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/Abstract. Mutations in presenilins 1 and 2 (PSI and PS2) are responsible for approximately 40% of all early onset familial
Alzheimer’s disease (FAD) monogenic cases. Presenilins (PSs) function as the catalylic subunit of y-secretase and suppor
cleavage of the amyloid-/ protein precursor (AFPP). We previously discovered that PSs also function as passive endoplasmic
reticulum (ER) caleium (Ca®*) leak channels and that most FAD mutations in PSs affccted their ER Ca?" lcak function. To
further validate the relevance of our findings to human disease, we here performed Ca®* imaging experiments with lymphoblasts
established from FAD patients. We discovered that most FAD mutations in PSs disrupted ER Ca*" leak function and resulted ilﬁ
increased ER Ca?" pool in human lymphoblasts. However, we found that a subset of PS1 FAD mutants supported ER Ca** leak!

ctivily, as ER Ca®" pool was unaffected in tymphoblasts. Most of the “functional” mutations for ER Ca®* leak were clustered
in the exon 8-9 arca of PSEN! gene and segregated with the cotton wool plaques and spastic paraparesis clinical phenotypd
occasionally observed in PST FAD patients. Our findings with the “functional” and “non-functional” PS1 FAD muitants wcro‘
confirmed in Ca®" rescue experiments with PS double-knockout mouse embryonic fibroblasts. Based on the combined effects of
the PS1 FAD mutations on ER Ca®" leak and -secretase activities we propose a mode] that explains the heterogeneity obscrved
in FAD. The proposed model has implications for understanding the pathogenesis of both familial and sporadic AD.

Keywords: Alzheimer’s disease, amyloid-3, calcium, cotton wool plaques, endoplasmic reticulum, lymphoblasts, preseniling
pastic paraparesis

of 60 years. Currently AD affects about 27 million
people worldwide and it is speculated that this number’
will quadruple by 2050. Most cases of AD are idio-
pathic and characterized by the late onset (> 60 years
of age). A small fraction of AD cases (familial AD,
FAD) arc characterized by an carlier onset and genetic

INTRODUCTION

Alzheimer’s disease (AD) is the most common form
of age-related dementia in human beings over the age
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inheritance. The presence of senile plaques and neu-
rofibrillary tangles in the brains of affected individuals
arc key pathological hallmarks of AD. The plaques con-
tain large amounts of amyloid-/ peptide (Af) (amyloid
[1,2]...The hyperphosphorylated microtubule!

plaques
plag
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‘lbinding protein tau is at the core of the tangles [3]. Mu-
tations in the genes encoding presenilin 1 (PS1), PS2
and amyloid-3 protein precursor (ASPP) account for|
majority of monogenic FAD cases [1,2,4,5]. Mutations
in the MAPT gene encoding tau does not lead to AD but
instead result in a variant of frontotemporal dementia
FTDP17)[3,6,7]. PSs are 50 kDa proteins that contain
transmembrane domains [5,8,9] and resides in the
ER membrane [10]. The complex of PS1 or PS2 with
Nicastrin, Aph-1, and PEN-2 subunits is transported
to the cell surface and functions as y-secretase, which
cleaves the ABPP protein and releases the AS peptide,
!Lhc principal constituent of the amyloid plaques. Con-
sistent with the role of PSs as the catalytic subunits
of y-secretase [5,11,12], FAD mutations in PSs alter

A PP processing to-increase the production of the fib--

rillogenic Af34» fragment, a finding consistent with the
“amyloid hypothesis” of AD pathogenesis [1,2].

Many patients with FAD mutations in PS1 display
significant phenotypic heterogeneity [13]. In particu-
lar, a subsct of PS1-FAD patients manifests symptoms
of spastic paraparesis (SP), or progressive spasticity of
the lower limbs [5,13~15]. Upon pathological exam-
ination of the same patients their brainf usually con-
tain abundant large, non-cored plaques, named cotton
wool plaques (CWP) composed primarily of Af 42 pep-

plaques in basal ganglia, brainstem and spinal cord is
responsible forjParkinsonism and spastic phenotypes
clinically observed in these patients. Based on initial
analysis of 3 different CWP PS1-FAD mutations, it has
been suggested that these mutations cause very large
increasg in A3, production [16]. However, it was later
discovered that other CWP-linked PS-FAD mutations
do not have such large effects on Af42 production.
Thus, the reasons for unique clinical and pathologi-
cal phenotypes observed in these PS1-FAD pedigrees
remain poorly understood [5,13-15].

