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SUMMARY

Radial glia-like (RGL) stem cells persist in the adult mammalian hippocampus, where they generate new
neurons and astrocytes throughout life. The process of adult neurogenesis is well documented, but cellautonomous factors regulating neuronal and astroglial differentiation are incompletely understood. Here,
we evaluate the functions of the transcription factor zinc-finger E-box binding homeobox 1 (ZEB1) in adult
hippocampal RGL cells using a conditional-inducible mouse model. We find that ZEB1 is necessary for
self-renewal of active RGL cells. Genetic deletion of Zeb1 causes a shift toward symmetric cell division
that consumes the RGL cell and generates pro-neuronal progenies, resulting in an increase of newborn neurons and a decrease of newly generated astrocytes. We identify ZEB1 as positive regulator of the ets-domain
transcription factor ETV5 that is critical for asymmetric division.

INTRODUCTION
Neural stem cells persist in the adult hippocampus across many
mammalian species (Gage, 2019; Ming and Song, 2011),
including humans (Coras et al., 2010; Kempermann et al.,
2018). Radial glia-like (RGL) cells within the subgranular zone
(SGZ) of the dentate gyrus (DG) reside in a quiescent state and
undergo self-renewal, or differentiate into neurons or astrocytes
upon activation. During neurogenesis, the process of neuron
production, RGL cells give rise to intermediate progenitor cells
(IPCs) (Kempermann et al., 2004). IPCs can clonally expand
(Pilz et al., 2018) and commit to the neuronal lineage to become
neuroblasts, which mature into granule neurons that incorporate
into the DG circuitry. RGL cell numbers decrease with age (Encinas et al., 2011; Martı́n-Suárez et al., 2019), but what remains unclear is whether this is due to a limited number of cell divisions
per RGL cell (Encinas et al., 2011), or whether the RGL cell
pool is sustained over the lifetime of an animal, with a slight
age-related decline (Bonaguidi et al., 2011). Likewise, it is not
yet fully established whether astrogliogenesis in the DG occurs
through terminal differentiation of RGL cells (Encinas et al.,
2011), concurrently with neurogenesis (Bonaguidi et al., 2011),
through as-yet-unidentified astrocyte-specific RGL cells, or
through a combination of all three.
Transcription factors that regulate astroglial versus neuronal
specification have been identified (Bonzano et al., 2018; White

et al., 2020), but transcriptional mechanisms underpinning the
choice between self-renewal and lineage commitment in the
adult brain remain incompletely understood.
Zinc-finger E-box binding homeobox 1 (ZEB1) is one of two
members of the ZEB transcription factor family, which regulate
stem cell self-renewal and epithelial-mesenchymal transition
(EMT) in solid tissues (Goossens et al., 2017; Stemmler et al.,
2019). Through these functions, ZEB1 also promotes malignant
growth and dissemination of brain tumors (Edwards et al.,
2011; Rosmaninho et al., 2018; Siebzehnrubl et al., 2013).
ZEB1 acts either as transcriptional activator or repressor depending on the recruited cofactors (Rosmaninho et al., 2018;
Spaderna et al., 2008). ZEB1 expression is crucial for the maintenance of embryonic radial glial cells in an undifferentiated
state, and its downregulation drives the correct maturation and
migration of cerebellar and cortical neurons during development
(Liu et al., 2019; Singh et al., 2016; Wang et al., 2019). Zeb1 null
mice die perinatally with severe skeletal and limb defects, craniofacial abnormalities, as well as respiratory failure and T cell deficiency (Takagi et al., 1998). The lethal phenotype of the Zeb1 null
mouse precluded functional studies of ZEB1 in the adult brain.
However, we have recently generated a conditional Zeb1
knockout model that has enabled investigating ZEB1 functions
beyond early development (Brabletz et al., 2017).
Here, we used the tamoxifen (TAM)-inducible GLAST::
CreERT2 model to investigate the effects of Zeb1 deletion in adult
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hippocampal neurogenesis (Brabletz et al., 2017; Madisen et al.,
2010; Mori et al., 2006). ZEB1 is expressed in RGL cells and
IPCs, as well as mature astrocytes, but is downregulated in the
neuronal lineage. We found that ZEB1 is necessary for the
maintenance of activated RGL cells; loss of Zeb1 led to a differentiation-coupled depletion of the RGL pool accompanied by a
transient increase in neurogenesis and a loss of SGZ-derived astrocytes. In addition to increased neuronal production, we found
increased survival of neurons during their maturation. Analysis of
individual RGL cell clones showed that most clones in Zeb1deleted animals contained only two neurons and no active
RGL cell, whereas clones in control mice contained active RGL
cells and a mixture of neurons and astrocytes. Further analysis
of mitotic figures in vivo and time-lapse imaging in vitro revealed
that Zeb1 deletion increased symmetrical divisions in comparison with control mice, leading to precocious pro-neuronal differentiation. Mechanistically, we identify ZEB1 as a transcriptional
activator of the glial lineage transcription factor ETV5, and targeted expression of ETV5 increased asymmetrical divisions
and decreased neuronal differentiation. Together, our data
show that ZEB1 is necessary for self-renewal of hippocampal
RGL cells by promoting asymmetrical cell divisions and inducing
expression of ETV5.
RESULTS
ZEB1 is a known regulator of stemness in many tissues (Goossens et al., 2017). Recent studies showed that ZEB1 functions
in embryonic neurogenesis (Liu et al., 2019; Singh et al., 2016;
Wang et al., 2019), and we previously found that ZEB1 is crucial
for the self-renewal of glioblastoma cancer stem cells (HoangMinh et al., 2018; Jimenez-Pascual et al., 2019; Siebzehnrubl
et al., 2013). Hypothesizing that ZEB1 would execute similar
functions in adult neural stem cells, we evaluated the consequences of conditional-inducible Zeb1 deletion in the adult hippocampus as a paradigm of a well-characterized neurogenic
niche.
ZEB1 is expressed in hippocampal stem and progenitor
cells and astrocytes
We assessed co-expression of ZEB1 with cell-type-specific
markers in the adult hippocampal DG (Figure 1A) of 12-weekold mouse brain tissue sections. Co-staining for ZEB1 and glial
fibrillary acidic protein (GFAP; Figure 1B) showed that ZEB1
was abundantly expressed in RGL cells (Figure 1B0 ) and in
mature astrocytes in the hilus (Figure 1B00 ). ZEB1 is present in
virtually all SOX9+ astrocytes within the DG (Figure 1C). We
next quantified ZEB1 in quiescent (GFAP+MCM2) and activated
(GFAP+MCM2+) RGL cells, as well as in IPCs (GFAPMCM2+).
This revealed that ZEB1 expression is strongly associated with
MCM2+ cells, while quiescent RGL cells are mostly ZEB1 negative (Figure 1D). Quantification of ZEB1+ RGL cells confirmed
this, showing that ZEB1 overwhelmingly labels active RGL cells
(Figure 1E). ZEB1 was absent within the neuronal lineage,
including Doublecortin-positive (DCX+) early neuronal cells
(Brown et al., 2003) and NeuN+ mature neurons (Figures 1F
and 1G). Hence ZEB1 is expressed in active RGL cells
(GFAP+MCM2+), IPCs (GFAPMCM2+), and astrocytes but is
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downregulated once cells undergo neuronal lineage commitment. This is supported by published datasets from single-cell
RNA sequencing studies (Figure S1) (Hochgerner et al., 2018).
This expression pattern supports a functional role for ZEB1 in
adult neural stem and progenitor cells. Interestingly, the
continued expression of ZEB1 in astrocytes also suggests a
more general role for glial identity, comparable with, e.g.,
SOX2 (Bani-Yaghoub et al., 2006). Because ZEB1 is absent in
quiescent RGL cells and expressed when these become activated, we chose to focus on the functions of ZEB1 in RGL cells.
Mouse model for conditional-inducible Zeb1 deletion in
RGL cells
To evaluate the function of ZEB1 in RGL cells, we generated a
conditional-inducible mouse model for deletion of Zeb1 by
crossing the Zeb1f/f mouse line (Brabletz et al., 2017) with the
TAM-inducible GLAST::CreERT2 (Mori et al., 2006) and the
Rosa26-tdTomato reporter (Madisen et al., 2010) transgenic
lines (Figures 2A and 2B). This model, hereafter referred to as
Zeb1/, enabled the deletion of Zeb1 in neural stem cells and
the astroglial lineage combined with lineage tracing. As controls,
we used GLAST::CreERT2/Rosa26-tdTomato mice with wildtype levels of ZEB1 expression (hereafter referred to as control).
We tested the recombination efficiency 1 day after the last TAM
injection. Recombination occurred at a high level and to a comparable extent in both models (Figures 2C and 2D).
Next, we quantified the numbers of ZEB1+ and ZEB1 cells in
GFAP+tdTOM+ cells at 1 day post-induction to determine the efficiency of Zeb1 deletion in RGL cells. There was a 17-fold
decrease in ZEB1+ RGL cells following TAM administration in
Zeb1/ mice compared with controls (Figures 2E and 2F).
This validates successful and efficient knockout of Zeb1 in
RGL cells following TAM administration.
Comparison of control and Zeb1/ mice with compound heterozygotes at 4 weeks post-induction demonstrated that the
phenotype of Zeb1+/ is not significantly different from the controls (Figure 2G). Hence Zeb1/ mice can be used to ablate
Zeb1 in DG RGL cells, and bi-allelic deletion of Zeb1 is needed
to obtain a significant phenotype.
Zeb1 loss causes depletion of hippocampal RGL cells
Having established that ZEB1 is absent in Zeb1/ mice immediately after TAM administration, we investigated the longerterm effects of Zeb1 deletion in hippocampal RGL cells. We
quantified quiescent (GFAP+MCM2; Figure 3, arrowheads)
and activated (GFAP+MCM2+; Figure 3, arrows) RGL cells at
1 day (Figure 3A) and 4 weeks (Figure 3B) after Zeb1 deletion.
The number of quiescent RGL cells was comparable between
control and Zeb1/ mice immediately after induction but was
significantly lower by 4 weeks (Figure 3C). By contrast, activated
RGL cells showed an immediate decrement at 1 day that was
sustained at 4 weeks (Figure 3D). This indicates that Zeb1 loss
causes a steady decline of activated RGL cells, which results
in continued recruitment of quiescent RGL cells that exhaust
the hippocampal RGL cell pool.
To confirm this, we investigated whether the loss of RGL cells
progressed over time, and assessed combined numbers of
quiescent and activated RGL cells. Zeb1/ mice continued to
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Figure 1. Expression of ZEB1 in the adult mouse hippocampus
(A) Overview of whole DG with co-staining of GFAP and ZEB1.
(B) GFAP and ZEB1 are co-expressed in SGZ RGL cells (B0 ) and in mature astrocytes (hilus, B00 ).
(C) SOX9 and ZEB1 are co-expressed in RGL cells and astrocytes within the GCL.
(D) Quiescent (q) RGL cells are mostly negative for ZEB1 (arrow in D0 , left bar graph), while the majority of ZEB1+ cells in the SGZ constitute active (a) RGL cells
(arrow in D00 , middle bar graph) or IPCs (arrowhead in D0 , right bar graph).
(E) Fraction of qRGL versus aRGL cells out of all ZEB1+ RGL cells.
(F and G) ZEB1 is absent in DCX+ neuroblasts (F, arrows), as well as in NeuN+ granule neurons (G, arrow).
Dots represent individual mice (minimum of two sections analyzed per animal); numerical data are shown as mean ± SEM. Scale bars, 100 mm (A); 20 mm (B–D, F,
and G); 10 mm (insets). GCL, granule cell layer; ML, molecular layer. See also Figure S1.

