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One Sentence Summary 
Unique human cerebellar progenitor populations limit validity of mouse-centric models of human 
neurodevelopmental disorders 
 
Abstract 5 
We present the first histological and molecular analysis of the developing human cerebellum 
from 30 post-conception days to 9 postnatal months.  Significant differences in developmental 
patterns between human and the well characterized mouse model include spatiotemporal 
expansion of both ventricular and rhombic lip primary progenitor zones to include sub-
ventricular zones containing outer radial glia with cerebellar specific molecular signatures. The 10 
long-lived human rhombic lip undergoes multiple morphological changes culminating in the 
formation of an internalized progenitor pool in the posterior lobule, with no equivalent in any 
model organism, including the macaque. Disruptions in human rhombic lip development are 
associated with posterior cerebellar vermis hypoplasia and Dandy-Walker malformation. 
Species differences in progenitor populations challenge current mouse-centric paradigms of 15 
human cerebellar disease mechanisms. 
 
 
 
 20 
 
 
 
 
 25 
 
 
 

 
 30 
 
 
 
 
 35 
 
 
 
 
 40 
 
 
 



3 
 

The human cerebellum contains 80% of all neurons of the human brain (Lange, 1975). 
Birth defects of the cerebellum are common, poorly understood, and cause diverse 
developmental outcomes as well as significant motor and cognitive disabilities, including autism 
(Aldinger and Doherty, 2016). Despite the overwhelming number of neurons it contains, and the 
clinical importance of cerebellar birth defects, very little is known about the developmental and 5 
molecular biology of the human cerebellum. In fact, most evidence is inferred from studies 
carried out in animal models, especially the mouse (Leto et al., 2016). As the salient features 
that define the cerebellum, such as lamination, circuitry, neuronal morphology and foliation are 
largely conserved in the mouse and human, it has long been assumed that cerebellar 
developmental mechanisms are also conserved (Larsell, 1970; Larsell, 1972), in spite of notable 10 
differences between these species. For example, the total surface area of the human 
cerebellum is 750-fold greater than in the mouse (Van Essen, 2002). The mouse cerebellum 
accounts for only 60% of all its brain neurons (Lange, 1975). The human cerebellum exhibits 
disproportionate expansion of cerebellar hemispheres and significantly increased folial 
complexity relative to the mouse. Additionally, neuronal scaling differs between the two species: 15 
in the mouse, the granule cell to Purkinje cell (PC) ratio is 200:1 whereas in humans, this ratio is 
3000:1 (Lange, 1975).  

Human cerebellar development initiates during the first post-conception month and is not 
complete until the end of the second postnatal year (Rakic and Sidman, 1970; Haldipur et al., 
2011; Biran et al., 2012; Haldipur et al., 2012). This is in stark contrast to the mouse in which 20 
cerebellar development is complete by postnatal day 15, following only 19 days of gestation. 
Protracted development in humans alone is unlikely to explain all species differences. Recent 
studies have uncovered substantial differences in cerebral cortical neurogenesis between mice 
and humans during development. Human cerebral cortical expansion and foliation is driven by 
elaboration of the subventricular zone (SVZ) and the emergence of large numbers of outer 25 
radial glia (oRG) in an outer subventricular zone (oSVZ) that is absent in mice (Lui et al., 2014; 
Molnar and Pollen, 2014; Nowakowski et al., 2016). As cerebellar neuron numbers scale with 
cerebral cortical neuron numbers across evolution (Herculano-Houzel, 2010), we hypothesized 
that cerebellar neurogenesis programs are also divergent across these species. 

Studies of human cerebellar development are rare. Initial studies were conducted prior 30 
to publication of photographic plates (Larsell, 1947; Larsell and Stotler, 1947). Although limited 
histological data is available from 10 post-conception weeks (pcw) through late gestation (Rakic 
and Sidman, 1970; Zecevic and Rakic, 1976; Abraham et al., 2001; Haldipur et al., 2011; 
Haldipur et al., 2012), there is little accompanying molecular data. Neuroimaging atlases have 
been compiled from extensive in utero MRI studies. These provide valuable volumetric and 35 
growth parameters useful for some aspects of clinical prenatal diagnoses, yet only cover 
gestational weeks (gw) 20-24 (18-22 pcw) , and important histological features are not 
resolvable (Habas et al., 2010a; Habas et al., 2010b). Major gaps in available human data 
correspond to essential cerebellar developmental epochs that have been defined in model 
vertebrates (Leto et al., 2016). To address these specific limitations, we present the first ever 40 
comprehensive analysis of human cerebellar development from post-conception day 30 to 9 
postnatal months, (Fig. 1) comprising 80 samples (Table S1).  We define the timing of crucial 
developmental events and provide the first insights into both evolutionarily conserved and 
divergent cellular and molecular programs driving human cerebellar development. Not only are 
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our data relevant to basic science, they fundamentally challenge the current mouse-centric 
models of pathogenesis of human cerebellar neurodevelopmental disorders. 
 
Spatial expansion and temporal persistence of primary progenitor zones in the 
developing human cerebellum 5 

To survey the morphology of human cerebellar development, we assessed Hematoxylin 
& Eosin stained sagittal vermis sections (Fig. 1). As expected from mice, we identified two 
primary zones of neurogenesis: the ventricular zone (VZ) (Fig. 1 and Fig. S1A, red 
arrowhead), and the rhombic lip (RL) (Fig. 1 and Fig. S1A, black arrowhead). Mouse fate 
mapping experiments have demonstrated that the VZ gives rise to all GABAergic populations 10 
(PCs, a subset of deep cerebellar neurons, and interneurons) in overlapping waves of 
neurogenesis. The RL gives rise to all glutamatergic neurons in the cerebellum, beginning with 
deep cerebellar neurons, followed by granule cell precursors (GCPs) of the external granule 
layer (EGL) which divide extensively, then differentiate and migrate to become granule neurons 
of the internal granule layer (IGL), and unipolar brush cells (UBCs) (Leto et al., 2016). Between 15 
Carnegie Stage (CS) 12 to CS23 (30- 56 days), the developing human cerebellar anlage 
resembled the size and relative shape of the mouse cerebellar anlage from embryonic day (E) 
10.5-17.5 (Fig. 1 and Fig. S1A). Yet even at these early stages there were notable differences. 
The mouse VZ rapidly thins between E10.5 and E15.5 (Fig. S1B-G, VZ) and the RL disappears 
by birth (Fig. S1A, black arrowhead). The human embryonic RL was small and similar to the 20 
mouse, yet the human VZ rapidly thickened through 10 pcw, with a concurrent bulging of the 
cerebellar anlage.  After 10 pcw, the human cerebellar VZ thinned, while the previously small 
RL dramatically expanded into an elongated tail-like structure not previously described in any 
vertebrate. Between 11-13 pcw, the elongated human RL thickened, yet continued to trail from 
the growing posterior vermis. Strikingly, between 13-14 pcw, this stem cell zone became 25 
incorporated within the posterior lobule where it formed a densely packed pool of cells with a 
residual population present as late as 36 pcw.  

