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Abstract

The Roundabout (Robo) family of axon guidance receptors has a conserved ectodomain
arrangement of five immunoglobulin-like (Ig) domains plus three fibronectin type Ill (Fn)
repeats. Based on the strong evolutionary conservation of this domain structure among
Robo receptors, as well as in vitro structural and domain-domain interaction studies of Robo
family members, this ectodomain arrangement is predicted to be important for Robo recep-
tor signaling in response to Slit ligands. Here, we define the minimal ectodomain structure
required for Slit binding and midline repulsive signaling in vivo by Drosophila Robo1. We find
that the majority of the Robo1 ectodomain is dispensable for both Slit binding and repulsive
signaling. We show that a significant level of midline repulsive signaling activity is retained
when all Robo1 ectodomain elements apart from Ig1 are deleted, and that the combination
of Ig1 plus one additional ectodomain element (192, 195, or Fn3) is sufficient to restore mid-
line repulsion to wild type levels. Further, we find that deleting four out of five Robo1 Ig
domains (Alg2-5) does not affect negative regulation of Robo1 by Commissureless (Comm)
or Robo2, while variants lacking all three fibronectin repeats (AFn1-3 and Alg2-Fn3) are
insensitive to regulation by both Comm and Robo2, signifying a novel regulatory role for
Robo1’s Fn repeats. Our results provide an in vivo perspective on the importance of the
conserved 5+3 ectodomain structure of Robo receptors, and suggest that specific biochemi-
cal properties and/or ectodomain structural conformations observed in vitro for domains
other than Ig1 may have limited significance for in vivo signaling in the context of midline
repulsion.

Introduction

During development of the central nervous system (CNS), evolutionarily conserved ligands
and receptors guide growing axons toward their synaptic targets via local regulation of actin
dynamics in the axonal growth cone. Although the four major canonical axon guidance path-
ways (Ephrin-Eph, Netrin-DCC, Slit-Robo, Sema-Plexin) have been known since the 1990s
[1,2], mechanistic details of ligand-receptor interaction, receptor signaling, and receptor regu-
lation are still emerging [3,4].
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Roundabout (Robo) family receptors and their cognate Slit ligands represent one of the best
characterized repulsive axon guidance signaling pathways and are conserved across bilaterians,
including insects, nematodes, planarians and vertebrates [5-10]. Most Robo family members,
including the three Drosophila Robos (Robol, Robo2 and Robo3), share a conserved 5+3 pro-
tein structure which consists of five Inmunoglobulin-like (Ig) domains, three Fibronectin
type III (Fn) repeats, a transmembrane domain and two to four conserved cytoplasmic motifs
(CCo, CC1, CC2, and CC3) [7,11]. With the exception of mammalian Robo3/Rig-1 (and possi-
bly Robo4/Magic Roundabout) [12-15], all Robo family members bind Slit ligands with high
affinity. Previous studies have pinpointed this binding interface to the Igl domain of Robo
and the second leucine-rich repeat (LRR D2) of Slit [6,16-20], and in vivo studies have con-
firmed the importance of Robol Igl for midline repulsive signaling [21,22].

Slit-Robo signaling in vivo is thought to involve a series of events including Slit binding,
receptor cleavage and endocytosis, and recruitment of downstream effectors, although the
mechanism(s) of receptor activation are not yet fully understood [11,23-26]. Robo receptors
share structural similarity with cell adhesion molecules and lack intracellular catalytic domains
[23]. One outstanding question is what relationship the characteristic Robo ectodomain struc-
ture (5 Ig + 3 Fn) has to Slit-dependent signaling mechanism(s). Homophilic and heterophilic
interactions between Robo receptors have been reported [24-26], and in vitro evidence sug-
gests that Robo ectodomains can adopt multimeric configurations in solution as well as at the
cell surface in the absence of Slit [27-29], and that the dimerization state of Robo is unaltered
by Slit binding [27,30]. The in vivo significance of these structural conformations and domain-
domain interactions for receptor signaling and regulation remains unclear, as individual
domains apart from Igl that confer receptor multimerization appear dispensable for Robo sig-
naling in some contexts (e.g. midline repulsive signaling by Drosophila Robol [22,31]), but
appear necessary for signaling in other contexts (e.g. ventral guidance of the AVM axon by C.
elegans SAX-3/Robo [32]).

Drosophila Robol’s axon guidance role has been best characterized in the embryonic ven-
tral nerve cord, where it is responsible for preventing axons from inappropriately crossing the
midline to the opposite side of the body. When Robo repulsion is lost, axons inappropriately
cross and recross the midline forming characteristic circular roundabouts [7,33]. As many
commissural axons need to cross the midline once to innervate the contralateral side of the
body, precise temporal regulation of Slit-Robo repulsion is essential. Early in development
Drosophila Robol is expressed only at low levels on the surface of pre-crossing commissural
axons due to Commissureless (Comm) activity. This protein endosomally sorts Robol into
Comm-containing vesicles to be targeted for degradation by the lysosome [34-40]. Even when
comm is active, some Robol is able to escape degradation and be trafficked to the growth cone
surface. To ensure axons can still cross the midline Robol is then further inhibited via interac-
tions with the first and second Ig domains of Robo2 expressed by midline cells [25]. It has yet
to be discovered where on Robol this trans-interaction takes place. After midline crossing,
comm expression is terminated and Robol levels increase on growth cones of post-crossing
commissural axons, preventing them from re-crossing.

The strong evolutionary conservation of ectodomain structural arrangements combined
with in vitro evidence for domain-domain interactions and receptor multimerization suggest
that ectodomain elements apart from the ligand-binding Igl domain may be important for Slit
response and repulsive signaling in vivo. We have previously shown that Robol Igl is the only
domain that is indispensable for Slit binding and midline repulsive signaling [21,22,31], but
functional redundancy among other Robol ectodomain elements remains a possibility. Here,
we identify the minimal ectodomain structure necessary for proper midline repulsive signaling
by Robol: we show that the Ig2-5 and Fn1-3 regions are dispensable for Slit binding and
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midline repulsion, and Igl alone is sufficient for a reduced level of midline repulsive signaling.
If one other native domain is added back in addition to Igl, normal repulsive activity is fully
restored. The identity of the second domain appears unimportant, suggesting a permissive role
for domains other than Igl. Our results suggest that Robo receptor multimerization and ecto-
domain structural configurations observed in vitro may not be important for in vivo signaling,
at least in the context of midline axon repulsion in Drosophila. We also report a novel role for
the Robol Fn repeats in Robo2 trans-inhibition, providing further insight into the spatio-tem-
poral regulation of Robol activity during midline crossing of axons in the embryonic central
nervous system.

Results

Robol’s Ig2-5 and Fn1-3 regions are dispensable for Slit binding and
midline repulsion

We have previously reported that Igl is the only ectodomain element of Robol that is indis-
pensable for Slit binding and midline repulsion [21,22,31]. We next sought to determine if the
remaining Igs (Ig2-5) or Fns (Fn1-3) possess a redundant structural characteristic that can
compensate for the loss of another to effectively bind Slit in vitro and signal midline repulsion
in vivo. To answer this, we first tested whether deleting domains Ig2-5 or Fnl-3 together
would impede Robol’s ability to bind Slit in cultured Drosophila S2R+ cells. We transfected
S2R+ cells with HA-tagged Robol variants (RobolAIg2-5 or RobolAFn1-3), then treated these
cells with Slit-expressing media and stained with anti-HA and anti-Slit to recognize the Robol
variants expressed within the cells and the Slit bound to the cell surface, respectively. Both
RobolAIg2-5 and RobolAFn1-3 were able to bind Slit and were properly localized to the
plasma membrane to the same degree as full-length Robol (Fig 1B-1D), demonstrating that
the Ig2-5 and Fn1-3 regions of Robol are not required for Slit binding at the membrane of cul-
tured Drosophila cells.

To test our deletion variants in vivo we used a genomic rescue construct in which HA-
tagged variant robol cDNAs are cloned into a plasmid containing regulatory sequence from
the endogenous robol gene (Fig 2A) [21,22,41]. These plasmids also contain an attB site to
allow ®C31-directed site-specific integration into attP landing sites at the same cytological
location (28E7) to ensure equivalent expression between transgenes. In wild-type embryos,
endogenous Robol protein is detectable at high levels on longitudinal axons but present only
at low levels on commissural axons (we refer to this restriction of expression pattern as “com-
missural clearance”) [21,36]. Transgenic HA-tagged Robol protein and RobolAIg2-5
expressed from our rescue construct reproduces this pattern (Fig 2B and 2C). In contrast,
RobolAFn1-3 is present on commissures in addition to longitudinals (Fig 2D). This result is
consistent with our previous study which indicated Robol Fn3 to be required for exclusion of
Robol from commissural axons [31]. This data provides further evidence that Fn3 has a role
in preventing Robol from reaching the growth cone surface in midline-crossing commissural
axons, and/or in maintaining its clearance from commissures after midline crossing.

