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Abstract
The apolipoprotein E ε4 (APOE4) allele is a major genetic risk factor for Alzheimer’s disease (AD), and its protein product,
ApoE4, exerts its deleterious effects mainly by influencing amyloid-β (Aβ) and Tau (neurofibrillary tangles, NFTs)
deposition in the brain. However, the molecular mechanism dictating its expression during ageing and in AD remains
incompletely clear. Here we show that C/EBPβ acts as a pivotal transcription factor for APOE and mediates its mRNA levels
in an age-dependent manner. C/EBPβ binds the promoter of APOE and escalates its expression in the brain. Knockout of C/
EBPβ in AD mouse models diminishes ApoE expression and Aβ pathologies, whereas overexpression of C/EBPβ
accelerates AD pathologies, which can be attenuated by anti-ApoE monoclonal antibody or deletion of ApoE via its specific
shRNA. Remarkably, C/EBPβ selectively promotes more ApoE4 expression versus ApoE3 in human neurons, correlating
with higher activation of C/EBPβ in human AD brains with ApoE4/4 compared to ApoE3/3. Therefore, our data support that
C/EBPβ is a crucial transcription factor for temporally regulating APOE gene expression, modulating ApoE4’s role in AD
pathogenesis.

Introduction

In humans, APOE gene exists as three polymorphic alleles
(ε2, ε3, and ε4) [1]. These allelic forms of APOE corre-
spond to variations in the coding sequence of the gene
leading to amino acid substitutions (Cys and Arg) at posi-
tions 112 and 158 of the protein. APOE4 is the strongest
genetic risk factor for Alzheimer’s disease (AD) [2, 3], as
APOE4 significantly increases the risk for both early onset
AD and late-onset AD [4, 5]. AD is the most-common
neurodegenerative disease. The prominent pathological
hallmarks include the extracellular senile plaques that are
predominantly composed of amyloid-β (Aβ) peptides and
intraneuronal neurofibrillary tangles (NFT) that principally
consist of hyperphosphorylated and truncated Tau. The ε4
allele frequency is about 15% in the general population but
as high as 40% in AD patients [6]. In addition to increasing
the prevalence of AD, the presence of the APOE4 allele also
lowers the age of onset for AD in a gene dose-dependent
manner [6, 7]. Mechanistically, ApoE4 seems to increase
risk of AD and cognitive decline through both
Aβ-dependent and Aβ-independent pathways [8–10]. ApoE
isoforms differentially regulate Aβ production, aggregation,
and clearance. For instance, histological analyses of AD
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brains reveal that ApoE is co-deposited with Aβ in amyloid
plaques [11], indicating a direct association between ApoE
and Aβ in AD pathogenesis. Synthetic Aβ peptides bind to
ApoE either secreted from cells [12] or purified from human
CSF [13] and plasma [14]. Furthermore, ApoE is essential
for Aβ deposition in APP transgenic amyloid model mice.
When Apoe knockout (KO) mice are crossed with amyloid
model PDAPP or Tg2576 mice, Aβ deposition in the form
of amyloid plaques and cerebral amyloid angiopathy is
dramatically reduced [15, 16]. Independently of Aβ, ApoE4
might be less efficient than ApoE3 and ApoE2 in delivering
cholesterol and essential lipids for maintenance of synaptic
integrity and plasticity [17]. ApoE mediates the transport
and delivery of cholesterol and other lipids through cell-
surface ApoE receptors [1, 18]. The human ApoE protein is
a 299 amino acid glycoprotein and is expressed in several
organs, with the highest expression in the liver followed by
the brain. ApoE is produced in abundance in the brain and
serves as the principal lipid transport vehicle in CSF [19]. In
the brain, astrocytes, microglia, vascular smooth muscle
cells, and choroid plexus constitutively express ApoE,
whereas neurons predominantly synthesize ApoE under
stress conditions [20]. ApoE functions as a ligand in
receptor-mediated endocytosis of lipoprotein particles [21].
Cholesterol released from ApoE-containing lipoprotein
particles is used to support synaptogenesis and the main-
tenance of synaptic connections [22].

C/EBPβ, a member of the CCAAT/enhancer binding
protein (C/EBP) family of transcription factors of the basic-
leucine zipper class, is implicated in various cellular events
including cell energy metabolism, cell proliferation and
differentiation [23, 24]. C/EBPβ also plays a critical role in
inflammation [25]. Promoters of many pro-inflammatory
genes contain putative C/EBPβ consensus sequences [26],
and C/EBPβ levels are upregulated in response to pro-
inflammatory stimuli in macrophages [27] and glial cells
[28]. Upon lipopolysaccharides treatment, C/EBPβ is highly
upregulated both in astrocytes and in microglia [29]. On the
other hand, C/EBPβ participates in memory formation and
synaptic plasticity in neurons, and regulates the pro-
inflammatory activation in glial cells [30]. Both pro-
inflammatory genes and neurotoxic effects of activated
microglia are attenuated in C/EBPβ-null brain [31]. Inter-
estingly, C/EBPβ deficiency provides neuroprotection fol-
lowing ischemic [32] or excitotoxic injuries [33].
Expression of C/EBPs is enhanced in AD patient brains
[34, 35], where Aβ stimulates C/EBPβ and C/EBP δ acti-
vation in glia cells [36]. Recently, we reported that brain C/
EBPβ expression is increased in an age-dependent manner.
It acts as a crucial transcription factor that drives expression
of asparagine endopeptidase (AEP, gene name: LMGN).
Overexpression of C/EBPβ facilitates AD pathologies par-
tially through elevating AEP expression [37], which acts as

δ-secretase and simultaneously cleaves both APP and Tau
at N585 and N368 residues, respectively, promoting Aβ
production and Tau aggregation. Deletion of AEP from
5xFAD or Tau P301S mice greatly ameliorates senile pla-
ques and NFT pathologies, rescuing cognitive deficits in
both mouse models [38, 39].

In the current report, we provide compelling evidence
that C/EBPβ plays a pivotal role in dictating APOE gene
expression by functioning as a transcription factor under
physiological and pathological conditions. Depletion of C/
EBPβ robustly diminishes Apoe expression in the wild-type
and AD mouse brains. Overexpression of C/EBPβ in young
3xTg AD mouse model considerably augments ApoE levels
and facilitates various AD pathologies, resulting in cogni-
tive dysfunctions. Notably, monoclonal anti-ApoE antibody
treatment or deletion of Apoe gene in these mice greatly
alleviates AD pathologies and rescues cognitive activities.
Strikingly, C/EBPβ preferentially promotes higher ApoE4
mRNA expression in human neurons compared to ApoE3.
C/EBPβ displays more potent effects in human AD brains
with ApoE4/4 than ApoE3/3. Consequently, ApoE4 protein
levels are more abundant in AD patient brains with ApoE4/
4 versus ApoE3/3, which is linked with C/EBPβ-induced
AEP hyperactivation [37], leading to more robust APP and
Tau proteolytic cleavage.

Materials and methods

Animals

Wild-type C57BL/6J mice (Stock No. 000664), 5XFAD
mice (Stock No. 006554), 3XTg mice (Stock No. 034830)
were obtained from the Jackson Laboratory. The C/EBPβ
KO mice on a C57BL/6J background were generated as
reported [40]. The animals were assigned to different
experimental groups based on the litter and gender in a way
that every experimental group had similar number of sib-
lings’ males and females. Primary rat cortical neuron and
glia were cultured as previously described. All rats were
bought from the Jackson Laboratory. Animal care and
handling were performed according to NIH animal care
guidelines and the Declaration of Helsinki and Emory
Medical School guidelines. The protocol was reviewed and
approved by the Emory Institutional Animal Care and Use
Committee.

Human samples and cells

Postmortem brain samples were dissected from frozen
brains of AD cases and non-demented controls from the
Emory Alzheimer’s Disease Research Center (Table S1).
All procedures performed in studies involving human
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participants were in accordance with the ethical standards of
the institutional and/or national research committee and
with the 1964 Helsinki declaration and its later amendments
or comparable ethical standards. AD was diagnosed
according to the criteria of the Consortium to Establish a
Registry for AD and the National Institute of Aging.
Diagnoses were confirmed by the presence of amyloid
plaques and NFT in formalin-fixed tissue. Informed consent
was obtained from the subjects. The study was approved by
the Biospecimen Committee. HEK293 cells (ATCC) were
cultured in high-glucose DMEM added with 10% fetal
bovine serum (FBS), penicillin (100 units/ml)–streptomycin
(100 μg/ml) (all from Hyclone). SH-SY5Y cells (ATCC)
were cultured in RPMI 1640 added with 10% FBS, peni-
cillin (100 units/ml)–streptomycin (100 μg/ml) (all from
Hyclone). Cells were incubated at 37 °C in a humidified
atmosphere of 5% CO2.

