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Abstract

Mutations in subunits or regulators of cohesin cause a spectrum of disorders in humans known as the ‘cohesinopathies’.
Cohesinopathies, including the best known example Cornelia de Lange syndrome (CdLS), are characterized by broad spectrum,
multifactorial developmental anomalies. Heart defects occur at high frequency and can reach up to 30% in CdLS. The
mechanisms by which heart defects occur are enigmatic, but assumed to be developmental in origin. In this study, we depleted
cohesin subunit Rad21 by 70-80% in a zebrafish cohesinopathy model. The hearts of Rad21-depleted animals were smaller,
often failed to loop, and functioned less efficiently than size-matched controls. Functional deficiency was accompanied by valve
defects and reduced ejection fraction. Interestingly, neural crest cells failed to populate the heart and instead exhibited a
wandering behavior. Consequently, these cells also failed to condense correctly into pharyngeal arches. Transcriptome analysis
revealed that Wnt pathway, chemokine and cadherin genes are dysregulated at the time of cardiac neural crest development.
Our results give insight into the etiology of heart defects in the cohesinopathies, and raise the possibility that mild mutations in
cohesin genes may be causative of a fraction of congenital heart disease in human populations.

Introduction

Mutations in subunits of the cohesin complex, or regulators of
cohesin activity, are associated with a broad spectrum of human
disorders known as the ‘cohesinopathies’ (1-6), the best known
of which is Cornelia de Lange syndrome (CdLS; MIM #122470,
#300590, #610759 and #614701). CALS is a complex, multisystem
developmental syndrome affecting between 1:10 000 and 1:30 000
live births. CdLS is characterized by growth retardation, develop-
mental delay, microcephaly, facial dysmorphism, cognitive im-
pairment, hirsutism and upper limb defects ranging from small
hand size to severe limb differences. Developmental problems in
CdLS also include gastrointestinal, musculoskeletal and cardiac,
as well as hearing loss and urogenital abnormalities (4,7,8).

Most cases of CdLS (up to 80%) are caused by heterozygous
mutations in the NIPBL protein that loads cohesin onto DNA
(9-11). However, a smaller fraction of atypical cases falling within
the CdLS spectrum are caused by mutations in cohesin subunits

SMC1A (MIM #300040) (12,13), SMC3 (MIM #606062) (13) and
RAD21 (MIM #606462) (14), and the SMC3 lysine deacetylase,
HDACS (MIM #300269) (15,16). The cohesin complex has essential
roles in the cell cycle (17) and in DNA damage repair (18). There-
fore, gene mutations that characterize the cohesinopathies
involve reduced function of the encoded protein rather than a
complete loss of function, which would be incompatible with
life. The current view is that reduced function of cohesin/NIPBL
alters the transcription of developmental genes, resulting in
cohesinopathy phenotypes (1,2,19,20). However, dysregulation
of growth pathways and ribosome biogenesis may also be
contributory (21).

Congenital heart disease (CHD) is very common in CdLS and
related cohesinopathies, affecting from 30% (22) up to 70% (23)
of individuals, and leading to significant morbidity and mortality
when present (23). The most common abnormalities include
(in descending order) ventricular septal defects, atrial septal
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defect, pulmonic stenosis, tetralogy of Fallot and hypoplastic left
heart syndrome (23,24). CHD occurs at more or less the same fre-
quency in CdLS individuals who have cohesin subunit mutations
as well as those with NIPBL mutations (23). Of the nine human
probands with RAD21 mutations, two have congenital heart de-
fects, one with tetralogy of Fallot (14,24). CHD was also found fre-
quently in SMC3 and SMC1A patients, in whom the anomalies
were usually milder than for NIPBL patients (23). Although CHD
is prevalent in cohesinopathies, the causes are poorly under-
stood and may be multifactorial.

Congenital heart defects are recapitulated in animal models
of CdLS (25-27). In a zebrafish model, reduced Nipbl function
caused heart, gut and laterality defects via dysregulated expres-
sion of endodermal differentiation and left-right patterning
genes (26). Expression of sox32 and foxa2 in Nipbl-deficient em-
bryos rescued some but not all types of cardiac defect, implying
that not all heart defects were endoderm-derived (26). Another
study showed that stimulation of cell growth via the mTOR path-
way rescues growth and some developmental defects in cohesin-
deficient zebrafish, but not heart defects (21), implying that
cardiac defects caused by cohesin deficiency are not due to a pau-
city of cells alone. These findings prompted us to seek additional
causes for heart anomalies upon cohesin gene deficiency.

Here, we used Rad21-depleted zebrafish to expose develop-
mental phenotypes that result from partial cohesin deficiency.
Complete loss of Rad21 function leads to early embryo lethality,
so we used low doses of morpholino oligonucleotide (MO) to de-
plete Rad21 protein by up to 80%. Surprisingly, zebrafish partially
depleted of Rad21 developed almost normally, except for the pres-
ence of structural abnormalities of the heart. We found that heart
defects were at least in part caused by the failure of cardiac neural
crest (CNC) cells to reach the heart and were accompanied by dys-
regulation of genes involved in neural crest development (28,29).
Our results are consistent with other studies in which organs
and systems derived from neural crest are dysfunctional upon
mutation of cohesinopathy genes (27,30). Our results also raise
the possibility that CHD of unknown etiology could involve
sub-threshold expression or function of cohesinopathy genes
not previously appreciated in the general population.

Results

Moderate depletion of Rad21 as a model for human
cohesinopathies

In previous research, we demonstrated that zebrafish embryos
homozygous mutant for a null allele of rad21 (rad21"*'’*) are char-
acterized by dysregulated expression of genes involved in devel-
opment and cell proliferation (31,32). rad21"*"’* zygotic mutant
embryos are initially indistinguishable from wild-type, but dis-
play a delay in development from 22 h post-fertilization (hpf) on-
wards and do not survive beyond 72 hpf, precluding analysis of
later development (31). At 2 days post-fertilization (dpf), homo-
zygous rad21"?’! mutants have a beating, yet tiny heart that is
not looped and unable to pump blood. In contrast, heterozygous
rad21™“'”* mutant zebrafish develop relatively normally (but have
a low incidence of heart defects, as described in this study), des-
pite having a ~40% reduction in rad21 transcript (32).

