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Kidins220 sets the threshold for survival of neural stem cells
and progenitors to sustain adult neurogenesis
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In the adult mammalian brain, neural stem cells (NSCs) located in highly restricted niches sustain the generation of new neurons
that integrate into existing circuits. A reduction in adult neurogenesis is linked to ageing and neurodegeneration, whereas
dysregulation of proliferation and survival of NSCs have been hypothesized to be at the origin of glioma. Thus, unravelling the
molecular underpinnings of the regulated activation that NSCs must undergo to proliferate and generate new progeny is of
considerable relevance. Current research has identified cues promoting or restraining NSCs activation. Yet, whether NSCs depend
on external signals to survive or if intrinsic factors establish a threshold for sustaining their viability remains elusive, even if this
knowledge could involve potential for devising novel therapeutic strategies. Kidins220 (Kinase D-interacting substrate of 220 kDa) is
an essential effector of crucial pathways for neuronal survival and differentiation. It is dramatically altered in cancer and in
neurological and neurodegenerative disorders, emerging as a regulatory molecule with important functions in human disease.
Herein, we discover severe neurogenic deficits and hippocampal-based spatial memory defects accompanied by increased
neuroblast death and high loss of newly formed neurons in Kidins220 deficient mice. Mechanistically, we demonstrate that
Kidins220-dependent activation of AKT in response to EGF restraints GSK3 activity preventing NSCs apoptosis. We also show that
NSCs with Kidins220 can survive with lower concentrations of EGF than the ones lacking this molecule. Hence, Kidins220 levels set a
molecular threshold for survival in response to mitogens, allowing adult NSCs growth and expansion. Our study identifies Kidins220
as a key player for sensing the availability of growth factors to sustain adult neurogenesis, uncovering a molecular link that may
help paving the way towards neurorepair.
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INTRODUCTION
In the mammalian adult brain, two specialized microenvironments
contribute to the maintenance of neural stem cell (NSC) pools to
sustain continuous neurogenesis throughout life. In these niches,
NSCs and their own cellular progeny coexist with supporting cells,
a specialized extracellular matrix and vasculature. The mouse
subependymal zone (SEZ) comprises a layer of cells juxtaposed to
the ventricular wall lined by ependymal cells, amidst which
residing NSCs extend a primary cilium to contact the cerebrospinal
fluid and sense the milieu. In the SEZ, relatively quiescent NSCs (B
cells) give rise to fast-dividing intermediate progenitor cells (C

cells). Arising from these progenitors are neuroblasts (type A cells)
that migrate into the olfactory bulb (OB), to differentiate into
several types of interneurons, that contribute to refine the
processing of olfactory information [1]. Similarly, in the subgra-
nular zone (SGZ) of the hippocampal dentate gyrus (DG), NSCs
termed radial glia-like (RGL)-type 1 cells [2] give rise to
intermediate progenitors (type 2a and 2b cells), which generate
new neurons that migrate into the DG cell layer where they
integrate into hippocampal circuits [3].
The generation of new neurons as an ongoing dynamic process

echoes in adulthood the mechanisms driving neurogenesis during
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neurodevelopment. The number of NSCs and newly generated
neurons can be modulated at all phases of the process by
restraining or promoting proliferation, differentiation, migration,
survival, maturation, and integration of newborn neurons into the
existing circuitry [3, 4].
Stress, aging, and neurodegeneration are notable negative

regulators of adult neurogenesis involved in memory loss, mood
alterations and additional behavioral changes, as revealed by
studies in rodents (reviewed in [5]). In contrast, dysregulation of
proliferation and survival of NSCs have been hypothesized to be at
the origin of glioma (reviewed in [6, 7]). Thus, dissecting the
molecular basis of the regulated transition that NSCs must
undergo from quiescence to activation to generate new progeny
is of considerable relevance since it bestows potential for devising
novel stem cell-based therapeutic strategies. At the molecular
level, in NSCs this transition is governed by numerous factors,
either inherent to them or to the niche [3, 4], and even systemic to
the entire organism [8]. Although short and long-distance cues
have shown effects in the activation of adult NSCs, little is known
about how their survival, serving as a requisite for proliferation, is
regulated. Whether NSCs are dependent on external signals to
survive or whether intrinsic factors establish a threshold for
sustaining the viability of these cell populations is unclear [9].
Kidins220 (Kinase D-interacting substrate of 220 kDa) [10], also

known as ARMS (Ankyrin repeat-rich membrane spanning) [11], is
an essential gene whose roles keep emerging. It functions as a
signaling scaffold at the plasma membrane as an effector of
several signaling pathways. Kidins220 acts downstream of
neurotrophin receptors and interacts with diverse signaling
pathways to promote neuronal survival, differentiation, and
synaptic activity [12, 13], and acts as a regulator of nervous
system development [14, 15]. KIDINS220 expression is altered in
cancer and in neurological and neurodegenerative disorders,
including cerebral ischemia, Alzheimer’s disease, Huntington´s
disease and idiopathic normal pressure hydrocephalus [16–23].
Additionally, rare novel missense and loss-of-function variants in
KIDINS220 gene are associated with schizophrenia [24, 25] and,
more recently, SINO (spastic paraplegia, intellectual disability,
nystagmus, and obesity) syndrome and ventriculomegaly [26–28],
altogether identifying KIDINS220 as a multifaceted player with
important functions in human disease.
Herein, we identify Kidins220 as a novel intrinsic regulator of

NSCs in adult neurogenic niches. We report that Kidins220
decreased expression provokes severe neurogenic deficits,
increases neuroblast death and loss of newborn neurons in the
SGZ and impairs hippocampal-based spatial memory . Mechan-
istically, we demonstrate that Kidins220-dependent activation of
AKT in response to epidermal growth factor (EGF) restraints
glycogen synthase kinase-3 (GSK3) activity preventing NSCs
apoptosis. We also show that Kidins220 loss limits the capacity
of EGFRs to respond to their ligands, activate and enhance
downstream survival cascades in NSCs. Thus, this study identifies
Kidins220 as a key player for sensing the availability of growth
factors to sustain adult neurogenesis, uncovering a molecular
mechanism by which Kidins220 confers NSCs responsiveness to
mitogens, setting a molecular threshold for NSC survival.

RESULTS
Kidins220 expression in cellular populations of the adult
subependymal and subgranular zones
First, we studied Kidins220 expression in the SEZ of adult mice
using specific antibodies [10, 20, 23], and observed it is abundant
in this neurogenic niche (Fig. 1A). To examine Kidins220
expression by NSCs, we combined Kidins220 antibodies with
sex-determining region Y-box 2 (Sox2) transcription factor
(expressed by B1 cells and by progenitors [29] and glial fibrillar
acidic protein (GFAP; expressed by B1 stem cells [3]. In the SEZ,

Kidins220 immunostaining was particularly bright in GFAP+-Sox2+

astrocytes localized in the vicinity or in direct contact with the
walls of the lateral ventricle (Fig. 1B, C). SEZ GFAP+ NSCs span
amongst multiciliated ependymal cells, exposing a small portion
of their membrane with a primary cilium to the ventricle lumen, in
so-called ‘pinwheel’ structures. Ciliary (both motile and primary)
basal bodies can be labelled with antibodies against γ-tubulin [30].
As shown (Fig. 1D), anti-Kidins220 antibodies stained very strongly
NSCs, i.e., GFAP+-cells with a primary cilium (γ-tubulin+), located
within a rosette of multiciliated ependymal cells, labeled with
N-Cadherin [30, 31]. To assess the expression pattern of Kidins220
in activated (a) NSCs/C cells and in neuroblasts, we performed
costainings for the transcription factor Mash1 and the
microtubule-binding protein DCX (Fig. 1E, F, respectively), finding
that it is indeed expressed by these populations, as well as in
differentiated neurons, as shown by costainings with NeuN
(Fig. S1).
We next inspected the SGZ. As for the SEZ, we found that

Kidins220 expression was especially abundant in the hilus and the
layer of cells comprising the SGZ (Fig. 2A). Immunodetection of
Sox2 and GFAP to label RGL-type 1 cells combined with Kidins220
antibodies showed that Kidins220 was also observed in NSCs
(Fig. 2B, C). Kidins220 was also found in Mash1+ aNSCs/
progenitors, in DCX+ neuroblasts and in NeuN+ granule neurons
(Fig. 2D–F), being thus expressed in all relevant populations for
adult neurogenesis in both niches.

Kidins220 deletion in adult neural stem cells
Kidins220-floxed (Kidins220f/f) mice have been described previously
as a hypomorphic model of Kidins220 and display reduced levels
of Kidins220 when compared to control mice in different tissues
[23]. The SEZ in Kidins220f/f animals also showed Kidins220 protein
downregulation, detected in fixed tissue and homogenates (Fig.
3A–C). To obtain a complete deletion of Kidins220 in adult NSCs,
we crossed Kidins220f/f animals with mice expressing the Cre
recombinase under the mouse Gfap promoter [32], to produce
Kidins220GfapΔ/Δ mice. Immunoblot in cultured primary astrocytes
from wild-type, Kidins220f/f and Kidins220GfapΔ/Δ mice showed
complete Kidins220 ablation (Fig. S2). Kidins220 was undetectable
in GFAP+ cells from Kidins220GfapΔ/Δ mice in the SEZ (Fig. 3A), and
barely detectable in protein lysates form this location (Fig. 3B–C).
Likewise, in the SGZ we found decreased expression in GFAP+ cells
in Kidins220f/f tissue, and below the detection threshold in GFAP+

cells from Kidins220GfapΔ/Δ mice (Fig. 3D), which was confirmed in
hippocampal tissue extracts by immunoblot (Fig. 3E, F).

