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ABSTRACT:

During development, precursor cells are continuously and intimately interacting with their
extracellular environment, which guides their ability to generate functional tissues and
organs. Much is known about the development of the neocortex in mammals. This
information has largely been derived from histological analyses, heterochronic cell
transplants, and genetic manipulations in mice, and to a lesser extent from transcriptomic
and histological analyses in humans. However, these approaches have not led to a
characterization of the extracellular composition of the developing neocortex in any
species. Here, using a combination of single-cell transcriptomic analyses from published
datasets, and our proteomics and immunohistofluorescence analyses, we provide a more
comprehensive and unbiased picture of the early developing fetal neocortex in humans
and non-human primates. Our findings provide a starting point for further hypothesis-
driven studies on structural and signaling components in the developing cortex that had
previously not been identified.
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INTRODUCTION:

During development, precursor cells are constantly engaging with their surrounding
extracellular environment, which plays a critical role in guiding their differentiation and
functional maturation. These interactions are mediated through various signaling
pathways, mechanical forces, and the composition of the extracellular matrix, all of which
provide essential cues that direct precursor cells toward specific lineages, provide
structural support, and guide cytoarchitecture. The dynamic nature of these interactions
ensures that precursor cells adapt to the changing needs of the developing tissue,
ultimately contributing to the formation of a fully functional organ. Without the precise and
continuous communication between precursor cells and their extracellular environment,
the complex process of tissue and organ development would be severely compromised.

Much of our understanding of development, particularly for the mammalian neocortex,
comes from extensive research involving several methodologies. Histological analyses,
heterochronic and heterotopic cell transplants, and genetic manipulations in non-primate
mammals have provided profound insights into the cellular and molecular mechanisms
that drive neocortical development (e.g. McConnell, 1995; Leone et al., 2008; Grove and
Fukuchi-Shimogori T, 2003; Creig et al., 2013; O’Leary et al., 2007; DeFelipe et al., 2013).
These studies have been instrumental in revealing how precursor cells in the neocortex
differentiate into various neuronal subtypes and establish the complex architecture of this
brain region. Additionally, transcriptomic and histological analyses in humans, although
less extensive, have complemented these findings by offering a glimpse into the unique
aspects of human neocortical development (e.g. Kostovic, 2020; Braun et al., 2023; Eze et
al., 2021; Wang et al., 2024; Zeng et al.,2023; Polioudakis et al., 2019). This multi-faceted
approach has been crucial in unraveling the intricacies of neocortical development,
highlighting both conserved mechanisms across species and those that may be unique to
humans.

While significant progress has been made in understanding neocortical development
through histological, genetic, and transcriptomic studies, these approaches have certain
limitations. Notably, they have not provided an unbiased or detailed characterization of the
extracellular composition within the developing mammalian neocortex. Without a thorough
understanding of the extracellular niche and its dynamic interactions with developing cells,
our knowledge of how the neocortex forms and functions remains incomplete. This gap in
the research highlights the need for more advanced and integrative approaches to fully
characterize the extracellular components and their roles in shaping the developing
neocortex.
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To begin addressing the gaps in our understanding of the extracellular environment in
neocortical development, we have employed a multifaceted approach combining single-
cell transcriptomic analyses from published datasets with our own proteomics and
immunohistofluorescence analyses. This integrated high-resolution methodology has
allowed us to generate a more detailed picture of the early developing fetal neocortexin
both humans and non-human primates (NHPs). Our findings also reveal previously
unidentified structural and signaling components, offering new avenues for hypothesis-
driven research. These discoveries lay the groundwork for further exploration into the
specific roles these extracellular elements play in guiding neocortical development,
potentially leading to a deeper understanding of both normal brain development and
neurodevelopmental disorders.

