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Abstract

The hypothalamus is critically important for regulating most autonomic, metabolic, and
behavioral functions essential for life and species propagation, yet a comprehensive
understanding of neuronal subtypes and their development in the human brain is lacking. Here,
we characterized the prenatal human hypothalamus by sequencing the transcriptomes of 45,574
single-cells from 12 embryos, spanning gestational weeks 4 through 25. These cells describe a
temporal trajectory from proliferative stem cell populations to maturing neurons and glia,
including 38 distinct excitatory and inhibitory neuronal subtypes. Merging these data with paired
samples from the cortex and ganglionic eminences (GE) revealed two distinct neurogenesis
pathways, one shared between GE and hypothalamus and a second unique to cortex. Gene
regulatory network modeling predicted that these distinct maturation trajectories involve the
activation of region- and cell type-specific transcription factor networks. These results provide
the first comprehensive transcriptomic view of human hypothalamus development at cellular
resolution.

Introduction

Though small in size, the hypothalamus is one of the most functionally diverse and
neuroanatomically complex regions of the human brain'. It plays critical roles in an astonishing
variety of essential functions, including the regulation of body temperature, sexual dimorphisms,
circadian rhythms, sleep, stress responses, satiety, and hunger, and aspects of mood, social
behavior, and memory> . These functions are subdivided amongst specialized nuclei, each of
which contains a unique set of transcriptionally and functionally distinct neuronal subtypes® 2,

Hypothalamic neuronal and glial diversity arises during prenatal brain development. In
mice, precursor populations first attain molecular identities corresponding one of the distinct
nuclei, then further differentiate toward distinct nucleus-specific subtypes!?. Hypothalamic
development is sensitive to both environmental and genetic perturbations. Adverse prenatal
environments such as maternal stress or malnutrition result in long-lasting changes in physiology
and behavior, mediated by neurons within specific hypothalamic nuclei'*~!°. Hypothalamic
neurons specifically express a number of genes known to be sensitive to the neuropeptide leptin,
and/or are located near single nucleotide polymorphisms (SNPs) associated with obesity'6. These
clinical consequences motivate deeper investigation into the timing and regulation of
hypothalamic development.

Much of what we know about the biological functions, anatomical and physiological
characteristics, and development of the hypothalamus is derived from experimental studies in
animal models. While many of these functions are thought to be evolutionarily conserved, the
molecular identities of human hypothalamic cells and the timing and regulation of their
development remain inadequately characterized!”!8. Here, we sought to address this deficiency
through single cell RNA sequencing (scRNA-seq) of the prenatal human hypothalamus to define
its transcriptional cell types and developmental trajectories.
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Results
A map of neuronal and non-neuronal lineages in the prenatal human hypothalamus

We generated 10x Genomics scRNA-seq of prenatal human hypothalamus from 12
human fetuses at ~4 to 25 gestational weeks, yielding 45,574 high-quality single-cell
transcriptomes with 752 — 7,690 cells per sample (Supplementary Table 1). These samples were
collected in parallel with samples from several additional brain regions in the same fetuses, and
scRNA-seq of cortical samples from these fetuses has been reported previously!'®22. Integration
of all 45,574 hypothalamic cells revealed clusters and trajectories corresponding to each of the
major cell types. Progenitor cells emanated from a common pool of dividing cells to form three
lineages leading to neurons, oligodendrocytes, or astrocytes and other glia (Figure 1a; Figure
Sla,b). Each cell type was defined by a unique set of cell type-specific transcription factors
(Figure 1b) and other marker genes (Supplementary Table 2). Gene Ontology (GO) analysis
confirmed enrichments for known markers for neurons, oligodendrocytes, and other glial
populations (Supplementary Tables 3-5). Cell type distributions shifted over developmental time
(Figure 1c), with major neuronal populations emerging as early as CS20 (~8 gestational weeks).
As expected, oligodendrocytes, astrocytes, and specialized glial populations such as tanycytes
and ependymal cells developed later, with progenitor populations diversifying during the first
trimester, and populations of mature glial cells expanded during the second trimester.

Specification of hypothalamic nuclei during the first trimester

We re-clustered 20,574 cells from the first trimester -- gestational weeks (GW) 4.5-7.5;
Carnegie Stages (CS) 13, 14, 15, 20, and 22 -- to gain insight into early patterning of the
hypothalamus. These samples encompass developmental stages spanning from the early
formation of the prosencephalon (CS12-CS13) to the development of an anatomically defined
hypothalamus with distinct nuclei (CS20-CS22). Cell type composition across these
developmental stages supported a progression from progenitor populations to maturing neuronal
subtypes that cluster by hypothalamic nucleus. Multiple populations of radial glia and related
progenitor cells are already apparent at these time points, with post-mitotic neurons beginning to
appear, emanating from radial glia (Figure S2a-c).