display decreased RGL cell numbers compared with controls by
8 (Figure 3E) and 12 weeks post-induction (Figure 3F).
The slow-rate depletion of RGL cells suggests an increased
rate of differentiation at the expense of self-renewal in this cell
population. We therefore sought to determine whether Zeb1
loss resulted in altered numbers of hippocampal IPCs. Evaluating the number of GFAP MCM2+ IPCs revealed a significant
increase in Zeb1/ mice at 1 day post-induction but a signifi-

cant decrease at 4 weeks (Figure 3G). We further quantified
TBR2+tdTOM+ IPCs (Figure 3H) in control and Zeb1/ mice between 2 and 12 weeks after Zeb1 deletion (Figure 3I). TBR2+ IPC
numbers in Zeb1/ mice were significantly greater at 2 weeks
after induction than in controls, but by 4 weeks, IPC numbers
were comparable in both groups. By 12 weeks post-recombination, this effect was inverted, and the numbers of TBR2+ cells in
Zeb1/ mice were significantly lower than in controls.
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Figure 2. Validation of the conditional-inducible Zeb1 knockout model
(A) Breeding strategy to generate inducible control
and Zeb1 knockout mice with endogenous tdTOM
reporter expression.
(B) Tamoxifen (TAM) was administered daily for 5
consecutive days. Tissue was harvested at the
indicated time points post-induction (black arrows).
(C) Induction of tdTOM in GFAP+ RGL cells was
comparable in both models.
(D) Representative image depicting overlap of
tdTOM in GFAP+ RGL cells within the SGZ.
(E) Representative images showing RGL cells are
ZEB1+ in control mice (arrow), but ZEB1 following
TAM administration in Zeb1/ mice (arrow).
(F) Quantification of ZEB1 expression in GFAP+tdTOM+ RGL cells in the SGZ of control and Zeb1/
mice 1 day post-induction.
(G) Comparison of ZEB1-expressing RGL cells at
4 weeks post-induction in control, Zeb1+/, and
Zeb1/ mice.
Dots represent individual mice (minimum of two
sections analyzed per animal); numerical data are
shown as mean ± SEM. Scale bars: 100 mm (D);
20 mm (F); 10 mm (insets).
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Direct comparison of the trajectories of quiescent, activated,
and total RGL cells over time highlights the steady decline of
RGL cells in Zeb1/ mice, while this population remains at equilibrium in controls (Figure 3J). The increased differentiation of
RGL cells following Zeb1 loss results in a transient increase of
IPCs that is reverted as RGL cell numbers are depleted (summarized in Figures 3K and 3L).
Loss of Zeb1 increases neurogenesis in the
hippocampus
We determined whether the transient IPC increase in Zeb1/
mice translated into increased numbers of differentiated progenies. To investigate the fate of the progenitor cells generated
through the division-coupled depletion of RGL cells, we assessed the numbers of neuroblasts and neurons in the DG.
We first quantified newly generated neuroblasts and found that
the trajectory of DCX+tdTOM+ cells in the DG of Zeb1/ mice followed a similar pattern as IPCs. Compared with controls, the
numbers of DCX+ cells in Zeb1/ mice were significantly greater
at 2 and 4 weeks post-induction. However, this distribution inverted at 8 weeks when the number of DCX+ cells was significantly lower in Zeb1/ mice compared with controls, in line
with the observed decline in RGL cells and IPCs (Figures 4A–4C).
Because of the transient amplification of neuroblasts after
Zeb1 deletion, we probed whether these cells matured into
granule neurons. We followed the expected timeline of neuronal
maturation and compared NeuN+tdTOM+ granule neurons from
4 to 12 weeks post-Zeb1 deletion. Although we observed no differences in mature neuron numbers at 4 weeks, the numbers of
NeuN+ neurons were significantly greater at 8 and 12 weeks
post-induction in Zeb1/ mice than in controls (Figures 4D–
4F). Mature neuron numbers showed a linear increase in control
mice but plateaued in Zeb1/ mice between 8 and 12 weeks.
Hence Zeb1 deletion results in a prominent increase in neuronal
differentiation.
We next evaluated whether the increase in newborn neurons is
linked to proliferation rates of stem/progenitor cells in Zeb1/
mice and quantified co-expression of the proliferation marker
Ki67 in GFAP+tdTOM+ RGL cells and TBR2+tdTOM+ IPCs at
1 day and 2 weeks post-induction. There was no significant difference in proliferating cells between Zeb1/ and control at either
time point (Figures S2A–S2E). Additionally, we performed EdU labeling in vivo concurrent with TAM administration (Figure S2F) and
analyzed numbers of EdU+tdTOM+ cells at 2 weeks after labeling.
We found that both DCX+EdU+tdTOM+ and DCXEdU+tdTOM+
cell numbers were significantly increased in Zeb1/ mice (Fig-

Article
ures S2G and S2H). Most newborn neurons generated during neurogenesis undergo apoptosis, and only a small fraction survives
and integrates successfully into the hippocampal circuitry (Dayer
et al., 2003; Ryu et al., 2016). Changes in neuronal survival may
considerably impact the number of neurons generated by neurogenesis (Sierra et al., 2010). Therefore, we determined whether
Zeb1 loss affected survival of neuronal progenies and quantified
co-expression of the apoptotic marker cleaved caspase-3 with
either DCX (at 2 weeks post-induction) or NeuN (at 4 weeks
post-induction). The number of apoptotic DCX+ neuroblasts was
not significantly different between Zeb1-deleted mice and controls, but we did find significantly fewer apoptotic NeuN+ granule
neurons in the Zeb1/ DG (Figures S2I and S2J). This indicates
that Zeb1 loss promotes long-term survival of newly generated
hippocampal neurons, which may contribute to the increased
numbers of mature neurons following Zeb1 deletion.
Zeb1 deletion during embryonic neurogenesis results in
increased migration of neuroblasts (Liu et al., 2019; Singh
et al., 2016). Neuroblasts in Zeb1/ mice did not migrate differently compared with control mice, as evidenced by measurement of distances between the bottom of the SGZ and the
positions of EdU+DCX+tdTOM+ cells within the DG (Figure S2K).
To test whether newborn neurons displayed normal maturation, we performed patch-clamp electrophysiology (Figures
4G, 4H, S3A, and S3B). This revealed no significant differences
between resting membrane potential, input resistance, membrane time constant, or membrane capacitance in tdTOM+
Zeb1/ and control DG granule cells (DGGCs) at 4–5 weeks
post-induction. We also found no significant differences in these
properties between tdTOM Zeb1/ and control DGGCs cells,
or between tdTOM+ and tdTOM cells of both genotypes (Figure 4H). Furthermore, no differences were observed in cellular
excitability, with all four groups of DGGCs having similar action
potential firing properties (Figures S3A and S3B). In reconstructed tdTOM+ DGGCs, we found no significant differences
in dendritic morphology 4–5 weeks post-induction (Figures
S3C and S3D). Interestingly, and in contrast with the effects of
Zeb1 deletion in embryos (Liu et al., 2019; Singh et al., 2016;
Wang et al., 2019), our findings suggest that Zeb1 knockout
does not markedly alter the functional and morphological development or migration of DGGCs (Figures S2K and S3E–S3G).
Decreased astrocyte numbers in the SGZ, but not DG, of
Zeb1/ mice
Zeb1 loss causes depletion of RGL cells by inducing proneuronal differentiation, but RGL cells in the DG also generate

