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Abstract

Thalidomide causes teratogenic effects by inducing protein degra-
dation via cereblon (CRBN)-containing ubiquitin ligase and modifi-
cation of its substrate specificity. Human P450 cytochromes
convert thalidomide into two monohydroxylated metabolites that
are considered to contribute to thalidomide effects, through mech-
anisms that remain unclear. Here, we report that promyelocytic
leukaemia zinc finger (PLZF)/ZBTB16 is a CRBN target protein
whose degradation is involved in thalidomide- and 5-hydroxy-
thalidomide-induced teratogenicity. Using a human transcription
factor protein array produced in a wheat cell-free protein synthe-
sis system, PLZF was identified as a thalidomide-dependent CRBN
substrate. PLZF is degraded by the ubiquitin ligase CRL4“R®N in
complex with thalidomide, its derivatives or 5-hydroxythalidomide
in a manner dependent on the conserved first and third zinc finger
domains of PLZF. Surprisingly, thalidomide and 5-hydroxythalido-
mide confer distinctly different substrate specificities to mouse
and chicken CRBN, and both compounds cause teratogenic pheno-
types in chicken embryos. Consistently, knockdown of Plzf induces
short bone formation in chicken limbs. Most importantly, degrada-
tion of PLZF protein, but not of the known thalidomide-dependent
CRBN substrate SALL4, was induced by thalidomide or 5-hydrox-
ythalidomide treatment in chicken embryos. Furthermore, PLZF
overexpression partially rescued the thalidomide-induced pheno-
types. Our findings implicate PLZF as an important thalidomide-
induced CRBN neosubstrate involved in thalidomide teratogenicity.
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Introduction

In many countries, thalidomide (Fig 1A) was popular in the
1960s as a sedative/hypnotic for pregnant women. Its use caused
embryopathies, such as limb defects, ear damage and congenital
heart diseases (Smithells & Newman, 1992; Miller & Stromland,
1999). Thalidomide binds to the cereblon (CRBN) protein within
the CRL4 E3 ubiquitin ligase complex. CRBN is a key molecule
for thalidomide-induced teratogenesis (Ito et al, 2010). Recently,
many studies have reported that the interaction of CRBN with
thalidomide or its derivatives, which include lenalidomide, poma-
lidomide (Fig 1A) and CC-885, alters the binding specificity of
CRBN to proteins. This alteration induces the ubiquitination and
degradation of binding proteins, such as Ikaros (IKZF1) (Kronke
et al, 2014; Lu et al, 2014), casein kinase I (Kronke et al, 2015),
GSPT1 (Matyskiela et al, 2016) and SALL4 (Donovan et al, 2018;
Matyskiela et al, 2018). In humans, mutations of SALL4 are
found in Duane-radial ray syndrome (DRRS, Okihiro syndrome).
The phenotypic features of DRRS include limb deformities (Kohl-
hase et al, 2005). Hind limb defects have also been reported in
Sall4-conditional knockout (Sall4-CKO) mice (Akiyama et al,
2015). These findings suggest that SALL4 is partially involved in
teratogenesis. Thalidomide embryopathy has been demonstrated
in chickens and zebrafish (Therapontos et al, 2009; Ito et al,
2010; Mahony et al, 2013). However, the use of zebrafish as a
model system to study limb teratogenicity is controversial
(Mahony et al, 2013). The sequence of thalidomide-binding sites
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Figure 1. Identification of thalidomide-dependent interactors of CRBN using a cell-free-based human TF protein array.

A Chemical structures of thalidomide, pomalidomide and lenalidomide.

B Schematic diagram of the thalidomide-dependent in vitro binding assay between CRBN and substrates using AlphaScreen technology.

C Detection of luminescent signals of thalidomide-dependent interactions between bls-CRBN and FLAG-GST-IKZF1. Dose-dependent signals (DMSO, 2.5, 5, 10, 25, 50 or
100 uM thalidomide) were analysed with an in vitro binding assay using the AlphaScreen technology.

D Results of in vitro high-throughput screening targeting 1,118 human transcription factors. Green and red spots denote known neosubstrates and candidate clones,

respectively.

E Confirmation of thalidomide dependency on six hit proteins using an in vitro binding assay. Interaction between bls-CRBN and FLAG-GST-protein in the presence of

DMSO or 50 pM thalidomide was detected using the AlphaScreen technology.

F In vitro binding assay for thalidomide, pomalidomide and lenalidomide. Interaction between bls-CRBN and FLAG-GST-PLZF in the presence of (DMSO, 3.125, 6.25, 12.5,
25, 50, 100 or 200 uM) thalidomide, pomalidomide or lenalidomide was analysed using the AlphaScreen technology.

Data information: All relative AlphaScreen (AS) signals are expressed as relative luminescent signal with luminescent signal of DMSO as one. Error bars

denote + standard deviation (n = 3).

in a broad range of developmental and biological processes, such as
haematopoiesis, limb skeletal formation, spermatogenesis and
immune regulation (Barna et al, 2000, 2005; Suliman et al, 2012).
Loss of PLZF function in both human patients and mutant mice
results in limb defects, which appear as an elongation defect of the
zeugopod and thumb (Barna et al, 2000, 2005; Fischer et al, 2008).
A recent study indicated that the 6th and 7th ZNFs in PLZF are not
targets of CRBN (Sievers et al, 2018). However, it remains unknown
whether the full-length PLZF protein is a target for the binding of
CRBN to thalidomide.

Thalidomide is metabolised by several isoforms of human cyto-
chrome P450 (CYPs) into 5-hydroxythalidomide and 5-hydrox-
ythalidomide (Yamamoto et al, 2009; Chowdhury et al, 2010),
involving oxidation of the phthalimido and glutarimide ring, respec-
tively. CRBN mainly recognises the glutarimide ring in thalidomide
(Fischer et al, 2014). Thus, the 5-hydroxythalidomide metabolite
does not bind to CRBN and hence may not contribute to teratogene-
sis (Therapontos et al, 2009). Mouse embryos that express placental
human CYP3A isoforms exhibited modest thalidomide-induced limb
defects in embryo culture compared to wild-type (WT) controls,
suggesting that placental CYP3A isoforms may convert thalidomide
to an embryopathic reactive intermediate via the formation of 5-
hydroxythalidomide, although no limb defects were observed
in vivo (Kazuki et al, 2016). However, there is no evidence that 5-
hydroxythalidomide is involved in CRBN-dependent thalidomide
teratogenicity.

We aimed to identify the protein required for the binding of
thalidomide to CRBN. We constructed a human TF protein array
(HuTFPA) consisting of 1,118 human recombinant proteins includ-
ing mainly TFs and zinc finger proteins using a wheat cell-free
protein production system. Biochemical screening based on the
interaction between TF and CRBN with thalidomide using the
AlphaScreen system identified PLZF as a participant in the interac-
tion between CRBN with thalidomide. PLZF was identified as a
novel substrate of the CRL4“R®N E3 ubiquitin ligase complex with
thalidomide, its derivatives and 5-hydroxythalidomide. The amino
acid sequences of PLZF were very similar among vertebrate species.
In chick embryos, knockdown of Plzf/Zbtb16 induced abnormal
limb development. More importantly, PLZF protein was decreased
in the limb buds during thalidomide- and 5-hydroxythalidomide-
induced teratogenicity, whereas the level of SALL4 protein did not
change. PLZF overexpression in the chicken limb bud partially
rescued the thalidomide-induced phenotype, including reduction of
Fgf10/Fgf8 expression.

© 2021 The Authors

Results

Screening for thalidomide-dependent substrates of CRBN using a
human TF protein array

Many TFs function as master regulators during the development
and differentiation of embryos. In addition, many substrates of
CRBN with thalidomide are ZNF-type TFs. These include IKZF1
(Kronke et al, 2014; Lu et al, 2014), IKZF3 (Kronke et al, 2014; Lu
et al, 2014) and SALL4 (Donovan et al, 2018; Matyskiela et al,
2018). We aimed to identify new substrates of CRBN with thalido-
mide from human TFs. Based on a wheat cell-free protein synthesis
system (Sawasaki et al, 2002), we previously developed a technol-
ogy for the construction of a protein array that synthesises an indi-
vidual protein in each well of a 96- or 384-well plate. So far, we
have identified substrate proteins from protein kinase (Tadokoro
et al, 2010) and E3 ligase (Takahashi et al, 2016) protein arrays.
The combination of our protein array and AlphaScreen technology
is advantageous for the screening of protein—protein interactions. It
can be used directly without protein purification, is sensitive and
can be used as a high-throughput system. A human TF protein array
(HuTFPA) consisting mainly of human TFs (Table EV1), synthesised
FLAG-glutathione S-transferase (GST) fusions,
produced by a wheat cell-free system. CRBN was synthesised as an
N-terminal single biotin-labelled form using the same system. The
detection principle for this biochemical interaction is shown in
Fig 1B. Using this cell-free system, an interaction between FLAG-
GST-IKZF1 and biotinylated CRBN was detected in a dose-depen-
dent manner using the AlphaScreen method (Fig 1C). As shown in
the flowchart (Fig EV1A), screening of the substrate human TFs of
CRBN with thalidomide (50 uM) on HuTFPA identified six TF
proteins as CRBN binding proteins in the presence of thalidomide
(Fig 1D). In contrast, several known substrates, including IKZF3
and CKla, were not detected because these substrates were not
included in the HuTFPA (Table EV1).

To investigate the thalidomide dependency of these proteins for
CRBN binding, a biochemical assay was carried out with and with-
out thalidomide. Three human TFs (IKZF1, SALL4 and PLZF)
displayed the characteristics of thalidomide-dependent binding to
CRBN (Fig 1E), whereas HNRNPK, HMGB2 and ELF5 bound to
CRBN in the absence of thalidomide. Furthermore, in the presence
of thalidomide, these proteins did not bind to mutant CRBN-YW/AA
(Ito et al, 2010), which was unable to bind to thalidomide
(Fig EV1B). Using recombinant proteins, an in vitro pull-down assay

as N-terminal
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Figure 2. PLZF is a substrate of CRL4°*®N with thalidomide and lenalidomide for E3 ubiquitin ligase.

A Immunoblot analysis of AGIA-PLZF protein levels in AGIA-PLZF and FLAG-CRBN expressing HEK293T cells treated with DMSO or lenalidomide (Len) in the presence of

DMSO, MG132 or MLN4924 for 9 h.

B Immunoblot analysis of endogenous PLZF protein levels in HEK293T cells or CRBN /= HEK293T cells treated with DMSO or lenalidomide (Len) for 24 h.

C Immunoprecipitation of FLAG-CRBN in FLAG-CRBN and AGIA-PLZF expressing HEK293T cells treated with DMSO or lenalidomide (Len) in the presence of MG132 for
8 h. Components of CRL4™ A< REN and AGIA-PLZF were detected using each specific antibody, as indicated.

D Ubiquitination of AGIA-PLZF in AGIA-PLZF and FLAG-CRBN expressing CRBN ™/~ HEK293T cells treated with DMSO or thalidomide (Tha) in the presence of MG132 for
10 h. AGIA-PLZF was immunoprecipitated using anti-AGIA antibody, and the polyubiquitin chain on AGIA-PLZF was analysed by immunoblot.

E Invitro binding and ubiquitination assay of AGIA-PLZF. Empty vector, AGIA-PLZF or FLAG-CRBN expressing HEK293T cells were lysed and the lysates were mixed. The
first immunoprecipitation with anti-AGIA or anti-FLAG antibodies was performed in the presence of DMSO or 200 uM lenalidomide. The purified AGIA-PLZF or
CRL47HACCREN complex, including AGIA-PLZF and FLAG-CRBN, was incubated with recombinant E1, E2 and HA-ubiquitin in the presence of DMSO or 200 uM
lenalidomide. The second immunoprecipitation was performed using anti-AGIA antibody. Ubiquitination of PLZF was analysed by immunoblot.

confirmed the binding of PLZF to WT CRBN in the presence of
thalidomide (Fig EV1C), as also observed for IKZF1 and SALL4.
This binding was not observed using mutant CRBN-YW/AA (MT) or
in the absence of thalidomide (-). These results indicated the inter-
action of PLZF in the binding between CRBN and thalidomide.

