RESEARCH ARTICLE

Brain Pathology ISSN 1015-6305

Early growth response-1 regulates acetylcholinesterase and
its relation with the course of Alzheimer’s disease
Yu-Ting Hu'; Xin-Lu Chen'; Shu-Han Huang'; Qiong-Bin Zhu'; Si-Yang Yu'; Yi Shen'; Arja Sluiter?;

Joost Verhaagen?; Juan Zhao?; Dick Swaab

1.2: Ai-Min Bao’

" Department of Neurobiology, and Department of Neurology of the Second Affiliated Hospital, NHC and CAMS Key Laboratory of Medical
Neurobiology, Zhejiang University School of Medicine, Hangzhou, P.R. China.
2 Netherlands Institute for Neuroscience, an Institute of the Royal Netherlands Academy of Arts and Sciences, University of Amsterdam, Amsterdam,

the Netherlands.

Keywords
Alzheimer's disease, early growth
response-1, acetylcholinesterase.

Abbreviations

AChE, acetylcholinesterase; ChAT,
choline-acetyl transferase; CO,, carbon
dioxide; DMEM/F-12, Dulbecco’s modified
eagle medium: nutrient mixture F-12; EGRT,
early growth response protein-1; EMSA,
electrophoretic mobility shift assay; FBS,
fetal bovine serum; MCD, mild cognitive
decline; MEM, minimum essential medium;
NCD, no cognitive decline; NBM, Nucleus
Basalis of Meynert; PMD, post-mortem
delay; PFC, prefrontal cortex; SCD, severe
cognitive decline.

Corresponding author:

Ai-Min Bao, MD, PhD, Department of
Neurobiology, and Department of
Neurology of the Second Affiliated Hospital,
NHC and CAMS Key Laboratory of Medical
Neurobiology, Zhejiang University School of
Medicine, Hangzhou, Zhejiang 310058, P.R.
China

(E-mail: baocaimin@zju.edu.cn)

Received 8 September 2018
Accepted 28 November 2018
Published Online Article Accepted 3
December 2018

*The authors contributed equally.

doi:10.1111/bpa.12688

INTRODUCTION

The brain cholinergic system is crucial for cognitive func-
tions, including learning and memory, which are severely
impaired in Alzheimer’s disease (AD) (8, 9). In the human
brain, the enzyme responsible for acetylcholine production,
choline-acetyl transferase (ChAT) is mainly produced in the
cholinergic neurons of the Nucleus Basalis of Meynert (NBM),
which have extensive projections to the neocortex including
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Abstract

Our previous studies showed that the transcription factor early growth response-1
(EGR1) may play a role in keeping the brain cholinergic function intact in the
preclinical stages of Alzheimer’s disease (AD). In order to elucidate the mechanisms
involved, we first performed data mining on our previous microarray study on
postmortem human prefrontal cortex (PFC) for the changes in the expression of
EGRI1 and acetylcholinesterase (AChE) and the relationship between them during
the course of AD. The study contained 49 patients, ranging from non-demented
controls (Braak stage 0) to late AD patients (Braak stage VI). We found EGRI1-
mRNA was high in early AD and decreased in late AD stages, while AChE-mRNA
was stable in preclinical AD and slightly decreased in late AD stages. A significant
positive correlation was found between the mRNA levels of these two molecules.
In addition, we studied the relationship between EGR1 and AChE mRNA levels
in the frontal cortex of 3-12-months old triple-transgenic AD (3xTg-AD) mice.
EGR1- and AChE-mRNA were lower in 3xTg-AD mice compared with wild-type
(WT) mice. A significant positive correlation between these two molecules was pre-
sent in the entire group and in each age group of either WT or 3xTg-AD mice.
Subsequently, AChE expression was determined following up- or down-regulating
EGRI1 in cell lines and the EGR1 levels were found to regulate AChE at both the
mRNA and protein levels. Dual-luciferase assay and electrophoretic mobility shift
assay in the EGR1-overexpressing cells were performed to determine the functionally
effective binding sites of the EGR1 on the AChE gene promoter. We conclude that
the EGR1 can upregulate AChE expression by a direct effect on its gene promoter,
which may contribute significantly to the changes in cholinergic function in the
course of AD. The 3xTg-AD mouse model only reflects later stage AD.

the prefrontal cortex (PFC). Studies of our group on post-
mortem human brain have shown that during the early,
preclinical AD stages, in the PFC there is an activation of
expression of 865 genes related to neuronal plasticity, syn-
aptic activity and metabolism, followed by decreased activity
in late AD stages. These alterations were described as “up-
down” pattern (2). The NBM was also found to become
metabolically activated in early clinical AD stages (7).
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Our follow-up study in the NBM suggested that the early
growth response protein-1 (EGR1) showed a significant
positive correlation with ChAT expression (37) and might
be involved in keeping the cholinergic function intact in
early AD stages. EGRI1 is a zinc finger transcription factor
that belongs to the “up-down” gene cluster (2) and it regu-
lates a number of genes involved in synaptic activity and
plasticity (14, 33). EGR1 can bind the ChAT gene promoter
and increase its expression (29).

