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The physical properties of stem cell
niches are thought to mediate important
regulatory functions. Here we provide a
proteomic resource of the neural stem
cell niche in comparison to gliogenic
brain parenchyma, highlighting stiffness
and the enzyme transglutaminase 2 as
key regulators of neurogenesis.
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SUMMARY

The mammalian brain contains few niches for neural
stem cells (NSCs) capable of generating new neu-
rons, whereas other regions are primarily gliogenic.
Here we leverage the spatial separation of the sub-
ependymal zone NSC niche and the olfactory bulb,
the region to which newly generated neurons from
the sub-ependymal zone migrate and integrate, and
present a comprehensive proteomic characteriza-
tion of these regions in comparison to the cerebral
cortex, which is not conducive to neurogenesis and
integration of new neurons. We find differing compo-
sitions of regulatory extracellular matrix (ECM) com-
ponents in the neurogenic niche. We further show
that quiescent NSCs are the main source of their
local ECM, including the multi-functional enzyme
transglutaminase 2, which we show is crucial for neu-
rogenesis. Atomic force microscopy corroborated
indications from the proteomic analyses that neuro-
genic niches are significantly stiffer than non-neuro-
genic parenchyma. Together these findings provide
a powerful resource for unraveling unique composi-
tions of neurogenic niches.

INTRODUCTION

Adult stem cell niches provide complex regulatory architectures
that maintain the stem cell population and prevent terminal differ-
entiation (Crane et al., 2017; Donnelly et al., 2018; Gonzales and
Fuchs, 2017; Meran et al., 2017; Vining and Mooney, 2017). In
the adult mammalian brain, the neural stem cell (NSC) niches
are unique in supporting neurogenesis (Conover and Todd,
2017; Ruddy and Morshead, 2018), as only gliogenesis takes
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place in the remainder of the brain (see e.g., Gotz et al., 2016;
Lim and Alvarez-Buylla, 2016). The brain parenchyma outside
these niches (e.g., neocortex; Figure 1A) even limits the neuro-
genic potential of transplanted NSCs or neuroblasts (Barker
et al., 2018; Englund et al., 2002; Fricker et al., 1999; Seidenfaden
et al., 2006; Winkler et al., 1998). The largest NSC niche, the sub-
ependymal zone (SEZ), generates neuroblasts that migrate to the
distant olfactory bulb (OB), where they differentiate and integrate
(Figures 1B and 1C) (Lim and Alvarez-Buylla, 2016). This spatial
separation allows the determination of the composition of the
NSC niche (SEZ) that maintains the stem cells and generation of
neuroblasts in comparison to the OB niche as an environment
fostering neuronal differentiation and integration of new neurons.

The SEZ, located at the lateral wall of the lateral ventricles that
are lined by ependymal cells, harbors nestin+ quiescent NSCs
that can be activated and give rise to transit-amplifying progen-
itors (TAPs) that then generate doublecortin (Dcx)-positive neu-
roblasts (Figure 1C). The medial side of the lateral ventricle, the
medial sub-ependymal zone (MEZ), also shares ependymal cell
lining and access to the cerebrospinal fluid (CSF). As it contains
many fewer NSCs and Dcx+ neuroblasts (Figure 1C) than the
SEZ, this region provides a useful comparative tissue to identify
specific components of the NSC and neurogenesis-associated
environment. Individual proteins and ECM structures (Kerever
et al., 2007) have been described as specific for the NSC niches
in the adult murine brain, such as the ECM proteins Tenascin-C
(Tnc) and Thrombospondin 4 (Thbs4) that both may regulate as-
pects of migration (Faissner et al., 2017; Garcion et al., 2001; Gir-
ard et al., 2014; Kazanis et al., 2007) or the matrix-associated
protein Plexin-b2 that regulates proliferation and migration
(Saha et al., 2012). However, no comprehensive proteomic anal-
ysis of this important niche has yet been performed. Likewise, in
the OB, two matrix proteins, Reelin (Reln) and Tenascin-R (Tnr),
have been reported to regulate the change from tangential to
radial neuroblast migration (Figure 1B) (David et al., 2013; Hack
et al., 2002), and, besides neuronal activity, little is known about
factors allowing the integration of new neurons into pre-existing
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networks in the adult brain (Hardy and Saghatelyan, 2017; Lledo
and Valley, 2016).

In contrast to the above-described niches, the mature brain
parenchyma allows neither neurogenesis nor integration of
new neurons in the absence of injury (Frisén, 2016). It contains
a specialized extracellular matrix called “perineuronal nets”
(PNNs) that is built up around neurons late in development and
serves to restrict neuronal plasticity (Deepa et al., 2006). As the
NSC niche contains no neurons, and hence no PNNs, its ECM
composition is expected to differ from the brain parenchyma,
but the actual composition is largely unknown, as are potential
differences in ECM composition between the OB and brain
parenchyma.

The ECM, the “matrisome,” consists of core ECM proteins
often forming ECM structures, such as the basement membrane
(BM) and associated ECM proteins, many with primarily protein-
regulatory functions. The latter is essential for the enrichment
and function of many growth factors and other signaling factors
and, hence, is of key interest to mediate regulatory functions of a
local niche. The proteins associated with the structural ECM can
be enriched through detergent de-cellularization (Naba et al.,
2012), but this has not yet been done in the NSC niches.