PLZF binds to CRBN with thalidomide, pomalidomide
and lenalidomide

The screening identified PLZF as a candidate substrate for CRBN
with thalidomide. PLZF is a member of the zinc finger and bric a
brac, tramtrack, and broad (ZBTB) protein family (Suliman et al,
2012). Since the other ZBTB proteins are included in the HuTFPA,
these were analysed for interactions in the absence and presence of
thalidomide. ZBTB proteins did not bind to CRBN with thalidomide
(Fig EV1D), suggesting that CRBN with thalidomide recognises one
or more specific region(s) in PLZF, but not a region common to the
ZBTB family.

During the last two decades, two thalidomide derivatives,
lenalidomide and pomalidomide (Fig 1A), have been developed for
multiple myeloma or as immunomodulatory drugs (IMiDs) (Hide-
shima et al, 2000). Recent studies have reported that some proteins
have different preferences between thalidomide and its derivatives
for interaction with CRL4“R®N and/or protein degradation by
CRLARBN (Kronke et al, 2015; Matyskiela et al, 2016). For example,
the degradation of CKlo protein by CRL4AREN was reportedly
enabled by lenalidomide, but not by thalidomide or pomalidomide
(Kronke et al, 2015), although the CKlo-CRBN interaction was
observed with thalidomide, lenalidomide and pomalidomide (Pet-
zold et al, 2016). Therefore, we investigated the biochemical charac-
teristics of the interactions between PLZF and CRBN with
thalidomide and its two derivatives. Thalidomide, pomalidomide
and lenalidomide induced a PLZF-CRBN interaction, with a differen-
tial biochemical binding potency of pomalidomide > lenalido-
mide>thalidomide (Fig 1F). In a previous report (Donovan et al,
2018), time-resolved fluorescence energy transfer (TR-FRET) and
cell-based analyses showed that thalidomide and its two derivatives
induced interaction of SALL4-CRBN and protein degradation of
SALL4. Consistent with a previous report, an in vitro binding assay
using the AlphaScreen method confirmed that the order of binding
potency of SALL4 was pomalidomide>thalidomide>lenalidomide
(Fig EV1E). The similar binding potency of PLZF-thalidomide and
SALL4-lenalidomide supported the prediction that PLZF and SALL4
are pan-substrates for CRBN bound by thalidomide or either of its
two derivatives.

© 2021 The Authors

PLZF is degraded by the CRL4“REN complex with thalidomide and
its derivatives

CRBN consists of a CRL4“"®N E3 ubiquitin ligase complex that
includes DDB1, RBX1 and CUL4 (Ito et al, 2010). Therefore, the
PLZF-CRBN interaction with thalidomide and its two derivatives
was expected to lead to the degradation of PLZF. For a cell-based
immunoblotting assay, we used the sensitive AGIA-tag system on a
rabbit monoclonal antibody (Yano et al, 2016). To investigate the
stability of PLZF and SALL4, AGIA-tagged PLZF or SALL4 was used
to transfect HEK293T cells treated with thalidomide, pomalidomide
or lenalidomide. All three compounds decreased the stability of
PLZF and SALL4 (Fig EV2A). In addition, to explore whether PLZF
is also a pan-substrate like SALL4, endogenous PLZF or SALL4
protein levels were examined in HuH7 or HEK293T cells treated
with thalidomide and its two derivatives. Immunoblot analyses
revealed destabilisation of endogenous PLZF by thalidomide and the
derivatives in both cell lines (Fig EV2B and C). The findings indi-
cated that PLZF was also a pan-substrate for CRBN bound by
thalidomide or one of its two derivatives. To reduce experimental
complexity, we focussed on thalidomide and lenalidomide in further
analyses. A remarkable decrease in PLZF was observed 6 h after
lenalidomide treatment (Fig EV2D). Degradation of IKZF1, IKZF3
and SALL4 was observed 3 h after the treatment (Kronke et al,
2014; Lu et al, 2014; Donovan et al, 2018). This time course analysis
suggested the late reduction of PLZF compared to other CRBN
substrates. The lenalidomide-dependent loss of PLZF was comple-
tely inhibited by the proteasomal inhibitor MG132 and the
NEDDS inhibitor MLN4924 (Fig 2A). These findings suggested that
PLZF is ubiquitinated by the CRL4 complex for degradation by
the proteasome.

To investigate whether the loss of PLZF was dependent on
CRBN, we generated CRBN-deficient HEK293T cells using CRISPR/
Cas9 (Yamanaka et al, 2020). In the presence of lenalidomide,
degradation of endogenous PLZF was observed in normal HEK293T
cells, whereas endogenous PLZF was not degraded in CRBN-defi-
cient cells (Fig 2B). Endogenous PLZF protein was also reduced by
lenalidomide in HuH?7 and THP-1 cells (Fig EV2E and F). Expression
of endogenous Plzf mRNA in these cells was unaffected by lenalido-
mide treatment (Fig EV2E-G). In addition, the FLAG-CRBN mutant
(YW/AA) did not degrade AGIA-PLZF in the presence of lenalido-
mide (Fig EV2H), suggesting the CRBN-dependent degradation
of PLZF.

We next investigated whether PLZF is recruited to the
CRL4“REN  complex and ubiquitinated. Immunoprecipitation of

The EMBO journal  40: €105375]2021 5 of 25
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Figure 3. Interaction regions in PLZF for binding to CRBN with thalidomide.
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A Schematic diagram of PLZF and truncated PLZFs. FL; full length and BTB; BTB (broad-complex, tramtrack, and bric a brac) domain.

B In vitro binding assay using truncated PLZF. Thalidomide-dependent interaction between bls-CRBN and FLAG-GST-PLZF-full length (FL) or truncated FLAG-GST-PLZF
was analysed in the presence of DMSO or 50 uM thalidomide using the AlphaScreen technology.

C Immunoblot analysis of AGIA-PLZF protein levels in FLAG-CRBN and PLZF-full length (FL) or truncated FLAG-GST-PLZF expressing CRBN ™/~ HEK293T cells treated with

DMSO or thalidomide (Tha) for 16 h.
D Schematic diagram of swapped PLZF mutants.

E In vitro binding assay using swapped PLZF mutants was performed using the same procedure as in Fig 3B.
F Amino acid sequences of ZNF1 and ZNF3 in PLZF. The white letters indicate critical Gly residue for the interaction between PLZF and CRBN with thalidomide or its

derivatives.

G In vitro binding assay using point mutants of PLZF was performed using the same procedure as in Fig 3B.
H Immunoblot analysis of AGIA-PLZF protein levels in FLAG-CRBN and PLZF-WT, PLZF-ZNF1-GA, PLZF-ZNF3-GA, or PLZF-ZNF1,3-GA expressing CRBN™/~ HEK293T cells

treated with DMSO or thalidomide (Tha) for 16 h.

Data information: All relative AlphaScreen (AS) signals are expressed as a relative luminescent signal with a luminescent signal of DMSO as one. Error bars
denote + standard deviation (n = 3). P-values were calculated by one-way ANOVA with Tukey’s post hoc test (NS = not significant, ****P < 0.0001).

FLAG-CRBN using an anti-FLAG antibody pulled down the
CRL4°RBN complex consisting of DDB1, RBX1 and CUL4. At the
same time, AGIA-tagged PLZF was also strongly associated with
the complex after thalidomide or lenalidomide treatment (Fig 2C
and Appendix Fig S1A), indicating the inclusion of PLZF in the
CRL4“REN complex in a thalidomide- or derivative-dependent
manner, depending on the binding of thalidomide or one of its
two derivatives. In addition, to analyse the ubiquitination of
PLZF, AGIA-PLZF was transfected with FLAG-CRBN and
immunoprecipitated for immunoblotting. The smear band result-
ing from the immunoprecipitation of AGIA-PLZF was increased
by supplementation with thalidomide or lenalidomide, suggesting
that PLZF ubiquitination was induced by treatment with thalido-
mide or one of its derivatives (Fig 2D and Appendix Fig S1B).
Next, to investigate the in wvitro ubiquitination of PLZF,
CRL4™AGCRBN and AGIA-PLZF were coimmunoprecipitated with
an anti-FLAG antibody in the presence or absence of lenalido-
mide (Fig 2E, lanes 5-8). As a negative control, empty vector or
AGIA-PLZF expressing HEK293T cells were lysed and mixed, and
the lysates were immunoprecipitated by anti-AGIA antibody to
demonstrate the ubiquitination of PLZF caused by CRL4LAG-CRBN
(Fig 2E, lanes 1-4). When PLZF and CRBN plus exogenous El
and E2 enzymes were coimmunoprecipitated, PLZF was ubiquiti-
nated in the presence of lenalidomide (Fig 2E, lane 8), but not
in its absence (Fig 2E, lane 7). The findings indicated that
CRL4FLAGCRBN ybiquitinates PLZF in vitro. The collective results
demonstrated that PLZF is a target of the CRL4“*®N complex for
proteasomal degradation.

PLZF plays an important role in immune responses (Suliman
et al, 2012). Hence, we investigated whether PLZF degradation
also occurs in lymphoma cell lines. Immunoblot analyses
showed that IMiD treatment induced protein degradation of
PLZF in ABC-DLBCL (TK), GCB-DLBCL (BJAB and HT), adult
T-cell lymphoma/ATL (MT-4) and Burkitt’s lymphoma (Raji)
cell lines (Fig EV3A and B). In contrast, in GCB-DLBCL (SU-
DHL-4) cells expressing CRBN at low protein levels (Fig EV3A),
IMiD treatment minimally induced protein degradation of PLZF
(Fig EV3A), suggesting that the strength of PLZF degradation
depends on the CRBN protein level. The collective results
demonstrated that IMiD-dependent PLZF degradation occurs in
various immune cells expressing CRBN.

© 2021 The Authors

Both ZNF1 and ZNF3 domains in PLZF are required for
thalidomide-dependent interaction with CRBN

We next attempted to determine the thalidomide-dependent CRBN
interaction region within PLZF. PLZF has a single BTB domain and
nine ZNFs (Suliman et al, 2012) (Fig 3A). A single ZNF domain
present in IKZF1 (Sievers et al, 2018) and SALL4 (Donovan et al,
2018; Matyskiela et al, 2018) is recognised by CRBN with thalido-
mide. As expected, the BTB domain alone in PLZF did not induce
CRBN binding (Fig 3B). We therefore constructed a total of seven
clones lacking different ZNFs by N-terminal FLAG-GST-fusions
(Fig 3A) and measured the interaction signals between each clone
and CRBN with thalidomide. A ZNF1-4 clone displayed sufficient
binding to CRBN with thalidomide but the ZNF1-3 clone did not
(Fig 3B). We then investigated protein degradation of the truncated
ZNF in CRBN-deficient HEK293T cells. Surprisingly, immunoblot
analysis revealed that all truncated ZNFs, including ZNF1-3,
induced protein degradation after thalidomide treatment (Fig. 3C).
Therefore, to refine the key domains on the native form of PLZF,
each of the five ZNFs were individually interchanged with ZNF7
(Fig 3D), as this does not affect binding (Sievers et al, 2018). The
binding assays revealed that the ZNF1 and ZNF3 domains were
most important for binding (Fig 3E). In previous reports, a glycine
residue in the ZNF domain of SALL4 and ZFP91 proteins was identi-
fied as a key amino acid for binding to CRBN with thalidomide (An
et al, 2017; Donovan et al, 2018; Matyskiela et al, 2018). We
constructed mutant clones (Gly to Ala shown in Fig 3F) with a
single or double substitution in ZNF1 and ZNF3, which were then
analysed in biochemical (Fig 3G) and cell-based (Fig 3H) assays.
Surprisingly, the double mutation completely abrogated binding and
degradation. The binding ability of both single mutants was
retained, but significantly reduced, and the degradation ability was
retained (Fig 3G and H). Taken together, these results indicated that
both ZNF1 and ZNF3 domains in PLZF are required for binding and
degradation by CRBN with thalidomide.

5-Hydroxythalidomide induces degradation of PLZF and SALL4,
but not IKZF1

5-Hydroxythalidomide (Fig 4A) is produced as a primary metabolite
of thalidomide by several types of human CYPs (Yamamoto et al,
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Figure 4. 5-Hydroxythalidomide induces degradation of PLZF and SALL4 by CRBN.

A Schematic diagram of thalidomide metabolites by CYPs.