Figure 3. Effects of Zeb1 loss in RGL cells and IPCs
(A and B) Representative images of quiescent (GFAP+MCM2tdTOM+; arrowheads) and activated (GFAP+MCM2+tdTOM+; arrows) RGL cells in the SGZ of
control and Zeb1/ mice at 1 day (A) and 4 weeks (B) post-induction.
(C) Numbers of quiescent RGL cells at 1 day and 4 weeks post-Zeb1 deletion.
(D) Numbers of activated RGL cells at 1 day and 4 weeks post-Zeb1 deletion.
(E and F) Representative images and quantification of RGL cells at 8 (E) and 12 weeks (F) post-induction.
(G) Numbers of GFAP-MCM2+tdTOM+ IPCs at 1 day and 4 weeks post-Zeb1 deletion.
(H and I) Representative images at 4 weeks post-induction (H) and quantification of TBR2+ IPCs at 2, 4, and 12 weeks post-Zeb1 deletion (I).
(J–L) Summary graphs depict quiescent/activated (left) and total (right) RGL populations in control and Zeb1/ mice (J). Summary graphs outline the temporal
changes of GFAPMCM2+ (K) and TBR2+ (L) IPCs.
Dots represent individual mice (minimum two sections analyzed per animal), except in (J)–(L), where dots represent averages. Numerical data are shown as mean
± SEM. Dashed lines in images demarcate DG boundaries. Scale bars: 20 mm (insets: 10 mm).
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astrocytes (Bonaguidi et al., 2011; Encinas et al., 2011; Gebara
et al., 2016). Because ZEB1 is present in all hippocampal astrocytes, we evaluated whether the neuronal differentiationcoupled depletion of RGL cells affected production of astrocytes
in the SGZ and/or whether Zeb1 deletion affected astrocyte
numbers in general. Because the GLAST promoter is active in
both RGL cells and normal astrocytes in control and ZEB1/
mice, we assessed numbers of SOX9+ non-RGL astrocytes (Figure 5A) and S100b+ (Figure 5B) astrocytes separately within the
SGZ and the DG. This enabled separating the effects of Zeb1
deletion on RGL cell astrogliogenesis while excluding confounding effects from Zeb1 loss in astrocytes in other areas of the DG
and the hilus.
In the SGZ of Zeb1/ mice, numbers of SOX9+ astrocytes
were significantly decreased at 4 and 8 weeks post-induction,
which was matched by numbers of S100b+ astrocytes at 8 and
12 weeks post-induction (Figure 5C). By contrast, we did not
observe significant differences in SOX9+ or S100b+ astrocytes
in the granule cell layer of the DG at the same time points (Figure 5D). Because ZEB1 affected survival of newborn neurons,
we further evaluated whether Zeb1 loss altered survival of
GFAP+tdTOM+ RGL cells at 1 day post-induction and/or
SOX9+tdTOM+ non-RGL astrocytes at 4 weeks post-induction.
Although overall cell counts of cleaved caspase-3+ cells in
both populations were low, we found no difference in apoptotic
RGL cells or astrocytes between control and Zeb1/ mice (Figures 5E and 5F). This indicates that ZEB1 may be dispensable for
RGL and astrocyte survival.
In summary, our data support that Zeb1 deletion in hippocampal RGL cells promotes their differentiation into neuronal
progenies, while simultaneously preventing astroglial fate specification. Newborn Zeb1/ neurons have a higher survival rate
than control neurons and integrate into the DG. In contrast, we
found no evidence for decreased survival of astrocytes
following Zeb1 deletion, suggesting that reduced astrocyte
numbers may be caused by changes in astrogliogenesis. To
further elucidate whether Zeb1 loss results in diminished production of new astrocytes, we analyzed the cellular composition
of individual RGL clones.
Clonal lineage composition is altered in Zeb1/
compared with control mice
To investigate how neurogenesis and astrogliogenesis are
altered in Zeb1/ mice, we employed a low-dose induction
paradigm that enabled sparse recombination and subsequent

Article
lineage tracing in individual RGL cells (Figures 6A, 6B, and
S4A–S4E) (Bonaguidi et al., 2011). We compared clonal lineages
in control and Zeb1/ mice 4 weeks after recombination and
found a significant reduction in active clones (containing an
RGL cell and non-RGL progenies), as well as a significant increase in depleted clones (containing only differentiated progenies and no RGL cell), in Zeb1/ mice (Figures 6C, S4D, and
S4F). These RGL-depleted clones confirm the previously
observed RGL cell loss following Zeb1 deletion (Figure 3). The
frequency of quiescent clones (containing a single RGL cell)
was similar in control and Zeb1/ mice (Figures 6C and S4F).
This indicates that Zeb1 loss does not directly affect quiescent
RGL cells, but its effects manifest only after RGL cells become
activated. This is further supported by the lack of ZEB1 expression in quiescent RGL cells (Figure 1E) and the delayed decline in
quiescent RGL cell numbers, whereas activated RGL cell
numbers decrease immediately following TAM administration
(Figure 3).
Because of the increase in neurogenesis and concomitant
decrease in astrocyte numbers in the SGZ, we asked whether
Zeb1 loss may alter the ratio of neuron/astrocyte production.
We analyzed clonal lineages from individual RGL cells in active
and depleted clones (Bonaguidi et al., 2011). A significantly lower
number of clones contained astrocytes in Zeb1/ mice
compared with controls (Figure 6D). Although we found a few
clones containing only an RGL cell and an astrocyte (RA) in controls, these were absent in Zeb1/ mice. More importantly,
approximately 30% of active clones in control mice contained
both astroglia and neurons (RAN), whereas we found only a single bi-lineage clone in Zeb1/ animals. There was no significant
difference in the frequency of active clones that produce only
neurons (RN) between controls and Zeb1/ mice. We next
compared the ratio of neuron-only-producing versus bi-lineage
(neuron- and astrocyte-producing) clones and found that this ratio is significantly skewed toward neuron-only-producing clones
after Zeb1 loss (Figures 6E, S4G, and S4H). This indicates that
ZEB1 is not only relevant for self-renewal but also for lineage selection in hippocampal RGL cells by preventing neuronal and
promoting astroglial fate.
To elucidate the capacity for clonal expansion following Zeb1
deletion, we assessed the number of cells per clone in both
groups. When comparing the cell numbers across individual
clones, we observed an enrichment of clones containing either
two or five cells in control mice, whereas most Zeb1/ clones
contained one to three cells (Figure S4I). This is consistent with