In humans, hypothalamic nuclei begin to form late in the first trimester and can be
identified histologically at this time by the expression of early marker genes and varying cell
densities?’. To gain insight into the gene expression programs underlying these patterning events,
we again re-clustered the cells focusing specifically on two samples at CS22 (GW ~7.5). We
used known markers from spatial gene expression profiling in mouse to assign neurons in these
samples to specific nuclei’ 224, Nucleus identity was reflected in discrete clusters in UMAP
space (Figure 2a). These clusters were distinguished by hundreds of differentially expressed
genes, including transcription factors and neurotransmitters that marked the unique functionality
of each nucleus (Figure 2b, Figure S2d-h, Supplementary Table 6). Distinct functional categories
of developmental genes were active in each nucleus, revealing nucleus-specific developmental
programs (Supplementary tables 7-9). Among the transcription factors detected were well-
established drivers of mammalian hypothalamic development including NKX2-1, OTP, SIM1,
BRN2, LHX6, IRX5, LHXS, LHX1, DLX2, ARX, LHX3%**. Specific neuronal subtypes within and
across nuclei matured at different times. For example, among canonical neurons of the arcuate,
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POMC was already expressed by CS22, whereas expression of NPY was not yet apparent. These
dynamics resemble the time course of expression of POMC and NPY as seen during mouse
embryonic development. Specifically, POMC expression was first observed in the hypothalamic
ventricular zone at E10.5-E11.5 and NPY in laterally-situated cells in the rostral most
presumptive ARC at E13.5%. Other major hypothalamic neuropeptides expressed at low levels in
first trimester include GHRH, TRH, AVP and GAL. all of which continue expression in the
second trimester samples. Additionally, PNOC expression was restricted to the PMN nucleus at
CS22, then spread to neuronal subtypes in other nuclei later in maturation. Neuropeptides
expressed in the second trimester but not first trimester included AGRP, KISSI, OXT, and CRH.

Maturation of hypothalamic neural and glial subtypes during the second trimester

Hypothalamic nuclei and post-mitotic neurons mature during the second trimester. At this
stage, dividing progenitors constitute a minority of cells, giving way to well defined clusters of
maturing neurons and glia marked by unique sets of TFs and vast gene expression differences
(Figure S2i-j). Maturation of cell populations at this timepoint reflects the overall refinement of
hypothalamic structure established in the second trimester that persists through development??.
We re-clustered the cells from five samples at GW18-GW25 to characterize signatures of
maturing neuronal, oligodendrocyte, and glial populations along with their respective progenitor
populations.

Sub-clustering of 6,124 second trimester neurons and neural progenitors revealed 38
molecularly distinct clusters. Many clusters could be assigned to the nuclei in which they reside
by the expression of known nucleus-specific markers (Figure 3a,b). Moreover, most clusters
could be annotated to a known hypothalamic neuronal subtype by the expression of
neurotransmitters and neuropeptides, their receptors, and TFs. Well-defined neuronal subtypes at
this stage included components of the magnocellular system, including OXT-expressing neurons
(PVH._1 cluster) and AVP neurons (PVH_2); components of the parvicellular system, including
GHRH neurons (ARC_9), POMC neurons (ARC_3), and TRH neurons (PVH_3); subtypes
involved in the regulation of hunger and satiety, including SS7 neurons (ARC _5), AGRP/NPY
neurons (ARC_4), and POMC neurons (ARC _3); and subtypes involved in the regulation of
wakefulness, including HDC neurons of the tuberomammillary nucleus (TM cluster) and
glutamatergic neurons of the supramammillary nucleus (SMN_1, SMN_2) (Figure 3¢)*.
Hierarchical clustering of these neuron types revealed TFs enriched within each branch,
predicting key regulators of neuronal subtype specification (Figure S3a).

Specialized hypothalamic non-neuronal cell types along the blood-brain barrier and
ventricles enable chemosensing of the blood and cerebrospinal fluid. Tanycytes are a
monociliated subtype of ependymal cell that are positioned along the ventral region of the third
ventricle and send processes into the hypothalamus?®. Multiciliated ependymal cells are
positioned dorsally along the third ventricle. Tanycytes and multiciliated ependymal cells, as
well as astrocytes, emerged as discrete cell types from a common pool of progenitors during the
second trimester. Tanycytes were marked by genes involved in chemical sensing and hormonal
signaling (GO terms ‘response to organic substance’ and ‘response to lipid’, Supplementary
tables 10-12). Multiciliated ependymal cells were marked by genes involved in ‘cilium
organization’ and ‘cilium movement’. Genes distinguishing astrocytes included those related to a
central function of astrocytes in nutrient and ion transport?7-2%,
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Oligodendrocyte populations were established by the second trimester. A substantial pool
of immature non-myelinating oligodendrocytes was marked by genes expressed in progenitor
populations that later turned off in mature oligodendrocytes. Notably, only a few genes had
isolated expression in the immature population. These include the canonical marker PDGFRA, a
growth factor essential for oligodendrogenesis and myelin formation?®. Additionally, a number
of genes were expressed in progenitor populations and turn off in mature oligodendrocytes,
including FABP7, SCG3 and PTPRZI, all of which are brain-specific and involved in regulating
cell growth. Mature oligodendrocyte populations expressed many genes involved in myelination,
including MBP, CNP and NFASC, as well as the epigenetic remodeling protein SIR7?2.

Development lineages involved in the specification of hypothalamic neurons and glia.

Little is known about the transcriptional regulation of neuronal and glial development in the
human hypothalamus, though key regulator transcription factors (TFs) have begun to be defined
in the mouse®?°. We reconstructed gene co-expression networks and gene regulatory networks
from our data using k-means clustering and GENIE33!, respectively, to begin to unravel these
human-specific aspects of hypothalamic development. These analyses revealed 54 gene co-
expression modules, together with predictions for each module’s key regulator TFs
(Supplementary table 13: TF enrichment per module). These included modules expressed
specifically in nearly all cell types (Extended Figure 1). In addition, many modules defined
lineages from specific subsets of dividing progenitors to mature neurons and glia (Figure 4a,b,
Supplementary table 14: Top TF per lineage). We analyzed these lineage-defining modules in
detail to gain insight into developmental trajectories.

