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Abstract

Slits ligands and their Robo receptors are involved in quite disparate cell signaling pathways that 

include axon guidance, cell proliferation, cell motility and angiogenesis. Neural crest cells emerge 

by delamination from neural cells in the dorsal neural tube, and give rise to various components 

of the peripheral nervous system in vertebrates. It is well established that these cells change from 

a non-migratory to a highly migratory state allowing them to reach distant regions before they 

differentiate. However, but the mechanism controlling this delamination and subsequent migration 

are still not fully understood. The repulsive Slit ligand family members, have been classified also 

as true tumor suppressor molecules. The present study explored in further detail what possible 

Slit/Robo signals are at play in the trunk neural cells and neural crest cells by carrying out 

a microarray after Slit2 gain of function in trunk neural tubes. We found that in addition to 

molecules known to be downstream of Slit/Robo signaling, there were a large set of molecules 

known to be important in maintaining cells in non-motile, epithelia phenotype. Furthermore, 

we found new molecules previously not associated with Slit/Robo signaling: cell proliferation 

markers, Ankyrins and RAB intracellular transporters. Our findings suggest that neural crest cells 

use and array of different Slit/Robo pathways during their transformation from non-motile to 

highly motile cells.
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1. Introduction

Slits ligands and their Robo receptors are large proteins involved in quite disparate 

cell signaling pathways that include axon guidance, cell proliferation, cell motility 

and angiogenesis (Blockus and Chedotal, 2016; Dickinson and Duncan, 2010). Initially 

discovered as axonal guidance molecules, Slits, and especially Slit2, inhibit neural crest 

migration and are true tumor suppressor genes (Dallol et al., 2003; Dickinson et al., 

2004). They attenuate cancer metastasis progression by regulating beta-catenin expression 
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as well as regulate intermediate progenitor cell transition in brain cortex and target Ezh2 

repression (Chatterjee et al., 2001; Yu et al., 2010). However, though we know relevant 

key downstream signals from Slit molecules in these processes in different cell lineages 

(Blockus and Chedotal, 2016), we do not have an overall understanding of the downstream 

signals for Slit2 inside neural crest cells.

Neural crest cells (NCC) start as a non-migratory population from the dorsal portion 

of the neural tube in the developing embryo. These cells undergo an epithelial-to­

mesenchymal transition (EMT) process that changes these cells from differentiated epithelial 

cells into motile, mesenchymal cells (Guarino et al., 2007). Understanding EMT has 

farther repercussions that go beyond understanding this process as one that plays during 

development when NCC are migrating throughout the embryo because EMT changes are 

what transform cancer cells into metastatic aggressive cancers (Kitzing et al., 2007; Olson 

and Sahai, 2008; Thiery et al., 2009 #21915). Neural crest cells (NCC) are characterized by 

their persistent motility in reaching their targets and differentiating into a vast number of 

cells types (Kulesa and Gammill, 2010; Rogers et al., 2012; Selleck et al., 1993). However, 

EMT is not the most crucial step in NCC development, but their special migratory pattern is 

what sets them apart from other mesenchymal cells. Neural crest cells move at probably the 

fastest speed in an embryo, travel along specific pathways (ventromedial and dorsolateral), 

in continuous waves and finally stop at their destination to give rise to very different 

types of cells (Serbedzija et al., 1989 #11287; Bronner-Fraser and Fraser, 1988 #1494; 

Baggiolini et al., 2015 #14623; Gammill and Roffers-Agarwal, 2010 #16598). Central to 

their successful migration is the timely coordination of a complex regulatory network of 

signals that regulate: cytoskeleton re-arrangements, transcription factors and cell adhesion 

molecules distribution (Sauka-Spengler and Bronner-Fraser, 2008; Taneyhill, 2008).

Our lab has been interested in the role that Slit molecules play during neural crest 

development (Giovannone et al., 2012; Zuhdi et al., 2015). Of especial relevance is the fact 

that pre-migratory neural crest cells (NCC) express Slits and Robo receptor simultaneously 

(Giovannone et al., 2012). While we know that trunk neural crest cells are repelled by Slit 

molecules (Giovannone et al., 2012; Vaughen and Igaki, 2016; Zuhdi et al., 2015), and 

that neural crest cells over-expressing Robo1-Δ-67 do not migrate along their ventromedial 

pathway (Jia et al., 2005), we still do not have a clear picture among the many possible 

downstream pathways of Robo, which ones are involved in these responses (Blockus and 

Chedotal, 2016). Are Slit molecules modulating the proliferation of neural crest cells? 

What are the cytoskeletal changes that Robo signaling causes in pre-migratory neural crest 

cells before delamination? Do Slit molecules alter their cytoskeleton organization? In this 

study, we aimed to answer these questions by doing a Slit microarray after constitutively 

expressing Slit2 in trunk neural tube cells. Our results showed many new gene candidate 

interactions via Slit/Robo signaling, especially for trunk neural crest cells.

2. Results

2.1. Results from a chicken neural tube microarray after Slit2 overexpression

Past studies from our lab showed evidence that Slit family ligands have a role in the timely 

migration of trunk neural crest cells (Giovannone et al., 2012). In order to find the players 
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involved in Slit/Robo signaling during the initiation of migration of trunk neural crest cells 

we performed a neural tube/pre-migratory neural crest microarray after Slit2 electroporation 

in chicken HH13–14 embryo neural tubes (Fig. 1A).

This screen allowed us to collect old and new information on genes that are regulated 

during Slit2 gain of function (GOF) in trunk neural tubes. A heat-map analysis for all 

detected gene expression measurements allowed us to observe the overall differential gene 

expression, where yellow corresponds to no difference, green for down-regulated and red 

for up-regulated genes (Fig. 1B). The genes with fold change values of ≤2, and ≥2 

were plotted and the generated normalization is indicated by the blue color. Overall, we 

found that in 37.3% of cases, Slit2 GOF down-regulated genes, compared with 62.7% 

of up-regulated genes (Fig. 1C). Further analysis with IPA software provided a pie chart 

with biological distribution of genes based on their functions and percentage of the gene 

expression microarray data (Fig. 2). From this distribution of genes we found that among 

the many genes with increased or decreased expression after Slit2 constitutive expression, 

around 40% are involved in cytoskeleton, ECM, Rho pathways (included under heading 

“Receptor/Downstream signaling”) and 20% shared responses with cancer genes (Supp. Fig. 