The mouse EGL is evident by e12.5, with GCP proliferation (peaking at post-natal day 
[P] 6) driving postnatal cerebellar and foliation expansion (Dahmane and Ruiz i Altaba, 1999; 
Corrales et al., 2004; Blaess et al., 2008). We detected initial EGL formation in the human 30 
cerebellum by 8 pcw with primary and secondary fissure initiation apparent at 11 pcw and 13 
pcw respectively. Between 17 pcw and birth (~36 pcw) there was a dramatic (~5 fold) increase 
in human cerebellar volume and folial complexity (Chang et al., 2000; Limperopoulos et al., 
2005; Volpe, 2009). Peak proliferation of granule cell precursors in the human EGL is known to 
occur between 26-32 pcw (Abraham et al., 2001).  35 
 
The developing human cerebellar ventricular zone has a subventricular zone with outer 
radial glia  
            The bulging of the early human cerebellar VZ prompted further analysis. CS12 was the 
only stage at which the human cerebellar VZ resembled that of the mouse, which displays a 40 
single zone of SOX2+, KI67+ progenitor cells spanning most of the anlage at E12.5 (Compare 
Fig. 2A with Figure S1B, F). By CS14, just three days later, an emerging human SVZ was also 
evident (Fig. 2B). By CS18 and CS19, a cell sparse inner SVZ and cell dense outer SVZ were 
clear (Fig. 2C, D), with differentiating nascent (TUJ1+, CTIP1+) neurons expanding into the 
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anlage increasing cerebellar anlage size and contributing to anlage bulging (Fig. 2H, I). 
Increased differentiation in the outer SVZ diminished SVZ size between CS21 and CS23 (Fig. 
2E, F). By the end of the Carnegie Stages of embryogenesis, at 8 pcw, only a residual VZ 
remained (Fig. 2G).  
             The presence of progenitor cells in a human cerebellar SVZ is striking and reminiscent 5 
of the developing mouse and human cerebral cortex (Pollen et al., 2015). The mouse cerebellar 
VZ does not have a SVZ. Mouse cerebellar ventricular radial glial progenitors extend processes 
across the entire anlage from the ventricular (apical) surface to the pial (basal) surface and 
undergo mitosis only at the ventricle (Fig. S1L-Q). However, in the human embryonic 
cerebellum, we observed PH3+ progenitors in mitosis within the VZ and SVZ (Fig. 2J, K). 10 
Progenitors in both zones exhibited long radial processes and expressed the mitotic radial glial 
marker phospho-vimentin, with evidence of an interrupted scaffold of fibers between the VZ and 
SVZ similar to the extensive oRG progenitors in the human cerebral cortex (Fig. 2J-M). We 
conclude that the human cerebellar VZ, unlike the mouse, undergoes considerable expansion 
and structural changes across embryogenesis. Our data confirm that the VZ of the developing 15 
human cerebellum is expanded into an SVZ with oRG cells. This represents the first 
demonstration that oRG are present outside of the developing human cerebral cortex.  
 
The human cerebellar rhombic lip is long-lived, undergoes complex morphogenesis and 
also has a SVZ with oRG 20 
            Species differences in progenitor zone development were not restricted to the cerebellar 
VZ. We also identified dramatic species differences in RL morphology, finding elaborate RL sub-
structure in humans including splitting into ventricular (RLVZ) and subventricular zones (RLSVZ), 
and occupying an “internalized” position, correlating with growth and foliation of the human 
posterior vermis (Fig. 3 A-G). The mouse RL is a highly proliferative, transient, dorsal stem cell 25 
zone, present between E12.5 and E17.5, and composed entirely of KI67 and SOX2+ stem cells 
lacking apparent morphological compartmentalization (Fig. S2A-E).  Although the mouse RL is 
between 5 and 8 cell layers thick, mitosis of progenitors identified by phospho-histone H3 and 
phospho-Vimentin staining is confined to the one layer of cells lining the ventricle. by (Fig. S2G-
L). In contrast, the human RL and its remnants were seen throughout gestation (Fig. 3 A-G) 30 
and displayed a more complex proliferation profile.   

The unexpected morphology of the human RL led us to confirm that it excluded VZ 
derived GABAergic neurons and was highly proliferative. This was particularly important at 
stages later than 13 pcw, when the RL became embedded within the posterior-most lobule of 
the cerebellum (Figs. 3H-K; 4A). In the embryonic cerebellum (CS12-23), the simple RL, much 35 
like in the mouse, consisted of cells expressing KI67 and SOX2 (Compare Fig. 4A, B; CS18 
with Fig. S2 A-F, RL, red asterisk). However, after 10 pcw the RL split into a SOX2- and KI67-
rich ventricular zone (RLVZ) (Fig. 4A, B; red asterisk) and a KI67-rich, SOX2-sparse 
subventricular zone (RLSVZ) (Fig. 4A, B; yellow asterisk). The two RL progenitor zones were 
separated by an extensive vasculature bed, readily discernable by 11 pcw, yet still present even 40 
at later stages (Fig. S3A, B). Cells in the RLSVZ were apparently streaming into the EGL (Fig. 
4A, 8, 10 and 17 pcw; red arrowhead)  

The similarities between the simple human embryonic and mouse RL extends to the 
location of radial glia in mitosis. Much like in the mouse RL, radial glial mitosis in the simple 
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human embryonic RL was confined to cells lining the ventricle (Fig. 4C, D; CS18). However, 
following the split of the RL, mitotic radial glia (PH3+, phospho-vimentin+) were detected in both 
the RLVZ (Fig. 4C, 14 pcw; red asterisk) and RLSVZ (Fig. 4C, 14 pcw; yellow asterisk). To 
identify the morphology of progenitors residing in the RLVZ and RLSVZ, we labeled acute slices of 
21 pcw cerebellum with fine crystals of DiI (Saito et al., 2003). Following fixation, imaging, and 5 
3D reconstruction, cells with radial glial morphology were apparent in both RL zones (Fig. 4E).  