Neurogenic defects in the hippocampus of Kidins220 deficient
mice
Kidins220 has been recently involved in the etiopathology of
hydrocephalus, as Kidins220f/f mice present ventriculomegaly at
different degrees [23]. Similarly to floxed mice, Kidins220GfapΔ/Δ

mice presented enlarged ventricles, as measured by magnetic
resonance imaging (MRI), when compared to wild-type littermates
(Fig. S3). To directly examine NSCs at the ventricular surface of
Kidins220 mutants, we used whole-mount en face staining of
NSCs. As previously described for Kidins220f/f [23], Kidins220GfapΔ/Δ

ventricular wall linings were apparently normal, showing multi-
ciliated ependymal cells (Fig. 4A). In addition, we were able to
detect NSCs exposed at the ventricle in Kidins220f/f and
Kidins220GfapΔ/Δ mice, with no overall changes in the pinwheel
organization (Fig. 4A). To investigate whether low Kidins220 levels
affect adult NSCs and neurogenesis, we injected 2-month-old
wild-type and Kidins220f/f mice with the thymidine analogue 5-
chloro-2'-deoxyuridine (CldU) and kept them alive for 4 weeks, to
label slow dividing NSCs at the SEZ, and new neurons at the OB,
by CldU-retention [31] (see scheme and representative images of
the stainings in Fig. S4). Constitutively reduced Kidins220 levels
during development did not provoke adult NSC decreased
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seeding, since total number of NSCs, scored as CldU+-label
retaining cells in the SEZ were unaltered in Kidins220f/f vs. wild-
type mice (Fig. 4B). As for Kidins220f/f, we did not find differences
in the total number of NSCs in the SEZ of Kidins220GfapΔ/Δ mice
(Fig. 4B). We next performed cell counts of activated NSC (aNSC)/
NSC-derived C cells by double labelling of CldU+-LRC with the
analogue 5-iodo-2'-deoxyuridine (IdU) after 1 hour pulse [31]
(Figs. 4C, S4). We did not find significant differences between
genotypes, although a tendency towards a decrease could be
observed in Kidins220GfapΔ/Δ mice (Fig. 4C). However, at the age
analysed, this tendency did not translate in vivo into reduced
numbers of NSCs/progenitors labelled with Sox2+, Ki67+ cycling
progenitors, in the neuronal-lineage marker doublecortin (DCX)+-

neuroblast population, nor in the newly generated OB neurons
(scored as CldU+ cells at the OB glomeruli) (Fig. S5A-H). Likewise,
newly incorporated oligodendrocytes to the corpus callosum
(CldU+ cells), and newly formed terminally differentiated astro-
cytes at the SEZ (CldU+-S100β+-double positive cells) [33] were
unaltered (Fig. S5I-L), indicating that Kidins220 deficiency does not
alter NSC-astrocytic terminal differentiation nor oligodendrogen-
esis, at the age studied. Histological examination of Kidins220f/f

and Kidins220GfapΔ/Δ DG showed that cytoarchitectural organiza-
tion was apparently preserved, although the volume was
significantly smaller than that of wild-type mice (Fig. 4D, E).
Similarly to the SEZ, Kidins220 deficiency did not alter the total
number of NSC, scored as Sox2+-CldU+ cells, (Fig. 4F). However,

Fig. 1 Kidins220 expression in cellular populations of the adult subependymal zone. A Confocal micrographs of the staining for Kidins220
(green) in the subependymal zone (SEZ, white dashed lines) of wild-type mice. Nuclei are stained with DAPI (blue). Scale bar 50 μm.
B, C Confocal micrographs of the staining for GFAP (red), Sox2 (gray) and Kidins220 (green) in the SEZ. Triple-positive cells are shown (white
arrowheads). Nuclei are stained with DAPI (blue). Scale bar 20 μm. White dashed lines indicate the boundaries of the lateral ventricle (LV), and
yellow dashed lines delimit insets magnified in C (scale bar, 10 μm). D Representative confocal micrographs of lateral ventricle wholemount en
face preparations stained for N-cadherin (blue), γ-tubulin (cyan), Kidins220 (red) and GFAP (green) to reveal the characteristic pinwheel
structure (white dashed lines) where SEZ stem cells reside (white arrowheads). Scale bar 20 μm. E Confocal micrographs of the staining for
Mash1 (red) and Kidins220 (green) in the SEZ. Double-positive cells are shown (asterisks, white arrowheads). Nuclei are stained with DAPI
(blue). Scale bar 20 μm, and 10 μm (insets). F, Confocal micrographs of the staining for DCX (red) and Kidins220 (green) in the SEZ. Double-
positive cells are shown (white arrowheads). Nuclei are stained with DAPI (blue). Scale bar 20 μm, and 10 μm (insets).
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we discovered a sharp decrease in the numbers of total CldU+

cells in the DG (Fig. 4G), suggesting a deficit in newborn neurons.
By combining Sox2 and IdU stainings (injected 1 hour before
sacrifice to label proliferative aNSC/progenitors [31]; Fig. S4A),
we found a decrease in type 2 cells in Kidins220-deficient mice

(Fig. 4H, I). This reduction was not due to impaired proliferation of
aNSC/progenitors, since the rate of cycling (Ki67+)-Sox2+ cells was
unaffected in Kidins220f/f and Kidins220GfapΔ/Δ compared to wild-
type mice (Fig. 4J). Concomitantly, we found a reduction in the
number of neuroblasts expressing DCX in Kidins220GfapΔ/Δ mice

A. del Puerto et al.

4

Cell Death and Disease          (2023) 14:500 



(Fig. 4K, L), albeit this decrease did not reach significance in
Kidins220f/f animals (Fig. 4K, L). We then determined the
emergence of newborn neurons in mutant SGZs, scoring the
percentage of CldU+ cells that had acquired the neuronal marker
NeuN. We observed a sharp decrease in newly generated neurons
in Kidins220f/f and Kidins220GfapΔ/Δ mice, indicating a neurogenic
deficit in adulthood (Fig. 4M, N).

Functional consequences of Kidins220 deficiency in
hippocampal neurogenesis
To analyze the functional consequences of the reduced adult
hippocampal neurogenesis, we performed behavioral tests. To assess
hippocampal-based spatial working memory, mice from the 3
genotypes were subjected to the T maze test (Fig. 5A, B). For the
parameters scored during the first week (latency, accuracy, and visits
to the unrewarded arm), results showed there was not a statistically
significant interaction between the effects of genotype and sessions
(Fig. 5A and see Table S3 for detailed ANOVA results). As expected,
the variable ‘genotype’ did not have a statistically significant effect
on spatial working memory whilst, the variable ‘session’ did, for all
three parameters scored. This indicates that during the acquisition
phase, all mice independently of their genotypes, showed a similar
reduction in the number of wrong visits and latency, and a similar
increase in accuracy, indicating a successful acquisition of T-maze
discrimination learning throughout the sessions (Fig. 5A). In contrast,
‘genotype’ and ‘session’ had a statistically significant impact on
reversal learning for the three parameters scored (Fig. 5A). This
indicated that during the reversal phase, only wild-type mice showed
a successful reversal learning, obtaining a good score of accuracy
and a reduction of wrong visits and latency compared to Kidins220f/f

and Kidins220GfapΔ/Δ mice. A closer examination of the data
suggested that wild-type mice successfully achieved learning on
the third session. In contrast, both Kidins220f/f and Kidins220GfapΔ/Δ

mice displayed an increased latency in completing the trial and in
the number of visits to the wrong arm, while showed a lack of
accuracy in comparison with wild-type mice in session 3 (Fig. 5B).
Taken together, these results suggest that physiological Kidins220
levels promote cognitive flexibility.

Kidins220 deficiency decreases neural stem cell growth and
survival
Fresh tissue from both neurogenic regions can be dissected,
homogenized and cultured in vitro as free-floating aggregates of
NSCs and progenitors known as neurospheres [34, 35], or
alternatively grown in adherent conditions seeded on a laminin-
rich substrate [36]. In both cases, in the presence of epidermal
growth factor (EGF) and fibroblast growth factor-2 (FGF-2) as main
mitogens, NSCs derived from the SEZ and the DG thrive and
proliferate over several passages maintaining their multipotency.
Importantly, NSCs cultured in vitro expressed detectable levels of
Kidins220 (Fig. S6A, C). Furthermore, hippocampal NSCs obtained
from Kidins220f/f and Kidins220GfapΔ/Δ grown in vitro yielded
significantly less primary neurospheres (Fig. 6A), and of substan-
tially smaller diameter than their wild-type counterparts (Fig. 6B, C),
showing that there is a striking defect in the ability to form

hippocampal-derived neurospheres of adequate size from
Kidins220-deficient mice. Accordingly, attempts of expanding
these cultures beyond the first passage failed (Fig. S6D),
corroborating in vivo data showing the extreme sensitivity of the
SGZ to Kidins220 levels, and unveiling a cell-autonomous effect in
NSCs derived from this niche. SEZ-derived neurospheres from
Kidins220f/f mice expressed half the levels than wild-type, while
Kidins220 levels were undetectable in Kidins220GfapΔ/Δ cells
(Fig. S6B). Despite the detection of normal numbers of NSCs in
the intact SEZ of Kidins220GfapΔ/Δ mice, we obtained reduced
numbers of neurosphere-initiating cells (Fig. 6D) indicating a cell-
autonomous defect as well, not obvious in vivo at the age studied.
In contrast, Kidins220f/f SEZs did not display obvious differences in
primary neurosphere output (Fig. 6D), suggesting that a certain
level of Kidins220 is required for NSCs to thrive in vitro (Fig. S6B).
Kidins220GfapΔ/Δ SEZ cells could be passaged but rendered neuro-
spheres with markly diminished diameter (Fig. 6E) and yielded
reduced accumulated cell numbers vs. wild-type and Kidins220f/f

cells (Fig. 6F). This phenotype was not accompanied by substantial
defects in proliferation rate (Fig. 6G, H), altogether suggesting a
viability defect. Staining for 7-aminoactinomycin D (7AAD) and
Annexin V, to assess the percentage of live and apoptotic cells in
NSC cultures by flow cytometry, showed that Kidins220GfapΔ/Δ cells
had an overall decreased survival and a higher rate of apoptosis
than wild-type, affecting as much as the 65% of the culture, hence
suggesting a cause for NSC depletion. (Fig. 6I–K). Accordingly,
treatment with the pan-caspase inhibitor of apoptosis Z-VAD-FMK
rescued the defect in neurosphere formation in Kidins220GfapΔ/Δ

cells (Fig. 6L, M).

