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Abstract

Following transcriptome comparison of primary cultures isolated from brain of mice expressing or not the amyloid
precursor protein APP, we found transcription of the EGR-1 gene to be regulated by APP. In primary cultures of
cortical neurons, APP significantly down regulated EGR-1 expression at both mRNA and protein levels in a y-
secretase independent manner. The intracellular domain of APP did not interact with EGR-1 gene promoter, but
enrichment of acetylated histone H4 at the EGR-1 promoter region was measured in APP-/- neurons, as well as in
brain of APP-/- mice, in which increase in EGR-1 expression was also measured. These results argue for an
important function of APP in the epigenetic regulation of EGR-1 gene transcription both in vitro and in vivo. In APP-/-
mice, constitutive overexpression of EGR-1 in brain impaired epigenetic induction of this early transcriptional
regulator during exposure to novelty. Altogether, these results indicate an important function of APP in the epigenetic
regulation of the transcription of EGR-1, known to be important for memory formation.
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Introduction

Among the various functions that have been attributed to
APP, regulation of gene expression has been widely
investigated due to similarity between Notch and APP
processing. The y-secretase cleavage of APP and Notch
releases the APP intracellular domain (AICD) and the Notch
intracellular domain (NICD), respectively. Processing of Notch
is initiated by binding of the Delta ligand on one cell to the
Notch receptor on another cell resulting in two proteolytic
cleavages of the receptor. The a-secretase cleavage generates
a substrate for cleavage by the y-secretase complex. This
proteolytic processing mediates release of the NICD, which
enters the nucleus to regulate transcription [1]. APP has all the
characteristics of a type1 transmembrane receptor, and
interacts with many proteins via its extracellular domain [2].
APP and Notch are processed by the same secretase activities
and APP has been suggested to control transcription of several
genes [3-8]. To study regulation of gene transcription by APP,
transcriptomes of primary cultures isolated from brain of APP
+/+ and APP-/- mice from the same genetic background were
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compared using the affymetrix microarray technology, and we
identified EGR-1 as a possible target gene controlled by APP.

EGR-1 (also called Zif 268, Krox24, NGFI-A) is a an early
growth response gene, member of the zinc finger family of
transcription factors that displays fos-like induction kinetics in
many cells including neurons. EGR-1 regulates transcription of
late response genes important for the synaptic plasticity
processes, especially the maintenance of long-term
potentiation [9]. In mouse brain, EGR-1 is constitutively
expressed in the cortex but is rapidly induced in the prefrontal
cortex and hippocampus after several stimuli as exposure to
novelty, fear conditioning or recognition task[10-12]. .In
addition, EGR-1 up regulates presenilin-2 gene expression in
neuronal cells [13], and consequently the y-secretase cleavage
of APP. Moreover, EGR-1 is up regulated in brain of patients
with Alzheimer disease (AD), and overexpression of EGR-1
controls both phosphorylation and dephosphorylation of tau, by
activating CDK5 and inactivating PP1, leading to tau
hyperphosphorylation and destabilized microtubules [14]. For
all these reasons, we were interested to study how APP is
involved in the regulation of EGR-1 gene transcription.

September 2013 | Volume 8 | Issue 9 | e74305



Our results indicate that both in cultured neurons and in vivo,
APP affects EGR-1 expression by modulating enrichment of
acetylated histone H4 on the EGR-1 gene promoter, and
therefore participates to the epigenetic regulation of EGR-1
expression. The constitutive overexpression of EGR-1 in APP
-/- mice impairs induction of this early transcriptional regulator
during exposure to novelty.

Materials and Methods

Cell culture and pharmacological treatments

Primary cultures of cortical astrocytes were prepared from
newborn p-0/p-1 mice pups as previously described [15]. APP
+/+ and APP -/- pups from the same littermate were genotyped
and sexed. Briefly, cortices were isolated and dissociated in
Dulbecco’'s modified Eagle medium DMEM (glutaMAX)
supplemented with 10% (FBS), proline (50 mg/ml), penicillin-
streptomycin (50 mg/ml), and fungizone (2.5 mg/ml). After
centrifugation, cells were seeded into culture flasks grown at
37°C in a 5% CO2 atmosphere during 7 days. At this time
point, culture flasks were vigorously shaken to eliminate cell
debris, microglia, and oligodendrocytes. Three days later, cells
were plated at 10* cells/cm? in culture dishes pre-treated with
10mg/ml poly-L-lysine in PBS.