RESULTS:

Database of human genes encoding extracellular proteins

Several published databases have provided information about extracellular proteins
encoded in the human genome. These include Matrisome (Naba et al., 2012), SignalP
(Teufel et al., 2022), MDSEC, Spoctopus (Viklund et al., 2008), and Phobius (Kall et al.,
2004). These databases were obtained by validation of candidates in tissues and/or using
algorithms for the detection of potential signal peptides and, in some cases,
transmembrane sequences. Notably, these approaches resulted in databases that,
although largely overlapping, also had in most cases significant non-overlap in gene sets
(Fig. 1A).

To address these discrepancies, we derived from these five existing databases an
integrated database of human genes that encode putative extracellular proteins. In a first
step, we removed MDSEC from the Venn diagram in Fig. 1A because allits genes were also
present in one or more of the other datasets. We also examined individually 56 unique
genes in SignalP by performing literature searches guided by UniProt on the subcellular
locations of the proteins they encode, which led to the exclusion of 36 genes that encoded
solely intracellular or transmembrane proteins. The remaining 20 genes were combined
with the unique Matrisome genes (Fig. 1B).

In a second step, we filtered out transmembrane proteins using the “transmembrane”
versions of the databases for Spoctopus and Phobius (Fig. 1C). In a third step, using
Compartments (Binder et al., 2014), a resource for subcellular localization of proteins, we
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filtered out proteins that did not contain the annotation term “extracellular” (Fig. 1D).
Finally, we combined all the remaining genes to form a new database, Exomatrix (Fig. 1E).

Naba et al. (2012) previously provided a useful subcategorization of extracellular proteins
into collagens, glycoproteins, proteoglycans, ECM-affiliated, ECM-regulators, and ECM-
secreted. This previous subcategorization was adopted for the genes in Exomatrix. We
manually assighed 233 new proteins to these subcategories based on UniProt and the
literature. However, 576 additional genes did not clearly fit into any of Matrisome’s
subcategories and were, therefore, simply included in an “others” subcategory (Fig. 1F).

Inter-sample reproducibility of proteomic data

Given the limited availability of human and NHP fetal neocortical samples, we assessed
the reproducibility of proteomic data between pairs of similarly aged samples. We used
both human and NHP samples in this study under approved IACUC and IRB protocols.
Given the dynamic changes in gene expression throughout cortical development, it was
important to perform proteomic analysis on pairs of samples that were closest in age,
namely two mid-gestation human samples at post-conceptional week (PCW) 16, and two
Rhesus macaque samples at 51- and 52-days post conception (dpc), which correspond
roughly to 90 dpc in humans. Samples were processed individually as described in
Methods to obtain their respective proteome datasets, listed as the genes encoding the
proteins detected. For each dataset, total hits were filtered to extract only the genes in
Exomatrix.

For the human and NHP samples, there was a good correlation between the pairs of
samples, R=0.87 and 0.90, respectively (Fig. 2A,D) . In addition, 92% of the hits (236/277)
were shared between both human samples, while 96% (220/229) were found in both NHP
samples (Fig. 2B,E). A comparative list of the top 25 hits in order of abundance for each
sample of a pair further illustrated these findings (Fig.2C,F), with matches present in the
top 20 hits in both samples of a pair highlighted in green and matches in the top 50 in light
green. Similarly, pairs of samples were also very well correlated separately for the 7
subcategories of ECM proteins described above, with few genes not appearing in both top
25 hits of paired samples (Suppl. Figs. 1 and 2). Overall, these findings support the
reproducibility of the proteomic method used here.

The extracellular milieu differs between layers in the developing cortex
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To obtain more defined information about the layered distribution of ECM components in
the developing neocortex, two human PCW 16 samples were microdissected into 3 layers
before processing for proteomics analyses. The layers corresponded roughly to the
germinal zones (a ~650 um layer starting from the ventricular surface), the subplate and
intermediate zone (the next ~900 um thick layer), and the cortical plate and marginal zone
(the outermost ~350 um layer; n = 2; Kostovic, 2020). Surprisingly, both the proportion of
the subcategories of extracellular components and the composition of each category was
similar for each layer (Fig. 3A, Suppl. Fig. 3). Nevertheless, some genes for the top 25 most
abundant proteins were unique to one or two layers (highlighted in orange and yellow,
respectively; Fig. 3B).