Kidins220 is necessary to suppress GSK3-mediated neural
stem cell and progenitors death, downstream of growth factor
signaling
The interaction of various growth factors with their respective
receptor tyrosine kinases activates the PI3K/AKT pro-survival
pathway. Activated AKT can then phosphorylate the two GSK3
isoforms on their N-terminus (at Ser21 for GSK3α and Ser9 for
GSK3β), inactivating them [37, 38]. Suppression of GSK3 activity by
PI3K/AKT signaling is indeed the major pathway through which its
pro-apoptotic roles are prevented [39]. Given the survival defect of
Kidins220GfapΔ/Δ neurospheres, we investigated whether the PI3K/
AKT signaling pathway was specifically affected by performing
immunoblots for the activating phosphorylation of AKT at serine 473
(AKTpSer473) [40] and subsequent phosphorylation of GSK3α/βpSer21/9.
We found a significant reduction in active AKT, as well as in the
inhibitory phosphorylation of GSK3 isoforms in Kidins220GfapΔ/Δ

neurospheres (Fig. 7A–C). Likewise, we found a decrease in active
AKT in lysates from hippocampal neurospheres (Fig. S6E). Given the
severe deficit in hippocampal progenitors, neuroblasts and newborn
neurons observed in vivo, we hypothesized an over-activation of
GSK3 in the hippocampus of Kidins220 genetic models and
observed a marked deficiency of inactivating phosphorylations in
both Kidins220f/f and Kidins220GfapΔ/Δ hippocampal lysates compared
to wild-types (Fig. 7D, E). These data indicate that Kidins220 fine-
tunes the PI3K/AKT pro-survival pathway in response to external

Fig. 2 Kidins220 expression in cellular populations of the adult subgranular zone. A Confocal micrographs of the staining for Kidins220
(green) in the dentate gyrus (DG, white dashed lines) of wild-type mice. Nuclei are stained with DAPI (blue). Scale bars: 50 μm and 10 μm
(inset). SGZ, subgranular zone; GL, granule cell layer; H, hilus. B Confocal micrographs of the staining for GFAP (red), Sox2 (gray) and Kidins220
(green) in the DG of wild-type mice. Nuclei are stained with DAPI (blue). Scale bars: 50 μm, 25 μm (inset). White arrows point at triple-positive
cells (inset). C, Detail images of the staining of Kidins220 (green) in GFAP (red)-Sox2 (gray)-double-positive cells (white dashed lines, white
arrows). Scale bar: 10 μm. D Confocal micrographs of the staining for Mash1 (red) and Kidins220 (green) in the SGZ. Double-positive cells are
shown (asterisks, white arrows). Nuclei are stained with DAPI (blue). Scale bars 10 μm. E Confocal micrographs of the staining for DCX (red) and
Kidins220 (green) in the SGZ. Double-positive cells are shown (white dashed lines, white arrows). Nuclei are stained with DAPI (blue). Scale
bars: 10 μm, and 5 μm (insets). F Confocal micrographs of the staining for NeuN (red) and Kidins220 (green) in the SGZ and GL. Double-
positive cells are shown (white asterisks). Nuclei are stained with DAPI (blue). Scale bars: 20 μm, and 10 μm (insets). Yellow dashed lines delimit
insets magnified in A, B, D, E and F.
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Fig. 3 Kidins220 deletion in adult neural stem cells from adult neurogenic niches. A Confocal micrographs of the staining for GFAP (red)
and Kidins220 (green) in the SEZ of wild-type, Kidins220f/f and Kidins220GfapΔ/Δ mice. Nuclei are stained with DAPI (blue). Scale, 50 μm, and
10 μm (insets). LV, lateral ventricle (delimited by white dashed lines). White arrowheads point at GFAP positive cells. B Representative
Kidins220 and ß-actin (loading control) immunoblots of SEZ lysates from wild-type, Kidins220f/f and Kidins220GfapΔ/Δ mice. Each lane represents
extracts from one mouse. C, Kidins220 levels represented in arbitrary units after normalization with ß-actin in wild-type, Kidins220f/f and
Kidins220GfapΔ/Δ mice. Data represent mean ± s.e.m.; each data point represents an individual mouse (N= 3, for each condition). *P < 0.05,
**P < 0.01, ***P < 0.001, by one-way ANOVA followed by Tukey’s post-hoc test. D Confocal micrographs of the staining for GFAP (red) and
Kidins220 (green) in the DG of wild-type, Kidins220f/f and Kidins220GfapΔ/Δ mice. Nuclei are stained with DAPI (blue). Scale bars: 25 μm, and
10 μm (insets). SGZ, subgranular zone: GL, granule cell layer; White arrowheads point at GFAP+ cells (white dashed lines). E Representative
Kidins220 and ß-actin (loading control) immunoblots of hippocampal lysates from wild-type, Kidins220f/f and Kidins220GfapΔ/Δ mice. Each lane
represents extracts from one mouse. F Kidins220 levels represented in arbitrary units after normalization with ß-actin in hippocampal lysates
in wild-type, Kidins220f/f and Kidins220GfapΔ/Δ mice (N= 3, each). Data represent mean ± s.e.m.; each data point represents an individual mouse.
*P < 0.05, **P < 0.01, ***P < 0.001, by one-way ANOVA followed by Tukey’s post-hoc test.
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signals in NSC. We next analyzed whether decreases in this pro-
survival pathway were accompanied by cell death in the
hippocampal niche. Since no differences were observed in vivo in
the number of DG NSCs in Kidins220GfapΔ/Δ and Kidins220f/f mice, but
it was so in more committed progenitors and differentiated
progeny, we focused our analysis of cell death in vivo on DCX+

neural progenitors, by combining DCX and active caspase-3 (AC3)
immunostainings. We found an increased proportion of AC3+ cells

within the DCX+ population in Kidins220GfapΔ/Δ and a similar
tendency in Kidins220f/f mice, when compared with wild-type
animals (Fig. 7F, G).

EGF-receptor activation is impaired in Kidins220-null neural
stem cells and can be rescued by inhibiting GSK3
The main growth factor/mitogen in neurosphere culture is EGF, so
we hypothesized that Kidins220GfapΔ/Δ NSCs may display
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decreased levels of EGFR or downstream signaling. We performed
immunofluorescence and confocal microscopy image analysis in
wild-type and Kidins220GfapΔ/Δ-derived neurospheres, using anti-N-
cadherin (as a cell membrane marker to localise the staining and
be able to demarcate individual cell within the neurospheres),
anti-EGFR C-terminal domain (to label the total amount of
receptor) and antiphospho-EGFRY1068 to detect its activated form
(Fig. 8A). As shown, Kidins220 deficiency did not decrease the total
levels of the receptor, and even caused a slight increase, but in
contrast it provoked a clear decrease in EGFR activity, even more
strikingly observed as the ratio of the total and phosphorylated
signals (Fig. 8B). Our data indicate that EGFR-signalling is
compromised in neurospheres lacking Kidins220.
Next, we hypothesized that increasing the concentration of EGF,

could rescue the cell survival defect of Kidins220GfapΔ/Δ NSCs.
Kidins220GfapΔ/Δ SEZ tissue seeded in medium with a higher EGF
concentration (20 ng/ml) yielded ~30% more primary neurospheres
than when seeded in low EGF (10 ng/ml), rising to wild-type
numbers, which were unaffected by increasing EGF (Fig. 8C). The
higher dose of EGF augmented the diameter of Kidins220GfapΔ/Δ

neurospheres by ~40% (Fig. 8D, E). Finally, to test whether increasing
EGF concentration in culture could increase EGFR-mediated signal-
ing, we performed Western blots for phosho-EGFRY1068 in lysates
from Kidins220GfapΔ/Δ treated with low and high EGF doses. We
found that al 10 ng/ml, EGF signaling was not yet saturating and
that increased phosphorylation of the receptor could be achieved at
20 ng/ml (Fig. 8F, G). To test if enhancing signaling through EGF
restored GSK3 inhibitory phosphorylation to wild-type levels, we
performed immunoblots in extracts from neurospheres grown in
high EGF and found no significant differences between genotypes
(Fig. 8H, I). Next, we analyzed whether increasing EGF concentration
could rescue cell viability. Culturing Kidins220GfapΔ/Δ cells in 20 ng/ml
EGF rescued the enhanced apoptosis found when cultured in 10 ng/
ml EGF, decreasing cell death (Fig. 8J). Furthermore, treatment of
wild-type and Kidins220GfapΔ/Δ cells with the GSK3 inhibitor
SB216763 could still circumvent cell apoptosis in Kidins220GfapΔ/Δ

cells, although to a lesser extent than a high dose of EGF (Fig. 8J).

DISCUSSION
In this work we have identified Kidins220 as a critical mediator of
hippocampal adult neurogenesis, and a novel intrinsic regulator of
NSCs and progenitors, that plays a role tuning PI3K/AKT pro-
survival signaling in response to mitogenic stimulation. Mechan-
isms of survival in adult NSC populations are barely known, even
less those that may be related to mitogens that stimulate their
division, as survival is a prerequisite for proliferation. Our data
indicate that the level of Kidins220 sets the threshold of mitogen-
induced activation that sustains adult NSC survival.
Kidins220 is an essential gene and its global deletion causes

extensive cell death in the developing nervous system,

accompanied by a growth defect, with embryos displaying smaller
bodies and brain size [14, 15]. We show that Kidins220 is
abundantly expressed in NSCs from the SEZ and SGZ and that
hippocampal neurogenesis is drastically dependent on Kidins220
levels. Neurogenesis in the DG starts during embryonic develop-
ment and continues through adulthood with the addition of
newborn granule neurons [41]. Since Kidins220 deletion using a
Nes-Cre driver does not cause increased cell death in the embryonic
hippocampus at E18.5, when cells accumulate in the DG [14, 15],
the effect of Kidins220 deficiency on hippocampal development
appears to be mainly postnatal. Postnatal effects of Kidins220
deficiency can account for the reduced volume of DG found in both
genetic models, since the DG is formed from E20 to P5 [41]. The
effects of Kidins220 global deficiency on hippocampal formation
during postnatal development deserve future investigation.
A reduction in Kidins220 markedly decreases type 2 cycling

progenitors and the concomitant emergence of DCX+ neuroblasts
and adult-born neurons, indicating that survival might be
compromised in NSC-derived progeny when Kidins220 levels drop
in the DG. Indeed, we found an increase in neuroblasts with
immunoreactivity of activated caspase 3 indicative of their induced
apoptotic death. Accordingly, Kidins220 deletion in immature
hippocampal neurons leads to multiple axons and dendritic
aberrations [42], whereas its silencing in mature cortical cultured
neurons increases their death and vulnerability to excitotoxicity
[16, 18]. Notably, the defects we identify herein correlate with
impaired hippocampal-dependent spatial working memory, a trait
strongly associated with the depletion of adult hippocampal
neurogenesis [43]. The sharp decline in hippocampal neurogenesis
with advancing age is associated to age-related cognitive deficits
due to its function in learning and memory. As in Kidins220-
deficient mice, neurogenesis at the DG of aged mice is substantially
reduced relative to the SEZ [44], consistent with a potential
premature aging of neurogenic niches in these models. Impor-
tantly, administration of growth factors restored aging-associated
neurogenic defects in both niches [44]. Similarly, our data show
that Kidins220GfapΔ/Δ SEZ-derived neurospheres are rescued by
extrinsic cues, as their number, size, and pro-survival pathways are
restored to wild-type values by increasing the concentration of EGF.
The extreme sensitivity of DG neurogenesis to reduced

Kidins220 levels is in contrast with our findings from the SEZ,
which seems refractory to Kidins220 deficiency. This fact may
indicate that, in addition to the cell-autonomous effect described,
the hippocampal niche may be altered in Kidins220-deficient mice
and does not provide the adequate cues, a possibility that we
have not explored herein. In our analysis of the SEZ we found a
tendency to decrease NSC activation in the SEZ in vivo. SEZ aNSC
are highly dependent on EGFR [8], and decreased activation of
NSC is a hallmark of aging [45] so we cannot rule out that in older
animals Kidins220-deficiency would lead to a premature aging
phenotype.

