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Adult neural stem cells (NSC) serve as a reservoir for brain plasticity
and origin for certain gliomas. Lineage tracing and genomic ap-
proaches have portrayed complex underlying heterogeneity within
the major anatomical location for NSC, the subventricular zone (SVZ).
To gain a comprehensive profile of NSC heterogeneity, we utilized a
well-validated stem/progenitor-specific reporter transgene in concert
with single-cell RNA sequencing to achieve unbiased analysis of SVZ
cells from infancy to advanced age. The magnitude and high speci-
ficity of the resulting transcriptional datasets allow precise identifi-
cation of the varied cell types embedded in the SVZ including
specialized parenchymal cells (neurons, glia, microglia) and noncen-
tral nervous system cells (endothelial, immune). Initial mining of the
data delineates four quiescent NSC and three progenitor-cell subpop-
ulations formed in a linear progression. Further evidence indicates
that distinct stem and progenitor populations reside in different re-
gions of the SVZ. As stem/progenitor populations progress from neo-
natal to advanced age, they acquire a deficiency in transition from
quiescence to proliferation. Further data mining identifies stage-
specific biological processes, transcription factor networks, and cell-
surface markers for investigation of cellular identities, lineage rela-
tionships, and key regulatory pathways in adult NSC maintenance
and neurogenesis.
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M ost mammalian organs and tissues harbor stem cells that
serve as a source of continual cell replenishment (1, 2).
Adult rat neurogenesis was first documented in the 1960s, and
since then the rodent brain has served as a useful model for study
of neural stem cells (NSC) (3). In the mouse brain, two distinct
pools of NSC, found in the subventricular zone (SVZ) of the
lateral ventricle walls and in the dentate gyrus of the hippocam-
pus, produce new neurons that functionally integrate into preex-
isting circuits during lifetime (4-6). In the SVZ, both type B1 cells
and ependymal cells have been proposed as NSC (7-10). B1 cells
are elongated stem cells that belong to the radial glia-astrocytic
lineage and express markers characteristically found in astrocytes,
such as glial fibrillary acidic protein (Gfap) or glutamate-aspartate
transporter (GLAST-SIcla3). They exhibit a thin cytoplasmic
process that intercalates between ependymal cells to adorn the
ventricle cavities and terminates in a sensing primary cilium and
another long process that interacts with the basal lamina of irri-
gating vasculature. B1 cells give rise to migratory and dividing
transient amplifying progenitor (TAP) cells that differentiate into
interneurons destined to the olfactory bulb (OB) or, less fre-
quently, into oligodendrocytes in the corpus callosum (11, 12).
Apart from their role in OB interneuron replacement and, to a
lesser degree, in other neurogenesis and gliogenesis, it has been
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reported that SVZ NSC/progenitor cells can mount responses to
brain-cell death caused by trauma (13, 14). In addition, increasing
evidence points to NSC as a relevant source for malignant trans-
formation into glioma. Direct oncogenic transformation of mouse
NSC or progenitors has been demonstrated to mediate glioblas-
toma multiforme (GBM) and medulloblastoma (15, 16). Mouse-
modeling studies have portrayed a direct lineage relationship
between NSC/oligodendrocyte lineage cell stem/progenitor cells
and GBM (17, 18). Thus, a complete understanding of the prop-
erties of SVZ NSC, their transition into TAPs, and finally into
differentiated cells holds relevance to brain physiology and repair
and to the etiology of malignant brain tumors.

Advances in genomics, deep sequencing, and microfluidics have
allowed increased resolution of the SVZ stem-cell niche cell dy-
namics (6, 10, 19-24). NSC surface markers, such as Prom1-CD133
and Slcla3-Glast, and transgenes encoding Cre-recombinase or
fluorescent reporters regulated by Gfap promoters, have been used
to partially enrich for prospective NSC from the SVZ for bulk RNA
sequencing (RNAseq). The data yielded information consistent
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with the existence of a quiescent NSC population that transitions to
an activated state (19-22). Single-cell transcriptomics of SVZ-
derived cells have further enhanced resolution. Recent studies re-
lying on cell sorting with NSC or TAP markers have yielded limited
numbers of cells for single-cell sequencing ranging from tens to
hundreds of cells (10, 23, 24).

To more efficiently label and study NSC, we constructed a
transgene with a GFP reporter that highlights the vast majority
of stem and progenitor cells within the adult SVZ. The se-
quencing of 12,200 GFP+ sorted or unselected SVZ cells from
this transgenic mouse model has yielded a uniquely compre-
hensive and granular view of the SVZ stem-cell niche uncovering
a previously under-appreciated heterogeneity. The resultant
transcriptional landscape viewed horizontally across time un-
covers features responsible for reduced neurogenesis with aging.

Results

Defined components of the endogenous Nestin gene promoter/
enhancer fragment (Nes) that specify expression in NSC have
been identified and widely used to express transgenic proteins in
the SVZ region (15, 25-29). To increase the power and versa-
tility for identification, targeting, and isolation of adult NSC, we
constructed a transgene, termed CGD (CreERT2, histone 2B
tagged enhanced GFP, and human diphtheria toxin receptor),
designed to express three proteins from one transcript (Fig. 1 4
and B). The properties of the CGD transgene cassette, including
appropriate protein expression, Cre recombinase activity, and
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diphtheria toxin receptor (DTR) function were verified in cell
culture prior to development of transgenic mouse lines (SI Ap-
pendix, Fig. S1 A-E). Twenty-nine CGD transgenic founder lines
were screened to identify a single founder that displayed the
desired expression patterns in the embryonic and adult central
nervous system stem-cell/progenitor compartments without de-
tectable ectopic expression (Fig. 1 C and D).