In contrast to the paucity of proteome data, the transcriptomes
of SEZ NSCs, their progeny, and the surrounding niche cells are
well studied (Beckervordersandforth et al., 2010; Codega et al.,
2014; Kalamakis et al., 2019; Llorens-Bobadilla et al., 2015). How-
ever, gene expression analysis has proven inadequate to fully
describe the proteome, including the tissue matrix environment
(Angelidis et al., 2019; Schiller et al., 2015). For example, neuro-
genic and neuronal mMRNAs are upregulated in NSCs and progen-
itors, but translation is inhibited to avoid premature differentiation
and allow amplification of the lineage, a phenomenon referred to
as “lineage priming” (Baser et al., 2019; Beckervordersandforth
et al., 2010; Gotz et al., 2016; Lepko et al., 2019). Moreover,
proteins may be derived from the CSF that is contributing to the
maintenance of the SEZ stem cell niche (Lepko et al., 2019;
Silva-Vargas et al., 2016). Determining the composition of the pro-

teome, including the matrisome of the neurogenic niches, is thus
important, particularly given the influence of the ECM composition
on mechanical tissue properties, which regulate fate decisions of
adult stem cells, such as muscle or mesenchymal SCs (Engler
et al., 2006; Gilbert et al., 2010; Vining and Mooney, 2017). Neural
crest SCs have been found to differentiate into smooth muscle
cells on stiffer substrates and glial cells on softer substrates
(Zhu et al., 2019), consistent with CNS tissue belonging to the soft-
est tissues in our body (Franze et al., 2013). This softness of CNS
tissue is most likely due to low expression of certain structural ma-
trix constituents, such as collagen |, and the soft nuclear matrix of
neurons, given their low content of lamin A (Swift et al., 2013).
Tissue stiffness has been shown to potently influence neurite
outgrowth (Koser et al., 2016; Stukel and Willits, 2018), and
NSCs possess mechanosensitive ion channels whose activity
affects their self-renewal and differentiation (Pathak et al., 2014;
Petrik et al., 2018). However, the mechanical properties of the
adult stem cell niche are currently unknown.

Here we set out to provide a first in-depth characterization of
what makes the composition and architecture of the adult brain’s
neurogenic niche uniquely different from the non-neurogenic
brain parenchyma.

RESULTS

High-Resolution Proteome Defines Niche-Specific
Features

For ultra-deep proteomic assessment of the neurogenic niches,
we used library-matched single shot (LMSS) proteomics (see
STAR Methods). Cerebral cortex (Cx) gray matter (GM, omitting
the white matter [WM] and meninges) was compared with the OB
(also omitting the meninges), the SEZ, and the MEZ (Figure 1D).
To obtain SEZ and MEZ samples, we performed cryo-micro-dis-
sections on 100-um-thick tissue sections after removing cortex
with corpus callosum and choroid plexus (10 sections per
sample) (Figures 1E, 1F, and 1F’). The combination of methods
allowed very high precision and proteome-measurement depth

Figure 1. High-Resolution Proteome of the Somatosensory Cortex and Neurogenic Niches

(A-C) The schematic drawing indicates a sagittal section of the adult murine brain with example photomicrographs of the regions used in this analysis —the non-
neurogenic somatosensory cortex (A), the olfactory bulb (OB), where new neurons (labeled for doublecortin [Dcx]) integrate (B), and the lateral sub-ependymal
zone (SEZ) where most NSCs reside, whereas only a few are located in the medial sub-ependymal zone (MEZ) (C). Sections were immunostained as indicated in
the panels and are confocal z stacks.

(D) Experimental workflow using loss-less nano-fractionation for library-matched single shot measurements.

(E) Schematic of the high-precision cryo-dissection of the SEZ and the MEZ.

(F) Picture of a 50-um frozen coronal section (white, ventral down) with cortex, corpus callosum, and choroid plexus removed. (F) shows magnification of the
dissected region visible as a thin gray line.

(G) Photomicrographs of cryo-dissected SEZ and MEZ (separated from striatum [Str] and septum [Sep]) stained for GFAP and DAPI (left panel) and cryo-
dissected SEZ stained for GFAP, collagen 4 (Col4), myelin-associated glycoprotein (MAG), and DAPI (right panel).

(H) Number of proteins quantified in the library sample measurements and the library-matched single shot (LMSS) sample measurements for each region. Data
are shown as mean + standard deviation (n = 1 library sample per region, n = 4 single shot samples per region). See also Figures STA-S1D.

(I) Principal component analysis (PCA) for each brain region. Components 1 and 2 separate the main regions. The SEZ and the MEZ are similar in these
components.

(J) Colors indicate three categories that are enriched, respectively, in the Cx, the OB, and both the SEZ and the MEZ (FDR is presented for each category).
(K) Heatmap of 4,786 proteins found to be of different abundance comparing the four brain regions (n = 4 per region). Intensities are based on label-free
quantification (LFQ) intensities after unsupervised hierarchical clustering (ANOVA with Benjamin-Hochberg post hoc test, FDR = 0.05).

(L) The datasets were annotated with Uniprot keywords and the matrisome annotation (see STAR Methods). Enriched features of the OB in comparison to the
Cx were then scored (0 to 1) and are displayed in a bar graph (1D-annotation enrichment, FDR = 0.05). Conversely, features with a negative score (0 to —1) are
enriched in the Cx compared to the OB.

(M) Enriched features of the SEZ in comparison to the Cx were analyzed in the same manner (1D-annotation enrichment, FDR = 0.05).

Scale bars as indicated in the panels.
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of the small SEZ and MEZ regions, avoiding the myelin-associ-
ated-glycoprotein-rich (MAG+) brain parenchyma (Figure 1G).

We identified a total of 10,923 proteins in the library samples
(four pooled tissue samples from each region) and 6,690 in
LMSS samples (n = 4 per region) (Figure 1H; Table S1). Among
the library-exclusive proteins, transcription factors (p = 1.68 x
1079), cytokines, and neurogenesis-associated mitogens (e.g.,
interleukin-18, insulin growth factor, Vegf-a, etc.) were signifi-
cantly enriched. As these are low-abundance proteins, in vivo
proteome measurements of such factors have previously been
unattainable. Our library measurements demonstrate that the
mitogens and transcription factors known to be required for neu-
rogenesis (e.g., Pax6) (Ninkovic et al., 2013) can be revealed and
quantified in vivo with a proteome depth of 10,000 proteins (Fig-
ures STA-S1D; Table S1).