Acetylcholinesterase (AChE) is the enzyme degrading
acetylcholine. It is decreased in the brain of late AD stages
patients (10). An extensive network of cortical pyramidal
neurons in the human brain with a high intensity of his-
tochemically identified AChE activity show age-dependent
changes (20-22). Compared with the young adults, brains
of cognitively normal elderly displayed a significant decrease
in AChE-staining intensity of these neurons. In addition,
brains of elderly above age 80 with well-preserved memory
performance showed significantly lower staining intensity
and density of these neurons when compared with age-
matched peers with declined memory. It was thus proposed
that low levels of AChE activity could enhance the impact
of acetylcholine on pyramidal neurons to counterbalance
other factors that mediate the decline of memory capacity
during average aging (13). AChE-inhibitors are the first-
line medicine against AD (18). Interestingly, as a member
of the EGR family, EGR1 has a high affinity for GC rich
sequence, that is 5-GCG(G/T)GGGCG-3' (5, 28, 31), which
is present multiple times in the promoter of the AChE
gene, both in mouse (17, 25) and in human (11, 34).

Based upon the evidence mentioned above, we hypoth-
esized that the regulation of AChE expression by EGRI1
might play a significant role in the changes in cholinergic
function during the course of AD. We aimed to test this
hypothesis by (i) performing data mining using the data
of our previous microarray study on postmortem PFC
samples representing the course of AD (2), focusing on
AChE-mRNA changes in relation to EGRI-mRNA; (ii)
determining the expression of EGRI-mRNA and AChE-
mRNA in the frontal cortex in three different age-groups
of the 3xTg-AD mouse model harboring human PSIM46V,
APPS¥ and tau™%"" transgenes (27) and their age/sex-
matched wild type (WT) controls; and (iii) testing AChE
expression following up- or down-regulating EGR1 in the
SYSY cells, performing a dual-luciferase assay in 293T
cells and performing electrophoretic mobility shift assay
(EMSA) in SYSY cells to determine whether EGRI1 can
directly regulate AChE expression by interacting with the
AChE gene promoter.

MATERIAL AND METHODS

Part 1: Human postmortem AD brain study

49 snap-frozen medial frontal gyrus samples, taken from
Brodmann area 46 (Figure 1), were obtained from the
Netherlands Brain Bank. For each Braak stage (n = 7,
three or four female subjects), ranging from non-demented
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controls (Braak stage = 0) to late AD stage patients
(Braak stage = VI) (3), were matched as closely as pos-
sible for sex, age, postmortem delay (PMD), CSF pH
and APOE genotype (see Supplementary Table S2). Three
pooled clinical groups were distinguished in these patients
on basis of cognitive functioning using the clinical
Reisberg scale, that is the Global Deterioration Scale
for the assessment of Degenerative Dementia (30). We
distinguished Reisberg 1 (no cognitive decline group,
NCD, n = 5), Reisberg 2-5 (mild cognitive decline group,
MCD, including subjects with very mild to moderately
severe cognitive decline, n = 5) and Reisberg 6-7 (severe
cognitive decline group, SCD, including subjects with
severe/very severe cognitive decline, n = 15). These three
Reisberg groups were also matched for the confounding
factors mentioned above (see Supplementary Table S2).
Please note that 25 out 49 of the subjects’ medical his-
tories lacked the information of the clinical Reisberg
scale. All individuals were systematically neuropathologi-
cally investigated as described earlier (32). For each
individual, neuropathological reports, including Braak
staging for neurofibrillary changes and neuritic plaques
(3) and clinical reports were available. No neuropathol-
ogy other than that characteristics for AD or associated
with normal aging was observed in any of the individuals
in this study. No subjects were included from families
with a history of familial AD (for more details for these
subjects see Supplementary Table S1). For each sample,
20-30 sections of 50 pm were cut. Grey matter areas
were dissected inside the cryostat using pre-chilled scal-
pels, collected in pre-chilled 2-mL tubes that were imme-
diately put on dry ice.

The weight of the tissue samples were measured and
the samples were homogenized in an adapted volume
ice-cold Trizol (Life Technologies, Grand Island, NY,
USA; 3 mL Trizol per 100 mg tissue). Total RNA was
isolated using RNeasy Mini Kit (QIAGEN, Valencia,
CA, USA) RNA isolation methods. RNA integrity number
was determined by an Agilent 2100 bioanalyser (Agilent
Technologies, Palo Alto, CA, USA). Isolated RNA was
of high integrity (average RNA integrity number 8.3,
range 6.5-9.6). For microarray analysis, Agilent 44K
Whole Human Genome arrays (Agilent Technologies,
Part Number G4112A, Palo Alto, CA, USA) were used.
Sample labeling and microarray hybridization were per-
formed according to manufacturer’s instructions.
Microarrays were scanned using an Agilent DNA
Microarray Scanner and quantified by using Agilent
Feature Extraction software (version 8.5.1). For details,
see reference (2).

