suggesting that these factors function independently of 
each other. z∆Np63α is known to be essential for fin development 
in zebrafish; its knockdown results in loss of pectoral fins, while its 
overexpression results in truncation of the anterior central nervous 
system with defects in forebrain and eyes26. Concordantly, knock-
down of z∆Np63 mediated by morpholino-antisense oligonucle-
otides induced serious defects of pectoral fin outgrowth (Fig. 3a and 
Supplementary Fig. 4a). By contrast, overexpression or knockdown 
of zTAp63 did not cause fin malformation (Fig. 3a). Given these 
findings, we investigated if overexpression of z∆Np63α suppresses 
the teratogenic effects of thalidomide. Overexpression of z∆Np63α 
reversed the thalidomide-induced defects in pectoral fins (Fig. 3b–e).  
Coincidentally, thalidomide-induced downregulation of zFgf8 
expression was also reversed by z∆Np63α overexpression, but not 
by zTAp63α overexpression (Fig. 3f and Supplementary Fig. 4b).

As ∆Np63α overexpression induces truncation of the anterior 
central nervous system as described above, there is a concern that 
head truncation might indirectly affect fin morphology. To elimi-
nate unwanted effects of knockdown or thalidomide treatment, we 
directly injected thalidomide solution, vivo morpholino (VMO) or 
an mRNA–lipid complex into the left pectoral fin field of 24-hours-
post-fertilization (hpf) embryos27 (Supplementary Fig. 5a).  
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Fig. 1 | ∆Np63α and TAp63α are downstream factors of the thalidomide–
CRL4CRBN pathway. a, Immunoblot analysis of whole cell extracts of HaCat 
cells incubated with DMSO or indicated concentration of thalidomide 
for 24 h (n = 9, biological replicates). Thal, thalidomide. b, The effect of 
thalidomide on p63 protein levels in wild-type (WT) and CRBN−/− HaCat 
cells (n = 9, biological replicates). c,d, The effect of thalidomide on 
∆Np63α or TAp63α overexpressed in HEK293T cells expressing FLAG–
hemagglutinin (HA)–CRBN (n = 5, biological replicates). Full images of all 
blots in this figure are shown in Supplementary Fig. 8.
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Direct injection of thalidomide resulted in a significant malforma-
tion of the left, but not right, pectoral fin at 72 hpf (Fig. 4a). Severity 
of fin malformation was concentration dependent, and thalidomide 
caused fin defects at concentrations as low as 5 µM. This observa-
tion is in contrast to the high concentrations required to induce 
similar defects by waterborne exposure4; this conflict may be due 
to a low penetration efficiency of the drug into the embryos. In 
any case, considering that thalidomide solution is diluted with 
body fluid after injection, its effective concentration must be lower 
than 5 µM, which is below the maximum plasma concentration 
of orally administered thalidomide in humans (5.4 µM at 1.95 to 
3.85 mg kg−1)28. As expected, injection of z∆Np63 VMO into the left 
pectoral fin field caused similar fin malformation (Supplementary 
Fig. 5b). Simultaneous injection of mRNA encoding z∆Np63α 
mRNA, but not of mRNA encoding zTAp63α, reversed the effect of 
thalidomide on fin development without causing any adverse effect 
on head development (Fig. 4b), suggesting that z∆Np63α is a criti-
cal downstream target of thalidomide teratogenicity.

Zebrafish embryos that received thalidomide at 24 hpf showed 
a higher incidence of the severe phenotype than embryos that 
received thalidomide at 48 hpf (Supplementary Fig. 5c). To look 
more closely at thalidomide-induced phenotypes, we conducted 
Alcian blue staining to visualize chondrogenic differentiation. 
Approximately 40 embryos were examined per condition at 75 hpf, 
and approximately 70% of the embryos displayed the phenotypes 
shown in Supplementary Fig. 5d. As reported previously4, thalid-
omide severely impaired chondrogenesis of pectoral fins, and the 
effect was more profound when thalidomide was injected earlier. 
More specifically, thalidomide injection at 48 hpf resulted in a par-
tial reduction in the size of endoskeletal disc with little or no reduc-
tion in the size of scapulocoracoid and cleithrum. Thalidomide 
injection at 24 hpf resulted in severe defects in chondrogenesis, with 

the absence of cleithrum and endoskeletal disc. These results are 
consistent with the fact that mesenchymal proliferation, outgrowth 
of the fin bud and chondrogenesis actively take place in this period. 
The effect of thalidomide on chondrogenesis appeared to be more 
profound and more consistent than its effect on the length of pecto-
ral fins, suggesting that defective chondrogenesis may be an under-
lying cause of thalidomide-induced fin malformations. Although it 
is difficult to associate endoskeletal elements of zebrafish pectoral 
fins with those of human forelimbs, the scapulocoracoid and the 
cleithrum correspond to the shoulder girdle in humans while the 
endoskeletal disc corresponds to the human arm such as stylopod, 
autopod and zeugopod. Thus, forelimb deformities found in thalid-
omide embryopathy may be paralleled with defective endoskeletal 
disc formation in pectoral fins.