Functional Correlation of GFP+ Cells with NSC/Progenitor Markers.
Commonly used markers to identify and label the NSC lineage
include the proteins GFAP, Glast, and CD133 (10, 19-21, 23, 24,
30-32). We investigated the expression of these markers in re-
lationship to the CGD transgene nuclear GFP reporter. Immu-
nohistochemical (IHC) staining of sagittal and coronal adult
brain sections from CGD mice confirmed that Glast, CD133, and
GFAP antibodies decorated the most intensive GFP+ nuclei
(Fig. 1 E and F), and whole-mount staining of SVZ tissue
identified the “pin wheel” structure formed by the GFP+/
CD133+/Glast+ NSC surrounded by ependymal GFP- cells (S
Appendix, Fig. S1F) (33). Fluorescence-activated cell sorting
(FACS) analysis of dissociated SVZ tissue indicated that only a
small fraction of CGD-GFP+ cells coexpress CD133+ (15%),
which coincides with the CD133'° category (Fig. 1G, quadrant 2).
Similar analysis of GFP/Glast coexpression indicated that onlly
4% of GFP+ cells were double positive for Glast (Fig. 1G7,
quadrant 2-1). Taking into account all CD133+/Glast+ SVZ
cells (about 2% of the entire cell preparation), less than half
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Fig. 1. CGD transgene labels adult subventricular zone neural stem cells and progenitors. (A) Diagram of the transgene construct. Purple blocks represent the

P2A ribosomal skipping element insulating the three gene cassettes. (B) Cartoon illustrates localization of the three transgene products in NSC: Cre-ERT2 in
the cytosol, H2B-eGFP in the nucleus, and hDTR on the plasma membrane. (C) Transgene GFP imaging of a 14-d embryo undergoing neurogenesis illustrates
CGD transgene expression in developing central nervous system (Scale bar, 3 mm.) (D) Enhanced transgene GFP expression in adult SVZ and rostral migratory
stream (RMS). V: lateral ventricle. (Scale bar, 500 um.) (E) Coronal section staining of 2-mo-old mouse SVZ shows colocalization of CGD-GFP with stem-cell
markers CD133 and Glast. V: lateral ventricle. (Scale bar, 20 um.) (F) Relationship between CGD-GFP" and stem-cell marker GFAP versus GFP'® and progenitor
marker DCX in a sagittal section of adult SVZ (Scale bar, 20 um.) (G, G', and G'") A small fraction of CGD-GFP+ cells in the SVZ express CD133 (G, 15%) or Glast
(G", 4%), and 44% of all CD133+Glast+ double-positive cells express CGD-GFP (G"). V: lateral ventricle. See also S/ Appendix, Fig. S1.
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were CGD-GFP+. Thus, in the SVZ, CGD-GFP reporter ex-
pression marks a comprehensive cohort of cells including a sig-
nificant proportion of CD133- and Glast-expressing cells
(Fig. 1G", P11). We next examined the relationship of CGD-
GFP expression to that of doublecortin (DCX) protein, a pro-
genitor marker, and found that it was excluded from the in-
tensely fluorescing GFP™ cells but instead decorated a cohort of
less intense GFP' fluorescent cells (Fig. 1F).

While THC analysis provides a qualitative snapshot of CGD
transgene expression in NSC/progenitor cells, FACS analysis
allows quantification for the whole SVZ tissue. Consistent with
the IHC studies, FACS sorting for GFP revealed three distinct
populations: GFP™, GFP", and GFP- cells (Fig. 24). GFP"-
sorted SVZ neurospheres were cultured in defined serum-free
medium with supplemental growth factors for 6 d and resorted
for GFP. A large fraction (~50%) of GFP™ cells transitioned to
GFP" and GFP- states (Fig. 2 A' and A"). These data are
consistent with a lineage relationship among the varying GFP levels.
We next more rigorously tested the self-renewing properties of
CGD-GFP-expressing stem/progenitor cells by evaluating low-
density doublet formation and progression to neurospheres. Two
hundred dissociated GFP", GFP"°, or GFP- cells were plated per
well in 96-well plates. All wells were examined after 16 to 24 h for
the presence of doublets and again at 6 d when neurosphere
numbers were determined (Fig. 2 B-D). Within the first 24 h, the
GFP® cultures had the greatest proficiency for generating doublets.

In contrast, the GFP" and GFP- cells exhibited reduced capacity to
form doublets. However, the situation shifted over the subsequent
5-d period. The greatest number of neurospheres arose among the
GFP" population (650) whereas the GFP' doublets yielded fewer
neurospheres (250). Thus, despite inefficient initial cell-cycle entry
and doublet formation, the GFP" SVZ population shows the
greatest capacity to generate neurospheres while the GFP' pop-
ulation has limited potential to endure in primary culture and form
spheres. In this assay, CGD transgene expression (GFP" plus GFP'
cells) accounts for essentially all (99.6%) of the primary neuro-
spheres formed in these assays (Fig. 2D). In these studies, GFP—
SVZ cells failed to form spheres and to thrive in serum-free me-
dium (Fig. 2 D and D"). Time-lapse movies of freshly sorted CGD-
GFP" cells further revealed an inherent functional heterogeneity
among the GFP" cells. One group of cells formed doublets within
24 h while a second group remained as singlets for 2 d or more
before entering cell division (Movie S1). These data indicate ad-
ditional functional heterogeneity within the GFP"™ cohort of
SVZ cells.

CGD-GFP FACS analysis of dissociated SVZ tissue identifies
about 39.9 + 2.4% (n = 4) of sorted cells as GFP+ with a GFP"
composition of ~19.4 + 1.5% (n = 4) and a GFP'® composition of
about 20.5 + 3.5% (n = 4). These data coincide with anatomical
estimates of cell types present in the adult murine SVZ reporting
that type B cells (stem cells) represent over 20% of the regional
cell population (34). In contrast, other SVZ niche studies made
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Fig. 2. Functional assays validate CGD expression in adult neural stem and progenitor cells. (A and A'") FACS analysis of whole adult SVZ delineates two GFP
populations: GFP" and GFP'® and GFP- cells. A" presents a histogram view of GFP expression of the same data shown in A. (A'") When placed in serum-free
culture, GFP" cells sequentially progress to GFP'® and GFP- state. (B) Diagram of timeline for doublet and sphere formation assays below. (C and D') Rep-
resentative images and statistical analysis of C and C' 24-h doublet and subsequent (D and D') 6-d sphere formation assays for FACS-sorted adult SVZ GFPM,
GFP', and GFP- cells. Note that, despite inefficient doublet formation, the more initially quiescent GFP" cells are most efficient in forming neurospheres.
Mean + SEM, n = 4 biological replicate mice for each group (each representing six technical replicate wells). (Scale bars in C and D, 10 um and 100 pm,
respectively.) (E) Following RNAseq of GFP"- and GFP'-sorted cells, GSVA using cell-cycle signatures indicates a low proliferative status for GFP" cells
compared to GFP'° cells. (F) DEGs of GFP" and GFP'® cells have high coincidence with published quiescent-stem and activated-progenitor cell signatures. qSC:
quiescent stem cell (multilineage). See also S/ Appendix, Fig. S2 and Dataset S1.
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use of combinations of markers and/or reporter transgenes to
enrich for NSC or progenitors. These different combinations of
markers, including Glast, CD133, and EGFR and reporter
transgenes like GFAP-GFP, were reported to yield putative NSC
populations that range from 2 to 4.4% of the SVZ preparation,
indicating a significant underrepresentation of the entire SVZ
population (21-23).