Part 2: 3xTg-AD mouse mode study

Two pairs of this 3xTg-AD parent mice (Cat. number 34830)
were obtained from the Jackson Laboratory (Bar Harbor,
Maine, USA), maintained under a 12/12 h light/dark cycle
at 25°C and provided with food and water ad libitum.
All their neonatal mice were genotyped and their expres-
sion of PSIMIM6V APPS¥e and rau'C was confirmed (see
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Figure 1. Expression of mRNA of early growth response 1 (EGR1)
and acetylcholinesterase (AChE) in the prefrontal cortex (Brodmann
area 46) during the course of Alzheimer’s disease (AD). A. EGR1-
mRNA levels showed significant changes (ANOVA, F(6,42) = 4.651,
P =0.001) among Braak stages. EGR1-mRNA is especially decreased
in Braak IV compared with Braak | and II, and further decreased in
Braak V=VI (Bonferroni test, P < 0.043); B. EGR1-mRNA levels also
showed a significant change among Reisberg groups (ANOVA,
F(2,22) = 4.189, P = 0.0287), and in particular they significantly

Supplementary Figure S1). Animal handling and experi-
mental procedures were carried out in accordance with
the Animal Experimental Committee of the Royal
Netherlands Academy of Arts and Sciences.

In total, 55 (27 male, 28 female) 3xTg-AD mice and
54 (28 male, 26 female) WT control mice were obtained.
The mice were sacrificed by carbon dioxide (CO,) and
cervical dislocation at three different ages that is
3—-4-months, 7-8-months and 11-12-months. Each age
group contained six to ten male and six to ten female
mice of equal sex number. The brains were rapidly
removed and the frontal cortex was isolated following
removal of the olfactory bulbs, cutting I-mm posterior
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declined in the mild cognitive decline (MCD) group compared with
the no cognitive decline (NCD) group (Bonferroni test, P = 0.033). C.
AChE-mRNA did not show a significant decrease along the Braak
stages (ANOVA, F(6,42) = 1.877, P=0.107). D. AChE-mRNA also did
not show significant changes among Reisberg groups (ANOVA,
F(2,22) =2.176, P=0.137). The normalized data (log2-transformation)
are represented as mean (+ standard deviation). (¥) compared with
(A) Braak Il and (B) NCD, (*) compared with Braak . *P < 0.05,
**P<0.01, #P < 0.05.

to the bregma from both hemispheres and stored in
—80°C until use.

Each frontal cortex from the left hemisphere was homog-
enized in 1 mL ice-cold Trizol. RNA was isolated as
described before (2). cDNA was synthesized from the RNA
sample using QuantiTect reverse transcription kit (QIAGEN,
Valencia, CA, USA), and a dilution of 1:10 ¢cDNA was
made for qPCR by 7300 Real Time PCR System (Thermo,
Waltham, MA, USA). Two housekeeping genes, glyceral-
dehyde phosphate dehydrogenase (GAPDH) and hypoxan-
thine guanine phosphoribosyl transferase (HPRT), were used.
EGRI-mRNA and AChE-mRNA were quantified. Sequences
of primers are shown in Supplementary Table S3.
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Part 3: In vitro studies in cell lines

293T cells were chosen for the luciferase assay since
this cell line can efficiently be transfected with plasmids.
In addition, the SY5Y cell, a frequently used neuroblas-
toma cell line which can be driven toward a variety of
adult neuronal phenotypes including the cholinergic
phenotype (15, 16) was chosen in the part of study that
was related to the AChE gene and protein expression
measurements.

Cell culture

293T cells were cultured in Minimum Essential Medium
(MEM) (Thermo, 11095080, Waltham, MA, USA), while
SYSY cells were cultured in Dulbecco’s Modified Eagle
Medium: Nutrient Mixture F-12 (DMEM/F-12) (Thermo,
10565018, Waltham, MA, USA). Both media were sup-
plemented with 10% fetal bovine serum (FBS) (Thermo,
16000044, Waltham, MA, USA) together with 1% penicillin
and streptomycin (Thermo, 15070063, Waltham, MA, USA).
Cells were incubated at 37°C in a humidified chamber
with 5% CO,.

Plasmid constructs

The EGRI1 gene sequence was obtained from EGRI-
pRRL-MCS+ (a gift from Dr. K Bossers, Netherlands
Institute for Neuroscience) by restriction digestion with
the enzymes Hind3 and EcoR1 (NEB, Hitchin,
Hertfordshire, UK). The fragment was isolated by run-
ning a 1% agarose gel, followed by gel cleavage purifica-
tion (Macherey-Nagel, Diiren, Germany), after which it
was cloned into pcDNA3.1 vector (Thermo, Waltham,
MA, USA). The plasmid contained short hairpin RNA
(shRNA) with the target sequence of EGRI
(5-TCTCTCTGAACAACGAGAA-3') and the plasmid as
the control contained shRNA with a scramble sequence
of 5-TTCTCCGAACGTGTCACGT-3" were purchased
from the GeneChem company (Shanghai, China).

A series of 5" or 3’ deletion fragments of AChE gene
promoter (—616/+707) (a gift from Dr. K Tsim, Hong
Kong University of Science and Technology) were ampli-
fied by PCR with primers containing a Hind3 or Bgl2
restriction site (Figure 4A). These deletion-fragments
were isolated using a 1% agarose gel followed by gel
cleavage purification, and were subsequently cloned into
pGL3-Basic Vector (Promega, Fitchburg, Wisconsin,
USA) after cutting the amplified AChE fragments with
the restriction enzyme Hind3 and Bgl2 (NEB, Hitchin,
Hertfordshire, UK). The promoter constructs were
—193/+707 pGL3, +108/+707 pGL3, -193/+107 pGL3,
—98/+107 pGL3 and —60/+107 pGL3. The mutations in
EGRI1-binding sites were generated using —193/+107
pGL3 as template, the resulting plasmids were named
mutation 1, 2 and 3, see Figure 4A for details.