Transfection and infection of the cells

The overexpressing plasmids were purchased from
Addgene. The siRNAs were bought from Santa Cruz.
Lipofectamine 3000 (Invitrogen) was used for HEK293 and
SH-SY5Y cells transfection. The overexpression lentivirus
(pFCGW-GFP) was packaged in the viral vector core of
Emory University. The shRNA expressing lentivirus for
HSF-1, C/EBPα, C/EBPβ, and ApoE were ordered from
OriGene Technologies, Inc. (Rockville, MD).

Differentiation of human iPSC-derived NSCs into
neurons

The used human induced pluripotent stem cell (iPSC)-
derived NSCs were obtained from two donors: ax0111 from
AD patient with ApoE4/4 genotype, ax0112 from AD
patient with ApoE3/3 genotype (Axol Bioscience, Cam-
bridge, UK). Neuron differentiation from NSCs was
accomplished by culturing on PLO/Laminin-coated plates
in neuronal differentiation medium, which contains
DMEM/F12+Neurobasal Medium (1: 1), GDNF (20 ng/
ml), supplemented with BDNF, B27, N2(20 ng/ml), IGF
(10 ng/ml), NT3 (10 ng/ml), ascorbic acid (200 μM) (all
from Stemcell Technologies), and dbcAMP (100 nM)
(Sigma-Aldrich). 48 h later, neuronal culture medium was
changed to remove unattached cells, and then medium was
half changed every 3 days during in vitro maturation.

Antibodies and reagents

AEP antibody AF2199 was bought from R&D. AEP anti-
body (clone 6E3, 11b7) was present from Dr Colin Watts,
University of Cambridge. β-actin antibody was purchased
from Sigma. Antibodies of C/EBPβ (C-19, H-7), GFP come

from Santa Cruz Biotechnology (Santa Cruz, CA, USA). C/
EBPα, p-C/EBPβ, APP, and NeuN antibodies were bought
from Cell Signaling Technology. ApoE antibody (AB947)
was bought from Millipore, ApoE antibody (701241), AT8,
AT100, tau5 were bought from Thermo Fisher, and Aβ
antibody (4G8) was bought from Covance. Mouse and
human Aβ40 and Aβ42, IL-1β, TNF-α, IL-6 ELISA kits were
purchased from Invitrogen, recombinant AEP was pur-
chased from Novoprotein. More information is in Table S2.

Immunization of mice

Three months old male 3XTg mice were intraperitoneally
injected weekly for 14 weeks with anti-mouse IgG or anti-
ApoE monoclonal antibody (HJ6.3, as a gift from Dr David
M. Holtzman, Washington University School of Medicine)
at 10 mg of antibody/kg of body-weight dose. The working
stock of antibody was freshly prepared on the date of
injection at 1 mg/ml concentration.

Stereotactic injection

Briefly, animals were anesthetized with isoflurane vaporizer
to 2% and given 0.1-mg/kg buprenorphine subcutaneously
for pain management. After checked the depth of anesthesia
via toe-pinch. The mice heads were shaved and restrained in
a stereotaxic frame (Stoeltling, Wood Dale, IL). Sterile
erythromycin ophthalmic ointment (0.5%) was applied to
the eyes to prevent dryness and damage to the cornea. After
the surface disinfection with iodophor and 70% ethanol, a
small incision was made and exposing the skull landmarks
lambda and Bregma. Hydrogen peroxide was used to clean
the connective tissue. A small hole drilled through the skull
with a bone drill. The coordinates of hippocampal were
mediolateral ±1.5 mm, anteroposterior −2.1 mm, dorso-
ventral 1.8 mm, injected with 1 μL of AAV or/and 3 μL of
LV. After injections, the incision was sutured and applied
surface disinfection. The mice were monitored 1, 2, 7, and
10 days post surgery.

Immunoprecipitation and western blotting

The tissues or cells were washed with ice-cold PBS and
lysed in RIPA buffer (20-mM Tris-HCl, pH 7.5, 1-mM
EDTA, 1-mM EGTA, 150-mM NaCl, 2.5 mM sodium
pyrophosphate, 1% NP-40, 1% sodium deoxycholate,
1-mM Na3VO4, and 1-mM β-glycerophosphate) with pro-
tease inhibitor cocktail for 20 min on ice. The supernatant
was collected by centrifuging at 14,000 rpm for 20 min at
4 °C. Then the protein extract was diluted to 5 mg/ml. After
electrophoresis, the samples were incubated overnight at
4 °C with the recommended amount of antibody, followed
by detection of immunoblotting.
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Real-time PCR

RNAs from cells and tissues were isolated with Trizol.
After reverse transcription with SuperScriptIII reverse
transcriptase, Real-time PCR reactions were performed
using the ABI 7500-Fast Real-Time PCR System, Gene-
specific primers and TaqMan Universal Master Mix Kit
were designed and bought from Taqman. All kits and
reagents were purchased from Life Technologies. 2−ΔΔCt

method was used for the relative quantification of gene
expression. For each data point, at least 2 duplicated wells
were used.

Luciferase Assay

HEK293 cells were seeded in 12-well plates and transfected
with ApoE luciferase reporter together with pRL-TK
Renilla luciferase plasmid (Promega), treated with/without
overexpressing plasmids or siRNA. Foty-eight hours later,
the cells were harvested in passive lysis buffer and analyzed
using a Dual-Luciferase Reporter Assay System (Promega)
on a microplate reader. The experiments were performed in
triplicate.

Electrophoretic mobility shift assay (EMSA)

Nuclear proteins of HEK293 were extracted by NE-PER
Nuclear and Cytoplasmic Extraction Reagents (Life Tech-
nologies). Double-stranded oligonucleotide probe for ApoE
promoter or its mutations were labeled with biotin. Unla-
beled probes were used as cold competitors. EMSA assay
was performed according to the manufacturer’s protocol
of the LightShift Chemiluminescent EMSA Kit (Life
Technologies).

Chromatin immunoprecipitation (ChIP)

HEK293 cells were fixed with 1% formaldehyde for 10 min
and crosslinking was quenched with 2-M glycine for 5 min.
After nuclei isolation, the chromatin was sonicated using a
Covaris S220 sonicator to obtain the desired DNA fragment
size (~500 bp). The sonicated chromatin was pre-cleaned by
two rounds of centrifugation with maximum speed at 4 °C.
Five microliter of anti-C/EBPβ (C-19, Santa Cruz) or 5 μl of
anti-IgG (ab133470, Abcam) was used to precipitate the
chromatin fragments that contain DNA-protein crosslinking
ChIP samples, which was collected with 50-µl Dynabeads
protein A (Invitrogen, 10001D). The enrichment of specific
DNA sequences was examined by PCR using primer pairs
of the different species ApoE promoters. PCR assay also
detected each input sample and internal reference β-actin.

mAPOE-1066 F GGTTCTCAGTGCCCCAGT,
mAPOE-424 R AGCCACAGTTTGAAACCAGTC,

rAPOE-1153 F CACCTATTTCCATTTAAGCCTCC
AG,

rAPOE-130 R ACAAACATCTCCACAATAGAGC
ATC,

hApoE-313 F TTACATTCATCCAGGCACAGG,
hApoE-201 R ATACAGACACCCTCCTCCAT.

AEP activity assay

Cell lysates (20 μg) or tissue homogenates (20 μg) and
20-μM AEP substrate Z-Ala-Ala-Asn-AMC (Bachem) were
incubated with 200-μl reaction buffer, which contained
60-mM Na2HPO4, 20-mM citric acid, 1-mM EDTA, 1-mM
DTT, and 0.1% CHAPS, pH 5.5 at 37 °C. Then the AMC-
released fluorescence by substrate cleavage was measured
in a fluorescence plate reader in kinetic mode at 460 nm.

Aβ plaque histology

For immunohistochemical stainning of Aβ, combined with
Thioflavin-S staining. Briefly, free-floating 30-μm brain
sections were treated with 0.3% H2O2 at room temperature
(RT) for 10 min. After that, sections were washed in PBS
with 0.3% Triton X-100 for three times, then 1% BSA was
used for blocking for 30 min, followed by overnight incu-
bation with anti-Aβ antibody (1:500, Sigma-Aldrich) at
4 °C. The signal was developed using the Histostain-SP kit.
After the preparation, the sections were washed in distilled
water and stained for 5 min with 0.0125% Thioflavin-S in
50% ethanol. After washing, the sections were covered with
a glass cover using mounting solution and took pictures
under a fluorescence microscope. The plaque number and
plaque area were analyzed using the ImageJ software
(National Institutes of Health).

