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Abstract
DNA damage has been reported to induce cell cycle–related neuronal death. This is significant as aberrant cell cycle re-entry of
mature, post-mitotic neurons contributes to neurodegeneration. In this study, we investigate how DNA damage elicited by
exposure to the topoisomerase I inhibitor camptothecin (CPT) leads to cycle-related death of cultured cortical neurons and
examine the function of E2F1 in this process. CPT treatment induced cell cycle initiation of cortical neurons and elevated the
expression of certain cell cycle components (e.g., cyclin D1, CDK4, E2F1) but failed to drive S phase entry or DNA synthesis.
The arrest in the cell cycle is explained by the elevated expression of the CDK inhibitor p21Cip1. Though its level was increased
after CPT treatment, E2F1 did not drive treated neurons into the G1-S phase transition. E2F1 overexpression led to cell cycle
activation and acute neuronal apoptosis without detectable entry of the neurons into S phase. ChIPseq analysis demonstrated that
E2F1 predominantly occupies positions on or near the promoters of cell cycle related genes. Instead, in CPT-treated neurons,
E2F1 preferentially regulated DNA repair related genes. Our study reveals that the functions of E2F1 in postmitotic neurons are
context-dependent and offers novel insights into the role of E2F1 in DNA damage induced cycle-related neuronal death.
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Introduction

As terminally differentiated cells, mature neurons have per-
manently left the cell cycle. Nevertheless, growing evidence
supports the idea that post-mitotic neurons can and do begin a
cell cycle like process in response to natural or artificial stim-
uli. Instead of finishing a normal cell division, however, “cy-
cling” neurons eventually die. The first evidence for linkage
between cell cycle and neuron death came from studies on
SV40 T-antigen transgenic mice. Cell type–specific expres-
sion of this viral oncogene resulted in cell cycle re-entry ac-
companied by apoptosis of cerebellar Purkinje neurons [1] or
retinal photoreceptor neurons [2]. Additional evidence came
from the analysis of the nervous system of mice carrying a

homozygous mutation that disrupted the Retinoblastoma gene
(Rb). These animals exhibited extensive apoptosis of
postmitotic neurons associated with aberrant S phase entry
[3, 4].

The phenomenon of cycle-related neuronal death has also
been explored in neuronal culture systems. Cultured neurons
exhibit cell cycle dependent cell death when deprived of nerve
growth factor or neuronal activity. The critical nature of the
cell cycle process was shown by the finding that the death
could be abolished by cyclin dependent kinase (CDK) inhib-
itors [5–7]. Importantly, cell cycle activation is robustly asso-
ciated with neuronal loss during the pathogenesis of neurode-
generative disorders including Alzheimer’s disease (AD).
Toxic β-amyloid (Aβ), one of the biochemical markers of
the AD brain, triggers a cell cycle mediated death of cultured
mouse cortical neurons [8, 9]. Hyper-phosphorylated tau, an-
other pathological hallmark of AD, appears to be a necessary
part of the process that leads to neuronal cell cycle re-entry
after Aβ exposure [10]. Other insults, including inflammatory
factors, excitotoxicity and genotoxic reagents, can also drive a
lethal cell cycle event in neurons [11–13].

Studies attempting to explain how the cell cycle is linked to
cell death have consistently focused on the pRb/E2F1 com-
plex. In non-dividing cells, the tumor suppressor protein
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retinoblastoma (pRb) binds to E2F1, keeping it in an
inactivated state. Following growth stimulation, pRb is
hyperphosphorylated. This blocks the ability of pRb to bind
E2F1. Released E2F1 forms a dimer with DP1 and acts as a
transcription factor, initiating the transcription of genes need-
ed for cell cycle progression. In other situations (e.g., after
DNA damage) E2F1 induces cell death by again acting as a
transcription factor, but this time activating apoptosis-related
genes. For example, in Rb deficient mouse embryos, nerve
cells exhibit abnormal S phase entry and apoptosis in associ-
ation with increased levels of free E2F1 and cyclin E [4]. E2F1
is sufficient to promote apoptosis of cerebellar granule cells
induced by potassium deprivation, and suppressing E2F1 ac-
tion with a CDK inhibitor can block this effect [14]. E2F1
mediates this effect by modulating the expression of CDC2
[6], as well as other apoptosis-related genes. For example, the
pro-apoptotic BH3-only protein, Bim, has been identified as a
direct target of E2F1 during cycle related apoptosis of sympa-
thetic neurons deprived of NGF [15, 16]. E2F1 was also re-
ported to control cycle-related death upon DNA damage
through de-repressing other pro-apoptotic genes including b-
myb and c-myb [17].

Several lines of evidence support the concept that DNA
damage induces neuronal cell death through cell cycle re-en-
try. The first evidence was from the Greene laboratory whose
work showed that neuronal death induced by UV exposure
could be blocked by overexpression of a CDK inhibitor such
as p16. They further showed that genotoxic agents lead to an
increase of cyclin D-associated kinase activity [18]. Several
years later, Kruman et al. reported that treatment of neuronal
cultures with the topoisomerase II inhibitor, etoposide, in-
duced neuronal apoptosis coupled with S phase entry [11].
These findings suggest that S phase entry could be a pivotal
step triggering programmed death of neurons, yet the mecha-
nism linking the two processes has never been satisfactorily
laid out. One hypothesis is that, unlike cycling cells, neurons
respond to DNA damage through re-entering cell cycle for
DNA repair. This idea was supported by the finding that cell
cycle activation is essential for DNA damage repair in cul-
tured rat cortical neurons treated with H2O2 [19]. It was further
shown that cyclin C–dependent G0 exit is required for the
activation of non-homologous end joining (NHEJ) after
DNA double-strand breaks (DSBs) in postmitotic neurons
[20]. Nevertheless, these findings only explain a potential role
of cell cycle machinery in neurons bearing repairable DNA
damage. Details of the mechanism underlying DNA damage-
induced cell cycle related neuron death remain unclear. If as
hypothesized, S phase entry is required for apoptosis of the
cycling neurons, then E2F1, a necessary factor enabling the
G1-S transition, must play a significant role.