Primary cultures of cortical neurons were performed on
p-0/p-1 newborn pups from APP +/+ and APP -/- mice. Briefly,
cortices were digested in trypsin/DNAse medium (PBS
containing 10 mg/ml trypsin; 1mg/ml DNAse; 6mM NaOH).
Then, they were dissociated with a glass pipette in Neurobasal
medium supplemented with 2% v/v B27 medium, 0.5% L-
glutamine, 0.1% Pen-strep. All reagents were obtained from
Invitrogen. Cortical neurons were grown on 6 or 12 wells
culture dishes pre-coated with 10 pg/ml poly L-Lysine, at a
density of 4x105cells/cm? and cultured during 5 days in
Neurobasal medium. On day 4, neurons were treated 24h with
the HDACs inhibitor, trichostatin A at final concentration of
25ng/ml (Sigma) or vehicles. Neurons at DIV5 were treated
during 8h with DAPT (250 nM) a functional y-secretase
inhibitor.

Animals and tissue samples

The APP+/+ and APP -/- mice used in this study were
C57BI/6J obtained from The Jackson laboratory and
backcrossed for more than 5 generations in the CD1 genetic
background. The open-field test was used to assess the
exposure of mice to a new environment. Mice had access to
food and water ad libidum, and they were moved to the
experimental platform animal house one week before the open
field. Mice were exposed to open field area during 15 min and
then sacrificed 30 min after this exposure to enable the
expression of EGR-1. All manipulations on mice have been
approved by the local ethics committee of the catholic
University of Louvain and follow the European legislation.

Postmortem human brains (n=6) were collected with the
approval of the Ethical Committee at the Medical School of the
Free University of Brussels and have been described
previously [16]. One hemisphere was frozen in liquid nitrogen
and stored at -80°C for biochemical analysis. The other
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hemisphere was fixed by immersion in 10% formalin (v/v) for
neuropathological analysis.

RNA extraction and quantitative real time PCR

Total RNA was purified using Trizol method (Tripure, Roche).
Reverse transcription (RT) and quantitative (q) real time PCR
(9-RT PCR) were respectively performed with the iScript cDNA
synthesis Kit and the iQ SYBR Green supermix using a iCycler
MylQ2 multicolor Real-Time PCR detection system (Biorad).
The relative amplification of cDNA fragments was calculated by
the 2-AACt method. g-RT PCR primer sequences used were
as follows: EGR-1 forward : TCCTCTCCATCACATGCCTG,
EGR-1 reverse: CACTCTGACACATGCTCCAG, GAPDH
forward: ACCCAGAAGACTGTGGATGG, GAPDH reverse:
ACACATTGGGGGTAGGAACA.

Protein analysis

Cells or powdered frozen tissues were lysed in a Laemmli
buffer (125mM Tris pH 6.8, 20% glycerol, 4% SDS) with
complete protease inhibitor cocktail (Roche). For nuclear
extraction, material was lysed in 0.25 M sucrose buffer
(sucrose 0.25 M, Tris 50mM, EDTA 1mM, imidazole 3mM, pH
7.0 + proteases inhibitor cocktail), and centrifuged 10 min at
250g. Nuclear fraction was resuspended in Laemmli buffer.
Western blotting was performed on 10 pg of protein lysates. All
samples were sonicated before protein assay (BCA Pierce,
Thermoscientific), incubated during 5 min at 95°C in Laemmli
containing DTT and staining blue (Nupage blue, Invitrogen),
loaded onto 4-12% NupageTM bis-Tris gel electrophoresis
(Invitrogen), and then transferred to nitrocellulose membranes
(Amersham Biosciences). Membranes were incubated
overnight at 4°C on a wheel with the primary antibodies; anti-
APP C-ter 1:3500 (kind gift of N. Sergeant, INSERM U422,
Lille, France), anti-EGR-1 1:1000 (sc-110 Santa Cruz), anti-
tubulin 1:6500 (Sigma). Washes with PBS-Tween (0.005%)
were followed by incubation with secondary antibody (1:10 000
anti-mouse or anti-rabbit 1IgG) (GE Healthcare) coupled to
horseradish peroxidase and revealed by ECL. For
quantification, the membranes were stripped and reincubated
with an anti-tubulin. Immunoreactive bands were quantified
with an electrophoresis Gel Doc 2000 imaging system coupled
to a Quantity one™ software (Bio-Rad).

