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ABSTRACT

Acetylcholinesterase inhibitors (AChEls), the most developed
treatment strategies for Alzheimer’s disease (AD), will be used
in clinic for, at least, the next decades. Their side effects are in
highly variable from drug to drug with mechanisms remaining to
be fully established. The withdrawal of tacrine (Cognex) in the
market makes it as an interesting case study. Here, we found
tacrine could disrupt the proper trafficking of proline-rich mem-
brane anchor-linked tetrameric acetylcholinesterase (AChE) in
the endoplasmic reticulum (ER). The exposure of tacrine in cells
expressing AChE, e.g., neurons, caused an accumulation of the
misfolded AChE in the ER. This misfolded enzyme was not able to
transport to the Golgi/plasma membrane, which subsequently
induced ER stress and its downstream signaling cascade of
unfolded protein response. Once the stress was overwhelming, the
cooperation of ER with mitochondria increased the loss of mito-
chondrial membrane potential. Eventually, the tacrine-exposed

cells lost homeostasis and underwent apoptosis. The ER stress
and apoptosis, induced by tacrine, were proportional to the amount
of AChE. Other AChEls (rivastigmine, bis(3)-cognitin, daurisoline,
and dauricine) could cause the same problem as tacrine by induc-
ing ER stress in neuronal cells. The results provide guidance for the
drug design and discovery of AChElIs for AD treatment.
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Introduction

Alzheimer’s disease (AD) is a chronic neurodegenerative
disease and accounts for 50-75% of dementias across the
globe. More than 4 million new cases of dementia are
reported every year with a number expected to almost double
by 2030 (Prince et al., 2013), leading to a heavy burden to
health care system in the society. In the brains of patients
with AD, the loss of cholinergic markers, e.g., acetylcholines-
terase (AChE), is one of the most consistent cholinergic alter-
ations (Ferreira-Vieira et al., 2016). Therapeutic approaches
for AD have been established to enhance cholinergic func-
tions by using either AChE inhibitors (AChEIs) or cholinergic
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receptor agonists. Today, AChEI is the most sedimented
strategy for AD therapy, which boosts endogenous levels of
acetylcholine in the brain and thereby enhances cholinergic
neurotransmission (Talesa, 2001). AChEIs can be divided
into two groups according to the mechanism of action: revers-
ible and irreversible. The toxicity of irreversible AChEI has
been reported, and thus the reversible inhibitor mostly has
therapeutic application (Colovic et al., 2013). Three cholines-
terase inhibitors, donepezil (Aricept), rivastigmine (Exelon),
and galantamine (Razadyne), are in clinical use today (Nord-
berg and Svensson, 1998). Tacrine (Cognex) was the first
AChEI to be approved for AD treatment in 1993, but its use
was abandoned because of hepatotoxicity (Watkins et al.,
1994). In addition to drug development, the presence of
AChE in plasma, cerebrospinal fluid, and blood cell has sug-
gested its possible use as a biomarker reflecting the state of
cholinergic system in patients with AD (Lionetto et al., 2013).

AChE is a polymorphic enzyme transcribed from a single
gene of ACHE to different isoforms. The variants of AChE
isoforms, i.e., AChEr, AChEr and AChEg, are created via
alternative splicing at the 3’ end (Soreq and Seidman, 2001).
The AChER variant generates a soluble monomer that is
upregulated in the brain under stress (Atsmon et al., 2015);
the AChEy; variant produces a glycosylphosphatidylinositol-
anchored dimer that is dominantly expressed in mammalian
blood cells (Freitas Leal et al., 2017; Xu et al., 2018); the
AChEr variant, denoted here as AChE for simplicity, is the
subunit mainly expressed in the brain and muscle (Tsim et
al., 1988; Xie et al., 2010). The localization and oligomeriza-
tion of AChE in the brain depends on the interactions of its
C-terminal peptide (also called tail peptide) with proline-rich
membrane anchor (PRiMA), which is an anchoring protein.
The tetrameric globular (G4) form of this enzyme is produced
and predominantly expressed on the surface of neuronal cells
(Xie et al., 2010; Chen et al., 2011). In biosynthesis of AChE
oligomer, the newly synthesized molecule does not contain
enzymatic activity and is identified as an inactive precursor.
A subset of polypeptide chains is assembled into catalytically
active dimeric and tetrameric forms after post-translational
modification (Rotundo et al., 1989). The oligomerization of
AChE happens in rough endoplasmic reticulum (ER), and
about 70-80% of newly synthesized AChE oligomers do not
enter the Golgi apparatus, leading to a rapid degradation in
the ER (Rotundo et al., 1989; Chen et al., 2011). Only a small
part of AChE, catalytic active oligomers, associates with the
PRiMA subunit to produce the G4 AChE in ER. The fully gly-
cosylated AChE is produced in the Golgi apparatus and pre-
cisely targets onto plasma membrane as a functional enzyme
in neurons or other cell types (Chen et al., 2011).

The newly synthesized proteins have a risk of aberrant
folding and aggregation, potentially generating toxic species
(Hartl et al., 2011). The unfolded or misfolded proteins could
be accumulated and aggregated in ER, causing an ER stress
(Schroder and Kaufman, 2005). When the stress is over-
whelming, the ER cooperates with mitochondria, leading to
the processes of apoptosis (Lemasters, 2005; Sano and Reed,
2013). During the process of ER stress, an evolutionarily con-
served signaling, named unfolded protein response (UPR), is
activated to restore cell homeostasis (Schroder and Kaufman,
2005). Protein misfolding is believed to be the primary cause
of several neurodegenerative diseases, such as AD. Today,
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AChEIs are the best-proven efficacious agents for AD treat-
ment. Since newer therapeutic approaches are still at a very
early stage of development, AChEIs are likely to be used clin-
ically at least for years. Interestingly, the efficacies of
AChEIs for AD are usually consistent from case to case and
drug to drug; however, the occurrence of side effects is highly
variable (Schneider, 2000). Especially, the long-term safety of
AChEIs is not known. Here, we aim to identify the role of
AChEIs, e.g., tacrine, that could affect AChE protein traffick-
ing, and subsequently we determine the potential effect of
anti-AD drugs in the ER-stressed apoptosis.

Materials and Methods

Chemicals. AChEIs were purchased from Sigma-Aldrich (St.
Louis, MO), and synthetic AChEIs, bis(7)-cognitin, and bis(3)-cogni-
tin were from Prof. Yifan Han (Hong Kong PolyU) (Han et al., 2012).
Reagents used for culturing cells were bought from Invitrogen Tech-
nologies (Carlsbad, CA). Thapsigargin was purchased from Abcam
(Cambridge, UK). Other reagents, not mentioned, were purchased
from Sigma-Aldrich (St. Louis, MO).

Cell Culture. Mouse neuroblastoma X rat glioma hybrid cells
(NG108-15), human embryonic kidney fibroblast cells (HEK293T), and
mouse monocytes cells (RAW 264.7) were purchased from American
Type Culture Collection (Manassas, VA). These cells were cultured in
Dulbecco’s modified Eagle’s medium (Invitrogen Technologies) supple-
mented with100 pg/ml streptomycin, 100 U/ml penicillin, and 10% fetal
bovine serum and maintained in a humid atmosphere at 5% COs,
37°C. Cortical neurons were separated and cultured from Sprague-
Dawley rats at embryonic day 18, which was previously described (Pi et
al., 2004; Yu et al., 2020). In brief, Hank’s balanced salt solution
(Sigma-Aldrich) supplemented with 10mM HEPES (pH 7.4) without
Ca?" and Mg?* and 1mM sodium pyruvate was used to obtain cortex
from the whole brain. The cortex was treated with 0.25% trypsin at
37°C and triturated for several times to get single cells. Subsequently,
the dispersed cells were cultured on poly-L-lysine—coated culture plates
or coverslips in neurobasal medium with 2% B27 at 37°C. After 24
hours, cytosine arabinonucleoside (Sigma-Aldrich) was added to a final
concentration at 2.5 uM to inhibit nonneuronal cell division. The corti-
cal neurons could be used at 6 days after culture. Primary osteoblasts
were cultured from calvaria of Sprague-Dawley rats, as previously
described (Xu et al., 2013).

AChE Enzymatic Assay. The modified method of Ellman et al.
(1961) was used to determine AChE enzymatic activity. Briefly, 0.1
mmol/L.  tetra-isopropylpyrophosphoramide (Sigma-Aldrich) was
added to each reaction for 10 minutes to inhibit butyrylcholinester-
ase activity. The reaction mixture contains 0.5 mmol/L 5,5-dithiobis-
2-nitrobenzoic acid, 0.625 mM acetylthiocholine iodide (ATCh;
Sigma-Aldrich) and 520 pl samples in 80 mM sodium phosphate
(NagHPO,) at pH 7.4. Absorbance unit per minute per gram of pro-
tein was used to express the specific enzyme activity. The absorbance
was measured at 410 nm.