Immunofluorescence (IF)

Transfected/treated cells or mice brain slices or human tissues
were fixed and incubated for 24–48 h at 4 °C with primary
antibodies followed by 1 h at 37 °C with Alexa Fluor® 568- or
Alexa Fluor® 488- or Alexa Fluor® 647-conjugated secondary
antibodies (Invitrogen). DAPI (1 μg/ml) (Sigma) was used for
the nuclei staining. Images were acquired through Confocal
(Olympus FV1000). To quantify the fluorescent intensities, we
split multicolor images into the single channels and converted
the single-channel color images to 8-bit grayscale, then copied
the image to create a binary image. Next, a region of interest
around the object was drawn and highlighted. The background
was subtracted with rolling ball to create a binary version of
the image with only two pixels’ intensities: black= 0 and
white= 255. After setting measurements and the “Redirect to”
line to the name of the copy of the image, the image fluor-
escent intensities on the binary image were analyzed.

C/EBPβ is a key transcription factor for APOE and preferentially mediates ApoE4 expression in. . . 6005



Golgi staining

After perfusion, mice brains were fixed in 10% formalin for
24 h, then put in 3% potassium bichromate for 3 days and
change the buffer every day in darkness. After these, the
brains were transferred into 2% silver nitrate solution for
1 week in darkness, change half of the buffer every 3 days.
Sections were cut at 50 mm by shock slicer, dehydrated
through a discontinuous ethanol gradient: 50, 70, 90, and
100%, then cleared in xylene and coverslipped.

Electron microscopy

Mice were perfused with ice-cold 2% glutaraldehyde and
3% paraformaldehyde in PBS. Then hippocampal slices
were postfixed in cold 1% OsO4 for 1 h. Ultrathin sections
(90 nm) were stained with uranyl acetate and lead acetate
and viewed at 100 kV in a JEOL 200CX electron micro-
scope. Synapses were identified by the presence of synaptic
vesicles and postsynaptic densities.

Electrophysiology

Mice were anaesthetized with isoflurane and decapitated.
Separated brains were dropped in ice-cold artificial cere-
brospinal fluid (a-CSF) containing 3-mM KCl, 124-mM
NaCl, 6.0-mM MgCl2, 2.0-mM CaCl2, 1.25-mM NaH2PO4,
26-mM NaHCO3, and 10-mM glucose. Acute hippocampal
transversal slices of 400 μm were prepared on ice. After
incubation at RT in a-CSF for 60 min, slices were placed in
a recording chamber (RC-22C, Warner Instruments) and
perfused with a-CSF (containing 1-mM MgCl2) at RT. The
field excitatory postsynaptic potentials (fEPSPs) were
recorded in CA1 stratum radiatum by a glass microelectrode
filled with a-CSF with resistance of 3–4MΩ. A 0.1-MΩ

tungsten monopolar electrode was used to stimulate the
Schaffer collaterals. The stimulation output (Master-8;
AMPI, Jerusalem) was controlled by the trigger function of
an EPC9 amplifier (HEKA Elektronik, Lambrecht, Ger-
many). Data were filtered at 3 kHz and digitized at sampling
rates of 20 kHz using Pulse software (HEKA Elektronik).
The stimulus intensity (0.1-ms duration, 10–30 μA) was set
to evoke 40% of the maximum fEPSP and the test pulse was
applied at a rate of 0.033 Hz. long-term potentiation (LTP)
of fEPSPs was induced by three theta-burst stimulation at
100 Hz, repeated three times with a 200-ms interval. The
magnitudes of LTP are expressed as the mean percentage of
baseline fEPSP initial slope.

Morris water maze

The water maze is a round, water-filled tank (52 inches
diameter), which was surrounded by extra-maze visual cues

that kept at the same position during the whole training
time. The platform was placed in the NW quadrant of the
maze. Water was made with right amount of fat-free milk
powder, filled to cover the platform by 1 cm at 22 °C. Each
mouse was given 4 trials/day, maximum trial length was
60 s for 5 consecutive days with a 15-min intertrial interval.
If mice did not reach the platform in time, they were
manually guided to stay on platform for another 10 s. After
5 days of task acquisition, a probe trial was presented. The
platform was removed and the percentage of time spent in
the quadrant was measured over 60 s. MazeScan (Clever
Sys) was used for analyzing all trials latency and swim
speed.

Contextual fear conditioning

Mice were placed in a test chamber (7″ W, 7″ D 3 12″ H,
Coulbourn) composed of Plexiglass with a metal shock grid
floor. After wiped with 70% alcohol, allowed the mice to
explore the enclosure for 3 min. Following with three con-
ditioned stimulus (CS)–unconditioned stimulus (US) pair-
ings (tone: 2000 Hz, 85 db, 20 s; foot shock: 0.5 mA, 2 s)
with a 1-min intertrial interval. One minute following the
last CS–US presentation, mice were removed from the
chamber. 24 h later, the mice were presented with a context
test, during which subjects were placed in the same chamber
used during conditioning on day 1, no shocks were given
during the context test. The amount of freezing was recor-
ded. On day 3, a cue test was performed, during which
subjects were exposed to the CS in a novel compartment.
Animals were allowed to explore the novel context for
2 min, the 85-db tone was presented later. The freezing
behavior in the 6 min was recorded via a camera and the
software provided by Coulbourn.

Statistics

In vitro assays, the experiments were conducted by a
blind individual, who did not know the sample infor-
mation. The animal’s information for in vivo assays was
decoded after all samples were analyzed. Sample size
was determined by Power and Precision (Biostat). All
data are expressed as mean ± SEM and analyzed by SPSS
12.0 (IBM) and GraphPad Prism statistical software
(GraphPad Software). The level of significance between
two groups was assessed with unpaired t test with
Welch’s correction. When there are more than two
groups, one-way ANOVA and Bonferroni’s multiple
comparison test were applied. The two-way ANOVA and
Bonferroni’s post hoc test compared the differences
between groups that have been split on two independent
factors. A value of p < 0.05 was considered to be statis-
tically significant.
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Results

C/EBPβ specifically mediates ApoE expression in
primary neural cells and in 3xTg mice

Our previous study shows that C/EBPβ is positively corre-
lated with aging and AD [37]. Moreover, APOE4 increases
the risk of AD by driving earlier and more abundant amyloid
pathology in the brains of APOE4 carriers. Analyzing a large
cohort of AD/control cases [41], we found that C/EBPβ
expression levels positively correlated with ApoE levels,
though ApoE genotype showed no significant difference
between control and AD (Supplementary Fig. 1A–D and
Table S3). Separating the analyses according to APOE gen-
otypes, we observed a higher correlation between C/EBPβ
and APOE4, especially within the AD group (R values=
0.1102, p= 0.0212 in control, R values= 0.28, p= 0.0239 in
AD group). However, when we separated the cases into non
ApoE4 and ApoE4 genotypes, we found that in brains from
ApoE4 patients, ApoE4 mRNA levels were significantly
higher in AD brains than in those of controls, while non
ApoE4 groups still keep no difference (Supplementary
Fig. 1E, F). To investigate the potential transcription factors
regulating APOE gene expression in the brain during ageing,
we analyzed its promoter with “alibaba2” software and
identified numerous consensus DNA motifs for the putative
transcription factors. Based on the criteria of both brain
expression and temporal escalation during ageing, the litera-
ture search yielded only a handful of candidates including
HSF-1, SP-1, c-Jun, Oct-1, C/EBPα, and C/EBPβ (Fig. 1A).
To test whether any of these potential transcription factors
indeed mediates APOE expression, we depleted them with
their specific siRNAs in SH-SY5Y neuronal cell line.
Immunoblotting validated that ApoE protein level was sub-
stantially diminished, when C/EBPβ but not C/EBPα was
selectively knocked down. As a positive control, the down-
stream target of C/EBPβ, AEP, was strongly suppressed when
C/EBPβ was knocked down (Fig. 1B and Supplementary
Fig. 2B). AEP enzymatic activities basically echoed C/EBPβ
expression levels (Supplementary Fig. 2A). Quantitative RT-
PCR (qRT-PCR) analysis showed that knockdown of C/
EBPβ or C/EBP α significantly repressed APOE mRNA
levels, with the former much stronger than the latter (Fig. 1C).
To further explore whether C/EBPβ modulates ApoE
expression in primary astrocytes, we prepared the primary
glial cultures from E18 rats, and infected the isolated astro-
cytes (DIV 9) with lentivirus expressing C/EBPβ or its spe-
cific shRNA. C/EBPβ overexpression augmented both ApoE
and AEP protein levels, whereas depletion of endogenous C/
EBPβ robustly eradicated both of them in primary astrocytes
(Fig. 1D and Supplementary Fig 2C). qRT-PCR showed Apoe
mRNA concentrations tightly coupled with C/EBPβ levels
(Fig. 1E). Moreover, we made the similar observations in

primary neurons (DIV 7). C/EBPβ overexpression augmented
both ApoE and AEP protein levels, whereas depletion of
endogenous C/EBPβ robustly eradicated both of them in
primary neurons (Supplementary Fig. 2D, E). Thus, C/EBPβ
tightly mediates ApoE transcription and protein expression in
both primary astrocytes and neurons.

