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ABSTRACT

Cornelia de Lange syndrome (CdLS) and Roberts syndrome (RBS) are severe developmental
maladies that arise from mutation of cohesin (including SMC3, CdLS) and ESCO2 (RBS).
Though ESCO2 activates cohesin, CdLS and RBS etiologies are currently considered non-
synonymous and for which pharmacological treatments are unavailable. Here, we identify
a unifying mechanism that integrates these genetic maladies to pharmacologically-induced
teratogenicity via thalidomide. Our results reveal that Esco2 and cohesin co-regulate the
transcription of a component of CRL4 ubiquitin ligase through which thalidomide exerts
teratogenic effects. These findings are the first to link RBS and CdLS to thalidomide

teratogenicity and offer new insights into treatments.

Introduction

Thalidomide was an over-the-counter drug used
to relieve morning sickness during pregnancy,
among other uses in the late 1950s, which lead
to a suite of birth defects that include phoco-
melia, organ  malformation, craniofacial
abnormalities, and intellectual disabilities [1].
These teratogenic effects result from inhibition
of Cullin4 Ring Ligase (CRL4), the most com-
mon E3 ubiquitin ligase in eukaryotes and
which contains Cullin4 (CUL4), DNA Damage
Binding Protein 1 (DDBI1), and DDB1-CUL4-
Associated Factor (DCAF) Cereblon (CRBN)
[2,3]. Inhibition of CRL4 function is solely
responsible for thalidomide teratogenicity: 1)
development proceeds normally upon thalido-
mide exposure in zebrafish embryos expressing
thalidomide-resistant CRL4 and 2) mutation of
CRL4 subunits are sufficient to produce
embryonic damage and intellectual disabilities
[4]. Roberts syndrome (RBS) and Cornelia de
Lange syndrome (CdLS) are severe genetic
maladies in which manifestations highly resem-
ble those observed in thalidomide babies [5,6].
RBS arises through mutation of ESCO2 while
CdLS arises through mutation of cohesin
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subunits  (including SMC1, SMC3, and
RAD21) and regulators (NIPBL and HDAC)
[6]. ESCO2 acetylates SMC3 to activate cohesin.
Despite the direct link between ESCO2 and
SMC3, CdLS and RBS etiologies are currently
considered non-synonymous and for which
pharmacological access is largely unavailable.
Here, we document that Smc3 and Esco2
knockdowns (KDs) in zebrafish embryos pro-
vide robust models for CdLS and RBS and
identify a unifying mechanism that integrates
these genetic maladies to the pharmacologi-
cally-induced teratogenicity produced by thali-
domide. Our results reveal that Esco2 and
cohesin co-regulate ddbl transcription, which
is a key component of CRL4 ubiquitin ligase
through which thalidomide exerts teratogenic
effects. Importantly, Ddbl KD embryo pheno-
types overlap with Smc3 KD and Esco2 KD
embryos and exogenous ddbl expression res-
cues developmental defects that otherwise arise
in Smc3 KD embryos. These findings are the
first to directly link both RBS and CdLS to
thalidomide teratogenicity and transform cur-
rent notions of cohesinopathies.
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Results & discussion

Conservation of phenotypes derived from Esco2
(RBS) and Smc3 (CdLS) KDs, and thalidomide
exposure, in zebrafish embryos

Esco2 acetyltransferase activates cohesin through
acetylation of the cohesin subunit Smc3 [7-9]. The
prevailing models of RBS (mutated ESCO2) and
CdLS (mutated cohesin, including SMC3, and
cohesin regulators), however, are quite different.
Based on the initial discovery that Ctf7/Ecol
(herein Ecol, the homolog of human ESCO2) is
critical for chromosome segregation [10-12], and
that mutations in ESCO2 lead to increase mitotic
failure and apoptosis [6,13-16], the prevailing
model for RBS is based on mitotic failure that
leads to proliferative stem cell loss [16,17]. In
contrast, CdLS cells typically do not exhibit
increased mitotic failure or apoptosis, even though
CdLS arises due to cohesin pathway gene muta-
tions [6,18]. NIPBL (homolog of drosophila
nipped-B and yeast Scc2) mutation produces the
highest incidence of CdLS and early studies docu-
mented that NIPBL plays a critical role in tran-
scription regulation [19,20]. This and other
findings led to the prevailing model of CdLS as
one of transcription dysregulation [6,18]. The phe-
notypic similarities between both RBS and CdLS
genetic maladies, and the pharmacologically-
induced birth defects that result from in utero
exposure to thalidomide, however, made it impor-
tant to test whether all three are directly linked.