To investigate the ability of these combinatorial deletion variants to carry out the receptor’s
midline repulsive function, we introduced these transgenes into a robol null mutant back-
ground. We then stained with anti-HA to recognize localization of the transgene. In this back-
ground, expression of either variant (Robol1AIg2-5 or RobolAFn1-3) was able to restore wild-
type axon scaffold morphology to the same degree as full-length Robo1 (Fig 3A-3C). We
stained these embryos with the longitudinal axon pathway marker anti-FaslI to investigate the
ability of these variants to rescue midline repulsive activity in the absence of endogenous robol
by quantifying ectopic crossing of FasII-positive axons. In wildtype embryos, these axons
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Fig 1. Robol variants containing an Igl domain can bind slit in vitro. Cultured Drosophila S2R+ cells expressing full-length Robol (B) or a version of Robol with
elements of its ectodomain deleted (RobolAlg2-5 C, RobolAFn1-3 D, or RobolAIg2-Fn3 E, RobolAIg2-Fn2 F, RobolAlIg3-Fn3 G, RobolAIg2-4Fn1-3 H) were treated
with media containing Slit. After Slit treatment, Robol-expressing cells were fixed and stained with antibodies to detect HA-tagged Robol (magenta), and Slit (green).
Slit binds to cells expressing full-length Robo1 and deletion variants C-H, but does not bind to untransfected cells (A). Receptor schematics show full-length Robo1l and
Robo1 variant deletion constructs. Bar graph quantifies Slit binding levels in conditions B-H, normalized to the level observed with full-length Robo1 (B). Error bars
show s.d. No statistical difference in Slit binding was detected for any Robol variant (C-H) compared to full-length Robol by Student’s two-tailed t-test (p>0.9 for all
variants tested).

https://doi.org/10.1371/journal.pone.0241150.g001

remain on their own side of the body and do not cross the midline (Fig 4A). However, midline
repulsion is lost in robol’ null mutant embryos and FasII-positive axons cross and recross the
midline ectopically in every segment (Fig 4B). Expression of full-length Robol (Fig 4C),
RobolAIg2-5 (Fig 4D), or RobolAFn1-3 (Fig 4E) was able to completely restore midline repul-
sive function comparable to wildtype embryos, demonstrating that Robol retains full midline
repulsive activity when four out of five of its Ig domains (Ig2-5) or all three of its Fn domains
(Fn1-3) are deleted.
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Fig 2. Robol Fn3 is required for commissural clearance. Expression of full-length Robo1l and Robol variants via the robol::robol genomic rescue transgene in a wild
type background. (A) Schematic of robol rescue construct. (B-H) Stage 16 embryos stained with anti-HRP (magenta) and anti-HA (green) antibodies. Bottom images
show HA channel alone from the same embryos. HA tagged full-length Robo1 (B), Robo1AIg2-5 (C), RobolAFn1-3 (D), RobolAIg2-Fn3 (E), RobolAlIg2-Fn2 (F),
Robo1AIg3-Fn3 (G), or RobolAIg2-4AFn1-3 (H) proteins expressed from the robol rescue transgene are localized to longitudinal axon pathways (arrowhead).
However, variants lacking Fn3 [RobolAFn1-3 (D), RobolAlIg2-Fn3 (E), RobolAIg3-Fn3 (G) and RobolAIg2-4AFn1-3 (H)] are present on commissural axon segments
in the anterior commissure (AC, white arrow with asterisk) and posterior commissure (PC, black arrow with asterisk) to a higher degree than full-length Robo1(B),
Robo1AIg2-5 (C) or RobolAlg2-Fn2 (F). Elevated expression in neuronal cell bodies is seen in Robo1AIg2-5 (D) and RobolAFn1-3 (E) (arrowhead with asterisk). Bar
graph quantifies the ratio of HA levels on commissural axons vs longitudinal axons for the genotypes shown in B-H (error bars show s.d.). Extent of commissural
clearance for each Robol variant (C-H) was compared to full-length Robo1 (B) by a two-tailed Student’s t-test with a Bonferroni correction for multiple comparisons
(*p<0.0001 compared to robol::robol). n = 3 embryos per genotype.

https://doi.org/10.1371/journal.pone.0241150.9002

Igl alone is sufficient for partial rescue of midline repulsion in robol null
mutants

We next sought to determine whether a certain amount of the receptor’s ectodomain must be
present for proper midline repulsive signaling, or whether the Slit-binding Igl domain alone is
sufficient. To that end, we created a Robol variant in which all ectodomain elements except
Igl are deleted (RobolAlIg2-Fn3) and tested its ability to bind Slit in vitro and signal midline
repulsion in vivo. Cultured Drosophila S2R+ cells that express RobolAIg2-Fn3 demonstrate
co-localized staining at the plasma membrane to the same degree as full-length Robol or the
other variants tested in this study (Fig 1E). This indicates that Slit can still bind to the
Robo1Alg2-Fn3 protein, which contains only Igl in its ectodomain.

We introduced the HA-tagged RobolAIg2-Fn3 to embryos via our previously described
genomic rescue construct and monitored expression levels and localization of the Robol vari-
ant in embryonic neurons. Consistent with our other Robol variants lacking the third Fn
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Fig 3. Expression of Robol variants in robol mutant embryos. Stage 16 embryos stained with anti-HRP (magenta) and anti-HA (green) antibodies. Bottom images
show HA channel alone from the same embryos. (A-G) Expression of full-length Robo1 via the roboI rescue transgene in a robol null mutant (A) restores the wild-type
structure of the axon scaffold. Each of the combinatorial Ig (Alg2-5) and Fn (AFn1-3) deletion variants restore axon scaffold morphology to a similar extent as full-
length Robo1 (B-C). However, when the two variant deletions are combined (Robol1AlIg2-Fn3) the transgene is not able to completely restore the scaffold (D, arrows
with asterisk). Adding back one domain restores wild-type axon scaffold morphology (RobolAlIg2-Fn2 E, RobolAlIg3-Fn3 F, Robo1AIg2-4AFn1-3 G). In the absence of
endogenous robol, all of the variants are localized to the longitudinal pathways as in wild-type embryos (arrowheads). RobolAIg2-5, RobolAFn1-3, and RobolAlIg2-
4AFn1-3 display elevated expression levels in neuronal cell bodies (B-C, G arrowhead with asterisk) compared to the other Robol1 variants.

https://doi.org/10.1371/journal.pone.0241150.9003

repeat, RobolAlg2-Fn3 was localized primarily to longitudinal axons, but was also detectable
on commissures (Fig 2E).

When introduced into a robol null mutant background, the RobolAIg2-Fn3 transgene was
not able to completely rescue the axon scaffold’s morphology, and robol’, robol::
robolAIg2-Fn3 embryos exhibit defects that resemble a partial loss of robol function, including
thickening and partial fusion of commissures (Fig 3D). We also observed increased HA stain-
ing on commissural axons in these embryos, consistent with ectopic midline crossing of longi-
tudinal axons. However, the defects in these embryos do not appear as severe as in robol’,
robol:robolAlgl embryos [21], suggesting the RobolAlg2-Fn3 variant is phenotypically inter-
mediate between the wildtype and robol null mutants. When stained with anti-FasII, robol’,
robol::robolAIg2-Fn3 embryos show FasII-positive axons crossing in 60% of abdominal seg-
ments, compared to 100% in robol’ null mutants (see Fig 4 bar graph for quantification). Our
quantitative and qualitative observation of the ectopic crossing in these embryos alongside the
expression pattern of our HA-tagged RobolAIg2-Fn3 variant in a robol null mutant back-
ground indicate this variant containing just Igl can partially rescue midline repulsive
function.

Robol variants containing Igl plus one additional native domain exhibit
midline repulsive activity equivalent to full-length Robol

While Ig2-5 and Fnl-3 are each dispensable for midline repulsive function, deleting both of
these regions so that only Igl remains reduces Robol’s ability to signal midline repulsion. To
determine the minimal number of ectodomain elements required for proper signaling, we
constructed three additional variants where one native ectodomain element was added back in
addition to Igl: RobolAIg3-Fn3 (ectodomain contains only Igl+Ig2), RobolAIg2-4AFn1-3
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Fig 4. Igl alone can partially rescue Robo1’s midline repulsive activity. (A-I) Stage 16 embryos stained with anti-HRP (magenta) and anti-FaslI (green) antibodies.
Lower images show FaslI channel alone for the same embryos. In wild-type embryos, FasII-positive axons do not cross the midline (A). However, in robol null mutants,
FaslI-positive axons cross the midline inappropriately in every segment (B, arrow with asterisk). This phenotype is completely rescued by the robol rescue transgenes
expressing full-length Robol (C) and Robol variant deletions Ig2-5 (D) and Fn1-3 (E) but is not completely rescued by the transgene expressing Robol1AlIg2-Fn3 (F,
arrow with asterisk). Although ectopic crossing is seen in sixty percent of abdominal segments in Robo1AIg2-Fn3 variants, the phenotype is less severe than robol
mutants in that the axons do not form characteristic roundabouts at the midline (compare F to B). However, the addition of one ectodomain (Fn3 G, Ig2 H, or Ig5 I) to
Igl is enough to fully restore midline repulsion to wild-type levels. Bar graph at top right indicates instances of ectopic crossing in the genotypes shown in A-I with
sample size of scored embryos (n) listed above each genotype. Error bars indicate s.e.m. The extent of rescue for each Ig deletion variant (D-I) was compared to robol’,
robol::robol embryos (C) by a two-tailed Student’s t-test, with a Bonferroni correction for multiple comparisons (*p<0.01 compared to robol’, robol::robol).

https://doi.org/10.1371/journal.pone.0241150.9004

(ectodomain contains only Igl+Ig5), and Robol1AIg2-Fn2 (ectodomain contains only Igl
+Fn3) (see Figs 1 and 4 for Robol variant schematics). Each of these Robol variants displayed
Slit binding levels equivalent to full-length Robol in our S2R+ Slit binding assay (Fig 1F-1H).
When expressed in embryonic neurons via our robol rescue construct, we found that
RobolAIg2-Fn2 and RobolAIg3-Fn3 both were expressed at similar levels to full-length Robol
and localized to longitudinal axons (Fig 2B, 2F and 2G). However, Robo1AIg2-4AFn1-3 was
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expressed at lower levels than the other variants or full-length Robol (Fig 2H). This could
potentially be due to this construct containing two artificial junctions, one between Igl and
Ig5 and the other between Ig5 and the juxtamembrane region, as opposed to the one artificial
junction present in all previously described constructs. We also note that variants lacking Fn3
(RobolAIg3-Fn3 and RobolAlIg2-4AFn1-3) remain on commissures. We have now described
five variants lacking Fn3 (RobolAFn3 [43], RobolAFn1-3, RobolAlg2-Fn3, RobolAlg3-Fn3,
and RobolAIg2-4AFn1-3) in which Robol protein is present at elevated levels on commis-
sures, consistent with a requirement for Fn3 of Robol for the receptor’s commissural
clearance.