Primers are shown in Supplementary Table S3 and all
constructs were verified by corresponding enzyme diges-
tions and sequencing.

Brain Pathology 29 (2019) 502-512
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Effect of up- or down-regulation of EGR1 on the
expression of AChE

SYSY cells were seeded at 10° cells per well and cultured
in 6-well plate 24 h prior to transfection. EGR1-pcDNA3.1
or EGRI1-shRNA, as well as their corresponding controls
were transfected into SYSY cells, by Viromer Red kit
(Weinbergweg, Halle, Germany). The mRNA and protein
levels of EGR1 and AChE were measured by qPCR and
Western Blotting 72 h after transfection. Transfections were
repeated three times, and within each time we had trip-
licates for the measurements of both mRNA and protein
levels.

For qPCR measurement, the cell culture medium was
removed from the 6-well plate. About 1 mL ice-cold Trizol
was added per well and the cell lysate was collected into a
1.5 mL tube. The rest of the steps for EGR1- and AChE-
mRNA expressions quantification were the same as shown
in Part 1 and 2. HPRT was used as housekeeping gene.
Sequences of primers are shown in Supplementary Table S3.

For western blotting, cell culture medium was removed
from the 6-well plate. The total cell proteins were extracted
by RIPA (Beyotime, Shanghai, China) and fractionated
by SDS-PAGE, after which they were transferred onto
PVDF membranes according to the protocol offered by
Abcam. Anti-EGR1 (CST, 15F7, Boston, MA, USA; 1:1000)
and AChE (Abcam, ab97299, Cambridge, UK; 1:3000) were
used. Results were visualized with the Clarity Western
ECL Substrate (Bio-Rad, Hercules, California, USA) by
ChemiDoc Touch Imaging System (Bio-Rad, Hercules,
California, USA).

Dual-luciferase reporter assay

About 293T cells were cultured in 96-well plate to a density
of 10° per well before transfection. AChE promoter-pGL3
constructs were co-transfected, separately, with EGRI-
pcDNA3.1 by Lipofectamine 2000 (Invitrogen, Waltham,
MA, USA) according to the manufacturer’s instruction.
Luciferase activity was detected 48 h after transfection by
using Dual-Glo Luciferase Assay System (Promega, E2920,
Fitchburg, Wisconsin, USA) on SpectraMax M5 Microplate
Reader (Molecular Devices, Silicon Valley, CA, USA).

EMSA

Nuclear extracts were isolated from SYS5Y cells which
overexpressed EGR1 via EGRI1-pcDNA3.1 transfection
(Viromer RED kit, Weinbergweg, Halle, Germany). EMSA
was performed with the LightShift™ Chemiluminescent
EMSA Kit (Thermo, Waltham, MA, USA) using biotin-
labeled double-stranded oligonucleotides which target for
the three binding sites in AChE gene promoter. Their
respective nucleotide probe sequences of the forward strand
are: position —110/-81 (5-GAGCGGGGAGGGgcgggggcg
GAGACAGTG-3, probe 1), position —93/-64 (5-GGCGG
AGACAGTGGgcgggggeceGGCGGGC-3, probe 2) and posi-
tion —74/-45 (5-GGCGGgcgggggcgCTGTGAGGCCC
GGAGG-3', probe 3).
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About 80 fmol probes were incubated with 3-ug nuclear
extracts for 20 min at room temperature. For competition
analysis, 25x unlabeled probe was added. For supershift
analysis, 0.2 uL of anti-EGR1 antibody (CST, 15F7, Boston,
MA, USA) was added. The samples were then subjected
to non-denaturing 6% polyacrylamide gel electrophoresis.
DNA-protein complexes were electroblotted to positively
charged nylon membranes and band shifts were visualized
by ChemiDoc Touch Imaging System (Bio-Rad, Hercules,
California, USA).

Statistical analysis

For the human postmortem PFC study, the raw expres-
sion data were normally distributed following log2-trans-
formation. For the animal study, data were normally
distributed following square root transformation. The
data are presented as group means * standard deviation.
One-way ANOVA was used for the comparison among
more than two groups, followed by the post-hoc Bonferroni
test. Covariance analysis was performed with age, sex,
PMD and APOE genotype as covariates. Student’s z-test
was applied for the comparison between 3xTg-AD and
WT mice, and between the experimental and the control
group in cell line studies. Correlations between EGRI1
and AChE were evaluated with the Pearson test.
Correlation between Braak stages and Reisberg scales
was evaluated with the Spearman test. Power analysis
of the Braak stage- and Reisberg scale-related observa-
tion was calculated. Statistical analyses were performed
with SPSS version 17.0. P < 0.05 was considered to be
significant.