1). Interestingly, cell cycle molecules (i.e. cdks, STATs, etc.) and transporting machinery 

(i.e. RABs) amounted each to 19% of total affected genes.

Among the large number of genes showing substantial increase between control un­

transfected neural tube and neural tube over-expressing Slit2, the most notables because 

they have been shown to be involved in mesenchymal cell transformation were Nkx2.6, 

Fibronectin-1 (FN1), Claudin5, EphA1 and Cadherin-17 (Cdh17), while endothelin-2 

(Edn2), Dock8, cdk5, Pax7 and FGF16 were reduced (see Fig. 3 and Table 1). We grouped 

changed genes based on their relation to cell shape, motility, etc. In Table 1: A) Those 

known to be involved in neural crest epithelial-to-mesenchymal transition (EMT): cadherins, 

catenin, Ezh1, Notch1 TGFbeta, ADAMs, matrix metallopeptidases (MMPs), Dock5 and 

Claudins among others (Powell et al., 2013; Rabadan et al., 2013) (see also Supp. Table 

I). B) Those known to be important in regulating cytoskeleton: Rabl2B, AnkyrinD1 and 

DSCAML1, WASP, contactin. C) Those also known to be downstream of classic Slit-Robo 

signaling or integrins (Supp. Fig. 1 and 2). D) Finally, those molecules previously not 

associated with Robo signaling like Claudins, Shh, HoxA, ezrin, merlin, Delta, GDF5, 

Bcl2-A1, DSCAML1, Nkx2.6, Otx2, NCAM2, and glial genes (S100, FABP, gcm2), (see 

also Supp. Table I).

In order to detect genes that are shared by different functions we arranged the data according 

to Venn diagrams. We specifically explored “cancer” genes since this group encompasses 

markers for migratory mesenchymal cells, a key characteristic of NCC. 1) Venn diagram 

of EMT, cell adhesion and cancer grouped genes provided only CDH17 for all three 

(Fig. 4A). 2) Venn diagram between cytoskeleton, cancer and DNA modifiers did not 

show a common one, although EZH1 was present between cancer and DNA modifiers 

(Fig. 4B). 3) Venn diagram between oncogenes, EMT and cell proliferation did not show 

any common molecule. While EMT and cell proliferation combination showed Notch1 

and MycL1 (Fig. 4C). Cell proliferation, cytoskeleton and cell motility did not show any 

common genes despite the large number of genes and cytoskeletal molecules affected by 
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Slit2. Only highlighted the Ankyrin family members from the microarray (see Table 1) 

between cytoskeleton and cell proliferation (Fig. 4D). When looking at cell proliferation 

and cell motility, ELMO2 protein was the only common one. ELMO2 works as a GAP in 

conjunction with ARL2 (Bowzard et al., 2007), and ELMO1 is known to work with Dock1 

in cytoskeletal re-arrangements and cell migration (Gumienny et al., 2001).

Among the many genes that showed upregulation or downregulation, some are well known 

to be expressed and are required for neural crest cell (NCC) development or migration 

(i.e. Notch, Spry1, Merlin, Endothelin, ErbB receptor, Sema proteins, EphA1, etc). But 

we also observed many that are new for NCC development: HoxA2, EZH1, Collagen 2, 

Ankyrins, Rabs, etc. (see Table 1). We carried out in situ hybridization experiment for the 

downregulated HoxA and Col2a to determine their expression in trunk chicken embryos. 

HoxA2, known to be expressed in neural tubes (Paxton et al., 2010), showed a noticeable, 

prominent pattern which has no expression in the most anterior portion of the head and 

strong expression in the hindbrain rhombomeres NCC streams, showed also to be strongly 

expressed in the trunk. In the HH10 and HH13 its expression is in the trunk somite. But by 

HH16 and HH19 it is expressed in the neural tube and migrating NCC (Fig. 5A–D). Sections 

through HH19 embryos at the level of mid-trunk showed that HoxA2 clearly overlapped 

with migrating NCCs that are HNK1 positive (Fig. 5D insets). Collagen Type II Alpha 1 

(Col2A1) expression pattern has been explored in limb development before (Bendall et al., 

2003). Here we observed that it is expressed by migrating cranial (Fig. 4E and F) and trunk 

(Fig. 5G–H) NCC by HH13–19, as well as in the neural tube.

2.2. Validation studies

Next we carried out RT-PCR and QPCR of genes selected showing significant fold change 

expression difference in order to validate microarray findings. We observed that qPCR for 

CDH-17, Claudin-8, Endothelin-2 (Edn2) and Jagged-2 (Jag2) showed changes in these 

genes levels in line with our microarray findings (Fig. 6). In addition to repeating it after 

Slit2 GOF we also included Robo GOF electroporation of neural tubes to determine if 

overexpression of the ligand and its receptor provide similar results. Indeed, CDH-17 

showed a +8 fold change difference for Slit2 treatment in comparison with our control 

treatment (p < 0.01), and a +16 fold change difference for Robo GOF treatment in 

comparison with our control treatment (p < 0.01). Claudin-8 showed +4–8 fold change 

difference for Slit2 and Robo GOF treatments (p < 0.01). Endothelin-2 showed a +~7 fold 

change for both Slit2 and Robo GOF (p < 0.05). Jagged-2 had a +4 fold change induction 

for both Slit2 and Robo GOF treatment (p < 0.05). Of this set of molecules, only End-2 gave 

opposite results compared to our microarray findings.

In order to further validate our observations, we also tested by qPCR a set of key cell 

regulators: cdk5, Ezh1, FGF16 and Spry1 after Slit and Robo GOF (Fig. 6). We found 

that for Slit GOF cdk5, Ezh1, FGF16 and Spry1 all showed down regulation (Fig. 6) as 

mostly observed in the microarray with the exception of FGF16. When we repeated the 

same experiment under Robo GOF to further validate Slit GOF findings, we found down 

regulation of Cdk5, Ezh1, and Spry1; and up regulation of FGF16.
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We further looked to corroborate our microarray findings by electroporating neural tubes 

under Slit2 GOF or Robo GOF (Supp. Fig. 2). We found that Dock8 showed down 

regulation by Slit2 and Robo. EphA1 and FGF16 exhibited up regulation after Robo GOF, 

while Slit2 GOF effects were not different from untreated NCC. However, we did not 

observe changes in Nkx2.6 after Slit2 or Robo GOF.