Fig. 4 Neurogenic defects in Kidins220 deficient mice concentrate in the hippocampus. A Representative confocal images of wild-type and
Kidins220GfapΔ/Δ lateral ventricle wholemount preparations stained for ß-catenin (blue), γ-tubulin (red) and GFAP (green) to reveal pinwheels
(white dashed lines) and SEZ stem cells (arrows). Scale bar: 10 μm. B, Quantification of the numbers of CldU+-label retaining (LR) cells at the
lateral ventricles of wild-type (N= 9), Kidins220f/f (N= 3) and Kidins220GfapΔ/Δ (N= 3) mice. C Quantification of the percentage of IdU+ cells within
the CldU+-LR cells at the lateral ventricles of wild-type (N= 3), Kidins220f/f (N= 3) and Kidins220GfapΔ/Δ (N= 3) mice. D Confocal micrographs of
the DG of wild-type, Kidins220f/f and Kidins220GfapΔ/Δ mice. Nuclei are stained with DAPI (gray). Scale bar: 200 μm. E, Quantification of the DG
volume (mm3) in wild-type (N= 5), Kidins220f/f (N= 4) and Kidins220GfapΔ/Δ (N= 7) mice. F, Numbers of Sox2+- CldU+ cells, G CldU+ cells and
H, IdU+-Sox2+ cells in the SGZ of wild-type, Kidins220f/f and Kidins220GfapΔ/Δ mice (N= 3, for each condition). I, Representative confocal images
of the co-staining for Sox2 (red) and IdU (green, arrows). Nuclei are stained with DAPI (blue). Scale bar: 50 μm. J, Percentage of Sox2+ cells
positive for Ki67 in the SGZ of wild-type (N= 6), Kidins220f/f (N= 4) and Kidins220GfapΔ/Δ (N= 6) mice. K Confocal images of the staining for the
neuroblast marker doublecortin (DCX, green) and DAPI (blue). Scale bar: 50 μm. L, Quantification of the total numbers of DCX+ cells in wild-type
(N= 6), Kidins220f/f (N= 4) and Kidins220GfapΔ/Δ (N= 6) mice. M Representative confocal images of the staining for the neuronal marker NeuN
(red) and CldU (green) 3 weeks after injection to label new-born neurons. Scale bar: 50 μm. N Quantification of CldU+-NeuN+ double positive
cells in wild-type, Kidins220f/f and Kidins220GfapΔ/Δ mice (N= 3, each). Data represent mean ± s.e.m.; each data point represents an individual
mouse. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, by one-way ANOVA and Dunnett’s post-hoc test.
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Fig. 5 Kidins220-defficient mice exhibit deficits in spatial memory. A T maze test results during acquisition phase (upper panels) and
reversal phase (lower panels). Wild-type (N= 11), Kidins220f/f (N= 9) and Kidins220GfapΔ/Δ (N= 9) mice were challenged for 5 sessions, with 6
trials in each session, and three parameters were scored: latency in rewarded arm (the time (s) to reach the reward and start eating), accuracy
(arbitrary units: 1 for entering the rewarded arm and eating from the pellet within 30 seconds; 0 for any other outcome), and the number of
visits to the non-rewarded arm (wrong visits). The effects of the genotype and sessions and their interaction were analyzed by two-way
repeated measures (RM) ANOVA. Interaction was non-significant (P > 0.05). B One-way ANOVA analyses of data from session 3 in the reversal
phase, for latency, accuracy and number of wrong visits for wild-type, Kidins220f/f and Kidins220GfapΔ/Δ mice. Data represent mean ± s.e.m.; each
data point represents an individual mouse. Ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, by two-way RM (A) or one-way ANOVA
followed by Dunnett’s T3 (latency) or Tukey’s post-hoc tests (accuracy and wrong visits).
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Nevertheless, the fact that NSCs from both niches show a cell-
autonomous defect in survival ex vivo, suggests that the niche
microenvironment is promoting NSCs survival in the absence of
Kidins220. The role of the niche in the maintenance of NSCs and
derived progeny is well known [4, 46]. One possibility is that the levels

of TGFα, the endogenous EGFR ligand, are sufficient to sustain
Kidins220-deficient NSCs survival in vivo. However, we found a deficit
in neuroblast survival in the SGZ vs. the SEZ, where no phenotype was
observed at the age studied. EGFR expression is very prominent in the
SEZ compared to the lower levels of this receptor in the SGZ, where
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NSCs respond less to EGF [47]. In addition, both adult neurogenic
niches present differential susceptibility to apoptotic stimuli. For
instance, high FOXG1 levels hinders the survival of SGZ-derived
glutamatergic dentate granule neurons, but spares generation of
GABAergic neurons in the SEZ/OB [48]. Thus, reducing Kidins220
levels could affect more severely the hippocampal NSC-derived
populations than those from the SEZ, due to their lower content, and/
or that neuroblasts committed to glutamatergic neurons are more
sensitive to Kidins220 deficiency than GABAergic ones.
Our data support the notion that Kidins220 is crucial for cell

survival of neurons and precursors, without majorly affecting their
proliferation. Neurotrophin signaling may be key in Kidins220-
mediated control of DG ontogenesis and adult neurogenesis, since
Kidins220 has been shown to interact with all Trk-receptors and
with p75NTR [49, 50], and reduced neuronal numbers may be due
to decreased trophic support in Kidins220-deficient mice by
diminished response to neurotrophins.
Kidins220-deficient mice present hydrocephalus [23], and because

previous reports have linked reduced SEZ NSCs numbers to this
condition in vivo [51, 52], we have only investigated mice with
moderate enlargement of the ventricles (see Fig. S3) in this study.
Our data suggest that the milder presentations of ventriculomegaly
do not affect SEZ NSCs and progeny, at least in our Kidins220-
deficient mice models and at the age studied. Our data call for
further investigations on the SEZ in Kidins220-deficient mice afflicted
with severe hydrocephalus, as future follow-up for this work.
Keeping Kidins220 levels over a certain threshold maintains

PI3K/AKT-mediated GSK3 inhibition in NSCs and hippocampal
extracts in both Kidins220-deficient mice strains, and increased
dosage of EGF rescues cell survival in NSCs restoring GSK3
inhibition. EGFR does not co-immunoprecipitate with Kidins220
[50], so the possibility of Kidins220 regulating the clustering of this
receptor in NSCs is unlikely. However, Kidins220 may modulate a
downstream EGFR effector. Remarkably, Kidins220 provides a
molecular docking site for the CrkL adaptor protein to sustain
mitogen-activated protein kinases/extracellular signal-regulated
kinases signaling in neurons in response to nerve growth factor
[53]. A parallel mechanism might play a role in NSCs, as CrkL
directly binds to and regulates PI3K/AKT [54–56]. Since silencing
Kidins220 does not alter AKT activation in cultured neurons [50],
Kidins220 may be crucial for PI3K/AKT activation downstream
EGFR signaling in activated NSCs and neuronal progenitors, in
contrast to terminally differentiated neurons. EGFR can induce
PI3K/AKT/mTOR and MEK/ERK cascades in cultured neural stem
and progenitor cells (NSPCs), but only the former implicating
mTOR contributes to their survival [57]. In this context, and with
the results we provide herein, it is likely that Kidins220 is involved
in the potentiation of this PI3K/AKT/mTOR prosurvival pathway
induced by EGFR stimulation in NSPCs.

A growing body of evidence points to a direct role of KIDINS220 in
cancer [58]. In castration-resistant prostate cancer, KIDINS220
activates the PI3K/AKT pathway [59]. Importantly, in this type of
cancer there is a high prevalence of activating PI3K/AKT/mTOR
pathway alterations linked to tumor cell survival and tumorigenesis
[60], again highlighting the possible role of Kidins220 in cell viability
through this cascade. Additionally, in pediatric high-grade glioma
copy number breakpoint within KIDINS220 gene have been identified
[61]. NSCs of the SEZ are considered glioma cells of origin [62, 63],
and molecular alterations of the EGFR/PI3K/AKT/mTOR module are
hallmarks of this cancer type, which has led to the design of clinical
trials devised to target this pathway [64]. Whether KIDINS220 could
be part of the stimulus-response threshold activating this pro-survival
pathway downstream of EGFR in glioma stem cells and possible
therapeutic implications, deserves further investigation.
Maintaining the proper levels of GSK3 activity is crucial for

neural progenitor maintenance, proliferation, survival, and differ-
entiation [65, 66]. While GSK3 inhibition promotes adult hippo-
campal neurogenesis [67, 68], increased GSK3 activity reduced DG
volume and causes defects in neuroblast generation, features like
those reported herein [69]. Consistently, failure to properly
regulate GSK3 activity plays a role in Alzheimer’s disease and
schizophrenia [70–72], diseases associated with Kidins220 altera-
tions, amongst others [17, 21–28, 72]. Exciting new studies support
the idea that neurogenic potential preservation may be crucial to
restrain cognitive decline associated with neurodegenerative
conditions and non-physiological aging in humans [73, 74]. The
data presented herein point to the possibility that alterations in
KIDINS220 could render the DG neurogenic niche more sensitive
to cognitive decline, and memory and learning disabilities, traits
associated with these diseases. In summary, our data pinpoints
Kidins220 as a multifaceted molecule with relevant functions in
NSCs and adult neurogenesis.