We next introduced our Robol transgenes into a robol null mutant background to assay if
adding back an additional domain would restore their ability to rescue midline repulsive activ-
ity when endogenous robol is absent. We found that expression of any of the variants contain-
ing Igl plus one other ectodomain element were able to fully restore wild-type axon scaffold
morphology (Fig 3E-3G). Quantification of FaslI ectopic crossing in these variants confirmed
a complete rescue of midline repulsion (Fig 4G-4I). This indicates that at least six of the eight
ectodomain elements can be deleted without affecting Robol’s ability to signal midline repul-
sion, and signaling efficiency does not seem to rely upon the type of domain present apart
from Igl, as Ig2, Ig5, and Fn3 show similar rescue when combined with Igl in our minimal
ectodomain variants.

Robol variants lacking Fn domains are insensitive to Comm
downregulation

In Drosophila, Commissureless (Comm) serves as a negative regulator to the Slit-Robol path-
way by preventing newly-synthesized Robol protein from reaching the surface of axonal
growth cones. This allows axons to cross the midline and innervate a target on the opposite
side of the body [35-37]. To determine whether Robol’s ectodomain elements are collectively
dispensable for Comm-dependent regulation, we used the GAL4/UAS system to force high
levels of ectopic Comm expression in embryos carrying each of the previously described
Robol deletion variants (robol::robolAIg2-5, robol::robolAFnI-3, and robol::robolAIg2-Fn3)
and observed the expression and localization of the Robo1 variants within the embryonic
nerve cord by using anti-HA.

Forcing pan-neural Comm expression in embryos encourages a slit-like axon scaffold col-
lapse and the strong downregulation of HA-tagged Robol variants on axons [21,22,31,36].
Consistent with previous results, Comm-dependent downregulation of Robol expression does
not depend on its Ig domains, as we observed a strong reduction in neuronal HA staining in
embryos carrying RobolAlg2-5 along with elav-GAL4 and UAS-Comm, as well as thickened
commissures consistent with an increase in midline crossing due to down-regulation of
endogenous Robol (Fig 5F). However, when the Fn3 repeat is absent in either RobolAFn1-3
or RobolAIg2-Fn3 transgenes, the variant protein remains on axons of UAS-Comm embryos
(compare Fig 5C and 5G; 5D and 5H). The strong midline collapse phenotype caused by
Comm misexpression in embryos expressing RobolAFn3 [31], RobolAFn1-3 and RobolAlg2-
Fn3 suggests that Comm retains the ability to antagonize these proteins through a non-sorting
mechanism, as has previously been described for sorting-deficient forms of Robol [37].

Robol Fn domains are necessary for negative regulation by Robo2

A second Robo family member in Drosophila, Robo2, plays a dual role in both promoting and
inhibiting midline crossing in the embryonic CNS. Robo2 is co-expressed with Robol in ipsi-
lateral pioneer neurons, where they cooperate to prevent midline crossing in response to Slit
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robo1::robo1/+; robo1::robo1Alg2-5/+; robo1::robo1AFn1-3/+; robo1::robo1Alg2-Fn3/+;

elav-GAL4 elav-GAL4

B

+UAS-Comm

elav-GAL4 elav-GAL4

Comm-dependent HA downregulation
Normalized to Comm (-) Embryos

Robol Robo1DIg2-5  Roho1DFn1-3  RobolDIg2-Fn3
Comm - HA Pixel Intensity Averaged Mean 79.817 82.076 68.752 78.703
Comm + HA Pixel Intensity Averaged Mean|  50.502 44.368 69.580 63.252
Comm +: Comm - 0633 0.586 1.012 0.804

TTEST of Comm +: Comm - Aig2-5toFL | AFnl-3toFL | Alg2-Fn3toFL
0048657159 | 0.003069985 | 0.000845288

Fig 5. Robol’s Fn3 domain is required for Comm-dependent downregulation. Stage 16 embryos stained with anti-HA (green) and anti-HRP (magenta). Lower
images show HA channel alone of the same embryos. (A-D) Embryos with one copy of the transgene as well as elav-GAL4 display normal Robol protein expression
among the HA-tagged variants (arrows). (E-H) Homozygous transgenic embryos carrying elav-GAL4 and UAS-Comm show strongly downregulated HA expression
among the slit-like collapsed axon scaffold (arrows with asterisks), with the exceptions of RobolAFn1-3 and RobolAlIg2-Fn3 (G and H) which are not downregulated on
axons when Comm is misexpressed (arrow). Pairs of sibling embryos shown (A and E; B and F; C and G; D and H) were stained in the same tube and imaged under the
same confocal settings to ensure accurate comparison of HA levels between embryos. Bar graph (I) and table (J) show quantification of pixel intensity of full-length and
combinatorial Robo1 variants with either elav-GAL4 alone (A-D) or elav-GAL4 and Comm (E-H). Error bars indicate s.d. For each of these variants, the degree of HA
downregulation was compared to that of full-length Robol by a two-tailed Student’s t-test, with a Bonferroni correction for multiple comparisons (*p<0.01). n = 5 for

each UAS-Comm and elav-GAL4 genotype.

https://doi.org/10.1371/journal.pone.0241150.9005

[42,43]. Robo2 is also expressed in midline cells during early stages of axon guidance, where it
interacts with Robol in trans to inhibit Robo1’s response to Slit and promote midline crossing
[25]. This negative regulatory role of Robo2 depends on its Igl and Ig2 domains, but it is
unknown which region(s) of Robol contribute to negative regulation by Robo2. Our collection
of Robol deletion variants provided us an opportunity to map the critical sequences in Robol
that confer sensitivity to Robo2 inhibition. To this end, we used elav-GAL4 and UAS-Robo2
transgenes to misexpress Robo2 at high levels in all neurons (and transiently in midline glia)
in embryos expressing our Robol deletion variants in place of endogenous robol (Fig 6).

Pan-neural misexpression of Robo2 induces a strong ectopic midline crossing phenotype in
embryos expressing endogenous Robol, as Robo2’s inhibition of Slit-Robol repulsion has a
stronger effect than its own ability to induce ectopic repulsion [25,29,42]. Robo2 variants that
are unable to interact with Robol (for example Robo2AlIg2) instead induce ectopic repulsion,
as only Robo2’s midline repulsive activity remains intact in this context [25].

We found that misexpressing Robo2 in robol mutants carrying our full-length robol rescue
construct (robol’,robol::robol; elav-GAL4/UAS-Robo2) produced a strong ectopic crossing
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robo1?, robo1’, robo1’, robo1’, robo1?, robo1’,
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Fig 6. The Fn2 and Fn3 repeats of Robol are required for sensitivity to Robo2. Expression of Robol and Robol variants in a Robo2 misexpression background. Stage
16 embryos stained with anti-HRP (magenta) and anti-FasII (green) antibodies. Misexpression of Robo2 (via elav-GAL4 and UAS-Robo2) induces strong ectopic
midline crossing of FasII-positive axons in embryos that express full length Robol (A), Robol1AIg2-5 (B), or RobolAFn1 (E). However, Robo2 misexpression in embryos
expressing RobolAFn1-3 (C), Robol1AIg2-Fn3 (D), RobolAFn2 (F), or RobolAFn3 (G) instead display a commissureless phenotype with significantly decreased levels of
ectopic midline crossing. Qualitatively, the phenotypic differences observed suggest that Robo1 variants lacking any of the Fn repeats are insensitive to transient
downregulation by Robo2. Bar graph at top left indicates instances of ectopic crossing in the genotypes shown in (A-G) with sample size of scored embryos (n) listed
above each genotype. Error bars indicate s.e.m. Ectopic midline crossing defects caused by Robo2 misexpression in each Robol variant background (B-G) were
compared to those caused by Robo2 misexpression in a full-length Robol background (A) by a two-tailed Student’s t-test, with a Bonferroni correction for multiple
comparisons (*p<0.0001).

https://doi.org/10.1371/journal.pone.0241150.9006
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phenotype similar to the effect of misexpressing Robo2 in a wild type background (Fig 6A)
[25]. We observed an identical effect when Robo2 was misexpressed in robol’,robol::robol-
AIg2-5 embryos, indicating that RobolAIg2-5 remains sensitive to inhibition by Robo2 (Fig
6B). In contrast, both the RobolAFn1-3 and RobolAIg2-Fn3 variants were insensitive to
Robo2 inhibition, as Robo2’s ability to induce ectopic crossing in these backgrounds was sig-
nificantly reduced (Fig 6C and 6D). Instead, Robo2 misexpression in these backgrounds pro-
duced a strongly commissureless phenotype, reflecting a shift away from Robo2-dependent
midline crossing (via inhibition of Robol) and favoring Robo2-dependent midline repulsion
(which does not involve Robol inhibition). These results suggest that one or more of the Fn
repeats of Robol are critical to the protein’s ability to be inhibited by Robo2.