In this study, we investigate how DNA damage elicited by
exposure to the topoisomerase I inhibitor camptothecin (CPT)
leads to the cell cycle related death of cultured cortical neurons

and examine the function of E2F1 in this process. We show
that CPT treatment of cortical neurons induces an increase in
the levels of E2F1 as well as cell cycle initiation (cyclin D1
upregulation) but fails to drive S phase entry or DNA synthe-
sis. Using ChIPseq, we demonstrate that E2F1 predominantly
occupies genomic locations near cell cycle genes, but its ef-
fects in CPT-treated neurons are more closely associated with
its occupancy of DNA repair genes. Overexpression of E2F1
leads to cell cycle activation but not progression and drives
neuronal apoptosis. Our findings are the first comprehensive
look at the genomic locations of E2F1 in neurons and confirm
its context dependent function.

Materials and Methods

Cell Cultures

Embryonic cortical neurons were isolated from E16.5 mice
according to standard procedures [21]. Briefly, cerebral corti-
ces were dissociated into single cells by mild trypsinization
and trituration. After neutralization, cells were suspended in
Neurobasal medium supplemented with B27 and 2 mM
GlutaMax (Thermo Fisher Scientific) and then seeded onto
coverslips or dishes coated with 0.5 mg/ml of poly-L-lysine
(Sigma). Neuronal enrichment of the cell population in culture
was performed using the protocol previously reported [21].
We added 1 μM 5-fluoro-2′-deoxyuridine (FdU) (F0503,
Sigma) to the culture at DIV4 (4 days in vitro) where it
remained for 24 h to kill the proliferating cells. On DIV5,
medium containing FdU was replaced with fresh medium
without FdU. The resulting enriched cultures of primary neu-
rons were grown for an additional 8 days before any treatment.

Murine Neuro2A cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 10% FBS for rou-
tine passage. To differentiate N2a cells, the growth medium
was replaced with DMEM without FBS. Cells were kept in
differentiation medium for 24 h before use.

Plasmids and Transfection

pMAX-GFP-E2F1 plasmid was a gift from Dr. Olimpia
Meucci (Drexel University, Philadelphia, PA). The pCMV-
E2F1, pCMV-E2F1 (E132), and pCMV-E2F1 (1–284) plas-
mids were provided by Dr. Kristian Helin (Danish Cancer
Society, Copenhagen, Denmark). The pCMV-HA-hRB vector
was a gift from Dr. Steven Dowdy (University of California,
San Diego, CA, USA). The pCMV-Neo-Bam-DP1 vector was
a gift fromDr. Jacqueline Lees (TheMassachusetts Institute of
Technology, Cambridge, MA, USA). Plasmids were
transfected into N2a cells and primary neurons using
Lipofectamine 2000 and Lipofectamine LTX (Thermo
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Fisher Scientific) respectively according to manufacturer’s
protocols.

Immunofluorescence

Cells were washed with PBS and then fixed in cold 4% PFA
for 15 min followed by PBS wash. Cells were blocked with
5% donkey serum in PBS containing 0.3% Triton X-100 at
room temperature (RT) for 1 h and then incubated with pri-
mary antibodies at 4 °C overnight. After rinsing with PBS,
cells were incubated with secondary antibodies at RT for 1 h.
Cells were then washed with PBS and counter-stained with
DAPI (4′,6-diamidino-2-phenylindole) (Thermo Fisher
Scientific) for 5 min. After rinsing, all coverslips were
mounted with Hydromount media (National Diagnostics) on
glass slides. Images were taken using a Leica TCS SP8 con-
focal laser scanning microscope or an Olympus DP80 fluores-
cent microscope.

For bromodeoxyuridine (BrdU) labelling, 10 μM BrdU
(Sigma) was added to the culture medium and incubated for
24 h before fixation. Before staining, DNAwas hydrolyzed by
exposing the cells to 2 N HCl for 10 min. Specimens were
then neutralized in 0.1 M sodium borate (pH = 8.5) for 20 min
and then rinsed extensively in PBS (three times).
Immunostaining was then proceeded as described above.

Co-immunoprecipitation

Primary cortical neurons were lysed with 1× RIPA lysis buffer
(Millipore) containing protease and phosphatase inhibitors
(Roche). Samples (1 mg) of each protein lysate were incubat-
ed with either primary antibodies or normal control IgG at
4 °C overnight. The protein-antibody mixtures were then in-
cubated with magnetic beads (Thermo Fisher Scientific) at
4 °C for 6 h, followed by rinsing with lysis buffer three times.
Afterwards, the beads were isolated using a magnet according
to the manufacturer’s protocol. The immune complexes were
then eluted with 50 μl of 4× loading buffer (0.02%
bromophenol blue, 40% glycerol, 250 mM Tris-HCl, 5% β-
mercaptoethanol) by aggressive vortexing followed by incu-
bation at room temperature, for 10 min. Further elution was
achieved by heating the samples at 95 °C, for 5 min. Eluates
were isolated using a magnet and were transferred to micro-
centrifuge tubes containing 150 μl of lysis buffer and used for
Western blot analysis.