To further investigate the in vivo relatively quiescent versus
proliferative state, freshly dissected and sorted SVZ GFP" and
GFP" cells underwent bulk RNAseq transcriptome analysis.
Gene set variation analysis (GSVA) using five sets of cell-cycle
phase gene signatures indicated that, while the GFP" cells uni-
formly exhibit low cell-cycle gene expression, GFP' cells have
robust expression (Fig. 2E) (35-37). In aggregate, these obser-
vations suggest a greater functional complexity among CGD-
GFP transgene-expressing cells in the SVZ that goes beyond the
discriminatory powers of established stem versus progenitor
protein marker-based approaches. )

We also performed GSVA analysis of the CGD-GFP" and
GFP" bulk sequencing data using published SVZ stem/progen-
itor cell signatures (21, 23). The differentially expressed genes
(DEGs) demonstrated substantial overlap between GFP™ and
“quiescent” NSC populations, as did the GFP' and “activated”
NSC populations (Fig. 2F and SI Appendix, Figs. S2 A and B).
Gene ontology (GO; htt}i)s://david—d.ncifcrf.gov/home.jsp) (38)
analysis of the GFP"/GFP"° DEGs identified several stem-cell-
signaling pathways enriched in GFP™ cells, including glucose
metabolism, lipid metabolic pathway, and oxidation reduction.
The GFP" cells presented cell-cycle—related signatures including
transcription, translation, ribosome biogenesis. (SI Appendix, Fig.
S2 C-E and Dataset S1 C and D). In sum, these results indicate
that the CGD transgene provides an effective tool to identify
and efficiently enrich for SVZ stem and progenitor cells in a
comprehensive manner.

Discrimination of Cell Subgroups among SVZ NSC/Progenitors. To
examine whether CGD-GFP sorting introduces undue bias in
representation of the scope of NSC/progenitor cells in SVZ tis-
sue, we turned to single-cell RNA sequencing (SI Appendix,
Supplemental Materials and Methods). Whole CGD transgenic
SVZ from three adult mice was dissected, submitted to FACS for
cell viability (DAPI-), and ~2,000 DAPI- cells underwent single-
cell RNA sequencing. This preparation contained a presumably
unbiased mixture of GFP"™, GFP, and GFP- cells (termed
UNB). In a parallel experiment, SVZs from six CGD transgenic
mice were dissected, intermixed, and sorted for relative GFP levels
(high, low, or negative). The Seurat package (https://satijalab.org/
seurat/vignettes.html) was utilized to process the resulting tran-
scriptomes, and cell groupings for both experiments were identified
through clustering and visualized using t-Distributed Stochastic
Neighbor Embedding (tSNE) projection. We then combined the
entire single-cell sequencing data collected from the four samples
(1,600 GFP™ cells; 1,900 GFP" cells; 1,100 GFP- cells; and 2,000
UNB cells), resulting in 14 coherent groupings (Fig. 3 4 and B).
The GFP™ cells dominated four groups (HO to H3); GFP* cells
were enriched in three separate groups (LO-L2); and GFP- cells
were ascribed to the remaining seven groups (GFP—:N1-N7; S/
Appendix, Fig. S34). The CGD-GFP+ (GFP+:H0-L2) cells
dominated the stem/progenitor cell lineage (Fig. 3 4 and B), which
accounted for 99% of GFP" and 92% of GFP" cells in the SVZ
(SI Appendix, Fig. S34). Conversely, GFP" and GFP" cells to-
gether represent 96% of the cells in subgroups GFP:HO-L2 (S
Appendix, Fig. S34). We independently probed the UNB single-
cell dataset to examine CGD transgene transcript expression.
CGD transcripts could be appreciably detected in only seven
subgroups that corresponded to the GFP+ subgrougs (GFP:HO-
H3 and GFP:L0-L2) ascribed to the sorted GFP™ and GFP'"
single-cell sequencing datasets (SI Appendix, Fig. S3B). Thus,
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single-cell sequencing reveals underlying molecular hetero%eneity
within both the quiescent (GFP™) and progenitor (GFP®) cell
groups that were previously masked in the bulk RNA sequencing
of the samples depicted in Fig. 2E. We conclude that the CGD
transgene exclusively and efficiently labels the majority of the
SVZ-derived stem cell/progenitor cell pool.

We further analyzed the transcriptomes of the 14 SVZ sub-
groups to identify both DEGs and uniquely expressed genes
(UEGs) in each subpopulation. The data revealed varying
numbers of DEGs, ranging from 114 to 1454 genes, and the
UEGs per subgroup ranged from 1 to 866 (Fig. 3C and SI Ap-
pendix, Dataset S2 B and C). Not surprisingly, the GFP- cells are
the most heterogeneous (SI Appendix, Dataset S2B) with each of
the seven subgroups exhibiting diverse specialized genes and
transcriptional pathways representative of the spectrum of cells
present in the normal brain parenchyma including myelination
(oligodendrocyte-oligodendrocyte precursor cells; N1-N3), syn-
aptic transmission (neurons: N4), immune regulatory pathways
(lymphocytes: N5), and vasculature (endothelial cells and en-
dothelial progenitors; N6-N7), respectively.