In addition to the “amyloid hypothesis”, a “Ca?*
hypothesis” of AD pathogenesis has been previously
proposed. The “Ca®" hypothesis of AD” states that
deranged Ca®" signaling plays an importantrole in AD
Ipatllogcnesis [17,18]. Interestingly, many FAD mu-
tations in PSs result in deranged Ca®* signaling (re-
viewed in [18,19]). Although the connection between
FAD mutations in PSs and abnormal Ca?* signaling
has been known for over a decade [20], the mecha-
nistic explanation for these findings has been lacking
until recently. As a potential explanation for these re-
sults we recently proposed that PSs function as passive
LR Ca?t . leak channels [21].. Moreover, we. discov-

ered that a number of FAD mutations in PSs abolished
their LR Ca®* channel function [21,22]. In order to
further expand and authenticate our findings, we here
performed analysis of ER Ca®" leak function in cells
from a number of additional FAD mutants in PS1. In
parallel experiments we also evaluated Ca®" signals in
cells established from patients with FAD mutation in
ASPP, FTDP17 mutation in tau and from AD patients
with unidentified genetic mutations. From these results
we concluded that FAD mutations in PSs specifically
affected their ER Ca?t leak activity. We also discov-
ered that a subset of PS1 FAD mutants supported ER
Ca®* leak activity. Most of the functional mutations
for ER Ca** leak were clustered in exon 8-9 area of
PSENI genc and scgregated with the CWP/SP clini-

cal phenotypes. The obtained results provide novel in=
sights into potential role of the ER Ca?t ledk pathway
in AD pathogenesis.

MATERIALS AND METHODS
Human lymphoblast cell lines

The human lymphoblasts cell lines were obtained
from the National Cell Repository for Alzheimer’s dis-
ease (WCRAD). The following lines were obtained
from NCRAD: healthy donor (WT), PS1-M139V,PS1-
M146L., PS1-K239E, PS1-V261F, PS1-P264L, PS1-
R269(i, PS1-C410Y, PS1-A426P, PS1-A431E, PS1-
AE9, PS2-N1411, tau-R406W, ABPP-V717L, OAD
(age of onset: 68, negative for PSENI inutations;
PSENZ gene not tested; negative for ASPP mutations),
YADI (age of onset 47, negative for PSEN1 mutations;
PSEN2 not tested; negative for AGPP mutations) and
YAD?2 (age of onsct 43, negative for PSEN | mutations,
but polymorphism (T/G) at 416 outside ixon 9 of
PSENI was noted; PSEN2 and ASPP genes not tested).
Standard lymphoblast culture procedures were used.
Lymphoblasts were maintained in suspension culture
in RPMI 1640 medium (Sigma Chemical Co.) supple-
mented with 10% fctal bovine serum (FBS) (Gemini),
100 pug/ml streptomycin and 100 U/ml penicillin (Sig-
ma Chemical Co.) at 37°C in an atmosphere of 5%
CO5/95% air.

Ca?®* flux measurements
For ("a? flux measurements the lymphoblasts werc

transferred to HCSS buffer (120 mM NaCl, 5.4 mM
KCI, 0.8 mM MgCly, 2 mM CaCly, 15 mM._glucose,
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and 20 mM HEPES, pH 7.3) and loaded with 3 M
Fura2-AM (Molecular Probes) for 45 min at 37 °C. The
cells were then washed with HCSS buffer by centrifu-
Lgation and resuspended in HCSS-Ca?* deficient buffer
buffered with EGTA to 170 nM Ca?*) immediately
prior to Ca®t imaging experiments. The Ca®' mea-
surements were performed with 1.8 ml of cell suspen-
sion (1 x 108 cells) in a 2 mi quartz cuvette using the
Felix system (Photon Technology International, PTI).
The suspension of the cells loaded with Fura-2 was
challenged with 5 uM ionomycin and the increase in
}*ura-z 340/380 cytosolic ratio signals was measurcd

Pvcr time. At the end of each experiment, the 340/380
[Fura-2 ratios were calibrated by consecutive additions
of 10 M ionomycin, 2 mM CaCly, and 20 mM EG-
TAThe-340/380 Fuara=2 ratios were converted to frce
Ca®" concentration in the cuvette by using the equation
from [23]. The size of ER Ca®" pool was calculated
by integrating the amount of Ca®* released from the
stores following addition of 5 uM ionomycin.