To determine which of its three Fn repeats are responsible for Robol’s sensitivity to Robo2,
we misexpressed Robo2 in embryos expressing each of our previously described Robol indi-
vidual Fn deletion variants (RobolAFn1, RobolAFn2, RobolAFn3) in place of endogenous
robol [31]. We found that RobolAFn1 retained Robo2 sensitivity, similar to full-length Robol
and Robo1AIg2-5 (Fig 6E), while RobolAFn2 and RobolAFn3 were insensitive to Robo2 inhi-
bition, similar to RobolAFn1-3 and RobolAlIg2-Fn3 (Fig 6F and 6G). We therefore conclude
that the Robol Fn2 and Fn3 repeats play a unique role in the interactions required for Robo2-
dependent inhibition of Robo1, while Robol Fnl1 is dispensable for this regulation.

Discussion

In this paper, we have examined the structural requirements for midline repulsive signaling by
the Drosophila Robol axon guidance receptor, by identifying the minimal combination of
structural elements needed in the receptor’s ectodomain for Slit binding and midline repulsive
signaling. Using a series of Robol variants in which various combinations of ectodomain ele-
ments are deleted, we show that the Slit-binding Igl domain alone is sufficient for Slit binding
and partial midline repulsive activity, while adding back one additional native domain in com-
bination with Igl restores midline repulsive activity to levels that are indistinguishable from
full-length Robol. Notably, the Ig2, Ig5, or Fn3 domains of Robol can each restore wild type
function in combination with Igl, suggesting that the identity of the second ectodomain ele-
ment is not critical for repulsive signaling, and that domains other than Igl may play a permis-
sive role in Slit-dependent receptor activation. Our results also reveal a novel requirement for
two Robol Fn domains (Fn2 and Fn3) for its regulation by Robo2.

Igl alone is not sufficient for full midline repulsive signaling by Robol

We have previously reported that each of Drosophila Robol’s ectodomain elements except Igl
are individually dispensable for midline repulsion in vivo [21,22,31]. Here we find that while
Igl alone is not sufficient for full repulsive activity of Robol, a Robol variant containing only
Igl in its ectodomain (RobolAIg2-Fn3) displayed reduced but significant levels of midline
repulsive activity. Our RobolAIg2-Fn2, RobolAlg3-Fn3 and RobolAlg2-4AFn1-3 variants all
reintroduced one native domain of similar length (103AA, 100AA and 94AA, respectively) to
our RobolAIg2-Fn3 variant and were all able to restore midline repulsion to wild-type levels.
As the levels of rescue do not depend on the identity of the second ectodomain element, or
even its domain type (Ig or Fn), one possibility is that Igl alone is sufficient for Slit binding
and receptor activation in vivo as long as it is maintained at a minimum distance from the
membrane. In this case, the partial rescue seen with Robol1AIg2-Fn3 might reflect a decrease
in Robol’s ability to bind Slit due to steric hindrance caused by Igl’s proximity to the plasma
membrane, while adding back one additional domain might be sufficient to increase the
Igl-membrane distance sufficiently to allow full access to Igl by Slit.
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Robol multimerization and mechanism of Robol activation

Previous interaction studies have shown that Slit is able to form a dimer when binding to Robol
[18,44] and recent structural analysis of human Robol (hRobol) by Aleksandrova and colleagues
suggests that the receptor exists as an inactive dimer on the cell surface, via contacts primarily
between Ig3 as well as Igl and Ig4, with the Igl-4 region adopting an extended conformation
state [27]. This study further suggests that the oligomeric state of hRobol may not change upon
Slit2 binding, indicating that monomer-to-oligomer transition is not part of the mechanism of
hRobol activation, but did not address whether multimerization of hRobol was necessary for
Slit2 binding or receptor activation in vivo. Yom-Tov, Barak, and colleagues independently
showed that human Robo2 (hRobo2) also dimerizes, and the Ig4 (D4) domain mediates this
dimerization [28]. A more recent structural study of the entire hRobo2 ectodomain from the
same group showed a hairpin-like arrangement of D1-8, with the Fn2 (D7) domain occluding
the Ig4 (D4) dimerization interface, suggesting auto-inhibition of dimerization within the full
ectodomain [32]. Importantly, this study showed that deletion of the Ig4 (D4) domain from C.
elegans SAX-3/Robo interfered with SAX-3-dependent ventral guidance of the AVM axon, pro-
viding evidence that Ig4-dependent multimerization is important for this in vivo axon guidance
decision [32]. Assuming Drosophila Robol, human Robol and Robo2, and C. elegans SAX-3/
Robo are activated via the same mechanism, our in vivo evidence suggests that Robol multimeri-
zation is not a pre-requisite for Slit binding or receptor activation, as homophilic interactions
would presumably be compromised in our Robol variants lacking Ig3-4. Our RobolAIg2-Fn3
Slit binding results indicate that this protein can still bind Slit (Fig 1E). Our use of anti-SlitC
(which recognizes the C-terminal of Slit) in this experiment detects binding between Robol and
full-length Slit, but not Slit-N, and does not reveal the oligomerization state of the bound Slit. If
close association of two or more Robol molecules is necessary for receptor activation, and Robol
variants lacking Ig3-4 are unable to multimerize on their own, perhaps a pre-formed Slit dimer
may be able to bridge two Robol monomers and facilitate their interactions independently of
Ig3-4. Alternatively, the differential requirement for Ig4 (and the associated receptor dimeriza-
tion) in these studies might reflect species-specific (C. elegans vs Drosophila) or context-specific
(ventral AVM guidance vs midline repulsion) differences in Robo signaling mechanisms.

Upon Slit binding, Robol is subject to regulated proteolytic cleavage by the ADAM family
metalloprotease Kuzbanian (Kuz) and Clathrin-dependent endocytosis, and both of these steps
appear to be required for Slit-dependent midline repulsive signaling [45,46]. Although the precise
location of Robol’s Kuz cleavage site remains unknown, it is likely to be present in our Fn deletion
variants, which retain the 46 aa juxtamembrane region between Fn3 and the transmembrane
domain. A chimeric receptor in which all three Fn domains and the juxtamembrane region of
Robol were replaced by equivalent sequences from Frazzled was resistant to Kuz cleavage and
unable to rescue midline crossing defects in robol mutants [45]; considering that deleting Fn1-3
does not detectably impair midline repulsion in our assays, sequences within the three Fn
domains are unlikely to be required for Kuz cleavage if this is an obligate step in Robol activation.

Fn domain-dependent regulation by Robo2 and commissureless

Our results indicate that Robol Fn domains are required for negative regulation by Comm
(Fn3 only) and Robo2 (Fn2 and Fn3). As Robo2 regulates Robol via trans binding interactions
[25], the observation that deleting either Robol Fn2 or Fn3 domains reduces its sensitivity to
Robo2 inhibition may indicate multiple points of contact between Robol and Robo2, or per-
haps that these two Fn domains are required for a specific conformation of Robol that facili-
tates Robo2 binding. The requirement of multiple domains for protein-protein interactions
has been previously described not only in the Robo2 domains (Igl, Ig2) required for inhibitory
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Robo1-Robo2 heterodimers but also in the in vitro formation of receptor homodimers as seen
in Dscam (Ig2, Ig3, Ig7) and Robol (Igl, Ig3, Ig4) [25,47]. It will be interesting to characterize
the exact binding points between Robo2 Igl-2 and Robol Fn2-3 as well as to determine how
exactly Robo2 binding inhibits Robol activation.

Fn3 is required for the receptor’s downregulation by both Comm and Robo2. If variants
lacking Fn3 are insensitive to downregulation, why would they not exhibit enhanced midline
repulsion? We note that phenotypic defects caused by loss of Robo2-dependent inhibition of
Robol are only evident when attractive Net-Fra signaling is also compromised, for example in
robo2,fra compound mutants [25,41]. Comm can also inhibit Slit-Robo repulsion indepen-
dently of Robo sorting [37], and this sorting-independent regulation remains intact in all of
our variants (including Robo1Alg2-Fn3; Fig 3D). Thus we would not necessarily expect Robol
variants that are insensitive to Comm sorting and Robo2 inhibition to display hyperactive
midline repulsive activity in embryos with wild-type levels of Comm, Netrin, and Fra.

Roles and requirements for Ig and Fn domains in other axon guidance
receptors

The 5 Ig + 3 Fn ectodomain structure characteristic of Robo family receptors is broadly con-
served, and most Robo receptors in most species share this 5 + 3 arrangement. The only
known Robo family members to deviate from this characteristic structure are present in the
silkworm, Bombyx mori (BmRobola and BmRobolb), and in vertebrates (Robo4/Magic
Roundabout)-where BmRobola/b are missing Ig5 and Fnl, and Robo4 is missing Ig3-5 and
Fnl [13,48]. In the case of Bombyx Robol paralogs, functional evidence suggests that these
receptors play a canonical role in Slit-dependent midline repulsion during silkworm embry-
onic development, but Slit binding has not been directly examined [48]. Robo4 has roles in
angiogenesis and neuronal migration and does not appear to be involved in midline repulsion
[13,49,50]. While some reports indicate that Robo4 can bind Slit ligands [49], others suggest
that Robo4 does not interact with Slit [51] but rather can act as a binding partner for the
UNCS5B receptor via Robo4’s Igl-Ig2 region [15].