B In vitro binding assay for thalidomide and 5-hydroxythalidomide. Interaction between bls-CRBN and FLAG-GST-IKZF1, FLAG-GST-SALL4 and FLAG-GST-PLZF in the
presence of DMSO, thalidomide or 5-hydroxythalidomide (3.125, 6.25, 12.5, 25, 50, 100 or 200 pM) was analysed using the AlphaScreen technology. All relative
AlphaScreen (AS) signals are expressed as a relative luminescent signal with a luminescent signal of DMSO as one. Error bars denote + standard deviation (n = 3).

C Immunoblot analysis of AGIA-IKZF1, AGIA-SALL4 or AGIA-PLZF in FLAG-CRBN expressing CRBN '~ HEK293T cells treated with DMSO, thalidomide or 5-

hydroxythalidomide for 16 h.

D Immunoblot analysis of endogenous SALL4 or PLZF protein levels in HuH7 cells treated with DMSO, thalidomide or 5-hydroxythalidomide for 24 h.
E Immunoblot analysis of endogenous PLZF or IKZF1 protein levels in THP-1 cells treated with DMSO, thalidomide or 5-hydroxythalidomide for 24 h.
F Immunoblot analysis of endogenous SALL4, PLZF, ZFP91 or CK1a protein levels in HuH7 cells treated with DMSO, thalidomide (Tha), lenalidomide (Len),

pomalidomide (Pom) or 5-hydroxythalidomide (5-HT) for 24 h.

Data information: Data in bar graphs in (D) and (E) were calculated as relative PLZF band intensity with PLZF band intensity of DMSO as 100. Error bars
denote + standard deviation (n = 3), and P-values were calculated by one-way ANOVA with Tukey’s post hoc test (NS = not significant, *P < 0.05, **P < 0.01 and

= < 0,001).

2009; Chowdhury et al, 2010). However, it remains unclear whether
S-hydroxythalidomide is involved in CRBN-dependent effects,
including thalidomide teratogenicity. We investigated whether 5-
hydroxythalidomide induces interaction between CRBN and protein.
Surprisingly, 5-hydroxythalidomide induced CRBN-PLZF and CRBN-
SALL4 interactions (Fig 4B, middle and bottom panels, respec-
tively), whereas it did not induce an interaction between CRBN and
IKZF1 (Fig 4B, top panel). Furthermore, 5-hydroxythalidomide
induced the degradation of PLZF and SALL4 in cells, but not the
degradation of IKZF1 (Fig 4C). Endogenous PLZF and SALL4 were
also degraded in HuH7 and THP-1 cells, respectively, after treatment
with 5-hydroxythalidomide (Fig 4D and E). Endogenous IKZF1
showed no change in the presence of 5-hydroxythalidomide
(Fig 4E), even though PLZF was degraded under the same condi-
tions. Furthermore, 5-hydroxythalidomide did not induce protein
degradation of CKla and ZFP91, which are thalidomide- and deriva-
tive-dependent CRBN substrates (Fig 4F). Notably, a dose-depen-
dent biochemical experiment wusing thalidomide and 5-
hydroxythalidomide revealed that the CRBN-SALL4 interaction with
5-hydroxythalidomide was stronger than that of thalidomide at low
concentrations (Fig 4B, middle panel). This high affinity of 5-
hydroxythalidomide was also observed in cell-based analysis
(Fig 4D and F). In contrast, the interaction between PLZF and CRBN
with 5-hydroxythalidomide was weaker than that of thalidomide
(Fig 4B, bottom panel). Degradation of PLZF by 5-hydroxythalido-
mide in cells occurred, albeit slightly weaker compared to thalido-
mide (Fig 4D-F). Taken together, these results suggested that 5-
hydroxythalidomide has the potential to induce protein degradation
of PLZF and SALL4 in humans.

PLZF is a substrate of CRBN with thalidomide in chicken embryos

Thalidomide-induced teratogenesis occurs in several species, includ-
ing zebrafish, chicken and rabbit (Ito et al, 2010; Mahony et al,
2013; Matyskiela et al, 2018). The ZNF1/3 in PLZF (Fig 3) and
ZNF2 in SALL4 (Donovan et al, 2018; Matyskiela et al, 2018) are
important regions for the interaction with CRBN. We compared
these amino acid sequences among vertebrate species. The
sequences of ZNF1 and ZNF3 and other ZNFs in PLZF were signifi-
cantly conserved among many species (Fig EV4A), although the
SALL4-ZNF2 sequence was not (Fig EV4B). To investigate the
thalidomide-dependent degradation of PLZF or SALL4 by CRBN

© 2021 The Authors

from other animals, the recombinant proteins of CRBN, PLZF
(ZBTB16 in chicken) and SALL4 from mouse (Mm) and chicken
(Gg) were biochemically analysed. In addition, Val388 of human
CRBN is a key residue for thalidomide-dependent CRBN—protein
interaction (Kronke et al, 2015; Donovan et al, 2018; Matyskiela
et al, 2018). The biochemical analysis revealed that the binding abil-
ity of HsCRBN-V388I was dramatically decreased compared with
that of the WT HsCRBN (HsCRBN-WT; Fig EV5A). Since the corre-
sponding residue in MmCRBN and GgCRBN is isoleucine
(Fig EV4C), we substituted Ile with Val in both to produce
MmCRBN-I391V and GgCRBN-I390V. In the case of mouse proteins,
although MmCRBN-WT did not bind with either protein in the pres-
ence of thalidomide (Fig EV5A, middle panel), MmCRBN-1391V
displayed avid thalidomide-dependent binding with both MmPLZF
and MmSALL4. Interestingly, GgCRBN-WT weakly bound to
GgPLZF in the presence of thalidomide (Fig EV5A, right panel),
whereas GgSALL4 did not bind to GgCRBN with thalidomide. There-
fore, both MmCRBN-I391V and GgCRBN-I390V displayed thalido-
mide-dependent binding with both SALL4 and PLZF.

Thalidomide induced GgCRBN-WT and GgPLZF interaction,
although it did not facilitate an interaction between MmCRBN and
MmPLZF (Fig EVSA). To investigate this, we compared the amino
acid sequences of a thalidomide-binding region among human,
mouse and chicken proteins (Fig EV4C). Glu377 in HsCRBN was
conserved in GgCRBN but Glu in MmCRBN was substituted to Val.
It was reported that Glu377 in HsCRBN was an important amino
acid for interaction between CRBN and GSPT1 (Matyskiela et al,
2016). Therefore, we investigated whether Glu377 is important for
the interaction between CRBN and PLZF or SALL4. An in vitro bind-
ing assay showed that substitution of Glu to Val in HsCRBN signifi-
cantly decreased binding ability to both SALL4 and PLZF
(Fig EV5B). In MmCRBN, double substitution of Val380 to Glu and
Ile391 to Val significantly increased the binding ability to SALL4 and
PLZF, although single substitution of Val to Glu did not significantly
increase (Fig EV5C).

Next, each protein pair was transiently expressed in CRBN-defi-
cient HEK293T cells. In the mouse pair, MmMCRBN-WT did not
degrade either MmPLZF or MmSALL4, whereas the MmCRBN-1391V
and MmCRBN-V380E/I391V mutants degraded both proteins
(Fig SA and B, respectively). In the chicken pair, GgCRBN-WT
significantly induced the thalidomide-dependent degradation of
GgPLZF (Fig 5C), while GgSALL4 degradation was minimal in
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GgCRBN-WT (Fig 5D). GgCRBN-I390V also degraded GgPLZF and (Fig EV5D). The collective data supported the conclusion that
GgSALL4 with thalidomide (Fig 5C and D, respectively). In contrast, Glu377 in the thalidomide-binding region of CRBN is an important
the GgCRBN-E379V mutant did not induce GgPLZF degradation amino acid for thalidomide-dependent interactions with PLZF and

A wT 1391V V380E/I391V MmCRBN B wT 1391V V380E/I391V MmCRBN
(kDa) 0 10100 0 10100 O 10 100 Tha (uM) (kDa) 0 10100 0 10100 O 10 100 Tha (uM)
100 - IB: AGIA 150 - :8--- = @ == -~ |B: AGIA
75 - —— - —— v e (MMPLZF) - - -~ - (MmSALL4)
T e e o e —— = 1B FLAG s e B FLAG
50 - (MmCRBN) 50 - (MmCRBN)
50 - W D e S (C: Tubulin 50 - e e gy eyl 1B: Tubulin
MmPLZF MmSALL4
NS NS
*kkk < 1404 ne
< 120- Ns % P & NS Kkkk *kkk
< - == 2 120 Tx oo
= 100 £ *k ek kK
£ S 100
S 804 £
= S 801
E 60 E 60
2 40
£ 17
5 204 S 20
[T} [5)
T oA o o
c GgPLZF D GgSALL4
wT 130V GgCRBN wT 1390V GgCRBN 3 1505 NS
:,120 *%k%k * k% s NS Kk
(kDa) 0 10 100 O 10 100 Tha (uM) g *k Kk (kDa) 0 10 100 0 10 100 Tha (uM) z — —_—
100 - IB: AGIA 8 150 - m v e g [B: AGIA  § {00
75 _ W - — — - (GgPLZF) £ 80 (GgSALL4) =
2 2
IB: FLAG 3 ) o e v e w15 FLAC S
50 - ~m-(GQCRBN) 2 40 50 - (GgCRBN) g
s 8
Q 1 Q
50 - . .o 0 50 — (- e W W [B: Tubulin & ¢
W - 1B: Tubulin L) 0 10 100 0 10 100 Tha(uM) 0 10100 0 10 100
GgCRBN  WT 1390V GgCRBN  WT 1390V
E F
MmPLZF MmSALL4
Tha 5-HT NS Tha 5-HT NS
_ NS *kkk
(kDa) © 20100 0 20 100 (M) 81204 — - x (kDa) 0 20 100 0 20 100 (pM) F120 NS *’;**
100 - IB:AGIA > — 150- - B:AGIA 2 —_—
-ﬁ - =
75 — ———— - (MMPLZF) 2 o0 - — — (MmSALLY) &
- [}
. E £ T
- s 'B: FLAG = T IB:FLAG 3
50 - (MmCRBN) £ e o ey e e wR IR 2
2 4 s0- (MmCRBN)  §
50 - ] 2 S
Y e e . 1B T34 £ 50" NN c: Tubulin G
0 € 0
0 20100 0 20 100 0 20100 O 20 100
Tha (uM) 5-HT (uM) Tha (uM)  5-HT (uM)
G GgPLZF H GgSALL4
Tha 5-HT _ *kk *kk Tha 5-HT NS iz,
120 9 NS K%
(kDa) O 20100 O 20 100 (uM) ?5 * Xx (kDa) © 20 100 0 20 100 (uM) §1zo NS *k
100 - IB:AGIA & 150 - IB:AGIA @
- — s e — -
75 -—— GoPLzF) £ 80 ———— = T (GgsALLe) £ 80
° °
IB: FLAG § IB:FLAG §
50_-----(GQCRBN) g 40 o ———— . CREN) E 40
2 - 2
*” SDEDEDEP SRR &: Tubuin 2 50 - osew $
: 0 s == IB: Tubulin € ¢
0 20100 0 20 100 0 20100 0 20 100
Tha (uM) 5-HT (uM) Tha (uM) 5-HT (uM)

Figure 5.

10 of 25 The EMBO Journal ~ 40: €105375 | 2021 © 2021 The Authors



Satoshi Yamanaka et al

The EMBO Journal

Figure 5. CRBN-dependent degradation of PLZF and SALL4 from mouse and chicken by treatment with thalidomide and 5-hydroxythalidomide.
A B Immunoblot analysis of AGIA-MmPLZF (A) or AGIA-MmSALL4 (B) in FLAG-MmCRBN-WT, FLAG-MmCRBN-1391V or FLAG-MmCRBN-V380E/I391V expressing CRBN™/~

HEK293T cells treated with DMSO or thalidomide (Tha) for 16 h.

C,D Immunoblot analysis of AGIA-GgPLZF (C) or AGIA-GgSALL4 (D) in FLAG-GgCRBN-WT or FLAG-GgCRBN-I390V expressing CRBN ™/~ HEK293T cells treated with DMSO

or thalidomide (Tha) for 16 h.

E,F Immunoblot analysis of AGIA-MmPLZF (E) or AGIA-MmSALL4 (F) in FLAG-MmCRBN-WT expressing CRBN~/~ HEK293T cells treated with indicated concentration of

DMSO, thalidomide (Tha) or 5-hydroxythalidomide (5-HT) for 16 h.