We identified two major neuronal lineages. A lineage marked by increasing expression of
module M76 began in a subset of dividing progenitors, continued in radial glia, and finished in
mature neurons. Excitatory vs. inhibitory branches of the M76 lineage were marked by
M83/M16 and by M8, respectively. A second neuronal lineage, marked by M11, also began in
dividing progenitors, yet this lineage bypassed radial glia populations, making a more direct path
to neuronal precursors, potentially marking a separate developmental pathway. Key regulators
for the M76 lineage included CSRNP3, MYTIL, and DEAF 1, whereas key regulators for the M11
lineage included NEUROD1, NEURODG6, BCL11B, and SATB2 (Figure 4a).

Oligodendrocyte development followed a single clear lineage from progenitor
populations to mature oligodendrocytes. This lineage split from other dividing progenitor
populations very early in maturation, with an unbroken trajectory from progenitors to mature
oligodendrocytes most apparent when plotted using a 3 dimensional UMAP (Figure S4a-c,
Extended Figure 2: Cell types in 3D, Extended Figure 3: Oligodendrocyte pseudotime in 3D).
This lineage is marked by expression of modules M2 and M54, as well as by individual genes
that increase or decrease with oligodendrocyte development (Figure S4d-f). Lineage-defining
marker genes included the key regulator transcription factors SOX6 and SOX10, as well as
LRRK2 and PCDH15.

In contrast to oligodendrocytes, lineages leading to astrocytes, ependymocytes, and
tanycytes comingled with neuronal lineages until they began to be resolved at the radial glia
stage. Modules specific to mature astrocytes (M62, M4, M100), ependymocytes (M44, M65,
MS80), and tanycytes (M1, M9, M47) enabled us to investigate the molecular origins of each cell
type, including both shared and unique key regulator TFs. Shared TFs included the canonical
astroglial marker SOX9, as well as GLIS3 and TRPS1. Astrocyte-specific TFs included ARNTL,
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DBX2, PRRXI1, RORA, HESS. Ependymocyte-specific TFs included NFATC2, FOXJ1, TP73,
and RFX3. Tanycyte-specific TFs included ATF3, RFX2, and ZSCANI. Many of these TFs were
expressed starting early in each lineage, suggesting that the molecular identities of specific glial
cell types are established very early in gliogenesis.

Cross-species comparisons reveal human-specific aspects of hypothalamic development

We compared patterns of early neurodevelopment in the human hypothalamus to
previously described patterns in the mouse to identify shared principles of hypothalamic
development, as well as human-specific features. First, we merged our CS22 data with scRNA-
seq from the hypothalamus of E11-E13 prenatal mice!? to gain insight into this critical period for
the specification of nuclei. Homologous clusters of human and mouse neurons from most nuclei
could readily be identified by integration of these data in a common UMAP space (Figure 5a,b),
including near perfect overlap of ARC, DMH and PVH/SON clusters. An interesting exception
were human VMH neurons, which at this stage clustered with mouse neuroprogenitors,
suggesting delayed development of the VMH in humans.

A more detailed comparison of neuronal subtypes was possible for the arcuate nucleus,
which has conserved functions in hunger and satiety. For this analysis, we compared our second
trimester arcuate neurons to scCRNA-seq of developing mouse arcuate neurons from E10 - P45
(Figure 5¢)!2. Clustering was bifurcated by excitatory/inhibitory class, then largely driven by
neuron type. About half of the clusters were reciprocal top hits and consist of specific neuron
types; OTP+NPY (Arc 4/ cluster 14), SST (Arc 5/ cluster 17), GHRH ( Arc_9/ cluster 9), and
B2M (Arc_12, cluster 12) (Supplementary Table 15: Reciprocal top hits between mouse and
human).

Despite this overall similarity, we identified hundreds of gene expression differences
between species, including many TFs that were utilized in a regional or developmental species-
specific manner (Supplementary Table 16 - E11_E13 CS22 DEGs by region.xlsx). For
example, the three members of the ONECUT family of TFs were expressed in different
combinations in mouse vs. human hypothalamus. In mouse, Onecut? is highly expressed
throughout development into adulthood, whereas Onecut! and Onecut3 turn on later with low
expression. In contrast, all three ONECUT homologs were expressed early and with similar
expression patterns across human development, suggesting an expansion of the use of this family
of TFs in human hypothalamic development.