Subcellular Fractionation. Subcellular fractionation was car-
ried out, as previously described (Chen et al., 2011). Briefly, the cul-
tured NG108-15 cells were dispersed in 0.5 ml of homogenization
buffer (10 mM HEPES, 1 mM EDTA, 0. 25 M sucrose, supplemented
with protease inhibitors in low-salt lysis buffer, pH 7.4) and dis-
rupted by Dounce homogenizer on ice. After centrifugation at 500g
for 10 minutes, nuclei and unbroken cells were pelleted and dis-
carded. The supernatant was centrifuged at 80,000¢ for 1 hour to
obtain the vesicle pellet, which was resuspended in 0.4 ml homogeni-
zation buffer and layered on the top of continuous iodixanol gra-
dients (1-20%, Sigma-Aldrich). After centrifugation by Sorvall TH
641 rotor at 200,000g for 3 hours, 1 ml fraction was collected from
the top of gradient. The intracellular markers were determined by
Western blot analyses with different antibodies: calnexin (1: 1,000;
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Sigma-Aldrich) for the ER, Na*/K"-ATPase (1:1000; Abcam) for the
plasma membrane, and Golgi matrix protein 130 (1:1000; BD Bio-
sciences, San Jose, CA) for the Golgi apparatus.

Sucrose Density Gradient Analysis. Sucrose density gradient
analysis was employed to separate various molecular forms of AChE
as previously described (Xie et al., 2010). The known sedimentation
coefficients of alkaline phosphatase (ALP) and f-galactosidase were
6.1 S and 16 S, respectively. As internal sedimentation markers,
ALP and f-galactosidase were mixed with 0.2 ml samples of cell
extracts containing equal amounts of protein (200 pg). The mixture
was layered onto continuous sucrose gradients (5—20%) in 12-ml pol-
yallomer tubes. The gradient was centrifuged at 38,000 rpm in a
SW41 Ti Rotor (Beckman Coulter Inc. Brea, CA) for 16 hours at 4°C.
About 45 fractions were collected from the bottom to the top of tubes.
ALP and p-galactosidase activities of fractions were detected to
determine sedimentation coefficients of each fraction. Then, AChE
activity of each fraction was assayed. According to the known sedi-
mentation coefficients of G1 (4.3 S) and G4 (10.2 S) isoforms of
AChE, relative expression of different AChE isoforms could be
determined.

Real-Time Quantitative Polymerase Chain Reaction. RNA-
zolRT Reagent (Molecular Research Center, Cincinnati, OH) was
employed to extract total RNA according to the manufacturer’s
instructions. Equal amounts of RNA were reverse transcribed into
cDNAs by Moloney murine leukemia virus reverse transcriptase
(Thermo Fisher Scientific, Waltham, MA). The transcript level of tar-
get genes was determined by real-time quantitative polymerase
chain reaction (PCR) using SYBR Green Master mix and carboxy-X-
rhodamine (ROX) reference dye (Winer et al., 1999). Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) served as housekeeping gene.
Primers used were as follows: 5-AAT CGA GTT CAT CTT TGG GCT
CCC CC-3 and 5'-CCA GTG CAC CAT GTA GGA GCT CCA-3' for
AChE; 5' -TCT GAC TGT CCT GGT CAT CAT TTG CTA C-3' and 5'-
TCA CAC CAC CGC AGC GTT CAC-3' for PRIMA; 5'-CAT GGT TCT
CAC TAA AAT GAA AGG-3' and 5'-GCTGGTACAGTAACAACTG-3
for immunoglobulin heavy chain binding protein (BiP); 5'- CAT ACA
CCA CCA CAC CTG AAA G-38 and 5'- CCG TTT CCT AGT TCT
TCC TTG C-3' for CAAT/enhancer binding protein homologous pro-
tein (CHOP); 5’ -AGG TCG GTG TGA ACG GAT TTG-3' and 5'-TGT
AGA CCA TGT AGT TGA GGT CA-3' for GAPDH. The 2 2ACt
method was employed to quantify the relative levels of transcript
expression for target genes.

SDS-PAGE and Western Blot Analyses. The total protein
from cell cultures was collected by centrifugating at 13.2 x 10 rpm
for 15 minutes at 4°C in low-salt lysis buffer (Liu et al., 2020). Sam-
ples containing equal amounts of total protein were treated with
direct lysis buffer and boiled at 100°C for 10 minutes (Chen et al.,
2011). After the electrophoresis separation in 1x SDS-PAGE running
buffer, the proteins were transferred to nitrocellulose membrane. To
confirm the transfer and equal loading of samples, the membrane
was stained by Ponceau S. The primary antibodies, incubated over-
night at 4°C, were as follows: anti-AChE antibody (1:500; Santa
Cruz Biotechnology, Santa Cruz, CA), anti—cleaved caspase 3 anti-
body (1:1000; Cell Signaling Technology, Danvers, MA), anti-BiP
antibody (1:1000; Cell Signaling Technology), and anti—a-tubulin
antibody (1:10,000; Sigma-Aldrich). The enhanced chemilumines-
cence method was used to visualize the immune complexes in strictly
standardized conditions. The intensities of bands were quantified by
Image Laboratory 6.0 (Bio-Rad, Hercules, CA). a-Tubulin served as
an internal control to calculate the expression level of target
proteins.

DNA Construct and Transfection. Luciferase genes, pAChE-
Luc and pPRiMA-Luc, were the DNAs (~2.2 kb) encompassing
human AChE promoter and human PRiMA promoter, which were
subcloned into a pGL3 vector (BD Biosciences) upstream of a lucifer-
ase gene. The ¢cDNA encoding human wild-type AChE (AChEwr),
AChE®N"39 (three potential N-glycosylation sites were site-directed
mutated from asparagine to glutamine substitution), mutant AChE

(AChEyt; AChEwr residues Ser234, Glu365, and His478 were
mutated to alanine) (Du et al.,, 2015), and mouse PRiMA were
described previously; all AChE constructs were generated from
human AChEr subunit (Chen et al., 2011). Cultured NG108-15 and
HEK293T cells were transiently transfected with the ¢cDNA con-
structs by jetPRIME reagent and calcium phosphate precipitation,
respectively (Chen et al., 2011). Another control plasmid having a
p-galactosidase gene under a cytomegalovirus (CMV) enhancer pro-
moter was used to determine the transfection efficiency, consistently
at 20-30%. A commercial kit (Tropix Inc., Bedford, MA) was used to
perform luciferase assay according to manufacturer’s protocol. The
activity was measured as absorbance (up to 560 nm) per mg of
protein.

Immunofluorescence Analysis. Cultured cells on glass cover-
slip (Marienfeld superior, Lauda-Konigshofen, Germany) were fixed
by 4% paraformaldehyde for 10 minutes. After several times of wash-
ing, samples were blocked by 5% bovine serum albumin with or with-
out 0.2% Triton X-100 for 1 hour at room temperature. The anti-
AChE antibody (1:500; Santa Cruz Biotechnology) was treated to
stain AChE protein in cells for 16 hours at 4°C. Subsequently, the
corresponding fluorescence-conjugated secondary antibody (Alexa
488—conjugated anti-goat) was treated for 2 hours at room tempera-
ture. After three times of washing by PBS, samples were serially
dehydrated with ice-cold 50, 75, 95, and 100% ethanol and mounted
with DAKO (Carpinteria, CA). Until they were completely dried,
samples were observed under a Zeiss laser scanning confocal micro-
scope (Leica SP8, Wetzlar, Germany). Leica confocal software (ver-
sion 2.61) using a PLAPO 40 0.75 DRY objective was employed to
capture the images at excitation 488 nm/emission 500-535 nm.

Apoptosis Detection. An Annexin V-FITC/PI Apoptosis Detec-
tion kit (BD Biosciences) was employed to measure the apoptosis of
cells by flow cytometry according to the manufacturer’s instructions.
In brief, cells were cultured for 24 hours before exposure. After expo-
sure, the floating and adherent cells were gently collected in culture
medium. After three times of washing in PBS, cells were incubated
in binding buffer [annexin-V/fluorescein isothiocyanate (FITC) and
propidium iodide] for 15minutes at room temperature in dark. To
eliminate clumps and debris, cells were passed through the cell
strainer. A total of 10,000 events of each sample were acquired by
the loader. The data were showed by the quadrants, which were set
based on the population of viable unstained cells in the control sam-
ples. FACS Aria equipped with the CellQuest Software (BD Bioscien-
ces) was used to analyze the results.