Figure 4. Effects of Zeb1 loss in newborn neurons
(A) Representative images of DCX+tdTOM+ neuroblasts (arrows) at 2 weeks post-induction.
(B) Quantification of DCX+tdTOM+ neuroblasts in the DG of control and Zeb1/ mice at 2, 4, and 8 weeks post-induction.
(C) Summary graph of neuroblast changes over time.
(D) Representative images of NeuN+ granule neurons (arrows) at 4 weeks post-induction.
(E) Numbers of NeuN+tdTOM+ granule neurons at 4, 8, and 12 weeks post-induction.
(F) Summary graph showing granule neuron changes over time.
(G) 2D projection of a two-photon image z stack showing a typical granule cell filled with Alexa 488 via the patch-clamp recording electrode. Representative
recordings from tdTOM expressing Zeb1/ (red) and control (blue) DGGCs.
(H) Scatterplots show resting membrane potential (Rm), input resistance (RN), membrane time constant (tm), and membrane capacitance (Cm) for individual
DGGCs overlaid with the mean for each group.
Additional graphs and Neurolucida traces are in Figure S3. Dots represent individual mice (minimum of two sections analyzed per animal; B and E), average values
(C and F), or individual neurons (4 mice/genotype, H). Numerical data are shown as mean ± SEM. Scale bars: 20 mm (insets: 10 mm). See also Figures S2 and S3.
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Figure 5. Effects of ZEB1 loss in astrocytes
(A) Representative images at 4 weeks post-induction, identifying SOX9+ SGZ astrocytes (insets).
(B) Representative images at 8 weeks post-induction, identifying S100b+ SGZ astrocytes (arrows).
(C) Quantification of SOX9+tdTOM+ non-RGL astrocytes in the SGZ (left) at 4 and 8 weeks postinduction and of S100b+tdTOM+ SGZ astrocytes
(right) at 8 and 12 weeks post-induction.
(D) Quantification of SOX9+tdTOM+ (left) and
S100b+tdTOM+ (right) astrocytes in the DG.
(E) Fraction of apoptotic GFAP+ RGL at 1 day postinduction.
(F) Fraction of SOX9+ apoptotic astrocytes at
4 weeks post-induction.
Dots represent individual mice (minimum of two
sections analyzed per animal); numerical data are
shown as mean ± SEM. Scale bars: 20 mm (insets:
10 mm).
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Figure 6. Analysis of RGL cell clones
(A) Mice were injected with low-dose TAM (0.05 mg), and recombination was assessed 4 weeks post-induction.
(B) Representative images of clones at 4 weeks post-induction.
(C) Relative frequency of quiescent (containing only an RGL cell [single R]), active (containing an RGL cell and any other cell type [R+X]), and depleted (containing
only lineage-restricted cells [no R]) clones (n = 38 [control, from 12 hippocampi] versus 35 [Zeb1/, from 10 hippocampi]).
(D) Frequencies of active clone subtypes (relative to all clones; n = 26 [control] versus 14 [Zeb1/]). Clone subtypes are neurogenic (RGL cell and neurons [RN]),
astrogliogenic (RGL cell and astrocyte [RA]), bi-lineage (RGL cell, neuron(s) and astrocyte [RAN]), or self-renewing (two RGL cells [RR]).
(E) Frequencies of bi-lineage (RAN) versus neuron-only-producing (RN) clones across active clones (containing RGL cell; left) and all clones (right).
(F) Ratio of clones containing two cells versus clones containing five cells.
(G) Representative images of cleavage plane orientation in RGL cells undergoing asymmetric (top) or symmetric (bottom) division in control and Zeb1/ mice.
Dashed lines indicate SGZ-hilus border.
(H) Quantification of RGL cell division angles, binned into 30 groups.
(I) Representative images from in vitro time-lapse imaging of primary adult hippocampal cells.
(J) Quantification of dividing versus non-dividing clones.
(K) Numbers of cell divisions per clone.

(legend continued on next page)
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a premature differentiation of RGL cells in Zeb1/ mice, which
prohibited further clonal expansion. In support, most neuroncontaining clones were active in control mice (Figure S4J),
whereas in Zeb1/ mice, neuron-containing clones were mostly
depleted (Figure S4K). Premature differentiation of RGL cells after Zeb1 loss should result in an increased frequency of smaller
clones. Therefore, we analyzed the ratio of clones containing two
cells versus clones containing five cells and found that this is
close to 1 in controls (i.e., similar numbers of clones contain
two or five cells), but two-cell clones were 6-fold enriched in
Zeb1/ mice (Figure 6F). This further supports that Zeb1 deletion causes loss of RGL cells as a result of premature
differentiation.
We noted that this preferential production of two-cell clones
that lack an RGL cell but contain two neurons (Figure S4L) is suggestive of symmetrical cell division that causes differentiation of
the mother RGL cell. Therefore, we measured cleavage plane
orientation of dividing tdTOM+GFAP+ RGL cells relative to their
orientation along the SGZ-hilus border in control and Zeb1/
mice (Figures 6G and 6H). We grouped cleavage plane angles
into 30 bins and found that Zeb1 loss results in a significant shift
in cell division angles. Although in control animals most RGL cell
divisions occurred along the horizontal axis (i.e., asymmetrical)
(Falk et al., 2017), the division plane was mostly vertical in
Zeb1/ mice. This indicates that Zeb1/ RGL cells are more
likely to undergo symmetrical division and, taken together with
the greater probability for Zeb1/ clones to contain two neurons, supports that these symmetrical divisions are neurogenic
and cause depletion of the RGL cell.
To validate changes in cell division type following Zeb1 loss,
we isolated primary hippocampal cells from 6- to 8-week-old
mice and performed in vitro time-lapse imaging of individual
clones (Figure 6I). Zeb1/ clones were more likely to divide (Figures 6J and 6K), and they produced more surviving cells per
clone (Figure 6L). This is in line with our observations on
increased cell production and survival following Zeb1 loss (Figures 3, 4, and S2). Importantly, we found significantly more
Zeb1/ clones undergoing symmetric divisions compared
with controls, which were more likely to divide asymmetrically
(Figure 6M). ZEB1 deficiency causes diminished proliferation of
radial glia in the ventricular zone of the developing embryo (Liu
et al., 2019). Thus, it is conceivable that RGL cells may be
dividing slower after Zeb1 deletion, contributing to the smaller
clonal size observed in the former group. Although in vivo quantification did not show significant differences of Ki67+ RGL cells,
we observed a significant delay between the first and second cell
division in Zeb1/ clones in vitro (Figure S4M). Subsequent cell
division timings were not different between control and Zeb1/
clones, indicating that this effect may be transient. In summary,
in vivo and in vitro data support that increased symmetrical divisions underlie the differentiation-coupled depletion of Zeb1/
RGL cells.
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Zeb1 regulates expression of the glial lineage
transcription factor Etv5
To elucidate how ZEB1 affects cell division planes and fate specification, we curated a list of candidate regulators of asymmetrical cell division. We used the 21 genes listed in the Gene
Ontology term for asymmetrical division (GO:0008356). Next,
we removed candidates where publicly available chromatin
immunoprecipitation (ChIP) sequencing (ChIP-seq) data in
glioblastoma cells indicated no promoter occupancy by ZEB1
(Rosmaninho et al., 2018). We then considered candidates
expressed in hippocampal RGL cells and astrocytes based on
published transcriptional profiling datasets (Chai et al., 2017;
Hochgerner et al., 2018). Finally, we selected candidates based
on their co-expression with ZEB1 in astrocytes using single-cell
RNA-sequencing data (Zeisel et al., 2015) (Table S1; Figure 7A).
We validated the resulting shortlist of candidates (ARHGEF2,
ETV5, INSC, PARD3, SOX5, and RAB10) by ChIP-PCR to test
their promoter occupancy by ZEB1. This yielded positive results
for Arhgef2, Etv5, Insc, and Rab10 (Figures 7B, 7C, and S5A–
S5C), and we next determined whether expression of these candidates changed after Zeb1 deletion. Although we did not
observe noticeable differences in ARHGEF2, INSC, or RAB10
levels (data not shown), ETV5 protein levels were significantly
lower in primary hippocampal neurosphere cultures from
Zeb1/ mice compared with controls (Figure 7D). Importantly,
ETV5 is a transcription factor that promotes glial fate specification and regulates branching morphogenesis, a developmental
process dependent on changing the cell division plane (Ahmad
et al., 2019; Breunig et al., 2015; Chotteau-Lelievre et al., 2003).
We performed immunostaining for ETV5 in hippocampal tissue
sections and observed ETV5 in RGL cells of control, but not
Zeb1/, mice (Figure 7E). Quantification of ETV5+ cells in control animals showed that the majority of RGL cells express
ETV5 (Figure 7F). We also identified a subset of ETV5+ cells
that were non-RGL cells in the SGZ (Figure S5D). Quantification
of ETV5+ RGL (GFAP+tdTOM+) cells revealed a significant
decrease of total ETV5+ RGL cell numbers (Figure 7G) and the
percentage of RGL cells expressing ETV5 (Figure 7H) in Zeb1/
mice at 1 day post-induction. This demonstrates that Zeb1 loss
causes decreased expression of ETV5 in RGL cells.
To further validate the role of ETV5 in asymmetric division and
cell fate, we performed in vitro time-lapse imaging of primary hippocampal Zeb1/ cells after transduction with a lentiviral vector
containing an ETV5 expression cassette (Figure 7I). We found
that ETV5 overexpression restored the ratio of asymmetric to
symmetric divisions in Zeb1/ clones in vitro (Figure 7J) and
significantly reduced cell division times (Figure S5E). Moreover,
ETV5 overexpression significantly decreased the number of
DCX+ progenies from Zeb1/ clones (Figure 7K).
Together, our findings show that (1) ZEB1 binds directly to the
Etv5 promoter in hippocampal neurospheres and induces ETV5
expression, (2) loss of Zeb1 leads to reduction of ETV5