Unique and shared features of hypothalamic vs. cortical germinal zones in the human
forebrain

Little is known about the genes and trajectories distinguishing neurogenesis in the
hypothalamus vs. other forebrain regions. To address this, we obtained matched samples from
the cortex, ganglionic eminence (the source of telencephalic inhibitory neurons), and
hypothalamus from the same individual at GW18. Co-embedding these samples in a shared
UMAP space enabled direct comparison among the lineages (Figure 6a, Figures S5a,b). Radial
glia and early neuroprogenitors from all three germinal zones co-clustered in UMAP space
(Clusters 14, 12, 18 ,23 of Figure S5b). Later stage neuroprogenitors diverged toward distinct
populations of mature excitatory and inhibitory neurons. 3D UMAP plots (Extended Figure 4)
resolve diverging lineages, which overlapped spatially in the 2D UMAP plots.
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Despite the overall similarities among radial glia and early neuroprogenitor populations
across germinal zones, region-specific gene expression differences were apparent and may
provide insight into unique regulatory programs that give rise to specialized neuronal
populations. Region-specific signatures of radial glia populations (cluster 16) included genes that
are active in developmental or differentiation processes, such as ETV5 and MDFI in the cortex,
WWTRI and FGFR?2 in the GE, or GABBR2 and MTIF in hypothalamus (Figure S6b,
Supplementary Table 17). Region-specific gene expression differences among early
neuroprogenitors (cluster 14) included canonical cortex progenitor marker genes such as EOMES
and NEUROD4, which were confirmed to be cortex specific and not expressed in the GE nor
hypothalamus. Genes with similar expression patterns in cortex vs. hypothalamus included
GPC3, a glypican which modulates cell signaling during neural pattering and is expressed within
the hypothalamus late in mouse embryogenesis*?. GRNs constructed with GENIE3
(Supplementary Table 18) predict TFs FOS, HESI and EGRI to regulate GPC3 and all of these
TFs had elevated expression in hypothalamic neuron progenitors compared to cortex and GE.
Within the ganglionic eminence, COLIA2, a collagen, was uniquely expressed in the GE. While
these genes are region specific markers within neuroprogenitors, other genes had different
temporal patterns or different cell type specificity. For example, PPPIR17, a phosphatase
regulatory subunit, was identified as a neuroprogenitor marker within the cortex?>. However, in
the GE and hypothalamus, PPPIR[7 is instead expressed in radial glia. PENK also showed
temporal differences where it was enriched in progenitor populations in the cortex, but in the GE
it was present in mature neurons and absent in hypothalamus.

The co-embedded neurogenic map retains well-known features of cortical neurogenesis.
Excitatory neurons of the cortex separated into two lineages distinct already at the progenitor
stage, with marker genes corresponding to neurons that project within the cortex
(intratelencephalic; IT) or to brain regions outside of telencephalon (extratelencephalic; ET). ET
neurons were further classified as projecting to thalamic (Clusters 26 and 27, Figure S5b) or
subthalamic regions (Clusters 8 and 13, Figure S5b)*. The lineage toward IT neurons reflected
the temporal ordering with which deep layer vs. superficial layer are born: newborn neurons at
the beginning of the lineage proximal to progenitor cells primarily expressed markers for later-
born superficial layer excitatory neurons such as CUX2, while older neurons at the lineage
terminus primarily expressed markers of earlier-born deep layer 5/6 neurons such as RORB.
Inhibitory neurons of the telencephalon have their origin in the ganglionic eminence, where
throughout development maturing interneurons migrate from the ganglionic eminence into all
layers of the cortex. This relationship is reflected in a lineage from neuroprogenitors and
newborn inhibitory neurons in the GE to mature inhibitory neurons in cortex>*.

The hypothalamic germinal zone is distinct from germinal zones of the cortex and GE in
that it gives rise to both excitatory and inhibitory neurons, and these locally born neurons
represent most of the mature neurons within the hypothalamus (Figure S5d). Consistent with our
lineage-tracing analyses above, multiple hypothalamic neuronal lineages were apparent,
including paths from progenitors that bifurcate into distinct inhibitory and excitatory populations
(Figures 6a-c, Figures S5e,f). Unexpectedly, both the inhibitory and excitatory neuronal lineages
arising from hypothalamic progenitors displayed a greater degree of overlap with GE compared
to cortex, despite the fact that the GE does not give rise to excitatory neurons. Closer
examination revealed two sub-groups of hypothalamic and GE progenitors. The hypothalamic
inhibitory neuron lineage was adjacent to the lineage leading to GE-derived interneurons marked
by MAF. The hypothalamic excitatory neuron lineage was adjacent to a distinct GE lineage
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marked by SIX3, ISL1, and EBF I, which are most likely progenitors for spiny projection neurons
and related progeny of the lateral ganglionic eminence. Therefore, the diversification of
hypothalamic and GE progenitors may involve shared gene regulatory mechanisms that are
distinct from those utilized within germinal zones of the cortex.

Discussion

Here, we have described the development and diversity of neuronal and non-neuronal cell
types in the prenatal human hypothalamus. Our analysis greatly expands knowledge about both
shared and human-specific aspects of hypothalamic development. Comparisons among matched
samples provided a unique opportunity to evaluate specializations of neurodevelopmental
trajectories in the hypothalamus vs. other forebrain regions.

Our analysis revealed a sequential specification of hypothalamic neurons. First,
developing neurons attain a unique transcriptional identity corresponding to the nucleus in which
they reside. Then, specific neuronal subtypes differentiate later. This process was well underway
by Carnegie Stage 22, just ~7.5 weeks of gestational age, at which time we were able to discern
most nuclei by the expression of established markers. Notably, certain nuclei appeared to mature
at different rates. For instance, arcuate neurons had a well-established nuclear identity at CS22.