To address the role of Esco2 and cohesins in
developing zebrafish embryos, we used previously
well-characterized esco2 and smc3-targetting mor-
pholinos (MOs) [13,21,22]. Targeted protein KDs
of Esco2 and Smc3 were independently validated
in the current study as well by Western blot of
lysates obtained from MO-injected embryos, com-
pared to lysates from standard control (SC) MO
injected embryos. A significant reduction of Esco2
and Smc3 protein levels in 24 hpf embryos were
obtained with esco2-ATG MO and smc3-ATG MO
respectively (Fig S1 a, b). These findings extend
the previously validated target specificity and KD
efficacy of both MOs [13,21,22].

We next assessed the effect of Esco2 KD and
Smc3 in developing zebrafish embryos compared
to the SC-MO that does not recognize target

genes in zebrafish. MO injections were performed
at the 1-cell stage and embryo phenotypes were
assessed at 72 hours post fertilization (hpf). esco2
MO injected embryos exhibited defects that
include shorter body length (Figure 1(a,b)), smal-
ler eye size (Figure 1(a,c)) and abnormal otolith
development (Figure 1(a,d)), compared to SC MO
injected embryos. These phenotypes are consis-
tent with the short stature phenotypes, and vision
and hearing losses observed in RBS patients. Note
that these phenotypes are also consistent with
those previously observed in embryos injected
with esco2-directed MOs and by esco2 mutations
in zebrafish [13,15,23]. Compared to SC MO,
smc3 MO injected embryos also exhibited smaller
body size (Figure 1(a,b)), reduced eye size
(Figure 1(a,c)), and a notable absence of otoliths
within the otic vesicle (Figure 1(a,d)), consistent
with analogous phenotypes present in CdLS
patients. Critically, the phenotypes obtained by
smc3-directed MO are consistent with transgenic
zebrafish lines deficient for rad21 or smcla cohe-
sin subunits and also embryos injected with
rad21-directed MOs or smc3-directed MOs [24-
28]. In combination, these results document that
both Esco2 and cohesin are critical for proper
craniofacial and body development in zebrafish
embryos and that MO-based strategies provide
for robust zebrafish models of RBS and CdLS
phenotypes.

Thalidomide is a well-established teratogen that
elicits developmental defects also observed in RBS
individuals [1]. We thus exposed wild-type (WT)
zebrafish embryos to 200 uM, 400 M and 800 pM
concentrations of thalidomide, compared to
DMSO treated control embryos (Figure 2(a)).
Significantly reduced body length was observed
after treatment with 400 uM and 800 pM concen-
trations of thalidomide (Figure 2(a,b)). Eye size
was significantly reduced at all concentrations of
thalidomide (Figure 2(a,c)). Abnormalities in oto-
lith development increased in a dose-dependent
manner (Figure 2(a,d)). These findings are consis-
tent with thalidomide-dependent developmental
defects [1,3]. Importantly, the phenotypic overlap
obtained from thalidomide treatment, and both in
Esco2 KD and Smc3 KD embryos, spurred efforts
to ascertain the extent to which these pharmaco-
logical and genetic maladies are linked.
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Figure 1. Esco2 KD and Smc3 KD phenotypes include reduced body and eye size, and an increase in abnormal otolith development.
(a) Representative images of control embryos (SC MO injected), Esco2 KD (esco2-ATG MO injected) and Smc3 KD (smc3-ATG MO
injected) embryos. For all experiments 24-40 replicates were analyzed and at least 3 independent trials were performed. (b)
Quantification of body size from MO injected embryos were compared to un-injected WT embryos to obtain percent similarity. Graph
reveals significant reductions of body length in Esco2 KD and Smc3 KD compared to control embryos (error bars represent s.e.m.,
one-way ANOVA with Turkey's multiple comparison, *P < 0.05). (c) Quantification of eye size from MO injected embryos were
compared to un-injected WT embryos to obtain percent similarity. Graph reveals significant reductions of eye size in Esco2 KD and
Smc3 KD compared to control embryos (error bars represent s.e.m., one-way ANOVA with Turkey’s multiple comparison, *P < 0.05).
(d) Graph shows percent of normal, fused, small, or absent otolith phenotypes with MO treatments. Data reveals 95% of control
embryo otoliths exhibit normal phenotype, while Esco2 KD and Smc3 KD embryos exhibited 27% and 0% normal otolith phenotypes,
respectively. An increase in abnormal otolith phenotypes was observed with KD treatments with predominantly fused phenotypes in
Esco2 KDs and absent phenotypes in Smc3 KDs. Scale bar: 100 pm.