An interesting example is osteopontin (SPP1), present in the cortical plate and subplate.
This could be due to the role of SPP1 in adhesion, migration and differentiation, which are
critical processes occurring in these regions as neurons establish connectivity and form
mature circuits (Zhao et al. 2024). Its absence from the germinal zone could be explained
by the fact that this zone is primarily focused on cell proliferation rather than migration and
differentiation (Mahmud et al. 2020; Rabenstein et al. 2015). In contrast, the laminin
subunits LAMB1 and LAMB2 are specific to the germinal zone, where laminins play
essential roles in radial glial stem cell behavior (Radner et al. 2013).

Comparison of the extracellular proteome and transcriptome for mid-gestational
human neocortex

Proteomic and transcriptomic data from similar samples can vary in how well they
correlate due to biological factors and inherent technical limitations with each approach
(Haider et al., 2013). Therefore, to obtain a more reliable picture of the extracellular
proteome of a tissue, it can be valuable to compare proteomic and transcriptomic datasets
for similar samples. In line with this idea, we compared our Exomatrix-derived PCW 16
proteome data with published PCW 16 transcriptome data filtered for Exomatrix genes (to
obtain whole tissue transcriptomes, we pooled single-cell transcriptomes from PCW 16
datasets, Polioudakis et al., 2019).

As expected, there was not a one-to-one correlation between a protein and its mRNA
between samples (Fig. 4). Nevertheless, when comparing total Exomatrix proteins and
MRNA based on their ranked abundance in each dataset, there was a reasonable
correlation (R = 0.48, Fig. 4A). While >90% of proteins had a matching mRNA, only ~20% of
mMRNAs had a matching protein (Fig. 4B), at least in part due to the larger total number of
mMRNA hits because of higher sensitivity for detecting mRNAs over a wider range of
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abundance compared with the limited range for the proteomic approach used here. The
top 25 hits by abundance for the proteomic and transcriptomic datasets further reflect
these differences both for the whole cortex (Fig. 4C) and by subcategory (Suppl. Fig. 4).

Comparison of the extracellular proteome and transcriptome of early human
meninges

The early first trimester neocortex is a relatively simple structure comprised of a
pseudostratified neuroepithelium that will generate cortical excitatory neurons and
astrocytes, a marginal zone housing the earliest born Cajal-Retzius neurons, and the
primitive meninges comprised of specialized fibroblast-like cells and vasculature (Meyer et
al., 2000; Meyer 2007; Zecevic et al., 2010; Braun et al., 2023). While the early
neuroepithelium and marginal zones have been the focus of many studies, little is known
about the composition of the cell-sparse meninges.

To explore the extracellular components of the early meninges, we first performed a
clustering analysis of a previously published single-cell RNA sequencing (scRNAseq)
dataset for PCW 5.5 forebrain (Braun et al., 2023) (Fig. 5A; Suppl. Fig. 5). This revealed the
expected cell types for this early developmental stage of brain development. Fibroblast-like
cells and vascular cells, the cell types of the early meninges were identified by marker
expression. All gene counts from these two cell clusters were combined (maintaining
relative count abundance), filtered through Exomatrix to retain only genes encoding
extracellular proteins, and grouped into the 7 extracellular subcategories.

To substantiate the gene hits obtained from scRNAseq analysis, we performed proteomic
analyses on a pial sample from PCW 6.8 (the best age-matched samples we were able to
obtain). As with the scRNAseq data, proteomic gene hits were filtered through Exomatrix
and grouped into the 7 subcategories. The most abundant hits by subcategory were then
compared between scRNAseq and proteomics. The degree to which proteomic and
transcriptomic datasets matched varied depending on the subcategory, but generally
showed a positive correlation (Fig. 5B-D, Suppl. Fig. 6) (see also Discussions). Here, as with
PCW 16 tissue, most protein hits were present in the RNA data, while the opposite was not
the case (Fig. 5C), likely due to the differing sensitivity of each omics approach.