2.3. The role Robo signaling on neural crest cell cytoskeleton

One of the best known roles of Robo signaling is its effect on the cells cytoskeleton (Blockus 

and Chedotal, 2016; McConnell et al., 2016; Vaughen and Igaki, 2016). Results from our 

microarray further supported the hypothesis that Slit/Robo signaling has a wider effect on 

neural crest cells cytoskeleton than previously thought. Several molecules known to be 

responsible for cell motility and/or cell shape came from the screen: cdc42, Rac, several 

Rho guanine nucleotide exchange factors (ARHGEFs) and Rho GTPase activating proteins 

(ARHGAPs), vimentin, ezrin, merlin, WASP and ankyrin among the best known (Table 1 

and Supplementary Table I).

We had previously reported on the effect of Slit2 GOF/LOF altered actin and tubulin 

cytoskeletal organization in neural crest cells (Giovannone et al., 2012). In order to 

determine if these changes after GOF were mediated by canonical Rho pathway, especially 

given the changes observed in our microarray along the Robo-Rho pathway (Supp. Fig. 3), 

we electroporated Robo (GOF) and explanted neural tubes in the presence or absence of the 

Rock inhibitor, Y-27632. We found that inhibiting ROCK signaling reversed NCC rounder 

shape after Robo GOF while cells expressing control GFP did not change their shape (Fig. 

7). This is the first time that we have been able to reverse the rounder shape of NCC after 

Slit2/Robo GOF {Giovannone et al., 2012 #16733}. Our results show that: A) the inhibitor 

rescued the Robo phenotype of reduced migration in trunk NCC neural crest cells (data not 

shown). B) Rock inhibitor partially rescued the epithelized phenotype in neural crest cells 

after Robo GOF. Robo GOF cells (rounder in Fig. 7C) became more mesenchymal after 

ROCK inhibitor (Fig. 7D).

2.4. Robo loss of function enhances cell division

Among the genes regulated by Slit2 GOF in our microarray, there was a wide range of 

molecules involved in cell division: Ezh1, NOTCH1, cdk5, NEDD1, GAS proteins and 

STAT4 among them (Table 1 and Supplementary Table). Recently Marin and co-workers 

showed that loss of Robo signaling enhances the proliferation of cortical precursors (Borrell 

et al., 2012). Importantly for Robo signaling, Sasai and coworkers showed that application 

of a Rho-associated kinase (ROCK) inhibitor to hES cells significantly diminished apoptosis 

(Watanabe et al., 2007).

Following on these findings we replicated Borrell’s approach by electroporating a dominant 

negative form of Robo (RD2) and looking at BrdU incorporation in trunk neural crest cells 

(Fig. 8). This Robo receptor has a truncated cytoplasmic portion that while it can bind 

and form heterodimers with other Robos, it blocks any downstream signaling (Stein and 

Tessier-Lavigne, 2001). Thus, we will refer to this experiments as Robo loss-of-function 

(Robo LOF). These Robo LOF experiments showed similar findings to Marin’s, Robo LOF 
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almost doubled neural crest cell proliferation (total BrdU incorporation was 42% higher in 

RD2 cultures compared with GFP control, p < 0.002, N=5 experiments with minimum 20 

cells counted at least per treatment). These findings were specific for trunk neural crest cells 

since repeating RD2 transfections on HEK293 cells and carrying out BrdU labeling did not 

show any changes in the proliferation rate of these cells, while using a neural crest cell line 

(SpL201) showed increased BrdU incorporation (Table 2 and Fig. 9).

3. Discussion

Robo signaling is known for its involvement in many cellular processes, especially cell 

guidance (Ypsilanti et al., 2010). While Slit molecules have been shown to repel neural crest 

cells (De Bellard et al., 2003; Jia et al., 2005; Shiau and Bronner-Fraser, 2009) and affec 

their migratory properties (Giovannone et al., 2012; Kirby and Hutson, 2010), we still do not 

know what are the specific intracellular events in cells responding to Slits. Here we aimed 

to begin dissecting out which molecules are downstream of Slit/Robo signaling during trunk 

neural crest cells development by overexpressing Slit2 in trunk neural tubes. This is the first 

time that a combined screen for neural cells and a specific ligand (Slit2) are explored in 

combination. Our findings confirmed many of the known signaling pathways for Robo as 

well as brought new players in neural crest migration.

3.1. Slit/Robo signaling

Overall our screen brought up a set of well-known molecules involved in neural and 

more pertinent, NCC development. For example, we observed that Slit2 GOF increased 

Cadherins and catenin expression, molecules known for their role in regulating epithelial 

morphology in cells (Coles et al., 2007; Lien et al., 2006; Rogers et al., 2013; Takeichi 

et al., 2000) and their cross talk with Slits (Shiau and Bronner-Fraser, 2009; Tseng et al., 

2010). In addition to these two classic major players, we also observed increased levels in 

a cohort of other important epithelial markers with a counterpart decrease in mesenchymal 

markers (See Supplementary Table I). These observations in combination with our GO 

analysis, suggest that Slit/Robo signaling is involved in the process that NCC undergo when 

becoming mesenchymal/migratory. Recent findings by Vaughen and Igaki in Drosophila 

further supports this hypothesis. They present data that demonstrates a role for Slit/Robo 

via E-cadherin (E-cad) deregulation in extruding tumorigenic cells from epithelia (Vaughen 

and Igaki, 2016). Their findings help to explain how Slit/Robo signaling acts both as tumor 

suppressor and/or promoter in variety of cancers, and how this can be applied to the process 

of NCC becoming migratory upon delamination.