In CdLS, the amount of functional protein present is only par-
tially compromised, as complete loss of function would disrupt
cell division and lead to non-viability. Thus, cohesinopathies re-
sult from haploinsufficiency/impaired function of cohesin genes.
For example, heterozygous NIPBL mutation results in only 15-30%
protein reduction due to up-regulation of the other allele (25),

while homozygous loss of ESCO2 (33) is sometimes survivable,
and is likely to be compensated by other mechanisms in survi-
vors (34). Human RAD21 mutations include missense point muta-
tions and loss of one allele, while homozygous mutations have
not been reported (14,24). This implies that reduced or altered
function of RAD21 might be tolerated, while complete loss of
function is not. We reasoned that if we reduced the amount of
functional Rad21 below a threshold level, we might be able to
expose the etiology of specific developmental phenotypes that
result from insufficiency of cohesin.

We have thoroughly characterized antisense MOs targeting
rad21 and determined that their activity accurately recapitulates
the mutant phenotype (31,32,35). To create a zebrafish model that
approximates a human cohesinopathy, we used very low doses of
the previously characterized MO targeting the rad21 ATG. This es-
tablished a partial rad21 knock down condition that led to 70-80%
depletion of Rad21 protein (Supplementary Material, Fig. S1). The
degree of Rad21 depletion was mild enough to allow embryos to
grow up to the larval stage and to feed normally. We found that
0.035 pmol of MO led to 60% survival, and 0.07 pmol allowed 20%
survival at 12 dpf when grown at 25°C (Fig. 1A).

Growth retardation is a common feature of the cohesinopa-
thies. We compared the size of 10 Rad21-depleted (0.035 pmol
rad21 MO) and 10 control embryos at 12 dpf and found that
growth in the Rad21-depleted embryos is slightly but significant-
ly reduced relative to controls (Fig. 1B and C; 4.7 versus 4.2 mm).
Other than their smaller size, Rad21-depleted embryos and lar-
vae developed relatively normally, except that most had promin-
ent heart defects (Fig. 1D; F compared with G). Heart defects were
partially rescued when Rad21 MO was injected into the p53 mu-
tant background, tp53°¥? (36) (Supplementary Material, Fig. S2),
indicating enhancing cell survival can compensate for Rad21 de-
ficiency. We hypothesized that partial Rad21-deficient zebrafish
represent a good model to better understand the etiology of
heart defects in cohesinopathy patients (14,24).

We next reasoned that heterozygous embryos from a
rad21"*”! incross might be sensitized for heart defects by an
even lower dose of the MO (0.02 pmol), well below the threshold
for inducing heart defects in wild-type animals. Indeed, 65% of
heterozygous, MO-injected embryos from rad21"“*”* incrosses
presented with heart defects. Moreover, ~30% of their homozy-
gous wild-type sibs also exhibited heart defects (Supplementary
Material, Fig. S3). These results suggest both decreased zygotic
expression and a decreased maternal contribution (since hetero-
zygous mothers have lower maternal contribution of Rad21) sen-
sitize embryos to low-dose MO treatment. Importantly, these
results argue against the likelihood of off-target effects of the
MO, since the same amount of MO does not interfere with
heart development in embryos from wild-type parents (Supple-
mentary Material, Fig. S3).

On close inspection, a proportion of uninjected control em-
bryos from rad21"**’* incrosses exhibited transient heart defects
that later resolved (Supplementary Material, Fig. S3). These data
indicate that even a slight depletion of Rad21, independent of MO
treatment, predisposes embryos to abnormal heart development.
This result is significant because it raises the possibility that
ideopathic embryonic heart defects in humans may arise from
partial loss-of-function mutations in cohesin genes.

Rad21 deficiency leads to failure of heart looping in
zebrafish embryos

To visualize the heart defects in Rad21-depleted zebrafish larvae,
we used double transgenic zebrafish containing Tg(bactin2:GFP) %>
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Figure 1. Partial depletion of Rad21 produces heart defects in zebrafish larvae that otherwise appear normal. Zebrafish embryos were injected at the one-cell stage with 1 nl
phenol red dye, or with various quantities of Rad21 ATG MO, then raised at 25°C. (A) Percentage of Rad21-depleted larvae surviving to swim and eat normally at 12 dpf
(n>20 for each condition). (B) Larval size at 12 dpf. Rad21-depleted larvae were significantly smaller than control embryos (P <0.05, unpaired t-test). n=6 for each
condition, error bars are +SEM. (C) Rad21-depleted larva (below) and control (top) at 12 dpf. Dorsal view, anterior to the right. Apart from their slightly smaller size,
Rad21-depleted larvae appeared externally normal. Scale bar =100 pm. (D) Percentage of larvae displaying a heart defect and reduced circulation at 12 dpf. Eighty-
three percent of Rad21-depleted larvae (n=10/12) displayed this phenotype. Heart defects were never observed in control larvae (n=20/20). (E) Heartbeats per minute
(bpm) at 12 dpf. Heartbeat did not differ between Rad21-depleted larvae and controls (P>0.05, unpaired t-test). n=9 for each condition, error bars are +SEM. (F and G)
Heart morphology at 12 dpf, visualized using a double-transgenic Tg(gatal:dsred), Tg(-actin:GFP) zebrafish line. Black arrows indicate the blood-filled atrium, white
arrows indicate the ventricle. Ventral views, anterior to the left. Scale bars are 100 pm. In control larvae (F), the orientation of the atrium and ventricle were at right
angles, whereas in Rad21-depleted larvae (G), the orientation of the atrium and ventricle were more aligned (see Supplementary Material, Video S1).