The principal component analysis (PCA) of the four regions re-
vealed that the SEZ and the MEZ have a more similar proteome
than the other two regions (Figure 11). An enriched common cate-
gory was cilium movement (p = 3.93 x 10~°) (Figure 1J), high-
lighting that proteins from a single cell layer, the ependymal cells
lining the ventricle, can be detected: e.g., Tektin (Tek1), a protein
exclusive to ependymal cells and NSCs at the SEZ (https://shiny.
mdc-berlin.de/SVZapp/).

Intotal, 4,786 proteins had a differential abundance among the
four regions (ANOVA, FDR = 0.05) (Figure 1K). To identify fea-
tures enriched in the neurogenic niche, we analyzed differences
in protein abundance for either the OB or the SEZ in comparison
to the Cx. Proteins were annotated with Uniprot keywords and
the improved ECM annotation (http://matrisome.org; see STAR
Methods). Enriched features of the OB included several nuclear
and gene-regulatory processes (1D-annotation enrichment,
FDR = 0.05) (Figures 1L and S1F; Table S2). This suggested
that the OB has a larger proportion of gene-regulatory proteins,
possibly because of the large population of maturing neuro-
blasts. Processes less pronounced in the OB compared to the
Cx included synapse-associated features and core-matrisome
proteins.

Proteins enriched in the SEZ, like in the OB, were associated
with gene regulation and also oxidative phosphorylation (Figures
1M and S1E; Table S2), which is consistent with the fact that
NSCs are largely glycolytic and the metabolism has to change
as they differentiate into neuroblasts (Beckervordersandforth,
2017; Knobloch and Jessberger, 2017). Annexin-family proteins
were found enriched in the SEZ compared to the Cx (Figure 1M),
a notable observation given their importance in regulating the
proliferation and migration of cancer cells (Lauritzen et al.,
2015). Core matrisome proteins demonstrated the highest abun-
dance in Cx (p < 0.0001, Kruskal-Wallis test with Dunn’s multi-
ple comparison test) (Figure 2A), and several proteins of the
PNNs had higher abundance in the Cx and the MEZ compared
to the SEZ and the OB (Figures 1L and 1M). None of the proteo-
glycans associated with migration during developmental neuro-
genesis, such as neurocan, aggrecan, or versican (Long and
Huttner, 2019; Maeda, 2015), were an enriched component of
the matrisome at the SEZ; instead, aggrecan was enriched in
the OB in line with an association to neuroblasts (Figures 2B,
2C, and S2A-S2C). These data validate the quality of the dataset
and provide a rich resource that can be accessed as a web-
based database (https://neuronicheproteome.org).
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Identification of Niche-Specific Marker Proteins

The abundance of neurogenesis-associated proteins was lower
in the MEZ compared to the SEZ but still detectable, further sup-
porting the depth of our analysis. One such protein is Tnc, the
neurogenic niche-associated ECM protein discussed above
(Roll and Faissner, 2014) that was enriched in the SEZ versus
the MEZ, as expected (Figures 2A and 2B). We then compared
the relative abundance of proteins in the SEZ, the MEZ, and
the OB to the Cx as a control. These region-specific compari-
sons determined, S100a6 and C1qgl3 among others, to be
distinctly enriched among matrisome-associated proteins of
the SEZ (Figures 2B, 2C, S2B, and S2C). We therefore aimed
to determine which cells produce these SEZ-enriched proteins.
Immunostaining for S100a6 was high in the SEZ and comparably
absent in the MEZ (Figure 2D) and low to absent in astrocytes in
the Cx parenchyma (Figures S3G and S3H), in agreement with
our analysis. Excitingly, however, S100a6 staining labeled
NSCs (slow dividing nestin+ cells in the SEZ; Figures S3B,
S3C, and S3F), but not neuroblasts (Dcx+; Figures 2D, 2G, and
S3A-S3C). Likewise, S100a6 staining also extends into the
rostral migratory stream (RMS), co-localizing with GFAP+ cells,
but not Dcx+ neuroblasts (Figures S31 and S3K). It is worth noting
that NSCs, expressing GFAP, have been identified also at these
more rostral positions (Alonso et al., 2008). Moreover, we also
found S100a6+ GFAP+ cells in the WM (Figures S3E and S3J),
consistent with the presence of some NSCs there (Lim and Al-
varez-Buylla, 2016). Thus, S100a6 not only labels NSCs in the
dentate gyrus (DG) (Yamada and Jinno, 2014) but more broadly
allows distinguishing NSCs from astrocytes, which is important
as especially reactive astrocytes and NSCs share most of the
so-called “astrocyte markers” (Beckervordersandforth et al.,
2010; Gotz et al., 2015).

Interestingly, single-cell RNA sequencing (scRNA-seq) data
from the SEZ (Kalamakis et al., 2019) also showed enrichment
of S100a6 specifically in a primed-quiescent subtype of NSCs,
gNSC2 (Figure S6A), identifying these cells as the main source
for the specific enrichment of S100a6 in the SEZ. Most notably,
this proved to be the case for most mRNAs encoding for matrix
proteins that are highest in quiescent NSCs, whereas activated
NSCs, TAPs, and neuroblasts express very few ECM compo-
nents (Figure S6A). Thus, NSCs contribute to the composition
of their own niche (see also Faissner et al., 2017).

Some proteins enriched in the SEZ were also enriched at
mRNA levels as seen by in situ hybridizations in the Allen Brain
Atlas (Figures 21 and S4J). The systematic comparison of RNA
and protein enrichment in the SEZ compared to the Cx and the
OB, however, showed profound differences (Figures S6B and
S6C; Table S5). For example, some RNAs were expressed at
significantly higher levels in the SEZ compared to the Cx, but
the respective proteins were lower abundance or not much
different between the SEZ compared to the Cx (Figure S6B; Ta-
ble S6). This is to be expected from the “lineage priming” as
introduced above (Beckervordersandforth et al., 2010; Gotz
et al., 2016; Lepko et al., 2019) and would lead to “false posi-
tives” if relying on RNA data only. Even more misleading could
be the class of proteins that we found enriched in the SEZ
compared to the Cx, which had lower mRNA levels in SEZ
compared to the Cx (Figure S6B). For example, the C1qI3 protein
is enriched at protein level in the SEZ, but mRNA is lower in the
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Figure 2. Niche-Specific ECM and NSC Markers

(A) Distribution plots of each brain region in the different categories of the matrisome as indicated. Average LFQ intensities for each protein were Z scored and
displayed in whisker plots (ANOVA, Kruskal-Wallis test with Dunn’s multiple comparison test, *p = 0.05, **p = 0.01, and ***p = 0.001).