Western Blot Analysis

Cells were homogenized in 1× RIPA lysis buffer (Millipore)
containing protease and phosphatase inhibitors (Roche). Cell
lysates were then centrifuged at 15,000 rpm at 4 °C for 20min.
After protein assay, samples were diluted with 4× loading
buffer (0.02% bromophenol blue, 40% glycerol, 250 mM

Tris-HCl, 5% β-mercaptoethanol) and RIPA lysis buffer to
the required concentration and then denatured at 95 °C for
5 min. Protein samples were separated by SDS polyacryl-
amide gel electrophoresis and transferred to a PVDF mem-
brane (Bio-Rad). After blocking with TBST containing 5%
bovine serum albumin (BSA) (Sigma) or 5% non-fat milk
(Bio-Rad), membranes were incubated with primary antibod-
ies overnight at RT. After washing with TBST, membranes
were incubated with HRP-conjugated secondary antibodies
(Cell Signaling Technology) for 1 h at RT. Protein bands were
visualized using ECL substrates (34075, 34095, or 34580,
Thermo Fisher Scientific). The intensities of the bands were
quantified by ImageJ (NIH) and normalized to the levels of
GAPDH.

Reverse Transcription and Quantitative RT-PCR

Total RNA was extracted using RNeasy Mini Kit (Qiagen)
according to the manufacture’s protocol. Equal amounts of
RNA were reverse transcribed to cDNA using High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific). Real-time PCR was performed using Roche
LightCycler 480 SYBR Green I Master on a LightCycler
480 instrument. The mRNA level of Rpl13 was used as an
internal control.

FACS

Primary cortical neurons were treated with DMSO or CPT
(s1288, Selleckchem) and then digested with 0.25%
Trypsin-EDTA (Thermo Fisher Scientific) for 5 min at
37 °C. After adding the media back, neuron suspensions
were centrifuged, washed with 1× PBS, and fixed in cold
4% PFA for 10 min, followed by rinsing in 1× PBS. For
BrdU labeling, DNA was hydrolyzed by exposing the
cells to 2 N HCl for 15 min. Specimens were then neu-
tralized in 0.1 M sodium borate buffer (pH = 8.5) for
10 min and then rinsed with PBS. Non-specific binding
was blocked with 5% donkey serum in PBS containing
0.3% Triton X-100 at RT for 30 min and then incubated
with antibodies against MAP2 and cyclin D1 or BrdU at
RT for 1 h. After rinsing with PBS, cells were incubated
with secondary antibodies at RT for 30 min. Donkey anti-
rabbit 488, donkey anti-rat 488 (Thermo Fisher
Scientific), and donkey anti-chicken 647 (Jackson
ImmunoResearch) were used to detect cyclin D1, BrdU,
and MAP2 respectively. After rinsing with 1× PBS, cells
were resuspended in fresh medium and transferred to
FACS tubes, followed by analysis with a Becton
Dickinson FACS Aria III machine according to the man-
ufacturer’s instructions. The results were processed with
FlowJo software.

Mol Neurobiol (2020) 57:2377–2390 2379



ChIP

Chromatin associated proteins from DMSO or CPT treated
cortical neurons were crosslinked in 1% formaldehyde (in
PBS) at RT for 10 min. Crosslinking was then quenched by
addition of glycine to a final concentration of 125 mM follow-
ed by rinsing three times with ice-cold PBS. Cells were then
scraped off the surface of the dish and collected in ice-cold
PBS with protease inhibitor cocktail (Roche). After centrifu-
gation, the cell pellet was re-suspended and lysed with SDS
lysis buffer (50 mM Tris-HCl, pH 7.5, 5 mM EDTA, 0.5%
SDS). The lysates were sonicated to generate DNA fragments
with 500 bp average size. Sheared lysates were then pre-
cleared by incubation with unblocked magnetic beads
(Thermo Fisher Scientific) at 4 °C for 2 h. For immunopre-
cipitation, 5 μg of E2F1 antibody (sc-193x, Santa Cruz
Biotechnology) or normal rabbit IgG (sc-2027, Santa Cruz
Biotechnology) was added to the samples and incubated at
4 °C with gentle agitation overnight. Fresh magnetic beads
were simultaneously blocked in dilution buffer (20 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% NP-40, 2%
glycerol) with 5% BSA plus 0.2 mg/ml salmon sperm DNA.
The next day, blocked beads were added to the samples and
allowed to incubate at 4 °C with agitation for 4 h. The beads
were then isolated with a magnet and washed sequentially
with ice-cold dilution buffer (5 min × 2), low salt wash buffer
(20 mM Tris-HCl, pH 8.0, 0.1% SDS, 150 mM NaCl, 5 mM
EDTA, pH 8.0, 1% NP-40) (5 min × 2), high salt wash buffer
(20 mM Tris-HCl, pH 8.0, 0.1% SDS, 500 mM NaCl, 5 mM
EDTA, pH 8.0, 1% NP-40) (5 min × 2), LiCl wash buffer
(20 mM Tris-HCl, pH 8.0, 1% NP-40, 1% sodium
deoxycholate, 250 mM LiCl, 5 mM EDTA, pH 8.0) (5 min
× 2), and TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA,
pH 8.0) (5 min × 1). After the last wash, immune complexes
were eluted with fresh elution buffer (10 mM Tris-HCl,
pH 8.0, 1 mM EDTA, pH 8.0, 1% SDS, 0.1 M Na2CO3) with
vigorous vortexing followed by incubation at 65 °C for
15 min. The elution step was repeated once. Crosslinking
was reversed for both chromatin immunoprecipitation
(ChIP) samples and input by incubation in elution buffer con-
taining 200 mM NaCl at 65 °C overnight. On the following
day, the samples were treated with 0.2 mg/ml RNase A
(Thermo Fisher Scientific) at 37 °C for 1 h, followed by
0.2 mg/ml proteinase K (Thermo Fisher Scientific) at 62 °C
for 2 h. Lastly, DNA was purified using phenol/chloroform
extraction (Thermo Fisher Scientific) and eluted with
nuclease-free water. ChIP on N2a cells was performed using
an identical protocol.