Smc3 and Esco2 regulate expression of the

CRL4 ligase gene ddb1 from SC MO injected embryos. Fold changes in

gene expression were calculated using Keratin
as a housekeeping gene control. Neither crbn
nor cul4a exhibited significant fold differences

Thalidomide teratogenicity results from inhibi-
tion of CRL4 ubiquitin ligase function [3].

Given the prevailing model that CdLS arises
from transcription dysregulation [6,18-20], we
tested Smc3 KD embryos for transcriptional
deregulation of cul4a, ddbl, and crbn genes,
each of which encodes a key component of
CRL4 ligase. cDNA obtained from smc3-ATG
MO injected embryos were assessed by qRT-
PCR at 24 hpf and compared to cDNA obtained

in gene expression. In contrast, ddbl was sig-
nificantly reduced in Smc3 KD embryos (Fig.
S2a). The prevailing model of RBS, based on
mitotic failure and stem cell apoptosis [13-17],
excludes a role for transcription dysregulation.
Regardless, ddbl expression was significantly
downregulated in embryos injected with esco2-
ATG MO at 24 hpf (i.e. cul4a and crbn were
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Figure 2. Phenotypes of thalidomide treated embryos overlap with Esco2 KD and Smc3 KD embryos. (a) Representative images of
control embryos (WT treated with DMSO) and thalidomide (thal.) treatments (WT treated with 200 uM, 400 pM, and 800 puM
concentrations of thalidomide). For all experiments 16-28 replicates were analyzed and at least 3 independent trials were
performed. (b) Quantification of body size after drug treatment were compared to un-treated WT embryos to obtain percent
similarity. Bar graph reveals a significant reduction of body length with thal. treatments compared to DMSO treated controls (error
bars represent s.e.m., one-way ANOVA with Turkey’s multiple comparison, *P < 0.05). (c) Quantification of eye size after drug
treatment were compared to un-treated WT embryos to obtain percent similarity. Bar graph reveals a significant reduction of eye
size with all thal. treatments compared to DMSO treated controls (error bars represent s.e.m., one-way ANOVA with Turkey's multiple
comparison, *P < 0.05). (d) Graph shows percent of normal, fused, small, or absent otolith phenotypes with drug treatments. Data
reveals 100% of control embryo otoliths exhibit normal phenotype, while 200 pM, 400 pM, and 800 pM thal. treatments had 31%,
36% and 63% normal otolith phenotypes, respectively. An increase in absent otolith phenotypes was observed with increasing
concentrations of thalidomide. Scale bar: 100 um.

Exogenous ddb1 rescues severe growth defects

not significantly deregulated, Fig. S2a), similar
to Smc3 KD embryos. These results provide
compelling evidence for an emerging transcrip-
tion dysregulation-based model of RBS
[6,21,22] and link, for the first time, Esco2
and cohesin pathways to CRL4 regulation and
thalidomide teratogenicity.

associated with Smc3 KD

If our finding that CRL4 is regulated by cohesin-
dependent expression of ddb1 is correct, consistent
with the transcriptional model of CdLS etiology,
then it should be possible to rescue Smc3 KD
phenotypes by endogenous expression of ddbl.



To test this hypothesis, embryos were injected with
smc3-ATG MO, immediately followed by injection
with ddbl mRNA (100ng/ul). When smc3-ATG
MO injection was immediately followed by ddb1l
mRNA injection, developmental defects otherwise
present in singly-injected smc3-ATG MO embryos
were significantly reduced. For instance, both body
and eye growth defects were significantly rescued
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by ddbl mRNA expression (Figure 3(a-c)), and
70% of dual-injected embryos exhibited a normal
otolith phenotype, compared to 0% normal phe-
notypes with smc3 MO injection alone (Figure 3(a,
d)). Reduced levels (25ng/ul) of ddbl mRNA led to
a partial rescue of Smc3 KD eye and otolith phe-
notypes, revealing a dose-dependent response (Fig.