(B) Scatterplot with the matrisome (black) and matrisome significantly different (FDR < 0.1) comparing the SEZ and the MEZ (red) highlighted.

(C) Scatterplot with the relative SEZ and OB values and significant differences (FDR < 0.1) between intensities for the SEZ and the OB. Both plots highlight
S100a6 and C1ql3 as enriched in the SEZ. See also Figures S2B and S2C.

(D-H) Photomicrographs of the ventricle and the SEZ and the MEZ from coronal brain sections of C57BL/6J mouse or mVenus/C1q/3 transcriptional reporter
mouse immunostained as indicated. Note that S100a6 and C1qlI3 are not found in Dcx+ neuroblasts or parenchymal astrocytes and, typically, neither in
ependymal cells. Scale bars as indicated, and (D) and (E) are z stacks of confocal images, while (F)-(H) are single optical sections. See also Figures S3 and
S4A-S4l.

() In situ hybridization shows mRNA expression in the SEZ. Image credit: Allen Institute for Brain Science.
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Figure 3. Regional Matrisome Distribution and Neurogenic Niche-Specific Matrisome

We compared 158 matrisome proteins and 78 of these had a significantly different distribution in the respective regions, of which the somatosensory cortex was
found to be most abundant with extracellular matrix proteins. The heatmap displays unsupervised hierarchical clustering of the matrisome proteins with
significantly different abundance when comparing the four brain regions (ANOVA with Benjamin-Hochberg post hoc test, FDR = 0.05). Members of different
clusters (indicated by bars on the right of the heatmap) are listed on the further right of the heatmap in colored areas.

SEZ compared to the Cx. Moreover, C1qI3 was not detectable
among the stem cell stages in the published scRNA-seq data
(Figure S6C). This prompted us to examine the source of this pro-
tein in the SEZ.

To do so, we took advantage of the C7g/3-mVenus reporter
mouse line (Martinelli et al., 2016). With this allele, any cell that
expresses C1ql3 is marked by expression of cytoplasmic
mVenus (not a fusion protein). In brain, C1qI3 has thus far
been identified as a synaptic protein and, accordingly,
mVenus+ cells in this reporter line in the brain parenchyma
are mostly neurons (Martinelli et al., 2016). In the SEZ, however,
C1ql3-mVenus+ cells were Dcx negative, i.e., not neuroblasts
but nestin+ and S100a6+ NSCs (Figures 2E, 2F, S4A-S4C,
and S4F). Conversely, we could not detect mVenus+ astrocytes
in the brain parenchyma and the OB (Figures S4D, S4E, and
S4G-S4l). Ependymal cells located at the ventricle and
S100b+ did not contain S100a6 levels above background
nor co-localized with C7g/3-mVenus (Figures 2G and 2H).
Hence our analysis not only identified two SEZ-enriched NSC
proteins whose role may extend beyond being niche-specific
marker proteins but also showed a multitude of SEZ enriched
proteins that were not detected by RNA analysis (Figures
S6B and S6C).
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Biochemical Profiling of the Neurogenic Niche-Specific
Matrisome

Here we present an overview of the regional distribution of all
matrisome proteins with significant abundance differences
across conditions (Figure 3; unsupervised hierarchical clus-
tering, Pearson correlation). The OB and the SEZ are particularly
rich in serpins, vitronectin, and Tnc, whereas the SEZ and the
MEZ share high levels of annexin and several S100 proteins (Fig-
ure 3). Interestingly, annexin and S100 proteins interact and
regulate a variety of processes, including membrane fusion
and repair (Jaiswal and Nylandsted, 2015). These may be of
particular relevance in migrating cells present in both of these re-
gions. Additional ECM-associated proteins in both the SEZ and
the MEZ included the well-known Thrombospondin 4 (Thbs4)
and the ECM cross-linking protein Transglutaminase 2 (Tgm2)
that has so far not been described at protein level in the neuro-
genic niches (see below).

Matrisome proteins provide structural support and tether cell-
surface proteins or soluble growth factors and thereby regulate
their signaling functions. A way of experimentally enriching
ECM proteins is to de-cellularize tissue using detergents and
analyze the detergent-insoluble ECM components (Naba et al.,
2012). However, such a method inherently loses ECM-affiliated
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proteins that associate with weaker affinity with the ECM. In
contrast, methods that use protein-abundance correlation
across fractions of protein derived by stepwise centrifugation
or differential detergent extraction can be used to assess
biochemical properties of proteins, including their association
strength with ECM, in a proteome-wide fashion. We therefore
used the quantitative detergent solubility profiling (QDSP)
method (Schiller et al., 2015) and sequentially separated Cx,
OB, and SEZ tissue samples into four protein fractions.

Tissue proteins were separated by extraction with increasing
stringency using consecutive extraction with four distinct deter-
gent mixtures (Figure 4A), leading to the identification of 8,308
proteins (Figure 4B; Table S3). For comparison of protein solubi-
lity profiles, their intensities were Z scored within each region and
relative protein abundance was compared in the four fractions by
averaging the profile between regions to permit “brain” solubility
profile comparisons for specific categories. As expected, we
found “brain” core matrisome proteins, such as collagens and
laminins, to be enriched in the fourth fraction and thus more
insoluble, whereas matrisome-associated proteins, such as
S100 proteins and serpins, were most abundant in the first
fraction and thus more soluble (p < 0.0001, Kruskal-Wallis
test) (Figures 4C, S5A, and S5B). Notably, the brain-specific
ECM proteins associated with the PNNs (Figures 4C and S2G)
form a soft structural matrix in the Cx, since they typically enrich
in fraction three with much lower abundance in the insoluble
fraction four (p = 0.0002, Kruskal-Wallis test). The PNN proteins
neurocan (Ncan) and hyaluronan and proteoglycan link protein 1
(HapIn1) were distinctly more soluble in the OB compared to
other regions (Figure S2G), an observation possibly related to
the integration of new neurons into the network and a high de-
gree of synaptogenesis.