PS1 expression constructs

The L85P, M139V, G217D, V261F, P264L, E280G,
T291P, C410Y, N405S, L420R, A426P, and A431E
mutations in wild type PS1 cloned into pcDNA3 ex-
pression vector were generated by Quick-change site-
directed mutagenesis kit (Stratagene) and verified by
sequencing. PS1-AE8 construct was provided by Sam
Fal}(iy (Mount Sinai School of Medicine, NYC) [24]

and recloned into pcDNA3,
Ca®" imaging experiments PS-DKO MEF cells

The PS double-knockout (DKO) mouse embryonic
fibroblasts (MEF) cells were previously described [25,
26]. Ca?t imaging experiments with MEFs were per-
formed as previously described [21,22]. Briefly, PS
DKO cells were transfected using Lipofectamine (In-
vitrogen) by pEGFP-C3 plasmid (Clontech) or by a 1:3
mixture of pEGFP-C3 and PS1-cxpression plasmids.
The Ca?t imaging experiments were performed 48 h
after ransfection. The cells were cultured on poly-D-
lysine (Sigma) coated 12 mm round glass coverslips
and loaded with 5 M Fura-2-AM (Molecular Probes)
in HCSS buffer (120 mM NaCl, 5.4 mM KCI, 0.8 mM
MgCly, 2 mM CaCly, 15 mM glucose, and 20 mM
HEPES, pH 7.3) for 45 min at 37°C. For Ca®" imag-
ing experiments the coverslips were mounted onto a
recording/perfusion chamber (RC-26G, Warner Instru-

IX-70 inverted microscope and washed with HCSS-|
Ca?* deficient buffer (buffered with EGTA to 50 nM
Ca®*). The transfected cells were identified by GFP
imaging using GFP filter cube (Chroma) as we previ-
ously described [21,22]. In Ca?* imaging experiments
the cells were intermittently excited by 340 nm and
380 nm UV light (DeltaRam illuminator, PTI) using
a Fura-2 dichromic filter cube (Chroma Technologies)
and 60 x UV-grade oil-immersed objective (Olympus).
The emitted light was collected by an IC-300 camera
(PTT), and the images were digitized by the ImageMas-
ter Pro software (PTY). Baseline (6 min) measurements
were obtained prior to bath application of drugs. The
drugs: 300 nM Bradykinin (BK) and 5 M ionomycin
(10) (oth from Sigma) were dissolved in HCSS-Ca?t

deficient buffer prior to application to the ¢ells, Tmages
at 340 nm and 380 nm excitation wavelengths were
capturcd every 2 s and shown as 340/380 image ratios
at time points as indicated. Background fluorescence
was determined according to manufacturer’s (PTI) rec-
ommendations and subtracted. The absolute values of]
free cytosolic Ca®t concentrations ([Ca?*]) in these
experiments were determined from the equation [23],

a2t g, LT ttmind PSS

[('v ¢ ] K d Rmax - R S[)J}SO
where K4 = 140 nM is the affinity of Fura-2 for Ca?*,
Ris the experimentally determined 340/380 ratio, R .4
is the 340/380ratio for Fura-2 saturated with Ca?* (de-
termined by application of 20 mM Ca?* and 10 uM
ionomycin at the end of the experiment), R ,,;, is the
340/380 ratio for Ca®"-free Fura-2 (determined by ad-
dition of 20 mM EGTA following R, determina-
tion), and s 7, 380/8p,380 is the ratio of fluorescence in-
tensity of Ca®*-frec and Ca®"-bound form of Fura-2
at 380 nM (sy,380/Sb,380 = 2 in our experiments).

