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The expansion of the neocortex, a hallmark of mammalian evolution'?, was
accompanied by anincrease in cerebellar neuron numbers>. However, little is known

about the evolution of the cellular programmes underlying the development of the
cerebellumin mammals. In this study we generated single-nucleus RNA-sequencing
dataforaround 400,000 cells to trace the development of the cerebellum from early
neurogenesis to adulthood in human, mouse and the marsupial opossum. We
established a consensus classification of the cellular diversity in the developing
mammalian cerebellum and validated it by spatial mapping in the fetal human
cerebellum. Our cross-species analyses revealed largely conserved developmental
dynamics of cell-type generation, except for Purkinje cells, for which we observed an

expansion of early-born subtypesin the human lineage. Global transcriptome profiles,
conserved cell-state markers and gene-expression trajectories across neuronal
differentiation show that cerebellar cell-type-defining programmes have been overall
preserved for at least 160 million years. However, we also identified many orthologous
genes that gained or lost expression in cerebellar neural cell types in one of the species

or evolved new expression trajectories during neuronal differentiation, indicating
widespread gene repurposing at the cell-type level. In sum, our study unveils shared
and lineage-specific gene-expression programmes governing the development of
cerebellar cells and expands our understanding of mammalian brain evolution.

Establishing causal relationships between the molecular and pheno-
typic evolution of the nervous systems of humans and other mam-
mals is a primary goal in biology. The expansion of the neocortex,
considered to be one of the hallmarks of mammalian evolution'?, was
accompanied by anincrease in the number of cerebellar neurons?®.
The cerebellum varies substantially in size and shape across verte-
brates*. In mammals, it contains more than half of the neurons of
the entire brain® and is involved in cognitive, affective and linguistic
processing, in addition to its well-established role in sensory-motor
control’. The cellular architecture of the adult cerebellum has long
beenviewed as being relatively simple, with its characteristic Purkinje
and granule cells organized into cortical layers and the deep nuclei
neurons embedded inside the white matter, but it is increasingly rec-
ognized to exhibit rather complex regional specializations®. Our
understanding of cerebellum development stems mostly from studies

in rodents®, although differences in the cellular composition of the
human cerebellum have been recognized®’. Recent single-cell tran-
scriptome studies of the developing mouse'®*? and human® cerebel-
lum have provided new insights into gene-expression programmes
in cerebellar cells, but an evolutionary analysis of the molecular and
cellular diversity of the mammalian cerebellum across development
is missing. In this study, we used single-nucleus RNA-sequencing
(snRNA-seq) to examine cerebellum development from early neuro-
genesistoadulthood inthree therian species: two eutherians (human
and mouse) and amarsupial (opossum, Monodelphis domestica). Our
analyses of these data, which provide an extensive resource (https://
apps.kaessmannlab.org/sc-cerebellum-transcriptome), unveiled
ancestral as well as species-specific cellular and molecular features
of cerebellum development spanning around 160 million years of
mammalian evolution.
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Fig.1| Atlases of cerebellum development across mammals. a, Bottom,

stages sampled in mouse, human and opossum, aligned across species. Top,

coronal sections of the mouse cerebellum™stained with HP Yellow or Nissl.

DN, deep nuclei; EGL, external granule cell layer; IGL, internal granule cell layer;

ML, molecular layer; NTZ, nuclear transitory zone; PL, Purkinje cell layer;

RL, rhombiclip; WM, white matter.b, The detected cell types, grouped by their

developmental origin. MB, midbrain; N/A, not available. ¢, Uniform manifold

approximation and projection (UMAP) of 115,282 mouse, 180,956 human and

99,498 opossum cells coloured by cell type. Arrows indicate the broad

Map of cerebellum development in mammals

The cerebellum has a protracted course of development, extending
from early embryogenesis well into postnatal life®. To characterize
mammalian cerebellum development, we produced snRNA-seq data
for cerebella from 9-12 developmental stages in mouse, human and
opossum (Fig.1aand Extended DataFig.1a,b). We acquired high-quality
transcriptional profiles 0of 395,736 cells sequencedin 87 libraries, and
used linked inference of genomic experimental relationships™ (LIGER)
to integrate datasets from all stages for each species (Extended Data
Fig.1and Supplementary Table 1). Because cerebellum development
is best understood in mouse, we used known cell-type markers®?and
publicinsituhybridization data®>'® to build a hierarchical annotation of
themouse dataset. We then transferred this to the humanand opossum
datasets by pairwise integration of the datasets within the orthologous
gene-expression space, followed by manual curation to account for
biological and technical variance between the datasets (Extended Data
Fig.2a,band Supplementary Tables 2-5). Consistent with the ongoing
effortsin establishing cell ontologies”, we grouped the cells into broad
lineages based ontheir developmental origin, into cell types (25 across

Species
® Mouse
H Human
® Opossum
* .
1 5 -E 1 5 -E

Corresponding stage

neuronallineages. d, Mapping of the main cerebellar cell typesinthe12 wpc
human cerebellum by alignment of the multiplexed smFISH data with 11 wpc
snRNA-seq data. e,f, Relative cell-type abundances across developmental
stagesinthewhole datasets (e) oramongthe cerebellar cells (f). For adult
human, only datafrom cerebellar lobesisincluded.Inc-e, coloursareasinb.In
f,stagesarealignedasina, theline denotes the median of biological replicates,
orange shading shows stages with representative sampling in human, and
asterisks mark differencesin relative abundances compared with mouse and
opossum. Panelais from the Allen Mouse Brain Atlas®.

thethree species), into cell differentiation states (43; hereafter referred
to as cell states), and for 12 cell states that displayed remaining vari-
ability, we further split the cells into subtypes (36-38 in each species;
Fig.1b,cand Extended Data Fig.2c). As a validation of the annotations,
we mapped spatial expression patterns of 74 marker genes using multi-
plexed single-molecule fluorescenceinsitu hybridization (smFISH) in
the 12 week post-conception (wpc) human cerebellum, and located the
cell types by aligning the spatial data with our snRNA-seq data (Fig. 1d,
Extended Data Figs. 3-6 and Supplementary Table 6).

To establish correspondences between the developmental stages
sampled in mouse, human and opossum, we performed stagewise
cross-species comparisons of (1) synthetic bulk transcriptomes using
Spearman’s correlations of orthologous variable gene expression;
(2) pseudoages™ based on the median age of neighbouring mouse
cellsinthe cross-species integrated manifold; and (3) cellular composi-
tion by measuring similarities at the level of cell states (Extended Data
Fig.2d-g). Combining these approaches, we inferred, forinstance, that
amongthe sampled stages, the cerebellum of the newborn human most
closely resembles that of a one-week-old mouse and a three-week-old
opossum (Fig.1a). The estimated stage correspondences are supported
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by the morphological characteristics of the developing cerebellum
inthe three species, and agree with the correspondences previously
established by jointly considering multiple somatic organs'® (Extended
DataFig. 2h-k).

Onthe basis of the expression patterns of orthologous genes thatare
differentially expressed within each species, we created a consensus
classification of the cellular diversity in the developing mammalian
cerebellum (Extended Data Figs. 2c and 3-6). UMAP embeddings of
the three datasets show a radiation of lineage-committed cells stem-
ming from a population of proliferating neural progenitors, with cells
ordered by age along the trajectories (Fig. 1c and Extended Data Figs. 1f
and 7a). The major neuronal trajectories (Fig. 1b,c) reflect the known
cerebellar germinal zones®: the ventricular zone (VZ), which produces
cerebellar y-aminobutyric acid-producing (GABAergic) neurons; the
early rhombiclip, which givesrise to glutamatergic neurons assembling
atthenuclear transitory zone (RL/NTZ); and the late rhombic lip, which
is associated with a secondary germinal zone in the external granule
celllayer (RL/EGL). The detected VZ cell populationsinclude parabra-
chial neurons (marked by LMXIB and LMXIA expression) and a small
group of noradrenergic neurons (LMX1B and PHOX2B), both of which
migrate to the brainstem during development®, as well as all cerebel-
lar GABAergic neuron types; that is, GABAergic deep nuclei neurons
(50X14), Purkinje cells (SKOR2) and interneurons (PAX2) (Fig. 1b—d
and Extended Data Fig. 3a-e). Among the RL/NTZ cells (SLCI7A6) we
discerned extra-cerebellaristhmic nucleineurons (PAX5 and SCG2) that
locatetothe anterior NTZ during development, and glutamatergic deep
nuclei neurons (VEURODG6) (Extended Data Fig. 4a-f,1). Inthe RL/EGL
trajectory we observed granule cells and unipolar brush cells (UBCs)
transitioning from progenitors (ATOHI) and differentiating cells (PAX6)
towards defined granule cell (GABRA6) and UBC (LMX1A and EOMES)
states (Extended Data Fig. 5a-e). Along allmajor neuronal trajectories,
cells from different cell-type lineages often clustered together at the
earliest differentiation states and are designated as VZ neuroblasts, NTZ
neuroblasts and granule cell/UBC (GC/UBC) (Fig. 1b,c and Extended
Data Figs. 3-5). Among these, the GC/UBC progenitor population
reflects a true cell state, as we detected proliferating (TOP2A) cells
co-expressing granule cell and UBC lineage markers (ATOH1, OTX2,
LMX1A and EOMES) inthe 12 wpc human cerebellum. These cells mostly
mapped to the external rhombic lip and proximal EGL, although
co-expression of EOMES, ATOH1 and TOP2A was seen evenin the distal
EGL cells (Extended Data Fig. 5e). By contrast, further dissection of the
VZ neuroblasts, often based on developmental stage (Supplementary
Information), revealed differential expression of known markers of the
VZ-derived cell types (for example, parabrachial and noradrenergic
neuron marker LMX1B* in the early neuroblasts, interneuron marker
PAX2°inthelate neuroblasts; Extended DataFig. 3g,h), consistent with
these cells already being lineage-committed, despite common differ-
entiation programmes. Thisisin line with the pan-neuronal transcrip-
tional state previously observed in early neuroblasts across the whole
developing mouse brain’s,

Inallthree datasets, neural progenitors with temporally progressing
transcriptional states, glioblasts and astrocytes (SLC1A3 and AQP4)
form the most abundant glial lineage (Fig. 1b—e and Extended Data
Fig. 6a—-f)—hereafter collectively referred to as astroglia. In the oli-
godendrocyte lineage, we discerned proliferating oligodendrocyte
progenitor cells (OPCs) (PDGFRA), committed oligodendrocyte pre-
cursors (TNR) and postmitotic oligodendrocytes (MAG) (Extended
DataFig. 6a-d,f). Additionally,in humanand opossum, we detected an
intermediate cell population between glioblasts and OPCs, probably
representing a pre-OPC state'® (EGFR) (Extended DataFig. 6a-d,f). We
distinguished ependymal cells (SPAG17) in the mouse and opossum but
notinthehumandataset, andinopossum, we further identified ependy-
mal progenitors that share transcriptional traits with glioblasts but
express ciliogenesis-related SPAG17 (Extended Data Fig. 6a-d,f). We also
detected neural crest- and mesoderm-derived cell types (meningeal,
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immune (mostly microglia), vascular (mural and endothelial) and
erythroid) and small groups of neural cells from neighbouring brain
regions, resulting from the migration of a midbrain-originating cell
population (LEFI) to the cerebellar primordia’® or sample contamina-
tion (isthmicand midbrain neuroblasts, GABAergic midbrain cells and
motor neurons; Fig. 1b,c and Extended Data Fig. 6j).

Acomparisonof cell-type abundances across development revealed
highly dynamic patterns that are similarinthe three species (Fig.1leand
Extended Data Fig. 7b) and consistent with the current understand-
ing of cerebellum development®. Astroglia (progenitors) are most
abundant at the earliest stages, Purkinje cell relative abundances peak
at the transition from embryonic to fetal development (embryonic
day (E)13.5-E15.5in mouse), and granule cells dominate at late stages,
outnumbering all other cell types already in postnatal day (P)4 mouse,
newbornhumanand P21 opossum (Fig. 1e,f). We note that our sampling
of human cerebellum fragments for stages from 17 wpc onwards might
not precisely reflect cell-type proportions in the entire cerebellum
(Extended DataFig. 7c and Supplementary Table 1). Thus, we focused
on early stages that are less influenced by sampling differences, and
applied Bayesian modelling to compare the relative cell-type abun-
dances across matched developmental stages between species (Fig. 1f
and Extended DataFig. 7d). The most striking difference is an approxi-
mately twofold higher Purkinje cell proportion in human compared
with mouse and opossum at two stages when their relative abundances
peak during development (8-9 wpcin human; Fig. 1f). The difference
remains statistically significant even when additionally considering
the VZ neuroblasts (Extended Data Fig. 7d,e). A meta-analysis of 19
mouse (E13.5-E15.5) and 20 human (8-11 wpc) cerebellum samples
from this and other studies'®""*?*2 confirmed the significantly higher
Purkinje cellabundancesin human (Extended Data Fig. 7f). This change
in Purkinje cell dynamics in the human lineage could be related to
differences in developmental durations between species and/or the
unique presence of basal progenitors in the human cerebellum® that
may serve as an additional pool of Purkinje cell progenitors. Together,
our snRNA-seq atlases provide acomprehensive view of cerebellar cell
types in mammals, revealing the largely conserved developmental
sequence of their generation but also notable differences in human
Purkinje cell dynamics.