Comparing all solubility profiles between the three regions, we
found 1,208 proteins to have significantly different profiles (two-
way ANOVA, p < 0.05) (Figure 4D). Unsupervised hierarchical
cluster analysis revealed the OB to have many profiles that differ
in their solubility from Cx and the SEZ, in particular in the fourth
fraction. Since such solubility shifts may contain information
concerning protein functions, we assessed the cellular features
associated with proteins either more or less soluble (only fourth
fraction) in the OB compared to the Cx (1D-annotation analysis,
FDR = 0.05). Enriched features among the more insoluble pro-
teins in the OB were associated with gene regulation and cell

adhesion, as well as core-matrisome proteins and proteoglycans
(Figure 4F; Table S4). Lamin b1 and Lamin b2 were significantly
more insoluble in the OB, suggesting that some or many cells
have a nuclear matrix that is more insoluble (Figure 4G; Table
S4). It should be noted that many, but not all, gene regulatory-
associated proteins had a more insoluble profile in the OB, high-
lighting possible differences in nuclear architecture that remain
to be explored. Along these lines, we observed that the presence
of transcriptional and epigenetic regulators in different solubility
fractions with tissue specificity, e.g., Sp8 and Dnmt3a, were less
soluble, whereas Stat3, Meis2, and Gsk3b were more soluble in
SEZ tissue (Figure 4G). Meis2 is an important regulator of neuro-
genesis in the SEZ (Kolb et al., 2018), prompting the suggestion
that different solubility may reveal tissue-specific differences in
transcriptional function. Another category in the more insoluble
group of the OB included matrisome proteins, e.g., all three de-
tected glypicans (Gpc1, Gpc4, and Gpcb) (Figure 4H). Thus, its
less soluble ECM and nuclear lamina predict potentially higher
tissue stiffness of the OB, a prediction that we tested and
confirmed below.

Next, we focused on the solubility profiles of ECM compo-
nents, providing a heatmap of the “brain” matrisome solubility
profiles (Figure 5A; unsupervised hierarchical clustering, Pear-
son correlation). This highlights that familiar neurogenic niche
ECM proteins are surprisingly soluble (Figures 5B and 5C). Inter-
estingly, the solubility profile of C1qI3 in the SEZ is distinctly
different from the one in the OB and the Cx (Figure 5D), suggest-
ing its localization in a different more soluble compartment
compared to its normal synaptic membrane association. Indeed,
matrisome proteins were generally more enriched in the soluble
compartments of neurogenic niche-specific ECM-associated
proteins (p < 0.0001, Kruskal-Wallis test) in the SEZ (n = 26) or
the OB (n = 19) compared to the Cx in the LMSS data (FDR =
0.1) (Figure 5E). The solubility of proteins enriched in the Cx
(n = 40) compared to either the SEZ or the OB (FDR = 0.1) in
contrast had either a more membrane-associated or non-diffus-
ible solubility profile. The structural ECM is thus not enriched in
the neurogenic niche, including the typical “soft” structural brain
ECM, although individual proteins with these properties can be
found enriched in both the SEZ and the OB. Reln is uniquely
insoluble in the OB (Figure 5C), whereas Tgm2 is one of the
few proteins that was enriched in the SEZ (and the MEZ) that
has a largely insoluble profile (Figure 5A).

Figure 4. Compartment Analysis with In-Depth Quantitative Proteomes of the Somatosensory Cortex and the Neurogenic Niches
(A) With stepwise de-cellularization we determined insoluble and various diffusible grades of ECM and other cellular compartment-associated proteins.

(B) Total number of quantified proteins for all regions (top, black and gray) and proteins quantified in each detergent fraction from each of the three brain regions
(bottom, color). Each sample fraction is shown as mean + standard deviation (n = 4 in each brain region).

(C) Solubility profile overview and distribution plot for the proteins in the displayed categories. Abundances were Z scored and then averaged for each protein in
these categories shown in whisker plots with number of proteins in each category displayed in the graphs. Insoluble proteins distribute more toward fraction four
and soluble proteins distribute toward fraction one (significance analyzed with Kruskal-Wallis test with Dunn’s multiple comparison test). See also Figures S2G,
S5A, and S5B.

(D) Heatmap of 1,216 proteins with significantly different solubility among our three regions (FDR > 0.05).

(E and F) Significantly enriched features among the more soluble (E) and insoluble (F) proteins in the OB when compared to the Cx using the relative difference of
the LFQ intensities in the fourth fraction (1D-annotation enrichment, FDR = 0.05). The dataset was annotated with Uniprot keywords, matrisome, and a custom
perineural nets annotation (see STAR Methods).

(G) From the relatively more soluble and insoluble proteins in the OB, we display the quantitative profile of lamins of the nuclear matrix and neurogenesis-
associated proteins (two-way ANOVA). Data are presented as mean + SEM.

(H) Matrisome proteins with significantly different solubility profiles comparing the three brain regions (Z scored LFQ intensity values, two-way ANOVA, p > 0.05).
Rows have undergone unsupervised hierarchical clustering.
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Figure 5. Brain- and Niche-Matrisome Composition

(A) The matrisome protein solubility profiles are displayed using unsupervised hierarchical clustering of the detergent solubility profiles derived from averaged
Z scores from each brain region (the Cx, the OB, and the SEZ).