While some structural proteins identified in the early meninges, for example genes
encoding Collagen 1 (COL1), Fibronectin (FN1), Nidogen 1 (NID1), Versican (VCAN), have
been commonly associated with fibroblastic tissues, others were not as commonly
associated, such as TGF-beta-induced protein (TGFBI), Fibrinogen alpha (FGA), IGF-binding
protein 2 (IGFBP2), Nyctalopin (NYX), Osteoglycin (OGN), Osteonectin (SPOCK3), COLS6,
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Fibulin 1 (FBLN1), Laminin (Lam111 as a heterotrimer), Perlecan (HSPG2), Lumican (LUM),
Hyaluronan and proteoglycan link protein 3 (HAPLNS3), and Asporin (ASPN). Some of these
proteins (COL1, FN1, NID1, VCAN, TGFBI, and FGA) were confirmed by
immunohistofluorescence (IHF) analyses (Fig. 6 and not shown), while others remain to be
validated.

Similarly, for secreted signaling and regulatory factors, some were expected such as
Epidermal growth factor (EGF), CXCL12, FGF binding protein 3 (FGFBP3), Galectin 1
(LGALS1), and perhaps Semaphorin 3A (SEMA3A), while we did not anticipate others such
as S100 calcium binding protein A11 (S100A11), Secreted frizzled-related protein 1
(SFRP1), Midkine (MDK), and annexins, for example Annexin A2 (ANXA2).

Immunohistofluorescence analyses on select proteins

To learn more about the tissue distribution of certain proteins identified in the analyses
above, we selected some of the most abundant hits (from either the proteomic or
scRNAseq data) for IHF staining on PCW 9 sections (as we did not have sufficient PCW 6-8
tissue for IHF). In these experiments, to demarcate the developing cortical neural tissue
from its overlying non-neuronal meninges, we used LHX5, which is specifically expressed in
the most superficial neural cells of the developing cortex, the Cajal-Retzius neurons
(CRNSs) (Fig. 6A-E). Here, we present examples of IHF stains at PCW 9 that show protein
distributions that are specific for different layers of the developing human neocortex.

SLIT proteins are secreted ligands known to promote axon guidance and cell migration
during neural development (Gonda et al., 2020). SLIT2 was identified as a top hit,
underscoring a putative role in early cortical development. SLIT2 was detected throughout
the developing cortical parenchyma (including the germinal zones, not shown) and
excluded from the overlying meninges (Fig. 6A).

Fibulin 1 (FBLN1) is a secreted glycoprotein that integrates into fibrillar extracellular matrix,
and can interact with proteins such as laminin, nidogen, and fibrinogen (deVega et al.,
2009). FBLN1 was detected throughout the developing meninges and excluded from the
entire neocortical tissue proper (Fig.6B).

Decorin (DCN), FN1, and COL4 were associated with both vascular and meningeal
basement membranes. And unexpectedly, Fibrilin 2 (FBN2) was present exclusively in the
meningeal basement membrane separating the LHX5-positive CRNs in the marginal zone
from the overlying meninges (Fig. 6C-E). Fibrilins are an understudied family of ECM
proteins associated with non-neural syndromes in humans and suspected of playing
essential roles in creating elasticity within tissues (Peeters et al., 2022).
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DISCUSSION:

In this study, we aimed to explore the extracellular composition of the developing human
and NHP neocortices using a combination of scRNAseq, proteomics, and IHF analyses.
Our findings contribute to the understanding of the ECM and signaling components that
guide neocortical development, offering new insights into brain formation. While we
observed reasonable correlations between the proteomic and transcriptomic datasets,
there were notable differences between the two. Below, we discuss this and other points,
as well as their broader implications for neocortical development.