Spatiotemporal cell-type diversification

Although traditionally viewed as a brain region with a simple cellular
architecture, the adult cerebellumisincreasingly recognized to exhibit
regional specialization of cell types and a complex pattern of functional
compartments organized around the parasagittal ALDOC-positive
and -negative Purkinje cell domains®3. To characterize the molecu-
lar diversification of cerebellar cells during development, we exam-
ined the within-cell-type heterogeneity in our snRNA-seq atlases.
We divided mouse Purkinje cells into four developmental subtypes
(Fig. 2a). Combinatorial expression of the transcription factor genes
Ebf1 and Ebf2 differentiates the subtypes along the spatial and tem-
poral axes: Purkinje subtypes that locate medially in the developing
cerebellum (named by their marker genes as RORB and CDH9 types)
display higher Ebf1 levels than the lateral subtypes (FOXP1and ETVI),
whereas Ebf2is upregulatedinthelate-born subtypes (CDH9 and ETVI1)
compared with the early-born subtypes (RORB and FOXP1) (Fig. 2a-c
and Extended Data Fig. 3i-1). The genes with variable expression across
these developmental subtypes are enriched for the cadherin family of
adhesion molecules (homophilic cell adhesion, P <107), supporting
their proposed rolein providing amolecular code for the formation of
Purkinje cell domains®. To link the developmental Purkinje subtypes
to the recently described adult subtypes’, we calculated correlation
coefficients between their expression profiles using genes differentially
expressed inboth groups. We detected similarities between early-born
subtypes (RORB and FOXP1) and adult Aldoc-positive subtypes that
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are enriched in cerebellum hemispheres; late-born medial subtype
(CDH9) and Aldoc-positive subtypes enriched in posterior vermis; and
late-born lateral subtype (ETV1) and Aldoc-negative subtypes (Extended
Data Fig. 3m). Together, these results suggest that Purkinje cells with
distinct settling patterns are specified not only by their ‘birthdate®*
but also by ‘birthplace’.

Based on key marker genes and the correlation of orthologous
variable gene expression, we identified the same four developmental
Purkinje subtypes in opossum, whereas in human we reliably distin-
guished two subgroups (EBF1/2-low and -high); however, patterned
expression of subtype markersindicated additional diversity (Fig.2a,c,d
and Extended Data Fig. 31). To investigate this further, we reanalysed an
independent snRNA-seq dataset of human fetal (9-20 wpc) cerebellum®
and explored the expression of subtype markers in our 12 wpc spatial
dataset. These analyses confirmed the presence of all four Purkinje

subtypes in the human fetal cerebellum (Fig. 2e,f and Extended Data
Fig.3l,n).Inthe12 wpc Purkinje cell compartment (SKOR2), early-born
Purkinje cell markers FOXPI and RORB exhibited widespread expres-
sion, whereas the late-born Purkinje cell marker EBF2 was detected in
restricted spatial domains, where CDH9-positive cells were located
medially and ETVI-positive cells laterally (Fig. 2f). Comparison of
Purkinje subtype prevalence across the three species revealed increased
numbers of early-born Purkinje cells in human fetal samples (Fig. 2e,g).
In sum, although Purkinje cell patterning is conserved in mammals,
the subtype ratios shifted in the lineage leading to humans, probably
facilitated by augmented generation of early-born Purkinje cells.

We further defined 16 subtypes among the other neuronal cell types,
13 of which were detected inall 3 species (Extended Data Figs. 3-5). We
distinguished 5 homologous subtypes of GABAergic interneurons:
an early-born type (ZFHX4) that in the 12 wpc human cerebellum is
detected in the forming deep nuclei, and 4 types that we matched
to the transcriptionally-defined adult subtypes with layer-specific
localizationsin the mouse cerebellar cortex’ (Extended DataFig. 30-t).
An additional unknown cell group (MEIS2) is present in the opossum.
Amongthe RL/NTZ cells, we distinguished 2 subtypes of glutamatergic
deep nucleineuronslocated ventrally (LMO3) and posteriorly (LMXIA)
inE13.5mouse NTZ, as also reported previously>®, and three subsets
of isthmic nuclei neurons expressing markers related to somatosta-
tin (S57), dopaminergic (NVR4A2) or cholinergic (SLC5A7) identities
(Extended Data Fig. 4g-k). The latter subtype was not detected in
the human snRNA-seq dataset, yet we observed cells co-expressing
SLC5A7 and SLC17A6inthe 12 wpc cerebellum by smFISH (Extended Data
Fig. 4m). Consistent with prior work on the adult mouse cerebellum’,
developing UBCs and granule cells display continuous variationin all
three species (Extended Data Fig. 5f-i). Differentiating granule cells
clustered into early and late populations, and in mouse and opossum
we additionally detected a distinct OTX2-expressing subset (Extended
DataFig. 5f,i). The latter was not distinguished in the human snRNA-seq
dataset due tosampling biases, given that we detected OTX2-expressing
granule cells by spatial mapping in the domain proximal to the rhom-
bic lip at 12 wpc (Extended Data Fig. 5j). Comparing the three groups
to the granule cell subtypes defined in the adult mouse cerebellum’,
we observed correspondences with the adult subtypes that are spa-
tially invariant (early), enriched in the posterior hemisphere (late) or
nodulus (OTX2) (Extended Data Fig. 5k), supporting the notion that
the topographic granule cell heterogeneity is at least partially driven
by the temporal ordering of granule cell differentiation. We classified
UBCsinto two subsets: one strongly expresses the canonical pan-UBC
marker EOMES and is co-labelled by markers of known UBC subtypes®’
(TRPC3, GRM1and CALB2), whereas the other isaso far uncharacterized
EOMES-low subset that expresses HCRTR2 (Extended Data Fig. 5f,g,i).
We confirmed the presence of UBCs expressing TRPC3, HCRTR2 or
both in the human 12 wpc cerebellum by smFISH, and observed the
brush-like phenotype of the HCRTR2-positive cells in the mouse P7
cerebellum by immunohistochemistry (Extended Data Fig. 51-n). Thus,
the HCRTR2-expressing subset represents a previously unappreciated,
mammalian-conserved UBC subtype.

The neuronal diversity in the cerebellum aligns with heterogene-
ity among progenitors. In the three species, embryonic neurogenic
progenitors display a gradient of molecular variation along the neu-
roepithelium, include a group of potentially apoptotic cells (NCKAPS
low, BCL2L 11 high), and have higher expression of cell cycle-related
genes compared with the later-emerging bipotent (that is, produc-
ing both interneurons and parenchymal astrocytes®?) and gliogenic
progenitors (producing parenchymal and Bergmann astrocytes®)
(Extended Data Fig. 6a-g). Spatial mapping of progenitors (marked
by SOX2, NOTCH1, PAX3 and TOP2A) in the human 12 wpc cerebellum
revealed their presence not only in the VZ and RL, but also scattered
in the prospective white matter (PWM) and cortical transitory zone,
consistent with the marker gene-expression patternsin the E15.5mouse
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cerebellum (Fig. 1d and Extended Data Fig. 6h,i). Markers of bipotent
(GLIS3) and gliogenic (TNC) progenitors showed reverse gradients,
with TNC expressed highly in ventricular cells within and near the RL,
andinthe cortical transitory zone, whereas GLIS3was detected in the
more distal VZ and the PWM (Extended Data Fig. 6i). In line with the
presence of two late progenitor types and our previous observations
in the mouse®, we identified two glioblast populations in all three
species, PWM glioblasts and astroblasts (Extended Data Fig. 6a-d,f).
Collectively, these results suggest developmental specification of the
regional heterogeneity among the cerebellar cell types and highlight
the overall conservation of the cellular architecture, including neural
subtypes, of the developing cerebellum across mammals.

Cell-type-defining programmes

Having established cross-species correspondences between devel-
opmental stages, as well as cell types and states, we next sought to
characterize global gene-expression patternsinthe three cerebellum
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Fig.3|Cell-type-defining transcriptional programmes. a, Principal
components analysis based on 10,276 orthologous genes expressed in all
species. Datapointsrepresent cell-type pseudobulks for eachreplicate.
Examples of enriched gene ontology terms and pathways for the genes loaded
to principal components1-3 areindicated.LTD, long term depression; LTP,
long term potentiation; PC, principal componentb,c, Numbers (b) and
expression patterns (c) of species-specific and conserved markers. Twenty
genes per stateareshowninc.d, UMAPs of cells from granule cell and Purkinje
celllineages aligned across species and coloured by diffusion pseudotime
values. e, Intolerance to functional mutations in human population (low values
indicate intolerance) for genes dynamic or non-dynamic across differentiation
of granule cells, Purkinje cells, orboth neuron typesinall species. Numbers of
dynamicgenes per category areindicated at the top. Boxes display interquartile
range, whiskers extend to values within1.5x interquartile range, and the line
marks the median. Adjusted Pvalues were calculated viatwo-sided permutation
tests of pairwise comparisons between all categories. LOEUF, loss-of-function
observed/expected upper bound fraction. f, Clusters (gl-g8) of gene-
expression trajectories during granule cell differentiation, ordered from

early to late differentiation based on the mean centre-of-mass values of the
confident cluster members’ trajectories. Strongly preserved trajectories of
theorthologues are highlighted. Examples of enriched gene ontology terms
for the genes with preserved trajectories are shown for each row (excluding g5).
g, Proportion of human genes with strongly preserved, intermediate and
diverged trajectoriesinearly, mid (excluding g5) and late clusters.

datasets. We aggregated expression values into cell-type pseudobulks
for each sample and performed principal components analysis using
orthologous genes that are expressed in all species. The two first prin-
cipal components order samples by age and split glial and neuronal
cells, and the third principal component further separates the neuronal
types; in a separate analysis only of neurons the first two principal
components arrange samples by age and cell type (Fig. 3a, Extended
Data Fig. 8a-c and Supplementary Table 7). These patterns indicate
thatgene-expression variance in the developing cerebellaistoalarge
extent explained by developmental and cell-type signals that are shared
across the species. Thus, we sought to identify the core gene-expression
programmes that underlie the identity of cerebellar cell types, simi-
lar to previous comparative cross-species approaches® ., We called
enriched genes (markers) for each cell state (Supplementary Informa-
tion) and determined their overlap across species. On average, 58% of
themarkersineach species are cell-state-specific,26% are enriched in
two cell states and 15% are enriched in three or more states (Extended
Data Fig. 8d). Similarly to observations for the adult motor cortex®,
many of the markers displayed cell-state enrichmentin only one spe-
cies (Fig.3b,cand Extended Data Fig. 8e). Nevertheless, each cell-state
category exhibited aset of conserved markers (Supplementary Table 8)
thatarelikely to represent genes that drive cerebellar cell-type identi-
ties, given that their expression specificity has been retained for at least
160 million years of evolution. Consistently, conserved markers are
associated with pertinent gene ontology terms, including ‘neural tube
development’ for progenitors and ‘ensheathment of neurons’ for oligo-
dendrocytes (Supplementary Table 9). In terms of molecular functions,
the conserved markers are enriched for extracellular matrix and adhe-
sion proteins, transmembrane transporters, ligands and receptors,
transcription factors and proteins involved in plasma membrane and
vesicle dynamics (Extended Data Fig. 8f,g and Supplementary Table 9).
Sharing of the conserved markers typically involves closely related
cell states (Extended Data Fig. 8h). At states of differentiation, when
cell-type or subtype specification is ongoing, there is an enrichment
oftranscription factor genes among the conserved markers (Extended
DataFig. 8g), in line with the central role of transcription factors in
inducing cell-type-specific downstream effector genes®. The conserved
markers across all states include 185 transcription factors (Supple-
mentary Table 8) and many of these are known to function in specific
cerebellar cell types (for example, ESRRB and FOXP2in Purkinje cells,



PAX2ininterneurons, and ETVI in granule cells*®). However, this list
alsoincludes potential novel regulators such asinterneuron-enriched
PRDMS& and BHLHE22, known to form a repressor complex involved
in pallial circuit formation®*, and SATB2, which is enriched in differ-
entiating granule cells and primarily recognized as a determinant of
neocortical upper-layer neurons® (Extended Data Fig. 8i). Among
allmouse and human transcription factor markers, conservation of
expression specificity is associated with higher expression levels of
their predicted target genes in the respective cell states, as revealed
by SCENIC** modelling (Extended Data Fig. 8i,j and Supplementary
Table 10). Thus, the identified conserved transcription factor code
provides a shortlist of candidates for elucidating the mechanisms of
cerebellar cell-type specification.