(B-D) Detergent solubility profiles for the SEZ-associated ECM proteins (B) Tenascin-C (Tnc), Thrombospondin-4 (Thbs4), and Plexin-b2 (PIxnb2); the
OB-associated proteins (C) Tenascin-R (Tnr), Reelin (Reln), and Pleiotrophin (Ptn); and the two neurogenic niche-specific proteins (D) S100a6 and C1ql3
(p = 0.0948). Data are presented as mean + SEM.

(E) Solubility profiles for Cx-, SEZ-, and OB-enriched matrisome proteins shown in whisker plots (ANOVA, p values in graphs).
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Figure 6. Transglutaminase 2 Promotes Neurogenesis
(A) NSCs were identified as hGFAP-GFP+ cells in the SEZ in sagittal sections counterstained with Tgm2 and inserted to the right indicated by the dashed line in the
lower magnification picture on the left. Both NSCs and ependymal cells were labeled with Tgm2. LV, lateral ventricle.
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Transglutaminase 2 Regulates Adult Neurogenesis

Given the specific enrichment and solubility profile of Tgm2 in
both the SEZ and the MEZ (Figure S5D), we determined its
cellular origin. Tgm2 immunoreactivity was found in ependymal
cells (Figures 6A and 6B) and NSCs (hGFAP-GFP+; see Becker-
vordersandforth et al., 2010; Codega et al., 2014) that extend an
apical process to the ventricle (Figure 6B), but not in neuroblasts
(Dex+) (Figure 6C). Consistent with ependymal cells and NSCs
containing the highest protein levels, these cells isolated by fluo-
rescence-activated cell sorting (Beckervordersandforth et al.,
2010; Fischer et al., 2011) also had high Tgm2 mRNA levels,
whereas TAPs and neuroblasts contained very low mRNA levels
(Figure 6D). Notably, Tgm2 is the only family member detectable
in the SEZ (Tgm1, Tgm3, Tgm5, and Tgm6 were not detectable).
The expression of Tgm2 in ependymal cells explains its similar
levels in the SEZ and the MEZ (Figure S5D), but its additional
presence in NSCs implies possible autocrine or cell-intrinsic ef-
fects that we explored next.

To do so, we used primary SEZ cultures as described before
(Costa et al., 2011); cells were cultured without growth factors
and in the absence of matrix proteins (Figure 6F). Often a single
GFAP+ NSC is surrounded by the Dcx+ neuroblast progeny (Fig-
ures 6E and 6l) with the former Tgm2+, whereas neuroblasts
were negative, consistent with the data shown above (Figures 6C
and 6D). To probe Tgm2 function in this culture system, we used
10 uM of the Tgm2 inhibitor Z-DON. Cells were transduced 2 h
after plating with retroviral vectors containing CAG-IRES-GFP
at low titer to label few cells and allow detection of the progeny
of a single cell as a distinct cluster of cells, i.e., a clone (Ortega
etal., 2011). Notably, a single dose of Z-DON (at 4 h after plating)
drastically reduced the number of clones (Figure 6G; comprising
all clusters of GFP+ cells irrespective of their identity), suggest-
ing a possible role of Tgm2 in promoting proliferation or survival.
When we analyzed the composition of the clones, we noted a
specific effect of the Tgm2 inhibitor on the clones comprising
only neuroblasts (referred to as “neuronal clones” in Figures
6H and 6l) that are generated by proliferating TAPs or neuro-

blasts in these cultures (Costa et al., 2011). Conversely, NSC
clones (containing one or few GFAP+ cells and Dcx+ neuro-
blasts, referred to as “mixed” in Figures 6H and 6l) or clones
containing only GFAP+ cells (referred to as “glial” in Figures
6H and 6l) were favored by Tgm2 inhibition (Figure 6H).

Tgm2 has multiple modes of action, including intracellular
and extracellular functions (Eckert et al., 2014; Lee and Park,
2017), and the above inhibitor blocks all of them. The inhibitor
Boc-DON cannot enter the cells and hence specifically blocks
extracellular Tgm2 but had no effects in these cultures (Figures
6G and 6H), suggesting that on this artificial glass substrate
with high abundant media volume, extracellular functions of
Tgm2 play no roles. Importantly, we confirmed the specific role
of Tgm2 using Tgm2 small interfering RNA (siRNA) (Fig-
ure 6J). Notably, the reduced number of neuronal progeny
after knockdown of Tgm2 was not due to cell death, as the con-
trol and knockdown condition had equal numbers of cells
(Figure 6K).

Since Z-DON was as effective as siRNA in vitro, we sought to
determine whether it would have a similar effect in vivo. Osmotic
minipumps loaded with 100 M Z-DON in artificial CSF were im-
planted intra-ventricular in mice and inhibitor was administered
for either 4 or 7 days. A pulse of EAU (1 h prior perfusion) allowed
quantification of proliferating neuroblasts (Dcx+ and EdU+ cells)
or TAPs (Dcx— and EdU+ cells) at the SEZ. Interestingly, block-
ing Tgm2 for 4 days affected mostly the number of TAPs, and this
trend was largely maintained after 7 days of administrating
Z-DON (Figure 6M). This phenotype obtained in vivo is consistent
with reduced clone numbers (Figure 6G) and effects on pure
neuronal clones (Figures 6H and 6J) in vitro, as TAPs almost
exclusively generate neuroblasts. Thus, the proteome analysis
allowed the identification of Tgm2 in promoting neurogenesis
from NSCs.

Higher Tissue Stiffness in Neurogenic Niches
The above-described tissue-specific distribution of potentially
mechanically important proteins and the susceptibility of adult

B) Whole-mount section of the SEZ showing an hGFAP-GFP+ Tgm2+ apical endfoot between ependymal cells delineated by B-catenin+ junctions.

(

(C) Single-plane confocal picture of the coronal section of the SEZ immunostained for Dcx and Tgm2 showing no double-positive cells.