Although the mouse RL lacks evident structural compartmentalization, it is molecularly 
compartmentalized by differential expression of several key genes. An interior Wntless (WLS+) 
and LMX1A+ compartment is continuous with the RLVZ and an exterior compartment linked to 
the external granule layer (ATOH1+). A gradient of PAX6+ expression exists across the mouse 10 
RL with strongest expression in the exterior compartment. The core of the mouse RL is 
composed of proliferating LMX1A+ progenitors destined to become posterior vermis EGL, GCPs 
and Unipolar brush cells (UBCs). Early specified and differentiating UBCs also in the core 
express TBR2 (Chizhikov et al., 2010; Yeung et al., 2014).  

In human samples, similar to the mouse, at all stages, WLS expression was largely 15 
restricted to RLVZ cells, although scattered expression was seen in RLSVZ cells (Fig. S4A-D). 
LMX1A was expressed throughout the entire human RL at embryonic stages (Fig. S4E) and in 
both the RLVZ and RLSVZ at later stages (Fig. S4F-H). LMX1A was also expressed in expected 
RL-derived cerebellar nuclear and UBC populations streaming into the cerebellar core as well 
as the choroid plexus epithelium (Fig. S4E-H; CPe). We observed a sharp RL boundary 20 
between LMX1A and ATOH1 in RL exiting cells at all stages delimiting the anterior limit of the 
RL (compare Fig. S4E-H with J-M). GCPs and UBCs leaving the RL also expressed ATOH1, 
as expected from mouse (Fig. S4J-M). The posterior limit of the human RL was defined by 
LMX1A+, MKI67- choroid plexus cells, as in mice (Fig. S4E, I, J, dashed-line). In humans, 
strong PAX6 expression was predominant in the RLVZ, although there was also extensive 25 
expression in the RLSVZ, with upregulation in nascent EGL cells streaming from the RL (Fig. 
S4N-Q). We found extensive TBR2 expression throughout the human RLSVZ with a few 
scattered, presumably nascent UBCs in the EGL and IGL (Fig. S4R-U).  

  
Human RL progenitor programs demonstrate considerable divergence from human 30 
cerebral cortical progenitor molecular programs.  
 To provide an unbiased analysis of the molecular programs encoded by human RL 
progenitors we profiled the developing human RL transcriptome (Data S1-S5). We used laser-
capture microdissection (LCM) to isolate RLVZ and RLSVZ from sagittal sections of cerebellum (9 
to 22 pcw). We isolated total RNA from 18 LCM-isolated samples (9 RLVZ and 9 RLSVZ) and 35 
performed bulk RNA-sequencing (Data S1). After quality control and normalization, principal 
component analysis (PCA) indicated age as the first principal component explaining 56% of the 
variance (Fig. 5A). Differential expression analysis between RLVZ and RLSVZ identified 
alterations in 462 genes (log2 fold change > 1.5 and Benjamini-Hochberg adjusted P < 0.05). 
The 374 genes upregulated in RLVZ included CRYAB, SOX2, SOX9 and WLS, while the 88 40 
genes upregulated in the RLSVZ included EOMES (Fig. 5B, C; Data S2). We evaluated pathway 
enrichment of the gene sets and found that RLVZ genes were enriched in genes involving cell 
adhesion, anatomical structure morphogenesis, and negative regulation of gene expression and 
involved in WNT and HIPPO signaling. No pathway enrichment was found among the and RLSVZ 
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gene set (Data S3-S4). We next compared our human RL expression profiles to published 
profiles of radial glial populations in the human neocortex (Nowakowski et al., 2017) using gene 
set enrichment analysis (GSEA) (Subramanian et al., 2005). GSEA showed that each of these 
gene sets was significantly enriched in the RLVZ (Fig. 5C-E, Data S5). We conclude that 
although there are significant similarities across progenitors from different CNS regions, there 5 
are clearly many differences that most certainly reflect unique developmental programs for each 
region. The novel plan of cerebellar development is consistent with studies on human stem cell 
derived cerebellar neurons, which differ from mouse counterparts in aspects of their program 
(Sundberg et al., 2018).     
 10 
The spatiotemporal expansion of the rhombic lip may be a human-specific feature 
             To determine the evolutionary origins of the spatiotemporal expansion profile of the RL 
and we sought to examine the developing cerebellum of a non-human primate.  In the 
developing cerebral cortex, human and non-human primates share an expanded SVZ relative to 
mice, although differences exist in progenitor numbers, cell cycle dynamics, size and cortical 15 
gyrification (Lui et al., 2011; Borrell and Reillo, 2012; Florio and Huttner, 2014). Given that the 
ratio of brain weight by neuron number does not differ significantly among all primate brains 
(Azevedo et al., 2009; Herculano-Houzel, 2009; Lui et al., 2011), we expected non-human 
primates to share elaborated cerebellar progenitor zones. We obtained developing cerebellar 
tissue of rhesus macaque (Macaca mulatta;164 days gestation) from the MacBrain Resource 20 
(macbrainresource.org).  Mid-sagittal cerebellar vermis sections were available from 5 macaque 
fetuses spanning E48 to E87. Analysis of these sections demonstrated that the early macaque 
RL at E48 resembles the simple embryonic CS23 RL in humans (Fig. 6A). However, as the first 
signs of foliation appear, the macaque RL regresses in a manner similar to the developing 
mouse cerebellum (Fig. 6B, C) and by mid-gestation (E78-87), we found no evidence of the 25 
expansion or morphological compartmentation seen during human RL development (Fig. 6D-
G). Although additional cerebellar samples from other primate species are unavailable; our 
developmental analysis of the macaque cerebellum is consistent with the conclusion that 
spatiotemporal expansion of the RL is specific to the developing human cerebellum.  
             One possible explanation for the spatiotemporal expansion of the human RL is that it 30 
may be a necessary feature of protracted gestation.  We tested this hypothesis by examining 
archival sections from a single 8.5 gestational month (GM) male bottlenose dolphin (Tursiops 
truncatus; 12 months gestation) cerebellum. Although these animals are precocial and have an 
extensively foliated cerebellum, the posterior region from this sample was conspicuously lacking 
an internalized RL (Fig. 6H). We are actively working to identify additional specimens from this 35 
species and other mammals with prolonged gestation. However, this preliminary analysis 
suggests that elaborated RL development does not directly correlate with gestational length.  
 
