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Nestin Is Required for the Proper Self-Renewal of Neural Stem Cells
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ABSTRACT

The intermediate filament protein, nestin, is a widely
employed marker of multipotent neural stem cells (NSCs).
Recent in vitro studies have implicated nestin in a number
of cellular processes, but there is no data yet on its in vivo

function. Here, we report the construction and functional
characterization of Nestin knockout mice. We found that

these mice show embryonic lethality, with neuroepithelium
of the developing neural tube exhibiting significantly fewer
NSCs and much higher levels of apoptosis. Consistent with

this in vivo observation, NSC cultures derived from
knockout embryos show dramatically reduced self-renewal

ability that is associated with elevated apoptosis but no
overt defects in cell proliferation or differentiation. Unex-
pectedly, nestin deficiency has no detectable effect on the
integrity of the cytoskeleton. Furthermore, the knockout

of Vimentin, which abolishes nestin’s ability to polymerize
into intermediate filaments in NSCs, does not lead to any

apoptotic phenotype. These data demonstrate that nestin is
important for the proper survival and self-renewal of
NSCs, and that this function is surprisingly uncoupled

from nestin’s structural involvement in the cytoskeleton.
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INTRODUCTION

The cytoskeleton of eukaryotic cells is composed of three
major types of filamentous structures: actin microfilaments,
microtubules, and intermediate filaments (IFs). As its name
implies, IF is intermediate in diameter and can be assembled
from a large family of IF proteins [1]. One member of the IF
protein family is nestin, which is found only in vertebrates
thus far. Since its identification, nestin has been unequivocally
accepted as a marker of NSCs both during embryonic devel-
opment and in the adult brain [2, 3]. Numerous in vivo and in
vitro studies now rely on nestin expression to track the prolif-
eration, migration, and differentiation of NSCs.

During embryogenesis, nestin expression can also be
found in tissues outside of the central nervous system (CNS),
especially the developing muscle [4]. Interestingly, most nes-
tin-positive cells in early development are stem/progenitor
populations engaged in active proliferation [5]. Once these
cells become differentiated and cease to divide, nestin expres-

sion is downregulated, often with the concomitant upregula-
tion of other tissue-specific IF proteins such as glial fibrillary
acidic protein (GFAP) in astrocytes, a-internexin, and neurofi-
laments in neurons and desmin in muscle [5].

In the adult, nestin-expressing cells are found frequently
(though not necessarily exclusively) in areas of regeneration,
where they might function as a reservoir of stem/progenitor
cells capable of proliferation and differentiation. The correla-
tion of nestin expression with cell proliferation is also
observed in neoplastic transformation. For example, abundant
nestin expression was found in several cancers such as neuro-
blastoma, glioma, and melanoma and higher levels of expres-
sion seem to correlate with greater malignancy [6, 7].

The mammalian IF protein family comprises 60–70 mem-
bers, which are classified into several types based on expression
patterns and biochemical properties [1]. Nestin, a type VI IF
protein, is known to interact preferentially with several type III
and type IV IF proteins such as vimentin and a-internexin [8].
Evidence indicates that unlike most other IF proteins, nestin is
not able to polymerize by itself, but instead incorporates into
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the IF network by copolymerizing with other type III or IV IF
proteins [8, 9]. The inability of nestin to polymerize by itself is
presumably due to a very short N-terminal ‘‘head’’ domain that,
in other IF proteins, is essential for filament assembly. Nestin is
depolymerized during mitosis and is reincorporated into the IF
network in G1 phase. The depolymerization of nestin has been
suggested to be regulated by CDC2-mediated phosphorylation
[10]. During mitosis, nestin was shown to promote the phospho-
rylation-dependent disassembly of vimentin [11]. Thus, nestin
has been suggested to take part in coordinating changes in the
IF network within actively dividing cells, though the biological
significance of these regulations is not clear.

The in vivo physiological function of nestin is essentially
unknown. Evidence from in vitro experiments suggests that
nestin plays a role in promoting cell survival and prolifera-
tion. Knockdown of nestin reduced cell growth in cultured
neuroblastoma and astrocytoma cells [12, 13] and sensitized
the immortalized neuronal precursor cell line ST15A to H2O2-
induced apoptosis [14]. On the other hand, ectopic overex-
pression of nestin provided cytoprotective effect on ST15A
against H2O2 treatment [14].

To examine the in vivo function of nestin, we generated
nestin-deficient mice. In contrast to the overtly normal pheno-
types of mice lacking type III or IV IF proteins [15–24], nes-
tin deficiency causes embryonic lethality. We further show
that nestin is important for the survival and self-renewal of
NSCs during embryonic development. Surprisingly, we found
that this function of nestin does not require its structural
incorporation into the cytoskeleton.