(37), which labels the myocardium, and Tg(gatal:dsred) (38),
which labels erythrocytes. Heart morphology and function was
analyzed at 12 dpf following injection of 0.035 pmol rad21 MO at
the one-cell stage. Our analysis revealed that 83% (10/12) Rad21-
depleted larvae had malformed hearts and reduced circulation
(Fig. 1D, Supplementary Material, Video S1). However, the heart
rate was unchanged between Rad21-depleted larvae and controls
at this developmental stage (Fig. 1E, Supplementary Material,
Video S1). To examine the developmental origin of heart malfor-
mation in Rad21-depleted embryos, we observed hearts at 2 and
3 dpf, the time when heart looping takes place in zebrafish. To
allow for the developmental delay in Rad21-depleted embryos,
we grew MO-injected embryos at 28°C and control embryos at
25°C. Under these conditions, both groups reached the same de-
velopmental stage at 2 and 3 dpf as confirmed by equivalent
embryo size (Fig. 2A-D and J).

We observed that the heart failed to loop correctly in 95% (19/
20) of Rad21-depleted embryos at 2 and 3 dpf. In contrast, the
heart looped correctly in 100% (20/20) of dye-injected control em-
bryos, all of which had established normal circulation at 2 and
3 dpf (Fig. 2E-H and K; Supplementary Material, Video S2). The
heart rate was significantly reduced in Rad21-depleted animals
compared with controls at this stage (Fig. 2I). Only 10% of
Rad21-depleted animals (2/20) had circulation at 2 dpf, but by
3 dpf, circulation had been established in 55% (11/20) (Fig. 2K).
This implies that the onset of circulation was delayed in a propor-
tion of Rad21-depleted embryos. Cardiac edema was present in
35% of Rad21-depleted embryos (6/20) compared with 5% (1/20)
of controls at 3 dpf (Fig. 2K).

Rad21 deficiency leads to heart valve defects in zebrafish
embryos

Defects in heart valve development are very common in cohesi-
nopathy patients (23). To determine whether reduced Rad21
function leads to abnormalities in zebrafish valve development,
we used a transgenic zebrafish line, Tg(5XERE:EGFP?*?), which

expresses GFP in the developing heart valves in response to estro-
gen (39). This line enabled visualization of the developing atrio-
ventricular valve (AV) and the ventriculobulbar valve (VB) at
5 dpf in Rad21-depleted and control larvae. Valve morphology,
orientation and function were normal in 10 out of 10 control em-
bryos (Fig. 3A and E, and Supplementary Material, Video S3). In
contrast, three out of eight Rad21-depleted larvae did not develop
a VB valve, and had a non-functional AV valve that failed to close
properly (Fig. 3B and E, and Supplementary Material, Video S3).
The remaining five out of eight Rad21-depleted larvae had devel-
oped both valves, but they appeared notably smaller than control
valves (Fig. 3C and D and Supplementary Material, Video S3). The
orientation of the AV/VB valve openings were vertically aligned in
Rad21-depleted embryos, as opposed to at right angles as ob-
served for controls. We visualized the ejection fraction, the volu-
metric fraction of blood pumped out of the ventricle, using Tg
(gatal:dsred) Tg(SXERE:EGFP?%?) fish. The apparent ejection frac-
tion of one contraction was much lower in Rad21-depleted em-
bryos compared with control larvae at 5 dpf (Fig. 3C and D, and
Supplementary Material, Video S3).

In humans, CNC is involved in heart septum formation and
evidence suggests that tetralogy of Fallot is associated with
CNC insufficiency (28). Therefore, it is possible that cardiac de-
fects present in RAD21-deficient patients and in other cohesino-
pathies are associated with dysfunction of CNC. In zebrafish, Li
et al. (40) showed that ablating pre-migratory CNC leads to heart
looping failure, similar to the phenotype observed in Rad21-de-
pleted embryos. These observations led us to investigate if neural
crest insufficiency could underlie the cardiac defects observed in
Rad21-depleted zebrafish.

Essentially normal specification and survival of cardiac
neural crest in Rad21-depleted zebrafish

First, we asked if CNC is specified and remains viable in Rad21-
depleted zebrafish. Expression of sox10 marks pre-migratory
neural crest in zebrafish. The spatial expression pattern of
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Figure 2. Cardiac phenotypes in Rad21-depleted embryos. Zebrafish embryos were injected at the one-cell stage with 1 nl phenol red dye, or with 0.035 pmol Rad21 ATG
MO, then raised as described below. (A and B) Control embryos and (C and D) Rad21-depleted embryos at 2 and 3 dpf. Rad21-depleted embryos incubated at 28.5°C were
equivalent in size to controls incubated at 25°C. Apart from cardiac defects, Rad21-depleted embryos displayed no obvious malformations. (E-H) Heart morphology at 2
and 3 dpf, visualized using a double-transgenic Tg(gatal:dsred), Tg(B-actin:GFP) zebrafish line, in which erythrocytes are labeled red, and myocardium is light blue. Scale bar
is 50 pm. (F and H) Atboth 2 and 3 dpf, the hearts of Rad21-depleted embryos failed to loop, and blood cells accumulated under the heart. n > 12 for each condition. (I) Heart
rate in beats per minute (bpm) at 2 and 3 dpf. Heart rate was significantly reduced in Rad21-depleted embryos at both 2 and 3 dpf (**P <0.01 and ***P < 0.0001, respectively,
unpaired t-test). Error bars are +SEM. (J) Embryo size at 2 and 3 dpf. There was no difference in size at either time point between Rad21-depleted and control embryos, when
controls were grown at 25°C and Rad21-depleted embryos at 28°C (P > 0.05, unpaired t-test). Three days post-fertilization embryos were significantly larger than 2 dpf
(***P <0.0001, two-way unpaired ANOVA). Error bars are +SEM. (K) Phenotypic abnormalities observed at 2 and 3 dpf. Rad21-depleted embryos had reduced blood flow
and unlooped hearts at 2 and 3 dpf, as well as cardiac edema at 3 dpf (see also Supplementary Material, Video S2).

sox10 was unchanged between controls and Rad21-depleted em-
bryos at the 10-somite stage (Supplementary Material, Fig. S4), in-
dicating that neural crest is specified normally in Rad21-depleted
embryos. However, RNA-seq revealed that total levels of sox10
transcript were reduced in Rad21-depleted embryos, which
might affect subsequent neural crest development (see Supple-
mentary Material, Table S1 and text below).