RESULTS

PFC EGR1- and AChE-mRNA expression during
the course of AD

PFC EGRI-mRNA levels showed significant changes along
the Braak stages (ANOVA, F(6,42) = 4.651, P = 0.001).
EGRI1 expression decreased significantly in Braak IV com-
pared with Braak I and II, and further decreased in Braak
V-VI (Bonferroni test, P < 0.043, Figure 1A). In addition,
a significant change was noticed around Braak III, that
is compared with Braak O-III, Braak IV-VI showed a
significant decrease of EGRI1- (P < 0.0001) and AChE-
mRNA (P = 0.0145) expression. Moreover, PFC EGRI-
mRNA levels showed significant changes in the Reisberg
groups (ANOVA, F(2,22) = 4.189, P = 0.0287), and par-
ticularly declined in the MCD group compared with the
NCD group (Bonferroni test, P = 0.033, Figure 1B). AChE-
mRNA did not decrease significantly (ANOVA, F(6,42) =
1.877, P = 0.107) from Braak stage 0 to VI (Figure 1C),
nor among the Reisberg groups (ANOVA, F(2,22) = 2.176,
P = 0.137, Figure 1D). Covariance analysis showed that
none of the confounding factors including age, sex, PMD
and APOE genotype showed a significant effect on EGRI1-
mRNA (P > 0245 and P > 0.289, respectively) or
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AChE-mRNA (P > 0.212 and P > 0.220, respectively) in
the different Braak stages and Reisberg groups.
Furthermore, a significant positive correlation was observed
between the levels of EGRI-mRNA and AChE-mRNA in
the entire group of subjects (r = 0.405, P < 0.01, n = 49),
the Braak VI (r = 0.779, P < 0.05, n = 7) and in the
SCD group (Reisburg 6-7, r = 0.519, P = 0.048, n = 15).
Finally, Braak stages and Reisberg scales showed a sig-
nificant positive correlation (p = 0.684, P < 0.001, n =
25). The statistical power of the Braak stage-related obser-
vation was 0.975, while of Reisberg scale-related observation
was 0.675 (see Discussion section).

EGR1- and AChE-mRNA expression in the
frontal cortex of 3xTg-AD mice

EGR1-mRNA and AChE-mRNA both significantly
decreased in 3xTg-AD mice compared with WT mice,
both in the entire group (P = 0.031, and P < 0.001,
Figure 2A, C, respectively) and in the 7-8-months group
(P = 0.025, and P = 0.0103, Figure 2B, D, respectively)
and for AChE-mRNA also in the 11-12-months group
(P = 0.041, Figure 2D). The WT mice showed stable
EGRI1- and AChE-mRNA expression along the different
months of age (ANOVA, F(2,51) = 0.0824, P = 0.921,
Figure 2B; and F(2,50) = 0.125, P = 0.883, Figure 2D).
The 3xTg-AD mice, on the contrary, showed significantly
changed EGRI-mRNA levels among the various ages
(ANOVA, F(2,52) = 4.355, P = 0.018, Figure 2B), espe-
cially when the 7-8-months group was compared with
the 3—4-months group (Bonferroni test, P = 0.019, Figure
2B), while the AChE-mRNA expression was stable for
the different months of age (ANOVA, F(2,52) = 0.435,
P = 0.65, Figure 2D). In addition, there was a significant
positive correlation between the levels of EGRI-mRNA
and AChE-mRNA in both WT and 3xTg-AD mice, either
in the entire group (r = 0.660, P < 0.001 and r = 0.668,
P < 0.001), or in the individual age groups (r > 0.583,
P < 0.05 and r 2 0.592, P < 0.05).

EGR1 upregulates AChE gene transcription

Overexpression of EGR1 (P < 0.001) by transfecting EGR1-
pcDNA3.1 resulted in increased AChE expression both at
the mRNA (P < 0.001) and protein levels (P < 0.01), while
down-regulating EGR1 (P < 0.01) by shRNA caused
decreased AChE expression both at the mRNA (P < 0.05)
and protein levels (P < 0.01) (Figure 3).

EGR1 upregulates AChE gene expression via
binding AChE promoter

Following overexpression of EGR1 in 293T cells, luciferase
activity was significantly increased in cell transfected with
—193/+707 pGL3 compared with —108/+707 pGL3
(P < 0.01) or pGL3 (P < 0.001). In addition, there was a
significant decrease in the luciferase activity in —60/+107
pGL3 compared with —98/+107 pGL3 (P < 0.01), which
confirmed the prediction that the potential binding sites

Brain Pathology 29 (2019) 502-512
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Figure 2. Expression of mRNA of early growth response 1 (EGRT)
and acetylcholinesterase (AChE) in the frontal cortex of triple-
transgenic AD (3xTg-AD) and wild type (WT) mice. A. EGRT-mRNA
and (C) AChE-mRNA both significantly decreased in the entire group
of 3xTg-AD mice compared with WT mice (Student’s t-test, P = 0.031
and P < 0.001). In addition, B. EGR1-mRNA significantly decreased in
the 7-8-months group (Student’s ttest, P = 0.025), while (D) AChE-
mMRNA significantly decreased in the 7-8-months group (Student'’s t-
test, P = 0.0103) and the 11-12-months group (Student’s t-test,
P = 0.041) compared with their respective month-of-age WT group.
The WT mice showed stable (B) EGRT-mRNA and (D) AChE-mRNA

of EGR1 were located within —98/—60 region of AChE
gene. Mutations in binding sites 2 and 3 both led to a
dramatic decrease of the luciferase activity (P < 0.01), while
mutation in binding site 1 did not affect the fluorescence
level (Figure 4B).