While we have shown here that the majority of the Drosophila Robol ectodomain is dis-
pensable for midline repulsive signaling in the embryonic CNS, additional known or unknown
roles of Robol may require structural features apart from Igl. In other Robo family members,
domains other than Igl have been implicated in diverse axon guidance contexts. In Drosophila
Robo2, the Ig2 domain is required for trans-inhibition of Robol in commissural axons [25],
and the Ig3 domain contributes to Robo2’s role in longitudinal pathway formation, possibly by
promoting multimerization of Robo2 [29]. The mammalian Robo3/Rig-1 receptor has lost its
ability to bind Slit due to amino acid substitutions in its Igl domain [14], but has acquired a
novel ligand, NELL2, which binds to Robo3’s Fnl domain [12,52]. Expression of NELL2 in the
motor column of the spinal cord repels Robo3-expressing commissural axons away from lat-
eral regions and towards the ventral midline, representing a unique role of Robo3 that does
not appear to be shared among other Robo family members [12].

Outside of the Roundabout family, a number of other axon guidance receptor families have
ectodomains that consist of Ig domains and Fn repeats, such as Frazzled/DCC (4 Ig + 6 Fn),
Dscam (10 Ig + 6 Fn), and dLar (3 Ig + 8 Fn), among others. In some cases, biochemical studies
have identified individual domains or combinations of domains that mediate interactions with
ligands, receptor multimerization or homophilic trans binding, or interactions with other
receptors. For example, homophilic interactions between Drosophila Dscam molecules depend
on intermolecular contacts between Ig2, Ig3, and Ig7 [47,53], while Dscam can also interact
with Slit-N via at least two redundant sites in the Ig1-5 region [44,54]. Vertebrate Dscam can
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also interact with Netrin ligands via Ig7-9 [55]. Interactions between the Frazzled/DCC recep-
tor and its Netrin ligands are mediated by the Fn4 and Fn5 domains of DCC [56-58], while
binding of another ligand, Draxin, is mediated by Igl-Ig4 [59]. A heteromultimeric complex
forms between vertebrate DCC and Robo3 receptors via interactions mediated by the cyto-
plasmic P3 domain of DCC and CC2+CC3 motifs of Robo3 [14]. However, few studies have
systematically examined the functional requirements for individual domain elements via engi-
neered domain deletions or sought to determine the minimal complement of structural ele-
ments necessary for in vivo signaling activity. Along with our previously reported structure/
function studies of Robol, the current study demonstrates that such studies are feasible and
can provide insight into the signaling mechanisms and regulation of axon guidance receptors.

Materials and methods
Molecular biology

Robol variant deletions. Robol domain deletions were generated via site-directed muta-
genesis using Phusion Flash PCR MasterMix (Thermo Scientific), and completely sequenced
to ensure no other mutations were introduced. Robol deletion variants include the following
amino acid residues, relative to Genbank reference sequence AAF46887: RobolAFn1 (Q52-
P534/1646-T1395); RobolAFn2 (Q52-T645/Y763-T1395); RobolAFn3 (Q52-T762/H866-
T1395); RobolAlg2-5 (P56-V152/G535-T1395); RobolAFn1-3 (P56-P534/H866-T1395);
RobolAIg2-Fn3 (P56-V152/H866-T1395); RobolAlg2-Fn2 (P56-V152/Y763-T1395);
RobolAIg3-Fn3 (P56-Q252/H866-T1395); RobolAIg2-4AFn1-3 (P56-V152/E441-P534/
H866-T1395). Fn domain annotation shown in [31].

pUAST cloning. robol coding sequences were cloned as BglII fragments into pLOUAS-
TattB for S2R+ cell transfection. All robol pl10UASTattB constructs include identical heterolo-
gous 5" UTR and signal sequences (derived from the Drosophila wingless gene) and an N-
terminal 3xHA tag.

robol rescue construct cloning: Construction of the robol genomic rescue construct was
described previously [21,22,31]. Full-length and variant Robol coding sequences were cloned
as BglII fragments into the BamHI-digested backbone. Robol proteins produced from this
construct include the endogenous Robol signal peptide, and the 4xHA tag is inserted directly
upstream of the first Ig domain.

Genetics

The robol” (also known as robo™?*®) Drosophila mutant allele was used. The following Drosoph-
ila transgenes were used: P{GAL4-elav.L}3 (elavGAL4), P{UAS-CommHA}, P{10UAS-HARobo2}
86Fb [29], P{robol::HArobol}, [21], P{robol::HArobolAFnl}, P{robol::HArobolAFn2}, P{robol::
HArobolAFn3} [31], P{robol::HArobolAlIg2-5}, Pfrobol::HArobolAFn1-3}, Pfrobol::HArobol-
Alg2-Fn3}, P{robol:HArobolAIg2-Fn2}, P{robol::HArobolAIg3-Fn3}, and Pfrobol:HArobolAIg2-
4AFn1-3}. Transgenic flies were generated by BestGene Inc (Chino Hills, CA) using ®C31-dir-
ected site-specific integration into attP landing sites at cytological position 28E7 (for robol geno-
mic rescue constructs). robol rescue transgenes were introduced onto a robol' chromosome via
meiotic recombination, and the presence of the robol’ mutation was confirmed in all recombi-
nant lines by DNA sequencing. All crosses were carried out at 25°C.

Slit binding assay

Drosophila S2R+ cells were cultured at 25°C in Schneider’s media plus 10% fetal calf serum.
To assay Slit binding, cells were plated on poly-L-lysine coated coverslips in six-well plates
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(Robo-expressing cells) or 75 cm? cell culture flasks (Slit-expressing cells) at a density of
1-2x10° cells/ml and transfected with pRmHA3-GAL4 [60] and HA-tagged pl0UAST-Robo
or untagged pUAST-Slit plasmids using Effectene transfection reagent (Qiagen). GAL4 expres-
sion was induced with 0.5 mM CuSOy, for 24 hours, then Slit-conditioned media was harvested
by adding heparin (2.5 ug/ml) to Slit-transfected cells and incubating at room temperature for
20 minutes with gentle agitation. Robo-transfected cells were incubated with Slit-conditioned
media at room temperature for 20 minutes, then washed with PBS and fixed for 20 minutes at
4°C in 4% formaldehyde. Cells were permeabilized with PBS+0.1% Triton X-100, then stained
with antibodies diluted in PBS+2mg/ml BSA. Antibodies used were: mouse anti-SlitC (Devel-
opmental Studies Hybridoma Bank [DSHB] #¢555.6D, 1:50), rabbit anti-HA (Covance #PRB-
101C-500, 1:2000), Cy3-conjugated goat anti-mouse (Jackson #115-165-003, 1:500), and Alexa
488-conjugated goat anti-rabbit (Jackson #111-545-003, 1:500). After antibody staining, cover-
slips with cells attached were mounted in Aqua-Poly/Mount (Polysciences, Inc.). Confocal
stacks were collected using a Leica SP5 confocal microscope and processed by Fiji/Image] [61]
and Adobe Photoshop software. For quantification of Slit binding (Fig 1), confocal max pro-
jections were opened in Fiji/Image] and individual cells were outlined using the “Freehand
selections” tool. Pixel intensities for the anti-Slit and anti-HA (Robo1l) channels were mea-
sured for 3-8 cells for each Robol variant, and the average ratio of Slit:HA for each construct
(normalized to full-length Robol) is reported as “relative Slit binding” in Fig 1.

Immunofluorescence and imaging

Drosophila embryo collection, fixation and antibody staining were carried out as previously
described [62]. The following antibodies were used: FITC-conjugated goat anti-HRP (Jackson
Immunoresearch #123-095-021, 1:100), Alexa Fluor 488-conjugated goat Anti-HRP (Jackson
Immunoresearch #123-545-021, 1:500), mouse anti-Fasciclin II (DSHB #1D4, 1:100), mouse
anti-Bgal (DSHB #40-1a, 1:150), mouse anti-HA (Covance #MMS-101P-500, 1:1000), rabbit
anti-HA (Covance #PRB-101C-500; 1:2000), Alexa Fluor 647 goat anti-rabbit (Jackson #123-
605-021; 1:500), Cy3-conjugated goat anti-mouse (Jackson #115-165-003, 1:1000). Embryos
were genotyped using balancer chromosomes carrying lacZ markers (CyO,wg), or by the pres-
ence of epitope-tagged transgenes. Nerve cords from embryos of the desired genotype and
developmental stage were dissected and mounted in 70% glycerol/PBS. Fluorescent confocal
stacks were collected using a Leica SP5 confocal microscope and processed by Fiji/Image] [61]
and Adobe Photoshop software. For quantification of commissural clearance of Robol vari-
ants (Fig 2), anti-HA pixel intensities of longitudinal and commissural axons were measured
using Fiji/Image] and the ratio of commisural:longitudinal HA levels (averaged from 3
embryos per genotype) is reported as “Commissure HA levels” in Fig 2. For quantification of
Comm-dependent HA-Robol downregulation (Fig 5), anti-HA pixel intensities of longitudi-
nal axons were measured using Fiji/Image] and average HA intensities from embryos overex-
pressing Comm were compared to HA intensities from sibling embryos lacking Comm
overexpression. The ratios of HA levels in UAS-Comm-positive embryos to HA levels in
UAS-Comm-negative embryos is reported as “Comm-dependent HA downregulation” in

Fig 5.

Acknowledgments

Stocks obtained from the Bloomington Drosophila Stock Center [National Institutes of Health
(NIH) grant P40 OD-018537) and cultured cells obtained from the Drosophila Genomics
Resource Center (NIH 2P400D010949) were used in this study. Monoclonal antibodies were
obtained from the Developmental Studies Hybridoma Bank, created by the Eunice Kennedy

PLOS ONE | https://doi.org/10.1371/journal.pone.0241150 October 22, 2020 15/19


https://doi.org/10.1371/journal.pone.0241150

PLOS ONE

Minimal ectodomain elements of Robo1

Shriver National Institute of Child Health and Human Development of the NIH and main-
tained at The Department of Biology, University of Iowa, Iowa City, IA 52242.