To assess whether C/EBPβ selectively facilitates ApoE
expression in the brain, we injected lentivirus expressing
either C/EBPβ, C/EBPα, or HSF-1 into the hippocampus of
3xTg mice and examined any pathological effects using
immunohistochemistry (IHC) and IF staining. C/EBPβ but
neither C/EBPα nor HSF-1 transcription factor selectively
triggered ApoE expression in the hippocampus of 3xTg
mice (Fig. 1F, top panels). Consequently, Aβ plaques, Tau
hyperphosphorylation and aggregation and Tau N368, a
proteolytic truncate by AEP, were all highly increased in
brains induced to overexpress C/EBPβ. In addition, NeuN, a
neuronal biomarker, was also diminished in the C/
EBPβ-expressed hippocampus (2nd-bottom panels), sug-
gesting neuronal loss. Quantitative analysis demonstrated
that C/EBPβ overexpression significantly augmented ApoE
immune-reactivity and was associated with pronounced
elevation of Aβ, pathological Tau phosphorylation (AT8,
AT100) and Tau N368 signals. The amount of NeuN-
expressed was greatly lessened in C/EBPβ-overexpressed
hippocampus as compared to brains in which C/EBPα or
HSF-1 were overexpressed (Fig. 1G). Among a panel of
transcription factors, only C/EBPβ overexpression selec-
tively escalated ApoE and AEP protein levels in mouse
hippocampus (Supplementary Fig. 2F). qRT-PCR analysis
confirmed this specificity. Again, AEP was selectively
activated when C/EBPβ was overexpressed (Supplementary
Fig. 2G, H). Hence, C/EBPβ selectively mediates ApoE
expression in primary astrocytes and neurons and in AD
mouse model.

C/EBPβ binds APOE promoter and acts as a
transcription factor for APOE

To examine whether C/EBPβ acts as a transcription factor
for APOE gene, we conducted an APOE promoter luciferase
assay in the presence of C/EBPββ. Since the APOE pro-
moter contains several putative C/EBP-binding motifs, we
generated a series of truncates by systemically deleting the
binding domains one by one. The mapping assay revealed
that the −305–+93 fragment possessed only one C/EBP-
binding motif and displayed the transcriptional activity
comparable to the full-length promoter (Supplementary
Fig. 3A), suggesting that this domain contains the major C/
EBPβ binding site on the APOE promoter. To investigate
this finding further, we transfected HEK293 cells with this
luciferase construct, followed by depletion of endogenous
C/EBPβ by its siRNA. As expected, knockdown of C/EBPβ
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strongly mitigated the promoter luciferase activity (Sup-
plementary Fig. 3B). On the other hand, overexpression of
GFP-C/EBPβ greatly escalated luciferase activities, whereas

a point mutation of the binding motif disabling C/EBPβ
association (−305–+93 mut1) completely abolished the
stimulatory effect. By contrast, a second mutation (mut2)
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failed to do so (Supplementary Fig. 3C). To further assess
whether C/EBPβ interacts with the DNA sequence on the
APOE promoter and mediates its transcription, we con-
ducted an EMSA. C/EBPβ-containing nuclear extract
potently bound to the hot probe, which was entirely stripped
away by excessive cold probe or mut 1 probe; in contrast,
mut 2 probe was unable to compete C/EBPβ from the hot
probe, fitting with its robust luciferase activity in Supple-
mentary Fig. 3C. Of note, anti-C/EBPβ but not control IgG
elicited a super-shift on the gel, supporting that C/EBPβ
specifically associated with the hot probe (Supplementary
Fig. 3D). To ensure that C/EBPβ indeed interacts with the
APOE promoter in the intact cells, we performed a standard
ChIP assay, and discovered that C/EBPβ antibody but not
control IgG selectively pulled down C/EBPβ bound to the
APOE promoter, resided in the shredded genomic DNA. In
addition, we also performed ChIP assays with mouse and
rat brain tissues, which showed that C/EBPβ bound to the
Apoe promoters from these species (Supplementary
Fig. 3E), though the DNA sequences for the binding motifs
on the promoters were different among the species. There-
fore, C/EBPβ selectively binds to the APOE promoter and
functions as its specific transcription factor.

C/EBPβ mediates Aβ-triggered ApoE expression

Neurons express ApoE under stressful conditions, espe-
cially under AD-related stress [20, 42]. To assess whether
C/EBPβ modulates Aβ-induced ApoE, we treated neu-
rons, astrocytes, and microglia with different concentra-
tions of Aβ42 oligomers for 24 h. Immunoblotting revealed
that Aβ oligomers produced C/EBPβ upregulation in a
dose-dependent manner, correlating with escalated ApoE

and AEP levels. Notably, elevated AEP was proteolyti-
cally activated (Supplementary Figs. 4A, E and 5A). qRT-
PCR confirmed that both Cebpb and Apoe mRNA levels
were increased by Aβ42 oligomers stimulation (Supple-
mentary Figs. 4B, F and 5B). Knocking down C/EBPβ
selectively attenuated both Cebpb and Apoe mRNA and
protein expression levels triggered by Aβ42 oligomers
(Supplementary Figs. 4C, D, G, H and 5A, B). IF co-
staining revealed that C/EBPβ and ApoE were detectable
in GFAP-positive astrocytes, and expression of both was
greatly escalated upon Aβ oligomers treatment. However,
deletion of C/EBPβ substantially mitigated ApoE
expression (Supplementary Fig. 4I), suggesting that C/
EBPβ is mainly accountable for ApoE upregulation
induced by Aβ42 oligomers. To explore whether C/EBPβ
mediates ApoE expression in AD mouse models, we
injected AAV-GFP virus, AAV-GFP-C/EBPβ into the
hippocampus of 3xTg mice (3 months old). Three months
later, we found that the overexpression of C/EBPβ
potently increased protein levels of both ApoE and AEP
in wild-type and in 3xTg mice. On the other hand, dele-
tion of endogenous C/EBPβ reduced both ApoE and AEP
proteins as compared to vector (Supplementary Fig. 4J).
qRT-PCR validated the relationship between C/EBPβ and
Apoe mRNAs in mice (Supplementary Fig. 4K). Hence,
C/EBPβ mediates Apoe expression in various cell types
including neurons, astrocytes, and microglia. Moreover, it
also regulates Apoe transcription and protein expression in
AD mouse models.

To further explore whether C/EBPβ mediates ApoE
expression in neurons, we employed our newly developed
Thy1-C/EBPβ transgenic mice that primarily overexpress
human C/EBPβ in neurons. Noticeably, neuronal C/EBPβ
strongly escalated ApoE mRNA and protein levels in an
age-dependent manner (Supplementary Fig. 5C, D). IF co-
staining demonstrated that ApoE was greatly elevated in
both NeuN, GFAP, and Iba-1-positive cells in Thy1-C/
EBPβ transgenic mouse brains in an age-dependent way as
compared to wild-type littermates (Supplementary
Fig. 6A–C). Quantification of ApoE signals in these cells is
summarized in Supplementary Fig. 6D. We also conducted
IF co-staining on human brain sections and found that C/
EBPβ was much more highly expressed in NeuN or GFAP-
positive cells in AD brains than in sections from control
brains. Though both Iba-1 and C/EBPβ expression levels
were clearly elevated in AD brains compared to controls, C/
EBPβ IF did not co-localize with Iba-1 signals (Supple-
mentary Fig. 7), indicating that elevated C/EBPβ might
mainly be distributed in neurons and astrocytes but not
microglia. Hence, C/EBPβ mediates endogenous mouse
ApoE expression. They both co-distribute in neurons and
astrocytes in human AD brains.