AB measurement by ECLIA

We measured the concentration of mouse AR 40 in culture
medium from neurons treated or not with DAPT. Samples were
centrifuged at 12000g during 3 min at 4°C, and AB 40 was
quantified in 25 pl of culture medium by multiplex Electro-
Chemiluminescence ImmunoAssay (ECLIA) (Meso scale
Discovery), analyzed with the Meso Scale Discovery (MSD)
SECTOR™ Imager 2400 according to manufacturer's
instructions.

Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed on cortical
neurons (day 5) or mice cortices using the EZ-ChIP Assay kit
(Millipore) according to manufacturer instructions. Cortices
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were powdered in liquid nitrogen and DNA-protein interactions
were directly cross-linked by the addition of a 37% v/v of
formaldehyde 37% (Sigma) into PBS 1X containing protease
inhibitor cocktail during 20 minutes. Cells seeded in 6 wells
plaques were pelleted and resuspended in Dulbecco modified
Eagle’s medium (DMEM) before crosslink with formaldehyde
37% during 10 minutes. The crosslinking reaction was stopped
by adding glycine. After several washes with cold PBS and
resuspension in SDS lysis buffer containing inhibitors of
proteases, samples were sonicated in order to shear the cross
linked chromatin. Conditions of sonication were experimentally
adapted given the cell type, culture conditions, and equipment.
Cells and brains were sonicated in an ice bath at high power
and a series of 30 cycles of 30 s for neurons and 25 cycles for
cortices, and were performed with a sonicator “Bioruptor®
UCD-20" (Diagenode). The samples were kept on ice during
30 s between two pulses. Verification of sheared DNA on 1.2%
agarose gel was realized after incubation of an aliquot with
RNAse A at 37°C during 30 min and with proteinase K at 65°C
during two hours. We obtained a sheared DNA with an average
size of fragments between 400 and 200 pb. An aliquot of
precleared DNA was collected as the input. The samples were
then pre-cleared with ChIP blocked protein G agarose and
incubated overnight at 4°C with the antibodies of interests (5ug
anti-AcH3 (07-690 Millipore); 5ug anti-AcH4 (06-599 Millipore);
10ul anti-APP Cter serum (kind gift of N.Sergeant) or 10ug of
the commercially available anti-APP Cter antibody (A8717
Sigma). After immunoprecipitation, the DNA-histone complex
was collected with 40 pl of ChIP blocked protein G agarose
beads for 1h. The beads were sequentially washed once with
low salt, high salt, and LiCl and washed twice with 10 mM Tris
(pH 8)/1 mM EDTA buffers. DNA was finally collected with spin
filters, and the immunoprecipited DNA was analyzed by qPCR
with primers designed to amplified short regions of the
promoters of genes of interest.

gPCR primers were as follows: EGR-1 forward:
GTGCCCACCACTCTTGGAT, EGR-1 reverse:
CGAATCGGCCTCTATTTCAA, GAPDH forward:
AGAGAGGGAGGAGGGGAAATG, GAPDH Reverse:

AACAGGGAGGAGCAGAGAGCAC. The quantification method
used is based on the ratio between immunoprecipitated DNA
and input DNA. The method was validated by the amplification
of the well characterized GAPDH gene.

Statistical analysis

All results are expressed as mean + standard error (SE)
values. Statistical significance was determined by one-way or
two-way analysis of variance (ANOVA) followed by Bonferroni’'s
multiple comparisons test for multi-group comparison and the
student’s t-test for two-group comparisons.

Results

1. Transcriptome comparison of primary cultures
isolated from brain of APP+/+ and APP-/- mice

High quality RNA was prepared from expanded primary
cultures of astrocytes from APP+/+ and APP-/- mice from the
same genetic background, and utilized in the Affymetrix
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platform for transcriptome comparison. As a positive control,
APP appeared more than strongly expressed in APP+/+
astrocytes. In addition to APP, a list of genes with up regulated
transcription in APP+/+ astrocytes is presented in table 1.
Transcription of several genes was also up regulated in APP-/-
astrocytes (table 1). Although up regulation of EGR-1 gene
transcription in APP-/- cells was not impressive, this gene
encodes an early transcription factor involved in memory
formation, and we further investigated the regulation of EGR-1
expression by APP in primary cultures of cortical neurons.