(D) Tgm2 expression analysis by gRT-PCR in cells isolated from the SEZ by fluorescence-activated cell sorting (FACS). NSCs were identified by hGFAP-eGFP+ and
the apical membrane marker CD133+, ependymal cells (EP) as hGFAP-GFP-/CD133+ and hGFAP-GFP+, and CD133-, PSA-NCAM-, EGFR- cells as niche astrocytes
(NA). Note that NSCs and ependymal cells express high levels of Tgm2 mRNA. The direct progeny of NSCs, the transit-amplifying progenitors (TAPs), isolated as
EGFR+, CD133-, PSA-NCAM-, and neuroblasts, isolated as PSA-NCAM+ also hardly expressed Tgm2. Data are presented as mean + standard deviation.

(E) Primary culture from the SEZ stained as indicated showing that Tgm2+ cells were also GFAP+.

(F) Experimental setup for the primary SEZ culture and clonal analysis following Tgm2 inhibition with Z-DON (irreversible Tgm2 inhibitor) or Boc-DON (cell
membrane impermeable and irreversible Tgm2 inhibitor).

(G) 10-uM Z-DON treatment at 4 h after plating significantly reduced the number of retrovirally labeled cell clusters (clones, i.e., a cluster of cells sharing the cell of
origin), whereas 100-uM Boc-DON did not alter the number of clones. Data are presented as mean + SEM. *p < 0.05, two-tailed Mann-Whitney test.

(H) With Z-DON, but not Boc-DON, the proportion of GFP+ clones containing newly generated neuroblasts (Dcx+) was reduced, whereas the proportion of mixed
and glial clones arising from NSCs was conversely increased. Data are presented as mean + SEM, two-way ANOVA with Bonferroni’s multiple comparison test,
**p < 0.01 and **p < 0.001.

(I) Examples of retrovirally labeled (CAG-IRES-GFP) clones composed of neuronal, glial, and mixed cell types stained as indicated. Scale bars as indicated.
(J) Primary SEZ cultures were treated with 10-nM siRNAs against Tgm2 and showed a reduced number of neuronal clones compared to the control (scrambled
siRNA) (n = 4, Data are presented as mean + SEM, two-way ANOVA with Bonferroni’s multiple comparison test, *p < 0.05).

(K) Countings of DAPI stainings from representative tiles (n = 4, with nine tiles counted in each n).

(L) Experimental setup for osmotic pump experiment with two time-points, 4 and 7 days, with continuous intra-ventricular infusion of 100-uM Z-DON in artificial CSF.
(M) On the contralateral side of the infusion, we quantified EdU+ cells that were either Dcx+ or Dcx— at the SEZ. After 4 days Z-DON treatment, we found a
significant reduction in TAPs (EdU+/Dcx—), whereas proliferating neuroblasts (EdU+/Dcx+) remained similar to control (Data are presented as mean + SEM.
*p < 0.05, two-tailed t test). This trend continued after 7 days treatment (Data are presented as mean + SEM. p = 0.0537, two-tailed t test). Confocal image stacks
from 6 sections were quantified per brain.
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Figure 7. Higher Stiffness of the Neurogenic
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(A) Schematic drawing of the stiffness measure-
ments on coronal slices (300 pm) with AFM.

(B) Stiffness was assessed in the SEZ, the MEZ,
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are significantly stiffer than the Cx and the striatum
that both have similar tissue stiffness. The SEZ
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(C) Representative tissue heatmap of OB mea-
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(D) In the OB, the end of the RMS was less stiff in
comparison to the adjacent olfactory tract. The
granule cell layer (GCL) was even stiffer still, as well
as the internal and external plexiform layer (IPL/
EPL) and the glomerular layer (GL). Data shown as
whisker plots, Mann-Whitney test (two tailed),
*p = 0.05 and ***p = 0.001.
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NSCs to mechanical signals (Pathak et al., 2014; Petrik et al.,
2018) prompted us to examine the stiffness of these regions
in coronal slices using atomic force microscopy (AFM)
(Figure 7A). The brain parenchymal regions, the cortex (GM)
and the striatum, had a similar stiffness (Figure 7B). Both the
SEZ and the MEZ regions were significantly stiffer (Figure 7B),
and the SEZ, the main site of neurogenesis, was significantly
stiffer than the MEZ, where few neuroblasts arise (Bordiuk
et al., 2014) (p < 0.05, Mann-Whitney, two tailed). These data
suggested a close correlation between higher tissue stiffness
and more NSCs dedicated to adult neurogenesis. To examine
the extent to which the stiffness differences of about 100 Pa
are relevant for neurogenesis, we cultured the above-described
primary SEZ cells on gels with the stiffness of 100 and 200 Pa.
Cells were fixed and stained after 5 days, and no difference in
total cell number was observed (Figures 7E and 7F). However,
more than double the number of neuroblasts was detected on
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(G) Representative images of the Dcx+ cells at
5 days after plating.

(H) Hydrogels with 200-Pa stiffness significantly
increased the percentage of Dcx+ cells in compar-
ison to the same primary SEZ culture on hydrogels
with 100 Pa stiffness. Data are presented as mean +
standard deviation. *p = 0.05, paired t test.
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the stiffer 200-Pa substrate (Figures 7G
and 7H), even though the outcome of
this difference appears to depend on
cell density (data not shown). In sum-
mary, these data support the concept
that neurogenesis is responsive to such
differences in stiffness.