Fig. 1 C/EBPβ mediates the expression of ApoE in SH-SY5Y cells.
A Six putative ApoE transcription factors were predicted by “ali-
baba2” online program (http://gene-regulation.com/pub/programs/a
libaba2/index.html). B, C SH-SY5Y cells were transfected with var-
ious siRNAs, and 48 h later, cells lysates were analyzed by western
blot and mRNAs were analyzed by real-time PCR. (Mean ± SEM,
*P < 0.05, **P < 0.01 vs. control, n= 5, two-way ANOVA and
Bonferroni’s post hoc test). D, E C/EBPβ mediates ApoE expression
in primary astrocytes. Overexpression of C/EBPβ increased ApoE
expression but knockdown of it reduced ApoE expression in vitro.
Western blot and real-time PCR were conducted from primary astro-
cytes (DIV. 9 days) infected with virus overexpressing or shRNA
against C/EBPβ for 7 days. (Mean ± SEM, *P < 0.05, **P < 0.01, n=
5, two-tailed student’s t test). F Overexpression of C/EBPβ, C/EBPα,
and HSF-1 in 3 months old 3XTg mice hippocampus by lentivirus for
2 months, then immunostaining of C/EBPβ, ApoE, Aβ, AT8, AT100,
tau N368, and NeuN in hippocampal CA1, bar scales: 20 μm. G
Quantification of ApoE, Aβ, AT8, AT100, tau N368, and NeuN
immune-reactivities represented mean ± SEM, of 5–7 sections from
three mice in each group (**P < 0.01, one-way ANOVA and Bon-
ferroni’s multiple comparison test). See also Supplementary Fig. 2.
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C/EBPβ regulates ApoE expression in an age-
dependent manner

Ageing is the major risk factor for AD pathologies. To test
whether C/EBPβ regulates ApoE expression temporally, we
monitored its mRNA and protein levels in the brains from
different ages of wild-type mice. Consistent with our pre-
vious findings [37], expression of both C/EBPβ and its
downstream target AEP gradually increased in an age-
dependent way, with AEP proteolytic activation observed in
180- and 360-day old mouse brains. Apoe mRNA and
protein concentrations were augmented in the same tem-
poral format (Fig. 2A). KO of C/EBPβ substantially abol-
ished both ApoE and AEP protein expression. Again, qRT-
PCR showed that Apoe mRNA levels were significantly
decreased in C/EBPβ-null mice brains (Fig. 2B). IF co-
staining revealed that C/EBPβ and ApoE were detectable in
NeuN-positive hippocampal neurons on wild-type mouse
brain sections. In contrast, they were barely demonstrable in
C/EBPβ+/− littermates (Fig. 2C).

Next, we extended our study into human AD patient
samples. APOE mRNA concentrations were age-
dependently increased in controls. Notably, human AD
brains exhibited significantly more abundant APOE mRNA
than age-matched controls. AEP enzymatic activities also
revealed a similar pattern (Fig. 2D, top and middle panels).
Immunoblotting indicated that both C/EBPβ and ApoE
levels progressively increased in the brains with age in the
healthy controls. In brains from AD patients, higher levels
of both proteins were found than in healthy controls. The
positive control, AEP, was not only upregulated with age
but is also proteolytically active in AD patients (Fig. 2D,
bottom panels), consistent with our previous findings
[38, 39]. IF co-staining showed that both C/EBPβ and ApoE
were increased in human AD brains versus healthy controls.
Noticeably, C/EBPβ mainly resided in the cytoplasm in the
control brains, but it predominantly distributed in the nuclei
of AD brains (Fig. 2E). Thus, C/EBPβ mediates ApoE
expression age-dependently and stimulates its levels in AD
brains.

C/EBPβ mediates the expression of ApoE in AD
mouse models

To explore whether C/EBPβ is required for ApoE expres-
sion in AD mouse models, we determined their protein
levels in 3xTg/C/EBPβ+/+, 3xTg/C/EBPβ+/−, and 3xTg/
C/EBPβ−/− mice, and compared them with age-matched
C/EBPβ+/+, C/EBPβ+/−, and C/EBPβ−/− mice. In
addition, we also deleted C/EBPβ from 5xFAD mice via
its specific shRNA. In WT mice, C/EBPβ closely coupled
with its downstream targets ApoE and AEP, with both of
them strongly reduced in C/EBPβ+/− mice and

substantially eradicated in C/EBPβ−/− mice, as compared
to C/EBPβ+/+ mice. In addition, AEP was strongly acti-
vated in 3xTg mice, and associated with robust APP N585
and Tau N368 proteolytic cleavage, all of which were
reduced in 3xTg/C/EBPβ+/− mice and completely blunted
in 3xTg/C/EBPβ−/− mice. Both APP and Tau were more
highly overexpressed in 3xTg mice than in WT mice, and
other biochemical effects were mainly more robust in 3xTg
mice as compared to their counterparts. We basically made
the similar observations in 5xFAD mice, and knockdown of
C/EBPβ greatly abrogated these biochemical events
(Fig. 3A). qRT-PCR analysis demonstrated that C/EBPβ
tightly coupled with Apoe mRNA levels with 3xTg and
5xFAD more abundant than WT mice (Fig. 3B). IF co-
staining on the hippocampal sections from these mice
principally echoed what we observed in immunoblottings.
Eradicating C/EBPβ reduced both ApoE and AEP expres-
sion in both 3xTg and 5xFAD mice (Fig. 3C). IHC staining
with anti-Aβ showed that the number of senile plaques in
both the cortex and hippocampus were decreased in both
3xTg and 5xFAD mice as C/EBPβ gene doses were atte-
nuated (Supplementary Fig. 8A). Moreover, IF co-staining
with antibodies against AT8 and ApoE demonstrated that p-
Tau and ApoE signals, respectively, were diminished in
3xTg/C/EBPβ+/− mice versus 3xTg mice, and they were
substantially eliminated in 3xTg/C/EBPβ−/− mice. Again,
knockdown of C/EBPβ pronouncedly repressed both of
them in 5xFAD mice (Supplementary Fig. 8B).

ApoE is a major cholesterol carrier in the brain, and
dysregulation of cholesterol metabolism is implicated in AD
pathogenesis. The possible association between ApoE lipi-
dation and AD risk has also been proposed. To assess
whether C/EBPβ mediates ApoE lipidation, we isolated
the PBS-soluble fractions from 3-month-old WT and C/
EBPβ+/− mice cortex and analyzed with native PAGE gel
via immunoblotting. Quantification of highly lipidated
ApoE-containing particles showed that C/EBPβ knockdown
decreased lipidation of ApoE in the brain (Supplementary
Fig. 9A, B). Interestingly, activating LXR or retinoid X
receptor (RXR) receptor with their specific small molecular
agonists selectively increased both C/EBPβ and ApoE
levels in WT mice, which was abolished in C/EBPβ+/−
mice (Supplementary Fig. 9C, D), suggesting that LXR/
RXR agonists-induced ApoE production via upregulating
C/EBPβ. Hence, C/EBPβ plays an essential role in med-
iating ApoE expression in both 3xTg and 5xFAD mouse
models, dictating AD pathogenesis.

Overexpression of C/EBPβ increases ApoE and
exacerbates AD pathologies in young 3xTg mice

C/EBPβ is greatly upregulated in human AD brains
[37, 43], and overexpression of C/EBPβ in young 3xTg
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mice accelerates AD pathologies and triggers cognitive
deficits [37]. To investigate the roles of ApoE in C/
EBPβ-elicited AD pathologies, we injected AAV-GFP-C/

EBPβ into the hippocampus of 3 months old 3xTg mice. In
1 week, the mice were treated with i.p. (twice/week)
administration of control IgG or mouse monoclonal
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antibody against mouse ApoE for consecutive 14 weeks.
ApoE antibody specificity (HJ 6.3) was verified using tis-
sues from an ApoE KO mouse (Supplementary Fig. 10F).
As an alternative approach to further interrogate ApoE’s
pathological roles, we co-injected both AAV-GFP-C/EBPβ
in the presence of control AAV or AAV-shRNA of ApoE,
respectively, into the hippocampus of 3-month-old 3xTg
mice. In 3 months, we found that GFP-C/EBPβ over-
expression induced prominent ApoE proteins, which were
totally eliminated by its specific antibody or shRNA
(Fig. 4A, top and 3rd panels). qRT-PCR showed that C/
EBPβ-induced Apoe mRNAs were significantly repressed
by its shRNA (Supplementary Fig. 10A). Accordingly, AEP
expression was increased and it was proteolytically acti-
vated, when GFP-C/EBPβ was overexpressed. Noticeably,
anti-ApoE treatment blocked AEP activation as compared
to control IgG, though AEP was also highly augmented.
Remarkably, knocking down ApoE with its shRNA
repressed both transfected GFP-C/EBPβ and endogenous C/
EBPβ expression, leading to vigorous suppression of AEP
(Fig. 4A, 2nd panel). It is worth noting that both APP and
Tau expression levels were also markedly reduced, when
3xTg mice were treated with anti-ApoE or infected with
shRNA of ApoE, as were levels of AEP-truncated APP
N585 and Tau N368 fragments (Fig. 4A, 4th-bottom
panels). These findings indicate that ApoE may interfere
with AEP activation, as AEP enzymatic activities are cor-
related with both APP and Tau truncates (Fig. 4B). Aβ
ELISA analysis revealed that removal of ApoE either with
antibody or its shRNA pronouncedly decreased Aβ40 and
Aβ42 production in the brains (Fig. 4C). Consequently, IHC
and Thioflavin-S (ThS) co-staining validated that the
aggregated amyloid deposits were substantially wiped out
(Fig. 4D, E). Quantitative analysis also indicated that pro-
inflammatory cytokines including IL-1β, IL-6, and TNFα

were all attenuated in the brains, when ApoE was elimi-
nated (Supplementary Fig. 10B). Golgi staining showed that
the dendritic spines in 3xTg hippocampal neurons were
strongly reduced by GFP-C/EBPβ, and these were restored
when ApoE was eradicated by its monoclonal antibody or
shRNA (Supplementary Fig. 10C). Electronic microscopy
(EM) revealed the similar observations that removal of
ApoE greatly increased the synapses in 3xTg brains (Sup-
plementary Fig. 10D).