G, H Immunoblot analysis of AGIA-GgPLZF (G) or AGIA-GgSALL4 (H) in FLAG-GgCRBN-WT expressing CRBN /= HEK293T cells treated with indicated concentration of

DMSO, thalidomide (Tha) or 5-hydroxythalidomide (5-HT) for 16 h.

Data information: Data in bar graphs in (A-H) were calculated as relative (Gg or Mm) PLZF or SALL4 band intensity with (Gg or Mm) PLZF or SALL4, respectively. The
band intensity of DMSO was 100. Error bars denote + standard deviation (n = 3). P-values were calculated by one-way ANOVA with Tukey’s post hoc test (NS = not

significant, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).

SALL4, and that this conserved amino acid sequence of the thalido-
mide-binding region in CRBN was also required for GgPLZF degra-
dation by GgCRBN. In addition, these results suggested that
thalidomide-dependent PLZF degradation, rather than SALL4 degra-
dation, occurs in many species. However, further in vivo studies are
required to demonstrate PLZF degradation in various species.

Recently, humanised-CYP3A mice, but not WT controls, were
reported to show modest abnormal limb development in embryo
culture, albeit not in vivo, after treatment with thalidomide (Kazuki
et al, 2016), suggesting that CYP3A-dependent thalidomide metabo-
lites might induce teratogenesis. Therefore, we investigated the
function of 5-hydroxythalidomide in mouse and chicken CRBN-
dependent degradation. Surprisingly, 5-hydroxythalidomide induced
CRBN-dependent degradation of both PLZF (Fig 5E and G) and
SALL4 (Fig SF and H), whereas thalidomide had no effect on
MmCRBN and GgSALL4 degradation by GgCRBN. Furthermore,
thalidomide and 5-hydroxythalidomide did not induce the downreg-
ulation of Plzf and Sall4 mRNA expression in HuH7 cells
(Appendix S2). These results suggested that 5-hydroxythalidomide,
rather than thalidomide, may potentially cause the degradation of
both PLZF and SALL4 in many species. This needs to be validated
in vivo to determine whether protein degradation of PLZF
and SALL4 initiated by 5-hydroxythalidomide occurs in mice and
chickens.

PLZF is important in chicken limb development

Both PLZF and Plzf mRNA are expressed in the limb buds of mouse
and rat embryos (Barna et al, 2000; Liska et al, 2016), suggesting a
direct function of CRBN-thalidomide on PLZF in the developing limb
bud. We investigated whether PLZF is important in the development
of the chick limb bud. We first examined the expression of Plzf in
the chick limb bud and confirmed Plzf mRNA expression by whole-
mount in situ hybridisation (Fig 6A). Expression of Sall4 and Crbn
genes was also observed in the same region (Fig 6A). Expression of
Plzf and Sall4 mRNA was confirmed in limb mesenchyme by section
in situ hybridisation (Fig 6B). To investigate whether downregula-
tion of Plzf mRNA induces limb teratogenicity in chicken embryos,
we constructed an shRNA expression vector of GgPLZF. Immuno-
blot analysis showed that the constructed short hairpin RNA
(shRNA) vector downregulated the protein expression of overex-
pressed GgPLZF in DF-1 chicken embryonic fibroblasts (Fig 6C).
Next, to elucidate the developmental role of PLZF in chick limb
development, the RCAN retrovirus, which expresses shRNA (#2)

© 2021 The Authors

against chick PLZF, was transfected into blastoderm cells containing
prospective lateral plate mesoderm cells that give rise to the limb
bud. Immunoblot analysis revealed that PLZF protein expression
level was downregulated in the chicken embryos treated with PLZF
(Fig 6D). PLZF shRNA transfected into limb buds caused several
types of malformations (28%, n = 32; Fig 6E). Forelimb and
hindlimb were shortened compared to limb buds transfected with
control shRNA (green fluorescent protein [GFP] shRNA; 0%,
n = 10). We also observed that only one bone was formed in the
zeugopod, and the digit number was also reduced in limb buds
transfected with PLZF shRNA-infected limb bud (Fig 6F). These
results suggested that chick PLZF plays a pivotal role in limb bud
outgrowth and that downregulation of PLZF causes teratogenicity.

Thalidomide reduces PLZF protein levels in the abnormal limb
buds of chickens

Next, we investigated whether thalidomide targets PLZF in the
chick limb bud. In a previous report, decreased expression of
the Fgf8 gene was identified as an indicator of abnormal limb
bud development following thalidomide treatment (Ito et al,
2010). We confirmed a reduced/skewed pattern of Fgf8 expres-
sion in truncated limb buds after thalidomide treatment (Fig 7A).
In addition, limb skeletal defects were observed under this
condition (Fig 7B). Next, we investigated whether the amount of
PLZF protein changes in these abnormal limb buds. Interestingly,
reduced PLZF protein levels were observed in abnormal limb
buds, although immunostaining of the SALL4 protein showed no
change (Fig 7C). To confirm the protein levels of PLZF and
SALL4, chick limb buds after thalidomide treatment were
collected and characterised. Immunoblotting analysis also
revealed the predominance of the reduction of PLZF protein in
teratogenic limb buds (T3, T8 and T18 in Fig 7D and E). The
observation that PLZF reduction by shRNA caused phenotypes of
shortened forelimbs and hindlimbs (Fig 6E and F) suggests that
PLZF is a CRBN substrate involved in thalidomide teratogenesis
in chicken. In addition, we investigated whether 5-hydrox-
ythalidomide induces teratogenicity in chicken embryos. 5-
Hydroxythalidomide also induced teratogenicity and immunoblot
analysis indicated that the degradation of PLZF and SALL4
induced by 5-hydroxythalidomide was slightly stronger than that
of thalidomide (Fig 7F and G). The morphological phenotypes of
chicken embryos provided between 5-hydroxythalidomide and
thalidomide were very similar (Fig 7D and F), suggesting that a
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Figure 6. Downregulation of PLZF causes abnormal limb development in chicken embryo.

A Sall4, Plzf or Crbn mRNA expression in E4 chicken embryos was analysed by whole-mount in situ hybridisation. Upper panel shows whole chicken embryo, and lower

panel shows right forelimb bud.

B Sall4, Plzf or Crbn mRNA expression in E4 chicken limb bud was analysed by section in situ hybridisation.

(@}

Immunoblot analysis of AGIA-GgPLZF in AGIA-GgPLZF expressing DF-1 cells transfected with shControl (shGFP) or shPLZF expression vector.

D Immunoblot analysis of PLZF from tissue of chicken forelimb or hindlimb bud. Endogenous PLZF protein expression was detected by immunoblot using E4.5 chicken
embryos infected with RCAN virus packaging shControl or shPIzf (forelimb shControl [n = 4], forelimb shPLZF [n = 4], hindlimb shControl [n = 2] or hindlimb shPIzf

[n=3).

E Skeletal patterning of forelimb and hindlimb in E6 chicken embryos infected RCAN virus packaging shControl (n = 10) or shPLZF (n = 9) were analysed by Victoria
blue staining. h; humerus, r; radius, u; ulna, fe; femur, fi; fibula, t; tibia. Data in bar graphs were calculated as relative bone length with bone length of shControl as
100. Error bars denote + standard deviation (forelimb and hindlimb shControl [n = 3], forelimb shPLZF [n = 5] or hindlimb shPLZF [n = 6]). P-values were calculated

by one-way ANOVA with Tukey’s post hoc test (**P < 0.01 and ****P < 0.0001).
F Teratogenic phenotypes of chicken embryos in Fig 6E.

Source data are available online for this figure.

stronger degradation of SALL4 initiated by 5-hydroxythalidomide
is required to cause severe teratogenic phenotypes in chicken
embryos.

PLZF degradation is involved in thalidomide-induced
teratogenicity in chickens

Finally, to confirm that PLZF degradation is one of the reasons for
thalidomide-induced teratogenicity, we performed a rescue experi-
ment by overexpression of GgPLZF in the chick forelimb bud
(Fig 8B, F, J and N) and investigated the limb phenotypes and
Fgf10/Fgf8 expression, which are affected by thalidomide treatment
(Ito et al, 2010). In control embryos, expression of Fgf10 in the
mesenchyme (Fig 8C and D, yellow arrowhead) and Fgf8 at the
apical ectodermal ridge (AER; Fig 8C and D, pink arrowhead) was
observed. Thalidomide treatment induced shortened limb bud
(Fig 8E) concomitant with reduced expression of Fgf10 (Fig 8G and
H, yellow arrowhead) and Fgf8 (Fig 8G and H, pink arrowhead).
Overexpression of GgPLZF resulted in the normal development of
the limb bud (Fig 8I) and expression of Fgf10 and Fgf8 (Fig 8K and
L, yellow and pink arrowhead, respectively). When GgPLZF was
overexpressed in the embryos treated with thalidomide, the reduc-
tion in limb elongation was rescued (Fig 8M) and normal expression
levels of Fgf10 and Fgf8 were observed (Fig 80 and P, yellow and
pink arrowhead, respectively). These results demonstrated that
overexpression of GgPLZF partially rescued thalidomide-induced
inhibition of limb bud elongation (Fig 8Q and R). The findings
implicated PLZF as an important target of thalidomide-induced limb
malformation.

Discussion

Many research groups have attempted to identify thalidomide-
dependent substrates of CRBN (Lu et al, 2014; Kronke et al, 2014,
2015; An et al, 2017; Donovan et al, 2018; Matyskiela et al, 2018;
Sievers et al, 2018). The methodologies they have used have largely
been based on cell-based assays, such as stable isotope labelling by
amino acids in cell culture, and transient expression systems. In this
study, we performed a biochemical assay using cell-free HUTFPA
and AlphaScreen technologies. These methods easily detected
thalidomide-dependent interactions between CRBN and PLZF,
SALL4 or IKZF1, without the need for protein purification (Fig 1) as

© 2021 The Authors

well as the variations in the biochemical response of CRBN-protein
depending on the presence of thalidomide, its derivatives or its 5-
hydroxythalidomide metabolite (Figs 3 and 4). The thalidomide-
dependent interaction between CRBN and PLZF was related to two
ZNF domains (Fig 3) and the rate of IMiD-dependent protein degra-
dation, suggesting that the PLZF interaction is more complicated
and may be different from known substrates, such as IKZF1, IKZF3
and SALL4. These results provide a reason why PLZF was not iden-
tified by traditional methods using cell-based assays or in silico
methods and suggests that our new biochemical approach using a
protein array could be useful in identifying such substrates.
However, our assay system cannot identify substrates that require
interaction with CRBN in a protein complex. Therefore, our cell-free
approach and conventional cell-based assays are complementary.
We believe that these two approaches can be used together in future
research for exploration and confirmation of substrates. Further-
more, as IKZF1 interacts with CRBN in the presence of thalidomide,
but not 5-hydroxythalidomide, this method would be useful for the
analysis of compound-dependent protein—protein interactions in the
development of novel drugs, including thalidomide derivatives.

We identified PLZF as a new target of the thalidomide-CRBN
system. In chicken embryos, downregulation of PLZF produced
hypoplasia of the limb bud (Fig 6E and F), indicating that PLZF is
required for proper chicken limb development. Furthermore,
thalidomide and 5-hydroxythalidomide treatments decreased the
protein level of PLZF, but SALL4 did not induce protein degradation
in the abnormal limb buds of chicken embryos (Fig 7C, E and G).
More importantly, PLZF overexpression in the chicken limb bud
rescued the downregulation of thalidomide-affected genes, such as
Fgfl0 and Fgf8 (Fig. 8). Based on these findings, we developed a
model for the teratogenesis of chick limb buds (Fig 9A). Plzf~~-de-
ficient mice display major musculoskeletal limb defects (Barna et al,
2000). PLZF deficiency alters Hoxds or Bmps expression in develop-
ing limbs (Barna et al, 2000). Bmp proteins function as regulators in
programming cell death and cell death induced by Plzf/Gli3 defi-
ciency (Barna et al, 2005). These findings suggest that degradation
of PLZF by thalidomide treatment may affect cell proliferation in
limb development. In contrast, in the case of Sall4 conditional
knockout mice (Sall4-CKO) driven by T-Cre, which express early
mesoderm, severe teratogenic phenotypes were observed in the
hindlimb but did not show any phenotype in the forelimb (Akiyama
et al, 2015). Furthermore, only 5% of Plzﬁ/’ mice showed a fore-
limb phenotype featuring autopod abnormalities (Barna et al, 2000).
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This genetic evidence indicates that thalidomide-induced terato-
genicity in species that are sensitive to thalidomide, such as humans
and rabbits, cannot be completely explained by the results of from a
single knockout mouse for either Sall4 or Plzf. In a recent report,
Sall4 and Plzf double knockout mice (Chen et al, 2020) showed
phenotypes featuring remarkable reductions of the stylopod and
zeugopod. These phenotypes are similar to those of phocomelia,
which is a typical phenotype of thalidomide embryopathy. There-
fore, we expect that protein degradation of both SALL4 and PLZF by
thalidomide causes severe teratogenicity observed in the limbs of
species that are sensitive to thalidomide (Fig 9B). Taken together,
the results indicate that the variation in the protein sensitivity to
thalidomide and/or differences in the genes that are necessary for

Satoshi Yamanaka et al

normal limb development between species would result in dif-
ferences in the phenotype between species in thalidomide teratol-
ogy.