The above analyses are based on discrete cell categories but devel-
opmental processes are inherently continuous. Thus, we set out to
delineate the conserved gene-expression cascades across differen-
tiation of the principal cerebellar neuron types: Purkinje and granule
cells. We integrated cells from the two neuronal lineages across all
species and calculated diffusion pseudotime® (Fig. 3d and Extended
Data Fig. 9a). Corresponding cell states across species display com-
parable pseudotime values and the distribution of the values across
stagesisinaccordance withthe different generation modes of the two
neurontypes (Extended DataFig. 9b,c)—transient for Purkinje cells and
protracted for granule cells®**—corroborating the alignment of cells
across species and stages. Next, we identified orthologous genes with
dynamic expression during neuronal differentiationinall three species
(Supplementary Information). The two neuron types share 56-58% of
the dynamic genes, suggesting considerable overlapin their differentia-
tion programmes (Fig. 3e). The dynamic genes show low tolerance to
heterozygousinactivationin human population®, with those dynamic
inboth neuron typesunder the strongest functional constraint (Fig. 3e).
Thisisin line with studies linking phenotypic severity to expression plei-
otropy™®*°. Additionally, dynamic genes are enriched for transcription
factors and genes associated with inherited developmental diseases
affecting the nervous system* (Extended Data Fig. 9d,e). We further
focused on neurodevelopmental and neurodegenerative diseases"
and malignancies* that are directly linked to cerebellar functions and
celltypes. Genes associated with cerebellar malformations, spinocer-
ebellar ataxiaand medulloblastomaare enriched among the dynamic
genes shared between the two neuron types, whereas high-confidence
risk genes of autism spectrum disorders and intellectual disability are
additionally enriched among the genes that are dynamic in Purkinje
cellsonly (Extended Data Fig. 9e). These results indicate that many of
the cerebellar disease-linked genes are likely to affect more than one
neuron type.

Next, we grouped the genes that are dynamic across neuronal dif-
ferentiation in clusters based on their expression trajectories, and
determined centre-of-mass values for the individual trajectories within
eachcluster toensure comparable distributions across species (Fig. 3f
and Extended Data Fig. 9f,g). By comparing the cluster assignments of
the orthologues, we assigned the genes into 3 trajectory conservation
groups: (1) 23% of genes, on average, were defined as strongly preserved
with orthologues confidently assigned (cluster membership > 0.5and
P> 0.5) to the same cluster; (2) 17% of genes were defined as diverged,
based on the differential cluster assignment (P < 0.05) of at least one
of the orthologues; (3) the remaining 60% of genes were defined as
having intermediate trajectory conservation (Fig. 3g). Consistently,
the maximum distances between the orthologues’ trajectoriesincrease
progressively from the most-preserved to least-preserved gene group
(Extended Data Fig. 9h). Genes with strongly preserved trajectories
expressed early during differentiation are enriched for functions in
the cell nucleus, while late-expressed genes have functionsin synaptic
signalling (Fig. 3fand Extended Data Fig. 9f). There are 30 and 43 tran-
scription factor genes among the genes with strongly preserved tra-
jectories in granule and Purkinje cells, respectively, including several

transcription factors with well-characterized roles in neuronal differ-
entiationinthe cerebellum (for example, PTF1A and RORA for Purkinje
cells, and PAX6 and ETVI for granule cells®; Supplementary Table 11).
Weranked the transcription factors on the basis of the centre-of-mass
values, and confirmed the expression patterns of many of the tran-
scription factors using mouse in situ hybridization data” (Extended
DataFig. 9i,j). Thus, these analyses reveal a conserved programme of
transcription factors, the expression of which follows closely matched
patterns during Purkinje or granule cell differentiation in the three
species.

Evolutionary change in gene expression

Changesingene-expression programmes are considered major drivers
of the evolution of species-specific phenotypic features. We therefore
aimed to systematically identify genes that display distinct expression
patternsin cerebellar cells in one of the three species. First, we traced
geneswith diverged expressiontrajectoriesin Purkinje or granule cells
(Fig. 3g). Using opossum as an evolutionary outgroup, we assigned
the trajectory changes to the mouse or human lineage (that is, polar-
ized the changes; Fig. 4a). In granule cells, we found a relative excess
of trajectory changes in the human lineage (P <107, binomial test),
whereas in Purkinje cells, we found similar numbers of changes in the
human and mouse lineages (Fig. 4b and Supplementary Table 11). In
eachlineage, only afew (1-4) genes have changed trajectories inboth
cell types, suggesting that changes in regulatory programmes are
largely cell-type-specific. Nevertheless, genes with human-specific
changesin either cell type share enrichments for functions related to
synaptic membrane and glutamatergic synapse (FDR < 0.05, Supple-
mentary Table12). Overall, the trajectory changes include shiftsin both
directions along the differentiation path (towards less or more mature
states), and involve all types of trajectories (Fig. 4a and Extended
DataFig.10a,b). We attempted to obtain a quantitative measure of
the amount of change for each gene by assessing the maximum and
minimum pairwise distances between the trajectories of orthologues
from the three species (Supplementary Information). This approach
identified SNCAIP (whichencodes synuclein-ainteracting protein) and
MAML2 (whichencodes atranscriptional coactivatorin the Notch sig-
nalling pathway) as having evolved the strongest changesin expression
trajectories during granule cell and Purkinje cell differentiation, respec-
tively, in the human lineage (Fig. 4c,d and Extended Data Fig. 10¢,d).
Notably, SNCAIPis frequently duplicated in group 4 medulloblastoma®,
achildhood brain tumour that has been difficult to model in mouse*.
Additionally, 12 genes associated with autism spectrum disorder
and/orintellectual disability show trajectory differences (Supplemen-
tary Table1l), including MYTIL and KANSL1ingranule cells (Fig. 4d) and
SMARCA2, DIP2C and FOXP1 in Purkinje cells (Extended Data Fig.10d).

We next sought to identify genes with an even more fundamental
expression change; that is, genes displaying presence or absence
expression differences between the species in one or more of the
eight main cerebellar cell types (Fig. 4e). To mitigate technical biases
in cross-species expression level comparisons from snRNA-seq data,
wetook aconservative approach: we analysed exonic read pseudobulks
of cell types and replicates, considered only the orthologous genes
with comparable genomic annotation in the three species, assessed
relative expression levels within each species, and required at least
fivefold differences in absolute expression levels to call a difference
between species (Extended Data Fig.11a-g and Supplementary Infor-
mation). Out of the 7,062 orthologues included in this analysis, 1,077
(15.3%) displayed presence or absence expression differences in at
least one cell type. After polarizing the changes, we found, on aver-
age, 62 gains and 19 losses in the human lineage, and 33 gains and 31
losses in the mouse lineage per cell type (Fig. 4e and Supplementary
Table13). Theidentified differences are consistent with the expression
levels of the affected genesin mouse, human and opossum cerebellum
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Fig.4|Evolutionary changeingene expression. a, Changesin gene-expression
trajectories during granule cell differentiation assigned to the human lineage.
b, Bottom, numbers of genes with trajectory changes in granule or Purkinje
cellsin different phylogenetic branches. Top, schemeillustrating achangein
the humanlineage and adiverse pattern. ¢, Minimum and maximum pairwise
distances between the trajectories of orthologues fromthe three species. High
maximum and low minimum distances indicate the strongest lineage-specific
changes.d, Examples of genes that evolved anew trajectory during granule
cell differentiationin the humanlineage. e, Presence or absence expression
differences assigned to different phylogenetic branches.f, Intolerance to
functional mutationsin human population (LOEUF) for genes grouped based
onthe presence or absence of expression. Values are summarized across the
eight celltypes. Boxes display interquartile range, whiskers extend to values
within1.5x interquartile range, and the line marks the median. Numbers of

development, asinferred from bulk RNA-sequencing data' (Extended
Data Fig. 11h). Compared to the genes expressed in all species, genes
thatgained expressioninthe human or mouse lineage are under weaker
functional constraint and have higher cell-type specificity, whereas
the genes that lost expression show intermediate levels of constraint
(Fig.4fand Extended Data Fig. 11i). Although most presence or absence
expression differences were called in a single cell type, expression
gains often involve genes that were already expressed in other neu-
ral cell types in the cerebellum (Extended Data Fig. 11j-1), suggesting
evolutionary repurposing of genes between the cell types. Functional
enrichments among the genes with expression differences include
sensory perception and myofilament for genes that gained expres-
sioninhuman oligodendrocytes or astroglia, respectively (FDR < 0.05,
Supplementary Table 12). Assessment of the expression patterns of
genes that gained or lost expression in the mouse or human lineage
revealed that the aggregated expression levels of these genes overall
increase during development (Fig. 4g and Extended Data Figs. 11m
and 12a). Notable exceptions occur in human progenitors (astroglia)
and granule cells, which express the genes that gained expression in
the human lineage at high levels already at early developmental stages
(Fig. 4g). Among the progenitor subtypes, the expression levels of
genes gained in human astroglia are the highest in the RL and poste-
rior VZ progenitors (Extended Data Fig. 12b). Fifteen of the 89 genes
with gained expression in human astroglia are enriched in the latter
progenitor populations (hypergeometrictest, P < 0.01), including the
mechanosensitiveion channel gene PIEZ02 and the phospholipase gene
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Corresponding stage

genesasshownineand Extended DataFig.11g.g, Expression of genes with
gained or lostexpressioninthe mouse or humanlineageinselected celltypes
across development. Genes that were lostinaspecies were evaluatedin

the otherspecies. h,i, Examples of genes that gained expressionin human
astroglial cells.Inh, dot size and colour indicate the fraction of cells expressing
ageneand the scaled mean expression level, respectively.j, Co-expression of
PIEZO2, PLCZI and DSCAM with NOTCHI (progenitors), KIRREL2 (VZ) or SLIT2
(rhombiclip) inhuman12 wpc cerebellum by smFISH. The expanded regions
areindicated by rectangles on the main section (top left). g,i, stages are aligned
across speciesasin Fig.1a; line indicates the median and bars the range across
pseudobulks (nshownin Extended Data Fig.11m). b,f, Adjusted Pvalues were
calculated viatwo-sided binomial (b) or permutation tests of pairwise
comparisons (f).

PLCZ1,which are expressed in human VZ and RL progenitors or only RL
progenitors, respectively (Fig.4h, Supplementary Table 14). We suggest
that these gains of expression could have arole in the specification
of the unique pool of basal progenitors identified in the developing
human cerebellum®.

We then examined whether genes associated with cerebellum-linked
diseases show presence or absence expression differences between
humanand mouse, the most common model organism used in biomedi-
calstudies. In this analysis we additionally considered genes for which
polarization using opossum data was not possible (Supplementary
Information), andidentified 1,392 genes (16.1% of 8,620) with expression
differences betweenthe two eutherian species (Extended Data Fig.12¢
and Supplementary Table13). Among these are 26 disease-associated
genes. For instance, the autism and Down syndrome-associated gene
DSCAM gained expressionin human astroglia (Fig. 4i), and FGF2, which
isimplicated in pilocytic astrocytoma, is expressed in human but not
mouse astroglia and oligodendrocytes (Extended Data Fig. 12d). To
substantiate the detected presence or absence expression differences,
we spatially mapped 26 of these genesin the 12 wpc human cerebellum,
focussing on genes for which absence of expression in mouse is sup-
ported by publicinsitu hybridization data° (Supplementary Table 6).
Visualization of smFISH signals and quantification of the expression
levels in cells labelled based on integration with our snRNA-seq data
confirmed the co-expression of 22 genes with the respective cell-type
markers (Fig. 4j and Extended Data Fig. 12e,f). For instance, PIEZO2,
PLCZ1and DSCAMwere detected in NOTCHI-positive progenitors, and



CPLX4was detected in PAX2-marked interneurons. We further explored
the available human immunohistochemistry data* to map the genes
that are expressed in a cell-type-specific manner in the adult human
but not mouse cerebellum. This confirmed that human mature granule
cellsexpress ZP2,azona pellucidaglycoprotein, and granule cell layer
interneurons express CPLX4, acomplexin thatis known to functionin
synaptic vesicle exocytosis in retina*® (Extended Data Fig. 12g). Based
onadultbulk RNA-sequencing data from nine mammals* (including six
primates), we inferred that ZP2 expressionin the adult cerebellum was
acquiredspecificallyinhumanin the past approximately 7 million years,
after the human-chimpanzee split, in line with previous findings*®, and
thatthe distinct CPLX4 expression emerged in the lineage leadingtothe
greatapes (Extended Data Fig.12g). Thus, by using orthogonal datasets,
we validated asubset of the detected presence or absence expression
differences. Together, our comparative molecular analyses revealed
many candidate genes, whose expression changes may underlie pheno-
typic adaptations of the cerebellum during evolution, and disease
genes for which functional characterization in a mouse model might
not reflect all the disease manifestations in human.