The LTP of fEPSP in the hippocampal CA1 region
represents the molecular basis of learning and memory.
Electrophysiological analysis found that the input/output
ratio was suppressed and the averaged fEPSP slope was
largely reduced in GFP-C/EBPβ/3xTg transgenic mice
compared to control 3xTg mice, suggesting that synaptic
transmission is impaired by C/EBPβ overexpression in 6-
month-old 3xTg transgenic mice, but this defect was res-
cued by anti-ApoE antibody or ApoE gene deletion
(Fig. 4F, G). Quantification of fEPSP potentiation from the
final 10 min of recordings was included in Fig. 4H. Next,
we examined the effect of eliminating ApoE on memory
functions of 3xTg transgenic mice in the Morris water maze
(MWM). During the training phase, the latency to find the
platform was gradually increased in GFP-C/EBPβ/3xTg
transgenic mice, demonstrating a learning effect, albeit they
were markedly impaired compared to control 3xTg or
ApoE-cleared GFP-C/EBPβ/3xTg mice. However, ApoE
antibody treatment or its gene deletion had greatly mitigated
the learning deficits compared to control IgG or control
shRNA-treated mice (Supplementary Fig. 10E left panel). A
probe trail revealed that elimination of ApoE in GFP-C/
EBPβ/3xTg mice improved memory retention, as illustrated
by the shorter latency and higher percentage of time spent in
the target quadrant (Fig. 4I, J). All groups of animals
exhibited equivalent swim speeds (Supplementary Fig. 10E
right panel), indicating that antibody treatment or the
genetic manipulations did not have any adverse effects on
motor functions. Similar results were found with cued and
contextual fear conditioning, which test hippocampal-
independent and -dependent associative learning and
memory, respectively (Fig. 4K, L). Therefore, our data
strongly support that C/EBPβ-induced AD pathologies in
young 3xTg mice is mediated via upregulating Apoe mRNA
transcription and protein expression, and removal of ApoE
significantly alleviates AD pathologies and rescues cogni-
tive impairment in these mice.

Knockout of C/EBPβ in 3xTg mice diminishes AD
pathologies, restored by human ApoE4 but not
ApoE3

To delineate whether ApoE removal-elicited C/EBPβ
reduction and subsequent amelioration of AD pathologies in

Fig. 2 C/EBPβ regulates ApoE expression in an age-dependent
manner. A Real-time PCR and western blot were conducted from the
different ages of wild-type mice hippocampus (mean ± SEM, *P <
0.05, **P < 0.01 compared with group 4 days, n= 4, one-way
ANOVA and Bonferroni’s multiple comparison test). B Real-time
PCR, AEP activity, and western blot were conducted from the dif-
ferent ages of wild-type and C/EBPB−/− mice hippocampus (mean ±
SEM, **P < 0.01 compared with each first group, ##P < 0.01, n= 4,
one-way ANOVA and Bonferroni’s multiple comparison test). C 6-
month-old wild-type and C/EBPB+/− mice hippocampus CA1 slices
were analyzed by immunofluorescence assay (green: C/EBPβ, red:
ApoE, indigo: NeuN, internal scale bar: 10 μm; External scale bar:
20 μm). D Real-time PCR, AEP activity and western blot were con-
ducted from the different ages of human controls and AD patients’
hippocampus. Data represented 3–5 tissues/each from control 60 s
(n= 3), control 70 s (n= 3), AD 60 s (n= 5), and AD 70 s (n= 4)
(mean ± SEM, *P < 0.05, **P < 0.01, two-way ANOVA and Bonfer-
roni’s post hoc test, human sample information in Table S1). E Human
ageing controls and AD patients’ hippocampus slices were analyzed
by the immunofluorescence assay (arrows showed the C/EBPβ in the
nuclear, red: C/EBPβ, green: ApoE, blue: DAPI, scale bar: 20 μm).
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GFP-C/EBPβ/3xTg mice is indeed specifically mediated by
ApoE elimination, we reasoned whether giving back ApoE
in 3xTg/C/EBPβ+/− mice will reconstitute the AD

pathologies and cognitive disorders. Since C/EBPβ−/−
mice display some severe metabolic dysfunctions and are
difficult to breed [40, 44], therefore, we chose 3xTg/C/
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EBPβ+/− instead of 3xTg/C/EBPβ−/− mice to address
these questions. Accordingly, we employed 3 months old of
C/EBPβ+/+,+/− mice and 3xTg/C/EBPβ+/+, 3xTg/C/
EBPβ+/− mice, and injected AAV-ApoE3 or AAV-ApoE4
into the hippocampus of these mice, respectively. In
3 months, we found that human ApoE4 induced a more
significant increase of C/EBPβ than ApoE3. Again, its
downstream target AEP was also markedly increased and
proteolytically activated in ApoE4 brains as compared to
ApoE3 in wild-type mice. Strikingly, both APP and Tau
were augmented more prominently in ApoE4-injected
brains versus ApoE3. Consequently, both of them were
strongly cleaved by AEP into APP N585 and Tau N368
fragments. All of these biochemical events were evidently
reduced in C/EBPβ+/− mice, though both ApoE3 and
ApoE4 levels were detectable in the brains with the latter
more plentiful than the former. As expected, similar bio-
chemical activities were observed in 3xTg/C/EBPβ+/+ and
3xTg/C/EBPβ+/− mice, but they were all adversely ele-
vated and intensified compared to the corresponding
counterparts. Again, 3xTg/C/EBPβ+/+ mice exhibited
much more robust effects than 3xTg/C/EBPβ+/− mice
(Fig. 5A). qRT-PCR indicated that both Cebpb and Apoe
mRNA concentrations displayed the similar pattern with
ApoE4 more profuse than ApoE3 in wild-type C/EBPβ
versus its heterozygous mice (Supplementary Fig. 11A).
Consequently, both Aβ40 and Aβ42 levels in these mice
demonstrated the same format, fitting with AEP enzymatic
activities (Fig. 5B, C). Remarkably, IHC analysis with anti-
Aβ showed that ApoE4 triggered significantly more amy-
loid deposits than ApoE3 in wild-type mice, and these
aggregates were almost undetectable in C/EBPβ+/− mice.
Once more, IHC and ThS co-staining disclosed the same

results for amyloid plaques (Fig. 5D, E). Quantification of
the inflammatory cytokines showed that IL-1β, IL-6, and
TNFα levels tightly correlated with the scales of amyloid
inclusions (Supplementary Fig. 11B). Golgi staining and
EM analysis indicated that the dendritic spines and synapses
were inversely coupled to Aβ concentrations in the brains
(Supplementary Fig. 11C, D). Electrophysiology revealed
that LTP was consistent with the synapse densities, sug-
gesting that human ApoE4 attenuated the synaptic plasticity
more substantively than ApoE3, with wild-type mice more
severe versus C/EBPβ+/− mice. The same pattern occurred
to 3xTg and 3xTg/C/EBPβ+/− mice (Fig. 5F–H).

To explore whether manipulation of ApoE and C/
EBPβ+/− affects cognitive impairment in 3xTg mice, we
tested spatial learning and memory using the MWM. More
serious deficits were observed in ApoE4-injected 3xTg
mice than ApoE3. However, the performance of 3xTg/C/
EBPβ+/− mice remained comparable, no matter whether
ApoE3 or E4 was administrated. Again, human ApoE4-
injected wild-type mice displayed decreased memory
compared to ApoE3 mice, and these defects were dimin-
ished in C/EBPβ+/− mice (Fig. 5I, J and Supplementary
Fig. 11E). Similar results were observed with cued and
contextual fear conditioning (Fig. 5K, L). Together, these
behavioral tests support that overexpression of human
ApoE4 in 3xTg/C/EBPβ+/− mice restores AD pathologies
and cognitive defects.