(L) Numbers of surviving cells per clone.
(M) Ratio of symmetric to asymmetric divisions across all clones.
Dots represent individual clones from 6–7 mice/genotype (C and D), individual cells from 7–8 mice/genotype (H), and individual cells from 5–6 mice/genotype (K
and L). Numerical data shown as mean ± SEM. Red line in (K) and (L) represents median. Scale bars: 10 mm (B and G); 20 mm (I). A, astrocyte; N, neuron; R, RGL
cell. See also Figure S4.
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Figure 7. ZEB1 directly regulates expression
of ETV5
(A) Workflow for narrowing down the list of candidates relevant for asymmetric division.
(B) Predicted ZEB1 binding sites with a p value of
103 (based on the JASPAR database; Fornes et al.,
2020) in the Etv5 promoter region.
(C) ChIP of the Etv5 promoter after pulldown with
ZEB1 from hippocampal neurosphere cultures.
(D) Western blot of ETV5 and ZEB1 in hippocampal
Zeb1/ and control neurospheres.
(E) Immunofluorescence staining for ETV5 in RGL
cells of control and Zeb1/ mice.
(F) Quantification of ETV5 expression in control RGL
cells.
(G) Quantification of ETV5+GFAP+tdTOM+ cells with
RGL morphology in the SGZ at 1 day post-induction.
(H) Percentage of ETV5+GFAP+tdTOM+ RGL cells
out of total GFAP+tdTOM+ RGL cells at 1 day postinduction.
(I) Western blot of ETV5 in hippocampal Zeb1/
neurospheres transduced with a lentiviral ETV5
expression vector and control Zeb1/ cultures.
(J) Ratio of asymmetric to symmetric divisions
quantified from time-lapse imaging of primary adult
hippocampal cells.
(K) Quantification of GFAP+ and DCX+ cells after
live-cell imaging.
Dots represent individual mice (minimum of two
sections analyzed per animal); numerical data are
shown as mean ± SEM. Scale bars: 10 mm. GBM,
glioblastoma; HC, hippocampus. See also Figure S5 and Table S1.

pressing clones further indicate that ETV5
expression is negatively correlated with
neuronal fate.
DISCUSSION

expression in RGL cells, and (3) targeted expression of ETV5 increases asymmetrical divisions in Zeb1/ primary hippocampal
cell clones. The lower numbers of DCX+ cells in ETV5-overex-
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ZEB1 is a transcriptional regulator of EMT
(Peinado et al., 2007). Although primary
EMT is essential for cell-state transitions
in development, e.g., during neural crest
formation (Acloque et al., 2009), the relevance of this process during homeostasis
of non-epithelial tissues, such as the adult
brain, remains unclear. More recently, the
role of EMT-associated transcription factors in the maintenance of stem cell phenotypes has come into focus (Goossens
et al., 2017). ZEB1 promotes cancer stemness in glioblastoma (Rosmaninho et al.,
2018; Siebzehnrubl et al., 2013), where it
is part of an autoregulatory loop together
with SOX2 and OLIG2 (Singh et al., 2017),
two transcription factors with well-established functions in neural stem/progenitor cells (Ligon et al., 2007; Suh et al., 2007).
Here, we investigated the consequences of Zeb1 deletion in
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adult neural stem/progenitor cells. Conditional-inducible deletion of Zeb1 resulted in rapid and sustained loss of ZEB1 within
the DG that was apparent as early as 1 day following TAM
administration.
Constitutive deletion of Zeb1 is lethal around birth, limiting investigations of Zeb1 deletion to embryonic development. Two
studies have reported that downregulation of ZEB1 expression
is necessary for the neuronal commitment of precursor cells, allowing them to gain a neuronal identity while migrating to their
maturation destinations in the developing cerebellum and cortex, respectively (Singh et al., 2016; Wang et al., 2019). This is
partially mirrored in the adult hippocampus because we
observed a lack of ZEB1 in the neuroblast and granule neuron
populations. Consequently, Zeb1 deletion results in increased
neurogenesis in both embryo and post-natal development. In
embryonic neurodevelopment, Zeb1 loss causes aberrant
neuronal morphology and positioning (Liu et al., 2019; Singh
et al., 2016; Wang et al., 2019). By contrast, Zeb1 deletion
does not affect morphology, electrophysiological properties, or
migration of adult-born granule neurons in the hippocampus. It
is possible that adult hippocampal neurogenesis differs from
cortical neurogenesis, and that hippocampal granule neurons
do not need ZEB1 to mature. Alternatively, migration distances
in the adult hippocampus may be too short for a noticeable effect
on cell migration.
Another important study investigated ZEB1 functions in embryonic spinal cord glial precursor cells, showing that Zeb1 loss
delays astroglial differentiation (Ohayon et al., 2016). Zeb1 deletion did not affect specification, proliferation, or survival of astrocyte progenitors in the ventricular zone, but delayed delamination
of astroglial precursor cells, which perturbed astroglial differentiation. We report that Zeb1 loss does not affect survival of astrocytes or RGL cells in the adult DG. Although we find no difference
in precursor cell proliferation in vivo, time-lapse imaging supports
a delay in initial cell divisions in vitro. Quantification of astrocyte
numbers up to 12 weeks following Zeb1 deletion did not support
delayed astrocytic differentiation in the adult hippocampus. It is
conceivable that astrocytic differentiation is delayed beyond
the time points studied here, but our data are more consistent
with neuronal differentiation-coupled depletion of RGL cells
that may also underlie the decrease in astrogliogenesis. Due to
low numbers of astrocyte production, we could not test whether
ZEB1 is important for migration of newborn astrocytes in the adult
hippocampus. It would be interesting to investigate if ZEB1 regulates glial motility in the postnatal or adult brain in future studies.
RGL cells constitute resident stem cells of the DG and
generate both neurons and astrocytes throughout life (Bonaguidi
et al., 2011; Encinas et al., 2011; Palmer et al., 1997; Seri et al.,
2001). Our findings suggest that ZEB1 may be used to identify
active RGL cells in combination with GFAP. We report that
ZEB1 is necessary for maintenance of activated RGL cells,
with Zeb1 deletion causing a steady loss of activated RGL cells
that is coupled with pro-neuronal differentiation (Gao et al.,
2011). This differentiation is linked to cell division, because
most RGL cell-depleted clones contained more than one neuron,
indicating that RGL cells divided at least once prior to depletion.
Because quiescent RGL cells do not express ZEB1, the delayed
decline of quiescent RGL cell numbers after Zeb1 deletion is
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most likely caused by recruitment of quiescent RGL cells to
replenish differentiating activated RGL cells. Of note, gene
expression datasets from a recent study investigating hippocampal RGL cell maintenance show that ZEB1 levels differ
significantly between dormant and resting, but not between
resting and active, RGL cells (Harris et al., 2021).
During adult neurogenesis, quiescent RGL cells become activated to generate new neurons. Although some questions
remain, there is consensus that RGL cells undergo a limited
number of divisions (most likely three) after which they either
revert to quiescence or terminally differentiate (Bonaguidi
et al., 2011; Encinas et al., 2011; Lazutkin et al., 2019). RGL cells
are more likely to differentiate in younger animals, but more
frequently they re-enter quiescence in older mice (Harris et al.,
2021). In line with these observations and the ‘‘disposable
stem cell model’’ (Encinas et al., 2011), we find a 1:3 ratio of
RGL cell-depleted to RGL cell-containing clones in control
mice, suggesting that over the 4-week chase period, 1 out of 4
clones differentiated. This process is exacerbated after Zeb1
deletion, increasing the ratio of RGL-depleted to RGL-containing
clones (1:1). It would be interesting to test whether Zeb1 deletion
in older mice affects RGL cell return to quiescence (Harris et al.,
2021). Most two-cell clones in the Zeb1-deficient DG contained
only two neurons and no RGL cell, whereas two-cell clones in
controls predominantly contained one RGL and one non-RGL
cell. Most clones in control mice contained five cells, similar to
a live-cell imaging study that tracked neurogenesis in vivo (Pilz
et al., 2018). It is possible that cell death affected the number
of clonal progenies, although we did not find evidence for
increased apoptosis at any time point. The higher ratio of twocell to five-cell clones and the exclusively neuronal content of
most two-cell clones in Zeb1/ mice suggest that Zeb1/
RGL cells are more likely to differentiate upon division. Interestingly, time-lapse imaging revealed increased cell division times
during initial mitoses after Zeb1 loss, which may indicate that
defunct cell divisions underlie a division-coupled differentiation
of RGL cells. Thus, ZEB1 acts to maintain activated RGL cells
and prevent their premature differentiation.
Zeb1 loss increased neurogenesis in the adult hippocampus,
comparable with genetic deletion of other stem cell transcription
factors. For instance, deletion of RBPJk, the main effector of
Notch signaling, in SOX2-expressing precursors resulted in precocious neuronal differentiation alongside the depletion of the
precursor pool (Ehm et al., 2010). Similarly, RE1 silencing transcription factor (REST) deficiency in RGL cells leads to a transient increase in neurogenesis and a decrease in RGL cells
(Gao et al., 2011). Loss of Pax6 results in a smaller GFAP+ RGL
cell pool, with aberrant radial processes, coupled with abnormal
neuronal progenitors, indicating impaired neurogenesis (Maekawa et al., 2005). Deletion of COUP-TFI (Nr2f1) caused an increase in astrogliogenesis at the expense of neurogenesis, but
no loss of RGL cells was observed (Bonzano et al., 2018).
Because of the link between ZEB1 and SOX2 in glioblastoma
(Singh et al., 2017), it is worth comparing the functions of both
proteins in adult neurogenesis. Interestingly, loss of Sox2
decreased the RGL cell pool and cell proliferation but had only
limited effects on neurogenesis (Favaro et al., 2009). This may
be because of a cell context-dependent function with SOX2
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inhibiting the expression of NeuroD1 in RGL cells while inducing
NeuroD1 when expressed in IPCs (Kuwabara et al., 2009). Here,
we show that Zeb1 loss causes differentiation of RGL cells into
the neuronal lineage, thus inducing a transient increase in neurogenesis. The increase in neuroblast production is further amplified by decreased neuronal apoptosis during maturation; thus,
elevated neuron numbers are a result of both production and
survival.
RGL cells also generate astrocytes (Bonaguidi et al., 2011;
Bonzano et al., 2018; Gebara et al., 2016; Steiner et al., 2004).
If lineage commitment of differentiating Zeb1/ RGL cells is stochastic, numbers of both newborn neurons and astrocytes
should increase. Contrastingly, we found that astrocyte numbers
decreased in the SGZ, but not in the remaining DG, and that
apoptosis of astrocytes was not different between control and
Zeb1/ mice. This indicates that the differentiation of Zeb1/
RGL cells is not random. Clonal analysis showed that the remaining active clones in Zeb1/ mice specifically lacked astrocytes,
confirming increased neurogenesis at the expense of astrogliogenesis. Whether ZEB1 suppresses neurogenesis or has direct
functions in astrocyte lineage commitment remains to be elucidated. We further show that Zeb1 deletion correlates with
increased symmetric cell divisions of RGL cells in vitro and
in vivo. Notably, ZEB1 is asymmetrically distributed during cell
division in precancerous adenomas (Liu et al., 2018). Increased
symmetric divisions following Zeb1 loss are compatible with premature depletion of RGL cells coupled with the production of
lineage-committed progenitors. This could indicate that symmetric division of RGL cells favors neuronal differentiation, while
astrocyte progenies are generated through asymmetric division,
but further research is needed to validate this.
Lower astrocyte counts in Zeb1/ mice correlated with
increased neurogenesis, changes in RGL cell division type,
and decreased expression of the ets domain transcription factor
ETV5. We identify ETV5 as a direct transcriptional target of ZEB1
that is predominantly expressed in RGL cells within the SGZ.
Importantly, ETV5 is a key regulator of astroglial fate and asymmetrical stem cell divisions (Ahmad et al., 2019; Breunig et al.,
2015; Li et al., 2012). Aberrant expression of ETV5 during neurodevelopment results in increased gliogenesis (Newton et al.,
2018), and targeted expression of ETV5 blocked neural stem
cell depletion and tumorigenesis in a mouse model of glioma formation (Breunig et al., 2015). In our model, targeted expression
of ETV5 in Zeb1/ clones in vitro increased asymmetrical divisions, decreased cell division times, and reduced the number
of neuronal progenies. Therefore, ETV5 can rescue the effects
of Zeb1 loss on cell division type and neuronal differentiation.
In conclusion, ZEB1 demarcates active from quiescent RGL
cells, regulates asymmetrical cell division and thus self-renewal
of RGL cells, and directly activates expression of the lineage
transcription factor ETV5.
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T. Brabletz, Erlangen