Discussion

Inthis study we used acomprehensive comparative approach to char-
acterize the development of the cerebellum from the beginning of
neurogenesis to adulthood, and its evolution across mammals. Based
on our snRNA-seq atlases of around 400,000 cells from the mouse,
human and opossum cerebellum, we established a consensus clas-
sification of the cellular diversity in the mammalian cerebellum and
identified gene sets that underlie core ancestral transcriptional pro-
grammes of cell fate specification in the cerebellum. Although a few
rare cell-type or subtype categories were not recovered in all studied
species owing to technical limitations, our analyses revealed that the
overall cellular architecture of the developing cerebellum is similar
across therian mammals, consistent with the previously posited con-
servation of its developmental programme throughout amniotes**.
Nevertheless, we observed significantly higher relative abundances
of early fetal Purkinje cells in human, which may be linked with the
expansion of neuronal progenitor pools in the human cerebellum®.
Given that Purkinje cell signals regulate the transit amplification of
granule cell progenitors®*®, we suggest that higher numbers of Purkinje
cells could augment the generation of granule cells and lead to the
increasein cerebellar cellnumbers required to match the expansion of
the neocortex in the human lineage®. The increase in human Purkinje
cell abundances is biased towards the early-born subtypes, which in
the mouse bear similarities to the adult Aldoc-positive subtypes that are
enrichedinthe posterior regions of cerebellar hemispheres. Purkinje
cellsin these regions project to the lateral (dentate) deep nuclei that
in the human lineage expanded by selective increase in the numbers
of the large-bodied subtype of glutamatergic neurons®*. Thus, it is
tempting to speculate that the biased expansion of the Purkinje cells
and large-bodied glutamatergic neuronsinthelateral nuclei coincided
during the course of human evolution. Additionally, adaptations in
these areas have been suggested to support cognitive functions in
humans®.

Evolutionary innovation in cellular programmes is expected to be
driven by lineage- or species-specific differences in gene expression.
Considering the apparent absence of new transcriptomically distinct
cell types in the human cerebellum, we propose that the previously
observed alterationsin the anatomy of progenitor zones® may be attrib-
uted to gene-expression changes within the mammalian-shared cell
types. Consistently, we identified a set of genes that are recruited to
the transcriptomes of subpopulations of human progenitor cellsin the
cerebellar germinal zones, potentially underlying their human-specific
characteristics’. Furthermore, we found presence or absence expres-
sion differences between the species for all neural cell types, and

detected shiftsinthe expression trajectories during Purkinje and gran-
ule cell differentiation. In most cerebellar cell types, the genes that
gained or lost expression in the human and mouse lineages are more
active at later developmental stages. This pattern is consistent with
the progressively increasing molecular divergence of the cerebellum
(and other organs) between species during development owing to over-
all decreasing purifying selection, which enables drift and facilitates
adaptations driven by positive selection' A limitation of our study
isthat we did not evaluate lineage-specific genes and isoforms, which
additionally contribute to the transcriptome differences between the
species. Moreover, further work is required to distinguish between
adaptive changes driven by positive selection and changes resulting
from genetic drift, and to assess the potential functional relevance of
individual expression shifts in the context of interspecies phenotypic
differences. Notably, shifts in gene expression can lead to profound
phenotypic effects, as shown for VEURODI* and LHX9**, which con-
tributed tothe emergence of granule cells’ transit amplification or the
variationin cerebellar deep nuclei numbers inamniotes. Our extensive
comparative map of the cellular and molecular diversity in the mam-
malian cerebellum canbe further leveraged to advance a mechanistic
understanding of brain development, disease> and evolution.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-023-06884-x.

1. Florio, M. & Huttner, W. B. Neural progenitors, neurogenesis and the evolution of the
neocortex. Development 141, 2182-2194 (2014).

2. Rakic, P. Evolution of the neocortex: a perspective from developmental biology. Nat. Rev.
Neurosci. 10, 724-735 (2009).

3.  Herculano-Houzel, S., Manger, P. R. & Kaas, J. H. Brain scaling in mammalian evolution as
a consequence of concerted and mosaic changes in numbers of neurons and average
neuronal cell size. Front. Neuroanat. 8, 77 (2014).

4. Butts, T., Green, M. J. & Wingate, R. J. T. Development of the cerebellum: simple steps to
make a “little brain”. Development 141, 4031-4041(2014).

5. Marién, P. et al. Consensus paper: language and the cerebellum: an ongoing enigma.
Cerebellum 13, 386-410 (2014).

6. Leto, K. et al. Consensus paper: cerebellar development. Cerebellum 15, 789-828 (2016).
Kozareva, V. et al. A transcriptomic atlas of mouse cerebellar cortex comprehensively
defines cell types. Nature 598, 214-219 (2021).

8.  Kebschull, J. M. et al. Cerebellar nuclei evolved by repeatedly duplicating a conserved
cell-type set. Science 370, eabd5059 (2020).

9. Haldipur, P. et al. Spatiotemporal expansion of primary progenitor zones in the
developing human cerebellum. Science 366, 454-460 (2019).

10. Carter, R. A. et al. A single-cell transcriptional atlas of the developing murine cerebellum.
Curr. Biol. 28, 2910-2920.e2 (2018).

1. Vladoiu, M. C. et al. Childhood cerebellar tumours mirror conserved fetal transcriptional
programs. Nature 572, 67-73 (2019).

12.  Wizeman, J. W., Guo, Q., Wilion, E. M. & Li, J. Y. Specification of diverse cell types during
early neurogenesis of the mouse cerebellum. eLife 8, 42388 (2019).

13.  Aldinger, K. A. et al. Spatial and cell type transcriptional landscape of human cerebellar
development. Nat. Neurosci. 24, 1163-1175 (2021).

14.  Welch, J. D. et al. Single-cell multi-omic integration compares and contrasts features of
brain cell identity. Cell 177, 1873-1887.e17 (2019).

15.  Allen Institute for Brain Science. Allen Developing Mouse Brain Atlas. http://
developingmouse.brain-map.org/ (2008).

16.  Max-Planck Institute of Biophysical Chemistry. GenePaint. https://gp3.mpg.de/ (2004).

17. Osumi-Sutherland, D. et al. Cell type ontologies of the Human Cell Atlas. Nat. Cell Biol.
23, 1129-1135 (2021).

18. Manno, G. L. et al. Molecular architecture of the developing mouse brain. Nature 596,
92-96 (2021).

19. Cardoso-Moreira, M. et al. Gene expression across mammalian organ development.
Nature 571, 505-509 (2019).

20. Millen, K. J., Steshina, E. Y., Iskusnykh, I. Y. & Chizhikov, V. V. Transformation of the
cerebellum into more ventral brainstem fates causes cerebellar agenesis in the absence
of Ptfla function. Proc. Natl Acad. Sci. USA 1M1, E1777-E1786 (2014).

21.  Smith, K. S. et al. Unified rhombic lip origins of group 3 and group 4 medulloblastoma.
Nature 609, 1012-1020 (2022).

22. Braun, E. et al. Comprehensive cell atlas of the first-trimester developing human brain.
Science 382, eadf1226 (2023).

23. Redies, C., Neudert, F. &Lin, J. Cadherins in cerebellar development: translation of
embryonic patterning into mature functional compartmentalization. Cerebellum 10,
393-408 (2011).

Nature | Vol 625 | 25 January 2024 | 795


https://doi.org/10.1038/s41586-023-06884-x
http://developingmouse.brain-map.org/
http://developingmouse.brain-map.org/
https://gp3.mpg.de/

Article

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Sudarov, A. et al. Ascll genetics reveals insights into cerebellum local circuit assembly.

J. Neurosci. 31, 11055-11069 (2011).

Sarropoulos, |. et al. Developmental and evolutionary dynamics of cis-regulatory
elements in mouse cerebellar cells. Science 373, eabg4696 (2021).

Consalez, G. G., Goldowitz, D., Casoni, F. & Hawkes, R. Origins, development, and
compartmentation of the granule cells of the cerebellum. Front. Neural Circuit. 14, 611841
(2021).

Parmigiani, E. et al. Heterogeneity and bipotency of astroglial-like cerebellar progenitors
along the interneuron and glial lineages. J. Neurosci. 35, 7388-7402 (2015).

Cerrato, V. et al. Multiple origins and modularity in the spatiotemporal emergence of
cerebellar astrocyte heterogeneity. PLoS Biol. 16, 2005513 (2018).

Bakken, T. E. et al. Comparative cellular analysis of motor cortex in human, marmoset and
mouse. Nature 598, 111-119 (2021).

Hodge, R. D. et al. Conserved cell types with divergent features in human versus mouse
cortex. Nature 573, 61-68 (2019).

Tosches, M. A. et al. Evolution of pallium, hippocampus, and cortical cell types revealed
by single-cell transcriptomics in reptiles. Science 360, 881-888 (2018).

Arendt, D. et al. The origin and evolution of cell types. Nat. Rev. Genet. 17, 744-757 (2016).
Schiiller, U., Kho, A. T., Zhao, Q., Ma, Q. & Rowitch, D. H. Cerebellar ‘transcriptome’ reveals
cell-type and stage-specific expression during postnatal development and
tumorigenesis. Mol. Cell. Neurosci. 33, 247-259 (2006).

Ross, S. E. et al. Bhlhb5 and Prdm8 form a repressor complex involved in neuronal circuit
assembly. Neuron 73, 292-303 (2012).

Britanova, O. et al. Satb2 is a postmitotic determinant for upper-layer neuron specification
in the neocortex. Neuron 57, 378-392 (2008).

Aibar, S. et al. SCENIC: single-cell regulatory network inference and clustering. Nat.
Methods 14,1083-1086 (2017).

Haghverdi, L., Buttner, M., Wolf, F. A., Buettner, F. & Theis, F. J. Diffusion pseudotime
robustly reconstructs lineage branching. Nat. Methods 13, 845-848 (2016).

Butts, T., Wilson, L. & Wingate, R. J. T. in Handbook of the Cerebellum and Cerebellar
Disorders (eds Manto, M. et al.) 89-106 (Springer, 2013); https://doi.org/10.1007/978-
94-007-1333-8_6

Karczewski, K. J. et al. The mutational constraint spectrum quantified from variation in
141,456 humans. Nature 581, 434-443 (2020).

Cardoso-Moreira, M. et al. Developmental gene expression differences between humans
and mammalian models. Cell Rep. 33, 108308 (2020).

Stenson, P. D. et al. The Human Gene Mutation Database: towards a comprehensive
repository of inherited mutation data for medical research, genetic diagnosis and
next-generation sequencing studies. Hum. Genet. 136, 665-677 (2017).

Grobner, S. N. et al. The landscape of genomic alterations across childhood cancers.
Nature 555, 321-327 (2018).

Northcott, P. A. et al. Subgroup-specific structural variation across 1,000 medulloblastoma
genomes. Nature 488, 49-56 (2012).

796 | Nature | Vol 625 | 25 January 2024

44. Roussel, M. F. & Stripay, J. L. Modeling pediatric medulloblastoma. Brain Pathol. 30,
703-712 (2020).

45. Uhlén, M. et al. Tissue-based map of the human proteome. Science 347, 1260419-1260419
(2015).

46. Reim, K. et al. Structurally and functionally unique complexins at retinal ribbon synapses.
J. Cell Biol. 169, 669-680 (2005).

47. Brawand, D. et al. The evolution of gene expression levels in mammalian organs. Nature
478, 343 (201M1).

48. Sousa, A. M. et al. Molecular and cellular reorganization of neural circuits in the human
lineage. Science 358, 1027-1032 (2017).

49. Rueda-Alafia, E. & Garcia-Moreno, F. Time in neurogenesis: conservation of the
developmental formation of the cerebellar circuitry. Brain Behav. Evol. 97, 33-47
(2022).

50. Kebschull, J. M. et al. Cerebellum lecture: The cerebellar nuclei—core of the cerebellum.
Cerebellum https://doi.org/10.1007/s12311-022-01506-0 (2023).

51. Magielse, N., Heuer, K., Toro, R., Schutter, D. J. L. G. & Valk, S. L. A comparative
perspective on the cerebello-cerebral system and its link to cognition. Cerebellum 22,
1293-1307 (2023).

52. Sarropoulos, I., Marin, R., Cardoso-Moreira, M. & Kaessmann, H. Developmental dynamics
of IncRNAs across mammalian organs and species. Nature 571, 510-514 (2019).

53. Butts, T., Hanzel, M. & Wingate, R. J. T. Transit amplification in the amniote cerebellum
evolved via a heterochronic shift in NeuroD1 expression. Development 141, 2791-2795
(2014).

54. Green, M. J. & Wingate, R. J. Developmental origins of diversity in cerebellar output
nuclei. Neural Dev. 9, 1(2014).

55.  Okonechnikov, K. et al. Mapping pediatric brain tumors to their origins in the developing
cerebellum. Neuro Oncol. 25, 1895-1909 (2023).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

oY 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023


https://doi.org/10.1007/978-94-007-1333-8_6
https://doi.org/10.1007/978-94-007-1333-8_6
https://doi.org/10.1007/s12311-022-01506-0
http://creativecommons.org/licenses/by/4.0/

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The datasets generated inthe current study are available in the heiDATA
repository, https://doi.org/10.11588/data/QDOC4E. Processed data
can be interactively explored at https://apps.kaessmannlab.org/
sc-cerebellum-transcriptome.Mouse and human processed dataarealso
availableasa CELLXGENE collectionat https://cellxgene.cziscience.com/
collections/72d37bc9-76cc-442d-9131-da0e273862db. Previously
published cerebellum snRNA-seq datasets are available at https://
singlecell.broadinstitute.org/single_cell/study/SCP795 (Kozareva
etal.”), https://www.covidl9cellatlas.org/aldinger20/ (Aldinger et al.”®),
and https://github.com/linnarsson-lab/developing-human-brain
(Braun et al.??); and gnomAD LOEUF metrics® (v2.1.1) at https://
gnomad.broadinstitute.org/downloads#v2-constraint.