S3a,b,c,d). In comparison, control embryos
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Figure 3. Exogenous ddb1 overexpression rescues Smc3 KD phenotypes. (a) Representative images of control embryos (WT injected
with ddbl mRNA), Smc3 KD (smc3-ATG MO injected) and Smc3 KD + ddbT mRNA (smc3-ATG MO co-injected with ddb7 mRNA)
embryos. For all experiments 26-40 replicates were analyzed and at least 3 independent trials were performed. (b) Quantification of
body size from injected embryos were compared to un-injected WT embryos to obtain percent similarity. Bar graph reveals
a significant rescue of body length in Smc3 KD + ddbT mRNA compared to Smc3 KD alone (error bars represent s.e.m., one-way
ANOVA with Turkey’s multiple comparison, *P < 0.05). (c) Quantification of eye size from injected embryos were compared to un-
injected WT embryos to obtain percent similarity. Bar graph reveals a significant rescue of eye size in Smc3 KD + ddb7 mRNA
compared to Smc3 KD alone (error bars represent s.e.m., one-way ANOVA with Turkey’s multiple comparison, *P < 0.05). (d) Graph
shows percent of normal, fused, small, or absent otolith phenotypes with MO treatments. Data reveals 0% of Smc3 KD embryos
exhibited normal otoliths, while 70% of Smc3 KD + ddb7 mRNA embryo otoliths were rescued to normal levels. A decrease in absent
otolith phenotypes was observed with ddb7 mRNA co-injections compared to KD alone. Scale bar: 100 pum.
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injected with ddbl mRNA alone produced embryo
development indistinguishable from un-injected
WT embryos (Fig. S2b). Our findings that exogen-
ous ddbl expression rescues developmental defects
that arise in Smc3 KD embryos provide critical
support for a model in which cohesins perform
a transcriptional role upstream of CRL4 which,
when abrogated, result in thalidomide-like
teratogenicity.

Exacerbation of Esco2 KD phenotypes by
exogenous ddb1 reveals a feedback loop that is
critical for development

Recent evidence revealed that CRL4 targets, and
thus promotes, Esco2 degradation [29,30]. These
tindings suggest that, instead of rescuing pheno-
types, elevated Ddb1 levels might instead exacer-
bate developmental defects in Esco2 KD
zebrafish embryos. To test this possibility,
embryos were injected with esco2-ATG MO,
immediately followed by injection with ddbl
mRNA (100ng/ul). Indeed, as opposed to rescu-
ing esco2-ATG MO phenotypes, ddbl mRNA
injection exacerbated the embryonic develop-
mental defects. Body length and eye size were
significantly decreased in the dual-injected
embryos, compared to Esco2 KD alone embryos
(Figure 4(a-c)). Otoliths, if formed, were
increasingly abnormal with a major fraction of
embryos devoid of otoliths (Figure 4(a,d)).
Reduced levels (25ng/pl) of ddbl mRNA co-
injected with esco2 MO, caused similar defects
in body and otolith phenotypes compared to
MO-only injected embryos, also revealing
a dose-dependent response (Fig. S4a,b,c,d).
While we cannot rule out the possibility that
Esco2 and Ddbl impact development via difter-
ent or more complex mechanisms, we favor
a model in which ddbl mRNA injection coun-
teracts the reduction of Ddbl, caused by esco2-
ATG MO, and elevates CRL4 activity. In turn,
CRL4 upregulation further decreases Esco2 levels
and exacerbates Esco2 KD embryonic develop-
mental defects. It is important to note that the
experiments that showed negative regulation of
Esco2 by Ddbl required the use of a synchro-
nous population of cells in culture [29,30]. Not

surprisingly, we were not able to detect
a significant reduction in Esco2 levels in unsyn-
chronized embryos co-injected with esco2-ATG
MO and ddbl mRNA (data not shown). Future
studies will be required to assess this novel feed-
back loop through which Esco2 is regulated.

Ddb1 KD embryos recapitulate phenotypes
observed in cohesinopathy and thalidomide
zebrafish models

Our model linking RBS and CdLS to thalidomide
teratogenicity predicts that Ddbl KD embryos
should recapitulate the developmental phenotypes
obtained by Esco2 KD and Smc3 KD. To validate
ddbl-directed MO efficacy, we first injected zebra-
tish embryos with either SC MO or ddbl MO (Fig.
S5a) at the 1-cell stage and then harvested embryos
at 24hpf to obtain RNA. RNA was converted to
cDNA to confirm the splice blocking effect of the
ddbl MO (Fig. S5a). In parallel, protein lysates of
ddbl MO injected embryos, injected with 2 differ-
ent MO concentrations (0.25 mM and 0.5 mM),
were analyzed by Western blots. The results docu-
ment that Ddb1 levels are significantly reduced in
ddbl MO injected embryos, compared to control
embryos (Fig. S5b,c).