Results from the Venn diagrams suggested a hypothetical Slit/Robo signaling that we want 

to refer as a “Rho non-canonical pathway”. This hypothesis, that Robo is more than a 

“repulsive” molecule, has been recently highlighted by Chedotal in a recent review (Blockus 

and Chedotal, 2016). In our microarray the group with the largest set of shared genes were 

cancer and mesenchymal markers (Fig. 3A), with CDH17 shared among all 3 with cell 

adhesion genes. This is a new finding, because while cadherins have been well known for 

their role in neural crest emigration (Nakagawa and Takeichi, 1995) and migration (Clay 

and Halloran, 2011) Cadherin17 has not. CDH17 encodes a cadherin-like protein, of which 
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a similar one in Xenopus has been shown to impair migration of cranial neural crest cells 

(Bartolome et al., 2014; Borchers et al., 2001). What is relevant for our findings is that 

CDH17 can regulate α2β1 integrin signaling in cell adhesion and proliferation in colon 

cancer cells (Bartolome et al., 2014), and in our microarray, we found that ITGA4 and 

ITGB1 were upregulated (α4β1) by Slit2 (Supp. Fig. 4).

Recently, it has been hypothesized that there might be two distinct phases of neural crest 

EMT: detachment and mesenchymalization, with the latter involving a novel requirement 

for Sip1 in regulation of cadherin expression during completion of neural crest EMT 

(Rogers et al., 2013). From the overall findings in here, combined with past research, we 

would like to propose following Rogers hypothesis, that Slit/Robo signaling is involved in 

the mesenchymalization of the NCC as they migrate out of the neural tube. Among the 

known NCC migration pathway receptors there are several that stood out, validating our 

hypothesis that Slit molecules play relevant roles in regulating the timeliness and migration 

of NCC. Thus, molecules that correlate with enhanced NCC migration (EDN2, FGFR1, 

Ret, CXCR4, MET, EphA6, FZD5, NRG2, LPAR6 and NOTCH1) were down regulated 

by over-expressing Slit2, while molecules that correlate with non-migratory phenotypes 

were up-regulated (ErbB4, MUC-1, Nidogen, PAK6, ANKRD1, CSF2RA and EphA1). In 

summary, we find an overall correlation between Slit2 GOF and crucial genes required for 

proper NCC migration/mesenchymalization.

A surprise finding from the microarray was the upregulation of Toll-like receptor-2 (TLR2) 

which has not been shown yet to play a role in neural crest migration. These receptors 

are well-known for their role in innate immunity, but they can also induce pro-metastatic 

inflammatory responses that could lead to tumor growth and metastasis (Fabbri et al., 2012). 

The only correlation with NCC has been from a 2008 transcriptome study with isolated 

human neural crest cells whose profile was compared with murine NCC (Thomas et al., 

2008). Analogously to our microarray, they found upregulation of TLRs in NCC from both 

species. Toll-Like receptors have emerged as important participants in giving shape to the 

microenvironment of tumors by their involvement in tumorigenic pathways (Ridnour et al., 

2013), to the extent that TLR5 agonists are under study as candidates for organ-specific 

immunotherapy to prevent metastases (Brackett et al., 2016). These findings regarding 

Toll receptors fit along a role for Slits in impairing proper NCC migration in our GOF 

experiments and open the door for future research (Giovannone et al., 2012).

The other significant finding was that Slit GOF upregulated two set of family molecules: 

RABs and Serpins. RABs, (RAB11B and RAB44) which are part of the largest family 

of small Ras-like GTPases, were among the genes with the highest upregulation in our 

microarray, while interestingly, we did not observe reduction among any of its members. 

RAB11B is known for its involvement in Golgi to plasma membrane cycling while RAB44 

is unknown (Hutagalung and Novick, 2011). Serpins were initially discovered as serine 

proteases; the best known are the ones belonging to clade A (antitrypsin type), but clade 

B (oval-bumin), are known too for regulating other proteases through cleavage (Law et al., 

2006; Silverman et al., 2001). More importantly, besides playing relevant roles in some 

neurological disorders, Massague’s lab recently showed that they are part of a cascade in 

brain cancer metastasis (Valiente et al., 2014). These two findings combined give a new 
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facet to Slit/Robo signaling: 1) possible role in intra-cellular trafficking and 2) upregulating 

proteases. Both of these functions are required for normal cell migration (Fortenberry, 2015; 

Laflamme et al., 2012; Stefansson and Lawrence, 1996; Tzeng and Wang, 2016).

3.2. Slit/Robo signaling in neural crest cytoskeleton

Cellular morphology and cell shape are dependent on cytoskeletal components such as actin, 

tubulin and intermediate filaments. Data presented here further supports our past studies and 

a hypothetical role of Slit/Robo signaling for proper cytoskeletal distribution/reorganization 

and regulation in the initiation and maintenance of migration of neural crest cells.

Another set of important molecules from our microarray are those involved in cytoskeletal 

motility. Among the most prominent ones we found are: myosin, tropomyosin, titin, tektin 

and troponin. These findings fit well with our observations that cells during Slit GOF 

develop impaired motility and their cytoskeletal assembly becomes disrupted (Giovannone 

et al., 2012). Halloran’s group has shown the need for both myosin and ROCK signaling 

in neural crest migration. They found that loss of cell adhesion and membrane blebbing 

appears before filopodia extension and onset of migration, showing an interplay of myosin 

II and ROCK during NCC mesenchymal transition (Berndt et al., 2008). Our past Slit2 GOF 

research showed increased membrane blebbing (De Bellard et al., 2003; Giovannone et al., 

2012), and our current result that ROCK inhibitors rescue the cell shape phenotype after Slit 

GOF supports a role for Robo signaling via ROCK kinase in regulating these cell changes in 

migrating NCC. Thus our current findings closes the loop from these two observations.

Another significant observation from our microarray was the presence of cytoskeletal 

associated molecules necessary for its reorganization and cell motility. Our past research 

showed that under Slit LOF conditions there were much fewer actin stress fibers in 

migrating neural crest cells (Giovannone et al., 2012). Stress fibers are associated with 

Myosin (Tojkander et al., 2012), in our microarray we found many myosins highly down­

regulated, especially the heavy chains (MYH1 and MYH6) or up-regulated, especially 

their binding proteins (MYH3, MYBPC and MYL10). Another important set of molecules 

(tropomyosin-1 and cofilin or ADF), have been shown by Gammill and co-workers to be 

expressed in pre-migratory and migratory neural crest cells (Vermillion et al., 2014). They 

found cofilin to be necessary for EMT but not for NCC migration. We did not observe 

cofilin in our microarray, but tropomyosin was downregulated, suggesting that Slit/Robo 

signaling regulates its expression during NCC migration.