Code availability

Custom code is available at https://gitlab.com/kaessmannlab/
mammalian-cerebellum.

Acknowledgements The authors thank C. Conrad, A. Fallahshahroudi, F. Lamanna,

D. Kawauchi, T. Trefzer, T. Yamada-Saito, X. Yuan and members of the Kaessmann group for
discussions; M. Langlotz, T. Briining, K. M6Binger, E. Renner, M. Toronyay-Kasztner, T. Nath
Varma, B. Crespo Lopez, A. Billepp, P. Grimm and T. Wedig for assistance; J. L. VandeBerg for
providing archived opossum samples; and the Joint MRC/Wellcome (MR/RO06237/1) Human
Developmental Biology Resource, Maryland Brain Collection at the Maryland Psychiatric

Research Center (NIH NeuroBioBank), Chinese Brain Bank Center, and Human Brain Tissue
Bank at Semmelweis University for providing human samples. The human histology images
were provided by the Joint MRC/Wellcome Trust (MR/RO06237/1, MR/X008304/1 and
226202/2/22/Z) Human Developmental Biology Resource (www.hdbr.org). We acknowledge
the access and services provided by the Imaging Centre at the European Molecular Biology
Laboratory (EMBL IC), generously supported by the Boehringer Ingelheim Foundation.
Purchase of the NextSeq 550 instrument was supported by the Klaus Tschira Foundation. The
computational cluster bwForCluster of the Heidelberg University Computational Center is
supported by the state of Baden-Wirttemberg through bwHPC and the German Research
Foundation (INST 35/1134-1 FUGG). M.P. was supported by a grant from the Hungarian Brain
Research Program (2017-1.2.1-NKP-2017-00002). M.C.-M. was supported by the Francis Crick
Institute, which receives its core funding from Cancer Research UK (FCO11171), the UK Medical
Research Council (FCO11171), and the Wellcome Trust (FCO11171). This project has received
funding from the European Research Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (VerteBrain to H.K., grant agreement no. 101019268;
BRAIN-MATCH to S.M.P., grant agreement no. 819894), and Seventh Framework Programme
(FP7-2007-2013) (OntoTransEvol to H.K., grant agreement no. 615253).

Author contributions M. Sepp, K.L., S.M.P. and H.K. conceived and organized the study.

M. Sepp, P.G., PK., S.L. and M.P. collected samples. M. Sepp, K.L., F.M. and |.S. established
snRNA-seq methods. M. Sepp performed snRNA-seq experiments with support from N.M., C.S.
and J.S. M. Sepp prepared the smFISH slides. K.L. performed snRNA-seq and smFISH data
processing. K.L. and M. Sepp analysed the data with contributions from I.S. and E.L., and input
from F.M. and N.T. M. Sepp, M. Schauer and P.G. performed histology. L.S. and L.M.K.
performed immunohistochemistry. K.L. and N.T. developed the web application. K.O. and P.J.
provided critical discussions. L.M.K., S.A. and M.C.-M. provided key scientific advice. I.S.
supervised the comparative analyses. S.M.P. and H.K. oversaw the study and provided funding.
M. Sepp and K.L. drafted the manuscript, with critical review by I.S., M.C.-M., S.M.P. and H.K. All
authors provided feedback on drafts and approved its final version.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-023-06884-x.

Correspondence and requests for materials should be addressed to Mari Sepp, Kevin Leiss,
loannis Sarropoulos, Stefan M. Pfister or Henrik Kaessmann.

Peer review information Nature thanks Trygve Bakken, Gioele La Manno and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer review
reports are available.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.11588/data/QDOC4E
https://apps.kaessmannlab.org/sc-cerebellum-transcriptome
https://apps.kaessmannlab.org/sc-cerebellum-transcriptome
https://cellxgene.cziscience.com/collections/72d37bc9-76cc-442d-9131-da0e273862db
https://cellxgene.cziscience.com/collections/72d37bc9-76cc-442d-9131-da0e273862db
https://singlecell.broadinstitute.org/single_cell/study/SCP795
https://singlecell.broadinstitute.org/single_cell/study/SCP795
https://www.covid19cellatlas.org/aldinger20/
https://github.com/linnarsson-lab/developing-human-brain
https://gnomad.broadinstitute.org/downloads#v2-constraint
https://gnomad.broadinstitute.org/downloads#v2-constraint
https://gitlab.com/kaessmannlab/mammalian-cerebellum
https://gitlab.com/kaessmannlab/mammalian-cerebellum
http://www.hdbr.org
https://doi.org/10.1038/s41586-023-06884-x
http://www.nature.com/reprints

Article

a Million years libraries from the [7]| hemisphere (crus | and crus II)e Chromium version [7] v2
160 Chromium [ v2  sameindividual(s) 8| vermis (VI-Vill) s
,_I_l—l 90 single cell 3'libraries | §| flocculonodular lobe median number of UMIs
- o~ L] deep nuclei (dentate nucleus) 5. 1019 va: 2072 V2: 1595 v3: 4341 V21128 v3: 3228
Mouse Human Opossum Mouse Human Opossum

ESES

ML

1 10 100 1 1 10 100
number of nuclei [x103] number of UMIs [x103]

Sample: Gates Before sorting ~ After sorting
5 § o B% B g8 ' N
A% i%® £ g H
HUM #215 F DN m ot S5 RGO Bt < :
SN222 All o T <s i 81.5% Q.
Ml P1(FSC-A: SSC-A) 58% 5.8% N o1 ez .- 56.2%
g 2] B
B P2 (FSC-A: FSCH) 48% 81.5% @ = 7 @
B E S
Wl P3(405-C-W: 405-C_A) 2.7% 56.2% g | &
TR TR T REE T
FSC-A  wiem FSC-A  tiom FSC-A &1 Hoechst 405-C-
(4
total ‘ ‘ exonic | | intronic ‘ ‘ i i | | sense ‘ |
£ U ar g :
) .
%10 R ® '-‘.'\. d.’ !ﬁ . . 3 . .
2725 w ° by e Yo 37 et
i, . : w Y R
% . ¢ . Bl ¥
g . .
Mouse Human  Opossum Mouse Human  Opossum Mouse Human  Opossum Mouse Human  Opossum Mouse Human  Opossum Mouse Human  Opossum
d Region
S . $ . S
& m — - Individual  &®” Individual " -
I e e el Chromium Chromium ——=——————

SN210
SN14°

sSp

S~

Spearman

P63P14/P7 (P4 |PO] [ N I SIS I ET 15 £10.5

Chromium version
2
) He
s 08
E 06 Individuals
s
2 IOA ..
«» 0.2

'
\‘ RL/EGL

\

&

1.2 3 45
UMAP . Corresponding stages

Extended DataFig.1|See next page for caption.



Extended DataFig.1|Overview of the datasets. a, Number of cells profiled
by snRNA-seq per stage inmouse, human and opossum. A schematic of the
sampled stagesis shown ontheleft. Coloursinbar plotsindicate individual
libraries (Chromiumv2inyellow huesand v3inblue hues). Samples from
differentindividuals were used for eachlibrary, except for the libraries
grouped with brackets. The sampled cerebellumregionisindicated for human
adultlibraries. b, Example of gating strategy used for fluorescence-activated
nucleisorting. Nuclei were stained with Hoechst. To separate nuclei from the
cellular debris the gates wereset on FSC/SSC and at the excitation wavelength
of 405 nm. Cell counter images before and after sorting are shown at theright.
Sorting was applied tosome of the adult human samples (Supplementary
Table1). c, Mappingstatistics for the reads from mouse, human and opossum
libraries. Shown are the total, exonic, intronic, and intergenic read counts per
library based on the mature mRNA reference. Exonic counts are further split
intosense and antisense read counts. Boxes represent the interquartilerange,
whiskers extend to extreme values within1.5 times the interquartile range from

the box, and line denotes the median. n(mouse) =30, n(human) =38,
n(opossum)=19.d, Spearman’s rho correlation coefficients across libraries in
mouse, human and opossum datasets. UMIs counted inmature mRNA mode
were aggregated acrossallcellsin eachlibrary. Correlations were calculated
using the ranks of CPM (counts per million) values of the expressed genes
(genesexpressedinatleast10% of cellsinany pseudobulk; humann=7,696;
mousen=4,806; opossumn=2,765) within each library. Libraries are grouped
by developmental stage and Chromium version. The sampled cerebellum
regionisindicated for humanadultlibraries, asina. e, Distribution of UMI
countsinv2andv3librariesin mouse, human and opossum datasets. Median
UMI counts are shown for each species and Chromium version. f, Uniform
Manifold Approximation and Projection (UMAP) 0f 115,282 mouse, 180,956
humanand 99,498 opossum cells coloured by their developmental stage.
Coloursindicate the matched stages as shownin panelaand Fig.1a. The broad
neuronal lineages are shown with arrows. EGL, external granule cell layer; NTZ,
nuclear transitory zone; RL, rhombiclip; VZ, ventricular zone.
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Extended DataFig.2|Cell type annotation and stage correspondences.

a, Schematic summary of the annotation strategy. We used the term “type”
togroup cellscommitted to adistinct cell fate, and “state” to refer to
differentiation status that often form a continuum within each cell type
category.Shown are three hypothetical cell types (colours) and their subtypes
(rectangles). Note that the cell state categories do not necessarily align across
celltypes. Bothbiological and technical reasons could explain why subtypes
cannotbe distinguished across all statesinagiven cell type. b, Outline of the
proceduresused for cell type annotation of the mouse, human and opossum
datasets. ¢, Overview of the cell type annotation categories. Schematic cells
have their nuclei coloured by cell type and cytoplasm coloured by state or
subtype. Cell state labels arein black, subtype labelsinblue. Cell states at
which subtypes were distinguished are highlighted with coloured background.
Forthe categories not detected inall species, superscript text specifies the
dataset(s) where a category is present: 1, human; m, mouse; o, opossum. Solid
arrows depict known lineage relationships, dashed arrows depict additional
relationships suggested by our data. Broad cell type lineage groups are shown
atthebottom.d, Integrated UMAP of mouse, human and opossum cells
coloured by species or broad celltypelineage. We used 1:1orthologous genes
detectablein all batches and variable across cells (n = 3,742). e-g, Pairwise
correspondences of developmental stages across species. The lineindicates
the bestalignmentbetween the time series determined by dynamic time
warping algorithm using pseudobulk transcriptome correlation distances
(e), Manhattandistances of pseudoages (f), and Manhattan distances of the
cellular compositions at the level of cell states (g). Mouse was used as the focal
species. Asterisks indicate the consensus stage correspondences from the
threeanalyses.Ine, weonly used the genes that were informative in both
datasets (intersect of overdispersed genes, human vs. mouse n=336,0possum
vs.mouse n =369). h-j, Comparison of the developing cerebellum structures
inmouse (h), opossum (i) and human (j). Mouse images are from the Allen
Developing Mouse Brain Atlas®. The sagittal sections were stained with HP
yellow or Nissl. For opossum, sagittal sections were prepared from E14.5-P21
headsand P42 cerebellum. Sections from fresh-frozen or FFPE samples were

stained with DAPland NeuroTrace Nissl, or with Azan, respectively. Human
images are from the HDBR Atlas™®.. 7wpcand 8 wpc (CS23) sagittal sections
were stained with hematoxylinand eosin; LMXIARNA was probedinthe

18 wpcsagittal section, counterstained with fast green. Arrowheads indicate
thecerebellar ventricular zone, arrows denote the rhombic lip, nand clabel
theNTZand CTZ.ThestagesarenumberedasinFig.1a. At E11.5/E14.5
(mouse/opossum) the cerebellar primordium is dominated by the cell-dense
neuroepithelium.NTZand CTZ arefirst visible at E12.5/P1and E13.5/P4,
respectively. EGL and developing PL are discerned at E17.5/P14.P7/P21is
characterized by athick EGL, which shrinks but is still present at P14/P42.
Similarly in human, at 7wpc the cerebellar primordiumis dominated by the
cell-dense neuroepithelium; CTZ is visible at 8 wpc; EGL and PL are discerned
at18 wpc.Newborns are characterized by a thick EGL, which gradually shrinks
butisstill presentininfants after 8 months of postnatal development'®.