Assessing the OB, we also found an in-
crease in stiffness from the RMS toward
the granule cell layer (GCL), which was
stiffer throughout the OB parenchyma
(Figures 7C and 7D). Thus, both neuro-
genic niches were significantly stiffer
than the brain parenchyma, suggesting that components of the
proteome contribute to regulate these niche-specific mechani-
cal properties, which affects neurogenesis.
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DISCUSSION

Here we provide a comprehensive characterization of the neuro-
genic niche proteome compared to normal brain parenchyma
and make the data available on an easy-to-use webpage
(https://neuronicheproteome.org). Our two proteome datasets
(LMSS and QDSP) allowed expanding the set of neurogenic
niche-specific proteins and defining their region-specific compart-
ment association. These data are an important complement to the
RNA expression data, as RNA and protein enrichment are only
partially congruent. This has been described in detail when
comparing scRNA-seq and deep proteome data in the aging
lung (Angelidis et al., 2019) and was also apparent in our


https://neuronicheproteome.org

comparison of RNA and proteome data (Figure S6). The possible
mechanisms for this are multiple. RNA stability and RNA-binding
proteins may differ between brain regions, and the latter (including
microRNAs [miRNAs]) may differentially regulate translation,
leading to different abundances of newly produced proteins.
Conversely, protein degradation may be regulated differently be-
tween regions, such that RNA could be enriched, but protein
may be fast degraded and hence reduced. Likewise, especially
for the matrisome proteins, the secretory pathways leading to their
final localization in the ECM could be differentially regulated,
causing a discrepancy between the mRNA coding for the protein
and its amount in the ECM. Lastly, the location of the SEZ at the
ventricle puts NSCs in direct contact with the CSF, and several fac-
torsreleased by the choroid plexus into the CSF have already been
identified to regulate adult neurogenesis (Lepko et al., 2019; Silva-
Vargas et al., 2016), including miRNAs (Lepko et al., 2019) or pro-
teins (Silva-Vargas et al., 2016). In the latter case, we would detect
the protein in our proteome analysis, but no RNA would be found,
which is the case for many. Interestingly, especially proteins of the
matrisome enriched in the SEZ were not enriched at RNA levels
(Figure S7A), consistent with data obtained in lung (Angelidis
et al., 2019). Prominent categories of proteins enriched in the OB
compared to the cortex, not enriched at RNA level, were related
to splicing (Figure S7B). Therefore, this proteome analysis
provides an important resource, as proteins play key roles in the
function of this unique niche.

Specific Matrisome of the NSC Niche

Various soluble factors are the most explored cell-extrinsic sig-
nals that regulate the adult NSC. Indeed, many matrix-associ-
ated proteins are more soluble in the neurogenic niches, and
we even found several core-matrix proteins to be more soluble
in the neurogenic niches compared to other brain regions and
tissues (Figure S5C). This includes Hapln1, Tnc, and Thbs4. In
addition to binding other core-matrisome proteins, such as
collagens and fibronectin, Tnc interacts with a diverse set of
ligands, such as growth factors (e.g., Wnt3a and transforming
growth factor B [Tgf-B]) and receptors (e.g., Toll-like receptor 4
[TLR-4] and Rptpp) (De Laporte et al., 2013; Midwood et al.,
2016). Thbs4 may act as, e.g., a voltage-gated ion-channel
blocker or have intracellular functions (Brody et al., 2015; Girard
et al., 2014; Lana et al., 2016; Narouz-Ott et al., 2000). The other
niche-specific ECM proteins with a soluble profile include ser-
pins, S100 proteins, and annexins that form a core interaction
hub in the SEZ-enriched matrisome (Figure S7C). Soluble ECM
proteins such as these may stem from the various cell types in
the brain or blood (Geyer et al., 2016). However, we found no
evidence for a general increase in blood proteins from allegedly
leaky vessels (Tavazoie et al., 2008) in the SEZ tissue (Figures
S2D and S2E) but rather expression of these genes (e.g., ser-
pinb6, annexin 1, and annexin 5) by cells in the SEZ (Figure 2I),
mostly gqNSCs (Figure S6A). Another interesting protein in this
category enriched in both the SEZ and the OB is Kininogen 1
(Kng1). Kng1 is a precursor for bradykinin (Figures 2B and 2C),
which has been found to promote neurogenesis versus gliogen-
esis in vitro (Pillat et al., 2016). Interaction analysis of the niche-
specific matrix protein in the SEZ highlights annexin-S100
protein interactions and calcium-binding and catalytic activity
regulation, whereas in the OB, several serpins have known inter-

actions with other negative regulators of endopeptidase activity
(Figures S7C and S7D).

Notably, the SEZ-enriched matrisome unraveled here differs
profoundly from the enrichments found recently by RNA-seq of
NSC niches in the developing Cx of murine or human samples
(Fietz et al., 2012). Although RNA and proteome discrepancies
may contribute, it is important to note that some of the crucial
core matrisome proteins regulating embryonic SVZ expansion
and cortex folding are not enriched in the adult NSC niche
(Long et al., 2018; Long and Huttner, 2019). Indeed, many of
the SEZ-enriched proteins are upregulated at early postnatal
stages when the adult NSC niche forms (F.V., P.S., and M.
Gotz, unpublished data). Thus, as in many other organs, the
niche maintaining adult stem cells differs profoundly from the
niche regulating expansion in development.

S100a6 and C1ql3 were both soluble ECM-associated proteins
that we found enriched in NSCs of the SEZ. Interestingly, S100a6
also marks NSCs in the DG (Yamada and Jinno, 2014) and is
hence common to NSCs across regions. S100a6 has extracellular
and intracellular functions (Donato et al., 2017); some of the latter
are calcium dependent and involved in promoting proliferation in
various cancer cells (Lerchenmuller et al., 2016; Li et al., 2015).
This may explain its higher levels in late-stage quiescent NSCs
compared to postmitotic parenchymal astrocytes. Moreover,
S100a6 may be involved in the signal transduction cascade of
flow- or stretch-sensitive channels, such as the epithelial sodium
channel that is also absent from non-proliferating astrocytes but
present in NSCs and increases the frequency of Ca signals
when promoting proliferation (Petrik et al., 2018).

In brain, C1qI3 has thus far only been identified as a synapse-
associated protein (Chew et al., 2017; Martinelliet al., 2016; Mat-
suda et al., 2016). Here we found it enriched with a specific
solubility profile in the SEZ-niche and identified NSCs as the ma-
jor source. Thus, C1qgl3 also allows the discrimination of NSCs
from parenchymal astrocytes, an urgent need given the labeling
of NSCs by most astrocyte markers (see also Beckervorder-
sandforth et al., 2010). Notably, C1qI3 is enriched 