ChIP-seq and Downstream Analysis

Cortical cultures treated with DMSO or CPT were harvested
for chromatin immunoprecipitation (ChIP) as described

above. ChIP DNA was further sheared to an average size of
300 bp using a Covaris S220 focused-ultrasonicator before
library preparation. DNA libraries were constructed using
the Ova t i on Ul t r a low Sys t em V2 k i t (NuGEN
Technologies). The final purified DNA library pool was se-
quenced using NextSeq 500/550 High Output Kit v2
(75 cycles) (Illumina, Inc) on an Illumina NextSeq 500 instru-
ment. Quantity control of the reads was performed using
NGSQCToolkit_v2.3.3. Reads were aligned to the reference
mouse genome: GRCm38/mm10, using Bowtie 2, v2.1.0
[22]. The same file was sorted transferred into a bam file by
samtools 1.3.1. Peak calling was done using MACS 2 with
parameters “-B -g mm –nomodel –extsize 200 (p < 0.05)”
[23]. Differential binding regions were identified by compar-
ing two pileup trucks of two conditions using MACS 2 with
parameters “bdgdiff -g 60 -l 120.” Peaks were annotated using
R package ChIPseeker [24]. A heatmap of the signal near the
TSS (± 3 kb) of all genes was generated using ngs.plot [25].
GO and KEGG pathway annotation were performed using R
package clusterProfiler [26].

Statistical Analysis

Statistical analysis was performed using Prism 6 (GraphPad
software). Differences between each group were assessedwith
unpaired Student’s T test. p < 0.05 was considered statistically
different. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001.

Results

Camptothecin Induces DNA Double-Strand Breaks
and Neuronal Loss

As a DNA topoisomerase I inhibitor, camptothecin (CPT)
prevents DNA re-ligation during DNA synthesis and causes
DNA breaks leading to apoptosis of mitotic cells [27, 28].
Given this cell cycle restricted mechanism of action, it is
somewhat surprising that CPT also induces the apoptosis of
postmitotic neurons [29]. The hypothesis is that, in cultured
cortical neurons, CPT inhibits topoisomerase I (Top1)
resulting in the accumulation of unrepairable DNA damage,
which leads to neuronal apoptosis [29]. One explanation is
that Top1 inhibition perturbs its function in relieving DNA
supercoils generated by RNA polymerases leading to
transcription-dependent genome instability [30]. We con-
firmed that CPT induces DNA double strand breaks (DSBs)
in mouse cortical neurons. By immunostaining, we observed
the formation of γH2AX foci in the nucleus of primary neu-
rons after a short-term CPT treatment (Fig. 1a and b). γH2AX
is regarded as a sensitive and early indicator of DSBs [31] and
has been proved useful for the detection of low-level of DNA
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damage in cells [32, 33]. We also looked at 53BP1, a mediator
of DNA repair that has been implicated in the repair of DSBs
by non-homologous end joining (NHEJ) during G1 phase
[34]. Similar to γH2AX, 53BP1 also formed foci in the neu-
rons treated for a short time with CPT (Fig. 1a). These obser-
vations confirmed that postmitotic neurons, just as cycling
cells, have a DNA damage response, and that they seem to
repair DNA damage by NHEJ. After 24 h of treatment, we
observed that around 30% of neurons were killed by CPT
(Fig. 1c), revealing that CPT is highly toxic to postmitotic
neurons.

Camptothecin Triggers Elevated Expression of E2F1

It was reported previously that inhibition of cyclin-dependent
kinases (CDKs) and G1/S cell cycle could suppress
camptothecin-induced apoptosis of cultured sympathetic and
cortical neurons [35]. This finding suggests that pathways
controlling cell cycle are involved in neuronal apoptosis in-
duced by CPT. To test this hypothesis, we stained primary
neurons with antibody against G1 cell cycle component cyclin
D1 and observed that the percentage of cyclin D1-positive
neurons was significantly increased after a 24-h CPT treat-
ment, confirming that CPT leads to aberrant activation of the
neuronal cell cycle (Fig. 2a and b). Besides cyclin D1, the
levels of other cell cycle and death related proteins were ex-
amined. Using Western blot analysis, however, we observed
that different cell cycle proteins exhibited differential re-
sponses to CPT treatment. The proteins involved in cell cycle
stages earlier than S phase (cyclin D1, CDK4, E2F1, PCNA)
tended to increase their expression levels while other cell cy-
cle proteins showed no significant change (cyclin E, cyclin
B1) or decreased (cyclin A2) (Fig. 2c and d). As expected,
levels of some apoptosis-related proteins including Bim EL
and cleaved caspase-3 were elevated (Fig. 2c and d). By

checking the mRNA levels using RT-qPCR, we found that
the changes in mRNAwere largely consistent with the levels
of protein (Fig. 2e). Thus, the observed increases in cell cycle
and cell death related proteins probably resulted from changes
in gene expression. These data suggest that CPT induces neu-
ronal apoptosis associated with ectopic cell cycle activation.

Camptothecin Fails to Induce Neuronal S Phase Entry
and DNA Synthesis

The pRb/E2F1 axis is a key regulator of the G1/S transition,
and in cultured rat cortical neurons, it has been reported that
genotoxic compounds lead to cell cycle initiation and DNA
synthesis [11]. Yet, after CPT treatment of mouse cortical
neurons, even though E2F1 was upregulated, we found that
proteins that are required for S phase such as cyclin E and
cyclin A2 were not accordingly elevated. Thus, CPT may
not induce S phase entry of neurons. To verify this suggestion,
we incubated cortical cultures in BrdU during CPT treatment.
The cells were then harvested and FACS analysis performed.
We found that after CPT treatment, the fraction of cyclin D1
positive neurons increased (Fig. 3a), yet we observed no in-
crease in the percentage of BrdU positive neurons (Fig. 3b).
CPT therefore triggers only the earliest events of the cell cy-
cle; it fails to drive S phase entry and DNA replication.