PLZF is expressed in many cell types (Uhlén et al, 2005). PLZF is
a multifunctional TF that modulates many developmental biological
processes (Suliman et al, 2012), including cellular proliferation, cell
cycle control, myeloid and lymphoid cell development and differen-
tiation, programming of natural and killer T cells and invariant
natural killer T cells, spermatogenesis and spermatogonial stem cell
renewal, haematopoiesis, musculoskeletal limb development,
megakaryocytic development and cytokine production. Notably,
PLZF functions as a regulator of many immune responses (Savage
et al, 2008; Xu et al, 2009; Serafini et al, 2015). Thalidomide is an
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Figure 7. Thalidomide induces degradation of PLZF in abnormal chick limb buds.

A Fgf8 mRNA expression in E4 chicken right limb bud embryo was analysed by whole-mount in situ hybridisation. The two independent samples of control (2-
hydroxypropyl-beta-cyclodextrin [HBC], n = 4, upper panel) and thalidomide-treated (1 pg/ul [3.9 mM], n = 7, lower panel) chicken embryos are shown. Data in bar
graph were calculated as relative Fgf8 mRNA expressions with Fgf8 mRNA expressions of HBC as 100. Error bars denote + standard deviation (HBC, n = 3 or
thalidomide, n = 4). P-values were calculated by one-way ANOVA with Tukey’s post hoc test (**P < 0.01).

B Limb skeletal stained with Alcian blue. Skeletal patterning of right forelimb in E10 chicken embryos treated with the vehicle for thalidomide, HBC (control, n = 6) or
1 pg/ul (3.9 mM) thalidomide (Tha; n = 6) were analysed by Alcian blue staining. Data in bar graphs were calculated as relative bone length with bone length of
DMSO as 100. Error bars denote + standard deviation (n = 3). P-values were calculated by one-way ANOVA with Tukey’s post hoc test (*P < 0.05 and **P < 0.01).

C Immunohistochemical staining of PLZF or SALL4 in chicken forelimb bud. In left panels, endogenous PLZF or SALL4 protein expression were detected using forelimb
bud section in chicken embryos treated with the vehicle for thalidomide, HBC (n = 4) or 1 pg/ul (3.9 mM) thalidomide (n = 4). In the data in the right bar graphs,
relative intensities of IHC signals on forelimb bud sections in chick embryos were calculated as relative signal intensity with signal intensity of HBC as 100. Error bars
denote + standard deviation (PLZF [n = 3] or SALL4 [n = 4]), and P-values were calculated by Student’s t-test (NS = not significant and *P < 0.05).

D Photographs show E4 chicken embryos treated with the vehicle for thalidomide, HBC (control, n = 6, C2, C3 and C5) or 1 ug/ul (3.9 mM) thalidomide (n = 18,
[normal; TS, T6 and T16], [weak phenotype; T2, T7 and T17] or [strong phenotype; T3, T8 and T18]) corresponding to immunoblot analysis in Fig 7E. Red arrows show

treated regions.

E Immunoblot analysis of PLZF or SALL4 from tissue of E4 chicken forelimb bud. Endogenous PLZF or SALL4 protein expression was detected by immunoblot using
chicken embryos treated with the vehicle for thalidomide, HBC (n = 6) or 1 ug/ul (3.9 mM) thalidomide (n = 18).

F  Photographs show E4 chicken embryos treated with HBC (control, n = 10, C1, C3, C5 and C6), 1 pg/ul (3.9 mM) thalidomide (n = 11, T1, T2, T6 and T9) or 1 ug/ul
(3.6 mM) 5-hydroxythalidomide (5-HT; n = 10, H1, H2, H8 and H9) corresponding to immunoblot analysis in Fig 7G. Red arrows show treated regions.

G Immunoblot analysis of PLZF or SALL4 from tissue of E4 chicken forelimb bud. Endogenous PLZF or SALL4 protein expression was detected by immunoblot using
chicken embryos treated with HBC (n = 10), 1 pg/pl (3.9 mM) thalidomide (n = 11) and 1 pg/ul (3.6 mM) 5-hydroxythalidomide (5-HT; n = 10).

Data information: Data in bar graphs in (D) and (F) were calculated as relative limb bud length with left limb bud length as one. Error bars denote + standard deviation

(D), n=3or(F),n

= 4). P-values were calculated by one-way ANOVA with Tukey’s post hoc test (NS = not significant, **P < 0.01, and ***P < 0.001). Data in bar graphs

n (E) and (G) were calculated as relative GgPLZF or GgSALL4 band intensity with GgPLZF or GgSALL4, respectively. The band intensity of HBC was 100. Error bars

denote + standard deviation ((E), n = 3 or (C), n
**P < 0.01).

immunomodulatory imide drug, and IKZF1 and IKZF3 are thought
to be key targets of immunomodulation by thalidomide and its
derivatives (Fink et al, 2018). Therefore, dysfunction of PLZF initi-
ated by thalidomide may also result from its function as an IMiD.
Further analyses will be required to confirm this.

Many spontaneous hydrolysis products and enzymatically formed
hydroxylated metabolites of thalidomide are generated in vivo (Lu
et al, 2003). In addition to thalidomide itself, several thalidomide
metabolites also play important roles in thalidomide teratogenicity.
For example, the hydrolysis metabolites 2-phthalimidoglutaramic
acid and 2-phthalimidoglutaric acid induce oxidative stress, resulting
in teratogenic phenotypes in rabbit embryos (Parman et al, 1999; Lee
et al, 2011). In the case of enzymatic metabolites, thalidomide is
metabolised to 5-hydroxythalidomide or 5'-hydroxythalidomide by
CYP450 isoforms, such as CYP2C and 3A (Yamamoto et al, 2009;
Chowdhury et al, 2010). An unstable arene oxide (epoxide) produced
from 5-hydroxythalidomide may cause developmental disorders (Gor-
don et al, 1981; Fort et al, 2000). Currently, CRBN is the only protein
known to directly bind to thalidomide. CRBN interacts with

Figure 8. PLZF overexpression rescues thalidomide-induced limb phenotypes.

= 4). P-values were calculated by one-way ANOVA with Tukey’s post hoc test (NS = not significant, *P < 0.05, and

thalidomide mainly via the glutarimide ring (Fischer et al, 2014).
However, CRBN-dependent thalidomide effects by 5-hydroxythalido-
mide have not been thoroughly investigated, although 5-hydrox-
ythalidomide has a glutarimide ring and has a chemical structure
similar to that of thalidomide derivatives. Recently, we have reported
that 5-hydroxythalidomide induced selective protein degradation of
SALL4 (Yamanaka et al, 2020) and have showed structural insight on
selectivity and strong degradation ability of 5-hydroxythalidomide
(Furihata et al, 2020). Therefore, we focussed on CRBN-dependent
thalidomide teratogenicity by 5-hydroxythalidomide and revealed
that 5-hydroxythalidomide induced PLZF degradation at almost the
same level as thalidomide and SALL4 degradation at a higher level
than that induced by thalidomide (Fig 4). The previous and present
results suggest that 5-hydroxythalidomide has the potential for terato-
genesis. Research on the generation and action of 5-hydroxythalido-
mide will be important to understand the function of thalidomide. As
well, research will be required to demonstrate how metabolites,
including 5-hydroxythalidomide, are involved in the range of thalido-
mide teratogenicity.

E3 chicken forelimb bud electroporated with empty pCAGGS or pCAGGS-GgPLZF was treated with HBC or 1 pg/ul (3.9 mM) thalidomide, and the chicken forelimb bud
phenotypes were observed in bright field (BF) or fluorescence of enhanced GFP (EGFP). Fgf10/Fgf8 expression was analysed by section by in situ hybridisation.
A-P (A-D) Empty vector and HBC (n = 8), (E-H) empty vector, and thalidomide (n = 4), (I-L) GgPLZF vector, and HBC (n = 5), (M—P) GgPLZF vector and thalidomide

(n = 7). The dashed line in (E) indicates limb bud. The yellow and pink arrowheads show the expression of Fgf10 in the mesenchyme and expression of Fgf8 at the

apical ectodermal ridge (AER), respectively.

Q  Quantitative analysis of phenotypes of chicken limb bud in Fig 8A, E, | and M. Data in bar graphs were calculated as relative limb bud length with limb bud
length of control embryo as 100. Error bars denote + standard deviation (n = 3). P-values were calculated by one-way ANOVA with Tukey’s post hoc test

(**P < 0.01).

R Quantitative analysis of Fgf10/Fgf8 expression in Fig 8C, D, G, H, K, L, O and P. Data in bar graphs were calculated as relative Fgf10/Fgf8 mRNA expressions with
Fgf10/Fgf8 mRNA expressions of control embryo as 100. Error bars denote =+ standard deviation (n = 3). P-values were calculated by one-way ANOVA with Tukey’s

post hoc test (*P < 0.05 and **P < 0.01).

© 2021 The Authors
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Figure 9. Schematic diagram of thalidomide teratogenicity based upon limb bud development in embryo.

A Model of thalidomide teratogenicity based upon limb bud development in chicken embryo.
B Model of thalidomide teratogenicity based upon limb bud development in human or rabbit embryo.
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Thalidomide is a typical drug that shows species specificity
(Ito et al, 2010). The species specificity of thalidomide has been
thought to be provided by the difference of a thalidomide-bind-
ing sequence in CRBN (Kronke et al, 2015; Donovan et al, 2018;
Matyskiela et al, 2018). Consistent with these reports, in this
study, humanised MmCRBN and GgCRBN induced thalidomide-
dependent interactions and degradation of PLZF and SALL4
proteins (Figs EV5 and 5A-D). In addition to the sequence dif-
ference between CRBN and neosubstrate, the metabolic cascade
of thalidomide metabolites is also important in determining
species specificity. In this study, 5-hydroxythalidomide showed
higher potential than thalidomide to degrade both PLZF and
SALL4 proteins in the mouse and chicken (Figs SE-H and 7G).
Furthermore, one report described that humanised-CYP3A mice
undergo abnormal limb development in embryo culture at a high
rate (> 40%) after thalidomide treatment (Kazuki et al, 2016),
although thalidomide generally does not produce teratogenesis in
mice (Kronke et al, 2015; Donovan et al, 2018; Matyskiela et al,
2018). Humans, in contrast, are highly sensitive to thalidomide
(Beckman & Kampf, 1961; Ito et al, 2010). These reports and
our results suggest that the thalidomide metabolic cascade,
including metabolic rate and the types of metabolites, may play
a role in the species specificity of thalidomide.

In conclusion, our findings support a hypothesis that the degra-
dations of both PLZF and SALL4 by thalidomide and 5-hydrox-
ythalidomide produce CRBN-dependent severe teratogenic
phenotypes in species sensitive to thalidomide (Fig 9B).

Materials and Methods

Reagents

Thalidomide (Sigma-Aldrich and Tokyo Chemical Industry Co.,
Ltd), pomalidomide (Sigma-Aldrich), lenalidomide (FUJIFILM Wako
Pure Chemical), 5-hydroxythalidomide (5-hydroxythalidomide was
prepared according to a previously published method (Yamamoto
et al, 2009)), MG132 (Peptide Institute) and MLN4924 (Chemscene)
were dissolved in DMSO (FUJIFILM Wako Pure Chemical) at 2—
100 mM and stored at —20°C as stock solutions. All drugs were
diluted 1,000- or 500-fold for in vivo experiments, or diluted 200-
fold for in vitro experiments.