Author Contributions

Conceptualization: Haley E. Brown, Timothy A. Evans.
Data curation: Haley E. Brown.

Formal analysis: Haley E. Brown, Timothy A. Evans.
Funding acquisition: Timothy A. Evans.

Investigation: Haley E. Brown.

Project administration: Timothy A. Evans.
Supervision: Timothy A. Evans.

Writing - original draft: Haley E. Brown.

Writing - review & editing: Haley E. Brown, Timothy A. Evans.

References

1. Tessier-Lavigne M, Goodman CS. The molecular biology of axon guidance. Science. 1996; 274: 1123—
1133. https://doi.org/10.1126/science.274.5290.1123 PMID: 8895455

2. Dickson BJ. Molecular mechanisms of axon guidance. Science. 2002; 298: 1959—-1964. https://doi.org/
10.1126/science.1072165 PMID: 12471249

3. Stoeckli ET. Understanding axon guidance: are we nearly there yet? Development. 2018; 145:
dev151415. https://doi.org/10.1242/dev.151415 PMID: 29759980

4. Bashaw GJ, Klein R. Signaling from Axon Guidance Receptors. Cold Spring Harbor perspectives in
biology. 2010; 2: a001941-a001941. https://doi.org/10.1101/cshperspect.a001941 PMID: 20452961

5. Evans TA, Bashaw GJ. Slit/Robo-mediated axon guidance in Tribolium and Drosophila: Divergent
genetic programs build insect nervous systems. Dev Biol. 2012; 363: 266—278. https://doi.org/10.1016/
j.ydbio.2011.12.046 PMID: 22245052

6. LongH, Sabatier C, Ma L, Plump AS, Yuan W, Ornitz DM, et al. Conserved roles for Slit and Robo pro-
teins in midline commissural axon guidance. Neuron. 2004; 42: 213-223. https://doi.org/10.1016/
s0896-6273(04)00179-5 PMID: 15091338

7. Kidd T, Brose K, Mitchell KJ, Fetter RD, Tessier-Lavigne M, Goodman CS, et al. Roundabout controls
axon crossing of the CNS midline and defines a novel subfamily of evolutionarily conserved guidance
receptors. Cell. 1998; 92: 205-215. https://doi.org/10.1016/s0092-8674(00)80915-0 PMID: 9458045

8. CebriaF, Guo T, Jopek J, Newmark PA. Regeneration and maintenance of the planarian midline is reg-
ulated by a slit orthologue. Dev Biol. 2007; 307: 394—406. https://doi.org/10.1016/j.ydbio.2007.05.006
PMID: 17553481

9. Cebria F, Newmark PA. Morphogenesis defects are associated with abnormal nervous system regener-
ation following roboA RNAi in planarians. Development. 2007; 134: 833—837. https://doi.org/10.1242/
dev.02794 PMID: 17251262

10. Zallen JA, Yi BA, Bargmann Cl. The conserved immunoglobulin superfamily member SAX-3/Robo
directs multiple aspects of axon guidance in C. elegans. Cell. 1998; 92: 217-227. https://doi.org/10.
1016/s0092-8674(00)80916-2 PMID: 9458046

11. Bashaw GJ, Kidd T, Murray D, Pawson T, Goodman CS. Repulsive axon guidance: Abelson and
Enabled play opposing roles downstream of the roundabout receptor. Cell. 2000; 101: 703-715. https://
doi.org/10.1016/s0092-8674(00)80883-1 PMID: 10892742

12. Jaworski A, Tom |, Tong RK, Gildea HK, Koch AW, Gonzalez LC, et al. Operational redundancy in axon
guidance through the multifunctional receptor Robo3 and its ligand NELL2. Science. 2015; 350: 961—
965. https://doi.org/10.1126/science.aad2615 PMID: 26586761

13.  Huminiecki L, Gorn M, Suchting S, Poulsom R, Bicknell R. Magic roundabout is a new member of the
roundabout receptor family that is endothelial specific and expressed at sites of active angiogenesis.
Genomics. 2002; 79: 547-552. https://doi.org/10.1006/geno.2002.6745 PMID: 11944987

PLOS ONE | https://doi.org/10.1371/journal.pone.0241150 October 22, 2020 16/19


https://doi.org/10.1126/science.274.5290.1123
http://www.ncbi.nlm.nih.gov/pubmed/8895455
https://doi.org/10.1126/science.1072165
https://doi.org/10.1126/science.1072165
http://www.ncbi.nlm.nih.gov/pubmed/12471249
https://doi.org/10.1242/dev.151415
http://www.ncbi.nlm.nih.gov/pubmed/29759980
https://doi.org/10.1101/cshperspect.a001941
http://www.ncbi.nlm.nih.gov/pubmed/20452961
https://doi.org/10.1016/j.ydbio.2011.12.046
https://doi.org/10.1016/j.ydbio.2011.12.046
http://www.ncbi.nlm.nih.gov/pubmed/22245052
https://doi.org/10.1016/s0896-6273%2804%2900179-5
https://doi.org/10.1016/s0896-6273%2804%2900179-5
http://www.ncbi.nlm.nih.gov/pubmed/15091338
https://doi.org/10.1016/s0092-8674%2800%2980915-0
http://www.ncbi.nlm.nih.gov/pubmed/9458045
https://doi.org/10.1016/j.ydbio.2007.05.006
http://www.ncbi.nlm.nih.gov/pubmed/17553481
https://doi.org/10.1242/dev.02794
https://doi.org/10.1242/dev.02794
http://www.ncbi.nlm.nih.gov/pubmed/17251262
https://doi.org/10.1016/s0092-8674%2800%2980916-2
https://doi.org/10.1016/s0092-8674%2800%2980916-2
http://www.ncbi.nlm.nih.gov/pubmed/9458046
https://doi.org/10.1016/s0092-8674%2800%2980883-1
https://doi.org/10.1016/s0092-8674%2800%2980883-1
http://www.ncbi.nlm.nih.gov/pubmed/10892742
https://doi.org/10.1126/science.aad2615
http://www.ncbi.nlm.nih.gov/pubmed/26586761
https://doi.org/10.1006/geno.2002.6745
http://www.ncbi.nlm.nih.gov/pubmed/11944987
https://doi.org/10.1371/journal.pone.0241150

PLOS ONE

Minimal ectodomain elements of Robo1

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Zelina P, Blockus H, Zagar Y, Péres A, Friocourt F, Wu Z, et al. Signaling switch of the axon guidance
receptor Robo3 during vertebrate evolution. Neuron. 2014; 84: 1258—1272. hitps://doi.org/10.1016/j.
neuron.2014.11.004 PMID: 25433640

Koch AW, Mathivet T, Larrivée B, Tong RK, Kowalski J, Pibouin-Fragner L, et al. Robo4 maintains ves-
sel integrity and inhibits angiogenesis by interacting with UNC5B. Dev Cell. 2011; 20: 33—46. https://doi.
org/10.1016/j.devcel.2010.12.001 PMID: 21238923

Brose K, Bland KS, Wang KH, Arnott D, Henzel W, Goodman CS, et al. Slit proteins bind Robo recep-
tors and have an evolutionarily conserved role in repulsive axon guidance. Cell. 1999; 96: 795-806.
https://doi.org/10.1016/s0092-8674(00)80590-5 PMID: 10102268

Chen JH, Wen L, Dupuis S, Wu JY, Rao Y. The N-terminal leucine-rich regions in Slit are sufficient to
repel olfactory bulb axons and subventricular zone neurons. J Neurosci. 2001; 21: 1548—1556. https:/
doi.org/10.1523/JNEUROSCI.21-05-01548.2001 PMID: 11222645

Howitt JA, Clout NJ, Hohenester E. Binding site for Robo receptors revealed by dissection of the leu-
cine-rich repeat region of Slit. EMBO J. 2004; 23: 4406—4412. https://doi.org/10.1038/sj.emboj.
7600446 PMID: 15496984

Morlot C, Thielens NM, Ravelli RBG, Hemrika W, Romijn RA, Gros P, et al. Structural insights into the
Slit-Robo complex. Proc Natl Acad Sci USA. 2007; 104: 14923-14928. https://doi.org/10.1073/pnas.
0705310104 PMID: 17848514

Fukuhara N, Howitt JA, Hussain S-A, Hohenester E. Structural and functional analysis of slit and hepa-
rin binding to immunoglobulin-like domains 1 and 2 of Drosophila Robo. J Biol Chem. 2008; 283:
16226—-16234. https://doi.org/10.1074/jbc.M800688200 PMID: 18359766

Brown HE, Reichert MC, Evans TA. Slit Binding via the Ig1 Domain Is Essential for Midline Repulsion
by Drosophila Robo1 but Dispensable for Receptor Expression, Localization, and Regulation in Vivo.
G3&#58; Genes|Genomes|Genetics. G3: Genes, Genomes, Genetics; 2015; 5: 2429-2439. https://doi.
org/doi:10.1534/93.115.022327

Reichert MC, Brown HE, Evans TA. In vivo functional analysis of Drosophila Robo1 immunoglobulin-
like domains. Neural development. 2016; 11: 15. https://doi.org/10.1186/s13064-016-0071-0 PMID:
27539083

Dickson BJ, Gilestro GF. Regulation of commissural axon pathfinding by slit and its Robo receptors.
Annu Rev Cell Dev Biol. 2006; 22: 651-675. https://doi.org/10.1146/annurev.cellbio.21.090704.151234
PMID: 17029581