Fgf8 is a critical regulator of limb development whose function 
is conserved from zebrafish to humans, and accumulating studies 
have shown that its downregulation leads to the induction of pro-
apoptotic genes and causes cell death in limbs6,29. As thalidomide 
treatment results in downregulation of zFgf84 (Supplementary 
Fig. 4b), Fgf8 is a plausible downstream mediator of the thalido-
mide–CRL4CRBN–p63 pathway. To fill the gaps of this scenario, 
we performed two sets of experiments. First, we showed that the 
knockdown of ∆Np63 also results in downregulation of zFgf8 
(Supplementary Fig. 5e). Second, we showed that the knockdown 
of ∆Np63, as well as thalidomide treatment, causes apoptosis in a 
spatially restricted manner upon injection into the left pectoral fin 
field (Supplementary Fig. 5f,g). These results support the idea that 
thalidomide-induced degradation of z∆Np63 triggers apoptosis 
through zFgf8 downregulation in the developing fin bud.

Next, we sought to employ nondegradable mutants of p63. 
Previous studies have shown that single point mutations in CRBN 
neosubstrates at a specific glycine residue confer resistance to  
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Fig. 2 | ∆Np63α and TAp63α are neosubstrates of CRL4CRBN. a,b, HaCat cells were incubated with DMSO or thalidomide for 24 h and harvested for 
immunoblot analysis. Where indicated, 10 µm MG132 (a) or 0.1 μM MLN4924 (b) was added 6 h before cells were collected (n = 3, biological replicates). 
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replicates). d, HEK293T cells overexpressing Myc-tagged ∆Np63α (left) or TAp63α (right) and HA-tagged ubiquitin (Ub) were treated with thalidomide 
and MG132 for 6 h and subjected to immunoprecipitation (IP) with anti-HA beads (n = 3, biological replicates). e, Interactions of Myc-tagged ∆Np63α and 
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drug-induced ubiquitination and degradation11,12,30. Human ∆Np63γ, 
a splice variant lacking the C-terminal 231-amino-acid region of 
human ∆Np63α (amino acids 356–586), was not affected by thalido-
mide treatment (Supplementary Fig. 6a), while the deletion mutant 
α-γ spanning amino acids 330–586 of ∆Np63α was slightly decreased 
by thalidomide (Supplementary Fig. 6b). To identify a critical glycine 
residue(s), we substituted glycine residues within this region individ-
ually and found that ∆Np63α G506A is resistant to degradation by 
thalidomide (Fig. 3e and Supplementary Fig. 6b). G506 is a surface 
residue of the sterile α-motif (SAM) domain of ∆Np63α, which is 
thought to be involved in protein–protein interactions. To test whether 
the overall structure of the point mutant is intact, we conducted two 
sets of experiments. First, we studied the interaction between p63 
and HDAC2, which is known to involve the C-terminal α-specific 
region of p6331, and found that this interaction was not affected 
by the G-to-A substitution appreciably (Supplementary Fig. 6c).  
Moreover, the nuclear localization of p63 was unaffected by the 
G-to-A mutation (Supplementary Fig. 6d). Note, however, that we 
cannot entirely exclude the possibility that the mutation disrupts the 
structure of the SAM domain, because HDAC2 binding and nuclear 
localization are not dependent on the SAM domain.