Production of recombinant proteins using the cell-free system

In vitro transcription and wheat cell-free protein synthesis were
performed using a WEPRO1240 expression kit (Cell-Free
Sciences). Transcripts were conducted using SP6 RNA polymerase
with plasmids or DNA fragments as templates. The translation
reaction was performed in bilayer mode using a WEPRO1240
expression kit (Cell-Free Sciences), according to the manufac-
turer’s instructions. For biotin labelling, 1 pl of cell-free synthe-
sised crude biotin ligase (BirA), produced by the wheat cell-free
expression system, was added to the lower layer, and 0.5 pM
(final concentration) of d-biotin (Nacalai Tesque) was added to
both the upper and lower layers, as described previously (Sawa-
saki et al, 2008).
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Interaction analysis of CRBN-IMiD-substrate using
AlphaScreen technology

IMID at the concentrations indicated in each figure and 0.5 ul of
biotinylated HsCRBN, MmCRBN or GgCRBN were mixed in a 15 pl
of AlphaScreen buffer containing 100 mM Tris (pH 8.0), 0.01%
Tween-20, 100 mM NaCl and 1 mg/ml BSA. Then, 5 ul of substrate
mixture containing 0.8 pl of FLAG-GST-substrate in AlphaScreen
buffer was added, and 20 pl of the reaction mixture was incubated
at 26°C for 1 h in a 384-well AlphaPlate (PerkinElmer). Subse-
quently, 5 pl of detection mixture containing 0.2 pg/ml anti-
DYKDDDDK mouse mAb (Wako), 0.08 ul of streptavidin-coated
donor beads, and 0.08 pl of protein A-coated acceptor beads (Perki-
nElmer) in AlphaScreen buffer were added to each well. After incu-
bation at 26°C for 1 h, luminescent signals were detected using an
EnVision plate reader (PerkinElmer).

Production of the human transcription factor protein
array (HuUTFPA)

For the construction of human TF protein array, we prepared pEU-
EO01-FLAG-GST-K1-02 vector containing FLAG tag, GST tag, SG linker
and AsiSI restriction enzyme site at 5’ upstream of multiple cloning
site. cDNA clones coding proteins with DNA-binding domains were
selected from cDNA resources collected by Kazusa DNA research insti-
tute (Nagase et al, 2008) (Table EV1). The plasmid of each clone was
digested by combination of AsiSI and an appropriate restriction
enzyme such as Xhol, Sall or Notl. The DNA fragment was inserted
into pEU-E01-FLAG-GST-K1-02 vector digested by same restriction
enzymes. After subcloning, pEU expression plasmids were arranged in
96-well format and stored as glycerol stock. Transcription template
DNA fragments were amplified directly by PCR using PrimeStar Max
PCR polymerase (Takara Bio), SPu-2 (5-CAGTAAGCCAGATGC
TACAC) and AODA2306 (5'-AGCGTCAGACCCCGTAGAAA) primers
and diluted glycerol stocks as template. Transcription and transla-
tion reactions were conducted using WEPRO7240 expression Kkit
(Cell-Free Sciences) in micro-titre plate format. Transcription
reaction mixture was prepared by mixing 1.4 pl of transcription
buffer LM, 0.7 pl of NTP mixture (25 mM each), 0.07 ul RNase
Inhibitor (Promega), 0.26 pl SP6 polymerase (Promega) and
1.4 pl PCR product in 96-well plate. The transcription reaction
was incubated at 37°C for 18 h. Translation reaction mixture
containing 2.5 pl of mRNA, 1.67 pl of WEPRO7240 wheat germ
extract, 0.14 pl of creatine kinase (20 mg/ml; Roche diagnostics)
and 0.11 pl RNase Inhibitor was prepared and overlaid with 44 pl
of SUB-AMIX SGC solution (Cell-Free Sciences) in V-bottom 384-
well plate. The translation reaction was incubated at 26°C for
18 h. Expression of each protein product was confirmed by
Western blotting using anti-DYKDDDDK tag antibody (FUJIFILM
Wako Pure Chemical).

High-throughput screening using AlphaScreen technology
We added 20 pl of bait mixture, containing 50 pM thalidomide and
0.5 pl of biotinylated HsCRBN in AlphaScreen buffer, to 384-well

AlphaPlates using a FlexDrop Precision Reagent Dispenser (Perki-
nElmer). We next added 0.8 ul of FLAG-GST-transcription factor

© 2021 The Authors
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proteins to 384-well AlphaPlates using a NanoHead (PerkinElmer)
and a Janus Workstation (PerkinElmer). After the 384-well Alpha-
Plates were incubated at 26°C for 1 h, 5 ul of detection mixture
containing 0.2 pg/ml anti-DYKDDDDK mouse mAb (FUJIFILM
Wako Pure Chemical), 0.08 ul of streptavidin-coated donor beads
and 0.08 ul of protein A-coated acceptor beads (PerkinElmer) in
AlphaScreen buffer were added to each well using a FlexDrop preci-
sion reagent dispenser. After incubation at 26°C for 1 h, luminescent
signals were detected using an EnVision plate reader (PerkinElmer).

Plasmids

Plasmids pDONR221 and pcDNA3.1(+), based on Gateway technol-
ogy, or pCAGGS were purchased from Invitrogen or RIKEN, respec-
tively, and the pEU vector for the wheat cell-free system was
constructed in our laboratory, as previously described (Sawasaki
et al, 2002). Plasmids pcDNA3.1(+)-FLAG-GW, pcDNA3.1(+)-FLAG-
MCS, pcDNA3.1(+)-AGIA-MCS, pCAGGS-MCS, pEU-bls-GW and
pEU-bls-MCS were constructed based on each original vector by
PCR and using the In-Fusion system (Takara Bio), or PCR and
restriction enzymes. pEU-FLAG-GST-IKZF1, pEU-FLAG-GST-SALL4,
pEU-FLAG-GST-PLZF, pEU-FLAG-GST-SALL1, pEU-FLAG-GST-
SALL2, pEU-FLAG-GST-ZBTB17, pEU-FLAG-GST-ZBTB20, pEU-
FLAG-GST-ZBTB38,  pEU-FLAG-GST-ZBTB48, pEU-FLAG-GST-
HNRNPK, pEU-FLAG-GST-HMGB2 and pEU-FLAG-GST-ELF5 were
purchased from the Kazusa DNA Research Institute. Plasmids
HsSALL4, HsPLZF and HsIKZF1 were amplified, and restriction
enzyme sites were added by PCR and cloned into pcDNA3.1(+)-
AGIA-MCS. The open reading frame of HsCRBN was purchased
from the Mammalian Gene Collection (MGC) and MmCRBN,
MmSALL4 and MmPLZF were did from Functional Annotation of
Mouse (FAMTOM), respectively (Takahashi et al, 2016; Yano et al,
2016). The open reading frame of GgCRBN was artificially synthe-
sised by IDT, and pcDNA3.1(+)-GgSALL4-DYKDDDDK and
pcDNA3.1(+)-GgPLZF-DYKDDDDK were purchased from GenScript.
HsCRBN was amplified, and the BP reaction sequence (attB and
attP) was added by PCR and cloned into pDONR221 using BP
recombination (Invitrogen). Then, pDONR221-HsCRBN was recom-
bined to pEU-bls-GW or pcDNA3.1(+)-FLAG-GW using LR recombi-
nation (attL and attR). MmCRBN and GgCRBN were amplified, and
restriction enzyme sites were added by PCR and cloned into pEU-
bls-MCS or pcDNA3.1(+)-FLAG-MCS. MmSALL4, GgSALLA4,
MmPLZF and GgPLZF were amplified, and restriction enzyme sites
were added by PCR and cloned into pEU-FLAG-GST-MCS or
pcDNA3.1(+)-AGIA-MCS.  Domain swapped HsPLZF was
constructed by inverse PCR and the In-Fusion system (Takara Bio).
Deletion mutation and amino acid mutation of each protein was
performed by inverse PCR.

For in situ hybridisation, the cDNAs for chicken Fgf8, Crbn, Sall4
and Plzf were obtained by PCR using the following primers: Fgf8
(NM_001012767.1), 5'-attacgcgtATGGACCCCTGCTCCTCGCTCTTC
A-3’ and 5-attgataTCATGGGCGCAGGGAGGCGCTGGAG-3'; Crbn
(XM_015293204.2), 5'-ctataggctagaattcacgcgtATGGCCGCCGAGGAG
GGAGGTGACGGA-3' and 5'-cactaaagggaagcggecgegatatcTTACAAGC
AGAGTAACGGAGATC-3'; Sall4 (NM_001080872.1), 5'-ctataggctaga
attcacgcgtATGTCGCGACGGAAGCAGGCGAAGCCC-3' and 5'-cactaaa
gggaagcggceegegatatc TTAACTAACGGCAATTTTGTTCT-3; Plzf (XM_
015298212.1), 5'-ctataggctagaattcacgcgtATGGATTTGACTAAGATGG
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GCATGATA-3’ and 5'-cactaaagggaagcggccgegataTCAGACGTAGC
AGAGGTAGAGATAG-3'. The amplified fragments of Fgf8 were
digested by Mlul-EcoRV and subcloned into pCMS-EGFP vector
(Clontech). The amplified fragments of Crbn, Sall4 and Plzf were
inserted into Mlul-EcoRV site of pCMS-EGFP vector by In-fusion
(Takara Bio).

For knockdown of chick Plzf, the shRNA sequences of chick Plzf
(#1: 5-GGAAATCGAGGTACATCAAGG-3' or #2: 5'-GATTACTCGGC-
CATGATCAAA-3') were used. The following DNA oligos: #1: 5'-
gatcccGGAAATCGAGGTACATCAAGGgcttcetgtcacCCTTGATGTACC
TCGATTTCCtttttta-3’ and 5'-agcttaaaaaaGGAAATCGAGGTACAT
CAAGGgtgacaggaagc CCTTGATGTACCTCGATTTCCgg-3'; #2: 5'-
gatcccGATTACTCGGCCATGATCAAAgcttcctgtcacTTTGATCATGGCC
GAGTAATCtttttta-3’ and 5'-agcttaaaaaaGATTACTCGGCCATGATCA
AAgtgacaggaagc TTTGATCATGGCCGAGTAATgg-3' were purchased
from Invitrogen. The DNA oligo pairs were annealed and inserted
into pEntryClal2-chickU6 shuttle vector using BamHI/HindIII site.

For rescue experiment by GgPLZF overexpression, GgPLZF was
amplified and restriction enzyme sites were added by PCR and
cloned into pCAGGS-MCS.

Cell culture and transfection

HEK293T cells were cultured in DMEM (low glucose; FUJIFILM Wako
Pure Chemical) supplemented with 10% foetal bovine serum (FBS;
FUJIFILM Wako Pure Chemical), 100 unit/ml penicillin and 100 pg/
ml streptomycin (Gibco) at 37°C under 5% CO,. HEK293T cells were
transfected using TransIT-LT1 transfection reagent (Mirus Bio) or PEI
Max: Polyethyleneimine “Max” (MW 40,000; PolyScience, Inc.).

HuH7 cells were cultured in DMEM (high glucose; FUJIFILM
Wako Pure Chemical) supplemented with 10% FBS (Wako),
100 unit/ml penicillin, 100 pg/ml streptomycin (Gibco), 1 mM
Sodium Pyruvate (Gibco), 10 mM HEPES (Gibco) and 1x MEM
NEAA (Gibco) at 37°C under 5% CO,.

THP-1 cells were cultured in RPMI160 GlutaMAX medium
(Gibco) supplemented with 10% FBS (FUJIFILM Wako Pure Chemi-
cal), 100 unit/ml penicillin and 100 pg/ml streptomycin (Gibco) at
37°C under 5% CO,.

TK, HT, BJAB, SU-DHL-4, MT-4 and Raji cells were cultured in
RPMI1640 GlutaMAX medium supplemented with 10% FBS (FUJI-
FILM Wako Pure Chemical), 100 unit/ml penicillin, 100 ug/ml
streptomycin (Gibco) and 55 pM 2-mercaptoethanol (Gibco) at 37°C
under 5% CO,.

DF-1 cells were cultured in DMEM (low glucose; FUJIFILM Wako
Pure Chemical) supplemented with 10% FBS (Wako), 100 unit/ml
penicillin and 100 pg/ml streptomycin (Gibco) at 37°C under 5%
CO,. DF-1 cells were transfected using TransIT-LT1 transfection
reagent (Mirus Bio).