Among the GFP+ subgroups of the classic NSC marker genes,
only GFAP messenger RNA (mRNA) is truly confined to the
GFPM:HO-H3 groups although it does not seem to discriminate
between them (SI Appendix, Fig. S3C). CD133 mRNA showed
persistent but low representation in all seven GFP+ subgroups
and also in the GFP-: N7 endothelial precursor subgroup (S
Appendix, Fig. S3C). Glast transcripts are highest in the
GFP":H0-H3 groups, but expression persists throughout the
SVZ (SI Appendix, Fig. S3C). Similarly, all four GFP™ subpop-
ulations express NSC-associated transcription factors including
Sox2, Sox9, and Id4 (Fig. 44 and SI Appendix, Fig. S3C"). In
contrast, transcription factors associated with progenitor cells
such as Ascll, DIx1, and Dcx were absent in the four HO to H3
groups, but were enriched in the GFP' populations (Fig. 4B).
The cell-cycle gene signatures used to identify the proliferative
activity of GFP™ versus GFP" SVZ cells (Fig. 2E) were applied
to the single-cell sequencing data and uncovered greater reso-
lution (SI Appendix, Fig. S44). Among the three GFP' groups,
L1 is clearly the most mitotically active, and this activity is not
uniform with the LO and L2 groups as implied by the bulk se-
quencing data. In addition, the GFP" group data reveal het-
erogeneity despite the overall limited cell-cycle gene expression.
The GFP™:H2 group also shows activity in the G1/S phase, which
could represent self-renewal (SI Appendix, Fig. S44). GO anal-
ysis (SI Appendix, Dataset S2D) associated the four GFP™ subgroups
with stem-cell-related functions including cilium morphogenesis,
oxidation reduction, homeostatic processes, generation of pre-
cursor metabolites. GFP' cells are associated with cell cycle and
proliferation genes as well as with signatures of progenitor cells.
Thus, single-cell sequencing is consistent with the bulk sequencing
data for GFP" and GFP" cell populations but additionally un-
covers details of both the quiescent and the progenitor NSC states
within the SVZ.

Four Subgroups of Quiescent NSC. To identify a core set of GFP™
NSC genes, we compared expression of each of the four GFP™
populations with the remaining subgroups. This yielded 121
commonly expressed genes among the four CGD-GFP™ groups
(SI Appendix, Dataset S2G). A previous and related study (23)
reported RNA sequencing of 130 adult murine SVZ single cells
that were presorted for Glast+/CD133+ and further evaluated by
EGFR levels (termed gNSC or aNSC, respectively). The study also
presorted for neuroblasts using a PSA-NCAM antibody (23). We
analyzed this published dataset by probing for the presence of the
gene signatures derived from the 14 GFP+ and GFP- subgroups
including the CGD-GFP" 121 shared gene signature (Fig. 4C and
SI Appendix, Dataset S2G). Significant correlations were observed
between the signatures of the differentiated parenchymal cell
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Fig. 3. Adult SVZ single-cell RNA sequencing analysis reveals seven distinguishable CGD-GFP+ groups. (A) tSNE projection of Seurat analysis from the sum of
the sorted SVZ samples (UNB, GFP", GFP', and GFP- cells) reveals 14 populations. (B) Normalized CGD expression visualized on tSNE coordinates of SVZ cells
demonstrates its preferential expression in stem/progenitor populations. (C) DEGs distinguish 14 SVZ cell types. Heatmap is generated using the top 10 unique
genes for each group. EPC: endothelial precursor cells; Endo: endothelial cells; Lymph: lymphocytes. See also SI Appendix, Fig. S3 and Dataset S2.

populations (e.g., GFP:L2 to NB neuroblasts; GFP-:N1-3 to oli-
godendrocytes, Fig. 4C), but not the more quiescent subgroups. To
examine CD133 protein expression in GFP™ populations, we
performed FACS analysis using CD133 antibodies together with a
GFP":H0-specific marker, Fas-CD95 (SI Appendix, Fig. S4B). The
results indicate that only half of GFP";CD95+ (GFP":HO0) cells
coexpress CD133 protein (Fig. 4 D and D'). Conversely, among
GFP";CD133+ cells, only 20% of the cells express CD95 (Fig. 4 E
and E"). Thus CD133-based sorting of SVZ would preselect only a
subset of GFP:HO cells plus additional GFP™ cells.

We next collectively examined the four GFP™ groups (HO0-H3)
for expression of biological processes associated with quiescent
NSC maintenance and proliferation. This resulted in a compre-
hensive list of 1,914 genes with 18 related biological processes (S/
Appendix, Fig. $4D), some of which overlap with the bulk GFP" vs.
GFP" analysis. Further analysis of the stringent 121 GFP" sub-
group gene list identified five transcription factors and networks
including Sox9 and Srebfl that potentially regulate gqNSC mainte-
nance (SI Appendix, Fig. S4 E and E'' and Dataset S2H).

A Linear Progression of the CGD-GFP+ Stem/Progenitor Populations.
The preceding data are consistent with a developmental rela-
tionship from quiescent (GFP™) to proliferative (GFP') cells.
To further examine this model, we applied the “Destiny” pack-
age designed by dimensional reduction to generate a transition
probability from one cell to another according to a random
diffusion model (39). Pseudotime ranking of SVZ CGD-GFP+

31452 | www.pnas.org/cgi/doi/10.1073/pnas.2014389117

cells begins with the CGD-GFP:H1 subgroup and progresses to
the L2 population (Fig. 4F). Notably, the HO group did not separate
well along the continuum. This is likely due to the relatively small
size of this group which may not provide sufficient transcriptional
depth and detail to permit this algorithm to distinguish it.

Recent anatomical and lineage SVZ studies have reported a
previously unappreciated level of regional heterogeneity (4, 40).
To evaluate whether the transcriptional heterogeneity observed
in this study might be reflected spatially in the SVZ, we exam-
ined regional distribution of quiescent and progenitor GFP"°
(HO-L2)-specific transcripts. Ten UEGs from the CGD-GFP:HO0-L2
groups were examined in the Allen Brain Atlas in situ hybridization
brain panel collection (http:/mouse.brain-map.org/) to assess their
expression profile within SVZ. Using brain sagittal views, we par-
titioned the frontal wall of the SVZ into five equivalent regions with
the most ventral assigned a value of 1 and the most dorsal assigned
a value of 5. We found that HO cells primarily reside in the ventral-
most SVZ, while the L2 subgroup was enriched in the dorsal region
(Fig. 4G).