As this glycine residue is conserved among vertebrates, the 
corresponding mutant of z∆Np63α was used for overexpression 
experiments in zebrafish. When zebrafish eggs injected with the 
same amounts of mRNAs encoding wild-type or G506A z∆Np63α 
were allowed to develop in the presence or absence of thalidomide, 
embryos overexpressing the nondegradable mutant developed 
normal pectoral fins at a higher rate than embryos overexpressing 
wild-type z∆Np63α in the presence of thalidomide (Fig. 3d). These 
findings are consistent with the idea that thalidomide-induced deg-
radation of ∆Np63α drives fin malformations.

zTAp63α mediates thalidomide-induced ear defects. We next 
investigated the potential role of p63 in thalidomide-induced 
defects of otic vesicles (ears). In mice, TAp63 is reportedly critical 
for ear development and is associated with sensorineural deafness19. 
First, we examined whether TAp63 is involved in otic development 
in zebrafish. Knockdown of zTAp63 using morpholino-antisense 
oligonucleotides resulted in a twofold reduction of otic vesicle size 
in diameter, and this reduction was reversed by the simultaneous 
injection of mRNA encoding zTAp63α (Supplementary Fig. 7a,b). 
We therefore investigated the effect of TAp63 knockdown on the 
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expression of pax2a and atoh1a. Pax2a is a transcription factor that 
functions in specification and patterning of otic vesicles32 while 
Atoh1 is a transcription factor that is essential for the develop-
ment of sensory neurons and cochlea and is reported as one of the 
downstream targets of TAp63 in mice19. The mRNA levels of pax2a 
and atoh1a were both reduced by TAp63 knockdown and were 
restored by simultaneous injection of mRNA encoding zTAp63α 
(Supplementary Fig. 7c,d). These results suggest that TAp63 is criti-
cal for an early stage of otic development in zebrafish. Next, as we 
have shown that ∆Np63α and TAp63α are similarly degraded by 
CRL4CRBN upon thalidomide treatment, we examined whether tha-
lidomide-mediated inhibition of otic vesicle development is reversed 
by the overexpression of z∆Np63α or zTAp63α. Thalidomide 
reduced otic vesicle size by 50%, and this reduction was reversed 
by overexpression of wild-type zTAp63α or its non-degradable 
mutant; however, overexpression of ∆Np63α had little effect on the 
relative size of otic vesicles (Fig. 5a–d and Supplementary Fig. 7e). 
Concordantly, atoh1a mRNA expression in otic vesicles was elimi-
nated upon thalidomide treatment and was almost fully restored by 
overexpression of zTAp63α, but not by overexpression of z∆Np63α 
(Fig. 5e). These results suggest that TAp63α is a major CRL4CRBN 
target involved in thalidomide-induced developmental defects of 
otic vesicles.

Discussion
This study illustrates that the TP63 gene products ∆Np63α and 
Tap63α are thalidomide-dependent neosubstrates of CRL4CRBN 
mediating thalidomide teratogenicity (Fig. 6). Remarkably, it seems 
that ∆Np63α and TAp63α play distinct roles in development and 
are responsible for thalidomide-induced malformations of fins 

(limbs) and otic vesicles (ears), respectively. Molecular pathways 
controlling organogenesis and the complex roles of p63 proteins 
are thought to be well-conserved between humans and zebrafish33. 
Consistent with our findings in zebrafish, mutations of TP63 in 
humans are associated with congenital limb defects such as ectro-
dactyly–ectodermal dysplasia cleft lip–palate (EEC) syndrome 
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and acro-dermato-ungual-lacrimal-tooth (ADULT) syndrome. 
Although TP63-related syndromes and thalidomide embryopathy 
show a range of clinically overlapping phenotypes, such as limb 
defects, hearing impairment, dental malformation, kidney hypo-
plasia and genital malformation, there are some notable differences 
between these disorders15,34. Whereas mental retardation, autism 
and ocular anomalies seem to be associated only with thalidomide 
embryopathy34, common symptoms of TP63-related syndromes 
such as cleft lip–palate and ectodermal dysplasias are not associ-
ated with thalidomide embryopathy. The presence of additional 
neosubstrates may account for the apparent discrepancy. Recently, 
SALL4 was identified as a thalidomide-dependent neosubstrate13,14. 
In humans, SALL4 mutations are associated with Duane radial ray 
syndrome and Instituto Venezolano de Investigaciones Cientificas 
(IVIC) syndrome, which also show overlapping phenotypes with 
thalidomide embryopathy and are characterized by limb anomalies 
and ocular anomalies. It is therefore plausible that SALL4 is also 
involved in thalidomide-induced limb deformities, adding com-
plexity to its teratogenic effects (Fig. 6). In other words, we assume 
that p63, SALL4 and perhaps other neosubstrates involved in organ-
ogenesis are inhibited by thalidomide to different degrees depend-
ing on the timing, dosage and duration of thalidomide exposure, 
leading to the wide range of limb and other damages seen in tha-
lidomide embryopathy.