Hivert B, Liu Z, Chuang C-Y, Doherty P, Sundaresan V. Robo1 and Robo2 are homophilic binding mole-
cules that promote axonal growth. Mol Cell Neurosci. 2002; 21: 534-545. https://doi.org/10.1006/mcne.
2002.1193 PMID: 12504588

Evans TA, Santiago C, Arbeille E, Bashaw GJ. Robo2 acts in trans to inhibit Slit-Robo1 repulsion in pre-
crossing commissural axons. Elife. 2015; 4: e08407. https://doi.org/10.7554/eLife.08407 PMID:
26186094

Liu Z, Patel K, Schmidt H, Andrews W, Pini A, Sundaresan V. Extracellular I|g domains 1 and 2 of Robo
are important for ligand (Slit) binding. Mol Cell Neurosci. 2004; 26: 232—240. https://doi.org/10.1016/j.
mcn.2004.01.002 PMID: 15207848

Aleksandrova N, Gutsche |, Kandiah E, Avilov SV, Petoukhov MV, Seiradake E, et al. Robo1 Forms a
Compact Dimer-of-Dimers Assembly. Structure. 2017. https://doi.org/10.1016/j.str.2017.12.003 PMID:
29307485

Yom-Tov G, Barak R, Matalon O, Barda-Saad M, Guez-Haddad J, Opatowsky Y. Robo Ig4 Is a Dimer-
ization Domain. J Mol Biol. 2017; 429: 3606—3616. https://doi.org/10.1016/j.jmb.2017.10.002 PMID:
29017837

Evans TA, Bashaw GJ. Functional diversity of Robo receptor immunoglobulin domains promotes dis-
tinct axon guidance decisions. Curr Biol. 2010; 20: 567-572. https://doi.org/10.1016/j.cub.2010.02.021
PMID: 20206526

Zakrys L, Ward RJ, Pediani JD, Godin AG, Graham GJ, Milligan G. Roundabout 1 exists predominantly
as a basal dimeric complex and this is unaffected by binding of the ligand Slit2. Biochem J. 2014; 461:
61-73. https://doi.org/10.1042/BJ20140190 PMID: 24673457

Brown HE, Reichert MC, Evans TA. In Vivo Functional Analysis of Drosophila Robo1 Fibronectin Type-
Il Repeats. G3&#58; Genes|Genomes|Genetics. 2018; 8: 621-630. https://doi.org/doi: 10.1534/g3.
117.300418

Barak R, Yom-Tov G, Guez-Haddad J, Gasri-Plotnitsky L, Maimon R, Cohen-Berkman M, et al. Struc-
tural Principles in Robo Activation and Auto-inhibition. Cell. 2019; 177: 272—-285.e16. https://doi.org/10.
1016/j.cell.2019.02.004 PMID: 30853216

PLOS ONE | https://doi.org/10.1371/journal.pone.0241150 October 22, 2020 17/19


https://doi.org/10.1016/j.neuron.2014.11.004
https://doi.org/10.1016/j.neuron.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/25433640
https://doi.org/10.1016/j.devcel.2010.12.001
https://doi.org/10.1016/j.devcel.2010.12.001
http://www.ncbi.nlm.nih.gov/pubmed/21238923
https://doi.org/10.1016/s0092-8674%2800%2980590-5
http://www.ncbi.nlm.nih.gov/pubmed/10102268
https://doi.org/10.1523/JNEUROSCI.21-05-01548.2001
https://doi.org/10.1523/JNEUROSCI.21-05-01548.2001
http://www.ncbi.nlm.nih.gov/pubmed/11222645
https://doi.org/10.1038/sj.emboj.7600446
https://doi.org/10.1038/sj.emboj.7600446
http://www.ncbi.nlm.nih.gov/pubmed/15496984
https://doi.org/10.1073/pnas.0705310104
https://doi.org/10.1073/pnas.0705310104
http://www.ncbi.nlm.nih.gov/pubmed/17848514
https://doi.org/10.1074/jbc.M800688200
http://www.ncbi.nlm.nih.gov/pubmed/18359766
https://doi.org/doi%3A10.1534/g3.115.022327
https://doi.org/doi%3A10.1534/g3.115.022327
https://doi.org/10.1186/s13064-016-0071-0
http://www.ncbi.nlm.nih.gov/pubmed/27539083
https://doi.org/10.1146/annurev.cellbio.21.090704.151234
http://www.ncbi.nlm.nih.gov/pubmed/17029581
https://doi.org/10.1006/mcne.2002.1193
https://doi.org/10.1006/mcne.2002.1193
http://www.ncbi.nlm.nih.gov/pubmed/12504588
https://doi.org/10.7554/eLife.08407
http://www.ncbi.nlm.nih.gov/pubmed/26186094
https://doi.org/10.1016/j.mcn.2004.01.002
https://doi.org/10.1016/j.mcn.2004.01.002
http://www.ncbi.nlm.nih.gov/pubmed/15207848
https://doi.org/10.1016/j.str.2017.12.003
http://www.ncbi.nlm.nih.gov/pubmed/29307485
https://doi.org/10.1016/j.jmb.2017.10.002
http://www.ncbi.nlm.nih.gov/pubmed/29017837
https://doi.org/10.1016/j.cub.2010.02.021
http://www.ncbi.nlm.nih.gov/pubmed/20206526
https://doi.org/10.1042/BJ20140190
http://www.ncbi.nlm.nih.gov/pubmed/24673457
https://doi.org/doi%3A10.1534/g3.117.300418
https://doi.org/doi%3A10.1534/g3.117.300418
https://doi.org/10.1016/j.cell.2019.02.004
https://doi.org/10.1016/j.cell.2019.02.004
http://www.ncbi.nlm.nih.gov/pubmed/30853216
https://doi.org/10.1371/journal.pone.0241150

PLOS ONE

Minimal ectodomain elements of Robo1

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Kidd T, Bland KS, Goodman CS. Slit is the midline repellent for the robo receptor in Drosophila. Cell.
1999; 96: 785—794. https://doi.org/10.1016/s0092-8674(00)80589-9 PMID: 10102267

Keleman K, Rajagopalan S, Cleppien D, Teis D, Paiha K, Huber LA, et al. Comm sorts robo to control
axon guidance at the Drosophila midline. Cell. 2002; 110: 415-427. https://doi.org/10.1016/s0092-8674
(02)00901-7 PMID: 12202032

Keleman K, Ribeiro C, Dickson BJ. Comm function in commissural axon guidance: cell-autonomous
sorting of Robo in vivo. Nat Neurosci. 2005; 8: 156—163. https://doi.org/10.1038/nn1388 PMID:
15657595

Kidd T, Russell C, Goodman CS, Tear G. Dosage-sensitive and complementary functions of round-
about and commissureless control axon crossing of the CNS midline. Neuron. 1998; 20: 25-33. https://
doi.org/10.1016/s0896-6273(00)80431-6 PMID: 9459439

Gilestro GF. Redundant mechanisms for regulation of midline crossing in Drosophila. PLoS ONE. 2008;
3: e3798. https://doi.org/10.1371/journal.pone.0003798 PMID: 19030109

Seeger M, Tear G, Ferres-Marco D, Goodman CS. Mutations affecting growth cone guidance in Dro-
sophila: genes necessary for guidance toward or away from the midline. Neuron. 1993; 10: 409—426.
https://doi.org/10.1016/0896-6273(93)90330-t PMID: 8461134

Georgiou M, Tear G. Commissureless is required both in commissural neurones and midline cells for
axon guidance across the midline. Development. 2002; 129: 2947-2956. PMID: 12050141

Myat A, Henry P, McCabe V, Flintoft L, Rotin D, Tear G. Drosophila Nedd4, a ubiquitin ligase, is
recruited by Commissureless to control cell surface levels of the roundabout receptor. Neuron. 2002;
35: 447-459. https://doi.org/10.1016/s0896-6273(02)00795-x PMID: 12165468

Spitzweck B, Brankatschk M, Dickson BJ. Distinct Protein Domains and Expression Patterns Confer
Divergent Axon Guidance Functions for Drosophila Robo Receptors. Cell. 2010; 140: 409—420. https://
doi.org/10.1016/j.cell.2010.01.002 PMID: 20144763

Simpson JH, Kidd T, Bland KS, Goodman CS. Short-range and long-range guidance by slit and its
Robo receptors. Robo and Robo2 play distinct roles in midline guidance. Neuron. 2000; 28: 753—766.
https://doi.org/10.1016/s0896-6273(00)00151-3 PMID: 11163264

Rajagopalan S, Nicolas E, Vivancos V, Berger J, Dickson BJ. Crossing the midline: roles and regulation
of Robo receptors. Neuron. 2000; 28: 767—777. https://doi.org/10.1016/s0896-6273(00)00152-5 PMID:
11163265

Alavi M, Song M, King GLA, Gillis T, Propst R, Lamanuzzi M, et al. Dscam1 Forms a Complex with
Robo1 and the N-Terminal Fragment of Slit to Promote the Growth of Longitudinal Axons. PLoS Biol.
2016; 14: e1002560. https://doi.org/10.1371/journal.pbio.1002560 PMID: 27654876

Coleman HA, Labrador J-P, Chance RK, Bashaw GJ. The Adam family metalloprotease Kuzbanian reg-
ulates the cleavage of the roundabout receptor to control axon repulsion at the midline. Development.
Oxford University Press for The Company of Biologists Limited; 2010; 137: 2417—-2426. https://doi.org/
10.1242/dev.047993 PMID: 20570941

Chance RK, Bashaw GJ. Slit-Dependent Endocytic Trafficking of the Robo Receptor Is Required for
Son of Sevenless Recruitment and Midline Axon Repulsion. Klein R, editor. PLoS Genet. 2015; 11:
€1005402. https://doi.org/10.1371/journal.pgen.1005402 PMID: 26335920