Detection of Mitochondrial Membrane Potential. The mito-
chondrial membrane potential (MMP, Ay) of cells was measured by
JC-1 (Sigma-Aldrich) staining (5 ug/ml) for 30 minutes. The floating
and adherent cells were harvested in culture medium. After three
times washing by PBS, the cells were stained by JC-1 staining solu-
tion and measured by a flow cytometry. Confocal microscopy was
used to measure the MMP of live cells in situ. HEK293T cells were
cultured on poly-L-lysine—coated coverslips and stained by JC-1. Fol-
lowed by three times of washing, the coverslips were mounted onto
microscope slides. Images were captured by a confocal microscope
(Leica SP8). JC-1 generated complexes called J-aggregates with red
florescence, which was detected at excitation 561 nm/emission
582+25 nm. The JC-1 monomer exhibited intensive green flores-
cence, which was measured at excitation 488 nm/emission 530 +30
nm. FlowdJo version 7.6 software was used to analyze the flow cytom-
etry data (Kuete et al., 2015). For the images taken by confocal
microscopy, the ratio of red/green fluorescence intensity was ana-
lyzed by Imaged software (Rawak Software Inc., Dresden, Germany).

Transmission Electron Microscopy. HEK293T cells were
seeded and grown for 24 hours. Glutaraldehyde (2.5%) in cacodylate
buffer (0.1 M, pH 7.4) was used to fix the treated cells. After firming
with 1% osmium tetroxide (pH 7.2), samples were dehydrated and
embedded in durcupan. A diamond knife was employed to cut sam-
ples into 60 nm, which was mounted on Cu-grids. Images were



captured by a transmission electron microscope (Philips CM100,
Andover, MA).

Hoechst 33342 Staining. Cells were cultured and seeded on
poly-L-lysine—coated plates. After exposure and intensive washing
with cold PBS, cells were stained by cell-permeable DNA dye
Hoechst 33342 (300 pl, 5 pg/ml) at 4°C for 5 minutes. The nuclei
were visualized by a confocal microscope (Leica SP8). Cells with chro-
matin condensation or fragmentation were stained with bright blue
and were considered as apoptotic cells. Condensed nuclei were calcu-
lated by counting at least 500 cells of three randomly chosen fields
from four experiments.

Molecular Docking. The human AChE sequence from Uni-
ProtKB P22303 was used. Wild-type and activity-deleted mutant
AChE were homology modeled with template 604X (Protein Data
Bank code). Their structures were prepared by correcting the struc-
ture issues, including adding hydrogens, missing loops, calculating
partial charges, and break bonds by Amber10: EHT forcefield. The
structure of tacrine was built and converted to a three-dimensional
structure with minimized energy. The binding site of co-crystallized
AChE ligand 9-aminoacridine was used to establish the active
pocket. The poses of placement and refinement were set as 180 and
30, which were chosen as triangle matcher and rigid receptor with
evaluated scores of London dG and Generalized-Born volume inte-
gral/Weighted surface area dG. By using MOE Dock module, the
molecular docking simulation between tacrine and residue site in
AChE active pocket was carried out.

Other Assays. A Bradford method kit from Bio-Rad was
employed to determine the concentration of protein. For statistical
analyses, each result represented the mean + S.D., each with tripli-
cate samples. Statistical significance was determined by paired Stu-
dent’s ¢ test and one-way or two-way repeated measures of ANOVA
with subsequent application of different multiple comparisons
methods.

Results

Tacrine Inhibits Trafficking of PRiMA-Linked G4
AChE. Tacrine, a centrally acting AChEI, has been discon-
tinued due to safety concerns: this chemical serves as a rep-
resentative agent to study the potential threats of AChEIs.
The subcellular fractionation was carried out to detect the
effects of tacrine on enzyme distribution in cultures having
overexpressed AChE catalytic subunit together with PRiMA,
i.e., overexpression of the G4 form. The expression level of
AChE protein was upregulated by over 30-fold after overex-
pression of the G4 form of AChE in cultured NG108-15 cells
(Supplemental Fig. 1A). The subcellular compartments of cul-
tured NG108-15 cells were separated by linear iodixanol gra-
dients. The protein markers of each fraction were determined
by Western blot with specific primary antibodies. At the top
of gradient, i.e., fractions 2—4, the plasma membrane (PM)
marker (Na*/K'-ATPase) and the Golgi marker (Golgi
matrix protein 130) could be identified. At the bottom of gra-
dient, i.e., fractions 8-10, the ER marker (calnexin) was
enriched. The last fraction, i.e., fraction 11, was excluded
since the aggregated proteins could be contaminated (Fig.
1A). In cells overexpressing G4 AChE at time zero (no tac-
rine), AChE protein showed a classic transport from ER to
Golgi, with most of AChE protein localized in Golgi/PM-en-
riched fractions (Fig. 1A). The situation was slightly changed
with the exposure of tacrine for 8 hours. After exposure of tac-
rine for 24 hours, AChE localization was almost exclusively
found in the ER-enriched fractions, with only very small
amount in the Golgi/PM-enriched fractions (Fig. 1A). The quan-
titative distribution of AChE in different subcellular organelles,

AChE Inhibitor Induces ER-Stressed Apoptosis 459

Fraction: 1 234 567 8 91011
Na*/K*-ATPase T o
(PM marker) *|__ ™ lﬂ)o kDa § ®8h
Calnexin = A 24h
(ER marker) * ’ 95 kDa g w0l
Gmizo |130 a €
(Golgi marker) s 1
2
o» o-o--"mgeskt’a gz().
a = ]
Z 2o TN o5 0a w
T £ ]
24»[ 0 woe | csk0a S o
T e 23 45678 910M1
Golgi/PM ER Fractions
= - - 68 kDa .
THAI | Non-reducing gel
& TH'Q‘I - - | 68 kDa Control THA
Fraction: 1 4 710 13 16 19 22 25 28 31 34 37 40
s Sl
T - <G1/2 — 180 kDa
85 a P
= O
Q=
ws 3 [e'e] 135 kDa
=
g - 1'G4 > 75 kD:
T » 2
10 20 30 40
Fractions
100+ 1004 1 +Con A
> i 3 +SNA
'§ = O THA L qya S 80
Z £ e Dialysis - .
25 S B2 € 60
® 3 50~ ;329 [ie =]
ws sz N, \eca ©
£ . 221 ki 2 49
o _ e - w
< e 7 S
< -THA B ¥ e & g
0 T T T T T 0
0 10 20 30 40 50

C Co, 7k, Cop T,
Time (hour) 04%74 Mty 4

Fig. 1. Tacrine inhibits the trafficking of PRiMA-linked G4 AChE. (A)
Cultured NG108-15 cells co-transfected with AChE catalytic subunit
(AChET) and PRiMA were treated with tacrine (THA; 20 uM) for differ-
ent numbers of hours. The cell lysates underwent subcellular fraction-
ation. The distribution of proteins was analyzed by corresponding
antibodies. (B) The amount of AChE protein in each fraction was quanti-
fied from the blots in (A) by calibrated densitometry. (C) The ER frac-
tions [fractions 8-10 as in (A)] from NG108-15 cells with or without
THA exposure were concentrated by ultrafiltration centrifuge tube, then
subjected to sucrose density gradient assay. The expression of AChE in
different fractions was detected. (D) The ER fractions of cultured
NG108-15 cells with or without tacrine exposure were analyzed by non-
reducing electrophoresis. Heavy (+PRiMA) and light (—PRiMA) dimers
are indicated. (E) Cultured NG108-15 cells were treated with THA (20
uM) for 24 hours. The medium containing THA was removed and inten-
sively washed with cold PBS. Then fresh culture medium was added.
Cell lysates were collected after the removal of THA after different num-
bers of hours for Ellman assay. The THA-treated ER fraction from
NG108-15 cells was dialyzed: the dialyzed samples underwent sucrose
density gradient analysis (insert). (F) Cell lysates from THA-treated
NG108-15 cells with equal amounts of proteins were incubated with Con
A, SNA, or agarose only. After centrifuging, the activity of AChE in
supernatant was determined by Ellman assay. Percentage of precipi-
tated AChE was calculated as (total input AChE activity — supernatant
AChE activity)/total input AChE activity x 100%. The data are normal-
ized to the percentage of control or the amount of agarose-precipitated
AChE. Values are in means + S.D., n = 4, each with triplicate samples.
Statistical significance was analyzed by one-way repeated measures
ANOVA with subsequent application of Dunnett’s multiple comparisons
test. *P < 0.5, **P < 0.01, ***P < 0.001 versus control.

after exposure of tacrine for different numbers of hours, is
shown in Fig. 1B. To identify the ER-retained AChE, the ER
fraction of tacrine-exposed NG108-15 cultures was subjected to
sucrose density gradient analysis. Because tacrine inhibited
most of the activity of AChE in the ER fractions, Western blot
was employed here for the protein recognition in each fraction.
With or without tacrine exposure, G1/G2 was the major form of
AChE, as compared with G4 (Fig. 1C). This notion was further
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supported by nonreducing gel as shown in Fig. 1D. The result
indicated that tacrine should not affect dimerization or tetrame-
rization of the enzyme in ER.