Phenotypic differences between TP63-related syndromes and 
thalidomide embryopathy may be, in part, due to the differences 
between pharmacological inhibition and genetic mutation. TP63-
related syndromes are autosomal dominant disorders. Heterozygous 
mutation of the TP63 gene would result only in partial inhibition 
of p63 activity from early embryo to adulthood throughout the 
body, whereas pharmacological inhibition could result in a more 
pronounced reduction of p63 activity, but only when the drug is 
administered and where the drug reaches. Concordant with this 
assumption, while heterozygous TP63 knockout mice have no obvi-
ous abnormalities, homozygous TP63−/− mice show severe ectoder-
mal defects and limb anomalies that are reminiscent of thalidomide 
embryopathy17,35. Severely truncated forelimbs in TP63−/− mice are 
quite different from the phenotypes commonly seen in TP63-related 
syndrome patients such as ectrodactyly or ‘lobster-claw hand’ and 
syndactyly, suggesting that the level of residual p63 activity affects 
phenotypic severity of the limbs.

Fgf8 is a critical regulator of limb development whose function 
is conserved from zebrafish to humans, and accumulating studies 
have shown that its downregulation leads to the induction of pro-

apoptotic genes and causes cell death in limbs6,29. Here we show evi-
dence suggesting that Fgf8 is a critical downstream effector of the 
thalidomide–CRL4CRBN–p63 pathway and that thalidomide-induced 
degradation of ∆Np63α triggers apoptosis through Fgf8 down-
regulation in the developing limb bud. Alternatively, thalidomide-
induced degradation of ∆Np63 may induce apoptosis by enhancing 
oxidative stress independently of Fgf8. This idea is based on recent 
papers demonstrating the protective role of ∆Np63α against oxida-
tive-stress-induced cell death36,37. The second model is also consis-
tent with previous studies demonstrating a critical role for oxidative 
stress in thalidomide action in rabbits38,39. In fact, however, the sec-
ond model does not conflict with the first model; it is plausible that 
thalidomide-induced degradation of ∆Np63α increases oxidative 
stress and that the stress in turn leads to Fgf8 downregulation and 
induction of proapoptotic genes, triggering apoptosis.

The molecular mechanism by which p63α is recognized by 
CRBN in a thalidomide-dependent manner is largely unknown. 
Previous studies have shown that many of the known neosubstrates 
such as Ikaros, Aiolos, CK1α, GSPT1, GFP91 and SALL4 have 
a key glycine residue in a β-hairpin in common that is necessary 
for the recognition by CRBN, although they do not have obvious 
primary sequence similarity8–14. The critical glycine residue that we 
identified in p63α is a surface residue of the SAM domain, which is 
thought to be involved in protein–protein interactions, and is part 
of a long α-helix in the SAM domain40. Therefore, ΔNp63α(G506) 
and TAp63α(G600) might play a distinct role in CRBN binding 
from those of the key glycine residues found in other neosubstrates. 
We showed evidence suggesting that the glycine mutation does 
not affect the overall structure of p63; however, a complete under-
standing as to how p63 is recognized by CRBN in a thalidomide-
dependent manner and how it is inhibited by the glycine mutation 
requires elucidation of the CRBN–thalidomide–p63 structure at the 
atomic resolution.

We and others4,24,41–43 have shown that thalidomide treatment 
and knockdown of CRL4CRBN cause similar pectoral fin defects 
in zebrafish, leading to the assumption that a thalidomide-
sensitive endogenous substrate mediates the teratogenic effect. 
Here we show, however, that a thalidomide-dependent neosub-
strate is responsible for the teratogenic effect. The most likely  
explanation for the apparent discrepancy is that the pheno-
typic similarity of thalidomide-treated zebrafish and CRL4CRBN-
knockdown zebrafish is coincidental. Unlike in zebrafish, CRBN 
knockout in mice caused surprisingly weak phenotypes, such as  
enlarged heart, small liver and decreased vertical activity44  
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(https://www.mousephenotype.org/data/genes/MGI:1913277). Thus, 
developmental roles of CRBN, in the absence of thalidomide, are 
significantly different between zebrafish and mammals. Then, it fol-
lows that thalidomide-induced fin (limb) defects (common to zebraf-
ish and mammals) and CRL4CRBN knockdown-induced fin defects 
(specific to zebrafish) are similar but distinct, and the presence of a 
thalidomide-dependent neosubstrate needs to be hypothesized to 
explain the teratogenic effect. We believe that zebrafish is still a valid 
model for thalidomide teratogenicity. Despite the difference in CRBN 
loss-of-function phenotypes between zebrafish and mice, this does 
not necessarily mean that its gain-of-function phenotypes also vary 
among species. The use of very high concentrations of thalidomide 
(100–400 µM) in zebrafish has been criticized by some researchers13. 
Here we showed, however, that direct injection of thalidomide solu-
tion into the pectoral fin field of embryos between 24 and 48 hpf 
results in significant fin defects at 5 µM. Thus, there is no significant 
difference in effective concentrations between zebrafish and humans.