Correlation between Proteome and Transcriptome Datasets

The correlations between proteome and transcriptome data for both the PCW 16 neocortex
and meninges samples were positive but not robust. A key observation was that although
most (>90%) of the detected proteins had corresponding mRNA transcripts, only 10 and
20% of the mRNA transcripts were reflected in the proteomic data. This discrepancy is
likely due to several technical and biological factors, which highlight the inherent
limitations of these approaches.

Proteomic methods, including those used here, tend to have lower sensitivity compared to
transcriptomics. Mass spectrometry, while powerful for identifying abundant proteins, may
fail to detect low-abundance proteins due to limited dynamic range. In contrast, scRNAseq
can capture a broader range of mMRNA transcripts, including those expressed at low levels.
This likely explains why we observed many more transcripts than proteins in our datasets.
In addition, not all mMRNA transcripts are translated into proteins, and even when
translated, protein stability and degradation rates may vary significantly, contributing to
differences in detectable protein levels. Proteins with shorter half-lives may be present
only transiently, making them more difficult to capture in a proteomic analysis. The slight
difference in age and small sample sizes available for the proteomic and transcriptomic
ahalyses may also contribute to the discrepancies in the presence and abundance of
protein and mRNA species.

Certain proteins detected in the ECM proteome may come from external sources,
especially relevant for analysis of the meninges, which are highly vascularized and in which
the CSF is beginning to form. For example, circulating or diffusible factors may be detected
that are not synthesized by the local cells. This would lead to the detection of these
proteins in the proteome but not in the transcriptome of the source tissue, as its cells may
not be actively transcribing the corresponding genes.
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Lastly, technical limitations of both methods could contribute to the discrepancies. For
example, scRNAseq, while highly sensitive, has its own biases, particularly in capturing
transcripts from certain cell types or cellular compartments. Variability in sample
processing, such as the dissection and preservation of tissues, could also influence the
composition of detected mRNAs and proteins. Together, these factors likely contribute to
the moderate correlation between the proteomic and transcriptomic datasets, especially
for complex tissues like the developing neocortex and meninges.

The similarity between ECM Gene Sets across Cortical Layers at PCW 16

Another notable finding was the similarity in ECM gene sets across the cortical plate,
subplate, and germinal zones at PCW 16, despite the expected differences in the cellular
composition of these layers. This similarity may be partly explained by the structural
organization of the developing cortex and the imprecision of the dissections.

The cortical plate and germinal zones are cell-dense regions with relatively little ECM.
These zones primarily comprise precursor cells, proliferating neuroblasts, and
differentiating neurons. In contrast, the subplate is a large, cell-sparse region rich in ECM.
This region serves as a critical scaffold during development, guiding the migration of
neurons and the establishment of cortical circuits.

Itis also possible that the process of microdissection, imprecise at best, that was used for
proteomic analysis introduced some contamination between layers. Namely, the
subplate’s extensive ECM could have been inadvertently sampled during the dissection of
the cortical plate and germinal zone tissues, leading to an overlap in detected ECM
components. Even with careful microdissection, the fine structural boundaries between
these layers are difficult to preserve, particularly in the very soft developing brain, where
layers are not yet fully differentiated.

In addition, or alternatively, the overlap in ECM composition might reflect shared
developmental cues that influence multiple cortical layers. Structural and signaling
components, such as glycoproteins and growth factors, may diffuse across cortical layers,
playing roles in cell differentiation and tissue organization. Thus, the similarity in ECM
composition could indicate common extracellular signals regulating neocortical
development at this stage despite the cell differences between layers. Further studies,
such as IHF and RNA in situ hybridization analyses, will be required to shed more light on
these possibilities.

Broader Implications

The findings presented in this study offer several important implications for the
understanding of neocortical development. First, the moderate correlation between
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proteome and transcriptome datasets highlights the importance of employing
complementary omics approaches to fully capture the molecular landscape of developing
tissues. While transcriptomics provides a detailed map of gene expression, proteomics
offers a more functional readout of the proteins actively shaping tissue development.
Together, these methods can provide a more comprehensive view of the dynamic
interactions between cells and their extracellular environment.