The long-lived human ‘internalized’ rhombic lip is required to generate the posterior 
vermis  40 
          The volume of the developing human cerebellum increases 5 fold between 22 pcw and 
birth, and it becomes highly foliated during the third trimester (24-40 gw) (Chang et al., 2000; 
Limperopoulos et al., 2005; Volpe, 2009). This is also a period during which EGL proliferation 
peaks, accompanied by an increase in EGL thickness (Rakic and Sidman, 1970; Abraham et 
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al., 2001). In mice, extensive cerebellar growth and foliation is similarly driven EGL proliferation 
between post-natal days 1 and 14, with deficient proliferation resulting in thinning of EGL and 
subsequent reduction in cerebellar volume and reduced foliation complexity (Dahmane and Ruiz 
i Altaba, 1999).  Reduced cerebellar volume is a primary feature of a many human cerebellar 
birth defects, particularly posterior fossa malformations including Dandy-Walker malformation 5 
(DWM) and cerebellar vermis hypoplasia (CVH) (Patel and Barkovich, 2002; Aldinger et al., 
2009; Barkovich et al., 2009). Both of these structural birth defects display disproportionate 
posterior vermis hypoplasia (Russo and Fallet-Bianco, 2007; Kapur et al., 2009; Haldipur et al., 
2017) (Fig. 6I-N, arrowhead; Figure S5). Mouse models have indicated that RL disruption is 
central to posterior vermis hypoplasia (Chizhikov et al., 2010; Haldipur et al., 2014; Haldipur et 10 
al., 2017). In mice and humans, ten cardinal lobules are grouped together into anterior, central 
and posterior lobes of the vermis defined by the primary and secondary fissure.  In humans, all 
ten lobules were first identifiable between 14 and 18 pcw. There was an anterior to posterior 
developmental gradient with posterior vermis size and folial complexity differentially increasing 
until at least 36 pcw (Figure 1). Although there is no way to ascertain what the ‘normal’ RL 15 
looks like after 21 pcw due to the paucity of normal cerebellar tissue after 21 pcw, it is clear that 
the RL and its vestiges are still detectable in mid and late gestation cerebella until birth (Fig. 1 
and Fig. S3C), as seen in specimens from stillborn fetuses likely exposed to cardiovascular and 
pulmonary insults. The longevity of the internalized RL therefore correlates with growth and 
foliation of the human posterior vermis.  20 
            To determine if RL abnormalities contribute to human cerebellar malformations, we 
assessed 16 archival DWM and CVH cerebellar samples between 17 and 30 pcw (Table S1, 
Figure S5A-P). In these samples, we observed at least a delay, if not failure of posterior vermis 
growth as indicated by reduced posterior foliation and aberrant morphology. A common feature 
among the majority of cases was the presence of a partially formed posterior lobule (Haldipur et 25 
al., 2017). While it is possible that decreased EGL proliferation may contribute to this 
phenotype, peak EGL proliferation only begins around pcw 26  (26-32 pcw) (Abraham et al., 
2001).  Yet hypoplasia of the posterior vermis was clearly evident at these much earlier stages 
(Russo and Fallet-Bianco, 2007; Kapur et al., 2009; Bernardo et al., 2015; Haldipur et al., 2017) 
(Fig. 6 I-N; Figure S5).  Furthermore, these phenotypes are routinely diagnosed in utero around 30 
17 pcw, suggesting an earlier origin of these defects (Poretti et al., 2016). In 50% of our cases, 
the RL was completely absent, while in the remaining samples, RL development was delayed 
(not internalized) and significantly reduced in size, lacking the normal dense hypercellularity 
(Fig. 6M, N). Among cerebella lacking any RL, ~62% were older than 21 pcw (Fig. 6; Table 
S1), when the human RL is normally still present. We therefore conclude that while the early 35 
simple RL contributes GCPs to the EGL which subsequently proliferate to drive expansion of the 
anterior cerebellum, the later, internalized human RL (post 14 pcw) is required to generate 
GCPs to fully elaborate the posterior vermis during mid and late gestation.  

Preterm brain injury has been associated with cerebellar abnormalities (Limperopoulos 
et al., 2010; Pichiecchio et al., 2016; al, 2019). Notably, here we report that the cerebellar RLVZ 40 
and RLSVZ are separated by a vascular bed beginning at 11 pcw, when the RL itself is elongated 
and potentially quite vulnerable to vascular insult. Our morphological analysis of DWM and CVH 
cases suggests that vascular insults in the human RL from 13-14 pcw onwards could be major 
contributors to the developmental pathogenesis of these clinically important 
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neurodevelopmental abnormalities. Thus, although mouse studies were essential to spotlight a 
role for the RL in human cerebellar malformations like DWM (Aldinger et al., 2009; Haldipur et 
al., 2014; Haldipur et al., 2017), it is now clear that the underlying pathological mechanisms can 
never be fully modeled in mice, because mice lack critically important transient developmental 
zones seen in humans. Similarly, our discovery of previously undescribed progenitor 5 
populations and the longevity of the RL in the developing human cerebellum suggests that 
mouse models of the cells of origin for some groups of medulloblastoma may also be 
inadequate (Azzarelli et al., 2018).  

In summary, this study provides the first comprehensive analysis of human cerebellar 
development, identifying critical features including spatial and temporal subventricular 10 
expansion of both the classical cerebellar VZ and the RL germinal zones.  Notably, the 
generation of cerebellar neurons in these zones occurs over a different time scale under the 
control of apparently distinct gene expression programs compared to the well-studied mouse 
cerebellum.  Our identification of significant numbers of oRG in both the human cerebellar VZ 
and RL demonstrates that this progenitor program is not exclusive to the developing human 15 
neocortex. The expansion of both human cerebellar SVZ zones is not concurrent with SVZ and 
oRG expansion in the developing human cerebral cortex which occurs in the second trimester 
(Saito et al., 2011). While human RL progenitors share some molecular features with human 
neocortical progenitors, there are distinct cerebellar signatures.  We are not yet able to directly 
compare embryonic macaque cerebellar VZ development with early human embryonic 20 
cerebellar VZ development. However, macaques clearly do not exhibit RL expansion, 
suggesting that a multilayered substructure of the RL is unique to humans.  Unlike the 
expansion of human oRG progenitors of the cortical SVZ, neither the cerebellar VZ/SVZ nor 
RLSVZ oRG actively drive cerebellar foliation. We have instead provided evidence that the 
temporal persistence of the human RL is likely essential to expand and elaborate the human 25 
posterior cerebellar vermis. Our studies underline the urgency of further comparative cellular 
and molecular analyses of human and mouse cerebellar development to define better the value 
and limitations of mouse genetic models of human neurodevelopmental disorders.  