Recent studies of CRBN have thrown a new light on the devel-
opment of therapeutic compounds for cancers and inflammatory 
diseases. In addition to FDA-approved drugs for multiple myeloma 
such as lenalidomide and pomalidomide, new thalidomide-related 
compounds targeting CRBN, such as CC-122 (Avadomide) and 
CC-220 (Iberdomide), have been developed for the treatment of 
lymphoma and inflammatory diseases45,46. Moreover, synthetic het-
erobifunctional ligands derived from thalidomide have been suc-
cessfully used to break down heterologous proteins, such as FKBP12 
and BRD4, through CRL4CRBN (refs. 47,48). Considering the growing 
importance of thalidomide-based drugs targeting CRL4CRBN, it is 
important to elucidate the molecular mechanism(s) by which some 
of these compounds exert teratogenic effects. The findings of this 
study will contribute to the development of new thalidomide-based 
drugs with reduced or no teratogenic effects.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of code and data availability and 
associated accession codes are available at https://doi.org/10.1038/
s41589-019-0366-7.
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Methods
Cell culture and materials. Human embryonic kidney cell line HEK293T (ATCC) 
and keratinocyte cell line HaCat (ATCC) were maintained in DMEM (Nacalai 
Tesque) supplemented with 10% FBS (Biowest) and antibiotic–antimycotic mixed 
stock solution (Nacalai Tesque). These cell lines were cultured at 37 °C with 
5% CO2 and were confirmed to be mycoplasma negative using the MycoAlert 
Mycoplasma Detection Kit (Lonza).

Plasmids. Plasmids pCMV6-human ∆Np63α-Myc-FLAG, pCMV6-human 
∆Np63γ-Myc-FLAG and pCMV6-human TAp63α-Myc-FLAG were purchased 
from Origene. pcDNA3.1-FLAG-HA-human CRBN was described previously4. 
For FLAG-tagged zCRBN, its cDNA was PCR amplified from zebrafish 24-hpf 
embryos and cloned into pcDNA3.4 (Thermo Fisher Scientific). Hemagglutinin 
(HA)–ubiquitin cDNA was cloned into pcDNA3.1. For enhanced GFP (EGFP)-
tagged zebrafish (z)ΔNp63α and (z)TAp63α, their cDNAs were PCR amplified 
from 24-hpf embryos and cloned into pCS2 (+) and pcDNA3.4. Point mutations 
were introduced into the p63 cDNA by overlapping PCR.

Antibodies. Rabbit anti-p63 monoclonal antibody (mAb) (13109, Cell Signaling), 
rabbit anti-p63 (TA) polyclonal antibody (pAb) (TA327975, ORIGENE), mouse 
anti-p63 (D-9) mAb (sc-25268, Santa Cruz Biotechnology), rabbit anti-human 
CRBN65 mAb (Celgene), rabbit anti-ZNF692 pAb (ab204595, Abcam), mouse 
anti-Myc tag clone 4A6 mAb (05-724, Merck), mouse anti-SALL4 mAb (ab57577, 
Abcam), anti-HDAC2 [Y461] mAb (ab32117, Abcam), mouse anti-β-actin mAb 
(ab6276, Abcam) and mouse anti-vinculin mAb (ab18058, Abcam) were used as 
primary antibodies. Anti-rabbit IgG, HRP-linked Antibody (#7074, Cell Signaling) 
and anti-mouse IgG, HRP-linked antibody (#7076, Cell Signaling) were used as 
secondary antibodies. Rabbit anti-α-tubulin pAb-HRP-DirecT (PM054-7, MBL), 
mouse anti-GAPDH-mAb-HRP-DirecT (M171-7, MBL), mouse anti-HA-peroxidase 
mAb (H6533-1VL, Sigma), mouse anti-Myc-tag mAb-HRP-DirecT (M192-7, MBL) 
and mouse anti-DDDDK (FLAG)-tag mAb-HRP-DirecT (M185-7, MBL) were also 
used. Mouse anti-p63 (D-9) mAb (sc-25268, Santa Cruz Biotechnology) and rabbit 
anti-Myc tag pAb (ab9106, Abcam) were used as primary antibodies, and goat pAb 
to rabbit IgG Alexa Fluor 488 and to mouse IgG Alexa Fluor 594 (Thermo Fisher 
Scientific) were used as secondary antibodies for immunocytochemistry.