It is well known that neural crest cells are sensitive to genetic
and environmental causes of cell death (41-43). Moderate Rad21
depletion could activate cell cycle checkpoints and cause death
of neural crest cells, which would in turn lead to abnormal
heart development. Whole-mount TUNEL staining revealed
only a slight non-significant increase in apoptotic cells in
Rad21-depleted embryos (0.07 pmol) compared with controls at
the 10-somite stage. At the lower MO concentration (0.035 pmol),
there was no significant change in the numbers of apoptotic cells
(Supplementary Material, Fig. S5). Apoptotic cells were not par-
ticularly concentrated to neural crest locations, indicating that

this population of cells appears not to be especially vulnerable
to Rad21 depletion. However, heart looping defects caused by
Rad21 depletion with 0.07 pmol MO were partially rescued by a
zebrafish line homozygous for a missense mutation in p53
(tp53°%) (36) (Supplementary Material, Fig. $2), indicating that
enhancing cell survival can compensate for developmental
heart defects in the embryo. Together, the results argue that a
slight deficiency in sox10 mRNA together with a modestincrease
in cell death leading to lower cell numbers could together
contribute to the heart looping phenotypes observed in Rad21-
depleted embryos.

Cardiac neural crest cells in Rad21-depleted zebrafish are
able to migrate, but fail to populate the heart

CNC is specified normally in Rad21-depleted embryos, and cell
survival is not significantly impacted; so next, we asked whether
migration and location of CNC is impaired. There is no known
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Time course through one heartbeat

Figure 3. Rad21 depletion causes cardiac valve defects and decreased ejection of
blood from the heart. Zebrafish embryos were injected at the one-cell stage with
1 nlPhenol Red dye, or with 0.035 pmol Rad21 ATG MO, then raised as for Figure 2.
Scale bars are 20 pm. (A and B) Time series of heart valves at 5 dpf, visualized
using a transgenic Tg(SXERE:EGFP?*?) zebrafish line in which the heart valves are
GFP-labeled. (A) Normal valve morphology and function in control embryos. The
opening of the VB valve is oriented at right angles to the AV valve (white arrows).
The AV and VB valves open and close alternately. Valve defects were never
observed in controls (n=10). (B) Example of the extreme heart valve defects
observed in Rad21-depleted embryos. In three out of eight Rad21-depleted
embryos analyzed, the VB valve failed to develop and the AV valve failed to
close properly. In the remaining five out of eight Rad21-depleted embryos, both
AV and VB valves developed, but were notably smaller compared with control
valves, as shown in (D). In all Rad21-depleted embryos, the orientation of the
VB valve was in line with the AV valve (white arrows), in contrast to the
perpendicular orientation of the valves seen in controls. (C and D) Time series of
blood pumping through the heart at 5 dpf, visualized using a double-transgenic
Tg(gatal:dsred), Tg(5XERE:EGFP?*?) zebrafish line, in which erythrocytes are labeled
red and the heart valves are green. (C) Normal heart function in a control
embryo. Blood flows from the atrium (1) into the ventricle (2) in a contralateral
direction, and from the ventricle intro the bulbus arteriosus (3) in a cranial
direction. (D) Rad21-depleted embryo. The volume of blood pumped into both
the ventricle and the atrium is reduced in Rad21-depleted embryos (see also
Supplementary Material, Video S3). (E) Pictorial representation of the heart
morphologies shown in C and D. AV, atrioventricular valve; VB, ventriculobulbar
valve. 1, atrium; 2, ventricle; 3, bulbus arteriosus.

CNC marker in zebrafish; therefore, we traced presumptive CNC
cells by using caged fluorescein dextran (40). Previously, neural
crest just anterior to somite 1 was found to be the primary source
of CNC that migrates to the heart by 24 hpf in zebrafish (40,44).
Caged fluorescein dextran was injected into control, Rad21-de-
pleted or rad21™#*’* mutant embryos at the one-cell stage, and
uncaged as previously described (40) (Fig. 4A-A"). By 2 dpf, 87%
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control embryos showed fluorescent CNC cells in the myocar-
dium (Fig. 4B-B” and D), indicating that cells had successfully mi-
grated from their origin anterior to somite 1. In contrast, embryos
that were Rad21-depleted (0.035 and 0.07 pmol MO) had only 38
and 16% fluorescent cells in the heart, respectively (Fig. 4D). Fur-
thermore, 0 out of five homozygous mutant rad21"#!”? embryos
showed fluorescent cells in the heart (Fig. 4D).

In rad21"*”! mutants, uncaged fluorescent cells of neural
crest origin never appeared in the heart at 26, 35 or 48 hpf. In-
stead, fluorescent cells were observed to accumulate just behind
the otic vesicle at 35 hpf (Fig. 4C-C”). This result indicates that
CNC cells are able to migrate, but fail to populate the heart in
rad21"*”! mutants. Melanocytes are neural crest-derived (45).
At 2 dpf, ectopic melanocytes appear at the same location, just
behind the otic vesicle, in both Rad21-depleted embryos (Fig. 5B
and E; n=15/20) and rad21™'”! mutants (n = 20/20; Fig. 5C and F,
compare with A and D). Some melanocytes in Rad21-depleted
embryos were abnormally located far under the epidermis
(Fig. 5G-G”, n =4), which is <4 pm thick at 2 dpf (46). Melanocytes
were never observed at this location in control embryos (n = 20).
We also observed increased pigmentation along the neural tube
in both Rad21-depleted and rad21"*’* mutant embryos (Fig. 5B
and C compared with A). We hypothesized that the failure of
CNC cells to populate the heart, together with the inappropriate
location of melanocytes, reflects a general defect in neural crest
delamination and/or migration pathways.