In a normal cell cycle, hyperphosphorylation of pRb is
required to release E2F1, which then forms a heterodimer with
DP1 to activate the transcription of genes for S phase. To
further confirm the inability of CPT to drive S phase, we
examined pRb phosphorylation after CPT treatment. Unlike
earlier reports [36], we observed decreased phosphorylation of
pRb in neurons treated with CPT (Fig. 3c and d). Taken to-
gether, these data indicate that CPT-mediated DNA damage
does not induce S phase entry and DNA replication in cultured
cortical neurons.

a b

c

Fig. 1 Camptothecin induces
DNA double strand breaks and
neuronal loss in mouse cortical
culture. a γH2AX and 53BP1
staining of DIV8 cortical neurons
treated with 1 μM CPT. Scale
bar = 25 μm. b The percentage of
neurons with > 5 γH2AX foci
after CPT treatment for 1 or 24 h.
c Neuronal numbers (MAP2+
cells) were counted after DMSO
or CPT treatment. Data from three
independent experiments are
represented as mean ± SEM.
**p < 0.01; ****p < 0.0001
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Elevated Expression of p21Cip1 in Neuronal Cells
Treated with Camptothecin

We have shown that CPT induces expression of G1 cell cycle
components (cyclin D1 and CDK4) but fails to induce

hyperphosphorylation of pRb or S-phase markers. We there-
fore hypothesized that the activity of CDK4 was somehow
suppressed. During a typical cell cycle, CDK4 activity can
be inhibited by several CKIs (cyclin-dependent kinase inhib-
itors), such as p16INK4, p19INK4, p21Cip1, and p27Kip1. Using

a

b d e

cFig. 2 Camptothecin triggers
elevated expression of certain cell
cycle components in cultured
cortical neurons. a, b
Immunostaining of cyclin D1 in
DIV8 cortical neurons treated
with 1 μM CPT. Data from three
independent experiments are
represented as mean ± SEM.
Scale bar, 50 μm. c, d Western
blot of cell cycle and cell death
related proteins in cortical
neurons treated with 1 μM CPT
for 24 h. Data from a minimum of
three independent experiments
are represented as mean ± SEM. e
RT-qPCR to look at the gene ex-
pression levels of cell cycle and
cell death related proteins after
1 μM CPT treatment for 24 h.
Data from a minimum of four in-
dependent experiments are repre-
sented as mean ± SEM. *p < 0.05;
**p < 0.01; ***p < 0.001;
****p < 0.0001

a c

b d

Fig. 3 Camptothecin fails to
induce S phase entry in cortical
neurons. a, b DIV8 cortical
neurons treated with DMSO or
1 μM CPT for 24 h were co-
labeled with MAP2-Cy7 and cy-
clin D1 or BrdU antibody
followed by FITC-conjugated
2nd antibody and then were ana-
lyzed with FACS. cDIV8 cortical
neurons treated with DMSO or
1 μM CPT for 24 h were lysed to
perform Western blot in order to
analyze pRb phosphorylation. d
Quantification of the level of p-
pRb (S780) and p-pRb (S807)
normalized to GAPDH level.
Data from four independent ex-
periments are represented as mean
± SEM. **p < 0.01
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RT-qPCR, we found that in neurons treated with CPT, p21
mRNA was greatly increased, even as the levels of p16
mRNA were downregulated (Fig. 4d). Consistent with this,
CPT treatment significantly increased the number of neurons
with a strong p21 immunostaining signal (Fig. 4a). Western
blot results confirmed these findings (Fig. 4b and c). Next, we
used a co-immunoprecipitation assay to determine if cyclin
D1 functionally interacted with CDK4 and found that cyclin
D1 failed to form a complex with CDK4 in either control or
CPT-treated cortical neurons. In order to block the cyclin D1/
CDK4 complex and suppress CDK4 kinase activity, p21 in-
teracts with cyclin D1 through the cyclin-binding motif [37].
Significantly, CPT treatment induced the physical interaction
of cyclin D1 and p21 (Fig. 4e). Our data suggest that even
though CPT drives expression of cyclin D1 and CDK4, they
fail to form a functional complex because of the elevated
levels of p21.

E2F1 Predominantly Binds to the Promotor Regions
of Cell Cycle-Related Genes in Primary Cortical
Neurons

Despite the elevated expression of cyclin D1 and CDK4
after CPT, no DNA synthesis was observed, even though
E2F1 was significantly upregulated. Therefore, E2F1 pre-
sumably does not function in its normal role of promoting
the G1-S transition. We reasoned that since most of the
data on E2F1 function comes from observations made in
epithelial cells lines there remained the possibility that the

role of E2F1 in postmitotic neurons might be different. To
test this, we performed chromatin immunoprecipitation
combined with high throughput sequencing (ChIPseq) to
uncover the E2F1 target genes in neurons under different
physiological conditions. As described above, enriched
cortical cultures were treated with CPT for 24 h and then
harvested for ChIP-seq analysis. The DMSO-containing
buffer without CPT was used as a control. We first ana-
lyzed the distribution of E2F1-binding in the vicinity of
transcription start sites (TSS), using a 3-kb window. We
found that in both control and CPT-treated neurons, the
majority of E2F1-binding sites were located within 1.5 kb
of the TSS (Fig. 5a). Indeed, in both groups, E2F1 peaks
were mostly commonly found in promoter regions (Fig.
5b). Next, we analyzed E2F1-binding motifs using
MEME-ChIP. We verified that the most significant E2F1
binding motif was nearly identical to the canonical E2F1-
binding motif defined in other cells—TTTSSCGC (S=C
or G) (Fig. 5c).