Co-immunoprecipitation assay. pcDNA3.1-HA-hCRBN and pCMV6-∆Np63α-
Myc-FLAG were transfected into HEK293T cells using Lipofectamine 2000 
(Thermo Fisher Scientific). After 48 h, cells were harvested and lysed with 0.5% 
NP-40 lysis buffer (50 mM Tris-HCl, 150 mM NaCl and 0.5% NP-40). After 
centrifugation, cell lysates were incubated with 0.1% DMSO or 100 µM thalidomide 
(Tocris Bioscience) for 2 h, followed by 3-h incubation of anti-FLAG M2 agarose 
beads (A2220, Sigma). The immunoprecipitated complexes were eluted with 
3×FLAG peptide in lysis buffer and were subjected to immunoblot analysis.

Pull-down assay. Myc-FLAG-tagged ∆Np63α was transiently transfected into 
HEK293T cells. The resulting cell lysates were incubated with anti-FLAG M2 
magnetic beads (M8823, Sigma) in 0.5% NP-40 lysis buffer and bound ∆Np63α 
was eluted with 3×FLAG peptide in the same buffer. FLAG-tagged CRBN protein 
was expressed and purified from Sf9 insect cells as described previously4. ∆Np63α 
and CRBN proteins (200 ng) were incubated in 0.5% NP-40 lysis buffer containing 
0.1 mg ml−1 BSA, together with 0.1% DMSO or 100 µM thalidomide at 4 °C for 
overnight. After centrifugation, supernatants were incubated with anti-c-Myc 
magnetic beads (Pierce) for 3 h. Bound proteins were eluted with SDS loading 
buffer (Nacalai Tesque) and subjected to immunoblot analysis.

Cell-based ubiquitination assay. Wild-type HEK293T or CRBN−/− cells were 
transfected with HA-tagged ubiquitin and Myc-FLAG-tagged ∆Np63α expression 
vectors. After 43 h, cells were treated with 0.1% DMSO or 100 µM thalidomide for 
5 h, collected and lysed with RIPA buffer. After centrifugation, cell lysates were 
incubated with anti-HA magnetic beads (Thermo Fisher Scientific) for 3 h. Bound 
proteins were eluted by SDS loading buffer and subjected to immunoblot analysis.

Quantitative PCR with reverse transcription. Wild-type HaCat or CRBN−/− 
cells were treated with thalidomide for 24 h. Total RNA was extracted by 
using RNeasy Plus mini kit (QIAGEN) and reverse transcribed into cDNA 
using SuperScript IV (Thermo Fisher Scientific). Quantitative PCR was 
performed in triplicate using the CFX96 Real-Time System (BIO-RAD) and 
the following primer pairs: β-actin, 5′-GATGCAGAAGGAGATCACTGC-3′ 
and 5′-TACTCCTGCTTGCTTGCTGATCCA-3′; and 
∆Np63, 5′-AGCCAGAAGAAAGGACAGCA-3′ and 
5′-TCGTGTACTGTGGCTCACTAA-3′.

Determination of protein half life. HaCat cells were treated with 0.1% DMSO or 
100 µM thalidomide along with 50 ng µl−1 cycloheximide (Nacalai Tesque) for the 
indicated time before being collected with RIPA buffer. Cell lysates were subjected 
to immunoblot analysis.

Immunocytochemistry. HEK293T cells were transfected with wild-type 
Myc-FLAG-tagged ∆Np63α or TAp63α or their nondegrading mutants 

and were incubated for 48 h after transfection. The cells were fixed with 4% 
paraformaldehyde in PBS for 10 min. After blocking for 1 h at room temperature 
in Bullet Blocking ONE (Nacalai Tesque), the samples were treated with primary 
antibodies for 16 h at 4 °C. The samples were washed and then treated with 
secondary antibodies for 1 h at room temperature. After washing, the samples were 
mounted with Vectashield with DAPI and observed with Axio Scope A1 (Zeiss). 
Fluorescent images were taken by AxioCam ERc 5s (Zeiss).

Breeding of zebrafish embryos. Embryos were collected by natural matings 
of adult fish that were kept at 28.5 °C on a 14 h light–10 h dark cycle. In some 
cases, embryos were raised in 0.003% phenylthiourea (Sigma) to inhibit pigment 
formation. The Institutional Animal Care and Use Committee of Tokyo Medical 
University approved animal use of this study (H290075).