MATERIALS AND METHODS

Animals and Cell Cultures

Nes genomic region encompassing coding region of exon 1
was deleted by homologous recombination The targeting vec-
tor has a drug selection cassette containing the puromycin re-
sistance gene fused to the DTK gene [25], which is driven by
mouse Pgk promoter and followed by the bovine growth hor-
mone polyadenylation signal. This cassette is flanked in the
50 by a 1,033-bp fragment corresponding to genomic posi-
tions �1033 to �1 of the mouse Nes locus, and in the 30 by
a 6,054-bp fragment corresponding to genomic positions
1,003–7,056 of Nes (position 1 denotes the first base of the
coding region of Nes in C57BL/6J reference sequence and
position �1 denotes the base immediately upstream of the
coding region). The targeting vector was electroporated into
the mouse 129 ES cell line ES-E14TG2a (American Type
Culture Collection, Manassas, VA, http://www.atcc.org) fol-
lowed by puromycin selection. Resistant colonies were
picked and examined by polymerase chain reaction (PCR)
using forward primer corresponding to the mouse genomic
sequence just upstream of the 50 homology region and
reverse primer corresponding to sequence in the selection
cassette of the targeting vector. Only homologous integration
events can yield PCR products of the right size. PCR-positive
colonies were further tested by Southern blotting. Targeted
ES cell clones were injected into C57BL/6J blastocysts to
produce chimeric animals; the Nes knockout allele was bred
into C57BL/6J background; and animals were maintained and
crossed using standard procedures (Cyagen Biosciences,
Guangzhou, China, http://www.cyagen.com/en).

Cell Cultures

NSC cultures were derived and maintained as described previ-
ously with minor modification [26]. Briefly, mouse embryos

were removed at embryonic day (E) 11.5–12, and the neural
tube was mechanically dissected from surrounding tissue. Iso-
lated neural tube was incubated in 0.05% trypsin for 10
minutes with gentle trituration to dissociate cells, followed by
plating on dishes coated with poly-L-lyine and laminin. Cells
were maintained in NEP basal medium supplemented with
bFGF (20 ng/ml) and EGF (20 ng/ml). The NEP basal me-
dium consisted of Dulbecco’s modified Eagle’s medium-F12
(Invitrogen, Carlsbad, CA, http://www.invitrogen.com/site/us/
en/home) supplemented with additives as described [27]. For
inhibition of caspase activity, the pan-caspase inhibitor z-
VAD (Promega, Madison, WI, http://www.promega.com) was
added to the media at 20 lM. For the disruption of microtu-
bules, NSCs were treated with 0.2 or 1 lM of colchicine for
30 minutes before microtubule staining. For the disruption of
actin microfilaments, cells were treated with 20 or 100 nM
cytochalasin D for 30 minutes before microfilament staining.
For cyclin-dependent kinase (CDK) inhibition, cells were
treated with various concentrations of roscovitine (a CDK1/2/
5 inhibitor) or 3-amino-1H pyrazolo[3,4-b]quinoxaline (a
CDK1/5 inhibitor) for 24 hours, which were the maximal lev-
els of treatment without significantly increasing caspase-3/7
activity in wild-type NSCs. For clonogenic neurosphere-form-
ing assay, dissociated cells from passage 2 neurospheres were
plated in 96-well plates at an average density of one cell per
well. All wells were visually inspected under the microscope
to identify wells that contain only one cell each. Clonogenic
ability was calculated as the percentage of the one-celled
wells that produced neurospheres in 7 days. The experiment
was carried out three times, each with two 96-well plates, to
produce mean 6 SD.

Fluorescence Staining

Embryos were collected and fixed with 4% paraformaldehyde
(PFA) and used to obtain 16-lm sections for staining. Cell
cultures were also fixed with 4% PFA for staining. Tissue
sections or cell cultures were incubated with the following
primary antibodies: mouse mAb against nestin (Chemicon,
Billerica, MA, http://www.millipore.com, 1:200 dilution), rab-
bit pAb against vimentin (Abcam, Cambridge, MA, http://
www.abcam.com, prediluted), rabbit pAb against neurofila-
ment light chain (NF-L; Abcam, 1:500 dilution), mouse mAB
against Hu (Molecular probes, Carlsbad, CA, http://www.
invitrogen.com/site/us/en/home, 1:20 dilution), rabbit pAb
against active caspase-3 (aCASP3; Promega, 1:200 dilution),
mouse mAb against cytochrome c (BD Biosciences, Franklin
Lakes, NJ, http://www.bdbiosciences.com, 1:100 dilution),
rabbit pAb against Ki67 (Abcam, 1:200 dilution), mouse mAb
against SOX2 (R&D Systems, Minneapolis, MN, http://
www.rndsystems.com, 1:125 dilution), rabbit pAb against
GFAP (Dako, Carpinteria, CA, http://www.dako.com, 1:500
dilution), and rabbit pAb against phosphorylated histone H3
(Upstate, Billerica, MA, http://www.millipore.com, 1:50 dilu-
tion). This was followed by incubation with FITC, rhodamine,
or Cy5-conjugated secondary antibodies (Jackson ImmunoRe-
search, West Grove, PA, http://www.jacksonimmuno.com/
home.asp). For detecting caspase activity in situ, 10 lM
FITC-VAD-FMK (Promega) was added to culture media, fol-
lowed by fixation with 4% PFA in PBS. For detecting phos-
phatidylserine, FITC-conjugated annexin V (BD Biosciences,
Franklin Lakes, NJ, http://www.bdbiosciences.com, 1:20 dilu-
tion) was added to culture media without fixation. Nuclei
were counterstained with DAPI (Sigma, Saint Louis, MO,
http://www.sigmaaldrich.com) or Hoechst 33342 (Sigma). For
visualizing actin microfilaments, fixed cells were stained with
rhodamine-conjugated phalloidin (Invitrogen, 1:250 dilution).
Fluorescence TUNEL labeling was performed with DeadEnd
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Fluoreometric TUNEL System (Promega) according to ven-
dor’s instructions. To obtain apoptotic index for each embryo,
a set of 15–20 sections of 16-lm thickness at 200 lm
intervals were used for fluorescence TUNEL staining. Signal
intensity in each pixel over twice the background level was
integrated in neural tube areas of the sections. This was
divided by total area of the region of interest. Three embryos
for each genotype were analyzed and averaged, and the value
was multiplied by an arbitrary scaling factor to set the mean
of the wild type to unit. Mitotic index was obtained from
phospho-H3 fluorescence staining in the same way as apopto-
tic index. To perform quantitation of SOX2 and Ki67 staining
in sections, SOX2- or Ki67-positive cells were counted and
scaled to the number of total cells based on DAPI (blue)
staining of nuclei. Additionally, SOX2 and Ki67 double-posi-
tive cells were counted and scaled to the number of SOX2-
positive cells. More than five frozen sections were analyzed
per embryo, with two embryos analyzed and averaged for
each genotype. Confocal imaging was performed. Quantitation
of aCASP3 and SOX2 staining in sections was performed in
the same manner.

