
ROBO1 REGULATES THE MIGRATION OF HUMAN 
SUBVENTRICULAR ZONE NEURAL PROGENITOR CELLS 
DURING DEVELOPMENT

Hugo Guerrero-Cazares1,2, Emily Lavell1, Linda Chen3, Paula Schiapparelli1,2, Montserrat 
Lara-Velazquez1, Vivian Capilla-Gonzalez4, Gabrielle Drummond5, Anna Christina 
Clements6, Liron Noiman7, Katrina Thaler8, Anne Burke8, and Alfredo Quiñones-
Hinojosa1,2

1Department of Neurosurgery, Mayo Clinic, Jacksonville, Fl, USA (current)

2Department of Neurosurgery, Johns Hopkins University, Baltimore, MD. USA (former)

3Department of Radiation Oncology and Molecular Radiation Sciences, Johns Hopkins University, 
Baltimore, MD, USA

4Department of Stem Cells, Andalusian Molecular Biology and Regenerative Medicine Centre, 
Seville, Spain

5Institute for Medical Engineering and Science, MIT, Cambridge, MA, USA

6Department of Neuroscience, Johns Hopkins University, Baltimore, MD, USA

7Department of Microbiology and Immunology, University of California, San Francisco, San 
Francisco, CA, USA

8Department of Gynecology and Obstetrics, Johns Hopkins University, School of Medicine, 
Baltimore, MD, USA

SUMMARY

Human neural progenitor cell (NPC) migration within the subventricular zone (SVZ) of the lateral 

ganglionic eminence is an active process throughout early brain development. The migration of 

human NPCs from the SVZ to the olfactory bulb during fetal stages resembles what occurs in 

adult rodents. As the human brain develops during infancy, this migratory stream is drastically 

reduced in cell number and becomes barely evident in adults. The mechanisms regulating human 

NPC migration are unknown. The Slit-Robo signaling pathway has been defined as a 

chemorepulsive cue involved in axon guidance and neuroblast migration in rodents. Slit and Robo 

proteins expressed in the rodent brain help guide neuroblast migration from the subventricular 
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zone (SVZ) through the rostral migratory stream to the olfactory bulb. Here, we present the first 

study on the role that Slit and Robo proteins play in human-derived fetal neural progenitor cell 

migration (hfNPC). We describe that Robo1 and Robo2 isoforms are expressed in the human fetal 

SVZ. Furthermore, we demonstrate that Slit2 is able to induce a chemorepellent effect on the 

migration of hfNPCs derived from the human fetal SVZ. In addition, when Robo1 expression is 

inhibited, hfNPCs are unable to migrate to the olfactory bulb of mice when injected in the anterior 

SVZ. Our findings indicate that the migration of human NPCs from the SVZ is partially regulated 

by the Slit-Robo axis. This pathway could be regulated to direct the migration of NPCs in human 

endogenous neural cell therapy.

Graphical Abstract

Human fetal subventricular zone (SVZ) cells, expressing robo1 receptor, migrate in response to 

slit proteins in a chemorepellant manner.
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INTRODUCTION

The subventricular zone (SVZ) is one of the most active neurogenic niches in adult 

mammals [1]. SVZ neural stem cells are slowly proliferating cells which divide 

asymmetrically to give rise to transient amplifying cells, which subsequently turn into 

migratory neuroblasts. The migration of neuroblasts (also known as type A cells) from the 

SVZ to the olfactory bulb (OB) along the rostral migratory stream (RMS) is maintained 

throughout the adult life of rodents [2]. In humans, a similar migratory pattern exists during 

fetal development, which then shifts and becomes barely evident during early childhood [3–

