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BACKGROUND: Binding of Slit ligands to their Robo receptors regulates signaling pathways that are important for heart devel-
opment. Genetic variants in ROBO7and ROBO4 have been linked to congenital heart defects in humans. These defects are
recapitulated in mouse models with ubiquitous deletions of the Slit ligands or Robo receptors and include additional heart
defects not currently linked to SLIT or ROBO mutations in humans. Given the broad expression patterns of these genes, the
question remains open which tissue-specific ligand-receptor interactions are important for the correct development of differ-
ent cardiac structures.

METHODS AND RESULTS: We used tissue-specific knockout mouse models of Robo1/Robo2, Robo4, Slit2 andSIit3 and scored
cardiac developmental defects in perinatal mice. Knockout of RoboZ2 in either the whole heart, endocardium and its deriva-
tives, or the neural crest in ubiquitous Robo? knockout background resulted in ventricular septal defects. Neural crest-specific
removal of Robo2 in Robo1 knockouts showed fully penetrant bicuspid aortic valves (BAV). Endocardial knock-out of either
Slit2or Robo4 caused low penetrant BAV. In contrast, endocardial knockout of S/it3 using a newly generated line resulted in
fully penetrant BAV, while removal from smooth muscle cells also resulted in BAV. Caval vein and diaphragm defects observed
in ubiquitous Sit3 mutants were recapitulated in the tissue-specific knockouts.

CONCLUSIONS: Our data will help understand defects observed in patients with variants in ROBO1 and ROBO4. The results
strongly indicate interaction between endocardial Slit3 and neural crest Robo2 in the development of BAV, highlighting the
need for further studies of this connection.
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Receptor 1 (ROBOT) have recently been linked to

tetralogy of Fallot, atrial septal and ventricular sep-
tal defects in patients,' whereas variants in ROB0O4
predispose to bicuspid aortic valves (BAVs).? These de-
fects are recapitulated in ubiquitous mouse mutants for
the Robo receptors and their Slit Guidance Ligands.3#
However, mouse mutants show a much broader range
of congenital heart defects, including atrial septal and
ventricular septal defects, BAVs, bicuspid pulmonary
valves, and pericardial and caval vein defects. This

I oss-of-function variants in Roundabout Guidance

correlates with the broad expression patterns of the
different ligands and receptors in several cardiac cell
types®# from specific parts of the myocardium, the en-
docardium, the cushions/valves, and the neural crest
to smooth muscle cells. As a result, it is still unknown
which cell type—specific expression is important for the
correct development of the different cardiac structures.
Here, we have scored congenital heart defects in a
broad range of tissue-specific knockouts to better un-
derstand the interaction between the source tissues of
the ligands and the responsive tissues expressing the
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receptors during heart development. These data are
important to fully understand the effects of disruption
of this pathway in patients with variants in these genes.

METHODS

The data supporting the findings of this study are
available from the corresponding author upon re-
quest. All experimental procedures were performed
in accordance with the UK revised Animals (Scientific
Procedures) Act 1986 and the European Directive
2010/63/EU, and approval has been obtained from
Oxford University’s central Committee on Animal
Care and Ethical Review. Robo71™mMatl: Ropo2tmiRim
(Robof/*; RObO2ﬁOX),5S//'f2tm7‘7/CS (S//fZﬂOX),6’7RObO4ﬂOX,8
Nkx2-5tm1erefis  (NK2  Homeobox 5, Nkx2.5-cre),?
H2az2TeWnti-creliRth (\\nt Family Member 1, Whnt1-cre),'°
Tg(Tek-cre)12Flv (TEK Receptor Tyrosine Kinase,Tie2-
cre),"" and Tg(Myh11-cre/ERT2)1Soff/J (Myosin Heavy
Chain 11, Myh11-creffi™)'? were all maintained on a pure
C57BL/6J background. A conditional Sjt3tm’eEUCOMM)
Hmgu line was generated using an EUCOMM (European
Conditional Mouse Mutagenesis Programme) em-
bryonic stem cell line (http:/www.informatics.jax.
org/allele/key/615486). The day the vaginal plug was
found was considered embryonic day (E) 0.5. For
tamoxifen-dependent, tissue-specific gene activation,
two 100 mg/kg doses of tamoxifen were administered
by oral gavage to pregnant dams at E12.5 and E14.5.
E18.5 embryos or postnatal day (P) O neonates were
fixed overnight in 4% paraformaldehyde and embed-
ded in paraffin. 10 um paraffin sections were mounted
and stained for 4',6-diamidino-2-phenylindole and car-
diac troponin | by immunohistochemistry.* Sections
were scored for defects and volume measurements
were carried out blinded as described previously using
Amira 6.7.0 (Thermo Fisher Scientific).*