Microinjection into one-cell stage embryos. Capped RNA was dissolved in 
0.1% phenol red at 300 ng µl−1. Antisense morpholino oligonucleotides (MOs) 
were adjusted to 125–500 μM. Capped RNA or MOs were loaded into a glass 
capillary (GD-1, Narishige) and microinjected into the cytoplasm of one-cell 
stage fertilized embryos at 50 msec release and 30 psi nitrogen gas pressure 
(IM300, Narishige). MO sequences were as follows: ΔNp63 (for AUG blocking), 
5′-TGGTCTCCAGGTACAACATATTGGC-3′; ΔNp63 (for splicing blocking), 
5′-ACATTTGCTGTATGTCTTACCGTCC-3′; TAp63 (for AUG blocking), 
5′-ACTGCTGCATAAGGAGAGGTCATTC-3′; TAp63 (for splicing blocking), 
5′-TTTGTAAGGCACATTACTCACTGGT-3′.

In vivo lipofection. In vivo lipofection was performed essentially as described 
previously27 with some modifications. Four microliters of capped RNA (1,200 ng µl−1) 
was mixed with 4 µl of OPTI-MEM1 (Thermo Fisher Scientific) and 2 µl of 0.5% 
phenol red (tube A). In parallel, 3 µl of Lipofectamine MessengerMAX reagent 
(Thermo Fisher Scientific) and 7 µl of OPTI-MEM1 were mixed in a separate tube 
and placed for 5 min at room temperature (tube B). Solutions A and B were mixed 
by gentle pipetting and left at room temperature for 20 min. Embryos at 24 hpf were 
anesthetized and laid on an acrylic plate on its belly, and liposome–RNA complexes 
were injected to both sides or the left side of the pectoral fin fields. After injection, 
animals were recovered in E3 medium or fresh breeding water and bred at 28.5 °C.

Injection of vivo morpholino. Five microliters of 400 nM VMO (Genes Tools) was 
mixed with 11 μl of 0.5% phenol red to adjust the final concentration to 125 nM 
VMO and injected to both sides or the left side of the pectoral fin fields of 24-hpf 
embryos. Control VMO, 5′-CCTCTTACCTCACTTACAATTTATA-3′; ΔNp63 
VMO (for AUG blocking), 5′-GTCTCCAGGTACAACATATTGGCGC-3′.

In vivo drug treatment. Thalidomide treatment was performed essentially as 
described previously4 with some modifications. Thalidomide was first added at 
6 hpf, and thalidomide solution was replaced every 12 h up to 72 hpf. In some 
experiments, 280 µM thalidomide solution containing 0.1% DMSO and 0.1% 
phenol red was directly injected into the pectoral fin fields at 24 hpf.

Whole-mount in situ hybridization. Whole-mount in situ hybridization  
was carried out as described previously49. The zebrafish fgf8a probe was  
prepared as described previously4. The Atoh1a probe and Pax2a probe used  
in this study contained the full-length coding sequence of the zebrafish atoh1a  
and pax2a gene, respectively.

Alcian blue staining. Extracellular matrices associated with chondrocytes were 
stained using Alcian blue as described previously4. Embryos were fixed in 3.7% 
neutral buffered formaldehyde at room temperature overnight and then transferred 
to 0.1% Alcian blue solution in 80% ethanol–20% glacial acetic acid. On the next 
day, stained embryos were rinsed in absolute ethanol, rehydrated to PBS and 
cleared with 0.05% trypsin in saturated sodium tetraborate solution for 1–3 h. 
Pigmentation was removed with 3% hydrogen peroxide–1% potassium hydroxide. 
Stained embryos were mounted in 70% glycerol–PBS.

Measurement of otic vesicle size. The measurement of otic vesicle size was 
performed essentially as described previously4 with some modifications. First, 24-
hpf embryos were anesthetized in 1% methylcellulose containing 0.003% 3-amino 
benzoic acid ethyl ester (Sigma). The area of otic vesicles was measured using 
Adobe Photoshop. P values were determined using an unpaired t test with Welch’s 
correction (GraphPad Prism).