3.3. Robo loss of function affects neural crest proliferation

Findings from this microarray and other labs highlight the complexity of Slit-Robo 

interactions on the neural crest or other neural progenitors, especially one as unusual as 

the increase in the number of cell proliferation. Marin and co-workers demonstrated that 

deleting or silencing Robo increases the number of cortical interneurons (Andrews et al., 

2008; Borrell et al., 2012). Our current findings that: 1) Slit GOF affected a set of cell cycle 

molecules (CDK5, NOTCH1, MYCL1, Spry1, STAT4, GAS2 and NEDD1), and 2) Robo 

LOF significantly increased proliferation of migrating NCC; leads us to hypothesize that 

Slit/Robo downstream signaling could also interacts with cell cycle signals. This is not the 
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first time that Slit is shown to have a role in cell proliferation (Borrell et al., 2012; Gu et al., 

2016), although we did not observe cell proliferation reduction after Slit2 GOF (Giovannone 

et al., 2012).

A possible mechanism for the cell proliferation increase in NCC after Robo LOF is via the 

TGF pathway. In our microarray, TGFB1 was reduced while SMAD7B (TGF-beta signal 

pathway antagonist) was increased. It has been shown that mammary gland morphogenesis 

is impaired in Slit and Robo mutants and that the signaling underlying this phenotype 

involves TGFβRII signaling when Slit-Robo signaling is active, leading to inhibition 

of pro-proliferative genes (Blockus and Chedotal, 2016; Macias et al., 2011). Another 

mechanism could be via Notch receptor, which we found reduced in Slit2 GOF. Recently, 

it has been found that the defects in cardiac cushion derivatives observed in Slit and Robo 

knockout mice seem to be due to the regulation of Notch pathway by Slit-Robo signaling 

(Mommersteeg et al., 2015). Thus, it seems that Slit/Robo signaling might be involved in the 

proliferation of migrating NCC.

3.4. Conclusions

In summary, our overall results suggest that Slit/Robo signaling in neural crest cells 

participates in a variety of cascade/cross talking signaling pathways among different genes, 

such as cell division, adhesion, cytoskeletal and known guidance molecules. Fig. 10 shows a 

modified cartoon that highlights known and new pathways in Slit/Robo signaling tailored for 

neural crest cells based on current observations (Fig. 10).

4. Materials and Methods

4.1. Electroporation, RNA extraction, and Slit2 microarray

Chicken embryos at HH13–14 were electroporated on both sides of the neural tube with 

pMES-Slit2 plasmid with electrodes on either side of the neural tube 3mm apart. 5 pulses at 

20 V, 100 ms on, 50 ms off. Embryos were incubated at 38 °C for 3hpe, removed and rinsed 

in ice cold ringers before placed in ice cold L15 media for dissection of neural tubes. RNA 

was isolated from neural tubes (n=5–7) using the GeneJet RNA purification (Fermentas) 

recommended protocol. For the microarray we processed 6 Total RNA samples (1 Control, 

2 experimental in duplicates) for gene expression. RNA quality and concentration was 

determined on the Agilent Bioanalyzer and NanoDrop spectrophotometer (see supplied 

Bioanalyzer pdfs). One-color labeling reactions were prepared using the Agilent Two-Color 

Protocol (Version 6.6) with 400 ng total RNA input. Data was processed through Agilent’s 

Feature Extraction software version 11.0.1.1 using the protocol GE2_1100_Jul11 and the 

44K grid file 026441_D_F_2013012. Quality metric data were produced for each sample 

and can be analyzed on the supplied Feature Extraction pdf files. The protocol consists of 

two parts: Labeling of the RNA and hybridization. First, 500–1200 ng of total RNA with 

the appropriate concentration of RNA spike-in controls is converted into double stranded 

cDNA using an oligo (dT) primer linked to the T7 promoter sequence and MMLV-RT. 

The double stranded cDNA is then in vitro transcribed by T7 RNA polymerase, which 

simultaneously amplifies and incorporates cyanine 3-labeled CTP and cyanine 5-labeled 

CTP into the resulting cRNA. Control samples were labeled with Cy5 and Experimental 
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sample labeled with Cy3. RNA SpikeA mix was used for Cy3 (experimental) samples and 

RNA spike B mix was used for all Cy5 (Control) samples. Labeled cRNA is then purified 

using Qiagen RNeasy columns and the labeling efficiency determined by the NanoDrop 

spectrophotometer (see Table 2). Next, the labeled cRNA is fragmented and placed on the 

chicken 4×44K Gene Expression microarray and hybridized at 65 °C for ~17 h. Finally, the 

arrays are washed and scanned at 3 μM resolution on an Agilent G2565CA High Resolution 

Scanner.

To convert RNA into cDNA we used SuperScript Vilo cDNA synthesis kit (Invitrogen), 

which uses Reverse Transcriptase to synthesized DNA from RNA. PCR was carried out 

in a 20 μL reaction mixture containing 10 nM of the respective primers, APEX 2.0x Taq 

Master Mix (Genesee Scientific). Analyses of PCR Products: The PCR products were 

electrophoresed through 2% agarose (BP 160–500 Fisher Scientific) gel, stained with EtBr, 

run at 35V for 3Hrs with Nanodrop DNA concentrations at ~2 μg/μL and visualized under a 

UV (DyNA Light) lamp. After, we used Fluorchem analyzer to analyze these bands.

4.2. RT-PCR and qPCR analysis

1 mg of total RNA was used in RT-PCR and qPCR experiments using specific primers (see 

Table 3). Amplification was done over 35 cycles (95 °C 5 min, 94 °C 30 s, 58 °C 30 s, 72 

°C 1 min) for RT-PCR (Eppendorf master cycler gradient). For qPCR (Bio-Rad CFX-96) 

the following parameters were used: Initial temperature at 95 °C for 3 min, denature at 95 

°C for 10 s, annealing at 59 °C for 30 s (+plate read), a melt curve was introduce at 65 

°C–95 °C, increment of 0.5 °C for 5 s (+plate read), the program was set for 39 cycles. 