Immunoblot and antibodies

Protein lysates were separated by SDS-PAGE and transferred onto
polyvinylidene difluoride membranes (Millipore). After the
membranes were blocked using 5% skimmed milk (Megmilk Snow
Brand) in TBST (20 mM Tris-HCl pH 7.5, 150 mM NacCl, 0.05%
Tween-20) at room temperature for 1 h, the following antibodies
were used. Anti-FLAG mouse mAb (HRP-conjugated, Sigma-Aldrich,
A8592) and anti-AGIA rabbit mAb (Yano et al, 2016) (HRP-
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conjugated, produced in our laboratory) were used to detect
epitope-tagged proteins. Anti-o-tubulin rabbit pAb (HRP-conjugated,
MBL, PMO054-7) was used to detect a-tubulin. Biotinylated proteins
were detected by anti-biotin (HRP-conjugated, Cell Signaling Tech-
nology, #7075). Anti-CRBN rabbit mAb (Cell Signaling Technology,
#71810), anti-PLZF rabbit mAb (Cell Signaling Technology,
#39784), anti-PLZF rabbit pAb (GeneTex, GTX111046), anti-PLZF
goat pAb (R&D System, AF2944), anti-SALL4 rabbit pAb (Abcam,
ab29112), anti-SALL4 mouse mAb (Santa Cruz Biotechnology, sc-
101147), anti-DDB1 mouse mAb (Santa Cruz Biotechnology, sc-376860),
anti-CUL4 mouse mADb (Santa Cruz Biotechnology, sc-377188), anti-
RBX1 mouse mAb (Santa Cruz Biotechnology, sc-393640) and anti-
ubiquitin mouse mAb (P4D1, Cell Signaling Technology, #3936)
were used as primary antibodies. Anti-rabbit IgG (HRP-conjugated,
Cell Signaling Technology, # 7074), anti-mouse IgG (HRP-conjugated,
Cell Signaling Technology, # 7076) and anti-goat IgG (HRP-
conjugated, Invitrogen/Thermo Fisher Scientific, #81-1620) were
used as secondary antibodies. Immobilon (Millipore) or ImmunoStar
LD (FUJIFILM Wako Pure Chemical) was used as substrate HRP,
and luminescent signals were detected using an ImageQuant LAS
4000mini (GE Healthcare). To perform re-probing, Stripping Solu-
tion (FUJIFILM Wako Pure Chemical) was used and re-blocked
using 5% slim milk in TBST.

For immunoblot analysis of extract from chicken embryo, a right
forelimb bud was dissected from HH st. 22/23 (embryonic day 4/
E4) embryos and boiled in 50 pl of buffer (50 mM Tris—HCI pH 7.5,
4% SDS) at 98°C for 10 min. Protein concentration of each lysate
was quantified using BCA assay (Thermo Fisher Scientific).

Immunoblot data were obtained using Image Quant LAS
4000mini and analysed by ImageJ (https://imagej.net/). For quan-
tification of immunoblot analysis, each band intensity was
measured by ImageJ (https://imagej.net/).

In vitro pull-down assay of CRBN and substrate

To confirm the thalidomide-dependent interactions between IKZF1,
PLZF or SALL4 and CRBN, we performed pull-down assays using
Dynabeads M-280 Streptavidin (Invitrogen). Biotinylated CRBN-WT
and CRBN-YW/AA were synthesised using the wheat cell-free system
as described above. We then mixed 5 pl of Dynabeads M-280 Strepta-
vidin with 5 pl of biotinylated CRBN-WT or CRBN-YW/AA and
diluted this 10-fold with PBS containing 0.05% Tween-20, and incu-
bated this at room temperature for 1 h. The beads were washed three
times in 500 pul PBS containing 0.05% Tween-20, and substrate—
thalidomide mixture was added containing 10 pl of FLAG-GST-IKZF1,
FLAG-GST-SALL4 or FLAG-GST-PLZF and 200 uM thalidomide (0.5%
DMSO) in 300 pl of AlphaScreen buffer containing 100 mM NaCl,
0.01% Tween-20 and 1 mg/ml BSA. After rotation at room tempera-
ture for 90 min, the beads were washed four times in 500 pl of 1x
Lysis buffer (50 mM Tris—HCl pH 7.5, 150 mM NaCl, 1% Triton X-
100) and proteins were eluted by boiling in 1x sample buffer
(62.5 mM Tris-HCI pH 6.8, 2% SDS, 10% glycerol) containing 5% 2-
mercaptoethanol. The proteins were then analysed by immunoblot.

Construction of CRBN-KO HEK293T cells

For analysis using CRBN-KO cells, we selected the guide nucleotide
sequence 5'-ACTCCGGGCGGTTACCAGGC-3' from the human CRBN
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gene. Then, CRBN-KO HEK293T cells were generated by genome
editing based on CRISPR/Cas9 (Yamanaka et al, 2020).

In vivo IMiD-dependent degradation assay of substrates

To confirm IMiD-dependent degradation of PLZF, HEK293T or
HEK293T-CRBN /" cells were cultured in 48-well plates and trans-
fected with 200 ng pcDNA3.1(+)-FLAG-CRBN-WT or 200 ng
pcDNA3.1(+)-FLAG-CRBN-YW/AA and 20 ng pcDNA3.1(+)-AGIA-
PLZF or pcDNA3.1(+)-AGIA-PLZF variants or pcDNA3.1(+)-AGIA-
SALL4. After the cells were transfected for 8 h, they were treated
with IMiD or dimethyl sulphoxide (DMSO, 0.1%) in the culture
medium at the times and concentrations indicated in each figure.

To show that the IMiD-dependent PLZF degradation was caused
by CRL4“RBN and the 26S proteasome, the cells were treated with
2 uM MLN4924 and 10 uM MG132 (0.2% DMSO) at the times indi-
cated in Fig 2A.

To examine the degradation of endogenous PLZF or SALL4,
HEK293T, HuH7 or THP-1 cells were cultured in 24- or 48-well
plates and treated with lenalidomide or DMSO (0.1%) in the culture
medium at the times and concentrations indicated in each figure.

To examine the degradation of endogenous PLZF in TK, HT,
BJAB, SU-DHL-4, MT-4 and Raji cells, we cultured the cells in 12-
well plates and treated them with lenalidomide, pomalidomide or
DMSO (0.1%) in the culture medium at the times and concentra-
tions indicated in Fig EVS. The cells were lysed with RIPA buffer
containing a protease inhibitor cocktail (Sigma-Aldrich). The protein
concentration of each lysate was quantified using a BCA assay
(Thermo Fisher Scientific).

To examine the 5-hydroxythalidomide-dependent degradation of
overexpressed PLZF, SALL4 or IKZF1, HEK293T-CRBN~/~ cells
were cultured in 48-well plates and transfected with 200 ng
pcDNA3.1(+)-FLAG-CRBN-WT and 20 ng pcDNA3.1(+)-AGIA-
SALL4, pcDNA3.1(+)-AGIA-PLZF or pcDNA3.1(+)-AGIA-IKZF1.
After the cells were transfected for 8 h, they were treated with
thalidomide, 5-hydroxythalidomide or DMSO (0.1%) in the culture
medium at the indicated times and concentrations (Fig 4C). For
endogenous SALL4, PLZF, IKZF1, HuH7 or THP-1 cells were
cultured in 48-well plates and treated with thalidomide, 5-hydrox-
ythalidomide or DMSO (0.1%) in the culture medium at the indi-
cated times and concentrations (Fig 4D and E).

To examine the species specificity of IMiD-dependent protein
degradation, HEK293T-CRBN /" cells were cultured in 48-well
plates and transfected with 200 ng pcDNA3.1(+)-FLAG-(mouse or
chicken) CRBN-WT or CRBN-IV and 20 ng pcDNA3.1(+)-AGIA-
(mouse or chicken) PLZF or pcDNA3.1(+)-AGIA-(mouse or chicken)
SALL4. After the cells were transfected for 8 h, they were treated
with thalidomide or DMSO (0.1%) in the culture medium for the
times and concentrations indicated in Fig 5A-D.

To examine whether 5-hydroxythalidomide induced the degrada-
tion of mouse or chicken SALL4 or PLZF, HEK293T-CRBN~/~ cells
were cultured in 48-well plates and transfected with 200 ng
pcDNA3.1(+)-FLAG-(mouse or chicken) CRBN-WT and 20 ng
pcDNA3.1(+)-AGIA-(mouse or chicken) SALL4 or pcDNA3.1(+)-
AGIA-(mouse or chicken) PLZF. After the cells were transfected for
8 h, they were treated with thalidomide, 5-hydroxythalidomide or
DMSO (0.1%) in the culture medium for the times and concentra-
tions indicated in Fig SE-H.
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In all experiments, cells were lysed by boiling in 1x sample
buffer containing 5% 2-mercaptoethanol and the lysates were anal-
ysed by immunoblotting.

Quantitative real-time PCR (qRT-PCR)

To demonstrate decreased post-translational level of PLZF protein,
PLZF mRNA expression in HEK293T, HuH7 or THP-1 cells treated
with DMSO or lenalidomide for 24 h was assessed by qRT-PCR. To
analyse SALL4 or PLZF mRNA expression, HuH7 cells treated with
DMSO, thalidomide or 5-hydroxythalidomide for 24 h were assessed
by qRT-PCR. Total RNA was isolated from HEK293T, HuH7 or
THP-1 cells treated with DMSO or lenalidomide for 24 h using a
SuperPrep cell lysis kit (Toyobo). cDNA was synthesised using a
SuperPrep RT kit (Toyobo) according to the manufacturer’s proto-
col. RT-PCR was performed using a KOD SYBR qPCR Mix (Toyobo),
and data were normalised against glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) mRNA levels. PCR primers were as follows:
PLZF FW 5-GCACAGTTTTCGAAGGAGGA-3', PLZF RV 5-GGCC
ATGTCAGTGCCAGT-3/, SALL4 FW 5-GGTCCTCGAGCAGATCTT
GT-3', SALL4 RV 5-GGCATCCAGAGACAGACCTT-3/, GAPDH FW
5-AGCAACAGGGTGGTGGAC-3/, GAPDH RV 5-GTGTGGTGGGGG
ACTGAG-3'.

Co-immunoprecipitation of CRL4“*®N-IMiD-PLZF

To examine whether PLZF interacts with CRL4“*®N-thalidomide or
CRL4“RBN.Jenalidomide, HEK293T cells were cultured in a 15-cm
dish and transfected with 12 pg pcDNA3.1(+)-FLAG-CRBN and
12 pg pcDNA3.1(+)-AGIA-PLZF. After HEK293T cells were treated
with DMSO, 10 or 100 uM thalidomide or lenalidomide in the pres-
ence of 10 uM MG132 for 8 h, cells were lysed in 1.5 ml IP Lysis
buffer (Pierce; 25 mM Tris—HCI pH 7.5, 150 mM NaCl, 1 mM EDTA,
1% NP-40, 5% glycerol) containing a protease inhibitor cocktail
(Sigma-Aldrich) and incubated on ice for 15 min. Lysates were clari-
fied by centrifugation at 16,100 g for 15 min, and CRL4A“®®Y was
immunoprecipitated using anti-FLAG M2 magnetic beads (Sigma-
Aldrich) with DMSO or 10 or 100 thalidomide or lenalidomide in the
presence of 10 uM MG132. After overnight rotation at 4°C, the
beads were washed three times with 800 pl of IP Lysis buffer
(Pierce) and the proteins were eluted with 1x sample buffer. After
eluted proteins were transferred to another tube, 2-mercaptoethanol
(final concentration is 5%) was added and boiled at 98°C for 5 min.
The proteins were then analysed by immunoblot.