C/EBPβ preferentially promotes more ApoE
expression in human neurons when the allele is
ApoE4 versus ApoE3

The Apoε4 allele frequency is about 15% in the general
population but is 40% in AD patients [6]. To investigate
whether C/EBPβ selectively upregulates ApoE ε4 versus ε3
in human AD brains, we conduced qRT-PCR and immu-
noblotting to examine their relationship. Interestingly,
CEBPB mRNA was more abundant in human AD brains
with Apo ε4/ε4 than Apo ε3/ε3, and Apo ε4/ε4 mRNA
levels were significantly higher than those of Apo ε3/ε3
(Fig. 6A). Consistently, C/EBPβ proteins were much more
copious in human AD brains with Apo ε4/ε4 than Apo ε3/
ε3, so were the active p-C/EBPβ T235. Accordingly, ApoE
protein concentrations were enriched in Apo ε4/ε4 versus
Apo ε3/ε3. AEP, the downstream target of C/EBPβ, echoed
with C/EBPβ levels. Active AEP robustly cleaved more
APP N585 and Tau N368 in Apo ε4/ε4 than Apo ε3/ε3
(Fig. 6B, C). To assess whether C/EBPβ preferentially
mediates ApoE allele expression in human neurons, we
induced human ApoE ε4/ε4 and ApoE ε3/ε3 iPSCs into
neurons that were validated by neuronal markers MAP2 and
NeuN (Fig. 6D). Again, CEBPB mRNA was more lavish in
ApoE ε4/ε4 neurons than ApoE ε3/ε3, and ApoE ε4/ε4

Fig. 3 Downregulation of C/EBPβ reduces ApoE and ameliorates
APP and Tau proteolytic cleavage in AD mice. C/EBPβ+/+, C/
EBPβ+/−, C/EBPβ−/−; 3xTg, 3xTg/C/EBPβ+/− and 3xTg/C/EBPβ−/−

mice (6 months old); viral injection of empty vector control or sh-C/
EBPβ into 5XFAD mice for 2 months (6 months old). A The hippo-
campal tissues were analyzed by immunoblotting (left panel), and
quantitation of western blot data. Data represent mean ± SEM (n= 3,
*P < 0.05, **P < 0.01, one-way ANOVA and Bonferroni’s multiple
comparison test in three groups, two-tailed student’s t test in two
groups, right panel). B Downregulation of C/EBPβ decreased Cebpb
and Apoe mRNA levels. Each mouse is analyzed three times and the
averaged values are plotted and subjected to statistical analyses (n= 5
mice/group, mean ± SEM, **P < 0.01, one-way ANOVA and Bon-
ferroni’s multiple comparison test). C 3xTg, 3xTg/C/EBPβ+/− and
3xTg/C/EBPβ−/− mice (6 months old); viral injection of control or sh-
C/EBPβ into 5XFAD mice for 2 months (6 months old) hippocampus
slices were analyzed by the immunofluorescence assay (red: C/EBPβ,
green: ApoE, gray: AEP, blue: DAPI, scale bar: 40 μm, left panel).
Quantification of C/EBPβ-ApoE, C/EBPβ-AEP, ApoE-AEP co-loca-
lization intensities. Data are shown as mean ± SEM (n= 3 mice/group,
*P < 0.05, **P < 0.01, one-way ANOVA and Bonferroni’s multiple
comparison test in three groups, two-tailed student’s t test in two
groups). See also Supplementary Figs. 8 and 9.
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mRNA concentrations were significantly higher than ApoE
ε3/ε3 in these human neurons. Overexpression of GFP-C/
EBPβ in these neurons leds to both ApoE ε4/ε4 and ε3/ε3

mRNA upregulation with the former higher than the latter
as compared to control GFP. On the other hand, depletion
of C/EBPβ strongly diminished both ApoE ε4/ε4 and ε3/ε3
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expression (Fig. 6E). Immunoblotting observations were
tightly coupled with qRT-PCR results with AEP more
highly activated in ApoE ε4/ε4 neurons than ApoE ε3/ε3
(Fig. 6F, G). Thus, these data strongly support that C/EBPβ
favorably escalates ApoE ε4/ε4 expression versus ApoE ε3/
ε3 in human neurons and AD patients.

Discussion

The risk for AD is associated with the APOE allele (ε4 >
ε3 > ε2), and inheritance of one or two copies of APOE ε4
dramatically increases the late-onset AD risk, ~3- or 12-
fold, respectively [45]. Individuals with two copies of the
ApoE4 allele have an increased risk for sporadic or familial
AD, with a significantly lower age of onset compared with
AD patients not carrying this allele [42, 46, 47]. Despite
intensive research efforts that have revealed several
important insights regarding ApoE4’s role in AD patho-
physiology, a major unanswered question is the mechanism
by which ApoE4 confers AD risk [48]. ApoE-lipoproteins

bind to several cell-surface receptors to deliver lipids, and
also to hydrophobic Aβ peptide, which is thought to initiate
toxic events that lead to synaptic dysfunction and neuro-
degeneration in AD. ApoE isoforms differentially regulate
Aβ aggregation and clearance in the brain, and have distinct
functions in regulating brain lipid transport, glucose meta-
bolism, neuronal signalings, neuro-inflammation, and
mitochondrial function [17]. In addition to its effects on
APP processing and signaling, ApoE4 but not ApoE3
triggers a marked reduction in the expression of SirT1, a
NAD-dependent protein deacetylase, which has been linked
to the normal aging process and also suppresses AD-related
biochemical events, in cultured neural cells, cerebrospinal
fluid, and in the brains of patients with AD [49, 50].

We showed here that expression of both C/EBPβ and
ApoE gradually increase during ageing in wild-type mouse
brains and KO of C/EBPβ substantially eliminated ApoE
expression in their brains (Fig. 2A, B). We also observed
that both APOE mRNA and protein levels were sig-
nificantly elevated in AD patient brains compared to healthy
controls, fitting with prominently augmented C/EBPβ in AD
patient brains (Fig. 2D, E). These findings are consistent
with previous studies that reported increased expression of
APOE mRNA in the frontal and temporal cortex [51, 52]
and the hippocampus [53] of patients with neuropatholo-
gically confirmed AD. Levels of both APOE mRNA and
protein are raised, presumably owing to an increase in ApoE
expression within reactive astrocytes, a neuropathological
hallmark of AD [54–56]. Nevertheless, it has also been
reported that ApoE levels in CSF and plasma tend to be
lower in AD patients than in healthy individuals, although
such findings remain controversial [57, 58]. Thus, it has
been proposed that increasing the expression of ApoE in all
APOE genotypes may prevent or slow progression of AD
through acceleration of Aβ metabolism and promotion of
ApoE functions in lipid metabolism and synaptic support.
For instance, Cramer et al. reported that stimulation of
APOE transcriptional expression with RXR agonist bexar-
otene triggers Aβ clearance and improves cognitive activ-
ities [59]. Nonetheless, our findings do not support this
conclusion. We showed that human ApoE4 but not ApoE3
overexpression aggravates AD pathologies in a C/
EBPβ-dependent manner (Fig. 5 and Supplementary
Figs. 10 and 11).

It is worth noting that ApoE elimination decreases both
C/EBPβ and its downstream transcriptional target AEP
levels. Surprisingly, both APP and Tau expressions were
also robustly attenuated in GFP-C/EBPβ-3xTg mice after
ApoE depletion (Fig. 4). These findings suggest that
removal of ApoE, the downstream effector of C/EBPβ,
somehow inhibits its transcriptional activity. Probably,
ApoE might feed-back and stimulate C/EBPβ transcrip-
tional activity, which simultaneously regulates numerous

Fig. 4 Overexpression of C/EBPβ in young 3XTg mice accelerates
the onset of AD pathogenesis and cognitive dysfunction by upre-
gulating ApoE. 2 months old 3XTg mice stereotactic injected with
control or C/EBPβ lentivirus for 3 months, and two groups were
treated with sh-control or sh-ApoE virus, the other two groups were
treated with intraperitoneal injection of anti-IgG or anti-ApoE at the
same time. A The hippocampal tissues were analyzed by immuno-
blotting (n= 3 mice per group). B, C Overexpression of C/EBPβ
increased the activity of AEP and expression of Aβ in an ApoE-
dependent way. Each mouse is analyzed three times and the averaged
values are plotted and subjected to statistical analyses (n= 3 mice/
group, mean ± SEM, **P < 0.01, two-way ANOVA and Bonferroni’s
post hoc test). D Overexpression of C/EBPβ improved the formation of
amyloid plaques in young 3xTg mice, and downregulation of ApoE
decreased the Aβ inclusions, co-staining with Aβ and THS, scale bar:
100 μm. E Quantification from both 4G8 and THS-positive signals,
n= 5, 2 mice/group, 2–3 slices/mouse (mean ± SEM, **P < 0.01, two-
way ANOVA and Bonferroni’s post hoc test). F, G Electrophysiology
analysis. C/EBPβ overexpression worsened the LTP defects in 3xTg
mice. LTP of fEPSPs (mean ± SEM; n= 6 in each group; *P < 0.05
compared with 3xTg-control, two-way ANOVA and Bonferroni’s post
hoc test). Shown traces were representative fEPSPs of ten samples
recorded before and after TBS (theta-burst stimulation). H Quantifi-
cation of fEPSP potentiation from the final 10 min of recordings
(86–95 min in Fig. 5G, H) normalized to basal levels. Representative
recording traces: black line, baseline; red line, LTP 86–95 min (mean
± SEM; n= 6 in each group; *P < 0.05 compared with 3xTg-control,
two-way ANOVA and Bonferroni’s post hoc test). I, J Morris water
maze analysis. C/EBPβ overexpression exacerbated the learning and
memory dysfunctions, and downregulation of ApoE reversed the
cognitive dysfunctions (mean ± SEM; n= 7–8 mice per group; *P <
0.05 compared with group 1, two-way ANOVA and Bonferroni’s post
hoc test). K, L Fear condition tests. Contextual and cued fear condi-
tions were reduced in C/EBPβ overexpressed mice. Downregulation of
ApoE reversed the memory deficits (mean ± SEM; n= 7–8 mice per
group; *P < 0.05 compared with group 1, two-way ANOVA and
Bonferroni’s post hoc test). See also Supplementary Fig. 10.
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AD genes’ expression including APP, MAPT (Tau), and
LGMN (AEP). For instance, it has been reported before
that C/EBPβ may modulate APP mRNA transcription in