Anatomical studies have pointed to the “type B cell” in the
SVZ as the adult NSC (7, 21-23, 41). Reports have also pointed
to ependymal cells as the source of NSC (8, 10). However, others
argued against it (42). We examined the “ependymal NSC”-
specific “hub” genes described by Luo et al. (10) and found
them to be specifically enriched in the GFP—:N7 population, which
our analysis identifies as endothelial progenitor cells unrelated to
the GFP+ NSC/progenitor cells (ST Appendix, Fig. S5 A and B and
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profiles. * indicates P values <0.05. See also S/ Appendix, Fig. S4.

Dataset S2D). GFP-:N7 cells do not have neural stem/progenitor
cell properties in culture (Fig. 2D), and the Luo et al. (10) gene set
is not present in GFP™ (H0-H3) or GFP" (L0-L2) cells (SI Ap-
pendix, Fig. S54). Thus, our analysis excludes the Luo et al.
(10) ependymal cell signatures from the SVZ stem-cell GFP™
cell cohort.

GFP:HO Cells Have Unique NSC Properties. The presence of cilia in
both type B NSC and ependymal cells is well established (19, 21,
23, 33). Among the GFP+ cells, our transcriptome analysis ap-
points a cilia signature specifically to the CGD-GFP:HO sub-
population and, with the exception of CD133, is absent from the
GFP-:N7 subgroup (SI Appendix, Fig. SSC and Dataset S2D). To
further characterize the GFP:HO subgroup, we confirmed its
unique gene list with QRT-PCR using SVZ cells that were sorted
for single-cell sequencing. UNB, GFP", GFP!°, and GFP- cells
were examined for GFP:HO unique gene expression. With some
variability, all housekeeping genes (Actb and Hsp90abl) tested
were expressed in all samples (Fig. 54). The four GFP:HO-spe-
cific genes, Tmem212, Dynlrb2, Fam183b, and 1110017D15Rik,
were enriched in the GFP" sample (Fig. 54). The GFP- sample
consistently showed the lowest transcription levels for all four
genes, with Fam183b and 1110017D15Rik below detection. To
specifically isolate GFP:HO cells for functional analysis, the cell-
surface marker CD95 proved effective for FACS analysis and
CD95+/GFP+ sorting yielded a 0.7% population enriched within
the GFP" cells (Fig. 5B). This low percentage was concordant

Xie et al.

with the low representation of GFP:HO cells in the entire prepa-
ration (SI Appendix, Fig. S3D). GFP- cells also contained around
1% of CD95+ cells, which were likely to be GFP—:N7 cells (S
Appendix, Fig. S5D). Further analysis of concordant CD95 ex-
pression suggested that the CD95+ cells trend with higher GFP
protein levels, which coincides with the highest transcription level
of CGD transgene in GFP:HO cells (SI Appendix, Figs. S4B and
S5 E and F). )

To further assess the identity of CGD-GFP";CD95+ cells as
the GFP:HO subgroup, the four candidate genes used for qRT-
PCR validation were reemployed to analyze sorted GFP":CD95+
and GFP";CD95- cells. While housekeeping gene expression was
present in all samples, the four GFP:HO-specific genes were sig-
nificantly enriched in GFP™ cells (Fig. 5C). Three were further
enriched in GFP";CD95+ cells (Fig. 5C). )

We next compared GFP";CD95+, GFP";CD95-, GFP-;
CD95+, and GFP—;CD95- cells in doublet and sphere formation
assays. Consistent with the preceding observations, the two
GFP- samples did not form doublets or spheres (Fig. 2 C and D
and Fig. 5 D and E'). GFP";CD95+ cells formed fewer doublets,
but more spheres than GFP™;CD95- cells (Fig. 5 D and E).
These results are compatible with the hypothesis that GFP:HO
(CD95+) cells represent a discrete quiescent NSC population that
encounters greater difficulty in entering the cell cycle when ini-
tially cultured but outcompetes type B-like GFP:H1-H3 cells in
eventual neurosphere formation. Furthermore, immunostaining
of the CD95 antibody with GFP fluorescence confirmed the

PNAS | December 8,2020 | vol. 117 | no.49 | 31453

NEUROSCIENCE


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014389117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014389117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014389117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014389117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014389117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014389117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014389117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014389117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014389117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014389117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014389117/-/DCSupplemental

_ @ 80000
@ 1507 q =4 % UNB
£ % UNB e G 600001 N GFP-
1004 GFP- -2 S
5 — LA 0.1% | 0.7% [ Se000nd o Crph
3 sof B GFeh I o=  CD9b+ CD9s+| B 20000 M GFP"CD95-
g 1 - = ©71 oFp ofp | 5 = M GFPYCDI5: - &
< Wb ] 3
3 @ =3 =
< E & 1
g %] B
2 & s s 4] ]
g A i < % %
1 : .99 .59 g
g 1 L L e s el o- N

a a s @ o a L &
0 10 10 10 10 & £ & " & o
GFP < 3

Doublets / 200 cells

Fig. 5. HO cells have unique stem-like properties. (A) Expression of four HO-specific genes (Tmem212, Dynlrb2, Fam183b, and 1110017D15rik) was verified by
dRT-PCR in single-cell sequencing samples. Gene expression levels were normalized to UNB cells. Mean + SEM, n = 2. (B) CD95-Fas receptor antibody labels one
subgroup of GFP" and one subgroup of GFP- cells. All of the numbers represent the percentage of each population among the whole SVZ. (C) GFP";CD95+
cells have enriched expression of the HO-specific genes. qRT-PCR was performed with GFP and CD95 sorted cells for the HO-specific genes. Gene expression
levels were normalized to GFP" cells. Mean + SEM, n = 2. (D and D") Representative images and quantification of doublet formation by GFP and CD95 sorted
cells at 24 h. Note that GFP";CD95- cells are more efficient at forming doublets (Scale bar, 10 um.) (£ and E') Representative images and quantification of
sphere formation of GFP and CD95 sorted cells. Note that, reminiscent of Fig. 2 C and D, GFP";CD95+ cells, which were inefficient in doublet formation at
24 h, are most efficient at forming neurospheres 6 d later. Note also that GFP—;,CD95+ cells do not form neurospheres. (Scale bar, 100 pm.) Mean + SEM, n =3
biological replicate mice for each group in D and E'. **** in D' and E' indicates P values <0.0001. See also S/ Appendix, Fig. S5.