To assess the effect of Ddbl KD on develop-
ment, we injected zebrafish embryos with ddbl
MO, or SC MO, at the 1-cell stage and assessed
embryos at 72hpf. Our results show that both body
size and eye size were significantly reduced in
ddbl MO injected embryos, compared to SC MO
injected embryos (Figure 5(a-c)). Otolith forma-
tion was also abnormal in ddbl MO embryos,
compared to SC-MO injected embryos (Figure 5
(a,d)). We next validated that ddbl MO pheno-
types are due to appropriate targeting of ddbl
mRNA and not off target effects. To test this, we
performed double injections in which ddbI-SB
MO was immediately followed by ddbl mRNA
injection at the 1-cell stage. Embryo phenotypes
were then assessed at 72hpf. A significant rescue of
both body size and eye size were observed in co-
injected embryos, compared to embryos injected
solely with ddbl MO (Figure 5(a-c)). Otolith
development also improved significantly in co-
injected embryos, compared to embryos injected
solely with ddbl MO. Importantly, the rescue in
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Figure 4. Exogenous ddb1 overexpression exacerbates Esco2 KD phenotypes. (a) Representative images of control embryos (WT
injected with ddbT mRNA), Esco2 KD (esco2-ATG MO injected) and Esco2 KD + ddb7 mRNA (esco2-ATG MO co-injected with ddb1
mRNA) embryos. For all experiments 29-38 replicates were analyzed and at least 3 independent trials were performed. (b)
Quantification of body size from injected embryos were compared to un-injected WT embryos to obtain percent similarity. Bar
graph reveals a significant reduction of body length in Esco2 KD + ddbT mRNA compared to Esco2 KD alone (error bars represent s.e.
m., one-way ANOVA with Turkey's multiple comparison, *P < 0.05). (c) Quantification of eye size from injected embryos were
compared to un-injected WT embryos to obtain percent similarity. Bar graph reveals a significant reduction of eye size in Esco2 KD +
ddb1 mRNA compared to Esco2 KD alone (error bars represent s.e.m., one-way ANOVA with Turkey’s multiple comparison, *P < 0.05).
(d) Graph shows percent of normal, fused, small, or absent otolith phenotypes with MO treatments. Data reveals 27% of Esco2 KD
embryos exhibited normal otoliths, while only 7% of Esco2 KD + ddbl mRNA embryo otoliths were normal with an absent
phenotype largely observed. Scale bar: 100 pym.

otolith development depended on the ddbl mRNA
concentration, revealing a dose-dependent effect
(Figure 5(a,d)). The results that Ddb1 KD embryos
recapitulate phenotypes observed upon Smc3 KD,
Esco2 KD, and also thalidomide treatment support
a unified pathway through which Ddb1 levels exist
in a delicate balance that depend on Esco2 and
cohesin pathways.

Discovering a pharmacologically based mechan-
ism through which cohesinopathies converge on

CRL4 represents a major advancement in our
understanding of human development. We note
that cohesins redistribute to over 18,000 new loci
during zebrafish development [31], suggesting that
regulating CRL4 subunit expression is only one
example of many regulatory circuits through
which Esco2 and cohesin function. A second
example is cx43, a gap junction gene involved in
skeletal development that is similarly under con-
trol of the Esco2-cohesin axis [21,22]. Mutations
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Figure 5. Ddb1 KD phenotypes overlap cohesinopathies and thalidomide teratogenicity phenotypes. (a) Representative images of
control embryos (WT injected with ddb7 mRNA), Ddb1 KD (ddb1-SB MO injected), Ddb1 KD + low ddb? mRNA (ddb1-SB MO co-
injected with 25ng/pl ddb7 mRNA) and Ddb1 KD + high ddb7 mRNA (ddb1-SB MO co-injected with 100ng/pl ddbT mRNA) embryos.
For all experiments 24-60 replicates were analyzed and at least 3 independent trials were performed. (b) Quantification of body size
from injected embryos were compared to un-injected WT embryos to obtain percent similarity. Bar graph reveals a significant
reduction of body length in Ddb1 KD that is rescued by ddbT mRNA (error bars represent s.e.m., one-way ANOVA with Turkey’s
multiple comparison, *P < 0.05). (c) Quantification of eye size from injected embryos were compared to un-injected WT embryos to
obtain percent similarity. Bar graph reveals a significant reduction of eye size in Ddb1 KD that is partially rescued with ddb7 mRNA
(error bars represent s.e.m., one-way ANOVA with Turkey’s multiple comparison, *P < 0.05). (d) Graph shows percent of normal,
fused, small, or absent otolith phenotypes with MO treatments. Data reveals 21% of Ddb1 KD embryos exhibited normal otoliths,
while 85% of Ddb1 KD + high ddb7 mRNA embryo otoliths were normal. Scale bars: 100 pm.