PC12 cells [60]. We have recently shown that C/EBPβ
binds to LGMN promoter and regulates its mRNA tran-
scription during aging [37]. Conceivably, eradication of
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ApoE antagonizes its stimulatory effect on C/EBPβ. This
hypothesis was supported by our human ApoE3 and
ApoE4 overexpression experiments in 3xTg and 3xTg/C/
EBP+/− mice (Fig. 5). Although both AAV-ApoE3 and
ApoE4 viruses possess the comparable titers and infectious
potency, ApoE4 expression levels were much higher than
ApoE3 in C/EBPβ+/+ mice than C/EBPβ+/− mice
(Fig. 5). Accordingly, overexpression of ApoE4 in SH-
SY5Y cells or treating primary neurons with recombinant
ApoE4 proteins robustly activated C/EBPβ and p-C/EBPβ,
leading to AEP upregulation and activation that subse-
quently cleaved both APP and Tau (Supplementary
Fig. 12A). Notably, the inflammatory cytokines were also
significantly elevated by ApoE4 as compared to ApoE3, so
were the mRNAs of Cebpb, LGMN, APP and MAPT genes
and AEP enzymatic activities in primary neurons (Sup-
plementary Fig. 12B–D). Remarkably, depletion of LRP, a
major ApoE receptor in the plasma membrane, greatly
antagonized ApoE4’s biological effects in primary neurons
(Supplementary Fig. 13). Therefore, C/EBPβ was selec-
tively activated by ApoE4 but not E3, resulting in the
positive feed-forward to amplify ApoE expression.

Conceivably, there is a feedback loop between C/EBPβ
and ApoE4. ApoE4 enhances neuro-inflammation and
escalates Aβ, and both activate C/EBPβ [28, 36]. In the
current study, we show that C/EBPβ acts as a crucial
transcription factor for ApoE via binding to its promoter in
different cell types. On the other hand, ApoE4 may sti-
mulate neuro-inflammation and escalate Aβ to activate C/
EBPβ [28, 36].

ApoE4 seems to have pro-inflammatory and/or reduced
anti-inflammatory functions, which could further aggravate
AD pathology. Correspondingly, ApoE removal with its
specific antibody or deletion with its shRNA substantively
alleviated the inflammation in GFP-C/EBPβ overexpressed
3xTg mice (Supplementary Fig. 10B). It has been reported
that Aβ activates C/EBPβ36. Markedly, overexpression of
human ApoE4 but not ApoE3 aggravates neuro-
inflammation in C/EBPβ-dependent way in both wild-
type mice and 3xTg mice (Supplementary Fig. 11B),
underscoring that the crosstalk between C/EBPβ and
ApoE4 mutually regulates each other in the vicious cycle
to amplify the neuro-inflammation. Consistent with our
findings, it has been reported that C/EBPα binds to the
porcine APOE promoter and regulates its gene expression
[61]. Nonetheless, we discovered that C/EBPβ but not C/
EBPα isoform specifically mediated human or mouse
ApoE gene expression (Fig. 1 and Supplementary Figs. 2,
3). Interestingly, several studies have now demonstrated an
indirect role of ApoE4 in gene transcription. For instance,
ApoE4 may act like a signaling molecule by increasing the
nuclear translocation of histone deacetylases (HDACs) in
human neurons that in turn reduce BDNF expression, in
comparison to ApoE3, which increases histone-3 acetyla-
tion and upregulates BDNF expression [62]. In another
recent study using human neurons derived from ES cells,
Huang et al. showed that ApoE4 robustly stimulates APP
transcription and Aβ production by activating a non-
canonical MAP kinase pathway involving DLK, MKK7,
and ERK1/2. This cascade finally stimulates c-Fos phos-
phorylation and APP gene transcription, leading to
increased APP and Aβ synthesis [8]. Strikingly, we found
that C/EBPβ selectively escalates ApoE4 expression versus
ApoE3 in human neurons, correlating with more abundant
ApoE protein levels in AD patients with ApoE4/4 as
compared to ApoE3/3. In alignment with these findings, C/
EBPβ is more phosphorylated and activated in the former
than the latter (Fig. 6). Taken together, we provide
extensive evidence to support that C/EBPβ acts as a spe-
cific APOE gene transcription factor and dictates its
expression during aging and in human AD. Clearly, our
data support the notion that C/EBPβ may act as a major
AD pathology driver via simultaneously upregulating AEP
and ApoE (Fig. 6H). AEP, ApoE clearance remarkably

Fig. 5 Overexpression of ApoE4 reconstitutes AD pathologies and
restores the cognitive impairments in 3xTg/C/EBP+/− mice. Viral
injection of ApoE3 or ApoE4 into C/EBPβ+/+; C/EBPβ+/−; 3xTg and
3xTg/C/EBPβ+/− mice (3 months old) for 3 months. A The hippo-
campal tissues were analyzed by immunoblotting (n= 2 mice per
group, arrow: full-length AEP, arrowhead: activated AEP). B, C
Overexpression of ApoE4 increased the activity of AEP and expres-
sion of Aβ. Each mouse is analyzed three times and the averaged
values are plotted and subjected to statistical analyses (n= 3 mice/
group, mean ± SEM, **P < 0.01, two-way ANOVA and Bonferroni’s
post hoc test). D ApoE4 overexpression enhanced the early formation
of amyloid plaques in wild-type or 3xTg mice, and downregulation of
C/EBPβ decreased Aβ aggregates, co-staining with Aβ and THS, Scale
bar: 100 μm. E Quantification from both 4G8 and THS-positive sig-
nals, n= 5, 2 mice/group, 2–3 slices/mouse (mean ± SEM, *P < 0.05,
**P < 0.01 vs. group 1, two-way ANOVA and Bonferroni’s post hoc
test). F, G Electrophysiology analysis. ApoE4 overexpression wor-
sened the LTP defects in wild-type or 3xTg mice. LTP of fEPSPs
(mean ± SEM; n= 6 in each group; *P < 0.05, **P < 0.01 compared
with group1, two-way ANOVA and Bonferroni’s post hoc test).
Shown traces were representative fEPSPs of ten samples recorded
before and after TBS (theta-burst stimulation). H Quantification of
fEPSP potentiation from the final 10 min of recordings (86–95 min in
Fig. 4G, H) normalized to basal levels. Representative recording tra-
ces: black line, baseline; red line, LTP 86–95 min (mean ± SEM; n= 6
in each group; *P < 0.05 compared with 3xTg-control, two-way
ANOVA and Bonferroni’s post hoc test). I, J Morris water maze
analysis. ApoE4 overexpression exacerbated the learning and memory
dysfunctions (mean ± SEM; n= 7–8 mice per group; *P < 0.05 com-
pared with group1, two-way ANOVA and Bonferroni’s post hoc test).
K, L Fear condition tests. Contextual and cued fear conditions were
reduced in ApoE overexpressed mice. (Mean ± SEM; n= 7–8 mice
per group; *P < 0.05, **P < 0.01 compared with group1, two-way
ANOVA and Bonferroni’s post hoc test). See also Supplementary
Fig. 11.
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attenuates C/EBPβ-triggered AD pathological effects.
Notably, C/EBPβ and ApoE mutually regulate each other
and amplify their biological roles in AD pathogenesis

(Supplementary Fig. 14). Conceivably, disruption of this
vicious cycle might provide an attractive strategy for
blocking AD onset and progression.
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