MATERIALS AND METHODS
Mice
Kidins220f/f mice have been described previously [14, 15, 23]. B6.Cg-
Tg(Gfap-cre)73.12Mvs/J (herein referred to as Gfap-Cre) were pur-
chased from The Jackson Laboratory, (Bar Harbor, Maine, USA; JAX
stock #012886) [32]. All animals were produced and housed at the
animal care facility at the Instituto de Investigaciones Biomédicas
Alberto Sols (IIBM, CSIC-UAM, Madrid, Spain) and maintained under 12/
12 h light-dark cycle and with access to food and water ad libitum in a
temperature-controlled environment. Overall mouse health was
assessed by daily inspection for signs of discomfort, weight loss, or
changes in behaviour, mobility, and feeding or drinking habits.
Housing of mice and all experiments were conformed to the
appropriate national legislations (RD 53/2013) and the guidelines of
the European Commission for the accommodation and care of

Fig. 6 Viability defect in Kidins220-deficient neural stem cells. A Number of primary neurospheres obtained from the hippocampus of wild-
type (N= 7), Kidins220f/f (N= 6), and Kidins220GfapΔ/Δ (N= 10) mice. B Diameter of wild-type (N= 25), Kidins220f/f (N= 19), and Kidins220GfapΔ/Δ

(N= 26) primary hippocampal neurospheres from N= 3 mice from each genotype. C Representative phase contrast images of primary
hippocampal neurospheres from wild-type, Kidins220f/f, and Kidins220GfapΔ/Δ mice. Scale bar, 50 μm. D Number of primary neurospheres
obtained from the walls of the lateral ventricles of wild-type (N= 12), Kidins220f/f (N= 12), and Kidins220GfapΔ/Δ (N= 15) mice. E, mean
neurosphere diameter of SEZ neurospheres of wild-type (N= 9), Kidins220f/f (N= 7) and Kidins220GfapΔ/Δ (N= 8) mice. F, Cumulative number of
cells obtained over 3 consecutive passages of SEZ neurospheres (N= 7 independent cultures per genotype). G Percentage of Ki67+ cells in SEZ
neurospheres of the three genotypes (wild-type, N= 3; Kidins220f/f, N= 2; Kidins220GfapΔ/Δ, N= 3). H Representative confocal micrographs of
wild-type and Kidins220GfapΔ/Δ SEZ neurospheres stained for the cell cycle marker Ki67 (red) and DAPI (blue) to counterstain the nuclei. Scale
bar: 10 μm. I Quantitative analysis of the percentage of live cells (Annexin V-/7AAD-) and J, of early-stage apoptotic cells (Annexin V+/7AAD-) in
wild-type (N= 14), Kidins220f/f (N= 6) and Kidins220GfapΔ/Δ (N= 11) NSCs from the SEZ. K Representative FACS dot-plots of SEZ NSC double-
stained for Annexin V/7-AAD. L, Quantification of the number of SEZ neurospheres from Kidins220GfapΔ/Δ formed after a treatment with 25 μM
Z-VAD to inhibit caspases or vehicle for 4 days (N= 4 independent experiments). M Representative phase contrast micrographs of
Kidins220GfapΔ/Δ SEZ neurospheres in both conditions, scale bar: 50 μm. Data represent mean ± s.e.m. Each data point represents values from a
neurosphere culture established from an individual mouse (except in B), or an individual mouse (O). Ns, not significant, *P < 0.05, **P < 0.01,
***P < 0.001, by two-tailed paired t test (L), one-way ANOVA (A, B, D, E, G, I, J) and two-way RM ANOVA (F) followed by Dunnett’s post-hoc tests.
7AAD, 7-aminoactinomycin D; FACS, fluorescence-activated cell sorting.
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laboratory animals (revised in Appendix A of the Council of Europe
Convention ETS123), following protocols approved by the correspond-
ing local ethics committees (IIBM and CSIC). Male and female 2-month-
old Kidins220f/f, Kidins220GfapΔ/Δ or wild-type littermates were
employed. Genotyping and recombination were monitored in genomic
DNA samples by PCR using specific pairs of primers (Table S1). For long-
term label retention experiments, mice were injected and brains
collected and processed, or fresh tissue was dissected to obtain whole
mounts of the SEZ as described elsewhere [30, 31].

Antibodies
Detailed information about all antibodies and dilutions used for the
different applications is given in Supplementary Information (Table S2).

Immunohistochemistry of mouse brain samples. Immunostainings were
performed in free-floating sections, incubated for 48 h with the appro-
priate primary antibodies (Table S2). For the specific detection of the
synthetic nucleosides, a 20min 2 N HCl denaturalization followed by
neutralization in borate buffer was performed before the addition of the
antibodies. Immunofluorescent detections were performed with Alexa
Fluor (Invitrogen) conjugated secondary antibodies. DAPI (1 μg/ml) was
used for counterstaining. Images were acquired under the same settings
for each experiment with Fluoview FV10i (Olympus, Shinjuku, Tokyo,
Japan), LSM 710, (Zeiss, Germany), Leica TCS SP5 (Leica Microsistemas SLU,
L’Hospitalet de Llobregat, Spain), LSM710 and LSM900 (Zeiss, Oberkochen,
Germany) confocal laser scanning microscopes at the Optical and Confocal
Microscopy Unit of the CBMSO (CSIC-UAM), IIBM confocal facility (SEMOC,
CSIC-UAM), Servicio Interdepartamental de Investigación (SIdI) UAM or UV.

Fig. 7 Kidins220 deficiency impairs AKT/GSK3 survival pathway in neural stem cells and in the hippocampus, rendering increased death
of neuronal progenitors in the SGZ. A Representative immunoblots for Kidins220, p-AKTSer473, p-GSK3α/βSer21/9 and GAPDH in lysates from
Kidins220GfapΔ/Δ, Kidins220f/f and wild-type neurospheres. Levels of p-AKTS473 (wild-type, N= 6; Kidins220f/f, N= 10; Kidins220GfapΔ/Δ, N= 3) (B) and
p-GSK3α/βS21/9 (wild-type, N= 8; Kidins220f/f, N= 10; Kidins220GfapΔ/Δ, N= 8) (C) represented in arbitrary units after normalization with GAPDH,
and relative to wild-type in extracts from the indicated genotypes. D Representative immunoblots for p-GSK3α/βSer21/9 and GAPDH in
hippocampal lysates from wild-type, Kidins220f/f and Kidins220GfapΔ/Δ mice. E Levels of p-GSK3α/βS21/9 represented in arbitrary units after
normalization with GAPDH and relative to wild-type in extracts from the indicated genotypes (wild-type, N= 8; Kidins220f/f, N= 5; Kidins220GfapΔ/
Δ, N= 7). F, Confocal images of the staining of DCX (red), active caspase 3 (AC3, green) and DAPI (blue) in the SGZ of wild-type, Kidins220f/f and
Kidins220GfapΔ/Δ mice (N= 5 mice of each genotype). Scale bar: 5 μm. G Quantification of the percentage of DCX+ cells positive for AC3 in the
SGZ of wild-type, Kidins220f/f and Kidins220GfapΔ/Δ mice (N= 5 mice of each genotype). Data represent mean ± s.e.m. Each data point represents
values from a neurosphere culture established from an individual mouse (B, C), brain extracts from an individual mouse (E) or brain
immunolabeling from an individual mouse (G). Ns not significant, *P < 0.05, **P < 0.01, ***P < 0.0001, by one-way ANOVA followed by Dunnett’s
(B, C, E, G) post-hoc tests.
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Images were processed using ImageJ/Fiji open-source software package
(v1.54d; National Institutes of Health, Bethesda, MD).

Cell Counting and dentate gyrus volume. Numbers of NSC at the ventricle
surface, CldU+ cells in the SEZ, the OB and the corpus callosum were
obtained as described previously [31, 75]. Double stainings for CldU and

IdU were performed as described elsewhere [31]. For Mash1 stainings,
tissue sections were subjected to an antigen retrieval procedure with
citrate buffer. The total volume of the DG and the number of CldU+ cells,
CldU+-Sox2+ NSC, precursor cells (IdU+-Sox2+), immature neurons (DCX+),
and mature neurons (CldU+-NeuN+) were calculated using the physical
dissector method adapted for confocal microscopy as described elsewhere
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[75]. Briefly, DG area was measured in each slice using ImageJ software in
one confocal series composed of every fifth section of the whole DG. The
DG volume was calculated as the area obtained × thickness of the slice
(50 μm), and the total volume of the DG was calculated as the summatory
of the volume ×5. Numbers of positive cells for each marker were scored in
every plane of one confocal series composed of every sixth section of the
whole DG. To obtain total cell numbers, data were multiplied ×6.

Behavioral tests. Habituation was performed by handling 5min every
other day on the previous week to the test. For the T maze test, mice were
food restricted for 24 h before the beginning of the test, which consisted of
an acquisition phase and a reversal phase. Only one of the two short arms
was rewarded with food. For each trial, the mouse was placed in the ‘start’
section of the long arm and given a maximum of three minutes to
complete the test. In the second phase of the experiment, reversal learning
was tested and the contingency was reversed, i.e., the other short arm was
rewarded. Acquisition and reversal phases lasted 5 days (6 daily trials, with
a two-day break between both phases). We scored the number of visits to
the non-rewarded arm (wrong visits), the time to reach the reward and
start eating (latency), and accuracy (1 point was given for entering the
rewarded arm and eating the pellet within 30 seconds; any other option
was scored with 0 points).

Magnetic resonance imaging
Magnetic resonance imaging (MRI) was performed as described [23].
Briefly, MRI studies were performed in a Bruker Biospect 7.0-T horizontal-
bore system (Bruker Medical Gmbh, Ettlingen, Germany), equipped with a
1H selective birdcage resonator of 23mm and a Bruker gradient insert with
90mm of diameter (maximum intensity 36 G/cm). Data were acquired
using a Hewlett-Packard console running Paravision software (Bruker
Medical Gmbh) operating on a Linux platform.