To clarify the categories of genes associated with E2F1
binding sites in primary neurons, we performed a gene ontol-
ogy (GO) analysis. This analysis revealed that the enriched
regions in control neurons were most significantly associated
with DNA replication and DNA repair (Fig. 5d). KEGG path-
way analysis further showed that the enriched regions were
mostly significantly associated with pathways involved in cell
cycle and DNA replication (Fig. 5e). These data provided the
first evidence that in mouse primary cortical neurons, E2F1
predominantly binds to, and presumably regulates, cell cycle

a b

c

e
d

Fig. 4 Camptothecin upregulates
the expression of CDK inhibitor
p21Cip1. a Immunostaining of p21
in DIV8 primary cortical neurons
treated with either DMSO or
1 μMCPT. Scale bar, 50 μm. b, c
Western blot of p21 protein levels
in neurons treated with DMSO or
1 μM CPT, for 24 h. d RT-qPCR
determined mRNA levels of sev-
eral CKI genes in neurons treated
with DMSO or 1 μM CPT, for
24 h. e Lysates of primary neu-
rons treated with either DMSO or
1 μM CPT for 24 h were
immunoprecipitated with cyclin
D1 antibody followed byWestern
blot analysis. Co-IP was repeated
for three times. Quantitative data
from a minimum of three inde-
pendent experiments are repre-
sented as mean ± SEM. *p < 0.05;
**p < 0.01; ***p < 0.001
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and DNA replication-related genes. Unexpectedly, no cell
death-related genes appeared in the GO terms, suggesting
that in WT primary cortical neurons, E2F1 may not be
involved with the expression of cell death genes. Taken
together, our data suggest that E2F1 is deeply involved
in cell cycle regulation in cultured cortical neurons even
though these cells are postmitotic.

E2F1 Is Involved in DNA Repair
in Camptothecin-Treated Neurons

We next compared the E2F1 binding regions in CPT-treated
neurons with those found in untreated (DMSO) control cells.
First, peaks of the two conditions were called separately. A
total of 487 enriched regions were identified in the control
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group while 398 were identified in the CPT group.
Significantly, 243 of the genes identified were found in both
groups (Fig. 5f). Next, we performed a simple comparison of
respective GO analysis data from both conditions. In both
control and CPT groups, the enriched E2F1 binding events
were most significantly associated with genes responsible
for DNA replication (Fig. 5g). Finally, to determine the genes
that were more highly enriched in the CPT group compared to
the control, we performed call differential binding events to
determine where in the genome, the CPT responsive genes
were located. GO analysis of these differential binding sites
showed that the regions related to DNA repair were more
highly enriched in CPT group than in the DMSO group
(Fig. 5h). This indicates that even though E2F1 predominantly
sits on cell cycle-related genes in both CPT and control con-
ditions, CPT-induced DNA damage enhanced the presence of
E2F1 on the promoters of DNA repair-related genes. The im-
plication is that E2F1 is an important part of DNA damage
response in primary cortical neurons.

To further examine how E2F1 is involved in DNA repair,
we treated the neurons with an E2F1 inhibitor HLM006474.
E2F1 inhibition aggravated DNA damage and apoptosis
(Figure S1A), suggesting a direct role for E2F1 in the DNA
repair process in CPT-treated neurons instead of in the induc-
tion of cell cycle and cell death. Non-homologous end joining
(NHEJ) is the most prominent form of DSBs repair in
postmitotic neurons [38]. The PI3K family member, DNA-
PKcs, is an important component of the NHEJ machinery.
Consistent with this relationship, if we inhibited DNA-PKcs
with NU7441, CPT-induced neuronal apoptosis was signifi-
cantly aggravated (Figure S1B). This finding suggests that
treatment with CPT triggers a DNA-PKcs-mediated repair
pathway. Significantly, the CPT-induced elevation of E2F1
was abolished by DNA-PKcs inhibition (Figure S1B), indi-
cating that E2F1 is a part of the DNA-PKcs-mediated repair
pathway.

Overexpression of E2F1 Triggers Cell Cycle Activation
and Neuronal Apoptosis

While the CPT studies suggest a role for E2F1 in DNA repair,
the functional significance of the presence of E2F1 on the
promoters of cell cycle-related genes remained unexplained.
We therefore turned to overexpression studies in postmitotic
neurons. We transfected cultured cortical neurons with a plas-
mid encoding E2F1 and found that over 80% of the
transfected neurons entered into cell cycle, as assessed with
staining for Ki67, a general cell cycle marker (Fig. 6a and f).
Next, we asked if neurons overexpressing E2F1 can enter S
phase and replicate DNA. We found that even though some
neurons expressed cyclin A2 (Fig. 6b and f), E2F1 overex-
pression was unable to stimulate DNA replication as assessed
by BrdU incorporation (Fig. 6c and f). Although the

transfected neurons could not fully enter into S phase, over-
expression of E2F1 did initiate a cell death process. By im-
munostaining cleaved caspase-3, we observed that these neu-
rons underwent apoptosis, exhibited DNA fragmentation and
ultimately died (Fig. 6e and f). By immunostaining the pro-
apoptotic protein Bim (which plays an important role in the
intrinsic apoptosis pathway and has been identified as a E2F1
target [15]), we found that E2F1 overexpression triggered a
typical apoptotic process in cultured cortical neurons (Fig. 6d
and f).

Neuronal Cell Cycle–Related Death Induced by E2F1
Overexpression Is Dependent on Its DNA Binding
Activity

Overexpression of E2F1 thus induces cell cycle events and
apoptosis of cultured cortical neurons. To examine whether
this effect was dependent on its classical role as a transcription
factor, we repeated our transfection studies using an E2F1
mutant (E2F1 E132) with a mutation that eliminates its
DNA binding activity by replacing the sequences encoding
amino acids L132 and N133 (CTGAAT) with an EcoRI re-
striction site sequence (GAATTC) but other domains are not
altered [39]. As expected, the DNA binding deficient E2F1
failed to drive cell cycle re-entry of cortical neurons (Fig. 7a
and b). Interestingly, a C-terminal truncated E2F1 that loses
the transactivation domain but retains the domain needed to
bind DNA could drive a significant fraction of the cells to
become Ki67 positive (Fig. 7a and b). While highly signifi-
cant, the effect was not as pronounced as that for wild type
E2F1. To determine the effect of mutant E2F1 on neuronal
death, we transfected both wild type and mutant E2F1 and
incubated the transfected neurons for extended times. We
found that wild type and C-terminal truncated E2F1 led to
significant neuron death between 24 and 48 h after transfec-
tion, but the E132 DNA binding mutant was ineffective even
at these later times (Fig. 7c). This observation suggests a con-
sistent effect on cell cycle and death induced by E2F1 in
cortical neurons.