To determine if neural crest delamination and migration is
abnormal in Rad21-depleted embryos, we used time-lapse
imaging of rad21"*'”? homozygous mutant embryos on a Tg
(s0ox10:GFP) background to track cranial neural crest migration
to the pharyngeal arches. Time-lapse analysis (n=4) revealed
that neural crest successfully delaminated from the neural tube
and was able to reach the developing pharyngeal arches in
rad21"“”* homozygous mutant embryos (Supplementary Mater-
ial, Video S4). However, we found that neural crest failed to con-
dense and to shape the typical pharyngeal arch structures in
rad21"*”! homozygous mutant embryos (Fig. 6B-B” compared
with controls in A-A”). Rad21-depleted embryos also exhibited
aberrant pharyngeal arch condensation, with misshaped arches
appearing in 9 out of 20 embryos at the 0.035 pmol MO dose (data
notshown), and 18 out of 18 embryos displaying abnormal arches
at the 0.07 pmol dose (Fig. 6C-C”). In rad21"*’* homozygous
mutant embryos, it appeared that cells continue to migrate,
sometimes in the reverse direction (Supplementary Material,
Video S4), indicating that guidance cues driving condensation
may be absent.

Dysregulation of genes involved in neural crest cell
function in Rad21-depleted embryos

We previously determined that multiple developmental genes
are dysregulated in Rad21-depleted embryos at 24 and 48 hpf
(1,32). Therefore, it is possible that failure of neural crest cells
to reach the heart field, or to condense into pharyngeal arches,
is associated with aberrant developmental gene expression
between 8 somites and 24 hpf in Rad21-depleted zebrafish
embryos. To investigate this possibility, we analyzed RNA-seq
data from Rad21-depleted zebrafish embryos at the 8-somite
stage (10 hpf), and found 236 genes were up-regulated and 322
were down-regulated (FDR <0.05) (Fig. 7A). Many genes involved
in cellular and developmental processes were dysregulated
(Fig. 7B). Of these, we found dysregulated genes were enriched
in pathways known to contribute to neural crest induction, mi-
gration and condensation into pharyngeal arches and cardiac


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv402/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv402/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv402/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv402/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv402/-/DC1

7010 | Human Molecular Genetics, 2015, Vol. 24, No. 24

Bright field

3-8
somite
uncaging

D £ 100+
2
£ a0 807
=5
0w c
&< 6o-
w
53
2 E 40'
5
=g 201
5
=3
= 0-

0

0.035 0.07

Fluorescein dextran

rad21 -/-

rad21 MO (pmol)

Figure 4. Cardiac neural crest cells fail to contribute to the heart in Rad21-depleted embryos. Wild-type, Rad21-depleted or rad21"“"’* homozygous mutant zebrafish
embryos were injected at the one-cell stage with caged fluorescein dextran. (A-A”) Uncaging of fluorescein dextran in the pre-migratory neural crest at three- to eight-
somite stages (10.5-11.5 hpf). (A) Brightfield image of an embryo at the six-somite stage. (A’) Fluorescein dextran was uncaged in the region along the neural tube cranial to
somite 1 by exposure to 360 nm UV light. (A”) A merged view shows the position of the uncaged region. Scale bar is 250 pm. (B-B”) In control embryos, fluorescein-labeled
cardiac neural crest cells were present in the myocardium by 35 hpf. (B) Brightfield image of the heart (h) of a control embryo. (B’) Darkfield image showing fluorescent
cardiac neural crest cells in the heart. (B”) Merged images reveal that the fluorescent cells are part of the myocardium. Scale bar is 10 pm. (C-C’) In rad21"**”* mutants,
fluorescein-labeled neural crest cells never reached the heart, but instead, accumulated posterior to the otic vesicle by 35 hpf. (C) Brightfield image of the otic vesicle (ov)
and the adjacent posterior region in a rad21 mutant embryo. (C’) Darkfield image showing fluorescent cells accumulating posterior to the otic vesicle. (C") Merge of (C) and
(C). Scale bar is 100 pm. (D) Percentage of embryos with fluorescent cells in the heart. Rad21-depleted embryos (0.035 pmol MO, n=16; 0.07 pmol MO, n=7) displayed
fluorescent cells in the heart less frequently than control embryos (n = 23). Fluorescent cells were never observed in the hearts of rad21"*'’* mutants (n=5).

outflow tract (29) (Fig. 7C, Supplementary Material, Table S1).
Dysregulated genes belonged to the Wnt and BMP signaling
pathways, cell adhesion, guidance and migration pathways,
and transcription factors involved in neural crest identity.
Selected genes were confirmed by quantitative reverse tran-
scriptase-polymerase chain reaction (QRT-PCR) to be dysregu-
lated in rad21"*”! mutants at 24 hpf as well as MO-treated
Rad21-depleted embryos (Fig. 7D).