The following control primers were used: Actin-1 5′-TGGGAC GAT ATG GAI AAI ATC 

TGG CA -3′, Actin-3R 5′-TCG GGC AAT TCI TAG GAC TTT TC -3′ was used for 

RT-PCR, and Gapdh forward 5′-GGA CAC TTC AAG GGC ACT GT -3′. Gapdh reverse 

5′-TCT CCA TGG TGG TGG AGA CA -3′. For qPCR we used a Bio-rad CFX96 and 

iTaq Universal SYBR Green Supermix (Bio-Rad) with ROX and fluorescein reference dyes 

for dye-based quantitative PCR (qPCR). QPCR analysis: ΔΔCT, normalized expression, the 

expression of the target relative to reference gene(s) normalized to a control sample. ΔΔCT = 

ΔCT sample – ΔCT control.

4.3. In vitro neural crest culture

Electroporated chicken neural tubes (HH14–16) were isolated 2 h post-electroporation 

(HPE) by incubating trunks in 1.5 mg/ml of Dispase for 30–60 min, followed by dissecting 

neural tubes into small pieces and culturing on Fibronectin coated (0.1 mg/ml) Nunc-glass 

chamber slides for 18 h In Dulbecco’s Modified Eagle Medium (DMEM), 10% fetal bovine 

serum (FBS) and 100 mg/ml and 100U of penicillin and streptomycin respectively. Cultures 

were then fixed in 4% PFA. For immunostaining, cultures were blocked for 30min with 

PBS, 1% Triton-X100, 10% goat serum. Primary antibodies were directed against HNK1 for 

visualizing neural crest cells. Tyrosinated Tubulin antibody was from purchased from Sigma. 

Alexa-594 phalloidin was purchased from Invitrogen. Secondary antibodies were anti-mouse 

or anti-rabbit-Alexa 488/594 (Invitrogen). DAPI was used to visualize cell nuclei.

Martinez et al. Page 10

Gene Expr Patterns. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



For BrdU treatment, neural crest or cell cultures were treated with 10mM of BrdU (Sigma) 

was added for 30min and cultures were fixed and stained with anti-BrdU dissolved in double 

distilled H2O. After 2N HCl for 20 min, washed in Borate buffer, then PBS and incubated 

at 4 °C overnight with blocking (PBS with 1% triton x-100 and 10% goat serum), next 

day cultures were incubated with 1:150 mouse IgG anti-BrdU (Beckton Dickinson catalog 

#347580). The cultures were washed in PBS extensively, treated at room temperature for 3 

h with 1:500 Alexa594-labeled goat-anti-mouse IgG before being washed in PBS, mounted 

with Permafluor and visualized using a conventional fluorescence microscope.

4.4. Electroporation with Slit or Robo

A ~2 mg/ml solution of DNA (pMES-GFP: control, pMES-Slit2: Slit GOF, pCax-Robo1: 

Robo GOF, pCab-Robo-Delta2: Robo LOF) was injected into the chicken embryos neural 

tubes using a mouth pipette and immediately electroporated with two 50 ms pulses of 25 mV 

each. Embryos were sealed with tape and re-incubated for 1–2 in the instance of culturing 

the neural tube or for 24 h, until fixation for wholemount embryo analysis.

4.5. In situ hybridization

Chicken embryos were fixed in 4% paraformaldehyde (PFA) overnight before being stored 

in 0.1M Phosphate Buffered Saline (PBS). Patterns of gene expression were determined by 

whole-mount in situ hybridization using DIG-labeled RNA antisense probes as previously 

described (Henrique et al., 1995).

4.6. Cell lines transfection

Cultures of SpL201 cells were transfected using Lipofectamine 2000 (Gibco) following 

the company’s protocol. Cells were treated with Lipofectamine mixtures and the addition 

of plasmids (pMES-GFP, pCAB-Robo and pCAB-ROBO-Delta2) and incubated for 

approximately 24 h (or until they reach>80% confluency). All the experiments were done 

3–5 biological replicates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Microarray of Slit2 produced log ratios, expression and classification of genes.

(A) Cartoon of a chicken embryo electroporation. In green we show the putative plasmid 

solution with fast green being injected inside the neural tube. And the ± shows the position 

of the electrodes when giving them the electric pulses necessary for the plasmid to enter 

cells in the NT. (B) Workflow and sample preparation and array processing. For the 

microarray we processed 6 Total RNA samples (1 Control, 2 experimental in duplicates) for 

gene expression. RNA quality and concentration was determined on the Agilent Bioanalyzer 

and NanoDrop spectrophotometer. One-color labeling reactions were prepared using the 

Agilent Two-Color Protocol (Version 6.6) with 400 ng total RNA input. (C) Log ratio 

values collected after microarray show significantly upregulated genes (red), significantly 

down regulated genes (green), and not differentially expressed (yellow). Control samples 

were labeled with Cy5 and Experimental sample labeled with Cy3. RNA Spike A mix 

was used for Cy3 (experimental) samples and RNA spike B mix was used for all Cy5 

(Control) samples and scanned at 3 μM resolution on an Agilent G2565CA High Resolution 

Scanner. (D) Percentage of gene expression upon Slit2 gain of function in microarray. The 

bar graphed represents 37.3% down-regulation genes and 62.7% of incidents generated 

up-regulated genes of NCCs Slit2 GOF vs control.
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Fig. 2. 
GO analysis of biological function and the percentage of the genes in each category.

(A) Heat map representation of microarray gene signaling. A two-color heat-map, with the 

brightest green, yellow, and brightest red colors of the color scale used for values to generate 

up and down regulation of microarray samples. (B).
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Fig. 3. 
Genes with marked expression.

Genes with substantial expression difference of −2<x>+2 between control and Slit2 

treatment were graphed.
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Fig. 4. 
Slit2 microarray results in Venn diagrams arrangements.

We generated Venn diagrams from our microarray as a way of representing group of genes 

affected by Slit2. A shows diagram for EMT, cancer and cell adhesion molecules. CDH17 

was the only common gene among these three groups. B shows cytoskeleton, cancer and 

DNA modifiers, we only found EZH1 gene from cancer and DNA modifiers combined. 