Protein-oligonucleotides complexes were detected after
the incubation of nuclear extracts from the EGRI-
overexpressing SYSY cells with probe 1-3 separately (see
Figure 4C, lanes 2, 6 and 10). The complexes were abol-
ished by an excess of the related unlabelled oligonucleotide
(see Figure 4C, lanes 3, 7 and 11). The specific bands that
represented EGR1-probe complexes super-shifted after the
addition of EGRI1 antibody (see Figure 4C, lane 4, 8 and
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expression among the different months of ages (ANOVA, F(2,51) =
0.0824, P=0.921 and F(2,50) = 0.125, P = 0.883). The 3xTg-AD mice,
on the other hand, showed significant changes in (B) EGRT-mRNA
levels among ages (ANOVA, F(2,52) = 4.355, P = 0.018), especially in
the 7-8-months group compared with the 3-4-months group
(Bonferroni test, P = 0.019), while (D) AChE-mRNA expression was
stable among different months of age (ANOVA, F(2,52) = 0.435,
P = 0.65). The normalized data (square root transformation) are
represented as mean (+ standard deviation). (¥) compared with
corresponding WT, () compared with the 3-4-months group.
*P < 0.05, ***P < 0.001, #P < 0.05.

12), which indicated that EGRI1 physically binds to these
three binding sites on the AChE promoter. Since mutation
in binding site 1 did not change the luciferase activity,
only site 2 and 3 were functionally involved in EGRI1
regulating AChE gene expression.

DISCUSSION

The present paper provides, for the first time, proof of a
direct stimulating regulatory effect of EGR1 on the pro-
motor of the AChE gene. A significantly positive correla-
tion was observed between EGR1-mRNA and AChE-mRNA
expression in both, the human PFC during the course of
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Figure 3. Early growth response 1 (EGRT) upregulates acetylcho-
linesterase (AChE) expression in the SY5Y cells. AChE expression was
increased with the up-regulation of EGR1 and decreased with down-
regulation of EGR1 in both (A) mMRNA and (B-C) protein levels. Transfections
of EGR1-pcDNAS.1 or EGR1-shRNA plasmids were repeated three times.
Student’s ttest was applied and data are represented as mean (+ standard
deviation) of the three times of transfection experiments, each of which
was performed in triplicates. A representative result of the gel-running
results is presented in B. (*) compared with corresponding control.
*P<0.05 **P<0.01, ***P < 0.001.
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AD and the frontal cortex of the 3xTg-AD mice of dif-
ferent ages, suggesting a stimulating regulating role of
EGR1 on AChE expression. We confirmed such a role in
cell culture and subsequently observed the underlying
mechanism of EGRI1 upregulating AChE expression via
EGRI1 binding to AChE gene promoter. These findings
offer a novel mechanism for the characteristic up/stable-
down alteration pattern of brain cholinergic function in
the course of AD.

Many studies showed that AChE enzymatic activity
was depleted in AD (10). However, AChE-protein levels
are unexpectedly preserved in AD brain (4), which is
in accordance with our finding that there is a relatively
stable AChE-mRNA expression in the PFC in AD. The
finding that despite the reduction in PFC EGRI-mRNA
in the later Braak stages, AChE-mRNA did not show
significant changes at any Braak stage, even though
EGR1 may stimulate AChE expression suggest that EGR1
defects may be a later AD stage event. Since AChE-
mRNA derives from AChE containing cortical neurons,
which are in general ChAT negative, our current obser-
vations indicated that AChE expression is more related
to the true cholinergic function at least in the PFC. It
should be noted that although the statistical power of
the neuropathological Braak stage-related observation
was 0.975, the statistic power of clinical Reisberg scale-
related observation was 0.675, which was mainly due to
the fact that quite a number of subjects lacked Reisberg
scale in their files. It should also be noted, though, that
the Reisberg scales showed a significant positive correla-
tion with Braak stages (p = 0.684, P < 0.001, n = 25),
which was a confirmation of our earlier study (37).
Finally, it may be worth to mention that PFC ChAT-
mRNA levels of these subjects were also available (data
not shown) and we observed that PFC ChAT-mRNA
levels were stable among Braak stages (one-way ANOVA,
F(6,42) = 0.97, P = 0.46) and among the Reisberg groups
(ANOVA, F(2,22) = 1.164, P = 0.3307). There was no
significant correlation between the levels of EGRI-mRNA
and ChAT-mRNA in the entire group of patients (r =
0.008, P = 0.959), although a significant negative cor-
relation was found in the Braak IV between these 2
molecules (r = —0.85, P = 0.015). These data are in
general in agreement with the findings of DeKosky et
al (6) who observed that ChAT activity was unchanged
in the inferior parietal-, superior temporal- and anterior
cingulate cortex in individuals with mild cognitive impair-
ment (MCI) and mild AD, compared to no cognitive
impairment (NCI), while ChAT activity in the superior
frontal cortex (SFC) was significantly elevated above
normal controls in MCI subjects. In addition, the mild
AD group was not different from NCI or MCI patients.
The difference between the upregulated ChAT activity
in the SFC in MCI (6) and our observation that there
was no significant change in PFC ChAT-mRNA levels
during the course of AD, indicates that the increased
ChAT activity is not based upon enhanced ChAT
production.