Discussion

A moderate deficiency of cohesin subunit Rad21 leads to
specific cardiac defects in zebrafish

Here, we show that reduced levels of Rad21 in zebrafish result in
heart defects characteristic of humans with CdLS-related

cohesinopathies. Cohesinopathies are characterized by im-
paired, but not loss-of-function of the affected genes, owing to
the essential nature of the cohesin complex and its regulators.
To date, creating animal models that accurately recapitulate
the cohesinopathies has been difficult because even modest re-
ductions in the function of cohesinopathy genes can result in
drastic developmental consequences. Tissue-specific genetic
techniques that completely remove all cohesin function may
not accurately recapitulate human disease either, since dosage
is likely to be an important consideration in disease etiology
(27,47). In previous work, we characterized a homozygous lethal
genetic mutation in cohesin subunit rad21, which has defects in
gene expression and blood development, but does not survive
long enough for subsequent phenotypes to be analyzed
(31,32,35). Zebrafish heterozygous for a rad21 null allele have
40% less rad21 mRNA than wild-type animals (32), and they
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Control

—_— rad21-/-

Figure 5. Rad21 depletion causes mislocalisation of melanocytes. (A-C) Neural tube pigmentation at 3 dpf. In Rad21-depleted (0.035 pmol MO) embryos (B), we observed
increased pigmentation along the neural tube compared with controls (A) (black arrowheads). Abnormal pigmentation was observed in all rad21"*"”* mutant embryos (C).
(D-F) Ectopic melanocytes were present behind the otic vesicle (arrows) in 15 out of 20 Rad21-depleted embryos (0.035 pmol MO) (E), and 20 out of 20 rad21"**”* mutants (F)
at 3 dpf. (G-G”) Images of the ectopic melanocyte clusters of Rad21-depleted embryos, taken in different focal planes, revealed that ectopic melanocytes were present far
beneath the epidermis. (G) Level of the first layer of skin (0 pm), showing one melanocyte in focus (arrowhead). (G’) Nine micrometers deeper, another melanocyte can be
seen in focus (arrowhead). (G”) Twenty-four micrometers deeper, further melanocytes can be seen (arrowhead). At this developmental stage, the epidermis is <4 pm thick.
The average depth of the ectopic melanocytes was 42.75 pm (n = 4). Pigmentation was not observed behind the otic vesicles of 20 out of 20 control embryos laid in the same
clutch. Anterior is to the left and dorsal is to the top in all panels. Scale bars are 250 pm.

develop normally with a small proportion showing temporary
cardiac defects that later resolved (Supplementary Material,
Fig. S3). In the present study, we more accurately model human
RAD21 mutations by partially knocking down Rad21 protein in
zebrafish to ~20% of wild-type levels using a gene-specific mor-
pholino (Supplementary Material, Figs S1 and S3). Remarkably,
zebrafish embryos with only 20% of wild-type Rad21 developed
relatively normally and were only slightly smaller than wild-
type controls. However, the vast majority of Rad21-depleted zeb-
rafish exhibited some form of cardiac defect (Figs 1-3). The hearts
of Rad21-depleted fish were much smaller than wild-type, re-
mained unlooped, had deficiencies or defects in valvular struc-
tures and were unable to pump blood efficiently. Our data
suggest that heart development is exquisitely sensitive to the
available amount of Rad21/cohesin. We found that heart devel-
opment is compromised even when there is sufficient cohesin
present to support relatively normal growth. Accordingly, our re-
sults also reflect the clinical findings that CHD are prevalent in
CdLS and related cohesinopathies (23,24). However, human cohe-
sinopathy cases generally have a lower incidence of cardiac de-
fects than did the Rad21-depleted zebrafish. This could reflect
species-specific differential sensitivity (or plasticity) of cell popu-
lations in developing embryos (Fig. 8).

Cardiac defects induced by Rad21 deficiency have a
neural crest origin

A previous study showed that expression of endodermal differ-
entiation genes sox32, sox17 and foxa2 was altered in Nipbl-
depleted, but normal in Rad21-depleted zebrafish embryos (26).

Heart looping defects in Nipbl-depleted embryos, which are simi-
lar to those we observed in Rad21-depleted embryos, were not
rescued by injection of sox32 or gata5 transcript. In contrast,
other heart phenotypes in Nipbl-deficient embryos, such as car-
dia bifida, were rescued by these transcripts (26). We did not ob-
serve cardia bifida in Rad21-depleted zebrafish. These results
imply that different cohesinopathy mutations cause CHD via di-
vergent pathways, and that defects in heartlooping are not due to
problems with endoderm differentiation.

Proper development of the vertebrate heart depends on
contribution from cardiac neural crest cells as well as from endo-
derm. Cardiac neural crest cells contribute to valve development,
cardiac septation and the outflow tract (28). Highlighting their
developmental importance, cardiac neural crest cells are central
to the pathogenesis of several human cardiocraniofacial syn-
dromes (28). Cardiac neural crest cells have been identified in
zebrafish (44), and their ablation caused a very similar cardiac
phenotype to Rad21 depletion (40). We found that cardiac neural
crest cells failed to populate the myocardium in Rad21-depleted
zebrafish and rad21 homozygous mutants (Fig. 4). Our observa-
tion that the VB valve is often severely reduced or absent in
Rad21-depleted zebrafish (Fig. 3) is consistent with the idea that
cardiac neural crest cells contribute to this structure.

Other studies also indicate neural crest involvement in the
cohesinopathies. Deficiency of cohesin subunit Pds5 in mice
caused cleft palate, congenital heart defects and delayed migra-
tion of enteric neuron precursors (27); neural crest cells contrib-
ute to all of these structures. More recently, mutations in
SGOL1, a cohesin-related gene, were found to cause chronic atrial
and intestinal dysrhythmia in humans (30) with the possibility
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Figure 6. Rad21 deficiency causes defects in cranial neural crest condensation into pharyngeal arch structures. Neural crest from wild-type, Rad21-depleted or rad21"***
homozygous mutant zebrafish embryos were visualized using Tg(sox10:GFP) zebrafish. Scale bars are 250 pm. (A) In 28 hpf wild-type zebrafish embryos, neural crest cells
condense and form distinctive structures representing the developing pharyngeal arches (arrows). (A’) By 36 hpf, six pharyngeal arches are clearly visible (arrows). (A”)
Higher magnification of (A’) showing the pharyngeal arches in more detail. (B-B”) sox10:GFP-positive cells in rad21™!"*homozygotes on the Tg(sox10:GFP) background. (B)
At 28 hpf, sox10:GFP-positive neural crest cells had migrated to the anticipated location cranio-ventral to the otic vesicle (ov), but failed to correctly condense to form the
characteristic arch structure. (B’) At 36 hpf, the pharyngeal arch structures remained unformed in rad21"'”! mutants. (B”) Higher magnification of (B’) showing
disorganization of sox10:GFP-positive cells in the pharyngeal region. (C-C") sox10:GFP-positive cells in Tg(sox10:GFP) embryos depleted of Rad21 using 0.07 pmol Rad21
MO. (C) Rad21-depleted embryos displayed disorganization of the pharyngeal arches at 28 hpf (18/18) as marked by sox10:GFP-positive cells. In 7 out of 18 instances, the
defects recapitulated the mutant phenotype. (C') At 36 hpf, the pharyngeal arch structures remained unformed or disorganized in Rad21-depleted embryos. (C") Higher
magnification of (C’) showing disorganization of sox10:GFP-positive cells in the pharyngeal region. See also Supplementary Material, Video S4.