Differentiation of neuronal subtypes occurred primarily in the second trimester samples,
with evidence that the maturation of many hypothalamic neurons continues into the third
trimester and beyond. Our results confirm previous observations that OXT has been detected by
GW 1413536 and CRH and AVP as early as GW 12?7, although we observe AVP by at least GW7.
However, even late in the second trimester, many neuronal subtypes were identifiable primarily
by the expression of key transcription factors, while the expression of some neuropeptides
remained sparse, such as CBLN2, KISS1, and PROK2. The number of neuronal subpopulations
detected across all nuclei (38 subtypes) is much lower than detected by scRNA-seq at postnatal
timepoints in mice> 2. Although we cannot rule out that the number of sequenced cells in our
studies was not large enough to obtain a more comprehensive neuronal sub-clustering, it is very
likely that the populations we describe here will undergo further diversification and maturation.
In this context the sparse expression of neuropeptides in second trimester might be interpreted as
still ongoing differentiation into the various peptidergic subtypes.

As noted above, variation in the prenatal environment can have lasting consequences on
many hypothalamic functions!>!%16 but it is not well understood why adverse prenatal
environments lead to worse or different outcomes in some individuals and not others. Precisely
delineating the timing with which hypothalamic nuclei mature could provide insight into these
exposures and outcomes, including the possibility that differences in the developmental timing
among hypothalamic nuclei could produce distinct sensitive periods for different kinds of insults.

Mouse models have been used extensively to study the relationships between the prenatal
environment, the development of the hypothalamus, and the emergence of behavioral and
physiological variation in hypothalamic functions. Thus, a critical question is whether these
developmental processes are strongly conserved in mice vs. humans. Overall, we found that
patterns of cell type-specific gene expression were quite similar in mouse vs. human. Known
markers from mice enabled us to assign nucleus and cell type identities for all nuclei and many
neuronal subtypes!?3%-3844 However, hundreds of human-specific gene expression patterns were
identified - including human-specific utilization of certain transcription factors — which could
provide a substrate for subtle changes in regulation and function. Therefore, as has been
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demonstrated in other brain regions, many cell type-specific gene expression programs for
neuronal sub-types are conserved from mice to humans. Nonetheless, results in mice should be
interpreted cautiously when specific genes show divergent patterns across species.

Our comparison of forebrain neurogenic niches revealed that hypothalamic lineages
leading to excitatory vs. inhibitory neurons differentiate early in neurodevelopment.
Surprisingly, however, both of these lineages are more similar to ganglionic eminence lineages
than to cortical lineages. These results suggest that the relationships among neurogenic lineages
primarily reflect anterior-posterior spatial organization along the ventricle, rather than the
neurotransmitters used in the neuronal progeny. In addition, while the organization and function
of the hypothalamus is largely conserved across higher vertebrates, the cortex has greatly
expanded in humans*#, Therefore, the programs in the hypothalamus and ganglionic eminence
may represent an ancestral program, whereas those in the cortex are more evolutionarily novel.

Several limitations should be noted, setting the stage for future work. First, our
annotations of nuclei and neuronal subtypes are based on homology to the more thoroughly
atlased mouse, so our analysis may under-represent human-specific features. This could be
rectified through spatial transcriptomics studies. Second, while we sampled both first and second
trimester time points, there is a substantial gap between 7.5 to 18 gestational weeks. For this
reason, we annotated samples from each trimester separately, as to not confuse emerging nuclei
of first trimester with the more established nuclei of second trimester. As with most human
studies, information on the third trimester is also lacking. Additional scRNA-seq data from these
time points could improve the resolution to characterization the maturation of nuclei and cell
types. Characterization of human-specific patterns of gene expression in the hypothalamus will
also enable researchers to more precisely evaluate genes as heritable causes of human diseases.
Finally, there is limited information about the prenatal environment experienced by the fetuses
that we studied. An exciting future direction will be to expand our analysis to human and model
organism samples with known variation in the prenatal environment, enabling a more direct
evaluation of sensitive periods and developmental consequences.
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Methods

Sample collection and processing. Acquisition of all primary human tissue samples was
approved by the UCSF Human Gamete, Embryo and Stem Cell Research Committee (approval
nos. 10-03379 and 10-05113). All experiments were performed in accordance with protocol
guidelines. Informed consent was obtained before sample collection and use for this study. First
and second trimester human hypothalamus tissue was collected from elective pregnancy
termination specimens from San Francisco General Hospital and the Human Developmental
Biology Resource (HDBR). Cortical and ganglionic eminence tissue was collected in parallel
from the same specimens, as previously described?!-?2,

Dissociation. Hypothalamic tissue samples were dissociated using Papain (Worthington)
containing DNase. Samples were grossly chopped and then placed in 1mL of Papain and
incubated at 37C for 15mins. Samples were inverted three times and continued incubating for
another 15 mins. Next samples were triturated by manually pipetting with a glass pasteur pipette
approximately ten times. Dissociated cells were spun down at 300g for Smins and Papain
removed.

scRNA-seq. Single-cell capture was performed following the 10X v2 Chromium manufacturer’s
instructions. Each sample was its own batch. For each batch, 10,000 cells were targeted for
capture and 12 cycles of amplification for each of the complementary DNA and library
amplifications were performed. Libraries were sequenced according to the manufacturer’s
instructions on the Illumnia NovaSeq 6000 S2 flow cell (RRID:SCR_016387).