BrdU Labeling

For in vivo BrdU labeling, pregnant mice were i.p. injected
with 100 mg BrdU (Sigma) per kg body weight, and the
embryos were harvested 6 hours after injection. For in vitro
BrdU labeling, cultured cells were treated with 10 lM BrdU,
and cells were fixed and examined 2 hours after treatment.
BrdU detection was performed with anti-BrdU antibody
(Roche Applied Science, http://www.roche-applied-science.
com/index.jsp, 6 lg/ml final concentration) according to ven-
dor’s instructions. BrdU-positive cells were counted against
nuclei counterstained with hematoxylin. To perform quantita-
tion, BrdU-positive cells were counted and scaled to the num-
ber of total cells based on hematoxylin counterstaining of
nuclei. For the in vivo experiment, more than five frozen sec-
tions were analyzed for each embryo, with two embryos ana-
lyzed and averaged for each genotype. For the in vitro experi-
ment, 10 microscopic areas were examined for each genotype
and averaged.

Quantitation of Caspase-3/7 Enzymatic
Activity Assay

A luminogenic caspase-3/7 substrate (Promega) containing the
tetrapeptide sequence DEVD was used to measure caspase-3/
7 activity. The assay was performed in 96-well format accord-
ing to vendor’s instructions. Luminescence was measured on
a Safire 2 instrument (Tecan, Durham, NC, http://
www.tecan.com).

Cell Migration Assay

QCM Chemotaxis (8-lm pore size) Cell Migration Assay
(Chemicon) was used for the cell migration assay. The assay
was performed in 24-well format according to manufac-
turer’s instruction. The insert membrane was coated with
poly-L-lysine and laminin. NSCs were plated in the inserts
(on the top side of the membrane) at a density of 105 viable
cells per cm2. Migrated cells (cells below the membrane)
were quantified by colorimetric measurement 12 hours after
plating.

Expression Analysis

RNA was prepared from NSC cultures obtained from E11.5
embryos as described earlier. Samples were prepared and ana-
lyzed using GeneChip Mouse Genome 430 2.0 Arrays (Affy-
metrix, Santa Clara, CA, http://www.affymetrix.com) follow-
ing vendor’s protocol. For each genotype, data were obtained

from two independently derived cell lines, and each cell line
was subjected to microarray analysis in two separate replicate
experiments. The dChip software was employed to analyze
microarray data using default parameters.

RESULTS

Targeted Disruption of Nestin Causes
Embryonic Lethality

We used homologous recombination to generate mice lacking
exon 1 of Nes, the gene encoding nestin (Fig. 1A, 1B). In
homozygous embryos, the absence of normal Nes mRNA was
demonstrated by Northern blot using a probe against exon 4
(Fig. 1C) and RT-PCR analysis (data not shown). The ab-
sence of nestin protein was further confirmed by Western blot
using an antibody against a nestin epitope encoded in exon 4
(Fig. 1D) and immunofluorescence staining (Fig. 1E).

Intercross between heterozygotes of C57BL/6J back-
ground yielded only three homozygous pups of a total of 95,
along with 27 wild types and 65 heterozygotes. All three new-
born Nes�/� animals were significantly smaller than their lit-
termates, and two of them died at around 3 weeks after birth.
One Nes�/� male survived for several months but was ster-
ile. This data indicates that Nes knockout causes embryonic
lethality with around 90% penetrance. To determine the em-
bryonic stage at which lethality occurs, embryos from hetero-
zygous intercrosses were removed at various stages and geno-
typed. Homozygotes were observed at a frequency of �25%
up to E8.5 but were slightly smaller than their littermates by
E8.5. From thereon, the percentage of observed number of
Nes�/� embryos over the Mendelian expectation declined
steadily (Fig. 1F). Furthermore, the Nes�/� embryos found
after E8.5 were notably smaller than their wild-type litter-
mates, indicating developmental delay. Additionally, a frac-
tion of Nes�/� embryos after E8.5 did not display heartbeat
at the time of dissection, suggesting that they were already
dead and were in the process of being resorbed. Nesþ/� mice
were viable, fertile, and indistinguishable from their wild-
type littermates at all developmental stages examined, even
though Nes mRNA expression in these animals decreased to
about half of the wild-type level (Fig. 1C). We performed
extensive histological examinations of embryos that were
alive at the time of dissection. We identified dramatic neural
tube defects (see below). We failed to notice any overt abnor-
malities in other organ systems except smaller size. However,
we cannot rule out the existence of histologically subtle
defects outside the CNS and their potential contribution to
lethality.