With the knowledge that DNA binding activity is required
for E2F1 to induce both cell cycle and cell death, we asked if
E2F1 directly bound to the genes encoding cell cycle and
death-related proteins. We performed ChIP-qPCR on differ-
entiated Neuro2A cells transfected with E2F1. We found a
significant enrichment of wild-type E2F1 on the promoter
regions of cell cycle and death-related genes such as Mki67,
Ccna2, Casp3, and Bcl2l11 (Fig. 7d). By contrast, the DNA
binding mutant did not bind to these genes. Using RT-qPCR,
we further validated that E2F1 indeed upregulated the mRNA
level of some cell cycle and death-related genes, but the DNA
binding mutant could not (Fig. 7e). Taken together, our find-
ings indicate that E2F1 regulates cell cycle-related neuronal
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death by binding to the promoter regions of cell cycle and
death-related genes and modulating their transcription.

Discussion

We show here, using a CPT-based model, that DNA damage
leads to the cell cycle-related death of cultured cortical neu-
rons. G1 cell cycle components (cyclin D1 and CDK4) are
upregulated, but the transition to S phase appears to be
blocked as no DNA synthesis can be observed. The block is
most likely caused by the elevated expression of the CDK
inhibitor p21Cip1. E2F1 is involved in the neuronal CPT re-
sponse, not as a regulator of the cell cycle, but rather as a part
of the DNA repair process. Nonetheless, in keeping with its
occupancy of the promoter regions of cell cycle-related genes,
E2F1 overexpression can drive cell cycle initiation, but even
this cycle is stopped before S phase can begin. Instead, the
excess E2F1 drives an apoptotic cell death process. Our

findings are very much in keeping with previous observations
that the behavior of E2F1 is highly context dependent. The
lack of entrance into a formal S-phase, coupled with the rapid
loss of neuronal differentiation markers at early stages of the
cell death process, has the paradoxical effect of making it
difficult to prove that the cells that are entering the cell divi-
sion process are the ones that die. Nonetheless, all previous
work points to this linkage [12, 40, 41].

Growing evidence suggests that ectopic cell cycle reentry
leads to neuronal death [1, 3]. Cycle-related neuronal death
(CRND) has been regarded as contributing to multiple neuro-
degenerative disorders including AD [42]. Learning more
about the mechanisms underlying CRND, therefore, would
help in understanding the pathogenesis of AD and provide
potential therapeutic targets for AD treatment. Numerous
studies have identified factors that can drive neurons into cell
cycle: Aβ, tau, inflammatory stresses, excitotoxicity,
genotoxic reagents, and so on [8–12, 18, 43, 44]. To date,
investigations linking neuronal re-entrance into the cell cycle
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with neurodegeneration have focused heavily on the pRb/
E2F1 axis. Classically, pRb/E2F1 forms a conserved pathway
that controls cell cycle progression in cycling cells. The fact
that E2F1 regulates multiple biological processes including
cell cycle, apoptosis, and DNA damage responses has led to
the hypothesis that E2F1 may work as a link between cell
cycle and neuron death.

In cycling cells, when DNA damage is detected, the cell
cycle is arrested at one of several checkpoints to allow the
DNA repair to be completed [45, 46]. In postmitotic neurons,
however, DNA damage reportedly induces cell cycle reentry
and apoptosis [11, 18, 35, 43]. Camptothecin (CPT) is a DNA
topoisomerase I inhibitor that can induce apoptosis of
postmitotic neurons [29]. Seen in light of the finding that
inhibition of the G1/S transition activates the neuronal apo-
ptotic pathway [35], we speculate that, as a key regulator for
G1/S transition, E2F1 may play a critical role in this process.
In this study, we confirm that CPT treatment induces DNA
double strand breaks (DSBs) and apoptosis in mouse cortical
neurons where it selectively increases the expression of early
cell cycle stage proteins—cyclin D1 and CDK4. In contrast,

the S phase cyclin, cyclin A2, decreases dramatically and
BrdU incorporation was not observed. The simplest interpre-
tation of these findings is that DNA damage induces cell cycle
activation, but these cycling neurons cannot engage a true cell
cycle; they fail to enter S phase. This block in cell cycle pro-
gression is coupled with and possibly explained by the elevat-
ed expression of p21Cip1 and inhibition of the interaction be-
tween cyclin D1 and CDK4 [37].