Second, the observed similarities in ECM composition across cortical layers underscore
the need for careful consideration of both tissue architecture and experimental
methodology in developmental studies. The ECM plays a critical role in guiding neural
precursor cells, and even subtle variations in ECM composition between layers may have
significant effects on cortical organization and function. Future studies aimed at dissecting
the specific roles of some of the ECM components identified here will be crucial for
understanding how these extracellular elements contribute to normal neocortex
development and the etiology of neurodevelopmental disorders.

In conclusion, this study provides valuable insights into the extracellular composition of
the developing neocortex and meninges. The integration of transcriptomic and proteomic
data has illuminated new avenues for hypothesis-driven research, which could lead to a
deeper understanding of the molecular mechanisms that shape cortical development and
underlie neurodevelopmental diseases.

METHODS:

Sample sources

Specimens from PCW 5.5-16 human cortices were obtained from the Human Development
Biology Resource at the University College London and Newcastle University, the Birth
Defects Research Laboratory at the University of Washington, and the Jack D. Weiler
Hospital, Montefiore, with ethics board approval and maternal written consent. This study
was performed in accordance with ethical and legal guidelines of the Albert Einstein
College of Medicine institutional review board. Time-mated breeding of rhesus macaque
males and females was performed to obtain fetal samples and relatively specific days after
conception, which was accomplished by measuring estradiol daily in the female starting
from D5 to D8 after menses began (Sosa et al., 2018). Pregnancy was confirmed by
measuring progesterone as well as by ultrasound. Fetuses at 51 and 52 dpc were collected
by C-section. Allrhesus macaque time-mated breeding experiments were conducted
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following the approval of the Oregon National Primate Research Center (ONPRC)
Institutional Animal Care and Use Committee (IACUC).

In Silico definition of Exomatrix

The Matrisome database (Naba et al., 2012) was obtained through the GSEA (Gene Set
Enrichment Analysis) and MSigDB (Molecular Signatures Database) online resources,
accessible at: https://www.gsea-msigdb.org/gsea/msigdb/index.jsp. Data from SIGNALP,
MDSEC, SPOCTOPUS, and PHOBIUS extracellular and membrane databases were
retrieved through the Human Protein Atlas repository (Uhlén et al., 2015), available

at https://www.proteinatlas.org. The COMPARTMENTS database (Binder et al., 2014) was
utilized to gather and visualize protein subcellular localization evidence, accessible

at https://compartments.jensenlab.org. Manual curation of the protein list was guided by
the UniProt database (UniProt Consortium, 2023), available at https://www.uniprot.org. All
data filtering steps were conducted in R using the VennDiagram, dplyr,

and writexl packages. The code for this analysis is available

at: https://github.com/fvilicich/omicspaper/blob/main/OmicsPaper.

MmRNA and protein comparisons

Protein-protein and protein-mRNA correlations in human and primate samples were
analyzed using the built-in stats package in R. When comparing mRNA vs. protein data,
both datasets were ranked by abundance and then compared using Spearman’s
coefficient. Statistical significance was set at p < 0.05. Scatter and bar plots were
illustrated with the ggplot2 package in R.

Sample preparation for proteomics

Samples were flash-frozen in liquid nitrogen and stored at -80°C until the extraction day.
Upon extraction, 2% SDS extraction buffer was added (2% SDS, 20 mM TEAB, 2 mM DTT),
and the sample was sonicated in 3-second bursts until homogenization was achieved. The
homogenate was centrifuged at 12,000 RPM for 30 seconds. The supernatant was
collected as Fraction A, while the pellet was resuspended in 5% SDS extraction buffer (5%
SDS, 50 MM TEAB, 5 mM DTT). The sample was centrifuged again at 12,000 RPM for 30
seconds, and the supernatant was collected as Fraction B. Both fractions (A and B) were
combined and submitted for mass spectrometry analysis.