Cell culture, immunofluorescence and cell viability analysis by flow cytometry.
Neurosphere cultures were established and maintained as described with
minor modifications [34, 35] or were cultured in adhesive conditions as
described previously [36] using Geltrex (Invitrogen, Waltham, MA, USA,) as
coating substrate, with murine natural EGF (10 or 20 ng/ml, Thermofisher
Scientific, Waltham, MA, USA) and human recombinant FGF-2 (10 ng/ml;
Merck Millipore, Burlington, MA, USA) as mitogens. Cells were treated with
25 μM Caspase Inhibitor Z-VAD-FMK (carbobenzoxy-valyl-alanyl-aspartyl-
[O-methyl]-fluoromethylketone, Promega Biotech Ibérica, Madrid, Spain)
for 4 DIV. Primary neurosphere numbers and diameters were assessed by
manual counting and photographed in an inverted microscope (Axio-
vert200, Zeiss ORCA-Flash4.0 LT sCMOS, Hamamatsu Photonics, Hama-
matsu, Japan), and diameters measured using ImageJ/FIJI (NIH). For
immunofluorescence, neurospheres were allowed to attach to Geltrex for
10min, fixed with PFA 4%, and antibody staining was performed as
previously described [76]. For bioimage analysis, images were acquired
with an LSM900 confocal laser scanning microscope coupled to an upright
microscope Axio Imager 2 (Zeiss). Laser settings were first established on
wild-type samples and kept throughout the whole experiment. Random

neurospheres consisting of 15-30 cells of each condition were imaged.
Bioimage analysis was performed using ImageJ/Fiji. Cytoplasmic binary
masks for each cell were obtained from the N-Cadherin signal previously
subjected to an image processing and each cell was identified as an
independent region of interest (ROI). The cytoplasmic binary masks were
redirected to the original grayscale images and the mean gray intensities
of EGFR-C-terminal and p-EGFRY1068 were measured with Fiji software.
Intensities were represented as the mean gray value in arbitrary units per
cell in each comparison. Culture of primary cortical astrocytes was
performed as described [23]. For flow cytometry, and rescue experiments,
cells were cultured with 10 or 20 ng/ml EGF for three passages before cells
were seeded on Geltrex-coated plates with the appropriate dose of EGF
and treated with DMSO or 100 nM SB216763 (Selleckchem, Houston, TX,
USA) for 3 days. Cells were harvested by centrifugation, disaggregated, and
resuspended in Annexin V Binding Buffer, PE Annexin V and 7-AAD (BD
Iberia, Madrid, Spain) and analyzed in a FACSCanto-A flow cytometer (BD)
using FACSDiva 6.1.3 software (BD). Data were analysed with FlowJo
software (Tree Star).

Preparation of protein extracts and immunoblot analyses. Cell extracts
were obtained by lysis in SDS-buffer (25mM Tris-HCl, pH 7.4, 1 mM EDTA,
1% SDS) or in RIPA buffer (25mM Tris-HCl, pH 7.6, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, 150mM NaCl) with protease and
phosphatase inhibitors for 30min at 4 °C. Lysates were centrifuged for
30min at 14,000 rpm at 4 °C, and supernatant was considered the total
lysate or total lysate soluble fraction. Lateral ventricles, including the SEZ,
and whole hippocampi were dissected, frozen in dry ice and homogenized
in RIPA buffer as above using potter and Polytron homogenizers. Protein
concentration was determined with BCA Protein Assay kit (Pierce
Biotechnology Inc., Waltham, MA, USA); 30–100 μg of protein were
resolved by SDS-PAGE and transferred to nitrocellulose membranes
(Protran, Sigma-Aldrich). Membranes were blocked in PBS or TBS contain-
ing 3% BSA or 5% skimmed milk, and 0.025% Tween-20 and incubated
with primary antibodies (Table S2), followed by appropriate peroxidase-
conjugated anti-mouse or antirabbit IgGs (Dako). Signal was obtained by
enhanced chemiluminescence (Western Lightning. Perkin Elmer, Waltham,
MA, USA). Autoradiographic films were scanned, and the bands were
analyzed by densitometry using Image-J software (NIH). Immunoblot
images have been cropped for presentation. Full-size images are presented
in Supplemental Material, as Uncropped gels.

Statistical analyses
Analyses of significant differences between means were performed with
Prism 9 software (GraphPad, San Diego, CA) as specified in each figure
legend. Results are shown as mean ± s.e.m. and the number of
experiments (N) carried out with independent subjects (primary cultures,
cells or mice) is shown in each figure as dots and is specified in the figure
legends. Data were tested for normality using the Shapiro-Wilk test and
homogeneity of variances was tested by F test, the Brown-Forsythe test
and Bartlett’s test. Data transformations using square root, log2 or arcsin
were performed to meet test assumptions when needed. Welch’s

Fig. 8 Recuperation of GSK3 inhibition downstream EGF-receptor restores survival defect in Kidins220-null neural stem cells.
A Representative confocal micrographs of wild-type and Kidins220GfapΔ/Δ neurospheres stained for N-Cadherin (green), total EGFR C-terminal
(Cter) domain (red), activated phospho-EGFPY1068 (p-EGFRY1068) (gray) and DAPI (blue) to counterstain the nuclei. Scale bar: 50 μm, and 12 μm
(insets). B Quantification of the mean fluorescence intensity per cell of EGFR-Cter domain, p-EGFPY1068, and the phosphorylated/total EGFR ratio.
C Numbers of primary neurospheres obtained from wild-type and Kidins220GfapΔ/Δ mice under low (10 ng/ml) or high (20 ng/ml) EGF mitogenic
stimulation (N= 3, for each condition). D, Quantification of the diameters of Kidins220GfapΔ/Δ neurospheres grown under low and high EGF (N= 3,
for each condition). E, Representative phase contrast micrographs of wild-type and Kidins220GfapΔ/Δ primary neurospheres grown in culture
medium with EGF 10 or 20 ng/ml. Neurosphere borders are outlined in orange for clarity. Scale bar 100 μm. F Representative immunoblots for
p-EGFRY1068 and GAPDH in lysates from Kidins220GfapΔ/Δ neurospheres grown in 10 and 20 ng/ml EGF. G Levels of p-EGFRY1068 represented in
arbitrary units after normalization with GAPDH and relative to values from 10 ng/ml EGF condition (N= 3 for each condition). H Representative
immunoblots for p-GSK3α/βSer21/9 and GAPDH in lysates from Kidins220GfapΔ/Δ and wild-type primary neurospheres grown in 20 ng/ml EGF. I Levels
of p-GSK3α/βS21/9 represented in arbitrary units after normalization with GAPDH and relative to wild-type in extracts from the indicated genotypes
(N= 6, for each condition). J, Quantification of the percentage of apoptotic cells in 7-AAD and Annexin V staining detected by flow-cytometry.
Wild-type and Kidins220GfapΔ/Δ neurospheres were grown in 10 or 20 ng/ml EGF and treated with 100 nM SB216763 GSK3 inhibitor or vehicle
(N= 8, 5: wild-type, 10 ng/ml EGF, vehicle or SB216763, respectively; N= 6, 4: Kidins220GfapΔ/Δ, 10 ng/ml EGF, vehicle or SB216763, respectively;
N= 3: Kidins220GfapΔ/Δ, 20 ng/ml EGF). Data represent mean ± s.e.m. Each data point represents values from a neurosphere culture established
from an individual mouse (C, D, G, I, J) or an independent cell (N= 437 for wild-type and 300 for Kidins220GfapΔ/Δ independent cells from
neurosphere cultures established from 3 individual mice for each genotype, B). Ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.0001, unpaired
two-tailed Mann Whitney test (B), one-way ANOVA with Bonferroni post-hoc test (C), two-tailed paired (D, G, J) and unpaired t-tests (I, J).
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correction or a non-parametric test were used if homoscedasticity or
normality were not met. Outliers were identified and removed using the
ROUT method or Grubbs´test. In all cases, P < 0.05 denoted statistical
significance. Appropriate post-hoc tests were applied when necessary.
Investigators were not blinded to allocation during the experiments, use of
animals or outcome assessment. For animal studies and experiments with
animal derived tissues and cells no randomization was used and no
statistical method was used to predetermine sample size. Sample sizes
were based on previous published experiments.

DATA AVAILABILITY
All data are available under reasonable request.

REFERENCES
1. Lim DA, Alvarez-Buylla A. Adult neural stem cells stake their ground. Trends

Neurosci. 2014;37:563–71.
2. Bonaguidi MA, Wheeler MA, Shapiro JS, Stadel RP, Sun GJ, Ming G-L, et al. In vivo

clonal analysis reveals self-renewing and multipotent adult neural stem cell
characteristics. Cell. 2011;145:1142–55.

3. Fuentealba LC, Obernier K, Alvarez-Buylla A. Adult neural stem cells bridge their
niche. Cell Stem Cell. 2012;10:698–708.

4. Llorens-Bobadilla E, Martin-Villalba A. Adult NSC diversity and plasticity: the role
of the niche. Curr Opin Neurobiol. 2017;42:68–74.

5. Kozareva DA, Cryan JF, Nolan YM. Born this way: Hippocampal neurogenesis
across the lifespan. Aging Cell. 2019;18:e13007.

6. Matarredona ER, Pastor AM. Neural Stem Cells of the Subventricular Zone as the
Origin of Human Glioblastoma Stem Cells. Therapeutic Implications. Front Oncol.
2019;9:779.

7. Zhang GL, Wang CF, Qian C, Ji YX, Wang YZ. Role and mechanism of neural stem
cells of the subventricular zone in glioblastoma. World J Stem Cells. 2021;13:877–93.

8. Belenguer G, Duart-Abadia P, Jordan-Pla A, Domingo-Muelas A, Blasco-Chamarro
L, Ferron SR, et al. Adult Neural Stem Cells Are Alerted by Systemic Inflammation
through TNF-alpha Receptor Signaling. Cell Stem Cell. 2020.

9. Kim WR, Sun W. Programmed cell death during postnatal development of the
rodent nervous system. Dev Growth Differ. 2011;53:225–35.

10. Iglesias T, Cabrera-Poch N, Mitchell MP, Naven TJ, Rozengurt E, Schiavo G.
Identification and cloning of Kidins220, a novel neuronal substrate of protein
kinase D. J Biol Chem. 2000;275:40048–56.

11. Kong H, Boulter J, Weber JL, Lai C, Chao MV. An evolutionarily conserved
transmembrane protein that is a novel downstream target of neurotrophin and
ephrin receptors. J Neurosci. 2001;21:176–85.

12. Neubrand VE, Cesca F, Benfenati F, Schiavo G. Kidins220/ARMS as a functional
mediator of multiple receptor signalling pathways. J Cell Sci. 2012;125:1845–54.