Statistical analysis

All data were subjected to one-way ANOVA analy-
sis, and the changes were considered statistically sig-
nificanif at p < 0.05 cutofT value.
RESULTS

Ca®" signaling defects In human FAD lymphoblasts

Our previous studies [21,22] were prcTQrmed with
recombinant PSs reconstituted into planar lipid bilay-

ment), positioned.on.a movable stage of an Olympus

ers_or. expressed in_the MEF cells Based_on_these
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also obtained lymphoblasts from healthy donors. To
evaluale the ER Ca?t pool in collected cells the lym-
phoblasts were loaded with the cytosolic Ca*+ imaging
dye Fura-2. The suspension of the cells (1 x 10° cells)
was placed to a quartz cuvette in a Ca®*-frec medial
and challenged with 5 4M of the Ca** jonophore ion-
omycin (10). We discovered that application of iono-
mycin induced modest Ca®* response in lymphoblasts
from control healthy individuals (WT) (Fig. 1A). In
contrast, application of ionomycin induced significant-
ly larger responses in lymphoblasts from FAD patients
harboring PS1-M 139V mutation (Fig. 1B). To quantify
the [0-sensitive Ca®* pool in these cells, we converted
Fura-2 Ca®* signals into cytosolic Ca®t concentration
values and integrated an area under 10-induced Ca ™"

0 time (sec) 400
Ceoo PS1-P264L
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<
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Fig. 1. Ca?* signals in lympoblastifrom the FAD patient. A) The

ime course of ionomyein(IO)-induced Ca?t signals in representa-

ionomycin(I0)-induced Ca?* signals in representative experiments
ith lymphoblasy from FAD patient harboring PS1-M139V muta-
tion. C) The time course of ionomycin(I0)-induced Cat signals
in representative experiments with lymphoblast from FAD patient
harboring PS1-P264L mutation. o

results we concluded that both PS1 and PS2 holopro-
teins function as passive ER Ca®* leak channels and
that most FAD mutations in presenilins abolished their
ER Ca*t leak channel activity. To further establish
the relevance of our findings for human disease, we
obtained a collection of lymphobasts from FAD pa-
tients harboring PS mutations from the National Cell
Repository for Alzhcimer’s disease (NCRAD). In addi-
tion, we also obtained lymphobasts from patients with
point mutations in tau and AGPP proteins and from

tive experiments with wild type lymphoblast B) The time course of

response curves (Fig: 1) for each type of cells.~We
found that on average the size of the I0-sensitive Ca®*
pool was equal to 11 + 3 uM-sec (n = 15) for WT
lymphaoblasts (Fig. 2). The average of the 10-sensitive
Ca®* pool in PS1-M139V Iymphoblasts was equal to
19 = 4 pM-see (n = 9), significantly higher than in
WT lymphoblasts (Fig. 2). The resuits obtained with
PSI-MI139V lymphoblasts are in agreement with our
previous findings that many FAD mutations in PSs im-
paired ER Ca®* leak function and increased the 10-
sensitive Ca?" pool in cells [21,22]. However, when
lymphoblasts from FAD patients harboring PS1-P264L,
mutation were tested in the Ca®t flux assay, the 10-
induced Ca?" response was similar to the fesponse in
WT cells (Fig. 1C). An average [0-sensitive Ca®' pool
in PS1-P264L cells was equal to 9 = 2 uM-sec (n = 9),
not significantly different from the WT cells (Fig. 2).
Thus, we concluded that some but not all PS-FAD lym-
phoblasls have impaired ER Ca®! leak function and
increased BR Ca®t pool.

To systematically evaluate the ER Ca®?* pool in AD
cells, we performed Ca?" flux measurements with all
FAD lymphoblastsreceived from NCRAD. When com-
pared with the cells from healthy donor (WT), we de-
termined that the I0-sensitive Ca®* pool was signif-
icantly clevated in FAD lymphoblasts harboring PS1
mutations M139V, M146L, K239F, V261F, A431E and
PS2 mutation N1411 (Fig. 2). We previously reported
that PS1-M146L and PS2-N1411mutations abolish ER
Ca?" leak function of PSs [21]. An increase in the
10-sensitive Ca?" pool in PS1-M146L and PS2-N1411
tymphoblasts (Fig. 2) is consistent with our previous
findings. Our new results (Fig. 2) suggest that M139V,
K239E, V261F, and A431E FAD mutations also impair
ER Ca®" leak function of PS1. In contrast to these mu-

|AD_patients with unidentified genetic. mutations.. We

tations, the IQ-sensitive Ca?* pool wasnot significant-!
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ly elevated in FAD lymphoblasts harboring PS1 muta-
tions P264L, R269G, C410Y, and AE9 (Fig. 2). We
previously reported that PS1-ARE9 mutants was able to
function as an ER Ca?" leak channel [21]. The results
obtained with PS1-AE9 lymphoblasts are consistent
with our previous findings (Fig. 2). It appeared that
PS1-FAD mutations P264L., R269G, C410Y also cor-
respond to functional ER Ca?* leak channels (Fig,. 2).
[The 10-sensitive Ca?* pool was elevated in PS1-A426P
lymphoblasts, but were not statistically different than
WT at p = 0.05 cutoff (Fig. 2). It was not clear from

paired ER Ca?* leak function or not (Fig. 2).