Neural Tube in Nes2/2 Embryos Shows
Extensive Cell Death

Given the abundant expression of nestin in NSCs of the
developing neural tube [2], we examined Nes�/� embryos
for abnormalities in the neuroepithelium. To visualize NSCs,
we utilized transgenic animals expressing green fluorescent
protein (GFP) under the control of mouse Nes promoter/
enhancer (Nes-GFP transgene). The GFP expression pattern
in these transgenic animals closely recapitulates the endoge-
nous Nes expression, and is therefore an excellent marker
for NSCs [28]. By crossing Nes-GFP transgenic mice with
Nesþ/� animals followed by intercross, we generated Nes-
GFP embryos with all possible genotypes in regards to Nes.
We examined E9.5, E10.5, and E11.5 embryos and found that
in all cases, GFP signal in Nes�/� individuals was
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dramatically reduced as compared with their littermates (Fig.
2A). The reduction of signal was largely due to much fewer
GFP-positive cells in the neural tube of Nes�/� embryos.
However, there is no defect in neural tube closure.

One possible explanation for this observation is that nestin
deficiency in NSCs triggers widespread differentiation of

these cells, resulting in a smaller pool of proliferating NSCs
in Nes�/� embryos. To test this possibility, we immuno-
stained E11.5 embryo sections for the early neuronal marker,
Hu, and the mature neuronal maker, NF-L. In both cases, pos-
itive cell populations in the neural tube were very comparable
between genotypes (Fig. 2B), indicating that nestin deficiency

Figure 1. Targeted disruption of the mouse Nes gene. (A): Targeting strategy. Genomic structure of wild-type Nes locus is shown at the top.
Open boxes are UTR and closed ones are coding regions. The coding region of exon 1 plus 152 nucleotides of intron 1 were replaced in the tar-
geting vector (middle) by a drug selection cassette. Homology arms are delimited by dashed lines connecting the wild-type locus with the corre-
sponding regions of the targeting vector. The correctly targeted locus is shown at the bottom. The 1.1-kb BamHI-BglI fragment used as Southern
probe is indicated. B: BglI; H: HindIII. On a Southern blot prepared by BglI and HindIII double digestion, this probe should detect the extra Hin-
dIII site introduced in the selection cassette. (B): Southern blot detection of Nes genotypes. DNA was digested with BglI and HindIII and hybri-
dized with the probe as depicted. The 9-kb band is from the wild-type allele and the 7.9-kb band is from the knockout allele. (C): Northern blot
analysis of total RNA isolated from Nesþ/þ, Nesþ/�, and Nes�/� embryos at E11.5. The probe corresponds to a part of Nes exon 4. The top
panel is the Northern image, with Nes�/� showing no detectable Nes mRNA, whereas Nesþ/� embryos showing reduced expression. The bot-
tom panel is ethidium bromide staining of the total RNA. (D): Western analysis of NSCs from Nesþ/þ, Nesþ/�, and Nes�/� genotypes. The
blot was probed with antibodies against nestin (top panel) and vimentin (bottom panel). The Nes�/� sample has no nestin immunoreactivity but
no apparent change in vimentin immunoreactivity. (E): Immunofluorescence staining of forebrain sections from Nesþ/þ and Nes�/� E11.5
embryos. Nestin is in green and DAPI in blue. There are no nestin-immunoreactive cells in the Nes�/� section. Scale bar ¼ 100 lm. (F):
Lethality of Nes�/� animals at various stages of development. Nesþ/� male and female mice were crossed, and their progeny recovered at the
developmental stages are indicated. The percent of observed over expected Nes�/� individuals drops continuously as development proceeds
(expected number is calculated as one-third of the total number of Nesþ/þ and Nesþ/� animals). The numbers above each data point indicate
the number of Nes�/� animals and, in parentheses, the total number of animals. Abbreviation: DAPI, 4’,6-diamidino-2-phenylindole.
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does not overtly affect the neuronal differentiation of NSCs.
To examine glial differentiation, we performed GFAP staining
in E11.5 neural tubes and found that there is virtually no
GFAPþ cells in either genotype, consistent with the fact that
glial differentiation should not have started at this early devel-
opmental stage (Supporting Information Fig. S1).

Another possibility is that the lack of nestin causes NSCs
in Nes�/� embryos to proliferate less. To test this, we per-
formed BrdU labeling at E11.5. The proportion of BrdU-posi-
tive cells in the neural tube was comparable between geno-
types (Supporting Information Fig. S2A, S2B). We further
measured the number of mitotic cells by immunostaining for
phosphorylated histone H3 (phospho-H3), a mitosis marker.
Consistent with BrdU labeling, the mitotic index based on the
fraction of cells positive for phospho-H3 did not differ signifi-
cantly between genotypes (Fig. 2C, 2D). One issue here is
that the phospho-H3 staining does not differentiate between
NSCs and other cell types. To examine cell proliferation spe-
cifically in NSCs, we costained neural tube sections with anti-
bodies against SOX2, a marker for NSCs, and Ki67, a marker
for proliferating cells. We found that among SOX2þ cells,

which are presumably NSCs, the fraction of Ki67þ cells is
comparable between wild-type and Nes�/� animals (Support-
ing Information Fig. S3). Thus, Nes�/� does not appear to
have a notable effect on NSC proliferation per second.