13. Scholz-Starke J, Cesca F. Stepping Out of the Shade: Control of Neuronal Activity
by the Scaffold Protein Kidins220/ARMS. Front Cell Neurosci. 2016;10:68.

14. Cesca F, Yabe A, Spencer-Dene B, Arrigoni A, Al-Qatari M, Henderson D, et al.
Kidins220/ARMS is an essential modulator of cardiovascular and nervous system
development. Cell Death Dis. 2011;2:e226.

15. Cesca F, Yabe A, Spencer-Dene B, Scholz-Starke J, Medrihan L, Maden CH, et al.
Kidins220/ARMS mediates the integration of the neurotrophin and VEGF path-
ways in the vascular and nervous systems. Cell Death Differ. 2012;19:194–208.

16. López-Menéndez C, Gascón S, Sobrado M, Vidaurre OG, Higuero AM, Rodríguez-
Peña A, et al. Kidins220/ARMS downregulation by excitotoxic activation of
NMDARs reveals its involvement in neuronal survival and death pathways. J Cell
Sci. 2009;122:3554–65.

17. López-Menéndez C, Gamir-Morralla A, Jurado-Arjona J, Higuero AM, Campanero
MR, Ferrer I, et al. Kidins220 accumulates with tau in human Alzheimer’s disease
and related models: modulation of its calpain-processing by GSK3β/PP1 imbal-
ance. Hum Mol Genet. 2013;22:466–82.

18. Gamir-Morralla A, López-Menéndez C, Ayuso-Dolado S, Tejeda GS, Montaner J,
Rosell A, et al. Development of a neuroprotective peptide that preserves survival
pathways by preventing Kidins220/ARMS calpain processing induced by excito-
toxicity. Cell Death Dis. 2015;6:e1939.

19. Gamir-Morralla A, Belbin O, Fortea J, Alcolea D, Ferrer I, Lleó A, et al. Kidins220
Correlates with Tau in Alzheimer’s Disease Brain and Cerebrospinal Fluid. J Alz-
heimers Dis. 2017;55:1327–33.

20. López-Menéndez C, Simón-García A, Gamir-Morralla A, Pose-Utrilla J, Luján R,
Mochizuki N, et al. Excitotoxic targeting of Kidins220 to the Golgi apparatus pre-
cedes calpain cleavage of Rap1-activation complexes. Cell Death Dis. 2019;10:535.

21. Sebastián-Serrano Á, Simón-García A, Belmonte-Alfaro A, Pose-Utrilla J, Santos-
Galindo M, Del Puerto A, et al. Differential regulation of Kidins220 isoforms in
Huntington’s disease. Brain Pathol. 2020;30:120–36.

22. López-Benito S, Sánchez-Sánchez J, Brito V, Calvo L, Lisa S, Torres-Valle M, et al.
Regulation of BDNF Release by ARMS/Kidins220 through Modulation of
Synaptotagmin-IV Levels. J Neurosci. 2018;38:5415–28.

23. del Puerto A, Pose-Utrilla J, Simón-García A, López-Menéndez C, Jiménez AJ,
Porlan E, et al. Kidins220 deficiency causes ventriculomegaly via SNX27-retromer-
dependent AQP4 degradation. Mol Psychiatry. 2021;26:6411–26.

24. Kranz TM, Goetz RR, Walsh-Messinger J, Goetz D, Antonius D, Dolgalev I, et al.
Rare variants in the neurotrophin signaling pathway implicated in schizophrenia
risk. Schizophr Res. 2015;168:421–8.

25. Malaspina D, Kranz TM, Heguy A, Harroch S, Mazgaj R, Rothman K, et al. Prefrontal
neuronal integrity predicts symptoms and cognition in schizophrenia and is
sensitive to genetic heterogeneity. Schizophr Res. 2016;172:94–100.

26. Josifova DJ, Monroe GR, Tessadori F, de Graaff E, van der Zwaag B, Mehta SG,
et al. Heterozygous KIDINS220/ARMS nonsense variants cause spastic paraplegia,
intellectual disability, nystagmus, and obesity. Hum Mol Genet. 2016;25:2158–67.

27. Mero IL, Mørk HH, Sheng Y, Blomhoff A, Opheim GL, Erichsen A, et al. Homo-
zygous KIDINS220 loss-of-function variants in fetuses with cerebral ven-
triculomegaly and limb contractures. Hum Mol Genet. 2017;26:3792–6.

28. El-Dessouky SH, Issa MY, Aboulghar MM, Gaafar HM, Elarab AE, Ateya MI, et al.
Prenatal delineation of a distinct lethal fetal syndrome caused by a homozygous
truncating KIDINS220 variant. Am J Med Genet A. 2020.

29. Ferri AL, Cavallaro M, Braida D, Di Cristofano A, Canta A, Vezzani A, et al. Sox2
deficiency causes neurodegeneration and impaired neurogenesis in the adult
mouse brain. Development 2004;131:3805–19.

30. Mirzadeh Z, Merkle FT, Soriano-Navarro M, Garcia-Verdugo JM, Alvarez-Buylla A.
Neural stem cells confer unique pinwheel architecture to the ventricular surface
in neurogenic regions of the adult brain. Cell Stem Cell. 2008;3:265–78.

31. Porlan E, Marti-Prado B, Morante-Redolat JM, Consiglio A, Delgado AC, Kypta R,
et al. MT5-MMP regulates adult neural stem cell functional quiescence through
the cleavage of N-cadherin. Nat Cell Biol. 2014;16:629–38.

32. Garcia AD, Doan NB, Imura T, Bush TG, Sofroniew MV. GFAP-expressing pro-
genitors are the principal source of constitutive neurogenesis in adult mouse
forebrain. Nat Neurosci. 2004;7:1233–41.

33. Raponi E, Agenes F, Delphin C, Assard N, Baudier J, Legraverend C, et al. S100B
expression defines a state in which GFAP-expressing cells lose their neural stem
cell potential and acquire a more mature developmental stage. Glia
2007;55:165–77.

34. Belenguer G, Domingo-Muelas A, Ferron SR, Morante-Redolat JM, Farinas I. Iso-
lation, culture and analysis of adult subependymal neural stem cells. Differ-
entiation 2016;91:28–41.

35. Nieto-González JL, Gómez-Sánchez L, Mavillard F, Linares-Clemente P, Rivero MC,
Valenzuela-Villatoro M, et al. Loss of postnatal quiescence of neural stem cells
through mTOR activation upon genetic removal of cysteine string protein-α. Proc
Natl Acad Sci. 2019;116:8000.

36. Pollard SM, Conti L, Sun Y, Goffredo D, Smith A. Adherent neural stem (NS) cells
from fetal and adult forebrain. Cereb Cortex. 2006;16:i112–20.

37. Franke TF, Kaplan DR, Cantley LC, Toker A. Direct regulation of the Akt proto-
oncogene product by phosphatidylinositol-3,4-bisphosphate. Science
1997;275:665–8.

38. Cross DAE, Alessi DR, Cohen P, Andjelkovich M, Hemmings BA. Inhibition of glycogen
synthase kinase-3 by insulin mediated by protein kinase B. Nature 1995;378:785–9.

39. Maurer U, Preiss F, Brauns-Schubert P, Schlicher L, Charvet C. GSK-3 – at the
crossroads of cell death and survival. J Cell Sci. 2014;127:1369.

40. Sarbassov DD, Ali SM, Sengupta S, Sheen JH, Hsu PP, Bagley AF, et al. Prolonged
rapamycin treatment inhibits mTORC2 assembly and Akt/PKB. Mol Cell.
2006;22:159–68.

41. Khalaf-Nazzal R, Francis F. Hippocampal development – Old and new findings.
Neuroscience 2013;248:225–42.

42. Higuero AM, Sánchez-Ruiloba L, Doglio LE, Portillo F, Abad-Rodríguez J, Dotti CG,
et al. Kidins220/ARMS modulates the activity of microtubule-regulating proteins
and controls neuronal polarity and development. J Biol Chem. 2010;285:1343–57.

43. Lieberwirth C, Pan Y, Liu Y, Zhang Z, Wang Z. Hippocampal adult neurogenesis:
Its regulation and potential role in spatial learning and memory. Brain Res.
2016;1644:127–40.

44. Jin K, Sun Y, Xie L, Batteur S, Mao XO, Smelick C, et al. Neurogenesis and aging:
FGF-2 and HB-EGF restore neurogenesis in hippocampus and subventricular zone
of aged mice. Aging Cell. 2003;2:175–83.

45. Kalamakis G, Brune D, Ravichandran S, Bolz J, Fan W, Ziebell F, et al. Quiescence
Modulates Stem Cell Maintenance and Regenerative Capacity in the Aging Brain.
Cell 2019;176:1407–19.e14.

46. Morante-Redolat JM, Porlan E. Neural Stem Cell Regulation by Adhesion Mole-
cules Within the Subependymal Niche. Front Cell Dev Biol. 2019;7:102.

47. Jin K, Mao XO, Sun Y, Xie L, Jin L, Nishi E, et al. Heparin-binding epidermal growth
factor-like growth factor: hypoxia-inducible expression in vitro and stimulation of
neurogenesis in vitro and in vivo. J Neurosci. 2002;22:5365–73.

A. del Puerto et al.

15

Cell Death and Disease          (2023) 14:500 



48. Schäffner I, Wittmann M-T, Vogel T, Lie DC. Differential vulnerability of adult
neurogenic niches to dosage of the neurodevelopmental-disorder linked gene
Foxg1. Mol Psychiatry. 2023;28:497–514.

49. Chang MS, Arevalo JC, Chao MV. Ternary complex with Trk, p75, and an ankyrin-
rich membrane spanning protein. J Neurosci Res. 2004;78:186–92.

50. Arévalo JC, Yano H, Teng KK, Chao MV. A unique pathway for sustained neuro-
trophin signaling through an ankyrin-rich membrane-spanning protein. EMBO J.
2004;23:2358–68.

51. Campos-Ordonez T, Herranz-Perez V, Chaichana KL, Rincon-Torroella J, Rigamonti D,
Garcia-Verdugo JM, et al. Long-term hydrocephalus alters the cytoarchitecture of the
adult subventricular zone. Exp Neurol. 2014;261:236–44.