Cyclin D1 synthesis and its nuclear localization are critical
for cell cycle progression during G1 phase. After DNA dam-
age, however, cyclin D1 is downregulated to allow for DNA
repair. For example, in UV-irradiated G1 fibroblasts, cyclin
D1 disappears from the nucleus and overexpression of cyclin
D1 impairs DNA repair [47]. Given its increased expression
after DNA damage in CPT-treated neurons, however, it seems
likely that cyclin D1 has unique functions in non-dividing
nerve cells. This concept is supported by the finding that cy-
clin D1-dependent kinases are essential for the apoptosis of
neuronal cells [48]. Cyclin D1-associated kinase activity was
detected to be significantly increased in cortical neurons treat-
ed with CPT [18], but the exact physiological function of
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Fig. 7 Neuronal cell cycle-related
death induced by E2F1 overex-
pression is dependent on its DNA
binding activity. a, b DIV8 pri-
mary neurons were transfected
with pCMV-E2F1, pCMV-
E2F1(E132), or pCMV-E2F1(1-
284) and fixed after 24 h. Cells
were stained with the cell cycle
marker Ki67, and the percentage
of Ki67-positive neurons was
quantified. Scale bar, 25 μm. c
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after transfection with different
E2F1 mutants for 12, 24, or 48 h,
and neuronal numbers were
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precipitation of E2F1 in differen-
tiated N2a cells transfected with
wildtype and DNA binding mu-
tant E2F1 plasmids, followed by
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5′ flanking region of cell cycle
and death related genes. e mRNA
levels of cell cycle and cell death
related genes in differentiated
N2a expressing wild type or DNA
binding defective E2F1. Rpl13
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Data from a minimum of three
independent experiments are rep-
resented as mean ± SEM; *p <
0.05; ***p < 0.001; ****p <
0.0001
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endogenous cyclin D1 in neurons remains elusive. One pos-
sibility that would be consistent with our findings is that nu-
clear cyclin D1 directly functions in homologous
recombination-mediated DNA repair in cancer cells [49].
This suggests that its expression may be beneficial for the
survival of aging (DNA damaged) neurons.

Uncovering target genes is an important approach to inves-
tigate the biological functions of a transcription factor.
Although there have been previous studies of the genomic
targets of E2F1 in other cell types, we are the first to perform
a genome-wide analysis of the genomic binding sites of E2F1
in cortical neurons. Our finding that E2F1 consistently binds
to the genomic promoter regions of genes related to DNA
replication and cell cycle is significant, especially since neu-
rons are supposed to have permanently exited the cell cycle.
The fact that E2F1 promotor occupancy in CPT-treated and
control neurons differs primarily in the extent to which E2F1
is bound to DNA repair genes further enriches this picture. In
the aggregate, the ChIPseq data imply that even though E2F1
mainly binds to cell cycle-related genes in primary cortical
neurons, it tends to regulate genes associated with DNA repair
in neurons with DNA breaks evoked by CPT treatment.

The finding of an E2F1 response to DNA damage is in-
triguing. E2F1 levels are elevated in cells treated with DNA
damage agents, including etoposide, doxorubicin, UV radia-
tion, and others [50, 51]. In tumor cells treated with genotoxic
reagents, E2F1, but not E2F2 or E2F3, is stabilized by phos-
phorylation by ataxia-telangiectasia mutated (ATM) and
ataxia-telangiectasia and RAD3-related (ATR). E2F1 is also
phosphorylated by checkpoint kinase 2 (Chk2) in cancer cells
treated with etoposide [52] where it results in cell death, as it
does in mouse thymocytes with induced DNA damage [53].
In addition to phosphorylation, E2F1 can be acetylated in
response to DNA damage, a modification that is required for
apoptosis. ChIP assays have revealed that acetylation shifts
E2F1 from cell cycle-related genes to pro-apoptotic genes
[51]. In addition to this function in cell death, E2F1 recruits
DNA repair factors, such as NBS1, RPA, and Rad51 [54].
E2F1 depletion also impairs nucleotide excision repair
(NER) in UV-exposed primary human fibroblasts [55].
ChIP-microarray assays have identified a set of genes in-
volved in DNA repair processes that are directly regulated
by E2F1 in primary human fibroblasts, including genes in-
volved in mismatch repair (MSH2, MLH1), base excision re-
pair (UNG), nucleotide excision repair (RPA3), homologous
recombination (RAD51 and RAD54), and non-homologous
end-joining (DNA-dependent protein kinase) [56]. In the cur-
rent study, ChIPseq of E2F1 in primary cortical neurons re-
vealed that E2F1 directly targets DNA repair genes, such as
Brca1, Brca2, Rpa1, Rpa2, Xrcc2, Pcna, Chk1, and more.

One question that remains unanswered after our work is the
nature of the E2F1-dependent DNA repair process used by
neurons treated with CPT. As they are postmitotic cells,

neurons rely heavily on NHEJ to repair DSBs [38]. After
DNA damage induced by camptothecin, inhibition of DNA-
PK aggravated neuronal death provoked by CPT, suggesting
that neurons highly rely on DNA-PKcs-mediated NHEJ to
repair damaged DNA and survive. The observation that
E2F1 inhibition aggravates DNA damage and neuronal apo-
ptosis induced by CPT provides further evidence for a poten-
tial role of E2F1 in promoting DNA repair in neurons even
though the detailed mechanism still remains to be uncovered.

Our results tend to rule out a role for E2F1 in promoting
apoptosis during the CPT-induced cycle-related death of prima-
ry cortical neurons. Based on our ChIPseq data, E2F1 does not
target pro-apoptotic genes in neurons. We speculate that the
reason for this is that elevation of the E2F1 expression induced
at the concentrations of CPT that we used is not enough to
mediate apoptosis. This idea is supported by a recent report that
E2F1 expression level is an important determinant of its func-
tion in determining the fate of a cell. Low levels of E2F1 pro-
mote proliferation, moderate levels of E2F1 induce cell cycle
arrest, and very high levels promote apoptosis [57]. Indeed,
when we overexpressed E2F1 in cortical neurons, we also ob-
served acute apoptosis of neurons, indicating a pro-apoptotic
function of E2F1 in neurons when concentrations are sufficient-
ly high. The neuronal death induced by E2F1 overexpression is
coupled with aberrant cell cycle activation, but no S phase entry
could be observed, suggesting a predominant role of E2F1 in
triggering apoptosis. We also observed increased expression of
checkpoint kinase 1 (Chk1) and the DNA damage marker
γH2AX in E2F1-overexpressing neurons (Figure S2), which
offers an explanation for why the cell cycle of the neurons was
arrested in G1 phase. Since we have shown that both cell cycle
and cell death activities induced by E2F1 overexpression are
dependent on its DNA binding activity, it is likely that E2F1
functions by modulating the transcription of the relevant cell
cycle or cell death-related genes.
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