The third possibility is increased apoptosis in the neural
tube of Nes�/� embryos. We tested this by performing
TUNEL assay in E11.5 embryos. Apoptotic cells as labeled by
TUNEL staining were far more prevalent in the neural tube of
Nes�/� embryos as compared with their littermates (Fig. 2E).
The apoptotic index based on the fraction of TUNEL-positive
cells was elevated in Nes�/� neural tube by about one order
of magnitude (Fig. 2F). Time course examination of this phe-
nomenon indicates that increased apoptosis can be observed in
Nes�/� animals as early as E9. Given that apoptosis is associ-
ated with the activation of caspases, we also performed immu-
nostaining for the active form of caspase-3 (aCASP3), a marker
for apoptosis, and confirmed the TUNEL results. In the fore-
brain, for example, Nes�/� embryos had more aCASP3-posi-
tive cells relative to their littermates, with the effect becoming
very dramatic as the embryos got older (Supporting Informa-
tion Fig. S4). To examine apoptosis specifically in NSCs, we

Figure 2. Increased apoptosis in the neuroepithelium of Nes�/� embryos. (A): Fewer neural stem cells in Nes�/� embryos. The green fluores-
cence of E10.5 Nesþ/þ and Nes�/� embryos, both carrying the Nes-GFP transgene, was imaged for the whole embryos. The Nes�/� embryo
has significantly reduced signal. (B): Proper neuronal differentiation in Nes�/� embryos. The dorsal spinal cord sections from E11.5 Nesþ/þ
and Nes�/� embryos were immunostained for NF-L (red) and Hu (green) to identify neurons and counterstained with DAPI (blue). Staining pat-
terns of the Nes�/� embryo is similar to the Nesþ/þ embryo. Scale bar ¼ 100 lm. (C) Similar fraction of mitotic cells in the neuroepithelium
of Nesþ/þ and Nes�/� embryos based on phospho-H3 immunostaining of E11.5 hindbrain sections (upper panels). (D): Comparable mitotic
index between Nesþ/þ and Nes�/� E11.5 embryos (n ¼ 3 for each genotype; p > .1 by Student’s t test; see ‘‘Materials and Methods: section
for calculation of mitotic index). (E): Increased apoptosis in Nes�/� neuroepithelium based on TUNEL staining of E11.5 hindbrain sections
(upper panels). In both (C) and (E), dashed lines in upper panels indicating boundaries of the neural tube based on DAPI staining in lower pan-
els. Scale bar ¼ 500 lm. (F): Elevated apoptotic index in Nes�/� E11.5 embryos (n ¼ 3 for each genotype; p < .0005 by Student’s t test; see
‘‘Materials and Methods’’ section for calculation of apoptotic index). Error bars in both (D) and (F) represent SE. Abbreviations: DAPI, 4’,6-dia-
midino-2-phenylindole; NF-L, neurofilament light chain.
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costained neural tube sections for SOX2 and aCASP3. We
found that among SOX2þ cells, which are presumably NSCs,
the fraction of aCASP3þ cells is much higher in Nes�/� ani-
mals than in wild-type controls (Supporting Information Fig.
S5). The increased apoptosis in NSCs in vivo is further con-
firmed by in vitro data (see below).

Cultured Nes2/2 NSCs Show Reduced
Self-Renewal Ability and Increased Apoptosis

To further examine the effect of nestin deficiency, we isolated
NSCs from a total of 79 embryos including nine Nes�/�
embryos on E11.5 and cultured them under standard monolayer
condition. We found that all Nes�/� NSC cultures expanded
slowly. Consistent with in vivo data, the rate of cell division
based on BrdU labeling was not significantly different between
Nes�/� cells and wild-type cells (Supporting Information Fig.
S2C, S2D), whereas several assays revealed dramatically
increased apoptosis in Nes�/� cultures. We stained cells with
antibody against aCASP3 or FITC-VAD-FMK (a FITC-conju-
gated peptide derivative that stains activated caspases) to visu-
alize apoptotic cells. These two markers colocalized to the
same cells and showed much greater numbers of positive cells
in Nes�/� culture (6.4% 6 1.8%) as compared with the wild-
type culture (�1%; Fig. 3A). This was further corroborated by
staining with fluorescently labeled annexin V, a protein with
high affinity for the membrane phospholipid phosphatidylserine
translocated from the inner to the outer leaflet of the plasma
membrane in apoptotic cells (data not shown). To produce a

more quantitative indicator of apoptosis, we measured caspase-
3/7 enzymatic activity in the cells. On average, the activity in
Nes�/� cells is more than an order of magnitude greater than
in wild-type cells (Fig. 4D).

We tried to block cell death in Nes�/� NSCs by the pan-
caspase inhibitor z-VAD but did not see any effect (data not
shown). Given that cell death pathways involving mitochon-
drial outer membrane permeabilization cannot be reversed by
the inhibition of caspases [29], this result implies that the mi-
tochondria pathway is involved in cell death triggered by nes-
tin deficiency. Consistent with this possibility, we found that
essentially all apoptotic cells marked by aCASP3 and FITC-
VAD-FMK in Nes�/� NSC culture display reduced integrity
of mitochondrial membranes as visualized by an antibody
against cytochrome c (Fig. 3B).

To examine whether cell death in Nes�/� NSCs is sec-
ondary to defective cell attachment or movement, we placed
cells in a Boyden chamber with 3-lm membrane pores. We
coated the bottom of the membrane with polylysine/laminin
and seeded cells on the top of the membrane. Twelve hours
after plating, we measured the number of cells that had
migrated through the pores and attached to the substrate on
the bottom side. Nestin deficiency failed to impact cellular
attachment and migration under these conditions (data not
shown), suggesting that cell death is not due to inefficient cell
attachment and/or movement.