Quality filtering and integration. All samples were quality filtered to include cells with the
number of detected genes between 200 & 4000, a total UMI between 1,000 and 15,000 and a
maximum 20 percent of reads mapping to mitochondrial genes. Doublets were detected using
scDblFinder and discarded from the analysis. For published datasets, cells passing quality filters
defined in publication were used in this study. Unless otherwise noted, the Seurat package v4.0%
was used for normalization, sample integration, clustering, differential gene expression analysis
and plotting. Prior to integration, samples were normalized using SCT transform, regressing on
percent mitochondrial content.
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Cell type assignments. For each integrated dataset, Louvain clustering was performed and top
marker genes for each cluster were determined to assist in cell type identification. To further
assist cell type identification, a mouse hypothalamus reference dataset was compiled from 6
published studies®!° (Supplemental Table 19 — Marker genes from reference datasets). 2,000
cells were selected at random from each study and merged with the human dataset from this
study. Integration of all datasets showed strong agreement among mouse samples and confirmed
cell type assignments made based on marker genes. Hypothalamic nuclei present in CS22 were
identified using canonical markers from mouse and human in sifu data (Extended Figure 5).
Trimester 2 neurons were assigned by sequential sub clustering. Cells were assigned first using
well-established markers from mouse studies®> 1224 which cross-reference across multiple
datasets. Feature plots were generated for all genes, and genes with localized expression in
unassigned cell populations were checked for localized expression on the Allen Brain Atlas*.

Lineage analysis. Pseudotime for oligodendrocyte lineage in full human dataset and
Excitatory/Inhibitory lineages in GW22 samples were calculated using the slingshot program* in
R. For each lineage, cells belonging to a defined group of clusters based on developmental stages
of that cell type, and pseudotime was calculated from the progenitor population to the most
mature population.

Cross species cell type comparison. Subgroups of arcuate nucleus cells in human second
trimester samples were directly compared to arcuate subgroups of the mouse using
Metaneighbor®.

Gene regulatory network and gene expression module detection. Gene regulatory networks
(GRNs) were inferred using the random-forest based GENIE3 algorithm?!. Prior to calculation,
we identified 7425 variable genes across trimester two samples and smoothed gene counts with
knn-smoothing (k=5) to improve gene-gene correlation structure. The top 500,000 TF-target
gene pairs were retained and GRNs defined per TF. Gene modules were defined by k-means
clustering. Starting with 10441 variable genes across trimester 1 and 2, we first grouped genes by
k=100, then merged highly correlated modules (Pearson correlation > 0.30) and discarded
modules containing fewer than 10 genes, resulting in 54 modules.

Identifying cortical neuron subtypes. Major classes of cortical cells were previously defined?!
and presented in figure S5c. Additional cell phenotyping was performed using the CoGAPS and
projectR programs and the DeCoN dataset?® to distinguish ET neurons projecting to thalamic or
subthalamic regions. Briefly, the CoGAPS®! program was used to perform non-negative matrix
factorization (NMF) on the DeCoN dataset, which included sorted callosal, subcerebral and
corticothalamic neurons of the neocortex in mouse. CoGAPS identified five patterns in the
DeCoN dataset, where three patterns distinguished the sorted populations. We then used the
projectR program to project these patterns into our merged GW18 dataset and noted that the
callosal pattern was enriched in IT neurons, and ET neurons were split into two populations by
subcerebral and corticothalamic patterns as described above.
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Figure 1. Cell type diversification in the hypothalamus during human development. a)
Human samples across trimesters one and two were merged into the same reduced dimensional
space, revealing a common progenitor pool and three distinct cell type lineages emerging.
Actively dividing progenitors feed into glia, neuronal and other non- neuronal populations. b)
Top transcription factors marking each cell type. ¢) Neuron populations begin to emerge at CS20
/ GW7, with non-neuronal populations further diversifying around GW22.
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Figure 2. Hypothalamic nuclei are detectable by the end of trimester 1. a) The latest
trimester 1 sample, CS22, contains maturing neuron populations that cluster by hypothalamic

nuclei. Neuron clusters were assigned to nuclei by canonical markers. b) Region-specific marker
genes include TFs and neuropeptides.

Expression



https://doi.org/10.1101/2021.07.20.453090
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.20.453090; this version posted July 20, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

3a

available under aCC-BY-NC-ND 4.0 International license.

Trimester 2 Neurons

5.0 ) ARC_1 ® MMN
™ ARC_10 ® PH
: ARC_11 ® PMN_1
ARC_1 ARC_12 ® PMN_2
PVH2.. -+ ARC:4 R A ARC_13 ® Preoptic
2 5 PVH_1 ARC_2 ® Progenitors
: & ARC_3 ® PVH_1
ARC_4 PVH_2
~ ARC_5 PVH_3
ol ® ARC_6 PVH_4
< ® ARC_7 PVH_5
= 0.0 ® ARC_8 ® SCN
o] ® ARC_9 SMN_1
® CCK SMN_2
® DMH ™
® LH VMH
-2.5 g
L 1PMIN_2
‘W
ARC_1-¥
. ARCAI2T
-5.0 i
/o Ve Q % (5
UMAP_1
3b .
Trimester 2 Neuron Marker Genes
ARC_1 co0 0 - [ ] . [ ] @ -0 ° LN ) -0
ARC_2
ARC_3
ARC_4 'Y )
ARC_S
ARC_6 K
ARC_7 coe
ARC_8 .
ARC_9 .
ARC_10q o o ° Average Expression
ARC_11 c®-0 [ ] ° °
ARC_12 2
ARC_13 ecoe 1
ccK
DMH . o
H L]
M:/LN : & . 2 (4 . o ' Percent Expressed
PMN_1 . . [} <} ° 20
PMN_2 e 0000 . * 25
Preoptic . o0 ° o - o Y ° ® 50
Progenitors . [ XK . @75
PVH_1 ' ° ° @ 100
PVH_2 [ ] X X [ ] [ ] LN ) °
PVH_3 . ° . . @
PVH_4 c - @Oece
PVH_5 . .
SCN . cc00000 ¢
SMN_1q « . . o0 o .
SMN_2: . LY e . . . 0000000900 ] [ ]
™ . . ®
VMH: o - [ ] ] [ ] ° ] 0e90000 00
PO L N PAF PR LR Lo N0 A AV AP YV QPG b 10 40 P Nk RV F I S A2V Db D DT D AT \0(}040:&,{»\ D v SRR P
B S P e S O S P P SRR T AR
3c Trimester 1 Trimester 2
POMC
GHRH
TRH
AVP
GAL
SST
HDC
oTP
AGRP |
KISS1 |
OTX ]
CRH |
NPY |