 
Figure legends  30 
Fig. 1: An outline of human cerebellar development. H&E-stained midsagittal sections 
through the human embryonic (CS12-CS23) and (8-36 pcw) cerebellar vermis. The two main 
zones of neurogenesis, the ventricular zone (red arrowhead) and rhombic lip (black arrow head) 
are marked. Primary and secondary fissures are noted (arrows). The human and mouse 
embryonic cerebellum are similar in shape and form between CS12 and CS23. The first sign of 35 
foliation appears around 11 pcw. There is a significant increase in size and foliation between 17 
pcw and birth (36 pcw). Scale bar = 100 µm 
 
Fig. 2: The human cerebellar ventricular zone is vastly expanded and contains a 
subventricular zone. Midsagittal sections of the human embryonic and cerebellum stained with 40 
KI67 (A-G) and SOX2 (D), indicating the expansion of the ventricular zone (VZ). β-III Tubulin 
(TUJ1) and CTIP1 expression indicate that neuronal differentiation takes place in the sub-
ventricular zone (SVZ) and begins around CS19 (H, I). Mitosis is observed in both the VZ and 
SVZ (J) as indicated by phospho-histone H3 (PH3) expression. Mitotic radial glia marked by 
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phospho-vimentin (P-VIM) expression are present in both the VZ and SVZ (K-M) indicating the 
existence of ventricular and outer radial glia in the human embryonic cerebellum. All sections 
were counterstained using DAPI. mes indicates head mesenchyme on top of the pial surface 
(dotted line, red dash). Green and black dashed lines indicate the boundaries of the VZ and 
SVZ respectively. Scale bar = 100 µm (A-L, white) and 25 µm (M, red)  5 
 
Fig. 3: Spatio-temporal expansion of the human cerebellar rhombic lip. The human 
cerebellar RL undergoes morphological transformations during development and provides 
granule cell precursors to the external granule layer. The human RL structurally resembles the 
mouse RL at CS19 (A). Between 8 and 12 pcw, it is elongated into a ‘tail-like’ structure (B, box). 10 
After 13 pcw the RL internalizes to form a pool of cells confined to the posterior-most lobule (C-
G, box). The RL is not seen after birth (H). Purkinje cells (PCs) born in the ventricular zone (VZ), 
as indicated by CTIP1 (H, K) and CALB1 [Calbindin] (I, J) expression can be seen migrating 
around the RL region. Scale bar = 100 µm (A, black; H-K, white,), 500 µm (B-E, red), and 1 mm 
(F, G, green) 15 
 
Fig. 4: The human cerebellar rhombic lip is compartmentalized into ventricular and 
subventricular zones. The human cerebellar RL is highly proliferative as indicated by KI67 
expression (A). The RL is expanded into a SOX2-rich ventricular (red asterisk) and SOX2-
sparse (yellow asterisk) subventricular zones (B). phosphohistone-H3 (C) and phospho-vimentin 20 
(D) expression indicate the presence of ventricular (red asterisk) and outer radial glia (yellow 
asterisk) in a state of mitosis. DiI labeling of an organotypic slice of a 21 pcw human cerebellum 
(E) reveals morphology of ventricular and outer radial glia in the RL. Scale bar = 100 µm (white), 
50 µm (yellow), 20 µm (red), and 1 µm (blue).  
 25 
Fig. 5: RNA-seq of human RL compartments. (A) Principal component (PC) analysis 
indicated that the largest source of variation among the RNA-seq samples was age accounting 
for 56% of the variance in the data. Samples microdissected from RLSVZ are blue and RLVZ are 
red. The numbers beside each circle represent age of the sample in pcw. (B) Volcano plot 
illustrating differential expression of genes in RLVZ versus RLSVZ. Red and blue dots represent 30 
genes expressed significantly higher in RLVZ or RLSVZ, respectively. (C-E) Comparison of the 
human RL expression profile to human cortical radial glia. Volcano plot illustrating differential 
expression of genes in RLVZ versus RLSVZ. Black dots represent genes with significant 
differential expression between RLVZ and RLSVZ. Purple dots represent genes from each gene 
set. GSEA showed that human cortical radial glia genes are all enriched in the RLVZ. 35 
 