To confirm that increased apoptosis indeed affects the
self-renewal ability of NSCs, we performed clonogenic

Figure 3. Apoptotic phenotype of cultured Nes�/� neural stem cells (NSCs). (A): Increased apoptosis in Nes�/� NSCs. Cells were stained with
FITC-VAD-FMK (green) or immunostained for aCASP3 (red) to detect apoptotic cells, and counterstained with DAPI (blue). Scale bar ¼ 50 lm. (B):
Compromised mitochondrial integrity in apoptotic Nes�/� NSCs. Cells were immunostained for cytochrome c (red) or stained with FITC-VAD-FMK
(green), to examine mitochondrial integrity or pan-caspase activity, respectively. Although Nes�/� cells with little caspase activity maintained mitochon-
drial integrity (asterisks), Nes�/� cells with elevated caspase activity lost mitochondrial integrity as indicated by the diffuse pattern of cytochrome c stain-
ing (arrow). Scale bar ¼ 10 lm. Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole; FITC-VAD-FMK, FITC-Val-Ala-Asp-fluoro-methyl-Rerone.
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neurosphere-forming assay, which is a standard test of NSC
self-renewal ability [30, 31]. Fully dissociated NSCs were
plated in 96-well plates with an average seeding density of
one cell per well. Through visual inspection wells that were
seeded with one and only one cell each were identified.
Among these, the neurosphere-forming rate was zero for
Nes�/� cells, while being around 21% 6 6% for wild-type
cells.

The above-mentioned in vivo and in vitro results show
that Nes�/� NSCs have dramatically elevated levels of apo-
ptosis and reduced self-renewal ability. Nes�/� cells other-
wise appear normal in proliferation, attachment, and move-
ment. It can thus be concluded that nestin is required for the
proper survival and self-renewal of NSCs. One point worthy
of note is that although increased apoptosis in the neuroepi-
thelium of Nes�/� animals could be the cause of embryonic

lethality, it remains possible that the lethality phenotype is
due to other defects in nestin knockout animals.

Nestin Deficiency Has Negligible Effect on Gene
Expression in NSCs

The apoptotic phenotype of Nes�/� NSCs could be due to
nestin deficiency having a direct impact on cellular physiol-
ogy or it could be secondary to changes in the expression of
other genes caused by the lack of nestin. There are some rea-
sons to suspect that nestin is involved in the regulation of
gene expression. First, mutations in type III and IV IF genes
often result in changes in expression levels of other IF or
extracellular matrix genes [18, 32, 33]. Second, nestin was
reported to interact with nuclear DNA in N-myc-amplified N-
type neuroblastoma cell lines [12], suggesting that nestin may
affect the expression of genes downstream of N-myc.

To examine how nestin deficiency affects gene expression,
we performed Affymatrix microarray analysis on Nes�/� and
wild-type NSCs. Somewhat surprisingly, the effect of nestin
deficiency on the transcriptome was minimal. Indeed, the dif-
ference in gene expression profile between Nes�/� samples
and wild-type samples was smaller than the variation within
either set of samples. Only 16 genes exhibited more than two-
fold changes between Nes�/� and wild-type cells (Supporting
Information Table S1). One of these was Nes, the expression
level of which is about 40-fold less in Nes�/� cells than in
wild-type cells according to the array data (note that analysis
of the array data always produces a finite fold difference even
when a gene is completely absent in one of the two samples
compared). The other 15 genes only showed twofold to three-
fold changes. None of these genes are related to structural
components of the cell such as cytoskeleton or extracellular
matrix and none are related to apoptosis.

Although the above-mentioned data are not informative
about nestin’s molecular function, two messages can be drawn
from the data. First, nestin is unlikely to play a major role in
the regulation of gene expression, including the expression of
cytoskeleton genes and apoptosis genes. Rather, nestin likely
participates directly in some aspect of cellular physiology that
is important for the survival of NSCs. Second, the apoptosis
program in Nes�/� NSCs is initiated and executed in a man-
ner that does not require significant changes in gene expres-
sion patterns, including the expression of apoptosis genes.
This is not entirely surprising because it is possible that
cells can be poised to undergo apoptosis, and the triggering
event can set off a rapid cascade of downstream events lead-
ing to apoptosis without the need for major changes in gene
expression [34].

Nestin’s Function in NSC Survival Is Uncoupled
from its Incorporation into the Cytoskeleton

Nestin is incapable of self-assembly due to its very short N-
terminal head domain. Rather, it is thought to incorporate into
the IF network by copolymerizing with other type III or IV IF
proteins [8, 9, 35]. In astrocytes with knockout of Vim (the
gene encoding vimentin), nestin fails to polymerize, indicating
that nestin polymerization requires vimentin in this particular
cell type [9]. To investigate which IF protein(s) copolymerize
with nestin in NSCs, we first examined microarray data for
the expression of IF genes in NSCs. We found that Vim
(besides Nes) was highly expressed in NSCs, whereas the
other members of type III and IV IF genes were absent. Im-
munostaining results also indicated abundant expression of
vimentin (Fig. 4A) and the absence of GFAP, desmin, and
NF-L (data not shown). Furthermore, the immunostaining sig-
nals of vimentin and nestin are extensively colocalized in

Figure 4. Nestin’s requirement for the survival of neural stem cells
(NSCs) is uncoupled from its incorporation into the intermediate fila-
ments (IFs) network. (A–C): NSCs isolated from wild-type (A),
Vim�/� (B), and Nes�/� (C) embryos were immunostained for nes-
tin (green) and vimentin (red) and counterstained with DAPI (blue).
Nestin becomes depolymerized in Vim�/� cells (B), whereas vimen-
tin IF appears normal in Nes�/� cells (C). Scale bar ¼ 10 lm. (D):
Elevated caspase-3/7 activity in Nes�/� NSCs and Nes�/�;Vim�/�
double knockout NSCs but not in Vim�/� NSCs. Caspase-3/7 activ-
ity was measured by enzymatic assay and the activity in wild-type
cells was set as the unit of measurement. Three independent experi-
ments were performed for each genotype. Error bars represent SE.
Values significantly different from the wild-type value (p < .05 by
Student’s t test) were marked by asterisks.
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NSCs (Fig. 4A). These results suggest that, like in astrocytes,
vimentin is the required partner for nestin polymerization in
NSCs.