9]. Although some of the mechanisms regulating neuroblast migration in rodents have been 
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described, little is known about the process in the human brain. The regulation of SVZ 

neuroblast migration in the rodent brain involves a complex balance of extracellular 

chemorepellent and chemoattracant signals as well as intracellular regulators [10–14]. In this 

context, the family of Slit chemorepellent factors and their Robo receptor proteins 

participate in the guidance of neuroblasts from the SVZ to the OB [15]. Slits released from 

the choroid plexus and the septum into the cerebrospinal fluid induce a chemorepellent 

effect on migratory neuroblasts and send them away from their site of origin in the SVZ [11, 

16]. Additionally, migratory neuroblasts can also release Slit1 to open a tunnel through 

astrocytes, which allows for formation of the RMS as they migrate to the OB [10]. Here we 

demonstrate, for the first time, the presence of Robo receptors in the human fetal SVZ and 

elucidate the effects of Robo1 expression on the migratory behavior of primary-cultured 

human-derived fetal neural progenitor cells (hfNPCs). We demonstrate that Slit2 exerts a 

chemorepellent effect and an increase in cell migration persistence on hfNPCs. We observe 

that these effects are partially due to the activation of the Robo1 receptor, as its knockdown 

decreases the response of hfNPCs to human Slit2. Furthermore, xenografted hfNPCs are 

unable to reach the OB when Robo1 expression is knocked down prior to their implantation 

into the rodent’s SVZ.

METHODS

Detailed description of experimental procedures is included in supplemental data.

Specimen Collection

Human fetal brains for immunohistochemistry were collected and processed as described 

previously [4]. Specimens for cell culture were obtained within 4 hours after surgery (18–20 

gestational weeks). All procedures were approved by the Johns Hopkins Internal review 

board.

Tissue sectioning and immunohistochemistry

Fixed tissue was cryosectioned as reported previously by our group [4]. Sections were 

immunostained against: Robo1, Robo2, GFAP, and Nestin.

Human fetal neural progenitor cell culture

Cell cultures of hfNPCs were established from freshly dissociated brain tissue as described 

[17–20]. Cell culture media was supplemented with 5 μg/ml of heparin, 10ng/ml of 

Leukemia inhibitory factor, 20ng/ml Epithelial Growth Factor, and 20ng/ml of Fibroblast 

Growth Factor. To determine the progenitor cell features of primary cell cultures, we 

evaluated the neurosphere formation, differentiation, and self-renewal capacity (Figure S3).

Transwell migration assay

The migratory response of hfNPCs to Slit2 was evaluated via transwell migration assays 

with or without Slit2 (200ng/ml Peprotech 150-11) added to the bottom well, following 

manufacturer instructions (Costar).
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Chemotaxis assay

To evaluate the migratory response of hfNPCs to a gradient of Slit2 we used a μ-Slide 

chemotaxis 2D chamber (Ibidi), with or without Slit2 (200ng/ml Peprotech 150-11), 

following the instructions of the manufacturer.

Active small Rho GTPase Pulldown

The GTP-bound fraction of Rac1 and CDC42 in response to Slit2 was evaluated using a 

Rac1/Cdc42 Activation Assay Combo Kit (Cell Biolabs, inc. STA-404).

Lentiviral transduction of hfNPCs

Robo1 knockdown was induced in hfNPCs by lentiviral vectors carrying shRNA sequences 

specific to human Robo1 (Sigma Aldrich Mission shRNA TRCN00000414 and 

TRCN00000417).

In vivo cell injection and animal sacrifice

All animal experiments were performed under Johns Hopkins University institutionally 

approved protocols as described previously by our group[21]. Empty vector control and 

shRNA transduced cells were injected in 4 week-old male mice at the most anterior region 

of the SVZ under stereotactic control. Mice were sacrificed 1 or 5 weeks after injection.