Brain Pathology 29 (2019) 502-512
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Figure 4. Early growth response 1 (EGR1) initiates acetylcholinesterase
(AChE) transcription by binding to the potential EGR1-binding sites in the
gene promoter of AChE. A. Schematic illustration of the deletion
constructs of AChE gene promoter. B. Luciferase activity of the deleted
constructs in 293T cells. +108/+707 pGL3 and -193/+707 pGL3 were
significantly increased compared with vector pGL3, —193/+707 pGL3
was significantly higher than +108/+707 pGL3; -60/+107 pGL3 and
-98/+107 pGL3 were both significantly decreased compared with
—193/+707 pGL3, while -98/+107 pGL3 was significantly higher than
—60/+107 pGL3; mutation 2 and 3 were both significantly decreased
compared with —=193/+707 pGL3, while mutation 1 did not change. C.
Electrophoretic mobility shift assay (EMSA) results of EGR1
overexpressing SY5Y cells. Incubation of nuclear extracts with the 3

In our previous study, we found that EGR1 expression
in the NBM remained stable during the early AD stages
and decreased only during the late AD stages, while
NBM ChAT started to decrease from middle Braak stage
(~IV) or from Reisburg scale 2 onwards (37). We here
propose that the up/stable-down patterns of change in

Brain Pathology 29 (2019) 502-512
© 2018 International Society of Neuropathology

EGR1 —>

g

oligonucleotides (probe 1-3) revealed bands (lanes 2, 6 and 10), which
were abolished by an excess of appropriately related unlabeled
oligonucleotide (lanes 3, 7 and 11); the specific bands that represented
EGR1-oligonucleotide complexes super-shifted with the addition of
EGR1 antibody (lane 4, 8 and 12). Student’'s ttest was applied.
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EGRI1 in both the PFC and the NBM (37) in the course
of AD may significantly contribute to the up/stable-down
patterns of cholinergic function, by regulating key fac-
tors of the cholinergic system, such as AChE. Although
the regulating role of EGR1 on ChAT gene expression
was observed in a cell line (29) and confirmed by our
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study on EGR1 and ChAT expression in the NBM dur-
ing the course of AD (37), it remains to be elucidated
how EGRI is regulating the coupling of, or the balance
between, ChAT and AChE during the course of this
disease.

One of the inherent potential confounding factors in a
postmortem study is medication use. In the framework of
our present study, it is important to note that none of
the subjects used anticholinesterase drugs during the last
3 months before death. In contrast, benzodiazepines were
widely used in a balanced way over all Braak stages, so
that they will not have confounded our data. In addition,
opiates were widely used by subjects of every Braak stage
except for Braak III. Concerning opiates such as morphine,
Ziotkowska er al found in mouse forebrain that acute
morphine administration might induce EGR1 expression
(38), while morphine may also increase AChE activity (23).
However, in our study the Braak III subjects did not show
significant different EGR1- and AChE-mRNA levels com-
pared with any other single Braak stage subjects (P 2
0.376 and P = 1.00, respectively, Supplementary Figure
S1, C-D). Therefore, we would not think that opiates will
have interfered with our conclusions. It should also be
noted that a number of subjects in Braak 0 (n = 4), Braak
I (n = 2) and Braak II (n = 2) used corticosteroids, which
were not used in Braak III-VI. Weber et al found in Wistar
rats that glucocorticoid did not change brain AChE activ-
ity (35). Other studies showed that glucocorticoid may
increase (24), or not affect (12), EGR1 expression, depend-
ing on the brain area. The effect of glucocorticoid on
EGRI1 has not been studied in the frontal cortex. However,
analysis on the values of EGR1-mRNA and AChE-mRNA
of those subjects who had used glucocorticoids were gen-
erally within the same range as of those who had not
used glucocorticoids within the same Braak stage (see
Supplementary Figure SI, A-B). So we do not think that
glucocorticoids have affected our main conclusions. In
addition, antipsychotics were used over the different Braak
stages, that is Braak II (n = 1), Braak III (n = 1), Braak
IV (n = 3), Braak V (n = 4) and Braak VI (n = 2). There
are data from animal studies showing that antipsychotics
such as haloperidol may increase both EGR1 and AChE
expression in the brain (19, 26, 36). However, on the basis
of the overlapping values of subjects that used or had
not used these medicines within the same Braak stage
(Supplementary Figure S1, E-F), we do not think that
antipsychotics may have interfered with our main conclu-
sions. Moreover, the observation that EGR1-mRNA and
AChE-mRNA are correlated not only in AD but also in
3xTg-AD mice and decrease in later stages strengthens
our conclusions.

The 3xTg-AD mouse is considered to be a good AD
model that expresses both p-amyloid (Af) and hyper-
phosphorylated tau (27). In the present study, we found
that there was a positive correlation between EGRI-
mRNA and AChE-mRNA both in the WT and 3xTg-AD
mice, which is in line with the findings obtained in our
cell-line study (see below) and in Braak VI of AD patients
in the PFC. However, the 3xTg-AD mice showed
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significant lower levels of EGR1-mRNA and AChE-mRNA
compared with WT mice in the entire group and in the
7-8-month of age group for EGRI-mRNA and in the
7-8-month and 11-12-month of age groups for AChE-
mRNA. This indicates that, concerning the changes in
EGR1-mRNA and AChE-mRNA expression in frontal
cortex, this 3xTg-AD mouse model mainly reflects the
late AD stages in human. In contrast, it did not mimic
the brain activation in early AD as we observed in post-
mortem human brain material (2). Therefore, on the basis
of our current data, this mouse model seems not suitable
for further research concerning the activation of genes
in the preclinical, early AD stages. It should also be
noted that the earliest cognitive impairment in the 3xTg-
AD mouse model was found to begin at the age of 4
months without plaque- or tangle pathology (1) while
we observed that EGRI-mRNA is not different from the
WT controls. In AD patients, however, the cognitive
impairment usually begins during Braak III-IV, when
EGRI1 starts to decrease in the PFC and when AD
pathology in terms of AP, hyperphosphorylated tau and
silver-stained plaques are increased (3). Again this is an
indication of the limitations of using the 3xTg-AD mouse
model for the study of this disease.