Pseudobulk of Pial Fibroblasts and Vascular Cells

Using the count tables from Braun et al. (2023) for PCW 5.5 forebrain scRNAseq, we
identified cell clusters using Seurat v4 with the default clustering parameters in the PCA
space. Using Feature plots and differentially expressed gene (DEG) lists identified by the
Wilcox Rank Sum Test of each cluster to all other clusters (see Supplementary Table 1), we
annotated each cluster by cell type based on the expression of canonical forebrain cell
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type markers. After identifying cell types, we subset the pial fibroblast-like and vascular
cells and aggregated the counts of the cells belonging to this subset for each gene. Code is
available at https://github.com/Sesukai87/0Omics-Paper/blob/main/Omics_Paper_Code.R.
Next, we selected only those genes that fell into the 7 ECM subcategory groups from
Exomatrix. Finally, We identified the most abundant ECM genes in each pseudo-layer
based on the aggregate counts in each subcategory).

Immunohistofluorescence

Formalin-fixed paraffin-embedded (FFPE) blocks of cortical tissue, aged PCW 9, were
provided by the Human Development Biology Resource center (London, United Kingdom).
Blocks were processed at the Histology & Comparative Pathology Core at Albert Einstein
College of Medicine (Bronx, NY, USA) and sectioned at 25 pm. The sections were
deparaffinized and rehydrated by undergoing the following washes: xylene (3 min) twice,
xylene:ethanol (3 min) twice, 100% ethanol (5 min), 95% ethanol (3 min), 75% ethanol (3
min), 50% ethanol (3 min), water (3 min) twice. Antigen retrieval was performed on all
sections by submerging slides in sodium citrate buffer (10mM sodium citrate, 0.05%
Tween-20, pH 6.0) and heating in a microwave at 98°C for 20 minutes. Sections were
incubated in 50 mM glycine at RT on a shaker for 5 minutes and washed with 1X PBS for 5
minutes. Primary antibodies (see Table immediately below) were prepared in blocking
buffer (5% donkey serum and 0.025% sodium azide in 0.3% Triton X-100 in DPBS) and
added to each section for incubation at 4°C overnight. The sections were washed twice
with PBS for 5 minutes and incubated with secondary antibody (1:500) combinations for 2
hours on a shaker at RT and Hoescht for 5 minutes at RT. Each slide was washed with PBS
twice for 5 minutes, mounted with Flouromount-G (ThermoFisher, New Jersey, United
States, cat. 00-4958-02) and covered with a glass coverslip. Sections were imaged with an
epifluorescence microscope and analyzed using Adobe Photoshop.

Name Abbreviation Vendor Catalog No. Host Dilution
Species

Anti-Lim- LHX5 ThermoFisher | PA5-47828 Goat 1:500
homeobox gene 5
Anti-Slit2 SLIT2 Abcam ab124166 Rabbit 1:500
Anti-Fibulin 1 FBLN1 Abcam ab211536 Mouse 1:500
Anti-Fibrillin 2 FBN-2 ThermoFisher | PA5-52995 Rabbit 1:500
Anti-Collagen IV | COLIV Abcam ab6586 Rabbit 1:500
Anti-Heparan HSPG2 Abcam ab2501 Rat 1:250
Sulfate
Proteoglycan
2/Perlecan
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Anti-Fibronectin FN1 Abcam ab2413 Rabbit 1:1000
Hoescht 33342 Hoescht Life 40047 1:10000
Technologies
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FIGURE LEGENDS:

Fig.1. Bioinformatics pipeline used to define Exomatrix. A) Venn diagram showing the
overlap of extracellular proteins from five databases. B) Venn diagram illustrating the
number of proteins after the exclusion of MDSEC and manual curation of non-overlapping
proteins in SIGNALP, with of 20 these proteins moved to the Matrisome dataset. C) Venn
diagram showing the number of proteins remaining after applying a transmembrane filter.
D) Venn diagram showing the remaining proteins after excluding those lacking the
"extracellular" annotation from the Compartments resource. E) Diagram showing the
number of proteins after merging the final three databases. F) Pie chart illustrating the
distribution of proteins across Exomatrix subcategories (subcategories adopted and
adapted from Matrisome).