N/A

Single-cell RNA-Seq data from RGL cells
and astrocytes

Chai et al., 2017

GEO: GSE94010

Single-cell RNA-Seq data from dentate
gyrus

Hochgerner et al., 2018

GEO: GSE95315

Chip-Seq data of glioblastoma cells

Rosmaninho et al., 2018

EMBL accession: E-MTAB-5541

Single-cell RNA-Seq data from cortex and
hippocampus

Zeisel et al., 2015
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ZEN microscopy software

Zeiss

https://www.zeiss.com/microscopy/int/
products/microscope-software/zen.html

ImageJ v2.52K

ImageJ NIH

https://imagej.net/
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Experimental models: Organisms/strains

Oligonucleotides
See Table S3 for oligonucleotide information.
Deposited data

Software and algorithms

Neurolucida 360/Explorer

MBF Bioscience

N/A

GraphPad Prism v9.1

GraphPad Software, Inc.

https://www.graphpad.com/

The Tracing Tool (tTt) software v3.4.4

Hilsenbeck et al., 2016

https://bsse.ethz.ch/csd/software/
ttt-and-qtfy.html
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Materials availability
All materials and lines generated in this study are available from the lead contact.
Data and code availability
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This paper analyzes existing, publicly available data. The accession numbers for the datasets are listed in the Key resources
table.
This paper does not report original code.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Ethics statement
All mouse husbandry and experiments were carried out in accordance with UK Home Office regulations and the Animals (Scientific
Procedures) Act 1986.
Animal husbandry
All mice were group-housed in 12-hour light/dark cycles in filter top cages and given free access to food (Teklad 2919 irradiated 19%
protein extruded diet, Envigo) and water. Cages were cleaned weekly, and nesting material as well as plastic tunnels were provided
for environmental enrichment.
Animal lines
All mice were maintained on a mixed genetic background. Both male and female mice were used for all experiments and randomly
allocated to experimental groups.
The GLAST::CreERT2, Rosa26lox-stop-lox-tdTomato (Ai9), and Zeb1flox/flox transgenic mouse lines have been previously described
(Brabletz et al., 2017; Madisen et al., 2010; Mori et al., 2006). The GLAST::CreERT2, Rosa26lox-stop-lox-tdTomato and GLAST::CreERT2,
Rosa26lox-stop-lox-tdTomato, Zeb1flox/flox mouse lines were derived in this study, as described below.
METHOD DETAILS
Mouse transgenic lines and genotyping
A transgenic mouse line with loxP sites flanking exon 6 of the Zeb1 gene (Brabletz et al., 2017), was crossed with the GLAST::CreERT2
mouse line (kind gift from M. Götz, Munich; (Mori et al., 2006)) and further crossbred with the Rosa26lox-stop-lox-tdTomato strain (kind gift
from O. Sansom, Glasgow; (Madisen et al., 2010)). GLAST::CreERT2-Rosa26lox-stop-lox-tdTomato mice with wild-type ZEB1 expression
were used as controls (referred to as the control strain).
For genotyping, ear biopsies were taken at the time of weaning and genomic DNA was extracted using the MyTaq Extract-PCR kit,
according to the manufacturer’s protocol. Subsequently, the genomic DNA was analyzed by PCR using the MyTaq HS Red Mix 2X,
according to the manufacturer’s protocol. Primers used for Glast::Cre PCR were: Glast-F 50 -GAGGACTTGGCTAGGCTCTGAG-30 ,
Glast-R 50 - GAGGAGATCCTGACCGATCAGTT-30 , and Cre-R 50 -GGTGTACGGTCAGTAAATTGGAC-30 (WT 700bp, mt 400bp).
Primers used for Zeb1 flox PCR were: Zeb1 fl-F 50 -CGTGATGGAGCCAGAATCTGACCC-30 , Zeb1 fl-R 50 -GCCCTGTCTTTCTCAGCAGTGTGG-30 , Zeb1 exon 6 deleted-R 50 -GCCATCTCACCAGCCCTTACTGTGC-30 (WT 230bp, floxed 295bp, exon 6 deletion
367 bp). Primers used for tdTomato PCR were: WT-F 50 -AAGGGAGCTGCAGTGGAGTA-30 , WT-R 50 -GGCATTAAAGCAGCGTATCC-30 , mt-F 50 -CCGAAAATCTGTGGGAAGTC-30 , mt-R 50 -CTGTTCCTGTACGGCATGG-30 (WT 297bp, mt 196bp).
Tamoxifen administration
A stock solution (20 mg/mL) of tamoxifen was prepared by dissolving the compound in corn oil at 70 C in a ThermoMixer (Eppendorf) for
30-60 mins, which was subsequently aliquoted to be stored at 20 C to avoid freeze-thaw cycles. For regular transgene induction, a
2 mg dose of tamoxifen was injected intraperitoneally into 4-5 week-old mice daily for five consecutive days (Jahn et al., 2018). For clonal
analysis, a 50 mg dose of tamoxifen in corn oil was injected i.p. into 4-5 week-old mice daily for three consecutive days. Mice were transcardially perfused with 2% formaldehyde in PBS and the brains were harvested for histological analysis at time points indicated in the text.
5-ethynyl-20 deoxyuridine (EdU) treatment
Mice were injected i.p. with five 2 mg doses of tamoxifen over three consecutive days (Jahn et al., 2018), followed by five i.p. injections with 50 mg/kg EdU over three consecutive days. Two weeks following tamoxifen administration, mice were transcardially
perfused and the brains were harvested for histological analysis and processed for EdU detection using the EdU Click 488 kit according to the manufacturer’s protocol.