Fig. 6: Internalized rhombic lip is a feature specific to human cerebellar development. 
Cresyl violet-stained sagittal sections of the macaque cerebellum at (A) E48, (B) E59, (C) E64, 
(D, E) E78, (F, G) E87, and (H) H&E-stained sagittal section of the cerebellum from a bottlenose 
dolphin of age 8.5 gestational months (GM) suggests that the rhombic lip is not a feature of all 40 
primates or animals with a prolonged gestation period, but rather a human-specific trait. 
Analysis of H&E-stained sagittal sections of the human cerebellum from cases diagnosed with 
DWM and CVH (I-N) indicates RL is absent in 50% of cases while in the remaining cases it was 
severely diminished (O). The anterior (a), central (c) and posterior lobes (p) are indicated. (O) 
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Pie chart representing the absence of rhombic lip in 50% of tested samples. Scale bar = 100 µm 
(A-C, E, G, J, L, black), 0.5 mm (D, N, blue) and 1 mm (F, H, I, K, M, red)  
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Fig. 1: An outline of human cerebellar development. H&E-stained midsagittal sections 
through the human cerebellar vermis. The two main zones of neurogenesis, the ventricular zone 
(red arrowhead) and rhombic lip (black arrow head) are marked. Primary and secondary 
fissures are noted (arrows). The human and mouse embryonic cerebellum are similar in shape 5 
and form between CS12 and CS23. The first sign of foliation appears around 11 pcw. There is a 
significant increase in size and foliation between 17 pcw and birth (36 pcw). Scale bar = 100 µm 
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Fig. 2: The human cerebellar ventricular zone is vastly expanded and contains a 
subventricular zone. Midsagittal sections of the developing human cerebellum stained with 
KI67 (A-G) and SOX2 (D), indicating the expansion of the ventricular zone (VZ). β-III Tubulin 
(TUJ1) and CTIP1 expression indicate that neuronal differentiation takes place in the sub-5 
ventricular zone (SVZ) and begins around CS19 (H, I). Mitosis is observed in both the VZ and 
SVZ (J) as indicated by phospho-histone H3 (PH3) expression. Mitotic radial glia marked by 
phospho-vimentin (P-VIM) expression are present in both the VZ and SVZ (K-M) indicating the 
existence of ventricular and outer radial glia in the human embryonic cerebellum. All sections 
were counterstained using DAPI. mes indicates head mesenchyme on top of the pial surface 10 
(dotted line, red dash). Green and black dashed lines indicate the boundaries of the VZ and 
SVZ respectively. Scale bar = 100 µm (A-L, white) and 25 µm (M, red)  
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Fig. 3: Spatio-temporal expansion of the human cerebellar rhombic lip. The human 
cerebellar RL undergoes morphological transformations during development and provides 
granule cell precursors to the external granule layer. The human RL structurally resembles the 
mouse RL at CS19 (A). Between 8 and 12 pcw, it is elongated into a ‘tail-like’ structure (B, box). 5 
After 13 pcw the RL internalizes to form a pool of cells confined to the posterior-most lobule (C-
G, box). The RL is not seen after birth (H). Purkinje cells (PCs) born in the ventricular zone (VZ), 
as indicated by CTIP1 (H, K) and CALB1 [Calbindin] (I, J) expression can be seen migrating 
around the RL region. Scale bar = 100 µm (A, black; H-K, white,), 500 µm (B-E, red), and 1 mm 
(F, G, green) 10 
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Fig. 4: The human cerebellar rhombic lip is compartmentalized into ventricular and 
subventricular zones. The human cerebellar RL is highly proliferative as indicated by KI67 
expression (A). The RL is expanded into a SOX2-rich ventricular (red asterisk) and SOX2-
sparse (yellow asterisk) subventricular zones (B). phosphohistone-H3 (C) and phospho-vimentin 5 
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(D) expression indicate the presence of ventricular (red asterisk) and outer radial glia (yellow 
asterisk) in a state of mitosis. DiI labeling of an organotypic slice of a 21 pcw human cerebellum 
(E) reveals morphology of ventricular and outer radial glia in the RL. Scale bar = 100 µm (white), 
50 µm (yellow), 20 µm (red), and 1 µm (blue).  
 5 

Fig. 5: RNA-seq of human cerebellar RL compartments. (A) Principal component (PC) 
analysis indicated that the largest source of variation among the RNA-seq samples was age 
accounting for 56% of the variance in the data. Samples microdissected from RLSVZ are blue 
and RLVZ are red. The numbers beside each circle represent age of the sample in pcw. (B) 10 
Volcano plot illustrating differential expression of genes in RLVZ versus RLSVZ. Red and blue dots 
represent genes expressed significantly higher in RLVZ or RLSVZ, respectively. (C-E) Comparison 
of the human RL expression profile to human cortical radial glia. Volcano plot illustrating 
differential expression of genes in RLVZ versus RLSVZ. Black dots represent genes with 
significant differential expression between RLVZ and RLSVZ. Purple dots represent genes from 15 
each gene set. GSEA showed that human cortical radial glia genes are all enriched in the RLVZ. 
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5 
Fig. 6: Internalized rhombic lip is a feature specific to human cerebellar development. 
Cresyl violet-stained sagittal sections of the developing macaque cerebellum at (A) E48, (B) 
E59, (C) E64, (D, E) E78, (F, G) E87, and (H) H&E-stained sagittal section of the cerebellum 
from a bottlenose dolphin of age 8.5 gestational months (GM) suggests that the rhombic lip is 
not a feature of all primates or animals with a prolonged gestation period, but rather a human-10 
specific trait. Analysis of H&E-stained sagittal sections of the human cerebellum from cases 
diagnosed with DWM and CVH (I-N) indicates RL is absent in 50% of cases while in the 
remaining cases it was severely diminished (O). The anterior (a), central (c) and posterior lobes 
(p) are indicated. (O) Pie chart representing the absence of rhombic lip in 50% of tested 
samples. Scale bar = 100 µm (A-C, E, G, J, L, black), 0.5 mm (D, N, blue) and 1 mm (F, H, I, K, 15 
M, red)  
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Supplemental information 

Materials and Methods 
Human tissue collection: All human samples (80 normal and 16 DWM/CVH) were obtained in 
accordance with approved IRB protocols at Seattle Children’s Research Institute. All 3-20 
postconception week (pcw) tissue samples were collected by the Human Developmental 
Biology Resource (HDBR) located at University College London, and Newcastle University, 
United Kingdom, and the Brain Defects Birth Laboratory (BDRL) at the University of 
Washington, Seattle, WA. Mid- and late-gestation samples were part of an archival collection at 
the Hôpital Necker-Enfants Malades in Paris, France. Samples were collected with previous 
patient consent and in strict accordance with institutional and legal ethical guidelines. Embryonic 
samples were staged using the Carnegie staging system, while samples were staged using foot 
length. The age of the fetus is listed as pcw, which starts from the point at which fertilization 
took place. There is an approximate 2-week difference between pcw and gestational weeks. 
Only tissues with no detectable cerebellar pathology following histopathological analyses were 
included as controls.  All Dandy-Walker malformation (DWM) and cerebellar vermis hypoplasia 
(CVH) samples used in the study were also part of archival collections obtained from 
pathologists from Italy, France, Israel and the United States, all of whom are authors on this 
study. Cerebella were fixed in formalin (pH 7.6) and embedded in paraffin. Sagittal sections of 
4-5 µm thickness were cut using a microtome (Leica RM 2135) and placed on Superfrost Plus 
white slides (VWR international, USA). Slides were stored at room temperature until 
immunostaining was performed. 
 