To test this, we isolated NSCs from Vim�/� embryos and
performed immunostaining of vimentin and nestin. Vimentin
signal was absent from these cells as expected, whereas nestin
appears to be completely depolymerized (Fig. 4B), indicating
that vimentin is indeed an essential partner for nestin poly-
merization in NSCs.

As an IF protein, nestin has generally been studied in the
context of its involvement in the cytoskeleton. It is therefore
reasonable to assume that the function of nestin is dependent
on its polymerization into the IF network and that nestin’s
function should be abolished in Vim�/� cells where nestin
fails to polymerize. We therefore tested apoptotic activities in
Vim�/� NSCs, suspecting that these cells would phenocopy
Nes�/� NSCs in that they would have elevated levels of apo-
ptosis. To our surprise, we found that caspase-3/7 enzymatic
activity of Vim�/� NSCs was not different from that of wild-
type cells (Fig. 4D). In addition, no difference in cell expan-
sion rate was found between Vim�/� and wild-type NSCs.
The lack of any detectable defect in Vim�/� NSCs is consist-
ent with the fact that Vim�/� mice do not display any overt
phenotype [15, 33, 36]. Thus, the function of nestin in NSC
survival and self-renewal is independent of its incorporation
into the IF network.

A previous study suggested that nestin is required for the
disassembly of the vimentin IF network during mitosis [11].
This raises a possible explanation for the apoptotic phenotype
of Nes�/� NSCs, that is, vimentin IF network is defective in
Nes�/� NSCs and this leads primarily to apoptosis that
would otherwise not occur even in Vim�/� cells. If this
is the case, then Nes�/� and Vim�/� double knockout
should rescue the apoptotic phenotype seen in Nes�/�
cells. To address this possibility, we isolated NSCs from
Nes�/�;Vim�/� double knockout embryos and assayed apo-
ptosis in them. Several measures, including caspase-3/7 activ-
ity, showed that Nes�/�;Vim�/� double knockout NSCs dis-
played the same apoptotic phenotype as Nes�/� cells (Fig.
4D). Furthermore, vimentin staining was comparable between
Nes�/� and wild-type cells throughout the cell cycle, sug-
gesting that vimentin assembly and disassembly are not
affected by nestin deficiency (Fig. 4C). Thus, elevated apopto-
sis in Nes�/� cells is not due to defects in the vimentin IF
network.

As nestin has been suggested to interact with not only
other IF proteins but also microtubules and actin microfila-
ments [35], we also examined the integrity of microtubules
and microfilaments by staining with anti-tubulin antibody and
phalloidin (which binds polymerized actin), respectively. We
did not detect any difference between Nes�/� NSCs and
wild-type cells (Supporting Information Fig. S6, S7; left pan-
els). We then treated cells with various concentrations of col-
chicine, which disrupts microtubule polymerization. The dis-
turbance of microtubules in Nes�/� NSCs showed a similar
dosage dependency to that of wild-type cells (Supporting In-
formation Fig. S6). Furthermore, when microtubules were dis-
rupted by a high concentration of colchicine (1 lM), actin po-
lymerization was similarly increased in both genotypes
(Supporting Information Fig. S6). We also treated cells with
cytochalasin D, which disrupts actin polymerization. The dis-
turbance of actin microfilaments did not differ between geno-
types (Supporting Information Fig. S7). Furthermore, vimentin
appears to be properly polymerized to form IF network in
Nes�/� NSCs (Fig. 4C). There is hence no evidence that nes-
tin deficiency causes any defect in microfilaments, microtu-
bules, or vimentin-based IFs of NSCs. Taken together, our

data indicate that the function of nestin in NSC survival is
uncoupled from its structural involvement in the cytoskeleton.

One recent report showed that nestin has a cytoprotective
effect against H2O2-induced apoptosis in the immortalized
neural progenitor cell line ST15A, although the knockdown of
nestin itself did not induce apoptosis in the absence of H2O2

treatment [14]. This study suggested that nestin serves as a
scaffold for CDK5 and inhibits the proapoptotic action of
CDK5 by sequestering it. We tested whether CDK5 signaling
also plays a role in the apoptotic phenotype seen in Nes�/�
NSCs. We tried to block CDK function in these cells with
various concentrations of roscovitine or 3-amino-1H-pyra-
zolo[3,4-b]quinoxaline. At 2 lM roscovitine or 100 lM 3-
amino-1H-pyrazolo[3,4-b]quinoxaline, we observed modest
suppression of apoptosis in Nes�/� NSCs based on caspase-
3/7 activity (Supporting Information Fig. S8). Higher concen-
trations of either drug did not produce interpretable results
because they significantly raised caspase-3/7 activity in both
wild-type and Nes�/� cells, presumably due to drug toxicity.
These data do not lead to a definitive interpretation, but they
do suggest some role of CDK in mediating the apoptotic phe-
notype of Nes�/� cells.