in CX43 cause oculodentodigital dysplasia =~ downstream of Esco2 and cohesin, will profoundly

(ODDD) in humans, and defects in bone segment
regrowth in zebrafish [6,32]. The extent to which
Esco2 and cohesin regulate genes independent of
one another remains an important issue in devel-
opment. Our findings that RBS and CdLS pheno-
types are impacted by exogenous Ddbl levels
suggest that the identification of CRL4 targets,

impact both current models of birth defects and
their treatment. Moreover, the discovery that
Ddbl1 overexpression exacerbates, rather than res-
cues, Esco2 KD phenotypes provides new oppor-
tunities for analyzing feedback mechanisms during
development. Regardless, mitotic failure-based
models of RBS require significant revision with



a new emphasis on transcriptional dysregulation,
similar to CdLS. Such a transformation could
reveal potential new treatment options for RBS
and CdLS individuals. For instance, DDBI and
CRBN mutations result in elevated BKc, high con-
ductance channel trafficking to the plasma mem-
brane, increased ion conductivity, high neuronal
excitation, and seizures [33-35]. Paxilline, a BK¢,
channel blocker, reduces the incidence and sever-
ity of seizures that arise due to CRBN loss [34].
CLR4 knock-out mice also exhibit learning and
memory deficits, an effect attributed to reduced
translation of hippocampal glutamatergic synapse
proteins via AMPK  hyperphosphorylation.
Compound C (an AMPK inhibitor) treatment nor-
malizes glutamatergic protein levels and rescues
both learning and memory deficits in CRBN
knockout mice [36]. The extent to which RBS
and CdLS patients may benefit from analogous
strategies represents exciting possibilities. The
novel link between CRL4 and RBS and CdLS
reported here may extend to numerous other tran-
scriptional dysregulated-based developmental dis-
orders, as well as cancers that are tightly correlated
with cohesin mutations [37,38]. We look forward
to future experiments that test the extent to which
the molecular mechanisms revealed here provide
for new strategies of treatment for a broad range of
developmental maladies and cancers.

Materials and methods

Zebrafish (Danio rerio) strain C32 was used. This
study was performed in accordance with the
recommendations in the Guide for the Care and
Use of Laboratory Animals of the National
Institutes of Health. These protocols were
approved by Lehigh’s Institutional Animal Care
and Use Committee (IACUC) (Protocol 187).
Lehigh University’s Animal Welfare Assurance
Number is A-3877-01.

Morpholino (MO) injections

MO purchased from GeneTools, LLC (Philomath,
OR) were dissolved in sterile dH,O, for a 1 mM
concentration (sequences available upon request).
These were heated to 65°C for 15 minutes prior to
use. Full MO concentration resulted in embryo
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lethality, thus smc3 MO was diluted in 1X phenol
red to a concentration of 0.5 mM to allow for
embryo comparisons at 72 hours post fertilization
(hpf), and esco2 MO was diluted in 1X phenol red
to a concentration of 0.25 mM. A standard control
(SC) MO with no target sequence in zebrafish was
used as control. Microinjections were performed at
the 1-cell stage using the Narishige IM 300
Microinjector and Nikon SMZ 800 for visualiza-
tion. Zygotes were sorted for viability and ferti-
lized embryos were kept in egg water and
Ampicillin solution at 28°C. Embryos were de-
chorionated using pronase if needed, then har-
vested for lysate or cDNA preparations or fixed
in 4% paraformaldehyde (PFA), and kept at 4°C
overnight for phenotype analysis. Embryos were
stored in 100% methanol at —20°C for long term
use after fixing.

Thalidomide treatments

As adapted from Ito et al. 2010 [3], a stock
400 mM solution of thalidomide dissolved in
DMSO was made in order to keep the final
DMSO concentration under 0.1%. The 400 mM
stock solution was diluted in E3 medium pre-
warmed at 65°C and mixed for 1 or 2 min to
make 200 uM, 400 pM and 800 uM final concen-
trations. Zebrafish embryos were manually
dechorionated prior to thalidomide treatment by
use of forceps. After chorion removal, embryos
were immediately transferred to E3 medium con-
taining thalidomide or DMSO only control and
further incubated at 28°C until the 72 hpf time-
point was reached. E3 medium was replaced with
freshly prepared medium every 12 hours. Embryos
were fixed in 4% PFA and kept at 4°C overnight
for phenotypes analysis. Embryos were stored in
100% methanol at —20°C for long term use after
fixing.