existence of a double-positive cell population residing preferen- to GFP:H1-H3 and GFP:L0-L2 (SI Appendix, Fig. S7 A-D). In
tially in the ventral SVZ (SI Appendix, Fig. S5G). Taken together,  this study, the GFP:HO subgroup was underrepresented and did
our data indicate that GFP:HO cells represent a specialized, re- not form a separate cluster but instead merged with GFP:H3
gionally discrete, quiescent subpopulation of SVZ stem cells. subgroup (SI Appendix, Fig. ST A-D).

CGD-GFP+ Cell Populations Decrease with Age. We extended the  Failure of Quiescent NSC to Transition to Progenitors in Aged SVZ.
SVZ NSC/progenitor lineage single-cell analysis over the process ~ We then focused on the GFP+ subgroups and found that 2-wk
of aging. For this study 2-wk and 1-, 2-, 8-, and 12-mo-old CGD  SVZ contained the highest proportion of stem/progenitor cells
SVZ samples were FACS-analyzed for GFP expression. The  (GFP:H3-L1) concordant with the highest CGD transgene ex-
results indicated that both GFP™ and GFP' populations de-  pression (Fig. 74 and B). Over a period of 12 mo, the GFP:H3-L1
crease over age. By 12 mo, the GFP" population (2.3 + 0.1%,  subgroups were increasingly underrepresented (Fig. 7 C and D).
n = 2) was reduced more than 10-fold as compared to the  Doublet/sphere formation assays with GFP"/GFP'/GFP- cells
2-wk-old sample (24.9 + 2.7%, n = 3), and the GFP" population  isolated from 2-wk and 2-, 7-, and 15-mo SVZs also indicated a
(54 +0.4%,n =2 vs. 38 + 2.2%, n = 2) dropped by more than  continuous decline in sphere-formation capacity of GFP" cells
7-fold (Fig. 6 A and B). For further analysis, we selected genes  during aging (Fig. 7 E and F). Thus, the GFP:H3-L1 bridge, from
with group-specific expression profiles in the 2-mo-old SVZ  quiescent to proliferative states, is disrupted, indicating that over
samples (SI Appendix, Fig. S6A). Among them, Sox2 was high in  age there is a deficit in quiescent cell activation.
all GFP+ cells; E2f1 and Mki67 were specifically induced in To further examine the transition deficit, we compared pooled
GFP:L0-L1; and DCX was expressed in GFP:L1-L2 subpopu- SVZ GFP" subgroups (H1-H2, Fig. 7C, black dashed line) and
lations (SI Appendix, Fig. S64). We found that both GFP+ cells  the GFP™!° transition subgroup (H3-L1, Fig. 7C, brown dashed
and the L1-L2 markers decreased significantly over age line) between 2 and 12 mo. The 12-mo H1-H2 lineage samples
(Fig. 6 C-H). Cells that were double positive for CGD-GFP and  yielded 1,169 up- and 243 down-regulated genes while the
these aforementioned genes were almost entirely depleted in  H3-L1 lineage yielded 272 up-regulated genes and 1,228 down-
10-mo samples (Fig. 6 C-H and SI Appendix, Fig. S6 B and C'").  regulated genes. GO analysis indicated key features of both aged
These results indicate that quiescent SVZ NSC gradually lose ~ SVZ cohorts including increased translation. The H1-H2 cluster
capacity to enter the cell cycle over the process of aging. presented additional activity in RNA splicing and mRNA pro-
To examine age-related changes for each of the seven CGD-  cessing and chromatin organization processes (Fig. 7G and SI
GFP+ populations, we performed single-cell RNAseq analysis  Appendix, Dataset S3 D-J). The aged mice H3-L1 lineage
using SVZ tissues acquired at 2 wk and 2, 6, and 12 mo. Com-  showed down-regulation of the cell cycle, protein catabolism and
bined analysis of 5,600 cells identified 13 major subpopulations (S/  localization, and macromolecule catabolism processes. The
Appendix, Fig. S7TA). The list included 13 of the 14 subgroups transcription factors responsible for the up- and down-regulation
identified in the original sampling at 2 mo of age, including all 7  of the gene sets in each cluster were also determined. While Myc
GFP- subgroups (N1-N7), and 6 GFP+ subgroups corresponding  and Spl are related to the aging profile switch in both lineages,
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Fig. 6. CGD-GFP+ cells decrease over age. (A and B) Whole SVZ FACS analysis delineates the decrease of CGD-GFP+ cells as they age from 2 wk (A and B), 1 mo
(A'and B"), 2mo (A" and B""), 8 mo (A" and B'""), until 12 mo (A" and B""""). (C-E) IHC staining reveals Commensurate loss of CGD-GFP (C, D, and E) with
Mki67 (C'"E") and DCX (C'"E"") in 2-wk (C-C"""), 2-mo (D-D''"), and 10-mo mouse brain sagittal sections (£ and E''"). (Scale bar, 20 pm.) (F~H) IHC staining for
CGD-GFP (F-H) and stem/progenitor markers E2F1 (F""H') and Sox2 (F"""H"") in 2-wk (F-F'""), 2-mo (G-G"""), and 10-mo mouse brains (H-H'"") (Scale bar,

20 pm.) V: lateral ventricle in C'"'-H'"". See also S/ Appendix, Fig. S6.

Srebf2-Creb1-Tfap4 and E2f1-Ctnnb1-Sp3-Trp53 are associated
with either H1-H2 or H3-L1 clusters (Fig. 7G). These biological
processes and transcription factors provide potential targets to
overcome aging deficits of NSC.