RESULTS

As a conditional Robo? line was unavailable and we
failed to generate a floxed line using the Robo7imakomM?)
WISl yector from KOMP (The Knockout Mouse Pro-
gramme)  (https:/www.komp.org/geneinfo.php?geneid=
77367), we removed Robo2 in a tissue-specific manner
from ubiquitous Robo? knockouts. This Robol gene trap
is a different ubiquitous mutant from previous studies (full
gene removal, Robo1™mWan 347 showing lower pene-
trance of pericardial defects as well as membranous ven-
tricular septal defect (all phenotypes are summarized in
the Table). Additional removal of Robo2 specifically from
either the whole heart, endocardium and its derivatives,
or the neural crest increased the incidence of ventricular
septal defect, but not to the level previously observed in
ubiquitous RoboT; Robo2 knockouts. This suggests that
Robo2 expression is important in all these tissues despite
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the absence of defects in ubiquitous Robo2 knockouts.*
BAV observed in all ubiquitous RoboT; Robo2 knockouts
showed full penetrance in the Robo1~~; Robo2": \Wnt1-
cre ling, indicating that Robo?2 is specifically important in
the neural crest for semilunar valve development. Besides
a contribution from neural crest cells, the cells in the
valves derive from endocardial to mesenchymal transfor-
mation and the second heart field.'* Accordingly, crosses
with Tie2-cre and Nkx2-5cre, which target both the en-
docardial and second heart field contributions, showed
a higher percentage of immature valves and BAV than
observed when knocking out RoboT alone, indicating a
role for Robo2 in all 3 lineages. Robo4 expression seems
specific to the endocardium and,® correspondingly, re-
moving Robo4 from the endocardium resulted in a low
but similar penetrance of BAV as has been observed in
ubiquitous Robo4 mutants.? Ubiquitous Sit2 knockouts
described before showed low penetrant BAV,* and this is
fully recapitulated by endocardial-specific, but not neu-
ral crest-specific, knockout of Slit2. As a conditional Slit3
line did not exist, we generated a Sit3™* line. Intriguingly,
although showing a similar range of defects as observed
in ubiquitous Slit3 knockouts,®* the penetrance of these
defects was higher in the different tissue-specific mu-
tants. Specifically removing Slit3 from the endocardium
resulted in fully penetrant BAV, whereas removal from
smooth muscle cells, in which Slit3 is highly expressed,
also resulted in BAV. In addition, although caval vein de-
fects were observed in ubiquitous Sit3 knockouts, these
were more severe in the conditional lines. A persistent
left inferior caval vein was observed in all the Sit3""; Tie2-
cre hearts analyzed, whereas smooth muscle—specific
knockout of Slit3 resulted in the complete absence of
the left superior caval vein. Diaphragmatic hernias as de-
scribed in the full Sit3 knockout® were also seen when
removing Slit3 from either the endocardium or smooth
muscle and, unexpectedly as the Nkx2.5-cre is not
known to target the diaphragm, in the Robo1~~; Robo2™":
Nkx2.5-cre.

CONCLUSIONS

These data will help understand the defects observed
in patients with variants in ROBO7 and ROBO4. The
similarity in phenotypes strongly indicates an interaction
between endocardial SLIT3 and neural crest ROBO2 for
BAV (see § in Table ) and highlights the need for further
studies of this connection. Clinically, SL/T3 is an especially
promising candidate for further screening in patients.
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