The size of the 10-sensitive Ca®* pool was not in-
creased in lymphoblasts from the FTDP17 patient har-
boring tau-R406W mutation or from the AD patients
YAD] (age on onsct 47) and YAD2 (age of onset 43)
Fig. 2). There was some increase in the IO-sensitive
Ca®* pool in OAD patient (age of onset 68) and from
FAD patient harboring AFPP-V717L mutation (Fig. 2).
However, in both of these cases the differences did not
reach statistical significance at p = 0.05 cutoff com-
parcd to WT (Fig. 2). Based on these results we con-
cluded that ER Ca®™ signaling is specifically disrupted
in lymphoblasts from the patients with FAD mutations
in PSs (Fig. 2). Thus, for the remainder of the study
we focused on the analysis of ER Ca?*t leak function

{ PS1-FAD mulations

Fig. 2. Ca??t signals in human lymphoblasl‘ifmm FAD patients. The average size of ionomycin (I0)-releasable C#% pool is shown for
human FAD lymphpblﬂ%fwdam is shown as mean & S.D. (n = number of experiments done). When compared to WT lyn‘nphnblzﬂ, the sizé
of Y0-releasable Ca? ™ pool is significantly (***p < 0.05 by ANOVA) larger in FAD lymphoblasf with PS1 mutation M139V, M146L, K239E
261F, A431E, and PS2-N1411. There were no significant differences in the I0-releasable cat pool of PS1-P264L, R269G, C410Y, A426P,
AEY, tau-R406W, APP-V717L, young (YAD), or old (OAD) sporadic cases when compared to WT. Even though the 10-releasable C2+ pool
was more elevated in FAD lymphoblast PS1-A426P, APP-V717L and OAD there were no significant difference compared to WT lymphoblast,

the obtained results if PS1-A426P mutation causes im-

Rescue of Ca*' signaling defects in PS DKO MEFs
with FAD PSI mutants

Experiments with lymphoblasts from FAD patients
suggest that some PS1-FAD mutations disrupt ER Ca?*
homeoslasis and some do not (Fig. 2). These data are
consistent with our previous findings that PS1-M146V
and P$2-N1411 mutations disrupt ER Ca®' leak func-
tion of PSs, whercas PS1-AL9 mutant is able to func-
tion as R Ca®' leak channels [21,22]. To test these
conclusions for the remaining PS1-FAD mutants we
performed a series of Ca* rescue experiments with PS
DKO MEF cells. As in previous studies [21,22], the
PS DKO MEF cells were co-transfected with PS1-FAD
mutant constructs and pEGFP plasmid, and Ca?" imag-
ing experiments were performed on GFP-positive cells
48h after transfection. In control experiments, PS DKO
MEF cells were transfected with pEGFP plasmid along
or co-transfected with WT PS1 construct. We found
that for BGFP-transfected DKO cells the average bagal
Ca?* Jevel was equal to 173 4 32nM (n = 56) (Fig. 3A,
gray bar), the average amplitude of BK-induced Ca?*
response was equal to 693 &= 93 nM (n = 37) (Fig. 3A,
black bar) and the average 10-sensitive Ca® pool was
equal 10 50 + 9 uM:-sec (n = 33) (Fig. 3B). Expression
of wild type human PS1 construct in PS DKO cells
increased the basal cytosolic Ca?* levels to 257 + 39
nM (n = 61) (Fig. 3A, gray bar), reduced the ampli-

tude of BK-induced Ca?" response to 221 4 36 nM
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| A 300 nM BK argued previously, these results can be explained by an|
9001 o s 28 a6 52 ability of over-expressed wild type PSI to rescue ER
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Fig. 3. Summary of PSI-FAD rescuc experiments. A) The average
basal cylosolic Ca?t levels (gray bars) and amplitude of BK-induced
“a? " responses (black bar) is shown for DKO cells transfected with