In vivo ubiquitination assay

To detect polyubiquitination of PLZF in cells, HEK293T cells were
cultured in a 10-cm dish and transfected with 5 pg pcDNA3.1(+)-
FLAG-CRBN and 5 pg pcDNA3.1(+)-AGIA-PLZF. After HEK293T
cells were treated with DMSO, 10 or 100 uM thalidomide or
lenalidomide in the presence of 10 uM MGI132 for 10 h, cells
were lysed in 600 pul of SDS Lysis buffer (50 mM Tris—HCl pH
7.5, 1% SDS) containing a protease inhibitor cocktail (Sigma-
Aldrich) and boiled at 90°C for 15 min. Denatured lysates were
treated with Benzonase Nuclease (Sigma-Aldrich) at 37°C for 1 h,
and the lysates were clarified by centrifugation at 16,100 g for
15 min and then diluted 10-fold with IP Lysis buffer (Pierce). The
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proteins were immunoprecipitated overnight with Dynabeads
Protein G (Invitrogen) interacting anti-AGIA antibody at 4°C,
which were then washed three times with 800 ul of IP Lysis
buffer (Pierce). Proteins were eluted by boiling in 1x sample
buffer containing 5% 2-mercaptoethanol. The proteins were then
analysed by immunoblot.

In vitro binding and ubiquitination assay

To confirm that PLZF is a direct substrate, we performed an
in vitro binding and ubiquitination assay as described previously
(Lu et al, 2014). HEK293T cells were cultured in a 15-cm dish
and transfected with 28 pg pcDNA3.1(+)-FLAG-CRBN or empty
vector. HEK293T cells were cultured in two 15-cm dishes and
transfected with 25 pg pcDNA3.1(+)-AGIA-PLZF per one dish.
After 24 h, the cells were lysed in 1.6 ml/dish of IP Lysis buffer
(Pierce) containing a protease inhibitor cocktail (Sigma-Aldrich),
and 400 pl of FLAG-CRBN or empty vector lysates were mixed
with 400 pl of AGIA-PLZF lysates in the presence of DMSO or
100 uM lenalidomide. The FLAG-CRBN and AGIA-PLZF mixtures
were immunoprecipitated using anti-FLAG M2 magnetic beads by
rotating overnight at 4°C. As a negative control, empty vector and
AGIA-PLZF mixtures were immunoprecipitated using anti-AGIA-
conjugated magnetic beads (produced in our laboratory) by rotat-
ing overnight at 4°C. The beads were washed three times with
800 pl of IP Lysis buffer (Pierce) and washed twice with 600 pl
of 1x ubiquitin reaction buffer (50 mM Tris-HCl pH 7.5, 5 mM
KCl, 5 mM MgCl,, 0.5 mM DTT), then resuspended in 20 pl of 1x
ubiquitin reaction buffer containing 200 nM UBE1 El1 (R&D
systems, U-110), 1 uM UbcHS5a E2 (Enzo, BML-UW9050-100),
1 uM UbcHSb (Enzo, BML-UW9060-100), 5 mM ATP, 10 uM HA-
ubiquitin (Boston Biochem, U-110), 10 uM MG132, protease inhi-
bitor cocktail and DMSO or 200 pM lenalidomide. Then, in vitro
ubiquitination was performed at 30°C for 3 h; the proteins were
denatured in 2% SDS by boiling at 95°C for 15 min. The proteins
were diluted 20-fold with IP Lysis buffer (Pierce) and immunopre-
cipitated anti-AGIA-conjugated magnetic beads (produced in our
laboratory) at 4°C for 4 h. The beads were washed four times
with 800 pl of IP Lysis buffer (Pierce), and the proteins were
eluted with 750 ul (lane 1-4) or 20 pl (lane 5-6) of 1x sample
buffer. After elution, proteins were transferred to another tube, 2-
mercaptoethanol (final concentration is 5%) was added, and were
boiled at 98°C for 5 min. The proteins were then analysed by
immunoblot.

Plzf knockdown in DF-1 cells

To confirm the efficiency of shRNA, DF-1 cells were cultured in a
48-well plate and transfected with 50 ng pcDNA3.1(+)-AGIA-
GgPLZF and 400 ng shRNA vector. After 6 h, the culture medium
was exchanged with fresh culture medium and the DF-1 cells were
harvested after 48 h of transfection. The lysates were denatured by
boiling at 98°C for 5 min and analysed by immunoblotting.

Animals

Fertilised eggs of white leghorn chicken (Gallus gallus domesticus)
purchased from a domestic poultry farm (Kakeien, Sendai, Japan)
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or the Avian Bioscience Research Center (ABRC), Nagoya Univer-
sity, Japan, were incubated at 38°C until the appropriate develop-
mental stage was reached. Embryos were staged according to the
HH criteria of Hamburger and Hamilton (1951). All animal experi-
ments were conducted in accordance with the guidelines of Tohoku
University and Nagoya University.

Plzf knockdown in chicken embryos

Five micrograms of RCAN(A) retrovirus vector containing chick U6
promoter expressing shRNA for gfp or Plzf was transfected into M/O
chicken strain-derived embryonic fibroblast cells (CEF) cultured in
60-mm dishes using Fugene HD transfection reagent (Promega).
CEF was cultured in DMEM-high glucose containing 10% FBS, 2%
chicken serum and 1% penicillin—streptomycin, and spread three
times. After the growth in ten 10-cm dishes reached confluence, the
medium was changed to DMEM-high glucose containing 2% FBS
and maintained for 24 h. The supernatant was then harvested and
centrifuged at 100,000 g for 3 h at 4°C to concentrate the retrovirus.
Isolated virus virions were stored at —80°C. To infect the retrovirus
into the chick embryo, virions were sprinkled on the blastderm cells
at HH st. 8/embryonic day 1 (E1) M/O chick embryo and incubated
for 5 days. Fertilised M/O chicken eggs were provided by the
National BioResource Project (NBRP) “Chicken/Quail” at Nagoya
University.

Thalidomide treatment of chicken embryos

A solid crystal of thalidomide (Tokyo Chemical Industry Co.,
Ltd) was resolved in 45% 2-hydroxypropyl-beta-cyclodextrin
(HBC, FUJIFILM Wako Pure Chemical) for 1-2 h at 60°C to
make thalidomide (2 pg/pl, 7.8 mM) or 5-hydroxythalidomide
(2 pg/ul, 7.3 mM) stock solution. This stock was mixed with the
same volume of 2x Hanks buffer as a working solution (1 pg/pl,
3.9 mM thalidomide or 3.6 mM 5-hydroxythalidomide). To apply
thalidomide to an embryo, a small hole was opened at the
amnion above the right forelimb bud at HH st. 18 (E3), and the
working solution was injected in a space between the amnion
and right forelimb bud. In the case of samples for in situ
hybridisation, to induce a strong effect on target proteins of
thalidomide or 5-hydroxythalidomide for short exposure time,
immunofluorescence and immunoblot analyses, embryos were
treated with 30 pl of working solution and incubated until HH
st. 22/23 (E4). In the case of samples of skeletal pattern analy-
sis, to reduce lethality and increase the collection rate of chicken
embryos showing teratogenic phenotypes in limb bud at HH st.
36 (E10), embryos were treated three times with 10 pl of work-
ing solution every 12 h and incubated until approximately HH
st. 36 (E10).

In situ hybridisation

Embryos for whole-mount in situ hybridisation and fluorescent
in situ hybridisation in sections (FISH) were fixed by 4%
paraformaldehyde (PFA)/phosphate-buffered saline (PBS) at 4°C
for 12 h. Digoxigenin (DIG)-labelled RNA probes were prepared
according to the manufacturer’s instructions (Roche). Whole-
mount in situ hybridisation was performed as previously
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described (Tonegawa et al, 1997). In FISH, 10-um-thick frozen
sections were prepared with cryostat (LEICA CM3050S). FISH
protocol was described previously (Sato et al, 2008), with
additional processes in order to amplify fluorescent signal.
Additional processes are as follows. After the reaction between
DIG-labelled RNA and anti-DIG antibody-conjugated horseradish
peroxidase (HRP; Roche), sections were washed 3 times by
TNT buffer (100 mM Tris—HCI, pH 7.5, 150 mM NaCl, 0.05%
Tween-20) and were treated with DIG amplification working
solution in TSA plus DIG Kit (PerkinElmer) for 5 min at room
temperature (RT) in accordance with manufacturer’s instruc-
tions (PerkinElmer). After three times wash by TNT, samples
were treated by anti-DIG antibody-conjugated HRP at 4°C for
12 h again. Images were processed by FIJI (https://fiji.sc), and
Fgf8 expression area on limb bud regions was measured by
the “Measure” command.

Immunofluorescence staining and quantification

Chicken embryos for immunofluorescence staining were fixed by
4% paraformaldehyde in PBS at 4°C for 12 h. Ten-micrometre-thick
frozen sections were prepared using a cryostat. PLZF immunofluo-
rescence staining was performed as previously described (Saito
et al, 2012) using anti-PLZF rabbit polyclonal antibody (GTX111046,
1:250 dilution; GeneTex) as the primary antibody and anti-rabbit
horseradish-conjugated (1:500 dilution; GE Healthcare) as
secondary antibody. To detect fluorescent signals, the TSA Plus
Fluorescent System (PerkinElmer) was used for 5 min at room
temperature. The sections were stained with 4’,6-diamidino-2-
phenylindole (DAPI; Wako Pure Chemical Corporation) and sealed
with FluorSave (Calbiochem).

SALL4 was detected as follows. After pre-blocking with
blocking solution consisting of 1% blocking reagent in TNT
buffer (0.1 M Tris—HCI, pH 7.6, 0.15 M NaCl, 0.05% Tween 20)
for 1 h at room temperature, the sections were incubated at
4°C overnight using an anti-SALL4 rabbit polyclonal antibody
(1:250 dilution, ab29112; Abcam). After three washes in TNT
buffer, the specimens were incubated with anti-rabbit IgG-Alexa
Fluor 488-conjugated donkey antibody (Invitrogen) diluted
1:500 with blocking solution for 1 h at room temperature,
followed by three washes using TNT buffer. The sections were
stained with DAPI and sealed with FluorSave reagent. Images
were processed by FII (https://fiji.sc), and intensities of fluo-
rescent signals on limb bud regions were measured by the
“Measure” command.

Limb skeletal staining of chicken embryo treated
with thalidomide

Embryos for skeletal staining (Alcian blue or Victoria blue) were
fixed with 10% formalin/tyrode. The Alcian blue staining protocol
was described previously (Seki et al, 2015). Embryos were
harvested in PBS and fixed in 10% formalin solution overnight.
Fixed embryos were washed with 3% HCI in 70% ethanol three
times and stained in 1% Victoria blue B (Sigma-Aldrich) dissolved
in 3% HCI in 70% ethanol overnight. Embryos were washed with
3% HCl in 70% ethanol overnight and then treated with methylsali-
cylate to render them transparent.
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Imaging

Fluorescence in situ hybridisation and immunofluorescence staining
of sections were obtained using a TCS SP5 confocal microscope
(LEICA). Images of whole-mount in situ hybridisation were
obtained using a model M165FC fluorescent stereo microscope
(LEICA) equipped with a model DP74 camera (Olympus). Images of
skeletal staining were obtained using a SZX16 stereo microscope
(Olympus) equipped with a model DP21 camera (Olympus).

Rescue experiment with GgPLZF overexpression in chicken
limb bud

pCAGGS-enhanced GFP (EGFP; 0.8 png/ml), which is used for confir-
mation of expression area, with 2 pg/ml of pCAGGS-GgPLZF or
PCAGGS control plasmids were injected into the prospective fore-
limb field at HH st. 14 (E2). Electric pulses (60 ms pulse-on and
999 ms pulse-off at 8 V with three repetitions) were applied using
the GEB14 electroporator (BEX). After 18-h electroporation, 30 pl of
1 pg/ul (3.9 mM) thalidomide diluted in 45% HBC compound was
dropped over the forelimb bud. After 12-h incubation, embryos
were harvested in PBS and EGFP expression was observed. Embryos
in which EGFP expression was detected in the forelimb bud were
treated with 10, 20 or 30% sucrose solution for 1 h. Embryos were
embedded in the cryosection compound and frozen at —80°C.
Frozen sections (20 pm) were cut using a cryostat, and in situ
hybridisation was performed using digoxigenin-labelled Fgf10 with
Fgf8 probes. Images were processed by FIJI (https://fiji.sc), and
intensities of Fgf10/Fgf8 on limb bud sections were measured by the
“Measure” command.

Statistical analysis and reproducibility

The data are shown as the means =+ standard deviation (SD) from
the more than three technical replicates. Significant changes were
analysed by one-way analysis of variants (ANOVA) followed by
Tukey’s tests using GraphPad Prism (version 8) software
(GraphPad, Inc.)

Data availability

There are no primary datasets or computer codes associated with
this study. The data in this study are available from the correspond-
ing author on reasonable request.

Expanded View for this article is available online.
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