2. APP down regulates neuronal EGR-1 expression
both at the mRNA and protein levels

To confirm data obtained from the comparison of
transcriptomes using Affymetrix technology, primary cultures of
cortical neurons from APP+/+ and APP-/- mice from the same
genetic background were analyzed using g-RT PCR and
western blotting. Results presented in Figure 1A indicate that
EGR-1 mRNA was significantly more abundant in APP-/- than
in APP+/+ neurons. At the protein level, a significant decrease
in EGR-1 was also quantified in APP+/+ as compared to APP-/-
neurons (Figure 1B). From these results, we conclude that APP
down regulates neuronal EGR-1 expression both at the mRNA
and protein levels.

3 APP-mediated regulation of EGR-1 expression is
independent of the y-secretase cleavage

Since the intracellular domain of APP (AICD) is a
transcriptional regulator, we next studied whether it could
account for APP-dependent repression of EGR-1 gene
transcription. Rescue of APP by adenoviral expression of APP
or APP deleted from AICD in APP-/- neurons did not allow us
to conclude. Unfortunately, up regulation of EGR-1 expression
in these experimental conditions was proportional to the
adenoviral load rather than to the protein expressed (data not
shown). Therefore, we decided to inhibit AICD release by the y-
secretase inhibitor, DAPT [17], which induced a very strong
accumulation of APP C-terminal fragments in APP+/+ neurons
(Figure 2A), resulting from the inhibition of the y-cleavage of
APP. DAPT did not affect APP-mediated down regulation of
EGR-1 mRNA levels (Figure 2C). In addition, the y-secretase
inhibitor decreased by 50% AP secretion (Figure 2B), without
affecting EGR-1 mRNA levels in APP+/+ neurons. We then
performed chromatin immunoprecipitation assays using
antibodies raised against the C-terminal domain of APP
(AICD). These antibodies failed to enrich EGR-1 promoter
sequences in both APP+/+ and APP-/- neurons (Figure 2D).
Altogether, these results rule out that APP-mediated decrease
in EGR-1 mRNA levels is y-secretase dependent, and indicate
that EGR-1 expression is not regulated by extracellular AB. In
addition, AICD does not interact with the EGR-1 promoter.

4. Acetylated histone H4 is enriched on the EGR-1 gene
promoter in APP-/- neurons

Epigenetic regulation of EGR-1 gene transcription has been
previously demonstrated, in particular by modulation of
enrichment of acetylated histones on the EGR-1 promoter by
HDAC 2 activity [18]. Chromatin immunoprecipitation assays
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Table 1. Microarray data.

Fold Changes

Gene symbol APP +/+ APP -/-
Slc46a1 22,0

Kenf1 15,3

Myb 14,3
2210409E12Rik 13,6

Ptger1 12,8

Tcta 12,5

Ypel1 12,1

Dmkn 10,6

Colec11 10,1
BC003883 9,9
4930578N16Rik 8,7
1700026D08Rik 8,4
4930579K19Rik 7,8

Dnaic2 7,7

Scpep1 7,5

Lsm14a 7,2

Mgp 7,0

Adi1 6,9

Rbm47 6,4

Prdm16 6,3

Rnf39 6,2

C81615 6,1

Trp73 6,1

629242 /// BC005512 /// F630007L15Rik 16,7
Cuedc1 9,3
Tubb2c /// Tubb2c-ps2 6
Cenpe 54
Fam115a 53
Slc15a2 52
Ranbp2 5,1
Aldh1a7 4,9
Malat1 4,8
Slc15a2 4,6
Neo1 4,6
Cdc40 4,6
Tubb2a-ps2 4,3
Klhdc7a 43
Zfp455 4,2
AU015680 4,2
Eif5b 4,2
Pcdhb21 4,2
Vps37a 4,2
Cpox 4,2
2210018M11Rik 4.1

mRNA from APP+/+ and APP-/- astrocytes was utilized in the Affymetrix platform
for transcriptome comparison. Genes are notified by gene symbol and increase in
gene transcription is indicated as fold changes in APP+/+ or APP-/- astrocytes.

doi: 10.1371/journal.pone.0074305.t001

using anti-acetylated histone antibodies showed that acetylated
histones H3 and H4 were enriched at the EGR-1 gene
promoter, but acetylated histone H4 was more enriched in
APP-/- neurons (Figure 3A). Consistent with the notion that
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acetylation of histones opens chromatin and improves gene
transcription, more acetylated histone H4 at the EGR-1
promoter could improve EGR-1 expression in APP -/- neurons.
These results demonstrate that APP significantly decreases
enrichment of acetylated histone H4 at the promoter of EGR-1
gene, leading to reduced EGR-1 gene transcription.