cells analyzed). When compared to DKO cells transfected with EGFP
alone, the basal Ca®* levels are significantly higher (***p < 0.05 by
ANOVA) and the amplitude of BK-induced Ca®™ response is signif-
icantly smaller (***p < 0.05 by ANOVA) in DKO cells transfected
vith EGFP + PS1, EGFP + PS1-P264L, EGFP+ PS1-R269G and
EGFP +- C410Y combinations. There were no differences between
EGFP alone and the PS1 mutations (M139V, K239E, V261F, A426P,
and A431E). B) The average size ol ionomyecin (I0)-releasable Ca+
pool is shown for DKO cells transfected with EGFP and PS1 expres-
sion constructs is shown as mean == S.D. (n = number of cells ana-
lyzed). When compared 1o DKO cells transfected with EGFP alone,
the size of 10-releasable Ca?t pool is significantly (***p < 0.05
by ANOVA) smaller in DKO cells transfected with EGFP -- PS1
and EGFP - PS1-P264L, EGFP+PSI-R269G and EGFP + C410Y
combinations when compared to DKO cells transfected with EGFP
plasmid alone.

(n = 37) (Fig. 3A, black bar) and reduced the size of
10-sensitive Ca?t pool to 22 + 7 uM-sec (n = 26)
Fig. 3B). All three parameters were significantly (p <
| .05) different in DKO cells co-transfected with EGFP
and wild type PS1 construct when compared to DKO
cells transfected with EGFP plasmid alone (Figs 3A,
3B). These findings are in quantitative and qualitative

“plasmid (Figs 3A; 3B): Fromthese results we concluded

Ca®* leak pathway deficiency in PS DKO MEF cells.

In rescue experiments with PS1-FAD mutants, we
found that transfection of P264L, R269G, and C410Y
PS1 mutant had the same effects on the basal cytoso-
lic Ca®' levels, the amplitude of BK-induced Ca?"
response, and the size of 10-sensitive Ca*t pool as
transfection of WT PS1 construct (Figs 3A, 3B). Thus,
we concluded that P264L, R269G, and C410Y PSI-
FAD mutants maintain their ability to function as ER
Ca?* leak channels. In contrast, expression of M139V,
K2391:, V261F, A426P, and A431E PS1-FAD mutanis
had no significant effect on any of these thiree parame-
ters when compared to transfection with control EGFP

that M139V, K239E, V261F, A426P, and A431E PS1-
FAD miutants lost their ability to function as ER Ca?"
leak channels. These results are in near perfect agree-
ment with predictions made on the basis of Ca®* flux
measurements with human FAD paticnt lymphoblasts)
(Fig. 2). The only difference is the PS1-A426P mu-
tant, which resulted only in a partial increase in the size
of 10-sensitive Cat pool in lymphoblasts (Fig. 2) but
appeared to be complete loss of function mutant in PS
DKO MEF rescue experiments (Fig. 3). A reasonable
explanation of the discrepancy is the fact that FAD pa-
tient lymphoblasts have been obtained &)ﬂatiems who are¢
heterozygous for the mutation. As a resull, effects on
Ca?* signaling are expected to be attenuated in patient
lymphoblasts when compared to PS DKO MEF rescue
experiments.

CWP/5P PS1 FAD mutations and ER Ca®" leak
Junction

Senile plaques composed of aggregated AS peptide
lidla kev pathological hallmark of AD. Typically these
plaques are known as dense core plaques (DCP) and
are associated with dystrophic neurites, degenerating
neurons and inflammatory pathology. The rare vari-
ant CWPs consist of large round A3 deposits primarily
positive for A4 peptide [27]. The CWPs are devoid
of a compact amyloid core and lack surrounding neu-
ritic pathology [28,29]. PS1-FAD patients with CWP
pathology often display the SP clinical phenotype, and
are classified as CWP/SP FAD cases [13~15]. 1f the ER!
Ca®* leak function of preseniling has some relevance
for AD> pathogenesis, one can expect that “function-
al” and “non-functional” PS1-FAD mutants may result
in the different clinical representations of the disease.