C shows oncogenes, EMT and cell cycle gene arrangement. We did not have a triple 

positive among the three but NOTCH1 and MYCL1 between EMT and cell cycle. D shows 

cytoskeleton, cell cycle and cell motility combination. Here Ankyrins were common among 

cell cycle and cytoskeleton, while between cell cycle and motility only ELMO was the 

common gene. Names in red indicates upregulated genes, in green, downregulated.

Martinez et al. Page 19

Gene Expr Patterns. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
HoxA2 and Col2a are expressed by pre-migratory and migrating neural crest cells.

Wholemount in situ hybridization images of HH10–19 chicken embryos with HoxA2 (A–D) 

and Collagen2a (E–H) anti-sense probes. Chicken embryos showed expression in neural 

tubes (arrows in A–H) and migrating neural crest cells (arrowheads in A–H). Sections 

through mid-trunk showed HoxA2 expression in delaminated, migrating HNK1-positive 

NCC (insert D′ showing in situ and HNK1 in red, and D″ just in situ stain).
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Fig. 6. 
Slit2 microarray validation by qPCR.

Quantification of fold change difference of CDH17, CLAUD8, END2, JAG2 CDK5, EZH1, 

FGF16 and SPRY1 in chicken neural tubes transfected with control Slit2 or Robo in 

comparison with microarray results. The validation followed microarray results except for 

EDN2, CDK5 and FGF16 which showed downregulation in the Slit2 microarray. Each 

experiment was repeated at least twice and always in triplicate. Asterisks denote significance 

using t-test: *P < 0.05; **P < 0.01.
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Fig. 7. 
ROCK inhibitions reverses Robo GOF and LOF phenotype.

Chicken neural tubes (HH14–15) were electroporated with control-GFP or Robo plasmids, 

isolated and cultured for 24 h. A, C shows GFP staining of cells under control 

conditions and B, D cells treated with ROCK inhibitor. Control GFP cells showed classic 

mesenchymal, more extended shape while many Robo cells did not exhibit mesenchymal 

shape but a more rounder one (arrows in C). After ROCK inhibitor, GFP control cell 

remained looking mesenchymal while Robo GOF cell regained a mesenchymal/migratory 

shape (D).
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Fig. 8. 
Robo LOF increases BrdU incorporation in trunk NCC.

Chicken neural tubes (HH14–15) were electroporated with control-GFP or RoboD2-GFP 

(RD2) plasmids, isolated and cultured for 24 h. A–C shows GFP (green), HNK1 (fuchsia) 

and BrdU (red nuclei) staining of cells under control conditions (A) or RD2 (B–C). Panels 

A′, B′, C′ shows the BrdU channel only.
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Fig. 9. 
Robo LOF increases BrdU incorporation in SpL201 cells.

SpL201 cells were transfected with control-GFP or RoboD2-GFP (RD2) plasmids and 

cultured for 24 h. Next day they were incubated for 30min with BrdU and fixed. A, B, 
C shows GFP (green), BrdU (red nuclei) and DAPI (blue) staining of cells under control 

conditions (A) or RD2 (B) or Robo (C).
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Fig. 10. 
Results from the Slit2 microarray along Slit2-Robo signaling pathway.

We generated a set of Slit-Robo signaling pathways following Chedotal’s review but 

followed pathways marking genes that changed in our microarray. The molecules are shown 

in green or red if reduced/increased respectively.
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Table 1

List shows the most important and/or interesting genes changed in our Slit2 GOF microarray. The fold change 

corresponds to the change (increase or decrease) compared with control neural tubes.

Gene Symbol Gene Name

Rho proteins ARHGEF4 Rho guanine nucleotide exchange factor (GEF) 4

LOC417537 merlin-like

EZR ezrin

ARHGEF12 Rho guanine nucleotide exchange factor (GEF) 12

RAC2 ras-related C3 botulinum toxin substrate 2 (rho family)

KALRN kalirin, RhoGEF kinase

PAK6 p21 protein (Cdc42/Rac)-activated kinase 6

RHOH ras homolog gene family, member H

RAB44 ras-related protein Rab-44-like

RAB11B RAB11B, member RAS oncogene family

ARHGAP15 Rho GTPase activating protein 15

Cell Division CDK5 cyclin-dependent kinase 5

NOTCH1 notch 1

MYCL1 v-myc myelocytomatosis viral oncogene homolog 1

CDK2 cyclin-dependent kinase 2

OLIG3 oligodendrocyte transcription factor 3

DLK2 delta-like 2 homolog (Drosophila)

EZH1 enhancer of zeste homolog 1 (Drosophila)

SPRY1 sprouty homolog 1,antagonist of FGF signaling (Drosophila)

PCGF5 polycomb group ring finger 5

G0S2 G0/G1switch 2

JAG2 jagged 2

STAT4 signal transducer and activator of transcription 4

NEDD1 neural precursor cell expressed, developmentally down-regulated 1

GAS2 growth arrest-specific 2

CDKAL1 CDK5 regulatory subunit associated protein 1-like 1

DNA Modifiers HDAC9 Histone deacetylase 9

EZH1 Enhancer of zeste homolog 1

JMJD6 Jumonji domain containg 6

MBD2 Methyl-CpG binding domain protein 2

HIST2HAC Histone cluster 2, H2ac

Cytoskeleton ANKRD33B ankyrin repeat domain 33B

ANKRD10 ankyrin repeat domain 10

TUBB tubulin, beta class I

ACTB actin, beta

COL2A1 collagen, type II, alpha 1
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Gene Symbol Gene Name

CNTN4 contactin 4

ACTN1 actinin, alpha 1

VIM vimentin

ACTBL2 actin, beta-like 2

ANK3 ankyrin 3, node of Ranvier (ankyrin G)

TUBA8 tubulin, alpha 8

ACTBL2 actin, beta-like 2

ANKS4B ankyrin repeat and sterile alpha motif domain containing 4B

ACTN2 actinin, alpha 2

LOC422323 wiskott-Aldrich syndrome protein family member 3-like

GFAP glial fibrillary acidic protein

Receptors FGFR1 Firoblast growth factor receptor 1

EFNB1 Ephrin-B1

EPHA6 EPH receptor A6

RET Ret proto-oncogene

FZD5 Frizzled family receptor 5

CXCR2 Chemokine (C-X-C motif) receptor 2

FGFR3 Fibroblast growth factor receptor 3

TLR5 Toll-like receptor 5

CXCR4 Chemokine (C-X-C motif) receptor 4

SEMA3E semaphorin 3E

EDN1 Endothelin 1

MET Met proto-oncogene (hepatocyte growth factor receptor)