Embryo lysates and immunoblotting

MO injected embryo lysates were made at 24 hpf
for Esco2, Smc3 and SC. Protocol was adapted
from Schabel et al., 2019 [39]. In short, embryos
were de-chorinated with pronase then washed in
E3 egg water. Individual embryos were placed in
1.5 mL centrifuge tubes and all excess egg water
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was removed. 500 pl of heptane were added then
immediatly after 500 ul of cold methanol were
added and sample was fixed for 5 mins. Embryo
was washed two times with 500 ul of cold metha-
nol then 2 times with 100 ul of Embryo Buffer
(EB). Embryos were homogenized in 20 ul of EB.
Three single embryo lysate preps were pulled to
create one biological replicate. Lysates were stored
at —80°C, 5X SDS Loading buffer was added and
samples were boiled before use. A primary anti-
body specifically for zebrafish was used to detect
Esco2 (1:1000, GenScript) [22]. Alexa 546 anti-
rabbit (1:1000, Invitrogen) was used to detect
Esco2 primary antibody. A primary antibody spe-
cifically for zebrafish was used to detect Smc3
(1:1000, Santa Cruz Biotechnology, sc-8198).
Alexa 568 anti-goat (1:1000, Invitrogen) was used
to detect Smc3 primary antibody. An antibody for
human Ddbl protein sharing 97% homology to
zebrafish Ddb1l was used to detect Ddb1 (1:500,
Abcam, ab124672). Alexa 488 anti-rabbit (1:1000,
Invitrogen) was used to detect Ddb1 primary anti-
body. Mouse anti-a-tubulin (1:1000, Sigma-
Aldrich, T9026) was used as a loading control.
Alexa 647 anti-mouse (1:1000, Invitrogen) was
used to detect the tubulin primary antibody. For
measurement of band intensities, ImageJ software
(https://imagej.nih. gov/ij/)) was used. Relative
pixel densities of gel bands were measured using
the gel analysis tool in Image] software as pre-
viously described in Bhadra and Iovine, 2015
[40]. Tubulin was used as a loading control and
thus the relative expression calculations were
based on the ratio of Esco2 or Smc3 to Tubulin.

RT-PCR

For RT-PCR, total mRNA was extracted from
around 15 embryos to make one biological repli-
cate using Trizol reagent and the standard proto-
col. The resulting mRNA pellet was resuspended
in a solution of DEPC H20 and RNAse Inhibitor,
then the concentration of RNA was recorded using
the Thermo Scientific Nanodrop 2000. For making
cDNA, 1 g of total RNA was reverse transcribed
with  SuperScript III  reverse transcriptase
(Invitrogen) using oligo (dT) primers. The result-
ing cDNA was diluted 1:10 for RT-PCR. Control
primers (F: 5-CAGAAGCCCACGGCGGTGAA

-3, R 5-CCTGAACAGCTCCATCACCGC-3)
were used that expand a region within exon 2 of
ddbl mRNA, unaffected by the MO. Target pri-
mers (F: 5-CGGCCAAATACAACGCCTGC-3’ R:
5-CTGGAATGACCATCGATGCC-3’) were used
expanding from exon 3 - exon 5. PCR was set up
for SC MO injected embryos and ddbl MO
injected embryos. A 1% agarose gel was poured,
and PCR products ran at 100 V for ~ 1 hour.

MRNA rescue

Full length mRNA encoding for ddbl was
designed using the sequence from the ZFin data-
base. The 5 UTR and coding sequence was
inserted into the pcDNA3.1(+) plasmid . Plasmid
was diluted to 0.2 pg/pl in sterile water. The
Qiagen Mini-Prep kit was used to isolate plasmid
DNA from DHb5alpha cells . The plasmid DNA
was then linearized by performing an AvrlI digest.
A transcription reaction was then performed using
the Invitrogen mMessage mMachine kit. The con-
centration of the resulting mRNA was assessed
using the Thermo Scientific Nanodrop 2000. This
was also run on a formaldehyde gel and imaged
using the BioRad Gel Doc. The mRNA was then
diluted to concentrations of 25ng/pl and 100ng/pl
in phenol red. Diluted mRNA was heated at 65°C
for 5 minutes prior to injections into zebrafish
embryos at the 1-cell stage as previously described.
The mRNA was also co-injected into embryos that
had been injected with the smc3 and esco2-ATG
start site blocker MOs. Both the mRNA injected
embryos and co-injected rescue embryos were
fixed at 72 hpf in 4% PFA overnight at 4°C and
for phenotypes analysis. Embryos were stored in
100% methanol at —20°C for long term use after
fixing.