Figure 3. Derivation of neuronal subtypes and the transcription factors that drive their
development. a) Neurons from trimester 2 were re-clustered and clusters with a clearly defined
nuclei and neuron type are shown. b) Dot plot of top enriched transcription factors for each
neuron subcluster. ¢) Estimated timing of neuropeptide production across trimester 1 and 2.
Genes encoding certain neuropeptides such as POMC and TRH are detected in first trimester,
whereas others like NPY and CRH are not expressed until second trimester.
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Figure 4. Gene regulatory modules reveal developmental lineages. a) Gene regulatory
modules active in both mature neuronal and non-neuronal populations as well as dividing
progenitor cells were used to identify developmental lineages. The main figure assigns cells to a
module based on highest eigengene value of the modules listed on the right-hand column.
Subplots in the right column isolate cells from each lineage. Two distinct neuronal lineages were
detected. b) Top transcription factor marker genes were found across lineages within the dividing
progenitor population, indicating early drivers of neuronal and non-neuronal lineages.
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Figure 5. Comparison of human and mouse nuclei across development. We compared our
human developmental dataset against a mouse developmental dataset from Kim et al. 2020 that
spans E10 - P45. ab) Merge of the human CS22 sample with E11 - E13 mouse samples. Human
nuclei (a) largely overlap mouse nuclei (b), however VMH, and to a lesser degree SMN exhibit a
delayed development compared to mouse. ¢) MetaNeighbor comparison of sub clusters of
Arcuate from human trimester 2 and all mouse samples included in Kim et al. 2020. Clustering is
bifurcated by excitatory/inhibitory class, then largely driven by neuron type.
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Figure 6. Neurogenesis in hypothalamus shares gene expression profiles with the ganglionic
eminence that are distinct from lineages in the cortex. a) While similarities exist in excitatory
and inhibitory neurons across the brain, their development may differ across regions. We found
that the hypothalamus was more like neuron development in the ganglionic eminence versus the
cortex. Cortex neurons were grouped into ET and IT types, and projecting neurons of the
hypothalamus and GE cluster proximal to ET neurons of the cortex, suggesting a common gene
signature of projection neurons. Excitatory and inhibitory lineages share an origin in neuron
precursors and branch later in development. b,¢) Examples of genes that are expressed in early,
middle, and late stages of neuronal development.
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Supplementary Figure 1. Sample mixing and cell cycle state within common UMAP space.
a) Distribution of individual samples within the common UMAP space for trimester 1 and 2
samples. First trimester samples dominate the right arm containing the dividing progenitor
population, whereas second trimester samples constitute the majority of mature neuronal and
non-neuronal populations. b) Cell cycle stage status for each cell.

Supplementary Figure 2. Trimester 1 and 2 cellular phenotypes presented in UMAP space.
a) Spatial distribution of first trimester samples in common UMAP space. b) Major cell types as
determined across all samples. ¢) Cell cycle status for each cell. d) Hypothalamic nuclei as
determined in CS22 samples. e) The two CS22 samples were integrated using Seurat and UMAP
plot shows samples overlap well. f) Neurons clustered but nuclei and their identity were
determined using canonical markers. Inhibitory neurons are marked by GAD2 (g) and excitatory
neurons by SLC17A6 (h). i) Spatial distribution of second trimester samples in common UMAP
space. j) Major cell types as determined across all samples.

Supplementary Figure 3. Drivers of neuron maturation. a) Hierarchical clustering of neurons
identified transcription factors potentially involved in the development of hypothalamic nuclei
and neuron differentiation. Right panel shows top expressed transcription factors stratified by
neuronal subtype.

Supplementary Figure 4. Oligodendrocyte maturation across trimester 1 and 2. a) 3-
dimensional UMAP plotting of all samples reveal a continuous oligodendrocyte lineage that was
broken in 2-dimensional UMAP. b) Oligodendrocyte lineage pseudo time in 3D space and ¢) 2D
space calculated using the slingshot program. de) Gene expression module ME2 increases in
expression across the entire oligodendrocyte lineage, whereas module ME54 highlights the latest
stages of oligodendrocyte maturation. f) Examples of genes expressed early or late across the
lineage.