Sawaya MR, Wojtowicz WM, Andre |, Qian B, Wu W, Baker D, et al. A double S shape provides the
structural basis for the extraordinary binding specificity of Dscam isoforms. Cell. 2008; 134: 1007—-1018.
https://doi.org/10.1016/j.cell.2008.07.042 PMID: 18805093

Li X-T, Yu Q, Zhou Q-S, Zhao X, Liu Z-Y, Cui W-Z, et al. BmRobo1a and BmRobo1b control axon repul-
sion in the silkworm Bombyx mori. Gene. 2016; 577: 215-220. https://doi.org/10.1016/j.gene.2015.11.
044 PMID: 26642898

Park KW, Morrison CM, Sorensen LK, Jones CA, Rao Y, Chien C-B, et al. Robo4 is a vascular-specific
receptor that inhibits endothelial migration. Dev Biol. 2003; 261: 251-267. https://doi.org/10.1016/
s0012-1606(03)00258-6 PMID: 12941633

Zheng W, Geng A-Q, Li P-F, Wang Y, Yuan X-B. Robo4 regulates the radial migration of newborn neu-
rons in developing neocortex. Cereb Cortex. 2012; 22: 2587-2601. https://doi.org/10.1093/cercor/
bhr330 PMID: 22123939

Suchting S, Heal P, Tahtis K, Stewart LM, Bicknell R. Soluble Robo4 receptor inhibits in vivo angiogene-
sis and endothelial cell migration. FASEB J. 2005; 19: 121-123. https://doi.org/10.1096/fj.04-1991fje
PMID: 15486058

Pak JS, DeLoughery ZJ, Wang J, Acharya N, Park Y, Jaworski A, et al. NELL2-Robo3 complex struc-
ture reveals mechanisms of receptor activation for axon guidance. Nat Commun. Nature Publishing
Group; 2020; 11: 1489—14. https://doi.org/10.1038/s41467-020-15211-1 PMID: 32198364

PLOS ONE | https://doi.org/10.1371/journal.pone.0241150 October 22, 2020 18/19


https://doi.org/10.1016/s0092-8674%2800%2980589-9
http://www.ncbi.nlm.nih.gov/pubmed/10102267
https://doi.org/10.1016/s0092-8674%2802%2900901-7
https://doi.org/10.1016/s0092-8674%2802%2900901-7
http://www.ncbi.nlm.nih.gov/pubmed/12202032
https://doi.org/10.1038/nn1388
http://www.ncbi.nlm.nih.gov/pubmed/15657595
https://doi.org/10.1016/s0896-6273%2800%2980431-6
https://doi.org/10.1016/s0896-6273%2800%2980431-6
http://www.ncbi.nlm.nih.gov/pubmed/9459439
https://doi.org/10.1371/journal.pone.0003798
http://www.ncbi.nlm.nih.gov/pubmed/19030109
https://doi.org/10.1016/0896-6273%2893%2990330-t
http://www.ncbi.nlm.nih.gov/pubmed/8461134
http://www.ncbi.nlm.nih.gov/pubmed/12050141
https://doi.org/10.1016/s0896-6273%2802%2900795-x
http://www.ncbi.nlm.nih.gov/pubmed/12165468
https://doi.org/10.1016/j.cell.2010.01.002
https://doi.org/10.1016/j.cell.2010.01.002
http://www.ncbi.nlm.nih.gov/pubmed/20144763
https://doi.org/10.1016/s0896-6273%2800%2900151-3
http://www.ncbi.nlm.nih.gov/pubmed/11163264
https://doi.org/10.1016/s0896-6273%2800%2900152-5
http://www.ncbi.nlm.nih.gov/pubmed/11163265
https://doi.org/10.1371/journal.pbio.1002560
http://www.ncbi.nlm.nih.gov/pubmed/27654876
https://doi.org/10.1242/dev.047993
https://doi.org/10.1242/dev.047993
http://www.ncbi.nlm.nih.gov/pubmed/20570941
https://doi.org/10.1371/journal.pgen.1005402
http://www.ncbi.nlm.nih.gov/pubmed/26335920
https://doi.org/10.1016/j.cell.2008.07.042
http://www.ncbi.nlm.nih.gov/pubmed/18805093
https://doi.org/10.1016/j.gene.2015.11.044
https://doi.org/10.1016/j.gene.2015.11.044
http://www.ncbi.nlm.nih.gov/pubmed/26642898
https://doi.org/10.1016/s0012-1606%2803%2900258-6
https://doi.org/10.1016/s0012-1606%2803%2900258-6
http://www.ncbi.nlm.nih.gov/pubmed/12941633
https://doi.org/10.1093/cercor/bhr330
https://doi.org/10.1093/cercor/bhr330
http://www.ncbi.nlm.nih.gov/pubmed/22123939
https://doi.org/10.1096/fj.04-1991fje
http://www.ncbi.nlm.nih.gov/pubmed/15486058
https://doi.org/10.1038/s41467-020-15211-1
http://www.ncbi.nlm.nih.gov/pubmed/32198364
https://doi.org/10.1371/journal.pone.0241150

PLOS ONE

Minimal ectodomain elements of Robo1

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Wojtowicz WM, Wu W, Andre |, Qian B, Baker D, Zipursky SL. A vast repertoire of Dscam binding speci-
ficities arises from modular interactions of variable Ig domains. Cell. 2007; 130: 1134—1145. https://doi.
org/10.1016/j.cell.2007.08.026 PMID: 17889655

Dascenco D, Erfurth ML, Izadifar A, Song M, Sachse S. Slit and Receptor Tyrosine Phosphatase 69D
Confer Spatial Specificity to Axon Branching via Dscam1. Cell. 2015.

Ly A, Nikolaev A, Suresh G, Zheng Y, Tessier-Lavigne M, Stein E. DSCAM is a netrin receptor that col-
laborates with DCC in mediating turning responses to netrin-1. Cell. 2008; 133: 1241-1254. https://doi.
org/10.1016/j.cell.2008.05.030 PMID: 18585357

Xu K, Wu Z, Renier N, Antipenko A, Tzvetkova-Robev D, Xu Y, et al. Structures of netrin-1 bound to two
receptors provide insight into its axon guidance mechanism. Science. 2014; 344: 1275-1279. https://
doi.org/10.1126/science. 1255149 PMID: 24876346

Finci LI, Kriger N, Sun X, Zhang J, Chegkazi M, Wu Y, et al. The Crystal Structure of Netrin-1in Com-
plex with DCC Reveals the Bifunctionalityof Netrin-1 As a Guidance Cue. Neuron. Elsevier Inc; 2014;:
1—11. https://doi.org/10.1016/j.neuron.2014.07.010 PMID: 25123307

Geisbrecht BV, Dowd KA, Barfield RW, Longo PA, Leahy DJ. Netrin binds discrete subdomains of DCC
and UNCS5 and mediates interactions between DCC and heparin. J Biol Chem. 2003; 278: 32561—
32568. https://doi.org/10.1074/jbc.M302943200 PMID: 12810718

Liu 'Y, Bhowmick T, Liu Y, Gao X, Mertens HDT, Svergun DI, et al. Structural Basis for Draxin-Modu-
lated Axon Guidance and Fasciculation by Netrin-1 through DCC. Neuron. 2018. https://doi.org/10.
1016/j.neuron.2018.02.010 PMID: 29503192

Klueg KM, Alvarado D, Muskavitch MAT, Duffy JB. Creation of a GAL4/UAS-coupled inducible gene
expression system for use in Drosophila cultured cell lines. Genesis. 2002; 34: 119—-122. https://doi.org/
10.1002/gene.10148 PMID: 12324964

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source
platform for biological-image analysis. Nat Methods. 2012; 9: 676—682. https://doi.org/10.1038/nmeth.
2019 PMID: 22743772

Patel NH. Imaging neuronal subsets and other cell types in whole-mount Drosophila embryos and lar-
vae using antibody probes. Methods in cell biology. Elsevier; 1994; 44: 445-487. https://doi.org/10.
1016/s0091-679x(08)60927-9 PMID: 7707967

PLOS ONE | https://doi.org/10.1371/journal.pone.0241150 October 22, 2020 19/19


https://doi.org/10.1016/j.cell.2007.08.026
https://doi.org/10.1016/j.cell.2007.08.026
http://www.ncbi.nlm.nih.gov/pubmed/17889655
https://doi.org/10.1016/j.cell.2008.05.030
https://doi.org/10.1016/j.cell.2008.05.030
http://www.ncbi.nlm.nih.gov/pubmed/18585357
https://doi.org/10.1126/science.1255149
https://doi.org/10.1126/science.1255149
http://www.ncbi.nlm.nih.gov/pubmed/24876346
https://doi.org/10.1016/j.neuron.2014.07.010
http://www.ncbi.nlm.nih.gov/pubmed/25123307
https://doi.org/10.1074/jbc.M302943200
http://www.ncbi.nlm.nih.gov/pubmed/12810718
https://doi.org/10.1016/j.neuron.2018.02.010
https://doi.org/10.1016/j.neuron.2018.02.010
http://www.ncbi.nlm.nih.gov/pubmed/29503192
https://doi.org/10.1002/gene.10148
https://doi.org/10.1002/gene.10148
http://www.ncbi.nlm.nih.gov/pubmed/12324964
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1016/s0091-679x%2808%2960927-9
https://doi.org/10.1016/s0091-679x%2808%2960927-9
http://www.ncbi.nlm.nih.gov/pubmed/7707967
https://doi.org/10.1371/journal.pone.0241150