RESULTS AND DISCUSSION

Robo1 and Robo2 isoforms are expressed in the human SVZ

We have previously demonstrated the existence of an anterior extension of the ventricular 

lateral ganglionic eminence (LGE) in second trimester human fetal brains to the olfactory 

tract [4]. Here we evaluated the expression of Robo1 and Robo2 in the LGE of human fetal 

brains (21–23 gestational weeks). Interestingly, Robo1 was found close to the ventricular 

wall, where more GFAP positive cells are observed. Conversely, Robo2 was localized deeper 

in the parenchyma among DCx positive cells. Very sparse cells were found co-expressing 

the isoforms (Figures 1 and S1). The isoform distribution is in accordance with previous 

studies of the LGE of embryonic mice (E15.5), where Robo1 expression occurs at the 

intermediate and sub-ventricular zones, closer to the ventricle, while Robo2 expression 

occurs at the subplate and marginal zone, closer to the cortical plate [22]. We next evaluated 

the expression of Robo1 and Robo2 in vitro in hfNPCs obtained from the human fetal SVZ 

(21–23 gestational weeks) (Figure 2). hfNPCs were cultured in conditions that promote the 

presence of undifferentiated progenitor cells [17, 23]. The expression of Robo receptors by 

hfNPCs suggests that the migration of human fetal SVZ cells could be influenced by Slit2 

signals as it occurs in rodents [10, 11].

Slit2 exerts a chemorepellent effect on the migration of human fetal neural progenitor cells

To determine whether the migration of hfNPCs is affected by the Robo ligand Slit2 we 

performed in vitro cell migration assays. When Slit2 was added to the bottom well of a 

transwell migration assay we observed a decrease in the number of cells migrating through 

the porous membrane (Figure 3A, C, D). We observed that 200ng/ml was the minimum 
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concentration that achieved a significant chemorepellant effect on hfNPCs (Figure S2). We 

then evaluated the cell migration in response to a gradient of Slit2 using a chemotaxis 

migration assay. We observed that hfNPCs migrate away from higher concentrations of Slit2 

(Figure 3B, E, F and supplemental videos S1 and S2) and their overall migration persistence 

is increased (Figure 3G), suggesting that cell migration itself is not inhibited but 

directionally regulated. In addition, we observed a decrease in the active (GTP-bound) form 

of CDC42 and Rac1 (Figure 3H) upon 18 hours of Slit2 stimulation. Cell viability and 

proliferation were not affected, as evaluated by MTT assay and EdU incorporation, 

respectively (Figure S3). In addition, we observed an increase in the expression of Robo1 

upon differentiation. Slit2 exerted a chemorepellant effect on differentiated cells expressing 

the glial marker GFAP or the neuronal marker TuJ1 (Figure S4).

Robo1 KD hfNPCs are unable to reach the olfactory bulb after implantation in the SVZ of 
mice

The in vitro cell migration response of hfNPCs to Slit2 was decreased after Robo1 

knockdown with shRNA (Figure 4A–B). We next tested the effects of Robo1 expression on 

the migration of hfNPCs in vivo. Empty vector (EV) or Robo1-KD hfNPCs were 

stereotactically implanted in the SVZ of immunosuppressed adult mice (4–6 weeks old) 

(Figure 4C). 1-week post cell implantation, we observed that both EV and Robo1-KD cells 

incorporated into the SVZ of mice (Figure 4D). 5 weeks after implantation, we observed that 

6±1 EV-transduced hfNPCs per mouse were present in the OB (Figure 4E). However, no 

Robo1-KD cells were observed in the OB (Figure 4E), supporting the hypothesis that Robo1 

plays an important role in the migration of human progenitor cells. Intriguingly, no hfNPCs 

accumulation was observed at the SVZ of mice injected with EV or Robo1-KD cells. In 

contrast to what we observed in vitro, this in vivo result could indicate that Robo1 

expression is not only important for cell migration but also for cell survival. Whether Robo1 

expression directly impacts survival, or indirectly results in cell death due to the inability of 

Robo1-KD cells to migrate out of the SVZ, these findings merit further studies.