Cell Reports 36, 109588, August 24, 2021 e3

ll
OPEN ACCESS

Article

Tissue processing, immunostaining, and confocal imaging
Tissue was processed as previously described (Jimenez-Pascual et al., 2019). Briefly, following harvesting, an overnight post-fixation
in 2% formaldehyde, and an additional overnight wash in 1XPBS, the tissue was dehydrated in 30% [w/v] sucrose solution. The tissue
was then embedded in Optimal Cutting Temperature compound (OCT) and frozen for cryosectioning. Subseqently, 30 mm thick coronal sections were cut on a Leica CM1860UV cryostat (Leica Biosystems) and maintained in serial order, with one section per well in a
96-well plate.
For immunofluorescence staining, chosen sections were transferred to a 24-well plate containing 500 mL of 1XPSB with 0.1%
Triton X-100 [v/v] (PBS-T) per well, and washed for 10 mins on a Rotamax 120 (Heidolph Instruments; all incubations and wash
steps hereafter were carried out on the rotating platform) with 20 rotations/min at RT. Subsequently, the PBS-T was removed
using a fine Pasteur pipette and 500 mL of Fish-skin gelatin buffer (0.2 [v/v] fish-skin gelatin, 1% [w/v] BSA, and 0.02% [w/v] sodium azide in 1XPBS) with 0.1% Triton X-100 [v/v] (FSB-T) was added for tissue permeabilization and blocking, with incubation at
RT for 1 hour. Meanwhile, primary antibodies were prepared by appropriate dilution (cleaved caspase 3 1:250; DCX 1:250; ETV5
1:500; chicken anti-GFAP 1:1000; mouse anti-GFAP 1:250; Ki67 1:500; MCM2 1:500; NeuN 1:500; S100b 1:250; TBR2 1:500;
ZEB1 1:500) in 250 mL FSB-T in 1.5 mL reaction tubes; the FSB-T was removed and the diluted antibodies were pipetted into
the well with the tissue and incubated overnight at 4 C. The following morning, 5X 5-minute washes were carried out in PBST, after which fluorophore-conjugated secondary antibodies diluted 1:500 in in FSB-T were added to the sections, and the plates
were then incubated for 3 hr at RT in the dark (hereafter, tissue section exposure to light was kept at a minimum to prevent photobleaching). After this incubation period, the secondary antibody solution was removed, and the nuclear counterstain Hoechst33342 (Thermo Fisher Scientific) was diluted in PBS-T at 1:500 and added to the sections for 10 mins at RT. Subsequently,
4X 5-min washes in PBS-T were carried out. For sequential immunostaining of ZEB1 and MCM2, tissue sections were permeabilised and blocked as above, followed by incubation with rabbit anti-MCM2 diluted 1:500 and chicken anti-GFAP 1:1000 overnight at 4 C. The next day, sections were washed as above and incubated with fluorophore-conjugated secondary antibody
diluted 1:500 for 3 hours at RT. After this, sections were washed 3x5 min in PBS-T at RT, followed by blocking FSB-T for 1
hour at RT and another block with anti-rabbit Fab fragments (Jackson ImmunoResearch, 20 mg/ml in FSB-T) for 1 hour at RT.
Sections were then incubated with rabbit anti-ZEB1 diluted 1:500 overnight at 4 C. Subsequently, sections were washed
3x5min and incubated with fluorophore-conjugated secondary antibody diluted 1:500 for 1 hour at RT. After this incubation
period, the secondary antibody solution was removed, and the nuclear counterstain Hoechst-33342 (Thermo Fisher Scientific)
was diluted in PBS-T at 1:500 and added to the sections for 10 mins at RT, followed by 2X 5-min washes in PBS-T. The sections
were then mounted onto microscope slides and coverslipped using Prolong Diamond Antifade mountant; these were subsequently allowed to dry at RT, and then stored at 4 C.
For each immunofluorescence sample, one image was taken using a 10X objective for an overview to identify matching sections for
the control and Zeb1/ models. Specifically, the rostral hippocampus at a median bregma 1.8, was used for inter-genotype comparison. For cell quantification, four z stack images (with a z-step of 1-2 mm) were captured spanning the length of the suprapyramidal
blade of the dentate gyrus, starting at the inner region of the dentate gyrus and ending at the end of the blade. Images were obtained
on a Zeiss LSM710 confocal microscope with Zeiss ZEN software using a 40X (1.3 NA) oil-immersion lens. Subsequently, different
cell populations were counted using the Point Tool in ImageJ 1.52K. Where cells were counted within the SGZ, this region was
defined as the area covering the height of 2 cell bodies above the boundary between hilus and the granule cell layer. Cell-specific
marker expression and morphology were used to determine the inclusion of cells within the counts (Table S2). The primary researcher
was not blinded during quantification, but a minimum of one set of technical replicate counts per cell marker per genotype were quantified and confirmed by a secondary blinded researcher.
Clonal analysis
For analysis of individual clones within the DG, mice (n = 6-7 per genotype) were injected with a total dose of 150 mg of Tamoxifen as
described above. Clonal recombination was assessed in stereologically sampled sections from animals sacrificed 24 hours after
Tamoxifen administration. Zeb1 deletion was confirmed in clones from Zeb1/ mice by co-immunostaining for GFAP and ZEB1.
Clonal analysis at 24 hours revealed some tdTOM+ neurons with mature morphology at the GCL/ML boundary with no RGL cell
in proximity, indicating a low degree of leakiness from the GLAST promoter (Figure S4E). To avoid confounding effects from promoter
leakiness, we only quantified clones containing neurons located in the lower half of the GCL. Analysis of clonal progenies was carried
out in serial sections from animals sacrificed 4 weeks after Tamoxifen administration. Cells belonging to a clone were identified by
proximity, residing within a 90 mm radius of the clone center. Because the GLAST promoter is also active in astrocytes, we excluded
astrocytic cells in the hilus, granule cell layer and molecular layer from the analysis. Only astrocytic cells in the SGZ were counted as
progenies of RGL cells to exclude confounding effects from recombination in other astrocyte populations. A combination of fluorescent markers and cell morphology was used to identify DG cell types and is presented in Table S2.
Cleavage plane measurements
For quantification of cell division angles, mitotic figures of tdTOM+ cells with RGL morphology were assessed in sections containing
the SGZ stained with Hoechst from 7-8 different mice per genotype. ImageJ was used to quantify the cell cleavage angle by drawing a
line along the cleavage furrow. A line drawn along the interface between the hilus and SGZ of the DG was used as reference for
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cleavage plane angles. Subsequently, the angle measurements were binned into three categories: horizontal (0-30 ), intermediate
(31-60 ), and vertical (61-90 ).
Brain slice preparation, electrophysiology and 2-photon imaging
Brain slice preparation and electrophysiology was performed as described previously (Trent et al., 2019). Animals of either sex were
deeply anaesthetised using isoflurane, decapitated and their brains removed into chilled (1-3 C) cutting solution containing (in mM)
60 sucrose, 85 NaCl, 2.5 KCl, 1 CaCl2, 2 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, 25 D-glucose, 3 kynurenic acid, 0.045 indomethacin.
Horizontal hippocampal brain slices (300 m) containing the dentate gyrus, prepared from 8 weeks old Zeb1/ and control mice 45 weeks after tamoxifen injection, were initially stored for 20 minutes at 35 C in sucrose-containing solution and subsequently maintained at room temperature in artificial CSF (aCSF) containing (in mM) 125 NaCl, 2.5 KCl, 1 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 25
NaHCO3, 25 D-glucose (305 mOsm) and used within 4-6 hours. For recording, slices were transferred to a submersion chamber
continuously perfused with warmed (33-34 C) aCSF containing (in mM) 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 25
NaHCO3, 25 D-glucose (305-10 mOsm, pH 7.4) at a flow rate of 3 ml.min-1. Electrophysiological recordings were performed on dentate gyrus granule cells (DGGC) and of the dentate gyrus granule cell layer. DGGC were identified using Dodt-contrast video microscopy and Tamoxifen-induced cells selected by their expression of tdTOM following 2-photon excitation at l = 900 nm (Prairie Ultima
2-photon microscope, Bruker). Whole-cell current clamp recordings were made using a Multiclamp 700B (Molecular Devices) patch
clamp amplifier with patch pipettes with resistances 4–6 MU when filled with internal solution containing (in mM) 130 K-gluconate, 20
KCl, 10 HEPES, 0.16 EGTA, 2 Mg-ATP, 2 Na2-ATP, 0.3 Na2-GTP, pH 7.3 (295 mOsm). Somatic series resistance at the start of experiments was between 9-15 MU and cells showing changes of RS greater than 20% over the course of the experiment were rejected.
Data were sampled at 20-40 kHz and low-pass filtered at 6 kHz. Resting membrane potential (Vm) was measured as the mean membrane potential during a 100 ms period prior to a hyperpolarizing current injection step averaged across 10-20 sweeps. Input resistance (RN) was calculated, according to Ohm’s law, by dividing the magnitude of the voltage change (sampled over 100 ms) at the end
of 1 s hyperpolarizing current injection response by the amount of injected current (20 pA). Membrane time constant (tm) was
measured by fitting a mono-exponential function to the repolarizing phase of the same 20 pA hyperpolarizing current step. Membrane
capacitance (Cm) was calculated using t = RC by dividing RN by tm.
Neuronal excitability was measured by comparing current injection evoked action potentials in DGGC in Zeb1/ and control mice.