Supplementary Figure 5. Regional comparison in sample GW18 revealed distinct neuronal
developmental lineages between hypothalamus, ganglionic eminence, and cortex. a)
Locations of the nine individual brain region samples in common UMAP space for GW18.
Hypothalamus overlapped most with GE, whereas Cortex samples clustered together, especially
in mature populations. b) Louvain clusters of all samples. Cluster 14 consisted of a mix of all
regions, marking an early population of neural progenitors. Maturation progresses from left to
right across plot. ¢) Cell types identified in Eze et al. 2020. Excitatory neurons form groups of IT
and ET neurons, and IT neurons are stratified by cortical layer. d) Hypothalamic cell types as
identified in this study. e) Excitatory lineage and f) inhibitory lineage calculated by the slingshot
program.

Extended Figure 1. Expression of 54 gene expression modules across all samples. For each
gene expression module, eigengene values were plotted from yellow (low values) to red (high
values).

Extended Figures 2-3. UMAP plotting of all samples in 3-dimensional space. Cell types
identified across all samples (Fig E2) and oligodendrocyte lineage (Fig E3) are presented in 3-
dimensional UMAP space.
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Extended Figure 4. UMAP plotting of all GW18 brain regions in 3-dimensional space. Cell
clusters identified across all samples are presented in 3-dimensional UMAP space. Note that
cluster 10, which contains the majority of hypothalamus and GE neural progenitors, is a
continuous cluster that begins at the dividing progenitors and ends at the start of maturing
neuronal populations.

Extended Figure 5. In situ data from Allen brain atlas. Marker genes used in the
identification of human hypothalamic nuclei were checked for spatial expression across the adult
mouse hypothalamus. In situ data is presented alongside corresponding brain atlas diagrams.

Supplementary Table 1. Cells included in study per sample. Counts of high-quality cells per
sample after filtering.

Supplementary Table 2. Gene expression differences across major cell types. Differentially
expressed genes across major cell types in trimesters 1 and 2 were calculated using the Seurat
program. Table includes a dedicated sheet per cell type and positive fold changes indicate higher
expression in that cell type compared to all other cell types combined.

Supplementary Tables 3-5. GO analysis of major cell type markers across all samples. GO
category enrichments were calculated for upregulated genes in each major cell type. Tables are
organized by biological process (Table S3), molecular function (Table S4), and cellular
compartment (Table S5). Each table has a dedicated sheet per cell type.

Supplementary Table 6. Gene expression differences across hypothalamic nuclei in sample
CS22. Differentially expressed genes across hypothalamic nuclei in sample CS22 were
calculated using the Seurat program. Nuclei are indicated in the ‘cluster’ column and positive
fold changes indicate higher expression in that nuclei compared to all other nuclei combined.

Supplementary Tables 7-9. GO analysis of hypothalamic nuclei in sample CS22. GO
category enrichments were calculated for upregulated genes in each hypothalamic nucleus in
sample CS22. Tables are organized by biological process (Table S7), molecular function (Table
S8), and cellular compartment (Table S9). Each table has a dedicated sheet per nucleus.

Supplementary Tables 10-12. GO analysis of major cell type markers across trimester 2
samples. GO category enrichments were calculated for upregulated genes in each major cell type
within trimester 2. Tables are organized by biological process (Table S10), molecular function
(Table S11), and cellular compartment (Table S12). Each table has a dedicated sheet per cell

type.

Supplementary Table 13. Gene regulatory networks enriched in gene expression modules.
Hypergeometric tests were used to identify enrichment of GRNs within the 54 gene expression
modules found across all samples.

Supplementary Table 14. Top TF markers of early developmental lineages. Gene regulatory
modules were used to identify 5 lineages among dividing progenitors, leading to neuronal and
glial populations. The Seurat program was used to identify differentially expressed TFs per
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lineage among the dividing progenitor population. Lineages are indicated in the ‘cluster’ column
and positive fold changes indicate higher expression in that lineage compared to all other
lineages combined.

Supplementary Table 15. MetaNeighbor reciprocal top matches between human and
mouse arcuate neuron clusters. The MetaNeighbor program was used to calculate correlations
between the 9 clusters of human arcuate neurons and the 9 clusters of mouse arcuate neurons
identified in Kim et al. 2020. Clusters with highest correlations are presented in table.

Supplementary Table 16. Cross-species gene expression differences in the developing
hypothalamus. Early (E11-E13) hypothalamic nuclei in developing mice were compared to
human nuclei from late trimester 1 (CS22). Table includes a dedicated sheet per nucleus and
positive fold changes indicate higher expression in the human sample.

Supplementary Table 17. Gene expression differences across multiple brain regions in
GW18 sample. Hypothalamus, ganglionic eminence, and cortex were compared within the same
early trimester 2 sample. Cells were merged across regions and differential gene expression was
calculated within clusters. Table includes a dedicated sheet per cell cluster and positive fold
changes indicate higher expression for brain region noted in ‘cluster’ column.

Supplementary Table 18. Gene regulatory networks calculated by GENIE3 in Trimester 2.
Gene regulatory networks (GRNs) were inferred using the random-forest based GENIE3
algorithm?!. Prior to calculation, we identified 7425 variable genes across trimester two samples
and smoothed gene counts with knn-smoothing (k=5) to improve gene-gene correlation structure.
The top 500,000 TF-target gene pairs were retained and GRNs defined per TF. Each sheet
contains one GRN and its target genes.

Supplemental Table 19 — Marker genes from reference datasets. Top marker genes for
published neuron clusters were recalculated using 5000 most variable genes per dataset. Only
neurons were considered in this analysis.
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