CONCLUSION

Previous studies have generally linked nestin function to its
involvement in the cytoskeleton. Our in vivo and in vitro data
demonstrate that nestin has an important function in the sur-
vival and self-renewal of NSCs. We note that this phenotype
is unlikely due to technical artifacts unrelated to the knockout
of the nestin gene. First of all, the same knockout cassette has
been used to knock out several other genes in our lab, and we
have never observed phenotypes similar to nestin knockout,
indicating that the cassette itself is not responsible for the
nestin�/� phenotype. Second, knockdown of nestin in several
nestin-expressing tumor cell lines such as glioma and mela-
noma results in apoptotic phenotype similar to that seen in
nestin�/� NSCs (manuscript in preparation).

Importantly, nestin’s function in NSC survival and self-
renewal does not require its incorporation into the cytoskele-
ton in general or interaction with vimentin in particular. Fur-
thermore, microtubules, actin microfilaments, and vimentin
network appear normal in Nes�/� NSCs. There is also no
evidence that nestin plays a significant role in cell attachment
or migration. These data, although not ruling out a possible
role of nestin in the cytoskeleton, do argue strongly that the
requirement of nestin in the proper survival of NSCs in vivo
and in vitro is uncoupled from its structural involvement in
the cytoskeleton. This is rather surprising given the previous
emphasis on nestin’s cytoskeletal function.

The requirement of nestin in the proper survival of NSCs
is consistent with previous reports showing that knockdown
of Nes reduced cell expansion in cultured neuroblastoma,
astrocytoma, and mesangial cells [12, 13, 37]. One of these
reports further showed that knockdown of Nes did not affect
the migration of mesangial cells [37]. However, it is not clear
from these studies whether the slower expansion of Nes
knockdown cells is due to increased cell death or some other
reason. Our data from Nes�/� NSCs indicate that nestin pro-
motes cell expansion by supporting proper NSC survival. This
suggests that the negative effect of Nes knockdown on cell
expansion in these other cell types examined by previous
studies may also be due to the fact that nestin supports the
survival of these cell types.

Park, Xiang, Mao et al. 2169

www.StemCells.com



There is evidence that the expression of nestin is regulated
by growth factor signaling pathways essential for cell prolifer-
ation and/or survival. PDGF, which promotes cell prolifera-
tion in mesangial cells, was shown to upregulate nestin
expression [37]. Thrombin was also reported to increase nes-
tin expression and concomitantly stimulate the growth of ra-
dial glial cells in vitro [38]. Removal of EGF and bFGF
results in the suppression of nestin expression and also results
in the apoptosis and differentiation of NSCs [39, 40]. These
findings are consistent with a model whereby growth factors
positively regulate nestin expression and nestin in turn exe-
cutes a part of the downstream effects of growth factor signal-
ing on cell proliferation and survival.

An interesting question is whether nestin plays a role in
the survival of cell types other than embryonic NSCs, such as
adult NSCs and other stem cells in which nestin is expressed.
Given suggestive evidence on the role of nestin in the sur-
vival of a few other cell types [12, 13, 37] and given the fact
that cells that strongly express nestin are generally proliferat-
ing cells, we suspect that nestin may contribute to the survival
and self-renewal of a number of other rapidly proliferating
stem cell types besides embryonic NSCs.

How does one reconcile nestin’s well-known role as a
major cytoskeletal IF protein with our data showing that nes-
tin’s function in NSC survival does not require its incorpora-
tion into the cytoskeleton? We propose two possibilities. In
the first possibility, nestin’s sole function is to support the
survival of NSCs. Nestin’s incorporation into the cytoskeleton
enhances this function but is not absolutely required for it. As
such, vim knockout, which abolishes nestin’s incorporation
into the cytoskeleton, does not have any overt phenotype
because nestin function is still sufficiently preserved. In the
second possibility, nestin has a separate structural function as
a cytoskeletal IF protein that is distinct from its function in
supporting NSC survival. However, this separate structural
function is minor and does not lead to overt phenotype when
abolished in vim knockout. In either case, our data argue
against nestin being a crucial structural protein of the cell.
Some parallels can perhaps be found in a few other IF pro-
teins that appear to possess functions that extend far beyond
their structural roles. For example, K10 interacts directly with
AKT, a multifunctional kinase important for the intracellular

relay of signals that leads to cell growth or death [41]. Ec-
topic expression of K10 in vitro and in vivo significantly
reduces cell proliferation in a dose-dependent manner [41].
Mouse skin keratinocytes lacking K17 show depressed protein
translation and decreased AKT/mTOR signaling activity [42].
K8 and K18 are known to offer cytoprotection during liver
damage [43]. Although the cytoprotection effect of K8/K18
proteins is not yet clearly understood, their interaction with
stress proteins such as Hsp70, Mrj Hsp27, c-Jun, and PKC-e
appear to be involved ([44] and references therein). Lamins
have been proposed to play important roles in chromatin orga-
nization, DNA replication, transcription, and DNA repair
[45]. Thus, recent studies are pointing increasingly to the pos-
sibility that many IF proteins do much more than just contrib-
uting to the structural integrity of cells. Rather, they may also
have important regulatory functions in cell growth and death
through dynamic interactions with nonstructural proteins. To
this end, nestin is perhaps the most notable example in that it
possesses an important function in the survival and self-
renewal of NSCs, which appears entirely uncoupled from its
participation in the cytoskeleton.
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