A difference in histone acetylation at the promoter of EGR-1
gene should influence the effect of an HDAC inhibitor on
EGR-1 gene transcription in APP+/+ and APP-/- neurons. To
test this hypothesis, the effect of trichostatin A (TSA) on EGR-1
gene transcription was investigated in both APP+/+ and APP-/-
neurons. Results presented in Figure 3B indicate that TSA was
able to induce EGR-1 transcription in both APP+/+ and APP-/-
neurons, although induction was significantly higher in APP-/-
neurons, in agreement with higher H4 acetylation at the EGR-1
promoter in these cells.

5. In vivo regulation of EGR-1 expression by APP

To further investigate whether APP-mediated regulation of
EGR-1 expression in cultured neurons was relevant in vivo,
cerebral cortices of APP+/+ and APP-/- mice were analyzed in
g-RT PCR and western-blotting. Results presented in Figure
4A clearly demonstrate up regulation of EGR-1 mRNA levels in
brain of APP-/-, which was very similar to that observed in
cultured neurons. At the protein level, a significant increase in
EGR-1 was also measured in brain of APP-/- mice (Figure 4B).
To investigate whether APP-mediated down regulation of
EGR-1 in vivo could occur at the epigenetic level, chromatin
immunoprecipitation assays were performed on brain samples
from APP+/+ and APP-/- mice. Results presented in Figure 4C
indicate that acetylated histone H4 was more enriched at the
EGR-1 gene promoter in APP-/- than in APP+/+ brain,
confirming results obtained in cultured neurons. Altogether,
these results allow us to conclude that APP participates in the
epigenetic regulation of EGR-1 gene transcription both in vitro
an in vivo.

6. Physiological relevance of APP-mediated regulation
of EGR-1 expression

Several studies indicate that immediate early genes, and in
particular EGR-1, play an important role in learning and
memory processes, and that EGR-1 expression is rapidly up
regulated during exposure to novelty [19]. Therefore, APP+/+
and APP-/- mice were exposed or not to an open field during
15 minutes and EGR-1mRNA levels were thereafter quantified
in the cerebral cortex. Results presented in Figure 5A indicate
a significant induction of EGR-1 gene transcription in APP+/+
but not in APP-/- mice, suggesting that constitutive high
expression of EGR-1 in APP -/- mice could impair induction of
this early transcriptional regulator during exploration behavior.
Moreover, exposure to novelty induced significant enrichment
of histone H4 acetylation on EGR-1 promoter region only in
APP+/+ mice (Figure 5B). All together, these results indicate
that APP is needed to induce epigenetic expression of EGR-1
during exposure to novelty.
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Figure 1. APP regulates EGR-1 expression at both mRNA and protein level. A) EGR-1 mRNA levels were quantified by g-RT
PCR in APP+/+ and APP-/- neurons DIV5 (n=9). Values were normalized to the GAPDH mRNA, and expressed as percentage of
APP+/+. Student’s t-test : **p<0.005. B) EGR-1 protein was detected by Western blots of total and nuclear extracts obtained from
primary culture of neurons DIV5 (n=3). APP was detected in APP+/+ neurons with an anti-APP C-terminal antibody, EGR-1 was
detected with sc-110 antibody and anti-tubulin antibody was utilized for loading control. ***p<0.001. Data are expressed as mean *