Animals: Animal experimentation was carried out in accordance with the guidelines laid down by 
the Institutional Animal Care and Use Committee (IACUC), of Seattle Children’s Research 
Institute, Seattle, WA, USA. CD1 mice were crossed and the day of plug was taken as embryonic 
day (E) 0.5. Embryos were dissected out between E12.5 and E16.5. Cerebella were dissected 
postnatally between P0 and P21. Samples were fixed in 4% paraformaldehyde (PFA) overnight, 
washed in PBS and sunk in 30% sucrose. Tissue was subsequently embedded in optimum cutting 
temperature (OCT) compound and midsagittal cryosections of 11 µm were collected.  Images of 
the developing rhesus macaque cerebellum were obtained from the MacBrain resource 
(https://medicine.yale.edu/neuroscience/macbrain/), an extensive archival collection of macaque 
brain samples collected by Profs Rakic and Goldman-Rakic at the Department of Neuroscience 
at Yale University. Cresyl violet-stained sagittal sections of the bottlenose dolphin (Tursiops 
truncatus), part of the Glezer-Morgane collection, were imaged at the Hof laboratory in New York. 
The full brain was collected in the 1960s by Drs Peter Morgane and Myron Jacobs. The sample 
available to us was embedded in celloidin and sectioned on a sliding microtome at 35 µm 
thickness, stained with cresyl violet, and mounted on thick glass.  
 
Histology: Human cerebellar tissue was fixed in 4% PFA and then processed through graded 
alcohols and changes of xylene and paraffin wax. Processed tissue was then embedded in 
paraffin wax prior to sectioning. Samples sectioned using the cryostat were treated with 30% 
sucrose following fixation. Paraffin sections were collected at 4 µm, while cryosections were 
collected at 12 µm. Cresyl violet and H&E staining were carried out as previously described 
(Haldipur et al., 2011).  
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Immunohistochemistry: Immunohistochemistry was performed as previously described 
(Haldipur et al., 2011). Briefly, sections were subjected to antigen retrieval followed by blocking 
and permeabilization with 5% normal goat serum containing 0.35% triton X. Primary antibodies 
were incubated overnight at 4ºC. We used primary antibodies against KI67 (DAKO, M7240, 
mouse, 1:50), SOX2 (Thermofisher, PA1-094, Rabbit, 1:200), β-III Tubulin (Promega, G712A, 
Mouse, 1:1000), Calbindin (Swant, CD38, rabbit,1:3000), phospho-histone H3 (Cell signalling 
technologies, 9706S, rabbit, 1:100), CTIP1 (Abcam, ab19489, rabbit, 1:100), Wntless (Seven 
Hills Bioreagents, WLAB-177, rabbit, 1:100), PAX6 (Biolegend, 901301, rabbit, 1:300), TBR2 
(Thermofisher, 14-4875-82, mouse,1:250), vimentin (Abcam, ab92547, rabbit, 1:200), GFAP 
(DAKO, Z0034, rabbit, 1:1000), CD34 (DAKO, M716501-2, Mouse, 1:100) and phospho-
vimentin (MBL, D076-3, mouse,  1:200). Species and subtype-appropriate fluorescent dye-
labelled secondary antibodies were used (Alexa Fluor 488 and 594, 1:1000, Molecular probes). 
Sections were counterstained with DAPI (4',6-diamidino-2-phenylindole) using Vectashield 
mounting medium with DAPI (Vector laboratories).  
 
DiI labeling: DiI labeling was carried out as described in Saito et al. (Saito et al., 2003). Briefly, 
500 µm- to 1 mm-thick sagittal slices of the cerebellum were collected from a 21 pcw cerebellum 
and incubated in DMEM medium containing fine crystals of DiI (D-282, Molecular Probes, USA) 
for 10-20 minutes on ice. Tissue was then washed in DMEM containing 10% fetal bovine serum 
and cultured overnight at 370C in 5% CO2. Slices were then fixed and subsequently imaged 
using Zeiss LSM 880 confocal microscope.  
 
In situ hybridization: Assays were run using commercially available probes from Advanced 
Cell Diagnostics. Protocols recommended by the manufacturer were used without modification.  
The following probes were used in the study LMX1A (#540661), MKI67 (#591771) and ATOH1 
(#417861).  
 
Microscopy: All slides from immunohistochemical assays were imaged using the Zeiss LSM-
Meta confocal microscope and ZEN 2009 software (Zeiss). Brightfield microscopy was carried 
out at 20X magnification using a Nanozoomer Digital Pathology slide scanner (Hamamatsu; 
Bridgewater, New Jersey). Apart from minor adjustments of contrast and brightness, there was 
no additional image alteration.  
 
Laser-capture microdissection (LCM): The whole cerebellum was dissected (Data S1) and 
embedded in OCT, frozen at -80°C, and cryosectioned at 16-µm in the sagittal plane through 
the cerebellar vermis onto PEN Membrane Glass Slides (Applied Biosystems, USA). Total RNA 
was isolated from one whole section using the Qiagen RNeasy Micro Kit and RNA quality was 
assessed using the Agilent Bioanalyzer 6000 Pico Kit before proceeding with LCM. Mean RNA 
integrity number (RIN) was 7.63±0.79 (s.d.) among the 9 samples. LCM was performed using 
the Leica DM LMD-6000 Laser Microdissection system to capture RLVZ and RLSVZ regions into 
separate collection tubes. Total RNA was then isolated from LCM-enriched samples pooled 
across each sample using the Qiagen RNeasy Micro Kit and RNA quality was assessed using 
the Agilent Bioanalyzer 6000 Pico Kit. 
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RNA sequencing: Sequencing libraries were prepared using the Illumina TruSeq RNA Access 
Prep Kit (Illumina, USA) and 25 ng of total RNA per sample (N=18), according to the 
manufacturer’s protocol. RNA libraries were barcoded and sequenced including 6-8 samples 
per lane on an Illumina HiSeq 2000 by the Northwest Clinical Genomics Laboratory at the 
University of Washington. Paired-end reads (100 bp) were aligned to the Human reference 
genome (NCBI build 37/hg19) using STAR (Dobin et al., 2013). Genes counts were summarized 
using HTSeq (Anders et al., 2015). Gene-level differential expression was analyzed using 
DESeq2 (Love et al., 2014). Genes with log2 fold change 1.5, P value < 0.05 and false 
discovery rate (FDR) < 0.05 were considered to be differentially expressed. Significant results 
are reported as Benjamini-Hochberg adjusted P values (FDR). Gene Ontology (GO) term and 
pathway enrichment analysis was performed using the STRING database of protein-protein 
interactions (https://string-db.org/) (Szklarczyk et al., 2019). REVIGO (http://revigo.ibr.hr) was 
used to summarize GO results into non-redundant terms (Supek et al., 2011). Gene set 
enrichment analysis (GSEA) was performed based on the cerebral cortex radial glia gene sets 
defined in Nowakowski et al (Nowakowski et al., 2017). (Data S1-S5). 
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Supplementary Figures: Fig. S1.