Tacrine is a reversible AChEI, and thus we tested the
recovery of enzyme activity after removal of tacrine from the
culture. After removal of tacrine in cultured NG108-15 cells
and washing with PBS, the activity of AChE was almost
completely recovered (Fig. 1E). The activity in ER fraction of
tacrine-exposed cultures could be fully recovered after dialy-
sis against buffer (Fig. 1E, insert). Moreover, the sedimenta-
tion forms of recovered AChE were not changed. Proper
glycosylation of AChE is known to play a role in enzyme traf-
ficking (Chen et al., 2011). Hence, two lectins [concanavalin
A (Con A) and Sambucus nigra (SNA)] were used to deter-
mine different glycan composition of AChE by specifically
precipitating the enzyme. The high-mannose glycan chain,
abundant in both precursor and mature AChE, could be spe-
cifically precipitated by Con A. Sialic acid, expressed mainly
in complex chains of mature AChE, could be bound by SNA
(Supplemental Fig. 1B). Similar binding with immobilized
Con A and SNA of AChE oligosaccharides in cells treated
with or without tacrine was detected, which suggested no
change in enzyme glycosylation after exposure to tacrine
(Fig. 1F).

The immunofluorescence staining of AChE in cells was
employed to visualize the effect of tacrine in AChE protein
trafficking. NG108-15 cells having overexpression of G4
AChE were stained with anti-AChE antibody, 4',6-diamidino-
2-phenylindole (DAPI), and phalloidin—iFluor 555 with or
without Triton X-100. DAPI and phalloidin were used to
stain nucleus and plasma membrane, respectively. Intensive
immunoreactivity was detected in both with and without tac-
rine-exposed cells in presence of Triton X-100, indicating that
AChE was expressed at similar level (Fig. 2). Without perme-
abilization by Triton X-100, the staining of AChE in control
cells could be revealed on cell surface; however, the staining
of AChE was not detected on cell surface of tacrine-exposed
cells (Fig. 2A). The minimal amount of surface AChE in tac-
rine-exposed culture was further illustrated by quantitation
of fluorescence staining (Fig. 2B). Here, we are hypothesizing
that tacrine could disrupt the proper membrane targeting of
PRiMA-linked G4 AChE to cell surface.

Tacrine Induces ER Stress in Neuronal Cells. An
induction of BiP expression is an indicative marker of ER
stress, as well as a central regulator of the UPR. To examine
the effects of tacrine on ER stress, we first exposed the cells
with chemical reagent that induced ER stress, namely thap-
sigargin, serving as a positive control. Treatment of cultured
NG108-15 cells with thapsigargin activated the UPR, as indi-
cated by ~4-fold induction of BiP expression (Fig. 3A). The
induction of BiP by applied tacrine in cultured NG108-15
cells was in a dose-dependent manner with the maximal
induction by ~2-fold at ~50 uM tacrine (Fig. 3B). Unfolded
or misfolded protein being accumulated in ER is known to
cause stress and cell death. Cleaved caspase 3 (cl-caspase 3),
an apoptotic marker, was measured here to reveal the effect
of tacrine in inducing cell apoptosis. In a time-dependent
manner, tacrine obviously induced expression of cl-caspase 3
in both cultured NG108-15 cells and cortical neurons. After
exposure of tacrine for 24 to 48 hours, the induction of cl-cas-
pase 3 reached to 2—3-fold in NG108-15 cells or cortical neu-
rons (Fig. 3C). Tacrine inhibited AChE activity in a dose-

dependent manner in cultured NG108-15 cells. Tacrine at
~50 uM almost completely inhibited the activity of AChE in
culture, similar to that of donepezil (Supplemental Fig. 1C).
However, the protein expression of AChE was upregulated
by over 2-fold after exposure of tacrine in cultured NG108-15
cells or cortical neurons (Fig. 3D). Thus, the expression of
AChE protein under ER stress was measured here in cul-
tures. The exposure of thapsigargin induced the expression of
AChE in a dose-dependent manner having the maximal
induction at ~3-fold (Fig. 3E, left panel). At the same time,
thapsigargin induced the total enzymatic activity of AChE in
a dose-dependent manner, reaching to the highest induction
of ~3-fold, as compared with control (Fig. 3E, right panel).
Meanwhile, the immunofluorescence staining of AChE-over-
expressed cells indicated that thapsigargin caused an unde-
tectable amount of AChE in the cell surface, i.e., no AChE
being transported to cell surface (Fig. 3F). The minimal
amount of surface AChE in thapsigargin-exposed cells was
further analyzed by quantitation of fluorescence staining
(Supplemental Fig. 1D).

Tacrine Induces Downstream Signaling of ER
Stress. cAMP-cAMP response element-binding protein
(CREB) signaling is known to be part of UPR during ER
stress (Kikuchi et al., 2016). Here, pCRE-Luc, a report con-
struct containing three copies of cAMP response element
(CRE) and tagging upstream of a luciferase gene, was
employed to analyze the regulation of cAMP signaling. In
PCRE-Luc transfected NG108-15 cells, exposure of tacrine
induced transcriptional activity of pCRE-Luc in a dose-
dependent manner. The maximum induction of ~15-fold was
revealed at 20 pM tacrine (Fig. 4A, left panel). Besides, thap-
sigargin induced the activity of pCRE-Luc in a time-depen-
dent manner (Fig. 4A, right panel). Meanwhile, exposure of
tacrine, or thapsigargin, increased the CREB phosphoryla-
tion in a time-dependent manner (Fig. 4B, left panel). The
response time was at least 24 hours because the induction of
ER stress had to take time to accumulate the response (Fig.
4B, right panel). The activation of CREB suggested the turn-
on of UPR during ER stress in culture.

The binding of CRE element on mammalian ACHE gene
promoter is critical in cAMP-mediated AChE expression in
neuron, which contains only one CRE binding site at ~2 kb
upstream of the ATG start site (Schneider, 2000; Choi et al.,
2008). The AChE promoter with or without mutation on the
CRE-binding site, named pAChExcgrg-Luc or pAChE-Luc,
was transfected in NG108-15 cells to detect the effect of CRE
on transcription of ACHE gene (Fig. 4C, top panel). In
PAChE-Luc (intact human promoter) transfected NG108-15
cells, applied tacrine induced the promoter activity in a dose-
dependent manner. The tacrine-induced promoter activity
was markedly reduced in the mutated promoter, i.e.,
PAChE,cre-Luc, suggesting the role of this CRE site on
ACHE gene (Fig. 4C, right panel). In parallel, treatment of
thapsigargin induced the activity of pAChE-Luc in a dose-
dependent manner, which was markedly reduced in a sce-
nario of pAChE,crg-Luc—expressing cells (Fig. 4C, left
panel). This CRE site of ACHE promoter could account for
the regulation of AChE after ER stress.

Tacrine-Induced ER Stress Depends on Amount of
AChE. To find out involvement of AChE in ER stress and
apoptosis, cultured NG108-15 cells were transiently trans-
fected with AChEwr catalytic subunit with PRiMA for 24
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Fig. 2. Tacrine blocks the trafficking of AChE to membrane. (A) Cultured NG108-15 cells co-transfected with AChE catalytic subunit (AChEr)
and PRiIMA were treated with or without tacrine (THA; 20 pM) for 24 hours. Cells were immunostained by the anti-AChE antibody, DAPI, and
phalloidin—-iFluor 555 with or without permeabilization of Triton X-100 (0.2%). Florescence and phase photos were taken. (B) The quantification
of florescence intensity of AChE is shown. The values of average florescence intensity per cell are shown as means + S.D. were analyzed by

Imaged software. n = 4.

hours to overexpress the G4 AChE. The transfected pcDNA3
culture served as a negative control, an empty vector for
AChE plasmid. This overexpression induced enzymatic activ-
ity of AChE at ~4-fold compared with control culture
(Supplemental Fig. 1E), serving as a confirmation of AChE
overexpression. After the transfection at 24 hours, cultures
were exposed with tacrine from 4 to 48 hours. The protein
lysates of cultures were subjected to Western blot assay for
BiP and cl-caspase 3 proteins. The exposure of tacrine in con-
trol cultures, or G4 AChE overexpressed cells, induced the
expressions of BiP and cl-caspase 3 (Fig. 5A, upper panel). In
AChE-overexpressed cultures, exposure of tacrine obviously
enhanced the expressions of BiP and cl-caspase 3, i.e., the
effective curve shifted to the left (Fig. 5A, lower panel), which
suggested that overexpression of AChE could accelerate the
tacrine-induced ER stress and apoptosis.