k, Comparison of the sampling and stage correspondences in this study and
inref.19.Human samples representing 4-8 wpc may include samples from
several Carnegie stages. The correspondences estimated in both studies
globally agree. The shifts are explained by differencesinsampling, e.g. in this
study 8 wpcinhumanis represented by CS22 and best matches to E13.5in
mouse, whereasinref.19 8 wpc stage group includes samples from CS22to late
8week and best matches to E14.5in mouse. COP,committed oligodendrocyte
precursor; def., defined; diff, differentiating; CS, Carnegie stage; CTZ (c),
cortical transitory zone; DN, deep nuclei; E, embryonic/prenatal day; EB, early-
born; EGL, external granule cell layer; GABA, GABAergic; GC, granule cell; GCP,
granule cell progenitor; glut, glutamatergic; IGL, internal granule cell layer;
isthN, isthmic nucleineurons; L8, late 8thweek; LB, late-born; MB, midbrain;
MBO, midbrain-originating cell; ML, molecular layer; NTZ (n), nuclear transitory
zone; oligo, oligodendrocyte; OPC, oligodendrocyte progenitor cell; preOPC,
precursor of oligodendrocyte progenitor cell; P, postnatal day; PL, Purkinje cell
layer; PWM, prospective white matter; RL, rhombiclip; RP, roof plate; UBC,
unipolar brush cell; UBCP, unipolar brush cell progenitor; VZ, ventricular zone;
WM, white matter; wpc, weeks post conception.
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Extended DataFig.3|Atlas of the VZ cell types.a, Cell types, statesand
subtypesofneuronsbornatthe ventricular zone. For the categories not
detectedinallspecies, superscript text specifies the dataset(s) where a category
is present: h, human; m, mouse; 0, opossum. b, Expression of key marker genes
inthe VZ-associated cell statesin mouse, human and opossum. ¢, Uniform
Manifold Approximation and Projection (UMAP) of 37,391 mouse, 61,585 human
and 22,674 opossum VZ-derived cells coloured by their state. Colours and
numbersasina.d,Spearman’s correlation coefficients between orthologous
variable gene (n =208) expression profiles from mouse, humanand opossum
VZ-associated cell states. e, Human12 wpc cerebellum smFISH data for markers
ofthe VZ celltypes. Expression of marker genes of GABAergic deep nuclei
neurons (§OX14), Purkinje cells (SKOR2,ITPRI) and interneurons (PAX2) is
detectedinexpected domains (left). Only a few cells outside the rhombiclip and
aregionwith artifactual signals (solid line box) are co-labelled by the markers
ofthe parabrachial (LMXIA, LMXIB; red arrow) and noradrenergic (PHOX2B,
LMX1B;black arrows) cell typesin this section (right), which originates from the
posterior cerebellum. Thisisin line with the expression of the parabrachial and
noradrenergic cellmarkersinthe anterior cerebellumin mouse, asshowninf.

f, Spatial distribution of parabrachialand noradrenergic cell typesinmouse
E15.5cerebellar primordium based on RNA insitu hybridization data® for
marker genes. Anterior and posterior coronal sections are shown. g, Expression
ofkey marker genesinthe VZ neuroblasts splitintolineagesasinhinmouse,
human andopossum.h,UMAPs asin ccoloured by celltypelineages.VZ
neuroblasts were splitinto lineages giving rise to the different mature cell types
based ontheinformationabout their developmental stage and marker gene
expression. i, Relative abundances of cells in the defined and maturing Purkinje
cellcategories (median of biological replicates) across developmental stagesin
mouse. The dashed line marks 5%. j, UMAPs of allmouse E13.5and E15.5 cells,
Purkinje subtypes are highlighted with colours. The dashed arrow directs from
less mature cells (VZ neuroblasts) to more mature cells (defined Purkinje cells).
Theline separates early- and late-born Purkinje subtypes. k, Spatial distribution
of Purkinje subtypesin E15.5 mouse cerebellar primordiumbased onRNA in
situ hybridization data® for subtype marker genes. Medial and lateral sagittal

sectionsareshown.l, UMAPs showing expression of key marker genesin the
subtype-assigned Purkinje cellsin our mouse, opossum, and human datasets,
andinthereanalysedref.13 dataset. Scaled expression of EBF1and EBF2is shown
attheleft to highlight the combinatorial patterns; scaled expression of subtype
markers RORB, FOXP1, CDH9and ETVIis shown at theright witheach cell coloured
accordingtothegenethathasthe highestscaled expression level. For visualization
purposes, the scales were capped at 95th quantile for RORB, FOXP1, CDH9, EBF1
and £BF2,and 99th quantile for ETVI. m, Spearman’s correlation coefficients
betweenshared variable gene (n =337) expression profiles from mouse Purkinje
subtypes from this study and adult subtypes described inref. 7. For each adult
subtype the position of the lobule showing the highest enrichment’ along the
mediolateral and anteroposterior axesisindicated.n, Dot plot showing
expression of key marker genes in the Purkinje subtypesin thereanalysed ref.13
dataset. 0, UMAPs of 6,422 mouse, 7,640 human and 5,815 opossum GABAergic
interneurons coloured by their subtype. Subtype colours asina; neuroblasts
and differentiating interneurons are ingrey. p, Expression of key marker genes
intheinterneuronsubtypesinmouse, humanand opossum.q, Human12wpc
cerebellum smFISH data for markers of the interneuron “early” subtype. Cells
co-expressing PAX2and ZFHX4 are detected in the region of the nuclear
transitory zone. r, Interneuron subtype relative abundances (median of
biological replicates) across developmental stagesin mouse. The temporal
order ofinterneuronsubtype emergence givesrise to the spatial orderin the
adultcerebellum. s, Spearman’s correlation coefficients between shared
variable gene (n = 329) expression profiles from mouse interneuron subtypes
fromthis study and adult subtypes describedinref.7.t, Spearman’s correlation
coefficients between orthologous variable gene (n =198) expression profiles
from mouse, humanand opossuminterneuronsubtypes.Inb,g,nand p, dotsize
and colour indicate the fraction of cells expressing each gene and the mean
expression level scaled per species and gene, respectively.Ind,m,sand t, dots
indicate the highest correlation for each column. diff, differentiating; EB, early-
born; GABADN, GABAergic deep nucleineurons; GL, granule cell layer; LB, late-
born; ML, molecular layer; parabr.+nor., parabrachial and noradrenergic cells;
PL, Purkinje cell layer.
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Extended DataFig.4|Atlas ofthe RL/NTZ cell types.a, Cell types, states and
subtypesof neuronsbornattheearly rhombiclipand/orlocated at the nuclear
transitory zone during development. For the categories not detected inall
species, superscript text specifies the dataset(s) where a category is present:
h,human; m, mouse; 0, opossum.Inhuman, we distinguished aLMOI-marked
population of glutamatergic deep nuclei neurons that likely representsamore
mature cellstate (seeb-fandl).b, i, Expression of key marker genesinthe RL/NTZ
cellstates (b) or subtypes (i) in mouse, human and opossum. Dot size and colour
indicate the fraction of cells expressing each gene and the mean expression level
scaled per species and gene, respectively. ¢, g, Uniform Manifold Approximation
and Projection (UMAP) 0f 10,949 mouse, 6,301 human and 9,965 opossum
RL/NTZ cells coloured by their state (b) or subtype (g). Colours and numbers as
ina.d, k, Spearman’s correlation coefficients between orthologous variable
gene expression profiles from mouse, humanand opossum cell states (d; n =224
genes) or subtypes (k;n=225genes) intheRL/NTZ broad lineage. Dots indicate
the highest correlation for each column. e, h, Spatial distribution of RL/NTZ cell
states (e) or glutamatergic deep nuclei and isthmic nucleisubtypes (h) in mouse
E13.5cerebellar primordiumbased on RNA insitu hybridization data® for marker
genes. Sagittal sections counterstained with HP Yellow are shown. Coloured
arrowsindicate the domains expressing markers of the different cell type/state

categories; dotted arrows show the direction of the migration from the rhombic
liptothe NTZ.Inh,aschematic summaryisshowninthetopleft panel.f, UMAP
of humanRL/NTZ cells coloured by their pseudotime values, and distribution of
pseuodotime values across cell state categories. Colours and numbersasina.
Boxesrepresent theinterquartile range, whiskers extend to extreme values
withinl.5times theinterquartile range from the box, and line denotes the
median. j, Subtype relative abundances (median of biological replicates) across
developmental stagesin mouse.l, Human12 wpc cerebellum smFISH data for
markers of the glutamatergic deep nuclei. The locations of the regions expanded
attherightare shown with rectangles onthe whole section at the left. Black
arrowsindicate SLCI7A6-positive glutamatergic deep nucleineurons. Pink arrow
indicates EOMES-positive unipolar brush cell. Insets (dashed line) show close-ups
ofindividual cells. LMX1A,amarker of glut DN_Pis detectedinaminority of
glutamatergic deep nucleineurons (1); glutamatergic deep nuclei neurons
expressing GABRA2, enriched inglut. DN_maturing cells, dominate the NTZ
at12wpc (2).m, Detection of cells co-expressing SLCI7A6 and SLC5A7 inthe
human12wpc cerebellumby smFISH. One multiplexed smFISH experiment was
performed. glut DN, glutamatergic deep nuclei neurons;isth N, isthmic nuclei
neurons; P, posterior; V, ventral.
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Extended DataFig. 5| Atlas of the RL/EGL cell types. a, Cell types, statesand
subtypesofneuronsbornatthe late rhombiclip associated with the external
granulecelllayer. For the categories not detected inall species, superscript
textspecifies the dataset(s) where a category is present: h, human; m, mouse;
0,opossum.b,i, Expression of key marker genesin the granule and unipolar
brush cell states (b) and subtypes (i) in mouse, human and opossum. Dot size
and colourindicate the fraction of cells expressing each gene and the mean
expression level scaled per species and gene, respectively. ¢,f, Uniform Manifold
Approximation and Projection (UMAP) of 32,767 mouse, 73,492 human and
36,585 opossum RL/EGL cells coloured by their state (c) or subtype (f). Colours
and numbersasina.d,g, Spearman’s correlation coefficients between
orthologous variable gene expression profiles from mouse, humanand
opossum cell states (e; n =110 genes) or subtypes (f;n=101genes) inthe
RL/EGL broadlineage. Dots indicate the highest correlation for each column.

e j,1,Human12wpc cerebellum smFISH data for markers of GC and UBC states (e),
GCsubtypes (j),and UBC subtypes (I). The locations of the regions expanded
atrightare shownwithrectangles (solid line) onthe whole section at left.
Arrowsindicate cells with specific expression patterns as described in the
legends. Insets (dashed line) show close-ups of individual cells.Ine, the
heatmap shows the scaled density of mRNA spotsin different rhombiclip

compartments, as proposed in mice'®* and in humans®. One multiplexed smFISH

experiment was performed. h, Relative abundances (median of biological
replicates) of differentiating granule cell subtypes across developmental stages
inmouse.k, Spearman’s correlation coefficients between shared variable
gene (n=98) expression profiles from mouse differentiating granule cell
subtypes fromthis study and adult subtypes describedinref. 7. For each adult
subtype the position of the lobule showing the highest enrichment’ along the
mediolateral and anteroposterior axes is shown. Dots indicate the highest
correlation foreach column. m,n, Detection of HCRTR2in unipolar brush
cells byimmunohistochemistry. The HCRTR2, EOMES and LMX1A were
detected by indirectimmunofluorescence (m) or Immuno-SABER (n). The
HCRTR2 antibodies used forimmunohistochemistry were MAB52461 (m)
and AOR-002 (n). Arrows point to HCRTR2-positive and -negative UBCs, as
specifiedinthelegend. Dotted circles highlight HCRTR2-positive cells with
brush morphology. The fields shown are from the lobule X granule cell layer of
P7 mouse.CTZ, cortical transitory zone; diff, differentiating; EGL, external
granule celllayer; eRL, external rhombic lip; GC, granule cell; GCP, granule cell
progenitor;iRL, internal rhombic lip; SVZ, subventricular zone; UBC, unipolar
brush cell; UBCP, unipolar brush cell progenitor; VZ, ventricular zone.
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Extended DataFig. 6 |See next page for caption.

® | KIRREL2
o |LGR5
© |Paxs
o |BCLaL11
® | KIRREL2

® | TOP2A

‘7 RL_early &
7NCKAPS_neg sthmic
0/ VZ_anterior
2 glioge e .
(asuob\asl [7] astro_Bergmann 4
glioblast g, » L4 < S
S -.Q-:,;A ) Ny & ud gliogenic
*, . astro_parench. . ‘é astroblast
astro_Bergmap_Wq astro_parench. P glioblast %
PWM pre-OPC
“COP_early coP
.