Fig.2. Reproducibility of proteomic data. (A,D) Scatter plots showing paired protein
abundance between PCW16 human and 51/52D primate samples. (B-E) Bar plots
depicting the numbers of proteins identified in each sample of a pair, with those inred in
both samples and those in light red only in one. (C-F) Tables listing the top 25 most
abundant proteins in each pair of samples.

Fig.3. Extracellular proteins in three layers of the human developing brain. A) Pie charts
illustrating the proportion of Exomatrix proteins by subcategory in each layer. B) Tables
listing proteins in the top 25 that are unique to individual layers and proteins only shared by
two layers.

Fig.4. mRNA and protein correlation in PCW16 human samples. A) Scatter plot
illustrating the ranked abundance of mMRNA and protein levels for the same genes. B) Bar
plots showing the proportion of proteins detected with their corresponding mRNA and the
reverse (MRNA with corresponding proteins). C) Tables listing the top 25 most abundant
mMRNAs and proteins, highlighting the overlap.

Fig.5. Comparison between PCW6.8 proteomic data and PCW5.5 scRNAseq data from
meninges. A) Clustering and cell type selection for pseudo-bulk analysis. B) Bar plots
illustrating the proportion of proteins with corresponding mRNA within each Exomatrix
subcategory. C) Bar plots displaying the proportion of proteins with corresponding mRNAs
and vice versa. D) Tables listing all or the top 25 most abundant proteins in each
subcategory, highlighted for their corresponding mRNA abundance.

Figure 6. Distribution at PCW 9 of select abundant ECM proteins identified in omics
analyses. LHX5-positive CRNs were used to identify the apical cortical layer and mark the
separation of cortex from the developing meninges (A-E). While SLIT2 is present only within
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the cortical parenchyma, FBLN1 (B), COL IV (D), and FN1 (E) are observed primarily within
the meninges. FBN-2 (C) exclusively marks the pial basement membrane. MZ: Marginal
Zone, CP: Cortical Plate, SP: Subplate, VZ: Ventricular Zone; Scale bars: 25 pym (A, B, C),
100 pm (D, E).

SUPPLEMENTARY FIGURE LEGENDS:

Fig.S1. Reproducibility of human proteomic data across Exomatrix subcategories. (A-
F) Bar plots illustrating the total number of proteins detected in samples 1 and (S1 and S2),
highlighting shared proteins between samples. Tables display all or the most abundant 25
proteins within each subcategory.

Fig. S2. Reproducibility of primate proteomic data extraction across Exomatrix
subcategories. (A-F) Bar plots illustrating the total number of proteins detected in 51D
and 52D, highlighting shared proteins between samples. Tables display all or the most
abundant 25 proteins within each subcategory.

Fig. S3. Composition of the extracellular milieu in different layers of the developing
human brain. Proteins are ordered by abundance in each subcategory. Tables display all
or the most abundant 25 proteins within each subcategory. (A-G). Tables listing proteins
unique to individual layers (orange), proteins shared between two layers (yellow), and
proteins presentin all three layers (no highlight).

Fig. S4. Protein and mRNA in meninges across Exomatrix subcategories. (A-G) Tables
listing all of the top 25 most abundant mRNA and proteins by abundance. Green highlights
presence in the top 25 of both protein and RNA, while light green highlights presence in the
top 25 of one and top 50 of the other.

Fig. S5: Feature plots of UMAPs for PCW 5.5 forebrain containing meningeal cells. Cell
type categories were inferred from a combination of clustering using Seurat v4 default
FindNeighbors and FindClusters as well as feature plots for canonical cortical cell type
markers, including but not limited to those shown.
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