Three N-linked glycosylation sites (Asn296, Asn381, and
Asn495) on ACHE gene were conserved in mammalian
AChE, including human, mice, and rat (Velan et al., 1993). A
robust decrease of AChE activity and protein stability was
identified in the glycosylation-depleted human AChE (Chen
et al., 2011). Besides, the depletion of AChE glycosylation led
to the newly synthesized protein being stuck in the ER (Chen
et al, 2011). Human AChE cDNA and its glycosylation
mutant, all-site mutant AChE®N"3?Q were subcloned in a
vector under a CMV promoter (Velan et al., 1993; Chen et al.,
2011) (Fig. 5B, upper panel). The cDNAs encoding AChEywr,
or AChE®N"3Q with PRiIMA ¢DNA was transfected in cul-
tured HEK293T cells. After transfection for different num-
bers of hours, the expression of BiP and cl-caspase 3 proteins
were measured. As expected, the transfection of AChE3N"3Q
with PRiMA, forming unglycosylated G4 AChE, induced the
expressions of BiP and cl-caspase 3 proteins after 24 hours,
having the maximal induction at 2-3-fold (Fig. 5B). However,

the overexpression of wild-type AChE showed no effects on
BiP and cl-caspase 3 expression (Fig. 5B). Thus, the ER
stress, as induced by glycosylated mutant of AChE in this
case, was able to induce subsequently the cell death, similar
to that of applied tacrine.

To demonstrate the effects of AChE activity in tacrine-
induced ER stress and apoptosis, a mutant of AChE without
enzymatic activity was produced. Residues Ser234, Glu365,
and His478 of the catalytic triad in AChEwr contributing to
AChE enzymatic activity were all mutated to alanine gener-
ating AChE (S234A, E365A, H478A), named AChEyr
(Supplemental Fig. 1E). This mutated AChEyr construct
expressed the AChE protein with no enzymatic activity
(Supplemental Fig. 1E). HEK293T cells were employed here
to avoid the disturbance of intrinsic AChE since very mini-
mal AChE was found in this cell type (Chen et al., 2011). Cul-
tured HEK293T cells were transiently transfected with
pcDNA3, AChEwr, and AChEyr with PRiIMA for 24 hours.
The same protein size could be detected both in wild-type
and mutated AChE protein (Liu et al., 2020). After the trans-
fection at 24 hours, cultures were exposed with tacrine from
2 to 24 hours. The protein lysate of cultures was subjected to
Western blot assay for BiP and cl-caspase 3 proteins. Expo-
sure of tacrine in control cultures (pcDNAS3-transfected)
showed minimal effect on the expressions of BiP and cl-cas-
pase 3 (Fig. 5C). In G4 AChE overexpressed cultures, applica-
tion of tacrine enhanced the expressions of BiP and cl-caspase
3: this result was consistent with that in NG108-15 cells. How-
ever, tacrine also enhanced slightly the expressions of BiP and
cl-caspase 3 in AChEyr (no enzymatic activity) overexpressed
cultures (Fig. 5C). According to the quantification results, the
tacrine-induced BiP and cl-caspase 3 in G4 AChEwr overex-
pressed cultures were more robust than that in G4 AChEyr
overexpressed cultures after 8 hours, or more robust thereafter
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Fig. 3. Tacrine induces ER stress and apoptosis. (A) Cultured NG108-
15 cells were exposed with thapsigargin (Tg) for 24 hours. The expres-
sion level of BiP was determined by Western blotting and quantified in
histograms. (B) Cultured NG108-15 cells were exposed with tacrine
(THA) for 24 hours. The expression level of BiP was determined by
Western blotting and quantified. (C) Cultured NG108-15 cells and rat
cortical neurons were exposed with or without THA at 100 pM for dif-
ferent numbers of hours. The expression level of cl-caspase 3 was
determined by Western blot and quantified. (D) Cultured NG108-15
cells and rat cortical neurons were exposed with or without THA from
10 to 100 pM for 24 hours. The expression level of AChE was deter-
mined by Western blotting and quantified. (E) Cultured NG108-15 cells
were exposed with or without Tg at different concentrations for 24
hours. The expression level of protein was calculated (left panel).
AChE activity was determined by Ellman assay (right panel). (F) Cul-
tured NG108-15 cells co-transfected with AChE and PRiMA were
exposed with Tg (1 uM) for 24 hours. Cells were immunostained by the
anti-AChE antibody with or without permeabilization of Triton X-100
(0.2%). In all cases, a-tubulin served as an internal control. Values are
expressed as the fold to basal, percentage of control, or percentage of
increase and are in means + S.D., n = 4, each with triplicate samples.
Statistical significance was analyzed by one-way repeated measures of
ANOVA with subsequent application of Dunnett’s multiple compari-
sons test. *P < 0.5, **P < 0.01, ***P < 0.001 versus control.

(Fig. 5D). The pcDNA3-transfected cultures showed no effect on
tacrine exposure since the control HEK293T cells contained
minimal amount of AChE (Fig. 5, C and D).

The discrepancy of responses to tacrine could be accounted
for by loss of tacrine binding to the mutated enzyme, e.g.,
AChEyt versus AChEwr. By molecular docking simulation,
the calculated binding sites of tacrine with wild-type and activ-
ity-deleted mutant AChE were analyzed. The binding modes of
tacrine with wild-type AChE (Protein Data Bank code, 604X;
Supplemental Data File 1) and AChEyr (homology modeling
with template 604X; Supplemental Data File 2) were different.
In wild-type AChE, tacrine bound to Trpl117 (the acyl pocket
active site), Gly152 (oxyanion hole active site), His478 (muted
catalytic site), and Asp105 (peripheral anion site) by n-n, n-H,
n-H, and H-donor interactions with proposed binding affinities of
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Fig. 4. Tacrine activates downstream signaling of ER stress. (A) Cul-
tured NG108-15 cells were transiently transfected with pCRE-Luc and
exposed with tacrine (THA) at different concentrations for 24 hours
(left panel) or thapsigargin (Tg) at 1 pM for different numbers of hours
(right panel). Luciferase assays were performed. (B) NG108-15 cells
were exposed with THA at 100 uM and Tg at 1 pM for different num-
bers of hours. Total and phosphorylated CREB (p-CREB) (~42 kDa)
were detected by corresponding antibodies (left panel) and quantified
in histograms (right panel). (C) Human wild-type ACHE promoter
(pAChE-Luc) with CRE-binding site (CAC GTC A) and mutated pro-
moter (PAChEAcrg.Lue) With unfunctional CRE-binding site (CCC TTA
A) are shown. These two cDNAs were transiently transfected in
NG108-15 cells, which were then exposed with THA or Tg for 24 hours.
Luciferase assays were performed. AP2: activating protein 2; MyoD:
myoblast determination protein; NFkB: nuclear factor kappa B; SP1:
specificity protein 1. Statistical significance was analyzed by one-way
repeated measures of ANOVA with subsequent application of Dunnett’s
multiple comparisons test, or two-way repeated measures of ANOVA
with subsequent application of Bonferroni’s multiple comparisons test
in (C). *P < 0.5, **P < 0.01, ***P < 0.001 versus control. Data are
expressed as the fold to basal or percentage of increase and are in
means + S.D., n = 4, each with triplicate samples.

—8.35, —3.465, —2.93, and —3.8775 kd/mol, respectively. In
AChEyr, tacrine bound to Trp117, Gly152, Ala478 (muted cata-
Iytic site), and Aspl05 by similar interactions with proposed
binding affinities of —4.73, —1.61, —2.48, and —4.005 kJ/mol,
respectively (Supplemental Fig. 2). By this docking measure-
ment, we speculated that the binding mode of tacrine with
AChEwr should be more conductive in the inhibitory effect than
that of AChEyr. Besides, the residues of His478, Trp117, and
Gly152 are known to contribute AChE activity. Thus, the pro-
posed binding of tacrine to activity-deleted mutant AChE was
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n = 4, each with triplicate samples.

weak, which accounted for the negative effect of tacrine in induc-
ing ER stress of AChEyr expressing cells here.