Spearman’s p

Human
progenitor_bipotent
progenitor_gliogenic

glioblast_PWM
astroblast .
astro_parenchymal § 5
astro_Bergmann g .
© ependymal
OPC
CcopP
0 oligodendrocyte
S Y]
SERNE Sl
P SR 2
Se® Y O Yoy
S o307 &
S 7 ©
& @

medial <> lateral medial <> lateral
WSoX10 D
PDGFRA
WHBE1
BTOP2A WSLC6A13
nuclei (DAPI) WTMEM119 nuclei (DAPI)
1 mm KDR ——i1mm
WTNC WSLIT2 <— mural/endoth.
M GLIS3MKIRREL2 \<—erythroidm
- <«—OPCm
WTNC ‘
WGLIS3 ' s 1
. A/menlngeali
©*~erythroidm
“<«—mural/endoth.
~«—oOPCm
WSLIT2 S
BKIRREL2 = . 3
L‘r—M mm \i’"m”"e. — 0.1 mm




Article

Extended DataFig. 6 | Atlas of the glial cell types. a, Cell types, states and
subtypes of glial cells, including neural progenitor cells. For the categories
notdetectedinallspecies, superscript text specifies the dataset(s) wherea
category is present: A, human; m, mouse; o, opossum. b, Expression of key
marker genesinglial cell states and subtypesin mouse, human and opossum.
Dotsizeand colourindicate the fraction of cells expressing each gene and the
mean expression level scaled per species and gene, respectively. ¢, Relative
abundances of astroglia subtypes, ependymal progenitors and preOPCs across
developmental stages. Coloursare asina; astroglial cells notassignedtoa
subtypeareingrey. Stages are aligned asin Fig.1a. Human adult samples
dissected fromthe deep nucleiregion were excluded. d, Uniform Manifold
Approximation and Projection (UMAP) 0f 28,486 mouse, 32,897 human and
20,742 opossum glial cells coloured by their subtype or state. Coloursand
numbersasina.Progenitors notassigned to asubtypearein grey. Mouse roof
plate progenitorsand human preOPCs are low innumbers and not discernible
in this UMAP. Inclusion of human adult samples dissected from the deep nuclei
region explains the high numbers of oligodendrocytes in the human UMAP.
e,f,Spearman’s correlation coefficients between orthologous variable gene
expression profiles from mouse, human and opossum early progenitors
(e;n=92genes) or late progenitors and other glial cells (f; n =129 genes). Dots
indicate the highest correlation for each column. g, Distribution of cell cycle
score valuesacross glial categories in mouse, human and opossum. Points
indicate median score value. h, Spatial distribution of astroglialineage cellsin
mouse E15.5 cerebellar primordiumbased on RNA in situ hybridization data®
for marker genes. Sagittal sections counterstained with HP Yellow are shown.

Theregionsinnuclear transitory zone (1) and cortical transitory zone (2) shown
withrectangles atleft are expanded at right, and highlight marker expression
outsidethe VZand RL. Coloured arrows indicate expression domains along

the ventricular zone (including the VZ of the rhombic lip).i, Human 12 wpc
cerebellum smFISH data for markers of astroglialineage. The locations of the
regions expanded at theright are shown withrectangles (solid line) on the
wholesection at theleft. Coloured arrows indicate expression domains along
theventricular zone (including the VZ of the rhombic lip). Black arrows indicate
proliferative progenitor cells. Insets (dashed line) show close-ups of regions or
individual cells. Thesameregions and cells are shownin top and bottom panels.
SLIT2,amarker of RL progenitorsis expressed in the the rhombiclip VZ (1);
progenitors expressing KIRREL2,amarker of VZ progenitors, are presentin
theVZ and adjacent subventricular zone (2); progenitors expressing GLIS3,
enrichedinbipotent progenitors, are detected inthe PWM/NTZ (3), progenitors
inthe forming Purkinje cell layerin CTZ express TNC, amarker of gliogenic
progenitors (4).j, Human12 wpc cerebellum smFISH data for markers of
oligodendrocytes and mesodermal cell types. The locations of the regions
expanded atthe bottom are shown withrectangles (solid line) on the whole
sectionatthetop.Black arrows indicate example cells fromdifferent cell

types. One multiplexed smFISH experiment was performed. astro, astrocyte;
COP, committed oligodendrocyte precursor; CTZ, cortical transitory zone;
endoth., endothelial; MB, midbrain; NTZ, nuclear transitory zone; OPC,
oligodendrocyte progenitor cell; preOPC, precursor of oligodendrocyte
progenitor; PWM, prospective white matter; RL, rhombiclip; RP, roof plate;
VZ,ventricular zone.
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Extended DataFig.7|Dynamics of cell type abundances across development.
a, UMAPs of mouse, human and opossum cells coloured by cell cycle score (left)
and the proportion of cells (median across biological replicates) above the
threshold score value (0.25) among astroglia, oligodendrocytes, and granule
and unipolarbrush cells (right). The stages are aligned asshownin Fig. 1a. Orange
shading marks stages with representative samplingin human.b, Individual
developmental stage UMAPs of mouse, human and opossum cells coloured by
their cell type. Only the stages with correspondencesin all studied species are
shown. Labelsindicate the broad neuronal lineages. ¢, Relative cell type
abundancesinindividual adult human samples from different regions of the
cerebellum.d, Hierarchical Bayes model analysis of differencesin the relative
celltypeabundances across species at corresponding developmental stages.
Differencein posterior (y-axes) shows modelled proportion differences
between pairs of species (comparisons); O indicates no shiftin proportions
(dottedline). The modelled differences are summarized as 95% highest density
intervals (HDIy; lines) for each cell type at developmental stages (x-axes;
depicted ontop) where atleast 50 cells were present. Only corresponding
stages withrepresentative samplingin human were considered. Differencesin
therelative abundances were called (yellow shading) when HDIy; of at least two

comparisons did not overlap O (e.g., ahuman-specific change is assumed when
HDI,ys of human versus mouse and human versus opossum comparisons does
notoverlap 0, and HDI,s of mouse versus opossum comparison overlaps 0).

e, Relative abundances of cells annotated as Purkinje cells or VZ neuroblasts
across developmental stages. VZ neuroblasts and Purkinje cells were analysed
togethertoexclude the effect of possible biasesin the annotation between the
three species. Stages are aligned asin Fig.1a, theline indicates the median of
biological replicates, orange shading marks stages with representative
samplingin human, and asterisksindicate differencesintherelative abundances
inhuman compared tomouse and opossum. f, Purkinje cell relative abundances
inavailable human and mouse cerebellum datasets'®">?"?2, The estimation of
abundancesisbased onthe annotationsreportedin the original studies,
except forref.22, where cell type annotations were not provided in the original
study and were instead transferred from our human dataset (Supplementary
Information). Pvalues from Welch tests. DN, deep nuclei; EGL, external granule
celllayer; MB, midbrain; NTZ, nuclear transitory zone; RL, rhombiclip; UBC,
unipolar brush cells; UMAP, Uniform Manifold Approximation and Projection;
VZ,ventricular zone; wpc, weeks post conception.
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Extended DataFig. 8| Transcriptional programs and marker genes.

a,b, The percentage of variance explained by the first 15 principal components
intheglobal PCA (a) andinthe PCA of neurons only (b).c, PCA of neuronal
cellsbased on 10,276 expressed orthologous genes across the three species.
Data pointsrepresent cell-type pseudobulks for each biological replicate.
Examples of enriched gene ontology and pathway categories for the genes
loadedtoPCland PC2areindicated.d, Number of cell statesin which genes
show expression enrichmentinmouse, human and opossum. e, Numbers of
species-specific and conserved cell state markers among1:1:1orthologous
genes.f, Enriched gene ontology molecular function categoriesamongthe
conserved markers. Terms are grouped into broad categories asindicated by
the colours. g, Representation of the broad molecular function categories
among the conserved markers of individual cell states. Enrichments were
identified using one-sided hypergeometric tests against abackground of all1:1:1
orthologous genes detectedinthe cell statesincluded in the analysis; Pvalues
were adjusted for multiple testing using Benjamini-Hochberg method; *P<0.05,
**P<1072,**P<107,*P<107°. h,Shared conserved markers are typically found
instates closely relatedin terms of cell type lineage or maturation status. All
groups with more than5genesare shown. i, Expressionand regulonactivities
oftranscription factors thatareamong the conserved markers, across cell states

inmouse (black), human (orange) and opossum (blue). Dot size and colour
intensity indicate the fraction of cells expressing each gene and the mean
expression level scaled per species and gene, respectively. Colours on top mark
the transcription factors for which regulons (i.e. co-expression modules that
areretained after pruning for the presence of transcription factor motifsin
promoter areas) were built by SCENIC in mouse (black) or human (orange)
datasets. Note that activities of individual transcription factors modelled by
SCENIC canbe compared across cell states but not across species, given that the
regulons were built separately for human and mouse. Red rectangles denote
highregulonactivities (standardized activity score >1). For each cell state four
highest-ranking transcription factors are shown. Inset shows smFISH signal of
SATB2ingranule celllineage cells (PAX6) in12wpc human cerebellum. Arrows
denote examples of cells co-expressing SATB2and PAX6.j, Distribution of
standardized regulon activity scores in mouse or human cell states for all
transcription factors (grey), marker transcription factors (blue), and conserved
marker transcription factors (red). Only transcription factors for which regulons
were builtby SCENIC areincluded (mouse n =447, humann=499).Scores >1
(vertical line) were defined as “high”. Pvalues are from two-sided Mann-Whitney
Utests.EGL, external granule celllayer; LTD, long-term depression; LTP, long-
term potentiation; PCA, principal components analysis.
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Extended DataFig. 9| Gene expression trajectories across neuronal
differentiation.a, UMAPs of mouse, human and opossum cells assigned to
thegranule cell (top) or Purkinje cell (bottom) lineage and integrated across
species. Cellsare coloured by species. b, Pseudotime values across cell state
categories for granule (top) and Purkinje (bottom) cell lineage. Number of

cells pergroupisindicated below the axis. ¢, Pseudotime values across
developmental stages in the mouse, human and opossum datasets for granule
(left) and Purkinje (right) cell lineage. Number of cells per groupis indicated
above the boxplots. Stage correspondences are shown on the left and the
integrated UMAPs plotted per species and coloured by stages at the top.

d, Percentage of transcription factor genes across gene sets asin Fig. 3e.
Adjusted Pvalues, two-sided binomial test. e, Enrichment of disease-associated
genes for genes dynamic or non-dynamic across differentiation of granule cells,
Purkinje cells, or both neurontypesinall species. Top:inherited brain disease
geneswere splitinto two groups based on overlap with developmental disease
genes*. Bottom: neurodevelopmental and neurodegenerative diseases', and
malignancies* directly linked to cerebellar function and cell types. Adjusted
*P<0.1,*P<0.01,*P<107* two-sided binomial test. f, Clusters of gene expression
trajectoriesacross Purkinje cell differentiation. Clusters (p1-p8) are ordered
from early to late differentiation based on the mean center-of-mass values of the

confident clustermembers’ trajectories. Strongly preserved trajectories of the
orthologues are highlighted with colours. Examples of enriched gene ontology
categories for the genes with preserved trajectories are indicated for pairs of
clusters. g, Centre-of-mass values of individual trajectories across granule (top)
and Purkinje (bottom) cell trajectory clusters. h, Maximum dynamic time
warpingaligned distance between the orthologues belongingto different
trajectory conservation groups. Number of genes per groupisindicated below
theaxis.i,j, Expression of transcription factor genes with strongly preserved
trajectories across granule (i) and Purkinje cell (j) differentiation. Scaled
expression across pseudotime binsis shownon theleftand RNAinsitu
hybridization data® on the right. Areas from sagittal sections of P4 cerebellar
cortexinlobulelll (i) or mouse E13.5 cerebellar primordia (j) counterstained
with HP Yellow are shown. Schemes of layersin the respective areas are at the
bottom.Arrowsinipointtorare positive cells. *.LhxIisadditionally expressedin
Purkinje cells. Scalebars: 50 um.Inb, cand h, boxes represent the interquartile
range, whiskers extend to extreme values within1.5times the interquartile range
from the box, and line denotes the median. ASD, autism spectrum disorders;
CTZ, cortical transitory zone; diff, differentiating; EGL, external granule cell
layer; ID, intellectual disability; IGL, internal granule cell layer; PL, Purkinje cell
layer; SCA, spinocerebellar ataxia; VZ, ventricular zone.
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Extended DataFig.11|See next page for caption.




Extended DataFig.11|Presence or absence expression differences
betweenspecies. a, Scheme on classification of presence or absence
expression differences. b, Visualization of filtering steps for human gains. The
plots show the ratio between the gene’s maximum expressionwithinacell type
and the maximum expression of the same gene across all cell types inmouse

(x axis) and human (y axis). The red lines indicate the 30% threshold. Initial calls
(left), calls after filtering out the genes with large differences in exonic length
(middle), and after additionally applying the 30% of maximum expression
criterion (right). ¢, Median-adjusted fold difference in exoniclength (left) and
exonic GC content (right) across species for the genes in different categories
assigned based onthe presence/absence expression patternsinthe cerebellar
celltypesinthethreetherianspecies. Genes below the threshold (<50 CPM) in
allspecies are marked as low in all therians. d, Random forest model with exonic
lengthand GC contentas predictors are not able to predict the presence or
absence expression differences between the species. Granule cell and Purkinje
cellcallsareshown. e, Distribution of expression levels for the genes in different
presence/absence categories. Assignments fromall eight main neural cell
typesareincluded (i.e., each geneis represented eight times). Maximum
expression during development amongall cell types (15 cerebellar cell types
(Supplementary Information); left) or in affected cell type (right) is shown.

f, Fold difference in the number of genes assigned to different presence/
absence categories using Chromium v2 dataonly orincluding also v3 data.