Discussion

Single-cell tSNE analysis of the dissected SVZ region identified
14 distinguishable transcriptional subgroups of cells including 7
stem/progenitor subgroups. Among them, four were superimposed
on the CGD-GFP" subgroups, three on the CGD-GFP" sub-
groups, and the remaining seven groups on the GFP- subgroups.
This provides powerful validation that the CGD-GFP sorting
process had indeed portrayed an unbiased representation of the
stem/progenitor cell niche.

Functional assays including primary culture low-density dou-
blet and neurosphere formation indicated that the sorted GFP™
cells represent a quiescent stem-like cell population. When
placed in culture, this population is most efficient in establishing
neurosphere cultures when compared to the GFP' cells that
efficiently form doublets but have reduced potential to evolve
into neurospheres. Neurosphere formation is widely considered as
a valid assay for stem-cell self-renewal (43-47). However, as we
show, transient amplifying cells can also form and sustain neuro-
spheres. Therefore, assays such as the low-density doublet assay
and subsequent quantification of progression to neurospheres may

Xie et al.

provide a more stringent method for assessing self-renewal capa-
bility.

A key determinant that permitted analysis of single-cell se-
quence data from different experiments for each of the 14 SVZ
subgroups was the consistent expression of cell-specific tran-
scription factors and markers commonly used to define stem
cells, progenitor cells, and specialized parenchymal cells (S/
Appendix, Fig. S3). Moreover, molecular analysis further vali-
dated the identity of GFP™ and GFP" cells as stem and pro-
genitor cells, respectively. GO and cell-cycle analysis confirmed
the differential status of these cells both in the metabolic and in
the cell-cycle states (SI Appendix, Fig. S4D and Dataset S2). In
contrast, the seven GFP negative (GFP—:N1-N7) cell subgroups
aligned with parenchymal cell types included in the SVZ prep-
aration. The increased granularity achieved with sequencing of
many thousand cells enriched with a transgene revealed unex-
pected features. For example, only two of three proliferative
GFP" subgroups (GFP:L0-L1) are highly active in the cell cycle.
Moreover, few of the standard markers for quiescent stem cells
segregated at the transcriptional level to a specific subgroup.

The GFP:HO subpopulation is particularly intriguing and has
unique features. Anatomically, GFP:HO genes preferentially lo-
calize in the ventral SVZ. This subgroup is the only one among
GFP+ cells that has high transcription of cilia genes. Further-
more, isolation of GFP:HO cells reveals that they are likely the
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Fig. 7. Aging quiescent neural stem cells exhibit deficiency in transition to the progenitor state. (A) tSNE projection reveals the neural stem/progenitor
lineage distribution of four aged samples: 2 wk and 2, 6, and 12 mo. (B) CGD transcription levels consistently decrease over age in each GFP+ subgroup. (C)
Direct comparison of the neural stem/progenitor-cell distribution between 2-mo (red) and 12-mo (purple) samples. Note the stark underrepresentation of the
GFP:H3-L1 lineage in the 12-mo sample. The black dashed line marks the H1-H2 lineage, and the brown dashed line characterizes the H3-L1 cluster. (D)
Quantitative illustration of distribution of each GFP+ subgroup (H1-L2) at different age points. Note the continuous decrease of H3-L1 lineage from 2- to
12-mo adult SVZs. (€ and F) Quantification of doublet and sphere formation assays for SVZ GFP", GFP'°, and GFP- cells over age. Note that, by 7 mo, the GFP"
population begins to lose its capacity to transition from doublets to neurospheres, consistent with the reduced capacity to transition from H3 to L1 in vivo.
Mean + SEM; n = 3 biological replicate mice for each group (each representing three technical replicate wells). (G) Cartoon describes the activation blockage
of adult NSC in old mice compared to young mice. H1 cells in the SVZ progress into H2 and H3 and then become activated to form L0, L1, and L2 cells. This
progress is robust in young mice (red arrows), but reduced significantly in aged mice (purple arrows). H1-H2 and H3-L1 cells from 2 and 12 mo are combined
to perform differential gene analysis. The numbers on the top reflect the down-regulated (red) and up-regulated (blue) genes in aged groups. GO analysis
from the DEGs unravels potential signaling pathways responsible for the changes. The down-regulated (brown background) or up-regulated (blue back-
ground) pathways during aging are summarized. The red genes in black boxes reflect the putative transcription factors associated with the age-related gene
expression change in either H1-H2 or H3-L1 lineages. See also Fig. 4F and S/ Appendix, Fig. S7 and Dataset S3.

subgroup within the GFP+ cells responsible for reduced low- have used related approaches to investigate the SVZ, and our
density doublet formation but enhanced neurosphere develop-  present data serve to validate but importantly to greatly enrich and
ment in primary culture. We suggest that HO cells may represent  resolve the emerging picture of the heterogeneous SVZ. We cannot
a specialized quiescent NSC cell population, and whether this ignore a recent study that, through sequencing of 28 SVZ cells,
population participates gctively in the home(_)stjcltic process _of reported a NSC-specific signature and proposed an ependymal
self-renewal and production of transient amplifying cells merits origin for NSC (10). Our sequencing studies, which included 6,600

further investigation. . .
The unooverging of additional subgroups of GFP" cells and of cells, ascribes the Luo et al. (10) NSC signature, not to NSC, but

GFP® subgroups underscores the heterogeneity underlying a com- instead tg endothelial. progepi.tor. cells (GFP—:N7 subgroup). Fi-
plex biology. The identification of subgroup-specific transcriptional ~ Nally, unlike the relative facility in culturing doublets or neuro-
signatures and, importantly, of transmembrane-receptor—encoding ~ spheres from GFP+ cultures (albeit with differing efficiencies), we
genes, should provide the means to prospectively isolate these — were unable to obtain cultures from GFP- cells. This substantial
populations and better study their functions. Very recent studies  discrepancy raises a cautionary note about the importance of
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validating single-cell data not only at the molecular level but also
with meaningful functional assays.