Tacrine Increases Cell Death and Loss of MMP. An
extension of ER stress causes cell death. Here, flow cytometry
was used to reveal the tacrine-induced cell death and loss of
MMP in cultured NG108-15 cells. An annexin V/propidium
iodide (PI) apoptosis detection kit was employed to detect cell
apoptosis by flow cytometry. Annexin V—conjugated FITC
and PI were used to label phosphatidylserine residues on the
surface of cells, as well as cellular DNA. A distinctive charac-
teristic of early apoptotic cells is the appearance of phosphati-
dylserine residues on membrane surface. PI, a
non—membrane-permeable dye, could distinguish healthy,
apoptotic, and necrotic cells based on the membrane integ-
rity. Hence, the healthy cells (annexin V negative, PI nega-
tive), the early apoptotic cells (annexin V positive, PI
negative), and the late apoptotic cells (annexin V positive, PI
positive) could be seen in the bottom left quadrant, the bot-
tom right quadrant, and the top right quadrant, respectively
(Fig. 6A). Certain percentage of cells underwent apoptosis
after tacrine exposure in a time-dependent manner (Fig. 6A).
Hy0, served as a positive control here (Fig. 6A). In addition,
the detection of MMP was performed using JC-1 dye to
assess the depolarization of mitochondrial membrane. The
MMP loss in culture was increased with the exposure of

tacrine in a time-dependent manner (Fig. 6B). Therefore, the
alteration of MMP level, induced by tacrine, could result in
an increase of cell death.

To strengthen the observation of cell death, cultured
HEK293T cells were transiently transfected with pcDNAS3,
AChEwr, and AChEyr with PRiMA for 24 hours, followed by
exposure of tacrine from 2 to 24 hours, to reveal the cell
death under an overexpression system of G4 AChE. Annexin
V-FITC and PI-labeled HEK293T cells, transfected with dif-
ferent cDNAs, were subjected to flow cytometry analysis. In
pcDNA3-transfected cultures (control), tacrine did not affect
the apoptotic cells because HEK293T cells expressed very lit-
tle AChE (Fig. 6C, upper panel). In G4 AChE expressed cul-
tures, exposure of tacrine starting from 8 hours obviously
induced the number of apoptotic cells (Fig. 6C, middle panel).
In G4 AChEyr expressed culture, tacrine showed much
reduced degree of cell death (Fig. 6C, lower panel). According
to the quantification results, tacrine-induced apoptotic cells
in G4 AChEwr expressed cultures better than that in G4
AChEyr expressed cultures, i.e., ~40% versus ~20% at 24
hours of exposure (Fig. 6, D and E). The findings were in line
with the results from apoptotic markers, cl-caspase 3 and
BiP. Here, tert-butylhydroperoxide (tBHP), an organic perox-
ide, served as a positive control to induce statistically signifi-
cant cell death via apoptosis (Zhao et al., 2005). In all
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Fig. 6. Amount of AChE regulates the tacrine-induced apoptosis. (A)
Cultured NG108-15 cells were exposed with or without tacrine (THA;
100 pM) for different numbers of hours. The subsequent disassembled
cells were dual labeled by an annexin V/PI apoptosis detection kit and
detected by flow cytometry (left panel). Calibration of apoptotic rates
is shown (right panel). (B) Cultured NG108-15 cells were treated as
in (A) and measured by flow cytometry (left panel). The percentage of
MMP loss was quantified (right panel). (C) Cultured HEK293T cells
were transiently transfected with pcDNA3, AChEwr, and AChEyr
with PRiIMA for 24 hours. After application of THA at 100 uM from 2
to 24 hours, apoptotic cells were measured by flow cytometry. (D)
HEK293T cells were treated as in (C). After application of tBHP at
100 uM for 6 hours, apoptotic cells were measured by flow cytometry.
(E) Calibration of apoptotic rates. Values are in percentage of total
cell number or control value and are in means + S.D., n = 4, each
with triplicate samples. Statistical significance was analyzed by one-
way or two-way repeated measures of ANOVA with subsequent appli-
cation of Dunnett’s or Tukey’s multiple comparisons test. **P < 0.01,
***¥*P < 0.001 versus control; #P < 0.05 versus AChEwr + PRiMA

group.

cultures, tBHP induced apoptotic cells by over 35% (Fig. 6, D
and E).

The apoptotic cells, under different DNA transfected
HEK293T cells, were further illustrated by Hoechst nucleic
acid staining. The results of Hoechst staining were consistent
with the outcome of flow cytometry. Apoptotic cells were
stained blue. In control cultures, tacrine did not affect the
percentage of apoptotic cells (Fig. 7A). In G4 AChEwr overex-
pressed cultures, the exposure of tacrine for 24 hours induced
apoptotic cells (Fig. 7A). Tacrine slightly induced apoptotic
cells in G4 AChEyr overexpressed culture (Fig. 7A). tBHP
served as a positive control here (Fig. 7B). The quantification
results showed the tacrine-induced apoptotic cells in AChEwr
overexpressed cultures were more robust than those in
AChEyt overexpressed cultures, i.e., 70% (AChEwr) versus
25% (AChEy) (Fig. 7C). In addition, the trafficking of G4
AChE was revealed in HEK293T cells transfected with differ-
ent DNA constructs. As expected, the membrane transport of
G4 AChEwr was highly sensitive to tacrine exposure; how-
ever, the trafficking of G4 AChEyr to the membrane was not
affected by the present of tacrine (Fig. 7D). This result indi-
cates the specificity of misfolded AChE-tacrine complex in
directing ER stress.

The tacrine-induced ER stress was further illustrated by
electron microscope. Normal morphology of ER in cultured
HEK293T cells were identified in control and in tacrine-
exposed cultures (Fig. 8, A and B). The positive control thap-
sigargin caused the disrupted ER structure. As expected, this
disruption was markedly revealed in the tacrine-exposed cul-
tures having overexpression of G4 AChE. In parallel, the dis-
ruption of mitochondrial morphology was identified in
tacrine-exposed G4 AChE overexpressed cells, as well as in
the case of applied thapsigargin (Fig. 8, C and D).

Mitochondria play critical roles in the process of ER stress-
induced cell apoptosis (Lemasters, 2005), and MMP is an
important early determinant of mitochondrial apoptotic signal-
ing. The effect of tacrine on change of MMP (A¥m) was
detected by JC-1 staining. At high MMP cells. JC-1 forms
aggregation and yields red fluorescence. At low MMP cells, JC-
1 exists as a monomer and exhibits intensive green fluorescence
(Martinez-Pastor et al., 2004). Cultured HEK293T cells were
transiently transfected with various DNA constructs for 24
hours, followed by exposure of tacrine for another 24 hours. In
pcDNA3-transfected culture, tacrine did not affect the change
of MMP, i.e., insufficient AChE being expressed in the cells
(Fig. 9, A and C). In G4 AChEwr overexpressed cultures, expo-
sure of tacrine for 24 hours induced the loss of MMP, i.e.,
reduced red/green signal (Fig. 9A, and C). Tacrine induced the
minor loss of MMP in G4 AChEyr overexpressed culture (Fig.
9, A and C). Carbonyl cyanide m-chlorophenyl hydrazone
served as a positive control here, inducing a low red/green sig-
nal in all scenarios (Fig. 9B). The quantification results showed
that the applied tacrine induced the loss of MMP in AChEwr
overexpressed culture, and this induction was more robust than
that in AChEyr overexpressed culture (Fig. 9C).