Action potential amplitude, half-width, voltage threshold, dV/dt and rheobase was measured. In order to compare Tamoxifeninduced DGGCs to the larger population of DGGCs patch clamp recordings were performed from both tdTOM+ and tdTOM- cells.
To compare dendritic morphology between Tamoxifen-induced tdTOM+ DGGC in Zeb1/ and control mice, recorded cells were
filled via the recording electrode with Alexa Fluor 488 (100 mM). Stacks of 120-250 2-photon images (512 3 512 pixels) were collected
at Z intervals of 1 mm. Soma and dendrites of imaged DGGC were reconstructed post hoc from 3D image projections using the semiautomated tracing tool in Neurolucida 360 (MBF Bioscience). Analysis of dendritic morphology was performed on 3D neuronal reconstructions using Neurolucida Explorer.
In vitro primary cultures and molecular biology
Primary neurosphere cultures were prepared from postnatal day 5 Zeb1/ mice and cultured in N2 medium with supplemental EGF/
€bl et al., 2018). Briefly, litters of 5-7 mouse pups at postnatal day 5 were
FGF2/heparin (20 ng/ml) as previously described (Siebzehnru
sacrificed via cervical dislocation, decapitated and the brain removed and placed in a Petri dish with ice-cold HBSS. The hippocampi
were dissected under a stereomicroscope and placed in individual 1.5 mL centrifuge tubes (1 tube per animal) with 1 mL ice-cold
HBSS. The tubes were briefly centrifuged at 400 RCF for 3 mins at 4 C to pellet tissue, followed by the aspiration of the supernatant,
after which 300 mL PPD solution (0.1% [w/v] Dispase II, 0.01% [w/v] DNase I, 0.01% [v/v] Papain, 12.4 mM MgSO4 in HBSS) was
added to each tube for the resuspension and transfer of the tissue solution to a fresh 15 mL tube. The tissue was incubated in
PPD solution at 37 C for 15 mins, with gentle trituration (6 times) with a sterilized fire-polished glass pipette every 5 mins during
the incubation period. A 70 mM cell strainer (one per cell suspension tube) was prepared by pre-wetting with 1 mL ice-cold
1XPBS, followed by straining of the cell suspension, and a further wash with 10 mL ice-cold 1X PBS to remove residual cells in
the strainer. The cell suspension was transferred to a fresh 15mL tube and centrifuged at 400 RCF for 5 mins at 4 C, followed by
the aspiration of the supernatant. The pelleted cells were resuspended in 10 mL ice-cold 1XPBS and centrifuged again as before.
After the aspiration of the supernatant, the cell pellet was resuspended in N2 medium supplemented with growth factors (EGF,
FGF2, heparin; final concentrations 20 ng/ml ) and plated in 12-well plates, pre-coated with 100 mg/ml poly-D-lysine and 5 mg/ml laminin. As the genotype of pups could not be determined prior to preparing cell cultures, cells from individual pups were plated into
separate wells and once the genotype was determined, cell cultures with the same transgene status were pooled at the time of first
passage. 50% of medium was replaced the day after cell isolation, and growth factors were supplemented in the medium again;
thereafter, the cells were passaged as detailed below, with growth factors supplemented every two days.
All cells were maintained at 37 C in a humidified incubator with 5% CO2. Neurospheres were passaged approximately every 710 days. For this, spheres were collected in a 15 mL tube and centrifuged at 400 RCF for 5 mins. The supernatant was aspirated
and replaced with 500 mL Accumax and incubated at 37 C for 10 mins. Subsequently, 9.5 mL 1XPBS was added to the tube and
the cell suspension was centrifuged at 400 RCF for 5 mins. The supernatant was removed, and the cells were resuspended in
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200 mL N2 medium and triturated to achieve a single cell suspension. 1x105 cells/mL of N2 medium were seeded as above. Neurospheres between passage 2 and 4 were used for downstream experiments.
To induce recombination, primary cultures were treated with 4-hydroxy-Tamoxifen (10 mM) for 24 hours after which the culture medium was removed and replaced with fresh N2 supplemented with growth factors. For ETV5 rescue experiments, some cultures were
transduced with lentiviral particles carrying an Etv5 expression cassette (pLX_TRC311 ETV5, gift from William Hahn; Wang et al.,
2017).
ChIP analysis was performed using the SimpleChIP kit (Cell Signaling) according to the manufacturer’s instructions. 4x106 cells
were plated in a 75 cm2 flask for each immunoprecipitation, testing for a negative control (IgG) and Zeb1/ cells. Per immunoprecipitation sample, 10 mg of cross-linked chromatin was used, with the addition of 2 mg appropriate antibody per sample.
Protein extraction and Western Blot were performed as described (Jimenez-Pascual et al., 2019). Antibodies used for ChIP and
Western Blot are provided in the Key resources table.
In vitro time-lapse imaging of primary hippocampal cells
Primary SGZ cells were prepared from the rostral half of the hippocampus of adult GLAST::CreERT2, Rosa26lox-stop-lox-tdTomato (n = 4)
and GLAST::CreERT2, Rosa26lox-stop-lox-tdTomato, Zeb1flox/flox (n = 7) mice. Tissue was dissected in ice-cold HBSS with magnesium
(with 1% HEPES). After the hippocampus was dissected, tissue was incubated at 37 C for 25 minutes in a dissociation solution
(HBSS-based, with 0.5% glucose, 1.25% HEPES) with Hyaluronidase from bovine testes (7 mg/10 ml) and Trypsin from bovine
pancreas (> 7.500 BAEE units/mg, 7 mg/10 ml). Tissue was triturated once during the incubation. Digestion was stopped by adding
equal volume of ice-cold EBSS-based solution (with 4% Bovine Serum Albumin and 2% HEPES). Cell suspension was filtered
through 40 mm cell strainer and centrifuged. Cell pellet was resuspended in ice-cold 1 mL DMEM/F12 with Glutamax and pipetted
on the top of 10 mL of the ice-cold EBSS-based solution for gradient centrifugation. Cell pellet was dissociated in 1 mL of a cell maintenance medium containing DMEM/F12 with Glutamax with 1% Penicillin-Streptomycin (10.000 U/ml), 2% B27 cell supplement and
5 ng/ml of EGF and FGF2. 500 ml of this cell suspension was plated on PDL-coated wells in a standard 24-well cell culture plate. Cells
were kept at 37 C and 5% CO2 in a humified cell incubator. After 6 hours, cells were washed with DMEM/F12 and exposed to 4-hydroxy-Tamoxifen (10 mM) in the cell maintenance medium for 16 hours to induce genetic recombination. In some experiments (n = 7),
cell cultures from GLAST::CreERT2, Rosa26lox-stop-lox-tdTomato, Zeb1flox/flox animals were transduced with lentiviral particles carrying
Etv5 expression cassette concurrently with 4-hydroxy-Tamoxifen. After incubation, cells were washed with DMEM/F12 and kept in
the maintenance medium. 24 hours after incubation, cells were placed in an Pecon environmental chamber of a time-lapse imaging
set-up based on the Zeiss Axio Observer 7 inverted microscope with the Zeiss Axiocam 705 camera and a motorized, programmable
stage. During the time-lapse imaging, cells were kept at 100% humidity, 37 C and 5% CO2. The time-lapse imaging of adult neural
stem cells was based on previously described protocol (Ortega et al., 2013; Petrik et al., 2018). In each well, 4-7 tile-clusters (2x2,
3482 3 3906 pixels) were continuously imaged in the brightfield every 10 minutes for 6 days using an apochromat 10X objective
(NA = 0.45). Imaging used automated z axis focus correction by Zeiss ZEN definitive focus function. Imaging operation and acquisition was managed by the Zeiss ZEN Blue software. Each imaging tile cluster was saved as an individual file. After imaging, cells
were immunostained for GFAP (rabbit, 1:400), DCX (guinea pig, 1:400) and Ki67 (1:300) overnight at room temperature and for 2 hours
with fluorophore-conjugated secondary antibodies. Fluorescence images of the tile clusters from the time-lapse images were taken
with the 10X objective for a post hoc identification of cell types. Cell dynamics was analyzed directly in the ZEN software in cases of
isolated and rarely dividing cell clones or converted by the tTt converter and traced in The Tracing Tool (tTt) software (Hilsenbeck
et al., 2016) in more densely populated or intensely dividing cell clones. Number of cells and cell divisions per clone and the length
of cell cycle for each cell division were recorded. To distinguish symmetric versus asymmetric cell divisions, we defined an asymmetric cell division as a division where one daughter cell continued to divide, and the other daughter cell did not divide for at least
1.5 times the time from the last cell division or longer. Non-dividing cell clones were defined as individual adult neural stem cells with
radial glia-like morphology that did not divide for the entire length of the time-lapse experiment.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical testing was carried out using GraphPad Prism 9.1. Normal distribution of values was tested using a D’Agostino & Pearson
test. For comparison of two groups, two-tailed t tests were used for normally distributed data and Mann-Whitney tests where data
was not normally distributed. For comparison of 3 or more groups, one-way ANOVA (with Fishers LSD test) was used for normally
distributed data and Kruskal-Wallis tests (with Dunn’s test) where data was not normally distributed. Grouped data were analyzed
using two-way ANOVA and Fishers LSD test. For categorical analyses, a Chi square test was used. P values of individual statistical
analyses are presented in the figures. A p value of less than 0.05 was deemed significant. Unless otherwise specified, data are presented as mean ± SEM.
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