These results are in accordance with studies on rodent cells [10, 11, 15, 16, 24, 25] and are 

the first demonstration that Slit2 elicits a chemorepulsive response in human SVZ-derived 

cells. The decrease in cell migration response to Slit2 upon Robo1 KD indicates the 

importance of this receptor in the regulation of SVZ cell migration during fetal development 

[10, 11, 15, 16, 24, 25]. Our observations suggest that Robo1 regulates SVZ cell migration 

in response to Slits during human fetal development. Further studies are necessary to 

elucidate the specific role of Robo2 in this process during development and in adult human 

samples.

CONCLUSION

There is a potential use for endogenous neural progenitor cells as cellular therapy in 

neurodegenerative diseases. In order to evaluate the feasibility of this application in humans, 

a thorough understanding of the mechanisms regulating neural progenitor cell migration is 

needed. Therefore, processes that have been identified in rodents must be evaluated using 

human cells in clinically relevant models. Here we describe how the expression of Robo1 is 
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necessary for hfNPCs to migrate in response to Slit2 stimulation in vitro and in vivo. We 

propose that the Slit-Robo axis is one potential target for directing progenitor cells to 

damaged brain areas.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Expression of Robo1 and Robo2 in human fetal SVZ at the LGE. A, Schematic 

representation of the area studied at the anterior horn of the lateral ventricle in the human 

fetal brain. B, Dapi stained image showing the anterior extension of the lateral ventricle and 

the area observed in the following frames. C-E, Co-staining of Robo1 and Robo2 isoforms 

shows that while Robo1 appears closer to the ventricular wall, Robo2 appears deeper into 

the parenchyma. F, Robo1 co-staining with GFAP shows expression of Robo1 in areas close 

to the ventricle where GFAP cells are present. G, Robo2 co-staining with GFAP shows a 

higher concentration of Robo1 deeper in the parenchyma. H, Fluorescence intensity analysis 

of Robo1 (red) and Robo2 (green) signals. Graph shows a higher intensity of Robo1 in areas 

close to the ventricle, which decreases as the distance to the ventricular wall increases. 

Robo2 signal intensity shows an opposite distribution, showing higher intensity in areas 

farther from the ventricular wall. Scale bar: 10μm
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Figure 2. 
Human fetal neural progenitor cells (hfNPCs) express Robo1 and Robo2 isoforms in vitro. 

A ubiquitous distribution of both isoforms was observed. A-Robo1 was observed at the 

distal cellular projections of Nestin, expressing cells. B, Robo2 had broader distribution in 

the cell body but was also observed in all evaluated cell types. C, Multiple primary cultures 

of hfNPCs were positive for Robo1 and Robo2 isoforms by western blot analysis. Dapi was 

used to counterstain cell nuclei. Scale bar: 5μm.

Guerrero-Cazares et al. Page 9

Stem Cells. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Effects of Slit2 stimulation on hfNPCs migration. A and B, Schematic representation of a 

transwell migration and chemotaxis assay, respectively. C–D, Quantification of transwell 

migrated cells shows a reduced number of cells when Slit2 (200ng/ml) was present in the 

bottom well using two different primary cell cultures. E, Basal cell migration in a 2D 

chemotaxis assay shows aleatory migration distribution. F, hfNPCs show a biased cell 

migration pattern in the presence of a Slit2 gradient, indicating a chemorepellent response. 

G, hfNPC migration persistence is increased in response to a gradient of Slit2. H, The active 

forms of the small Rho-GTPases CDC42 and Rac1 are decreased upon Slit2 stimulation. 

**p<0.01, *p<0.05.
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Figure 4. 
Effects of Robo1-KD on the migration of hfNPCs. A, Robo1-KD hfNPCs do not respond to 

Slit2 in a transwell migration assay. C, Schematic representation of in vivo experiment 

where control vector or Robo1-KD hfNPCs were injected in the anterior SVZ of 4 week old 

mice. D, hfNPCs at the SVZ of injected mice 1 week post injection. D, hfNPCs at the OB 5 

weeks post injection. No Robo1-KD hfNPCs were observed in the OB after this term. 

*p<0.05 Scale bar: 20μm
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