AChEIs Inhibit Trafficking of G4 AChE. Besides tac-
rine, the effects of other AChEIs on trafficking of G4 AChE
were analyzed by immunofluorescence staining in AChE
overexpressed NG108-15 cells. The staining of AChE could not
be detected on the plasma membrane of cells with exposures of
rivastigmine, bis(3)-cognitin, bis(7)-cognitin, daurisoline, and
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Fig. 7. The tacrine-induced apoptosis is recognized by Hoechst stain-
ing. (A) Cultured HEK293T cells were transiently transfected with
pcDNA3, AChEwr, and AChEyr with PRIMA for 24 hours. After expo-
sure of tacrine (THA; 100 uM) for 24 hours, cells were stained by
Hoechst 33342 (5 pg/ml). Images were taken by confocal microscope.
(B) Cultured HEK293T cells were treated as in (A). After application of
tBHP (100 uM) for 6 hours, cells were stained by Hoechst dye. (C) Con-
densed nuclei were calculated by counting at least 500 cells of three
randomly chosen fields. Values are in percentage of total cell number
and are in means + S.D., n = 4, each with triplicate samples. Statisti-
cal significance was analyzed by two-way repeated measures of
ANOVA with subsequent application of Tukey’s multiple comparisons
test. ***P < 0.001 versus pcDNA3 group; ###P < 0.001 versus AChEwr
+ PRiMA group. (D) Cultured HEK293T cells were treated as in (A).
After treatment with or without THA (100 uM) for 48 hours, cells were
immunostained by anti-AChE antibody with or without permeabiliza-
tion of Triton X-100 (0.2%).

dauricine, i.e., these AChEIs causing ER stress (Fig. 10A). In
contrast, the staining of AChE was detected on the plasma
membrane of cells with exposures of donepezil, galantamine,
and huperzine A (Fig. 10A). After application of these AChEIs,
AChE possessed same binding affinity with immobilized Con A

AChE Inhibitor Induces ER-Stressed Apoptosis 465

and SNA, suggesting no change in enzyme glycosylation after
binding with AChEIs (Supplemental Fig. 1F). The results are
consistent with side effects of AChEIs in clinic being highly var-
iable from drug to drug (Schneider, 2000).

In addition, the mRNA levels of BiP and CHOP, also an
indicative marker for ER stress, were investigated after expo-
sures of different AChEIs. Tacrine, rivastigmine, bis(3)-cogni-
tin, daurisoline, and dauricine obviously induced the
expressions of BiP and CHOP mRNA (Fig. 10B, upper panel).
Donepezil, galantamine, huperzine A, and jatrorrhizine
showed no effect on BiP and CHOP mRNA (Fig. 10B, upper
panel). Interestingly, lycobetaine increased CHOP mRNA
and showed no effects on BiP mRNA. Besides, tacrine, riva-
stigmine, bis(3)-cognitin, daurisoline, dauricine, and lycobe-
taine induced the expression of BiP protein (Fig. 10B, lower
panel). In contrast, donepezil, galantamine, huperzine A, and
jatrorrhizine showed no, or minor, effect on BiP protein
expression. The role of donepezil was further demonstrated
in G4 AChE overexpressed NG108-15 cells. Despite the
enzyme overexpression being expressed in cultures, the cells
did not response to challenge of donepezil (Fig. 10C). Thus,
there are two classes of AChEIs: ER stress—inducing and
non—ER stress—inducing.

The effects of AChEIs on the trafficking of AChE in other
cell types expressing AChE were demonstrated here. In RAW
264.7 cells, a macrophage cell line expressing G4 AChE (Liu
et al., 2020), tacrine, rivastigmine, bis(3)-cognitin, dauriso-
line, and dauricine obviously induced the mRNA level of BiP
and CHOP (Fig. 10D). Donepezil, galantamine, huperzine A,
lycobetaine, and jatrorrhizine showed no effect on changes of
BiP and CHOP mRNA (Fig. 10D). In addition, the immuno-
fluorescence staining of macrophage, exposures with tacrine
and thapsigargin, caused a minimal amount of AChE in cell
surface; however, donepezil showed no effect on the amount
of G4 AChE in cell surface (Fig. 10E, upper panel). Similar
situation in cultured osteoblasts, tacrine, rivastigmine, and
thapsigargin caused a minimal amount of AChE in cell sur-
face (Fig. 10E, lower panel). To reveal the specificity of tac-
rine on AChE-expressing cells, other membrane protein, e.g.,
o7 nicotinic acetylcholine receptor (nAChR), was overex-
pressed in cultures to investigate the effect of tacrine in ER
stress. In o7 nAChR overexpressed cultures, the staining of
o7 nAChR was fully identified on membrane of cells with the
exposure of tacrine (Supplemental Fig. 3). Thus, other mem-
brane proteins might not be involved in tacrine-induced ER
stress.

Discussion

AChEIs are the most established therapeutic agents for
AD treatment. Other strategies are still at an early stage of
clinical development and not in the market yet (Schneider,
2000). AChEIs are likely to accompany us for a long time.
Therefore, the possible risk profiles of AChEIs should be con-
sidered, and the safest drug can be discovered in targeting
the inhibition of AChE activity. Since tacrine was discontin-
ued in 2013 due to hepatotoxicity, the mechanism of hepato-
toxicity remains to be fully established. Early alterations of
membrane fluidity are likely to play an important role in
developing tacrine liver toxicity (Galisteo et al., 2000).
Recently, the liver-gut microbiota axis has been reported to
modulate the hepatotoxicity of tacrine (Yip et al., 2018). The
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4P < 0.001.

study of tacrine has never stopped. For the first time, we
have identified tacrine, or other AChEISs, in cultured neurons,
or cells expressing AChE, caused an accumulation of mis-
folded AChE being retained in ER: these misfolded proteins
were not able transport to Golgi/plasma membrane. The
stuck AChE proteins thereafter induced ER stress, as well as
the downstream signal cascade of UPR. Once the induced
stress is overwhelming, the cooperation of the ER with mito-
chondria increases the loss of MMP. The cells lost the homeo-
stasis leading to apoptosis. Besides neurons, the inhibitor-

induced ER stress could be identified in other AChE express-
ing cells, e.g., macrophages and osteoblasts.

ER stress in neuronal cells is regarded as a critical aspect
in pathogeny of AD (Brewer and Diehl, 2000). The accumula-
tion of misfolded proteins is a fundamental mechanism
underlying the induction of ER stress, which subsequently
induces neuronal cell death, as well as the cause of neurode-
generative diseases (Kozutsumi et al., 1988). Here, two clas-
ses of AChEIs are identified: those inducing ER stress and
those not inducing ER stress. The exact distinction between
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(A) Cultured HEK293T cells were transiently transfected with
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sure of tacrine (THA; 100 uM) for 24 hours, cells were stained by JC-1.
Images were taken by confocal microscope. (B) Cultured HEK293T cells
were treated as in (A). After application of carbonyl cyanide m-chloro-
phenyl hydrazone (CCCP; 10 pM; a positive control) for 1 hour, cells
were stained by JC-1. (C) The ratio of red/green fluorescence intensity
was analyzed by ImagedJ software. Values are ratio of red/green flores-
cence and are in means + S.D., n = 4, each with triplicate samples.
Statistical significance was analyzed by two-way repeated measures of
ANOVA with subsequent application of Tukey’s multiple comparisons
test. ***P < 0.001 versus pcDNA3 group; ###P < 0.001 versus AChEwr
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these two classes of AChEIs is not resolved. We are hypothe-
sizing that the distinct binding of AChEI to the enzyme could
be a means to account for this discrepancy, i.e., the binding of
certain types of AChEIs alters the proper folding of the
enzyme during synthesis. For an example, the binding sites
of tacrine and rivastigmine, as determined by molecular
docking, share the common binding pockets, whereas these
binding pockets are in distinction to donepezil and huperzine
A. Indeed, the tacrine binding site of human AChE is known
to be quite different from that of Torpedo AChE and varies
among different AChEIs (Cheung et al., 2012). The reasons
behind this discrepancy should be further investigated by
comprehensively analyzing the crystal structure of AChE.
The use of AChEIs during AD treatment could be a prob-
lem in inducing possible ER stress in neurons, as shown in
this study. The are two possible parameters affecting the
induction of ER stress: 1) the dosage and time of AChEI
treatment and 2) the level of AChE in cells, e.g., neuron at
certain brain region. Thus, the AChEI-induced ER stress is
believed to be more robust in cholinergic neurons expressing
high abundant of AChE. From the clinical reports, a high
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dose of AChEI consistently has better efficacy than a low
dose. This critical paradox, however, is the meaning of
greater adverse events (Ali et al., 2015). A low dose of
AChEIs has been proven not sufficient to be efficacious for
AD treatment (Schneider, 2000). Hence, a higher dose of
AChEIs is being considered in treatment. Because action
mechanisms of different AChEIs are rather similar, the effi-
cacy outcomes of AChEIs for AD treatment are usually con-
sistent. However, the drug-induced side effects are highly
variable from drug to drug, and thus the pharmacological dif-
ferences of AChEIs must be considered. For example, an ele-
vated level of transaminase was detected in patients with
exposure to tacrine (Ali et al., 2015). On the other hand, an
increased incidence of anorexia was more likely dose-related
with patients treated with donepezil (Schneider, 2000). In
protein biosynthesis, the chaperone protein copes with the
problem of aggregating protein intermediates whose role is to
prevent aggregation and to assist folding. “Chemical or phar-
macological chaperons” describes a class of small molecules
or drugs that function to alter the folding of protein. These
molecules reduce the inherent conformational flexibility of
the polypeptide chain via stabilizing a protein in a specific
region. However, our results imply the AChEIs function in
an opposite way with pharmacological chaperon.