gRT-PCR

For gqRT-PCR, total mRNA was extracted from
around 15 embryos to make one biological replicate
using Trizol reagent and the standard protocol. The
resulting mRNA pellet was resuspended in
a solution of DEPC H20 and RNAse Inhibitor,
then the concentration of RNA was recorded using
the Thermo Scientific Nanodrop 2000. For making
cDNA, 1pg of total RNA was reverse transcribed
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with  SuperScript III  reverse transcriptase
(Invitrogen) using oligo (dT) primers. The resulting
cDNA was diluted 1:10 for qRT-PCR, using the
Rotor-Gene 6000. cDNA was made on esco2-ATG
MO injected embryos, smc3-ATG MO injected
embryos and SC MO injected embryos. For each
cDNA used, primers at a 10 uM concentrations
were used. Three primers were specific for compo-
nents of the CRL4 E3 Ligase affected by thalido-
mide, Cul4a (F: 5’-
GCGGAATATGGAGTGTGTATGA-3, R 5-
TCCTGCTTTGGCGGATTT-3), Crbn (F: 5-
CTTGTTCAGAGCGGATTGTAAAC-3, R: 5-
TGGCAGACTCGTGTCAAAG-3’) and Ddbl (F:
5-GCACACTGCAGATTGATGAC-3, R 5-
GACGACTCCACTAACACTACAG-3’).  keratin4
primers (F: 5-TCATCGACAAAGTGCGCTTC-3’;
R: 5-TCGATGTTGGAACGTGTGGT-3") were
used as a housekeeping gene control. For each
PCR tube, 7.5 ul of Sybr Green, 3 pl 10 uM
Primers, 3.5 pl sterile H20, and 1 pl cDNA was
added. Analyses of the samples were done using
Rotor-Gene 6000 series software (Corbette
Research) and the average cycle number (Cr) deter-
mined for each amplicon. Delta Cr (ACr) between
housekeeping gene and CRL4 genes were calculated
to represent expression levels normalized to keratin
values. AACy values were calculated to represent the
relative level of gene expression and the fold differ-
ence was determined using the AACt method (274*
€. as previously described [21,41].

Imaging analysis of embryos

Zebrafish embryos fixed at 72 hpf were mounted on
double cavity slides using 3% methyl cellulose for
embedding. Embryo phenotypes were observed
using the Nikon SMZ 1500, 1X objective at room
temperature and the Nikon Eclipse 80i Microscope,
10X and 20X objectives at room temperature.
Microscopes were equipped with SPOT-RTKE digi-
tal camera (Diagnostic Instruments) and SPOT soft-
ware  (Diagnostic  Instruments) for image
acquisition. The images obtained were then used
to quantify whole embryo length, eye diameter,
and otolith phenotypes. Percent similarities were
obtained for body and eye measurements for each
treatment compared to wild-type (WT) un-treated
embryos. First, percent difference was calculated by
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taking the change in value between treated/injected
embryo and un-treated/un-injected WT embryos,
divided by the average of the numbers, all multiplied
by 100. Percent similarities were then obtained by
subtracting percent difference from 100. Otolith
phenotypes were observed and scored into four
categories: normal otoliths, fused otoliths, small oto-
liths, and absent otoliths. Otolith diameters were
measured to distinguish between normal and small
otoliths. Anterior and posterior otolith diameters
were added; a sum less than 50 um was classified
as small. Percent of embryos with each otolith phe-
notype were calculated by taking number of
embryos in each category divided by total embryos
analyzed.

Statistical analysis

ANOVA tests were used to determine if there was
a statistically significant difference in body size, and
eye size between KDs and controls. Statistical analy-
sis was performed using ordinary one-way ANOVA
tests. Two-tailed paired t-tests were used to deter-
mine if there was a statistically significant difference
in qRT-PCR analysis between KDs and controls.
N values of at least 16 were used in every experi-
ment. Only values giving P < 0.05 are reported.
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