Immunohistochemistry. Embryos were fixed with 4% paraformaldehyde in PBS. 
After fixation for 90 min at room temperature or overnight at 4 °C, embryos were 
washed with PBS, treated with proteinase K (10 ng μl−1) in PBS with 0.5% Triton 
X-100 (PBST) for 15 min at room temperature. Embryos were fixed again to 
inactivate proteinase K for 15 min at room temperature and blocked with 5% goat 
serum in PBST for 60 min. Embryos were incubated overnight at 4 °C  
with PBST containing anti-active caspase-3 antibody (#559565, BD Pharmingen; 
1:400 dilution) and 5% goat serum and followed by incubation for 4 h at  
room temperature with PBST containing Alexa Fluor 488 anti-rabbit IgG  
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antibody (1:2,000 dilution) and 5% goat serum. After washing, embryos  
were subjected to glycerol immersion (30%, 50% and 75% in PBS). Just before 
imaging, yolk was removed. Images were taken by using a Lumina Vision OL 
deconvolution system (Mitani).

Statistical analysis. Each test used for statistical analysis is stated in the  
figure legends.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data generated or analyzed during this study are included in this published 
article and its supplementary information or are available from the corresponding 
author on reasonable request.
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Methods
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Validation

Group sizes of zebrafish were determined based on the standards in developmental genetic studies using zebrafish.

No data were excluded.

Each experiment have been conducted for more than twice in this study and was reproduced.

Genetically identical human cultured cells grown under the same conditions were collected, pooled when necessary, and randomly allocated
into different experimental groups. Genetically identical zebrafish eggs were collected from the same clutch, pooled when necessary, and
randomly allocated into different experimental groups.

Blinding was not performed for cell culture experiments. Zebrafish experiments were conducted by two researchers; one performed the
experiment, and the other analyzed the data in a blinded fashion.

For immunobloting, rabbit anti-p63 monoclonal antibody (mAb) (#13109, Cell Signaling, 1:1000 dilution), rabbit anti-p63 (TA)
polyclonal antibody (pAb) (TA327975, ORIGENE, 1:1000 dilution), mouse anti-p63 (D-9) mAb (sc-25268, Santa Cruz
Biotechnology, Inc., 1:1000 dilution), rabbit anti-human CRBN65 mAb (Celgene, San Diego, CA, 1:10000 dilution), mouse anti-
beta Actin mAB (ab6276, Abcam, 1:2000 dilution), mouse anti-vinculin mAb (ab18058, Abcam, 1:1000 dilution), rabbit anti-
ZNF692 pAb (ab204595, Abcam, 1:1000 dilution), mouse anti-Myc tag clone 4A6 mAb (05-724, Merck, 1:1000 dilution), mouse
anti-SALL4 mAb (ab57577, abcam, 1:1000 dilution) and anti-HDAC2 [Y461] mAb (ab32117, Abcam, 1:1000 dilution) were used as
primary antibodies.

Anti-rabbit IgG, HRP-linked Antibody (#7074, Cell Signaling, 1:10000 dilution) and Anti-mouse IgG, HRP-linked Antibody (7076,
Cell Signaling, 1:10000 dilution) were used as secondary antibodies.

Rabbit anti--Tubulin polyclonal antibody (pAb)-HRP-DirecT (PM054-7, Lot. 006, MBL, 1:5000 dilution), mouse anti-GAPDH-mAb-
HRP-DirecT (M171-7,Lot. 006, MBL, 1:5000 dilution), rabbit anti-GFP-mpAb-HRP-DirecT (598-7, Lot. 005, MBL, 1:1000 dilution),
mouse Anti-HA-Peroxidase monoclonal antibody (H6533-1VL, Sigma), mouse anti-Myc-tag mAb-HRP-DirecT (M192-7, MBL), and
mouse anti-DDDDK (FLAG)-tag mAb-HRP-DirecT (M185-7, Lot. 005, MBL, 1:1000 dilution) were also used.

For immunocytochemistry, rabbit anti-Myc tag pAb (ab9106, abcam, 1:200 dilution) and mouse anti-p63 (D-9) mAb (sc-25268,
Santa Cruz Biotechnology, Inc., 1:100 dilution)were used as primary antibodies.

Goat pAb to rabbit IgG Alexa Fluor 488(ab150081, Lot. GR121139-1, abcam, 1:1000 dilution) and to goat pAb to mouse IgG Alexa
Fluor 594 (ab150120, Lot. GR177655-1, abcam, 1:1000 dilution) were used as secondary antibodies.

For immunohistochemistry, rabbit anti-active Caspase-3 mAb antibody (#559565, BD Pharmingen, 1:400 dilution) and Alexa
Fluor 488 anti-rabbit IgG antibody (1:2000 dilution) were used.

All the primary antibodies used in the study, except for anti-human CRBN65 mAb, are commercially available.

Their reactivity to human antigens and their validity for the applications used are confirmed by the manufacturer. As to anti-
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