that the affected structures are neural crest-derived. Together,
the results indicate that cardiac neural crest defects may be an
important contributory factor to CHD in the cohesinopathies.

Cardiac defects induced by Rad21 deficiency are
accompanied by dysregulation of genes important for
neural crest function

We found that neural crest is specified normally in Rad21-depleted
animals (Supplementary Material, Fig. S4), and we also found that
neural crest can migrate from its dorsal origin (Fig. 6, Supplemen-
tary Material, Video S4). So why don’t Rad21-deficient neural
crest cells populate the heart field? Rad21-depleted embryos
(0.07 pmol) had slightly higher levels of cell death (Supplementary
Material, Fig. S5), and heart defects owing to Rad21 deficiency were
compensated in a p53 mutant background (Supplementary Mater-
ial, Fig. S2). Therefore, it is possible that insufficient numbers of
neural crest cells reach the heart field because of cell death or re-
duced proliferation of neural crest cells, or surrounding cells.

However, Xu et al. (21) showed that while stimulation of growth
pathways rescued some of the growth and developmental anom-
alies of Rad21-depleted embryos, cardiac defects were not rescued.
Furthermore, we were unable to rescue cardiac defects in rad21 /-
zebrafish embryos by overexpressing Myc, which promotes
growth, and is normally down-regulated upon cohesin deficiency
(32) (data not shown). The results suggest that while cell prolifer-
ation and survival downstream of Rad21 deficiency might partially
account for the observed heart defects, additional factors are likely
to contribute.

Our previous microarray study showed that several develop-
mental genes are dysregulated in 24 and 48 hpfrad21~~ zebrafish
embryos (32). In the present study, our RNA-seq analysis of
Rad21-depleted embryos at the 8-somite stage revealed that
dysregulated genes included those essential for neural crest
development and migration (Fig. 7, Supplementary Material,
Table S1). Together, the results support the idea that dysregu-
lated gene expression might contribute to the failure of neural
crest cells to populate the heart in Rad21-depleted embryos,
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Figure 7. Genes involved in neural crest function are dysregulated upon Rad21 depletion in eight-somite zebrafish embryos. (A) Scatter plot comparing global gene
expression profiles between wild-type and Rad21 ATG MO knockdown (Rad21 MO, 0.5 pmol MO) 10 hpf embryos (8 somites). Differentially expressed genes (false-
discovery rate FDR < 0.05, log, fold change >0.8) are marked in green (up-regulated) and red (down-regulated). (B) GO term enrichment analysis was performed on
down-regulated genes in Rad21 MO using the R package ClusterProfiler (52) using a cutoff of 0.05 FDR corrected P-value. Bar lengths represent number of genes in each
category, bar color stands for the ~log;, of the adjusted P-value of each GO term. No significant GO enrichment was found in the up-regulated gene set. (C) Bar graph of
genes involved in neural crest development showing fold change and FDR in bar color. Neural crest genes were those identified by Kirby and Hutson (29). Raw data
including direction and degree of regulation can be found in Supplementary Material, Table S1, and information on transcriptome production and analysis can be
found in the Supplementary Methods. (D) Confirmation by qRT-PCR of dysregulated expression of candidate neural crest-related genes identified by RNA-seq in
10 hpf Rad21 ATG MO embryos (0.5 pmol MO). Dysregulated expression was similar to that observed in rad21"**”* homozygous mutants at 24 hpf. The vertical axis
shows the relative mRNA expression normalized to rpl13a and actb mRNA. Data are means of three independent biological replicates +SEM; asterisks indicate
significant changes in expression, P-value <0.05.
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Figure 8. Model illustrating how a slight decrease in cohesin could sensitize the
heart to abnormal development. Only a small proportion of cohesin is needed
for sister chromatid cohesion, while the majority of cohesin has other cellular
roles such as gene expression and DNA damage repair (1). In the graph, the
curved line represents the requirement for cohesin function in a given cell type
as development progresses. During a particular developmental window, the
requirement for cohesin in (for example) neural crest could be up to maximum
wild-type levels. Cells in this window would be sensitized to abnormal
development by partial cohesin knockdown, as described by our study, or by
genetic insufficiency. This model could account for the specific heart
phenotype observed with Rad21 depletion (our study), or the multifactorial
developmental abnormalities observed in the cohesinopathies. It could explain
why many developmental processes remain untouched, while others are
compromised.

and to condense into pharyngeal arches in the rad21"*!” mutants
(Fig. 6, Supplementary Material, Video S4). Several dysregulated
genes belong to guidance molecules and their receptors, chemo-
kines, cell adhesion molecules and the Wnt signaling pathway
(Fig. 7). Abnormal function of these pathways could explain the
observation that while neural crest cells are able to migrate,
they appear to ‘wander’, sometimes reversing their direction,
without reaching their destination (Supplementary Material,
Video S4). Therefore, it is possible that developmental cues di-
recting neural crest contribution to the heart are compromised
in Rad21-depleted embryos, leading to the observed cardiac phe-
notypes. However, it is not known whether such developmental
cues would originate from within neural crest cells themselves,
or from surrounding tissue that contributes toward guiding
these cells to their destination.