It has long been appreciated that, over time, SVZ neuro-
genesis declines (48-50). However, the effect of aging on dif-
ferent NSC/progenitor populations is unresolved, in part due to
methodological constraints of cell-identification criteria or lim-
ited cell number (49, 51). Our approach allows detailed tran-
scriptional examination of the process and demonstrates the
persistence of two qNSC populations (H1 and H2) from 2 to 12
mo. Instead, a particular bottleneck within the stem/progenitor
lineage at the H3-L1 juncture becomes pronounced with age.
The data provide a rich list of genes including transcription
factors and signaling pathways that may be valuable in identify-
ing potential molecular determinants of this deficiency and po-
tential strategies to overcome it. Here, we focused analysis
between adult SVZ of 2 and 12 mo. Additional comparisons
focusing on the adolescent (2 wk) and aged (12 mo) data may
reveal additional insights into NSC maturing and aging. Further
analysis using the seven GFP- populations could identify aging-
related changes in oligodendrocytes, neurons, immune cells, and
endothelial cells.

NSC have important functions in normal physiology that
warrant their thorough study and understanding. Furthermore,
NSC may be among the few or unique cells in the several hun-
dred million cells within the adult brain that have the capacity to
engender malignant brain tumors such as glioblastoma (18). This
disease stands out as one of the most intractable. In this study,
we present seven stem/progenitor populations to lay the foun-
dation for further investigation into the mechanism underlying
the transition from a stem cell to a tumor cell of origin. Finally,
the CGD transgene provides a practical GFP-reporter—based
means to isolate adult neural stem cells and related cell types
in tumors. This includes the capability to examine candidate
gene function via CreERT2 conditional knockout and to inves-
tigate the potential roles of the transgene-expressing cells in
brain pathology with DTR through targeted cell ablation.

Materials and Methods

Animal Studies. All mouse experiments were approved and performed in
accordance with the guidelines of the Institutional Animal Care and Research
Advisory Committee at the University of Texas Southwestern Medical Center
and the Institutional Animal Care and Use Committee of Memorial Sloan
Kettering Cancer Center (MSKCC).

Generation of the CGD Transgenic Mice. A CGD fragment was amplified and
assembled from a CreERT2-containing construct, an H2B-eGFP vector (from
Yan Jiang, Institutes of Brain Science, Fudan University, Shanghai, China),
and genomic DNA from 293T cells (diphtheria toxin receptor). To ensure the
efficient expression of all of the three proteins in the CGD transgene, a P2A
fragment was used to bridge the three different genes (52-54). To verify the
adequate expression of monoproteins from the multicistronic cassette, the
coding region of the CGD fragment was inserted into a FETPTR vector to
transfect 293T cells. Western blot was used to detect the comparative ex-
pression levels of monomers vs. polymers from the same open-reading
frame with a GFP antibody (1:1,000, S/ Appendix, Fig. S1C). Further analy-
sis demonstrated the activity of the three proteins (S/ Appendix, Fig. S1 B-E).
The CGD fragment was then inserted into the pNERV vector (gift from Steve
Kernie, Columbia University, New York, NY) (28) through Notl (New England
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Labs) sites. The pNERV-CGD plasmid was cut with Sall to release the Nestin-
CGD fragment to generate transgenic mice by pronuclear injection into
fertilized murine eggs in a C57BL/6 genetic background. A total of 82
founders were screened with PCR, and 29 lines were identified as positive
with the CGD transgene. The primers used to verify the transgene were the
following: forward primer, 5-GTCTATATCATGGCCGACAAGC-3’; and the
reverse primer, 5-GAAAGAGCTTCAGCACCACC-3'.

Histology and Immunohistochemistry. Mice were perfused and fixed in 4%
paraformaldehyde, soaked in 30% sucrose, and imbedded in OCT compound
(Tissue-Tek). Frozen brain tissues were sectioned (12 pm) and stained with the
following antibodies: goat anti-GFAP (Santa Cruz, 1:500), mouse anti-GFAP
(1:200, Millipore), goat anti-Doublecortin (Santa Cruz, 1:500), goat anti-Sox2
(Santa Cruz, 1:200), rabbit anti-Mki67 (Novus, 1:500), goat anti-GFP (Rock-
land Immunochemicals, 1:200), mouse anti-Glast (Miltenyi Biotec, 1:100), rat
anti-CD133 (eBioscience, 1:100), and rabbit anti-E2f1 (Abnova, 1:100). DAPI
was used to stain the nucleus (ThermoScientific, 1 pg/mL). The sections were
then imaged with a Zeiss LSM 510 confocal microscope using Argon 488,
He543, and He 633. Whole-mount SVZs were prepared and stained as
described (55).

Tissue Culture and FACS Analysis. Fresh mouse SVZ tissues were dissected and
cultured for doublet and sphere formation analysis with a modified protocol
as described (47, 56). Briefly, 200 cells were plated into a 96-well plate and
counted for doublets within 16 to 24 h and for spheres 6 d later. When cell
numbers were limited, 100 to 300 cells were sorted and plated. The data
were then normalized to 200 cells. Antibody staining for FACS was per-
formed in Flow Cytometry Staining Buffer (ThermoFischer Scientific), and
the following antibodies were used: PE-GLAST (ACSA-1, Miltenyi Biotec, 1/40),
APC-CD133 (13A4, Miltenyi Biotec, 1/75), APC-Cy7-CD45 (BD, 1/200), and
APC-CD95-Fas (Miltenyi Biotec, 1:100). DAPI was used to stain the dead cells
(ThermoScientific, 1 pg/mL). Viable cells were sorted in a FACSAriall (BD
Biosciences) and collected in complete serum-free medium for culture. For
Movie S1, the cells were incubated in Cytation 5 (BioTek) and imaged every
hour for GFP and cell morphology.

Total RNA Extraction and Gene Expression Profile Analysis. Freshly prepared
samples were sorted directly into concentrated TRIzol LS reagent (Invitrogen
10296028) and submitted to the Integrated Genomics Operation facility
(MSKCC) for RNA extraction and sequencing with the paired-end 50 method.
The results were processed by Bioinformatics Core of the MSKCC to identify
differentially expressed genes.

Data Availability. Single-cell sequence data have been deposited in Gene Ex-
pression Omnibus (accession no. GSE107220). All study data are included in the
article and supporting information. Data analyzed in Fig. 4C were published in
Llorens-Bobadilla et al. (23), deposited in Gene Expression Omnibus (accession
no. GSE67833).
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