The inclusion of chemical/pharmacological chaperones is
generally considered to increase the yield of protein produc-
tion both in vivo and in vitro (Rajan et al., 2011). Therefore,
an emerging strategy of using a reversible enzyme inhibitor
as pharmacological chaperone in stabilizing the folded form
of a protein in ER is employed to avoid possible protein
aggregation (Yu et al., 2007). In the folding of Torpedo AChE,
the reversible AChEI and chemical chaperon were able to
stabilize the purified enzyme during thermal denaturation,
suggesting that enzyme folding could be affected by chaper-
ons even in a test tube (Weiner et al., 2009). In cholinergic
molecules, Lester’s group has shown that nicotine could func-
tion as a pharmacological chaperone to accelerate ER export
of 042 nAChR, suppressing ER stress (Srinivasan et al.,
2012). In electrophysical measurement, galantamine at low
concentration acted as a positive allosteric modulator of
assembly of 242 nAChRs (Samochocki et al., 2003; Hillmer
et al., 2013). These lines of evidence suggest that AChEIs
may serve as an allosteric potentiating ligand in affecting the
ER stress, as mediated by nAChR.

The current pharmaceutical treatments for AD have either
no or very minimal disease modulating effects. The role of
immune system in the process of AD development has been
proposed (Weiner and Frenkel, 2006; Wisniewski and Goni,
2015). As the main cause of AD, amyloid-f (Af) deposition
promotes pathologic innate immune responses, such as astro-
cyte proliferation and microglial cell activation. The immuno-
therapies of AD by administration of Apf-specific antibodies
or immunization of A could slow down the memory-robbing
progress in mouse models (Weiner and Frenkel, 2006). The
US Food and Drug Administration has recently approved the
first new AD drug since 2003, which is a Af-specific monoclo-
nal antibody. The new drug reduces Af levels in the brain
and slows the progress of AD. Although doubts about the
therapy’s effectiveness and risk are arising due to mixed
results in clinical trials, many immune-based therapies of
AD are currently either under development or in clinical
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PRiMA were exposed with rivastigmine (RI; 10 uM), huperzine A (HupA; 10 uM), galantamine (GAL; 10 uM), donepezil (DPZ; 20 uM), bis(3)-cog-
nitin (B3C; 10 uM), bis(7)-cognitin (B7C; 2 pM), daurisoline (DAS; 10 pM), and dauricine (DAC; 10 pM) for 24 hours. Cells were immunostained
with anti-AChE antibody with or without permeabilization of Triton X-100 (0.2%). (B) NG108-15 cells were treated with AChEIs as in (A) plus

jatrorrhizine (JAT; 10 uM), lycobetaine (LBT; 10 uM), and thapsigargin

(Tg; 1 uM) for 48 hours. Quantitative PCR of BiP and CHOP were deter-

mined. Values were normalized with GAPDH (upper panel). The cultures were collected for Western blotting of BiP (lower panel). The expression

level of proteins was calculated using o-tubulin as an internal control.
with PRiIMA for 24 hours. After exposure of DPZ (20 uM) for different n
tured macrophages (RAW 264.7 cells) were exposed with AChEIs, as in

(C) HEK293T cells were transiently transfected with pcDNA3, AChEwr
umbers of hours, the cultures were collected for Western blotting. (D) Cul-
(A), and Tg (1 uM) for 48 hours. Values of quantitative PCR were normal-

ized with GAPDH. (E) Cultured RAW 264.7 cells (upper panel), or cultured primary osteoblasts (lower panel), co-transfected with AChE and

PRiMA, were exposed with or without tacrine (THA; 100 uM), DPZ (20

pM), RI (10 pM), and Tg (1 pM) for 48 hours. Cells were immunostained

by anti-AChE antibody with or without permeabilization of Triton X-100 (0.2%). Data are expressed as the fold of basal value, mean + S.D., n =

4, each with triplicate samples. Statistical significance was analyzed by

trials. Moreover, the promising immune-based treatments of
AD could be used in combination with AChEIs.

As reported here, tacrine transcriptionally regulates the
expression of AChE, which affects the trafficking of G4 AChE
from the ER to the Golgi/PM. Eventually, the tacrine-bound
misfolded AChE causes ER stress and cell death of neurons.
AD is closely associated with protein misfolding, aggregation,
and increased ER stress in neurons. The potential threats of
tacrine on cultured neurons have been identified in this
study, which suggests possible deterioration of AChEI for
AD. Although the use of tacrine has been abandoned, riva-
stigmine, a current AD drug, has been found to inhibit the
trafficking of G4 AChE, similar to tacrine. The potential
threats of rivastigmine as a treatment of AD therefore must
be considered (Nordberg and Svensson, 1998). Tacrine is con-
centrated in patients’ brains because of the relatively greater
lipid solubility, and rivastigmine can easily cross the blood-
brain barrier (Pohanka, 2014). Thus, the common point of
these two AChEIs suggests a structural cause for blockage of

paired Student’s ¢ test. *P < 0.05; ***P < 0.001 versus control.

AChE trafficking. Besides, the AChEI-induced ER stress is
not restricted to neurons; this occurs in other cell types
expressing AChE. Although neurons have the highest expres-
sion of AChE, the distribution of this enzyme is found in a
broad range of cell types, e.g., muscle, blood cells, bone cells,
and skin cells (Freitas Leal et al., 2017; Xu et al., 2018; Liu
et al., 2020). The safety guidance for drug design and discov-
ery of AChEIs for different types of medical problems relating
to cholinergic deficiency should be considered.
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Supplementary Figure 1.

(A) NG108-15 cells were transfected with pcDNA3 and AChEwr with PRIMA.
Protein lysates of the cultures were performed for Western blot assay. (B) A schematic
diagram of binding parts of Con A and SNA were shown. (C) Cultured NG108-15
cells were treated with or without tacrine (THA), or donepezil (DPZ), at different
concentrations for 24 hours. Protein lysates of the cultures were performed Ellman
assay. (D) Cultured NG108-15 cells co-transfected with AChE and PRIMA were
exposed with thapsigargin (Tg, 1 puM) for 24 hours. Cells were immuno-stained by
anti-AChE antibody with or without permeabilization of Triton X-100 (0.2%). The
quantification of florescence intensity of AChE was shown. The values of average
florescence intensity/cell were analyzed by ImageJ software. (E) The cDNAs encoded
wild type AChE (AChEwr) and AChE activity-deleted mutant (AChEwmr) were shown
by diagram. AChEwr S234 (AGT), E365 (GAG), H478 (CAT) were mutated to A
(GCG) (left panel). HEK293T cells were transfected with pcDNA3, AChEwr and
AChEwmT with PRIMA. Protein lysates of the cultures were performed Ellman assay

(right panel). (F) AChEIl-treated NG108-15 cell lysate was incubated with Con A,



SNA or agarose. The concentrations of AChEIls were shown as in Fig. 10B.
Percentage of precipitated AChE was calculated. The data are normalized to the
percentage of control, or the amount of agarose-precipitated AChE. Values are
expressed as the percentage of control to basal reading, or the fold of basal value, and
are in means £ SD, n=4, each with triplicate samples. Statistical significance was
analyzed by one-way repeated measures of ANOVA with subsequent application of

Dunnett's multiple comparisons test. *P<0.5, **P<0.01, ***P<0.001 vs. control.



Supplementary Figure 4. Proposed binding modes of tacrine with wild type and
activity-deleted mutant AChE. (A) Interactions of tacrine with AChEwr (ligand is
shown as green) are shown as 3D and 2D images. (B) Interactions of tacrine with
AChEwmr (ligand is shown as green) are shown as 3D and 2D images. Key resides for
binding of tacrine are shown. These binding modes show certain similarity to that of

rivastigmine.
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Supplementary Figure 5. Tacrine dose not block the trafficking of a7 nAChR to
membrane.

(A) Cultured NG108-15 cells transfected with a7 nAChR were exposed with or
without tacrine (THA; 20 uM) for 24 hours. Cells were immuno-stained by the
anti-a7 nAChR antibody with or without permeabilization of Triton X-100 (0.2%).
Florescence and phase photos were taken. (B) The quantification of florescence
intensity of a7 nAChR was shown. The values of average florescence intensity/cell

were analyzed by ImageJ software. Values are in means = SD, n=4.

Supplemental Data File 1. The structure of AChEwr.
Supplemental Data File 2. The structure of AChEwmr.