agreement. with our.previous results [21,22]. As. we

(W “{’\‘VDYVK
e [Lare
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PS Ca®* Leak Function and PS-FAD Clinical and Pathological Phenotypes. The sunmmary of results obtained in the present study and ‘ghe)prcviou
publications [21,22] is shown. The mutations are divided into loss of ER C&% leal function (LOF) and “functional” groups. The position o
ach mutation in PSEN1 gene and in PS1 structural domains is indicated. Also shown are the effects on ER C2* leak function, mean age o
disease onset for patients with the corresponding mutation, published AB42/A340 ratios, reported clinical phenotypes and plague pathology.
Clinical phenotypes and A/342/A340 ratios arc compiled from [13-15], original lilerature and htip://www.molgen ua.ac.be/ADMutations [43].
Clinical features: myoclonus (Myo), Seizures (Sei), Extrapyramydal signs (EPS), ichavioral and psychiatric features (BPS), Frontotemporal
cmentia (FTD), Spastic paraparesis (SP), Cerebellar ataxia (CA), dilated cardiomyopathy (DCM). Pathology: dense core plagues (DCP), cotton
wool plaques (CWP), amyloid angiopathy (AA). ND — not determined

PS-FAD Exon Domain Calcium leak Mean age  Af3g/ Clinical plaque

function onset Ao phenotype pathology
MI139V EXS T™M2 LOF 41 1.9x 1 Myo, Sci, EPS, CA, DCr
M146V/IL EX5 T™M2 LOF 38 20x T Myo, Sei, EPS, Apraxia DCP
L166P EX6 T™3 LOF 24 7.6x 1 SP, Sei, BPS, CA CWp
G217D EX7 HL4 LOF 40 ND EPS, Parkinsonism CWP, AA
K239E EX7 HLS LOF 58 ND Unpublished (NRCAD)
A246F EX7 TM6 LOF 52 24x 7 DCP
V261F EX8 T™M6 LOF 36 ND sp Cwp
F2T3A . RS L G LOF END e . e
(1384A EX11 T™7 LOF 35 8.0x 1
L420R EX12 TM8 LOF 38 ND Seizures CWP
A426P EX12 T™M8 LOF 46 ND
A431E EX12 HL8 LOF 40 ND EPS, aphasia, spasticity
P436Q EX12 T™9 LOF 28 43x 17 sSP CWPp
PS2-N1411 T™2 LOF 60 6.2x 71

Functional
ATV EX4 N-term functional 6l 1.8x T Partial penetrance
L85P EX4 T™M1 functional 26 19x T SP, visual impairment
P2641. EX8 HL6a functional 46 1.3x TSP, Sei, Myo, Atypical Dementia CWp
R269G EX8 HL6a functional 49 ND Sei, Myo
AES/D25TA (L271V)  AEX8  TMG6-HL6a functional 49 14x 7 CWP, AA
E280G EX8  HLG6(MA) functional 45 1.5x T sp CWP, AA
AE9/S290C AEX9  HL6 (MA)  functional (GOF) 45 48x 1 SP, BPS CWP
T291P EX9 HL6 (MA) functional 33 1.6x 7 SP Cwp
N405S EX11 HL7 functional 48 ND SP CWPp
C410Y EX11 T™S8 functional 50 1.8x 7 Parkingonism CWr
FTD-implicated

L113P EX4 HL1 functional 39 ND BPS, Sei, Myo, EPS, FTD
G183V EX6 HL3 functional 51 1.5x 1 BPS, FTD Pick
Rins352 EX10 HL6b functional 56 ND BPS, FTD. Not pathogenic.

We scarched for such a correlation and discovered that
the majority of “functional” PS1-FAD mutants have
been linked with the CWP/SP phenotype in AD pa-
tients. These mutations are PS1-AE9 (CWP/SP) [28,
29], P264L (CWP/SP) [30] and C410Y (CWP, Parkin-
sonism) [31] (Table 1).

To test this correlation further, we performed Ca?*
imaging experiments with PS DKO MEF cells trans-
fected with several additional CWP/SP PS1-FAD mu-
tant constructs. The CWP/SP PST mutants for these
studies were identified by literature search and then
generated by site-directed mutagenesis. The PSI-
FAD constructs sclected for these experiments were:
L85P (SP, plaque pathology unknown) [32], G217D
CWP, Parkinsonism) [33], AE8 (CWP) [24], E280G
CWP/SP) [34,35], T291P (CWP/SP) [36], N405S
(CWP/SP) [37], and 1.420R (CWP) [38]. As in pre-

vious experiments [21,22], the constructs were co-
transfected with EGFP expression plasmid and WT PS|
construct was used as a positive control. The steady-
state basal Ca®* levels, the amplitude of BK-induced
Ca®* response, and the 10-sensitive Ca®' pool was
measured in GFP-positive cells 48h after transfection as
described in the previous section. In these experiments
we discovered that expression of L85P, AES, E280G,
T291PF, and N405S PS1-FAD mutants in PS DKO MEF
cells increased the basal Ca?' levels (Fig. 4A, grey
bars), reduced the amplitude of BK-induced Ca®* re-
sponses (Fig. 4A, black bars), and reduced the 10-
sensitive Ca®t pool (Fig. 4B). Thus, we concluded that
all these mutants encode functional ER Ca?" leak chan-
nelg (Table 1). In contrast, G217D and L420R PSI-
FAD mutants were not able to rescue any of the Ca® ™"
signaling defects in PS_ DKO MEE cells (Figs 4A, 4B)