ERBB4 v-erb-a erythroblastic leukemia viral oncogene homolog 4 (avian)

TLR2-2 Toll-like receptor 2

CELSR3 Cadherin, EGF LAG seven-pass G-type receptor 3 (flamingo homolog)

CSF2RA Colony stimulating factor 2 receptor, alpha, low-affinity

EPHA1 EPH receptor A1

ERBB4 v-erb-a erythroblastic leukemia viral oncogene homolog 4 (avian)

TLR2-2 Toll-like receptor 2

GFRA3 GDNF family receptor alpha 3

Transcription Factors MYCL1 v-myc myelocytomatosis viral oncogene homolog 1

MYCT1 myc target 1

FOXO1 forkhead box O1

GATA5 GATA binding protein 5

OLIG3 oligodendrocyte transcription factor 3

HOXA2 homeobox A2

KLF7 Kruppel-like factor 7 (ubiquitous)

PHOX2B paired-like homeobox 2b
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Gene Symbol Gene Name

LHX2 LIM homeobox 2

FOXO1 forkhead box O1

STAT4 signal transducer and activator of transcription 4

SIX6 SIX homeobox 6

GFI1 growth factor independent 1 transcription repressor

FBXO32 F-box protein 32

NKX2-6 NK2 homeobox 6
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Table 2

BrdU incorporation in cells after RD2 transfection.

GFP RD2 Robo2

NCC 24.31 + 8.11 34.56 + 5.29 ND

142% p < 0.0023

SpL201 0.17 + 0.07 0.22 + 0.05 0.18 + 0.06

133% p < 0.04 110% p < Not sig

HEK293 9.22 + 0.08 0.20 + 0.02 0.19 + 0.04

87% p < Not sig 84% p < Not sig

NCC= Chicken neural tubes (HH14–15) were electroporated with control-GFP, Robo2-GFP (Robo2) or RoboD2-GFP (RD2) plasmids, isolated 
and cultured for 24 h SpL201=Cell line that is neural crest-like. HEK293=ATCC cell line used as control in several of our experiments. For BrdU 
treatment, neural crest or cell cultures were treated with 10mM of BrdU for 30min and cultures were fixed and stained with anti-BrdU. Labeling 
with anti-BrdU cultures were washed, and stained with Alexa594, mounted with Permafluor and visualized using a conventional fluorescence 
microscope to count cells that are DAPI, GFP and BrdU positive. P < T-test.
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Table 3

List of primers used.

Name Sequence Regulation Specie

ELM02 GCC CCT GGC ATC CAT TAT CA (Forward) Down Homo Sapiens

GGA GTG CTC TTT CAG TCG GA (Reverse)

D0CK2 CTT CCA GAC CAG CTC TGA ACT T (Forward) Up Homo Sapiens

CTC TCA GGA AGA CCC TGT TTT GA (Reverse)

CDH17 GGA CAG AGA AGC CGG AAG TC (Forward) Down Homo Sapiens

GAA CAA GCC CGT GTA GTC CTT (Reverse)

CLAU8 GGG ACT TCT ACA ACC CCG TG (Forward) Up Gailus Gallus

CTG GTT TTC TCA CAG CAG CG (Reverse)

END2 ACA GAG TGC TGA TGT GAA GCC (Forward) Down Gallus Gallus

CTT CCA AGG CAA AAC TGC TGG (Reverse)

JAG2 Up

FMNL1 GAC CAT CAA GCT GAC CCC A (Forward) Up Homo Sapiens

ATG ACA AGG CTG AAG CCA GA (Reverse)

SHH GGC TGA TGA CTC AGA GGT GTA A (Forward) Down Homo Sapiens

CTC TGA GTG GTG GCC ATC TT (Reverse)

EZH1 GCT TCC TTC ACC CTT TTC ATG CCA CCC (Forward) Down Homo Sapiens

CGA CGA CCA GAG CAC TTG GAG (Reverse)

EZH2 CCC TGA CCT CTG TCT TAC TTG TGG A (Forward) Homo Sapiens

ACG TCA GAT GGT GCC AGC AAT A (Reverse)

PCGF5 CAA GGT GTG GCA ACC AAG TT (Forward) Up Homo Sapiens

TTC ACG CTC AAG TTC TTG TTC TC (Reverse)

CXCR4 CAG GTA GCA GTG ACC CTC TGA (Forward) Down Rattus Norvegicus

GAA GCA GGG TTC CTT GTT GGA (Reverse)

CXCR2 TCC ACT CCC AGC ATC GTA GA (Forward) Down Rattus Norvegicus

CAG AGT AAA GGG CGG GTC AG (Reverse)

CXCL12 CCT CAA CAC TCC AAA CTG TGC (Forward) Down Rattus Norvegicus

TTG GGC TGT TGT GCT TAC TTG (Reverse)

TRPC6 CAG CAG CCA CCT TAT GGC TA (Forward) Down Rattus Norvegicus

TCA CGA AGA ACT GTC TGC CG (Reverse)

LAMA1 GAG ACC TCG ACC CGA TTG TC (Forward) Down Rattus Norvegicus

CTT CTT CAT CCC AGG GGC AG (Reverse)

D0CK8 GCA TGC TTG AAG ATC GCA GC (Forward) Down Gallus Gallus

GCG GAT TCC TCC AGC ACA TT (Reverse)

EPHA1 AGA CAC AAG CAC TGC ACA GG (Forward) Up Gallus Gallus

GCC AGT GAT CAG TGT CAC CC (Reverse)

FGF16 CAC CTC AAG GGC ATC CTG C (Forward) Up Gallus Gallus

CTG CCA GGC TGA TGA ACT CC (Reverse)
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Name Sequence Regulation Specie

NKX2-6 GGT GCT GGT CAG AAA TGG CA (Forward) Up Gallus Gallus

TCA CCC CGT AGG CAC TGT AG (Reverse)

CDK5 GAA GAG GAT CTT CCG GCT GC (Forward) Down Gallus Gallus

TTG GGC ACC ACA TTG ACG AG (Reverse)
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