Subsets of human (v2/v3 or v2 only) and mouse (v2 only) datasets were used
(Supplementary Information). g, Genes assigned to different categoriesin

the presence orabsence expression analysis of the three therian species.

h, Comparisonof cerebellar gene expression patternsin the snRNA-seq
datasetsto the bulk RNA-seq data”. Genes were assigned to groups based on
the presence/absence expression patternsinthe cerebellar celltypesinthe
three therian species. Maximum expression across development, based on the
bulkRNA-seqdata, isshown. i, Cell type-specificity index (Tau) for the genes
thatarerobustly expressedin asinglespeciesorall species. Datafromall cell
typesaresummarized. Theindex ranges from O (broad expression) to 1
(restricted expression).j, Number of cell typesin which genes were called as
having gained or lostexpressionindifferent phylogenetic branches. k, Number
of genes assigned as human-gained or therian-expressed in different cerebellar
celltypesand their combinations. Ten cell type groups with the highest
number of genes in the human-gained gene set (left from the red line) or
therian-expressed gene set are shown.l, Number of human-gained and mouse-
gained genes that were expressedin other cell typesin the cerebellum or newly
recruited tothe cerebellar transcriptome. m, Number of cell type pseudobulk
replicates used for expression plotsinFig.4g,iand Extended DataFig.12a,d.In
b,e fh,i,boxesrepresenttheinterquartile range, whiskers extend to extreme
values within1.5timestheinterquartile range fromthe box, and line denotes
the median.



Article

a b Human ¢ )
Nckap5_neg |[{————— [ Human-expressed @ astroglia
samples: O human gene sets: ® human — gained RL_early Wl Mouse-expressed FGF2 © oligodendrocyte
mouse - lost other
VZ_early
S | vz_anterior | mEm— Human Mouse
® oligodendrocyte GABA DN alut. DN UBC g isthmic | EE——— LN
0.5 =3 RL
@ a .
s 0.4 VZ_posterior { =————smrseme———
3 0.3 Ak bipotent | s m———
go.z };Zf’\" gliogenic | =mese—
xo41 ‘ glioblast_PWM
eesiost—
15 ommg 1 5 -ommg 1 astroblast | e EI—— eeteetis
Corresponding stages astro_ -5 — 1 5ewommg
astro_t proportion Corresponding stages
0.00 025 . 0.75 1.00
e expression score Lmx1A HSLC17A6
WNOTCH1 WPAX6 WPAX2 WEOMES B SKOR2 W GABRA2 WSOoX14
granule cell ‘imemeumn uBC Purkinje cell ‘glut. DN GABA DN
WC6orf118 mPLcz PN IO *| WCPLX4 ", » WCHODL -

medial <> lateral

WSLC17A6
WGABRA2
WSoxX14

nuclei (DAPI)

1: rhombic lip
2: ventricular zone
3-4: nuclear transitory zone/
prospective white matter
5-8: cortical transitory zone
9: external granule cell layer

and cortical transitory zone
f
N
. &
N e S
ae\x"g g‘a“" FERR
r
NOTCHT @ ® L]
PAX6 [ ] [ ] fraction
o PAX2 o 0.0
o)
£
E LMX1A [ . 2-2
g  EOMES o ® 04
2 SKOR2
= . expression (counts/area)
8  sic17a6 . . 1.00
GABRA2 [ ) 075
soxwf [ ] 0.50
PIEZO2 e . . 0 0.25
PLCZT . . 0.00
DSCAM ® ) [ ] [ ]
Ceorf116 N N [ ] i presence/absence
CCDC198 o expression difference
CYP26A1 @ gain in human g fraction expression
e o @
GRM1 . .
3 ° ® ° loss in mouse states and subtypes 010203 0 05 1
£ PreL e . : present in human CPLX4 ° \
E SLC26A7 (] absent in mouse zP2 P ? .
: KLHL14 [ ) ° GC_defined  glutamatergic  intemeuron_GL
‘% _uncertain
g o - molecular layer PL granule cell layer nv|v£||'r|t§r
g CHODL . ° [ ] ° ST Y T b , o Brain Cerebellum
5 Myosc . - 3 6] CPLX4 ¢
8  Prss2s e . « o o o H
3 W
8  osBPL3 . () ¥ '
&
KLHL35 . . . ° . . uj;z
NCAPG ° . [ () 2 ‘.
N .
CREB3L4 o e o o o o o 0
PAQRS @ [ . ° o () .
ZP2
MST1 - . . . . . . =
T4 $
DSC2 ° . ° [ ) [ ] E
AP1S3 N . . ° ° & )
<
g
3 NEDD9 e . . *detected in KDR-marked = i
E mural/endothelial cells [} ¢
£ AMH . - . TS 3SCSSELE CSBSLRRE%L
£ gigcs28-35 F88c838543
S  FAM184B . . overall low detection 100 pm 2358858822 23582588
- £§7 820 §£75a0
2 MARVELD3 . ° °

Extended DataFig.12|See next page for caption.




Extended DataFig.12 | Expression patterns and spatial mapping of genes
with presence or absence expression differences. a, Expression of genes
thatwere gained or lostinthe human or mouselineage indifferent cerebellar
celltypesacross development. The expression of the genes that were lost in
the human lineage were evaluated in the mouse samples, and vice versa. Stages
arealigned across species asshown in Fig.1a; the line indicates the median of
biological replicates. b, Expression of genes that were gained in the astrogliain
thehuman lineage across astrogliasubtypes. The lines show the median of all
cellsand the dots show the median of each biological replicate that had at

least 50 cellsinthe respective subgroup. ¢, Presence or absence expression
differences between mouse and human cerebellar cell types. d, Example of a
genethatshowsapresence or absence expression difference between human
and mouse astroglial cells. e, Human12 wpc cerebellum smFISH data for genes
with presence or absence expression differences between humanand mouse.
Asterisks denote expression changes that could notbe polarized; other
changes were assigned as gainsin the humanlineage. The locations of the
regions 1-10 expanded at the right are shown with rectangles (solid line) on the
wholesectionat the left. mMRNA spots are black for the genes with differences,
and coloured for the cell type markers. Arrows and insets show example cells

where co-expression with the respective cell type marker(s) is detected.

f, Quantification of the smFISH datain e. Cell type labels were transferred based
onalignment® of the segmented® smFISH dataset with the 11wpc snRNA-seq
data (Fig.1d). Expression levels (NRNA counts) were normalised to segment
areaandscaled. Thecell types where adifference was called are highlighted for
eachgene.Outofthe 26 genes tested, expression of 22 genesintherespective
cell type(s) was confirmed by smFISH; 3 genes displayed overall low signal, and
expression of one gene remained undetectedina cell type where the change
wasobserved based onsnRNA-seq data. g, Expressionof ZP2and CPLX4 inthe
human snRNA-seq dataset from this study (top), in human cerebellar sections
as determined by immunohistochemistry (Human Protein Atlas)* (left), and in
the adultbrain and cerebellum from nine mammals and chicken based on bulk
RNA-seqdata* (right). The antibodies used forimmunohistochemistry were
HPA047627 (CPLX4) and HPAO11296 (ZP2). Red arrows point to synaptic staining
inthe granule celllayer. For brainbulk RNA-seq, prefrontal cortex was sampled
for primates, and whole brain, except cerebellum, was sampled for non-primates.
GABADN, GABAergic deep nucleineurons; glut. DN, glutamatergic deep nuclei
neurons; PWM, prospective white matter; RL, rhombiclip; UBC, unipolar brush
cell; VZ, ventricular zone.
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cellxgene.cziscience.com/collections/72d37bc9-76cc-442d-9131-da0e273862db. Previously published cerebellum snRNA-seq datasets are available at https://
singlecell.broadinstitute.org/single_cell/study/SCP795 (Kozareva et al.), https://www.covid19cellatlas.org/aldinger20/ (Aldinger et al.), and https://github.com/
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Sample size No statistical methods were used to predetermine sample size. At least 2 biological replicates were generated for each developmental stage
(except human 20 wpc). All samples are listed in Supplementary Table 1, and an overview of the samples is given in Extended Data Fig. 1a.
Human sample size was based on the number of individuals available, and comparable sample size was used for mouse and opossum.

Data exclusions  Low quality nuclei and mislabeled samples (not cerebellum) were excluded as described in the Methods.

Replication At least 2 biological replicates were generated for each developmental stage (except human 20 wpc). Data from all replicates was included in
the final dataset as long as the data quality and sample identity criteria were met (see Data exclusions).

Randomization  Randomization was not used in this study. Randomization was not relevant to our study since samples were not allocated into experimental
groups.

Blinding Blinding was not relevant to our study. Both data collection and analyses required an understanding of the nature of the sample being
collected/analyzed.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z| |:| ChlP-seq

Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging
Animals and other organisms

Human research participants
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Antibodies
Antibodies used Lmx1a-Millipore:AB10533-l0t:3868680; TBR2/EOMES-Millipore:ABN1687-Lot:Q3076145; TBR2/EOMES- Millipore:AB15894-
lot:3090750; HCRTR2-R&D:MAB52461-lot:CBFY0115061; HCRTR2-Alomone Labs:AOR-002.
Donkey anti-Mouse 1gG (H+L) Alexa Fluor 488 (Invitrogen, Cat.No.: A21202), Donkey anti-Mouse IgG (H+L) Alexa Fluor 568
(Invitrogen, Cat.No.: A10037), Donkey anti-Rabbit IgG (H+L) Alexa Fluor 488 (Invitrogen, Cat.No.: A21206), Donkey anti-Rabbit IgG (H
+L) Alexa Fluor 568 (Invitrogen, Cat.No.: A10042), and Goat Anti-Chicken IgY (H+L) Alexa Fluor 568 (Abcam, Cat.No.:ab175477).
Validation AB10533: evaluated by Western Blot in mouse testis tissue lysate by the provider; IHC signal in the rhombic lip shown by Yeung et al.

2014 (https://doi.org/10.1523/JNEUROSCI.1330-14.2014).

ABN1687: A representative lot detected TBR2 in Immunofluorescence applications (Nelson, B.R., et. al. (2013). J Neurosci.
33(21):9122-39; Hodge, R.D., et. al. (2013). J Neurosci. 33(9):4165-80), in immunohistochemistry applications (Yoon, K.J., et. al.
(2008). Neuron. 58(4):519-31).

AB15894: a representative lot detected TBR2 in mouse cerebral cortex and mouse cerebellum tissue, as tested by the provider;
staining in UBCs shown by Canton-Josh et al. 2022 ( https://doi.org/10.7554/eLife.76912).

MAB52461: HCRTR2 was detected in immersion fixed paraffin-embedded sections of human brain (hypothalamus) by the provider.
AOR-002: IHC signal in the hypothalamus shown by Parekh et al. 2021 (https://doi.org/10.1038/s41598-021-00522-0).
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals RjOrl:SWISS and BI6GN mice (Mus musculus), gray short-tailed opossum (Monodelphis domestica). Animals from both sexes were
used. Ages of the animals are listed in Supplementary Table 1, and an overview is given in Fig. 1a and Extended Data Fig. 1a. The
animals were housed under a 12h/12h dark/light cycle (reversed for opossums) in a temperature (20-24 °C mouse; 24-26 °C
opossum) and humidity (40-65% mouse, 60-65% opossum) controlled room with ad libitum access to food and water.

Wild animals This study did not involve wild animals.

Field-collected samples  This study did not involve samples collected from the field.

Ethics oversight All animal procedures were performed in compliance with national and international ethical guidelines for the care and use of
laboratory animals, and were approved by the local animal welfare authorities: Heidelberg University Interfaculty Biomedical

Research Facility (T-63/16, T-64/17, T-37/18, T-23/19), Vaud Cantonal Veterinary Office (No.2734.0) and Berlin State Office of Health
and Social Affairs, LAGeSo (T0198/13, ZH104).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Human samples were obtained from official scientific tissue banks. The samples come from healthy non-affected individuals
defined as normal controls by the corresponding brain bank. Individuals from both sexes were included. For all samples, the
sex and age are reported in Supplementary Table 1.

Recruitment Informed consent for the use of tissues for research was obtained in writing from donors or their family.

Ethics oversight The use of human samples was approved by an ERC Ethics Screening panel (associated with ERC Consolidator Grant 615253,
OntoTransEvol) and ethics committees in Heidelberg (authorization S-220/2017), North East-Newcastle & North Tyneside
(REC reference 18/NE/0290), London-Fulham (REC reference 18/L0/0822), Ministry of Health of Hungary (No.6008/8/2002/
ETT) and Semmelweis University (No0.32/1992/TUKEB).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Nuclei were extracted from frozen tissues and stained with Hoechst

Instrument BD FACSAria Il

Software BD FACSDiva 8.0.1

Cell population abundance The nuclei were sorted based on the Hoechst staining. No quantifications were performed based on flow cytometry data.

Further selection of barcodes containing a single nucleus was done based on RNA-sequencing data.
Gating strategy To separate nuclei from the cellular debris the gates were set on FSC/SSC and at the excitation wavelength of 405 nm.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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