We proved, for the first time, the crucial and sufficiently
positive regulating role of EGR1 on human AChE expres-
sion by showing that up- or down-regulation of EGRI
may cause up- or down-expression of AChE on the levels
of mRNA and protein. This observation was followed by
analyzing the functional EGR1 binding sites in the human
AChE gene promoter by dual-luciferase assay and EMSA
assay. We showed three binding sites of EGR1 in the human
AChE promoter region, from which two functioned. This
is a confirmation of the study of Mutero et al who also
used mutation of the mouse AChE promoter region and
measurements of promoter activity, as well as gel mobility
shift assays (Mutero, Camp and Taylor, JBC, 1995,
270(4):1866—1872) (25). In addition, we offered functional
data of EGRI1 regulating AChE expression. Although a
previous study observed that human AChE gene expression
can be activated by EGRI via EGRI1 binding to AChE
promoter (34), it lacked the evidence on the direct effect
on AChE expression and did not show decreased EGRI1
leading to decreased AChE expression. Our findings that
up- or down-regulation of EGR1 respectively increased or
decreased the AChE expression in both mRNA and protein
levels in the SY5Y cell line has given novel evidence of
a crucial and sufficiently positive regulating role of EGR1
on the expression of AChE. It also seems to offer a good
explanation for the up/stable-down pattern of cholinergic
changes in the brain during the course of AD. Besides,
via mutation analysis of the binding sites we observed two
sites in —79/-71 and —69/-61 that are close to the tran-
scription starting point and are functionally effective.

Concluding, during the early AD stages, up/stable EGR1
may play a protective role, maintaining cholinergic system
function, which may contributes to stable cognition; while
in late AD stages decreased EGR1 may lead to a decreased
cholinergic system function, which contributes to dementia.

Brain Pathology 29 (2019) 502-512
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Brain EGR1 thus could be a novel target for AD therapy.
The 3xTg-AD mouse may be a proper model to study
EGRI1 and AChE related pathways in late AD stages, but
is not suitable for a study of the mechanisms that cause
activation of expression in pre-symptomatic AD stages.
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SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article at the publisher’s web site:

Figure S1. Scatter plot of the data of early growth response
1 (EGRI1)-mRNA and acetylcholinesterase (AChE)-mRNA
levels along the Braak stages. Open circles represent the sub-
jects who used corticosteroid (A-B), opiates (C-D) or anti-
psychotics (E-F) during the last 3 months before death. It was
concluded that the data of the users and non-users of these
medicines overlap, and thus do not interfere with the main
conclusions of the present study (for details see Discussion).

Figure S2. 3xTg-AD mice genotyping. Ear-clipped tissue was
obtained from each mouse. DNA was isolated according to
the study of Oddo et al (2003). Subsequently qPCR was per-
formed using ABsolute blue qPCR mix (AB4162B, Thermo,
US). The products were checked by running a 2% agarose
gel. PS1 = mutant human presenilin 1 gene (M146V); APP =
mutant human amyloid beta precursor protein gene (K670N,
M671L); Tau = mutant human microtubule associated pro-
tein tau gene (P301L).

Table S1. Clinico-pathological details of subjects. Braak
stage: neuropathological progression in Alzheimer’s disease
(AD) (Braak and Braak, 1991). Reisberg scale: clinical pro-
gression in AD (Reisberg et al, 1982). F = female; M = male;
CSF = cerebrospinal fluid; PMD = postmortem delay (min-
utes); RIN = RNA integrity number.

Table S2. Matching for confounding factors in Alzheimer’s
disease (AD) patients. Braak stage: neuropathological pro-
gression in AD (Braak and Braak, 1991). Reisberg group:
clinical progression in AD according to the Reisberg scale
(Reisberg et al, 1982). Based on the Reisberg scale, three
groups were distinguished in the present study, ie, no cog-
nitive decline (NCD) group including Reisberg 1 subjects,
mild cognitive decline (MCD) group including Reisberg 25
subjects, who had very mild to moderately severe cognitive
decline, and severe cognitive decline (SCD) group includ-
ing Reisberg 67 subjects, who had severe/very severe cog-
nitive decline. F = female; M = male; CSF = cerebrospinal
fluid; PMD = postmortem delay (minutes); P = ANOVA-
based P-value between Braak stages or Reisberg groups.
Data are represented as mean (* standard deviation).

Table S3. Primer sequences for gPCR. GAPDH = glyceral-
dehyde phosphate dehydrogenase; HPRT = hypoxanthine
guanine phosphoribosyl transferase; EGR1 = early growth
response 1; AChE = acetylcholinesterase; F = forward
primer; R = reverse primer.
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