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Identification of a Primary Target of
Thalidomide Teratogenicity

Takumi Ito,** Hideki Ando,?* Takayuki Suzuki,>* Toshihiko Ogura,® Kentaro Hotta,”
Yoshimasa Imamura,” Yuki Yamaguchi,? Hiroshi Handa™$t

Half a century ago, thalidomide was widely prescribed to pregnant women as a sedative but was found
to be teratogenic, causing multiple birth defects. Today, thalidomide is still used in the treatment of
leprosy and multiple myeloma, although how it causes limb malformation and other developmental
defects is unknown. Here, we identified cereblon (CRBN) as a thalidomide-binding protein. CRBN forms
an E3 ubiquitin ligase complex with damaged DNA binding protein 1 (DDB1) and Cul4A that is
important for limb outgrowth and expression of the fibroblast growth factor Fgf8 in zebrafish and chicks.
Thalidomide initiates its teratogenic effects by binding to CRBN and inhibiting the associated ubiquitin
ligase activity. This study reveals a basis for thalidomide teratogenicity and may contribute to the
development of new thalidomide derivatives without teratogenic activity.
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Fig. 1. Thalidomide A
binds to CRBN and
DDB1. (A) Thalidomide
(Thal)-binding proteins
were purified from Hela
cell extracts by using
thalidomide-immobilized
(+) or control (-) beads.
Where indicated, bound
proteins were eluted
with free thalidomide.
As indicated, 0.3 mM
thalidomide was added
to extracts before incu-
bation with the beads.
Eluted proteins were
analyzed by silver stain-
ing (top) or immuno-
blotting (IB) (bottom).
Asterisk indicates non-
specific signal. (B) Purified
recombinant CRBN-FLAG
and DDB1-V5-His were,
respectively, incubated
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with thalidomide beads. Input materials used for affinity purification (kDa) 1 2

(AP) and bound materials were immunoblotted. (C) FH-CRBN was

immunoprecipitated (IP) from 2937 cells stably expressing FH-CRBN or from control cells, followed by
SDS gel electrophoresis and silver staining.
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Fig. 3. Thalidomide inhibits
E3 ubiquitin ligase activity of
the CRBN-containing complex
in vitro. (A) Extracts prepared

from 293T cells overexpressing FH-CRBN or one of its mutants were
incubated with thalidomide-immobilized beads, and lysates (input) and

affinity-purified (AP) ma(egiﬁllzﬂwere immunoblotted (IB). (B) 293T cells
N

stably expressing FH-CRBI
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i ipitation (IP) and i blotting. (C and D) 293T cells
stably expressing FH-CRBN or FH-CRBN""WA* were processed as in Fig.
2E. In (D), cells were treated with the indicated concentrations of

were subjected to FLAG-specific antibody ~ thalidomide for 4 hours before harvest.

- HURIAFEHEEMD CRBN ZHIBIEHLICKY, HURIARDFREFINZ oM

Fig. 4. Thalidomide
treatment or down-
regulation of the CRBN
complex causes similar
developmental defects
in zebrafish. (A and B)
Zebrafish embryos were
allowed to develop in
media containing the
indicated concentrations
of thalidomide. (A) Em-
bryos at 75 hpf were
fixed and stained with
Aldan blue. Pectoral fins
are indicated by arrow-
heads. (B) Close-up view
of otic vesicles of 30-hpf
live embryos. (C and D)
Where indicated, zcrbn
AMO was injected with
(rescued) or without
zcrbn mRNA into one-
cell stage embryos. (E
and F) Where indicated,
zcul4a AMO was injected
with or without zculda
mRNA into one-cell stage
embryos. (C and E) Dorsal
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views of pectoral fins of 72-hpf embryos. Pectoral fins are indicated by arrowheads. LAY

(D and F) Otic vesicle size of 30-hpf embryos relative to the size of the embryo.
Representative raw data are shown in fig. S14. *P < 0.001. uninj, uninjected.
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