SEM.
doi: 10.1371/journal.pone.0074305.g001

7. Up regulation of EGR-1 in brain of patients with
Alzheimer disease

EGR-1 was previously described to be up regulated in brain
of AD patients [14,20,21]. Since our results indicate that APP
epigenetically down regulates EGR-1 gene transcription, we
wondered whether up regulation of EGR-1 in AD could be
related to down regulation of APP. Control and AD brains were
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analyzed in western blotting using anti-EGR-1 and anti-APP
antibodies. Results presented in Figure 6 confirm up regulation
of EGR-1 in AD brains. However, a concomitant significant
decrease in APP was not observed. These results suggest that
up regulation of EGR-1 in AD is APP independent, or that a
particular function of APP is lost in AD, resulting in up
regulation of EGR-1 expression similar to that found in APP
knockout mice.
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Figure 2
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Figure 2. Pharmacological inhibition of y-secretase does not affect APP-mediated control of EGR-1 expression. A)
Western blot analysis of cellular extracts from control neurons (Ctl) or neurons treated for 8h with 250nM DAPT (DAPT). APP and
APP CTF were detected by with an antibody raised against the C-terminal domain of APP. B) AB was quantified in the culture
medium of APP+/+ or APP-/- neurons treated (DAPT) or not (NT) for 8h with 250nM DAPT. C) EGR-1 mRNA levels were quantified
by g-RT PCR on APP +/+ and APP-/- neurons DIV5 treated (DAPT) or not (NT) for 8h with 250nM DAPT (n=3). Values were
normalized to the GAPDH mRNA, and expressed as percentage of APP+/+. Results are expressed as mean + SEM. D) Chromatin
immunoprecipitation of EGR-1 promoter was performed on chromatin isolated from APP+/+ and APP-/- neurons DIV5 (n=3) using
normal mouse IgG as negative control (IgG) and two different anti-C-terminal APP antibodies: anti-AICD homemade (HM) or
commercial (C). Immunoprecipitated DNA was quantified by gPCR, and normalized to the input.

doi: 10.1371/journal.pone.0074305.9g002
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Figure 3
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Figure 3. Epigenetic regulation of EGR-1 gene expression by APP. A. Fragmented chromatin obtain from APP+/+ and APP-/-
neurons DIV5 (n=3) was immunoprecipitated with antibody recognizing normal mouse IgG as negative control (IgG), anti-acetylated
histone H3 (H3Ac) or anti-acetylated histone H4 (H4Ac). Quantification was realized by real-time gqPCR performed on
immunoprecipitated DNA with primers designed on EGR-1 promoter, and normalized to the input. n.s. non-significant. ***p<0.001.
B. EGR-1 mRNA levels were quantified in APP+/+ and APP-/- neurons DIV5 treated (TSA) or not (NT) for 24 h with 25ng/ml TSA
(n=6). Values were normalized to the GAPDH mRNA, and expressed as percentage of APP+/+. Two way Anova. **p<0.005,
***p<0.001. Relative induction of Egr-1 after exposure to TSA after normalization. Student t test. *p<0.05.

doi: 10.1371/journal.pone.0074305.g003

Discussion to release the APP intracellular domain (AICD), which is able to
regulate transcription of several genes, including APP itself, the

Our findings demonstrate that both in cultured neurons and GSK3B, and the Ap-degrading enzyme neprilysin
in vivo, APP is able to significantly down regulate EGR-1 |34 55 536 2425]. It has been however established that
i:farsz:(lzoglat:;vak;/zthAlggnisacrﬂaﬁsgddogirllﬁe ?{r_]:e;:gigd;gﬂe\zt'; nuclear location of AICD and consequent transcriptional
’ regulation is dependent on APP processing through the
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Figure 4

300- -
A
<
<
4
&
£
&
o
w
APP ++  APP -
x K4
B N\ \
* L
L2 A2
188 — APP 200-
- c Kk
° 150+
Qo
— - @ i
H Tubuline & 100
(]
2
S ® 504
62 E
Rl ’
W | EGRr1 o .
APP +/+  APP -
C
1.5
I APP +14+
Il APP -/- *
= 104
=]
2
5
£ 05
0.0 . =
19G H3Ac H4Ac

Figure 4. APP controls EGR-1 expression in vivo. A) EGR-1mRNA levels were quantified by g-RT PCR in mouse cortex (n=9).
Values were normalized to the GAPDH mRNA, and expressed as percentage of the APP+/+ tissue. Student’s t-test: ***p < 0.001. B)
EGR-1 protein expression was detected by Western blot analysis of extracts obtained from cortex of APP +/+ and APP -/- mice, 5
months of age (n=5). Typical blot is shown with anti-tubulin utilized as a loading control. EGR-1/tubulin ratio were quantified, and
expressed as percentage of the APP+/+ mice. Student’s t-test : ***p<0.001. Data are expressed as mean + SEM.C) Chromatin
immunoprecipitations of EGR-1 promoter were performed on chromatin isolated from mice cerebral cortex (n=7) with normal IgG as
negative control, anti-acetylated H3 antibody, or anti-acetylated H4 antibody. Immunoprecipitated DNA was quantified by gPCR and
normalized to the input. Two way Anova, n.s. non-significant, *p<0.05.