 
Fig. S1: An outline of mouse cerebellar development. Cresyl violet-stained midsagittal sections through the 
mouse embryonic (E10.5-E17.5) and postnatal (P0-P21) cerebellum indicates the transient presence of the 
ventricular zone (red arrowhead) and rhombic lip (black arrow head). Primary and secondary fissures are 
noted (arrows). KI67 (B-E) and SOX2 (F-G) staining indicate the cerebellar VZ shrinks in thickness after E12.5, 
with a 2-4 cell layer thick structure lining the ventricle. Neuronal differentiation takes place directly above the 
VZ as indicated by TUJ1 (H-I) and CTIP1 (J-K) expression). Expression of phospho-vimentin (L,M) – which 
marks mitotic radial glia, and phospho-histone- H3 (O-Q) which marks all cells in mitosis indicating that mitosis 
is only confined to the cerebellar VZ thus indicating the lack of a subventricular zone in the mouse cerebellum. 
Radial glial fibers span the length of the cerebellar anlage as evinced by vimentin staining (N). Scale bar = 100 
µm (A-K, O-Q, black/white), 50 µm (L-M, red) and 20 µm (N, yellow). 
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Fig. S2. 

 
Fig. S2: Rhombic lip development in the mouse. Expression of KI67 (A-C) and SOX2 (B-F) throughout the 
mouse cerebellar RL (red asterisk) shows that the RL in mouse consists of a layer of proliferative cells and 
lacks structural compartmentalization. Expression of phospho-histone H3 (G-H, red asterisk) and phospho-
vimentin (J-L, red asterisk) shows mitosis is only confined to the layer of RL cells lining the ventricle. Mitosis is 
also exhibited once cells exit the RL and enter the EGL (G-L white asterisk). Scale bar = 100 µm  
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Fig. S3. 

 
Fig. S3: The human rhombic lip is a highly vascularized region and it persists until birth. The human 
cerebellar rhombic lip is structurally compartmentalized into a ventricular (RLVZ) and subventricular zones 
(RLSVZ) (A). The two compartments are separated by a lining of blood vessels and glia as indicated by GFAP 
(A, B) and CD34 expression (B). Although the structure of the rhombic lip changes over time, it persists until 
birth as indicated by KI67, PAX6 and TBR2 staining (C). Scale bar = 100 µm (white) and 200 µm (yellow).  
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Fig. S4. 

 
Fig. S4: Expression of selected genes in the human cerebellar rhombic lip. Wntless (A-D) expression in 
the in the human RL.  LMX1A (E-H) and ATOH1 (J-M) expression as detected by in situ hybridization can be 
used to define the boundary between the RL and EGL, with LMX1A marking all RL and Unipolar brush cells 
that migrate into the cerebellar anlage core, and ATOH1 specifically marking cells exiting the RL and 
specifically the granule cell precursors of the EGL. MKI67 expression defines the boundary of the rhombic lip 
and choroid plexus epithelium (I, black line, CPe). PAX6 (N-Q) and TBR2 (R-U) which are highly expressed in 
the mouse RL are also expressed in the human RL.  The RL shows high expression of PAX6 in both the RLVZ 
and RLSVZ (N-Q). PAX6 expression persists in all RL derivatives including the GCPs of the EGL (O-Q, EGL). 
WLS and TBR2 on the other hand are differentially expressed in the RLVZ (A-D, red asterisk) and RLSVZ (R-U, 
yellow asterisk) respectively. Scale bar = 100 µm (A-F; I-K; N-U, white), 500 µm (G, H, L and M, blue).  
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Fig. S5. 

 
 

Fig. S5: Disruptions in rhombic lip development is associated with cerebellar hypoplasia. (A-P) Analysis 
of H&E-stained sagittal sections of the human cerebellum from 16 cases diagnosed with DWM (A-D, F-H, J-P) 
and CVH (E, I) indicates the RL is absent in 50% of cases while in the remaining cases it was severely 
diminished (T). (Q, S) H&E-stained sections of the normal cerebellum. (Y) Graph representing the absence of 
rhombic lip in 50% of tested samples. The anterior (a), central (c) and posterior lobes (p) are indicated. Scale 
bar = 1 mm 
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Table S1: List of samples used in the study 

Species Age Number of 
samples 

Feature 

Human CS12  1 Normal 
Human CS14  2 Normal 
Human CS16  3 Normal 
Human CS17 1 Normal 
Human CS18  3 Normal 
Human CS19  3 Normal 
Human CS20  3 Normal 
Human CS21  2 Normal 
Human CS22  1 Normal 
Human CS23  3 Normal 
Human 8 pcw 1 Normal 
Human 9 pcw 2 Normal 
Human 10 pcw 3 Normal 
Human 11 pcw 4 Normal 
Human 12 pcw 2 Normal 
Human 13 pcw 4 Normal 
Human 14 pcw 6 Normal 
Human 15 pcw 2 Normal 
Human 16 pcw 2 Normal 
Human 17 pcw 6 Normal 
Human 18 pcw 4 Normal 
Human 19 pcw 4 Normal 
Human 20-24 pcw 8 Normal 
Human 25-32 pcw 6 Normal 
Human 33-40 pcw 5 Normal 
Human 17 pcw 3 Dandy Walker malformation 
Human 18 pcw 1 Dandy Walker malformation 
Human 19 pcw 3 Dandy Walker malformation 
Human 19 pcw 1 Cerebellar vermis hypoplasia 
Human 20 pcw 1 Cerebellar vermis hypoplasia 
Human 21 pcw 3 Dandy Walker malformation 
Human 23 pcw 1 Dandy Walker malformation 
Human 24 pcw 1 Dandy Walker malformation 
Human 27 pcw 1 Dandy Walker malformation 
Human 30 pcw 1 Dandy Walker malformation 

Rhesus macaque Embryonic day 48 1 Normal 
Rhesus macaque Embryonic day 59 1 Normal 
Rhesus macaque Embryonic day 64 1 Normal 
Rhesus macaque Embryonic day 78 1 Normal 
Rhesus macaque Embryonic day 87 1 Normal 
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Data S1-S5. (separate file) 
Data S1: List of samples used for RNA seq analysis 
Data S2: RL transcriptome differential gene expression analysis 
Data S3: Biological process and pathway enrichment among RLVZ genes 
Data S4: Biological process and pathway enrichment among RLSVZ genes 
Data S5: Cerebral cortex radial glia gene lists from Nowakowski et al. (Nowakowski et al., 2017) used 
in GSEA 
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