52. Jiménez AJ, García-Verdugo JM, González CA, Bátiz LF, Rodríguez-Pérez LM, Páez P,
et al. Disruption of the Neurogenic Niche in the Subventricular Zone of Postnatal
Hydrocephalic hyh Mice. J Neuropathol Exp Neurol. 2009;68:1006–20.

53. Arévalo JC, Pereira DB, Yano H, Teng KK, Chao MV. Identification of a switch in
neurotrophin signaling by selective tyrosine phosphorylation. J Biol Chem.
2006;281:1001–7.

54. Guo C, Gao C, Lv X, Zhao D, Greenaway FT, Hao L, et al. CRKL promotes hepa-
tocarcinoma through enhancing glucose metabolism of cancer cells via activat-
ing PI3K/Akt. J Cell Mol Med. 2021;25:2714–24.

55. Zhang J, Gao X, Schmit F, Adelmant G, Eck MJ, Marto JA, et al. CRKL Mediates
p110β-Dependent PI3K Signaling in PTEN-Deficient Cancer Cells. Cell Rep.
2017;20:549–57.

56. Sattler M, Salgia R, Shrikhande G, Verma S, Pisick E, Prasad KV, et al. Steel factor
induces tyrosine phosphorylation of CRKL and binding of CRKL to a complex
containing c-kit, phosphatidylinositol 3-kinase, and p120(CBL). J Biol Chem.
1997;272:10248–53.

57. Cochard LM, Levros LC Jr, Joppé SE, Pratesi F, Aumont A, Fernandes KJL.
Manipulation of EGFR-Induced Signaling for the Recruitment of Quiescent Neural
Stem Cells in the Adult Mouse Forebrain. Front Neurosci. 2021;15:621076.

58. Raza MZ, Allegrini S, Dumontet C, Jordheim LP. Functions of the multi-interacting
protein KIDINS220/ARMS in cancer and other pathologies. Genes Chromosomes
Cancer. 2018;57:114–22.

59. Wang Y, Shao N, Mao X, Zhu M, Fan W, Shen Z, et al. MiR-4638-5p inhibits
castration resistance of prostate cancer through repressing Kidins220 expression
and PI3K/AKT pathway activity. Oncotarget 2016;7:47444–64.

60. Bitting RL, Armstrong AJ. Targeting the PI3K/Akt/mTOR pathway in castration-
resistant prostate cancer. Endocr Relat Cancer. 2013;20:R83–99.

61. Carvalho D, Mackay A, Bjerke L, Grundy RG, Lopes C, Reis RM, et al. The prog-
nostic role of intragenic copy number breakpoints and identification of novel
fusion genes in paediatric high grade glioma. Acta Neuropathol Commun.
2014;2:23.

62. Alcantara Llaguno SR, Parada LF. Cell of origin of glioma: biological and clinical
implications. Br J Cancer. 2016;115:1445–50.

63. Lee JH, Lee JE, Kahng JY, Kim SH, Park JS, Yoon SJ, et al. Human glioblastoma
arises from subventricular zone cells with low-level driver mutations. Nature
2018;560:243–7.

64. Colardo M, Segatto M, Di Bartolomeo S Targeting RTK-PI3K-mTOR Axis in Gliomas:
An Update. Int J Mol Sci. 2021;22.

65. Eom TY, Roth KA, Jope RS. Neural precursor cells are protected from apoptosis
induced by trophic factor withdrawal or genotoxic stress by inhibitors of glyco-
gen synthase kinase 3. J Biol Chem. 2007;282:22856–64.

66. Eom TY, Jope RS. Blocked inhibitory serine-phosphorylation of glycogen synthase
kinase-3alpha/beta impairs in vivo neural precursor cell proliferation. Biol Psy-
chiatry. 2009;66:494–502.

67. Morales-Garcia JA, Luna-Medina R, Alonso-Gil S, Sanz-Sancristobal M, Palomo
V, Gil C, et al. Glycogen synthase kinase 3 inhibition promotes adult hippo-
campal neurogenesis in vitro and in vivo. ACS Chem Neurosci.
2012;3:963–71.

68. Guo W, Murthy AC, Zhang L, Johnson EB, Schaller EG, Allan AM, et al. Inhibition of
GSK3β improves hippocampus-dependent learning and rescues neurogenesis in
a mouse model of fragile X syndrome. Hum Mol Genet. 2012;21:681–91.

69. Kondratiuk I, Devijver H, Lechat B, Van Leuven F, Kaczmarek L, Filipkowski RK.
Glycogen synthase kinase-3beta affects size of dentate gyrus and species-typical
behavioral tasks in transgenic and knockout mice. Behav Brain Res.
2013;248:46–50.

70. Avila J, Insausti R, Del Rio J. Memory and neurogenesis in aging and Alzheimer’s
disease. Aging Dis. 2010;1:30–6.

71. Emamian ES, Hall D, Birnbaum MJ, Karayiorgou M, Gogos JA. Convergent evi-
dence for impaired AKT1-GSK3beta signaling in schizophrenia. Nat Genet.
2004;36:131–7.

72. Kranz TM, Berns A, Shields J, Rothman K, Walsh-Messinger J, Goetz RR, et al.
Phenotypically distinct subtypes of psychosis accompany novel or rare variants in
four different signaling genes. EBioMedicine 2016;6:206–14.

73. Zhou Y, Su Y, Li S, Kennedy BC, Zhang DY, Bond AM, et al. Molecular landscapes
of human hippocampal immature neurons across lifespan. Nature
2022;607:527–33.

74. Terreros-Roncal J, Moreno-Jimenez EP, Flor-Garcia M, Rodriguez-Moreno CB,
Trinchero MF, Cafini F, et al. Impact of neurodegenerative diseases on human
adult hippocampal neurogenesis. Science 2021;374:1106–13.

75. Sandau K. Unbiased Stereology. Three-Dimensional Measurement in Microscopy.
J Microsc. 1999;193:89–90.

76. Porlan E, Morante-Redolat JM, Marques-Torrejon MA, Andreu-Agullo C, Carneiro C,
Gomez-Ibarlucea E, et al. Transcriptional repression of Bmp2 by p21(Waf1/Cip1) links
quiescence to neural stem cell maintenance. Nat Neurosci. 2013;16:1567–75.

ACKNOWLEDGEMENTS
We are grateful to Professor R. Fernández-Chacón (IBIS, Sevilla), and J.A. Morales-
García and A. Perez-Castillo (IIBM, CSIC-UAM) for their help with the hippocampal
cultures, and A. Pérez-Villalba (UCV, Valencia) for suggestions with behavior analyses.
We acknowledge all members of our laboratories for constructive suggestions and
the excellent technical support by S. Benito, B. Ortigosa, E. Herrada-Soler, M.
Prudencio Sánchez-Carralero and A. González-Martín. Our special thanks to L.
Sánchez-Ruiloba for her assistance in confocal images analysis, and to the specialized
support of core facilities personnel at the IIBM (CSIC-UAM): animal care, SIERMAC,
confocal microscopy SEMOC; and at the CBMSO (CSIC-UAM): confocal microscopy
and flow cytometry. This work was funded by grants RYC2014-15991 (MINECO/ESF),
SAF2015-67756-R (MCIN/AEI /10.13039/501100011033 and by ERDF “A way of making
Europe") and PID2019-104763RB-I00 to EP, PID2020-115218RB-I00 to TI, PID2020-
117937GB-I00 to IF, PID2020-115217RB-I00 to MRC, funded by MCIN/AEI/ 10.13039/
501100011033; by Centro de Investigación Biomédica en Red de Enfermedades
Neurodegenerativas (CIBERNED, Instituto de Salud Carlos III, Spain) and collaborative
grants CIBERNED-2015-2/06 and 2018/06 to TI and IF; by PROMETEO/2021/028 of
Generalitat Valenciana to IF; by Wellcome Senior Investigator Awards (107116/Z/15/Z
and 223022/Z/21/Z) and a UK Dementia Research Institute Foundation award (UKDRI-
1005) to GS. ADP was supported by grant FJCI-2014-19673 funded by MCIN/AEI/
10.13039/501100011033 and by ESF “Investing in your future”; and a CIBERNED
contract; AS-G was supported by a contract associated to PID2020-115218RB-I00
project; EP was supported by a Ramón y Cajal contract (RYC2014-15991, MINECO/
ESF), ALB-M by grant FPI BES-2016-078481 associated to SAF2015-67756-R to EP. JP-U
was supported by a CIBERNED contract. CLF is recipient of a FPI grant funded by
UAM. The cost of this publication has been paid in part by “ERDF A way of making
Europe” funds.

AUTHOR CONTRIBUTIONS
ADP, CL-F, AS-G, BM-P, ALB-M, JP-U, CL-M, BA-S and EP performed research. FC and
GS generated Kidins220 floxed mice. MR-C and IF provided reagents and tools. All
authors contributed to data interpretation and analysis and to the writing of the
manuscript. TI and EP performed study concept and design, secured funding,
supervised the work and conceived and wrote the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS
Ethics statement regarding animal procedures is included in Materials and Methods
section.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-023-05995-7.

Correspondence and requests for materials should be addressed to Teresa Iglesias
or Eva Porlan.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

A. del Puerto et al.

16

Cell Death and Disease          (2023) 14:500 

https://doi.org/10.1038/s41419-023-05995-7
http://www.nature.com/reprints
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

A. del Puerto et al.

17

Cell Death and Disease          (2023) 14:500 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Kidins220 sets the threshold for survival of neural stem cells and progenitors to sustain adult neurogenesis
	Introduction
	Results
	Kidins220 expression in cellular populations of the adult subependymal and subgranular zones
	Kidins220 deletion in adult neural stem cells
	Neurogenic defects in the hippocampus of Kidins220 deficient mice
	Functional consequences of Kidins220 deficiency in hippocampal neurogenesis
	Kidins220 deficiency decreases neural stem cell growth and survival
	Kidins220 is necessary to suppress GSK3-mediated neural stem cell and progenitors death, downstream of growth factor signaling
	EGF-receptor activation is impaired in Kidins220-null neural stem cells and can be rescued by inhibiting GSK3

	Discussion
	Materials and Methods
	Mice
	Antibodies
	Immunohistochemistry of mouse brain samples
	Cell Counting and dentate gyrus volume
	Behavioral tests

	Magnetic resonance imaging
	Cell culture, immunofluorescence and cell viability analysis by flow cytometry
	Preparation of protein extracts and immunoblot analyses

	Statistical analyses

	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics
	ADDITIONAL INFORMATION