doi: 10.1371/journal.pone.0074305.g004
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Figure 5. APP is needed to induce EGR-1 by novelty. A) EGR-1mRNA levels were quantified by g-RT PCR in cortex of APP+/+
and APP-/- mouse exposed (OF) or not (not stimulated: NS) to the open field during 15 min (n=10). Values were normalized to the
GAPDH mRNA, and expressed as percentage of the APP+/+ NS. One way Anova (***p<0.001) B) Chromatin immunoprecipitations
of EGR-1 promoter were performed on chromatin isolated from cerebral cortex APP +/+ and APP -/- mice exposed or not to novelty
(n=7 per group) with normal IgG as negative control and anti-acetylated H4 antibody. Immunoprecipitated DNA was quantified by
gPCR and normalized to the input. Two way Anova, *p<0.05.

doi: 10.1371/journal.pone.0074305.g005
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Figure 6

Epigenetic Regulation of EGR-1 Expression by APP

Control Alzheimer
98 —
EGR-1
- R - -
% APP
P
49 __ |"me A W 4 S W 1buin
Temporal cortex
*%k%
4 1.5-
£ o n.s.
o X
8 31 £
2 2 1.0-
4 o
2_
2 3
o <
2, — = 057
3 E=)
[ )
(4 a>
4
0 T 0.0
- . T
Control Alzhejmer Control Alzheimer

Figure 6. EGR-1 is up-regulated in Alzheimer’s disease. Egr-1 and APP protein levels were measured in AD (n=3) versus
control (n=3) brains by Western blotting. Analyses were performed on total lysates of temporal cortex. Egr-1 was detected with
sc-110 antibody, APP with anti-APP C terminal (HM) and anti-tubulin was utilized as a loading control.

doi: 10.1371/journal.pone.0074305.g006

amyloidogenic pathway [25,26,27]. Although regulation of gene
transcription by AICD has been a matter of debate [28,29],
probably reflecting the cell specificity of AICD regulation
[30,31,32], it has been demonstrated by chromatin
immunoprecipitation studies that AICD does interact with
promoter regions of putatively regulated genes [24,25]. Here,
we have demonstrated that the cleavage of APP by the y-
secretase activity to release AICD is not necessary for APP-
mediated regulation of EGR-1 expression, and that AICD does
not interact with the EGR-1 promoter in chromatin
immunoprecipitation studies. APP mediates epigenetic control
of a number of genes, including the AQP1 gene [8], at least in
part through displacement of histone deacetylases (HDAC)
[24]. In agreement with these data, we demonstrate here an

PLOS ONE | www.plosone.org
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enrichment of acetylated H4 on the EGR-1 promoter, both in
APP-/- cultured neurons and in APP-/- mouse brain, arguing for
the epigenetic control of EGR-1 expression by APP.
Acetylation of H4, in particular at position K12, has been
previously reported to increase transcription of memory related
genes and mice unable to induce acetylation of H4K12 show
learning and memory impairments [33]. Our preliminary results
indicate that acetylated H4K12 is enriched on the EGR-1
promoter in absence of APP. Acetylation of H4 at position K12
is highly regulated by HDAC2 activity [18]. Whether APP
affects expression or cellular localization of HDAC2 deserves
further investigations.

In some cases, other APP metabolites, and in particular
soluble APPs, are also able to control gene expression [34].
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Recently, secreted 8- and a-APP were reported to induce axon
outgrowth in vitro through EGR-1 signaling [35]. In this study,
bacterial recombinant sAPPa or sAPPB added to primary
neuronal cultures were able to stimulate EGR-1 expression. In
our study, the culture medium recovered from APP+/+ neurons
was not able to modify EGR-1 expression in APP -/- neurons
(data not shown).

Induction of EGR-1 is required in the hippocampus and in the
cortex for the formation of memory and late long term
potentiation [9]. In mouse brain, EGR-1 is induced following 15
minutes exposure to novelty in an open field [36]. Accordingly,
we were able to induce EGR-1 expression in brain of APP+/+
mice during a 15 min exposure to novelty, and this induction
was concomitant with enrichment of acetylated H4 at the
EGR-1 promoter. In marked contrast with APP+/+ mice, APP-/-
mice were unable to induce EGR-1 expression during exposure
to novelty, readily explained by the high basal level of EGR1
expression in these mice. APP could therefore play a major
role as an epigenetic regulator of transcription of genes
involved in memory formation. EGR-1 up regulation in both AD
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and APP knockout mice could result from a loss of particular
function of APP in AD, related to memory formation.
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