In conclusion, heart development must be precisely timed,
and is exquisitely sensitive to changes in multiple developmen-
tal pathways. Our results show that abnormal migration of CNCis
likely to contribute to CHD in CdLS patients, perhaps depending
on which cohesinopathy gene is mutated. We found that lower-
ing the threshold of cohesin function can expose the embryo to
cardiac anomalies, while otherwise preserving essentially nor-
mal development. A hypothetical model for how cardiac devel-
opment might be particularly exposed to cohesin depletion is
presented in Figure 8. Our results raise the interesting possibility
that cardiac defects arising from genetic mutations in the cohe-
sin apparatus could affect the general population, without any
other apparent clinical manifestation.

Materials and Methods
Zebrafish

Zebrafish were maintained as described previously (48). Zebrafish
lines tp53?4? (36), Tg(bactin2:GFP)?° (37), Tg(gatal:dsred) (38) and
Tg(sox10:GFP) (49) were obtained from the Zebrafish International
Resource Center (University of Oregon), or from the University of
Auckland with appropriate permissions. The Tg(5XERE:EGFP?%?)
(50) line was a gift from Daniel Gorelick and Marnie Halpern.

The University of Otago Animal Ethics Committee approved all
zebrafish research.

Microinjection

An MO targeting the ATG codon of the zebrafish rad21 gene (se-
quence: 5-AGGACGAAGTGGGCGTAAAACATTG-3') was obtained
from GeneTools LLC and diluted in water. Characterization and
validation of this MO was reported in detail previously (31,32).
For microinjection, 1 nl containing the stated pmol of MO was in-
jected into the yolk of wild-type zebrafish embryos, or those from
various transgenic reporter lines, at the one-cell stage. Control
embryos were injected with 1 nl Phenol Red dye solution. Rad21
protein knockdown was confirmed by western blot analysis (Sup-
plementary Material, Fig. S1 and Supplementary Methods). To ex-
clude the possibility of non-specific MO effects, we established an
MO dose that caused no defects in wild-type embryos, and de-
monstrated that this dose was able to cause heart defects in em-
bryos from a rad21"?*’"* background (Supplementary Material,
Fig. S2 and Supplementary Methods).

Microscopy and image capture

Allimaging used either a Leica M205 FA stereofluorescent micro-
scope and Leica Applications Suite software or a Nikon Eclipse
Ni-E microscope and NIS Elements software. Time-lapse movies
were acquired using a Nikon Eclipse Ni-E microscope with a
DS-U3 camera using water immersion 20x and 40x objectives,
and processed using NIS Elements or ImageJ software.

Cell tracing

Caged fluorescein dextran was synthesized as described (51).
One-cell stage embryos were injected with 1 nl of RNase-free
water containing Rad21 MO or a water control, and caged fluores-
cein dextran stock diluted 1:5. For mutant analysis, embryos from
arad21"*'’? heterozygous incross were injected with caged fluor-
escein dextran stock diluted 1:5. Embryos were incubated in the
dark at 22°C overnight. Subsequently, three- to eight-somite
stage embryos were placed in a petri dish containing a bed of
2% agarose and dechorionated using forceps. Embryos were
mounted in a drop of 3% methylcellulose (Sigma) on a depression
slide with the lateral surface facing upwards. Fluorescein was un-
caged in the pre-migratory neural crest region as previously de-
scribed (40). Briefly, using a 20 pm pinhole on a Nikon Eclipse
Ni-E microscope and a 40x water immersion objective, neural
crest cells immediately anterior to somite one were exposed to
UV light (360 nm for 10 s). The location of fluorescein-labeled
cells was examined at 2 dpf using a Nikon Eclipse Ni-E micro-
scope. Mutant rad21"*'”! embryos and Rad21 MO-injected
embryos were compared with wild-type.

RNA extraction and RNA-seq

Wild-type embryos were collected at the one-cell stage, synchro-
nized and either morpholino injected (0.5 pmol Rad21 ATG MO)
or kept as control and allowed to develop to the eight-somite
stage at 28°C. Three biological replicates each containing total
RNA from 100 pooled embryos were isolated using the Nucleo-
Spin® RNAII Kit (Macherey-Nagel). The quality of the RNA was
confirmed using the Agilent 2100 Bioanalyzer; all samples had
RIN numbers above 9. Strand-specific libraries were prepared
using the TruSeq stranded total RNA-ribozero kit (Illumina) and
100 bp paired-end sequencing was performed to depth of 10 mil-
lion reads per library on an Illumina HiSeq 2000. See Supplemen-
tary Methods for details on RNA-seq analysis.
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Quantitative reverse transcriptase-polymerase chain
reaction

One microgram of total RNA was used for cDNA synthesis with
gScript cDNA Supermix kit (95048-100; Quanta Biosciences).
gRT-PCR reactions were performed in duplicates on a Roche
LightCycler 480 Instrument II Real-time PCR System with SYBR
Green PCR master mix (no. 4309155; Applied Biosystems, Life
Technologies). Standard curves were run for all primer pairs to
ensure high efficiencies (>97%; R2 >0.98) and a single shoulder-
free peak upon melt curve analysis. Transcript expression was
normalized to reference genes rpl13a, actbl, actal using qBase
Plus (Biogazelle) and results are represented as fold change in
expression level relative to control sample (mean + SEM, n=3
biological replicates), all primers are listed in Supplementary
Material, Table S2. Statistical analysis was performed using
gBase Plus (Biogazelle) (unpaired t-test). A P-value of <0.05 was
considered to indicate statistical significance and marked by an
asterisk.

Statistical analysis

Unless otherwise specified, statistical analysis and graphing
were performed using Prism version 6.00 for OSX (Graphpad
Software).

Supplementary Material

Supplementary Material is available at HMG online.
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