1 G
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Fig. 4. Summary of CWP PSi-associated rescue experiments, A)
The average basal cytosolic Ca2t levels (gray bars) and amplitude
of BK-induced Ca™ responses (black bar) is shown for DKO cells
transfected with EGFP and PS! expression constructs as mean =+
S.D. (n = number of cells analyzed). When compared to DKO
cells transfected with EGFP alone, the basal Ca2™ levels are sig-
nificantly higher (***p < 0.05 by ANOVA) and the amplitude
o[ BK-induced Ca®t response is significantly smaller (***p <
0.05 by ANOVA) in DKO cells transfected with EGFP -- PSI,
EGFP +PS1-P85L, EGFP +PS1-P264L, EGFP - PS1-E280G, EGFP
IPS1-P284H, EGFP+PS1-T291P, EGFP +PS1-N405S, and EGFP -
AES combinations. There was no significant difference with EGFP
alone compared to EGFP +PS]1-G217D and EGFP +PS1-L420R.
B) The average size of jonomycin (I0)-releasable C2" pool is
shown for DKO cells transfected with EGFP and PS1 expression

lyzed). When compared to DKO cells transfected with EGFP alone,
the size of 10-releasable Ca?t pool is significantly (***p < 0.05

and EGFP -PS1-P85L, EGFP +PS1-E280G, EGFP +PS1-P284H,
EGFP+ PS1-T291P, EGFP +PS1-N405S, and EGFP -- AE§ combi-
nations when compared to DKO cells transfected with EGFP plas-
mid alone. There was no significant difference with EGFP alone
compared to EGFP +PS1-G217D and EGFP +PS1-L420R.

and we concluded that these two mutants were “loss of
function” for ER Ca®" lcak activity (Table 1). From
this analysis we concluded that the majority of CWP/SP
PS1-FAD mutants are indeed functional in ER Ca?*
leak assay, but that a few exceptions also exist.

DISCUSSION

Based on results obtained in our previous studies [21,
22] we.conchided that the. PS1_and PS2 holoproteins

~Ca*influx {39]. A possibleexplanation is-that the

constructs is shown as mean 4= S.D. (n = number of cells ana-

by ANOVA) smaller in DKO cells transfected with EGFP - PST

most FAD mutations in PSs abolished their ER Ca?*
leak channel activity. Results obtained in the current
study enable us to further extend and clarify our pre-
vious conclusions. We now confirmed that ER Ca?*
stores are overloaded in lymphoblasts established from
FAD patients with mutations in presenilins (Figs 1 and
2). These data demonstrate the relevance of our find-
ings for the human discase. These results also indi-
cate that PSs are likely to play a role in ER Ca®* leak
in lymyphoblasts. It has been previously reported that
deletion of preseniling in B cell lymphocytes results
in deficits in both lipopolysaccharide and B-cell anti-
gen receptor-induced proliferation and signal transduc-
tion events, including a deficit in anti-IgM-mediated

impaired store-operated Ca2" influx in PS DKO lym-
phoblasts [39] is related to Toss of ER Ca?* leak func-
tion dug: to genetic deletion of presenilins in these cells.

In our experiments the Ca®* signaling defects were
restricted to FAD lymphoblasts with PST and PS2 mu-
tations and were not observed in lymphoblasts from
YAD1 und YAD2 AD patients without identified genet-
ic mutations or from patients harboring FTDP17 mu-
tation Tau-R406W (Fig. 2). There was an increase in
the BR Ca®' pool in lymphoblasts from the ABPP-
V7171 FAD patient and lymphoblasts from the OAD
AD patient without identified genetic mutation, but the
changes did not reach the level of statistical significance
(Fig. 2). Additional experiments with ASPP-FAD mu-
tations may help to clarify the effects of AFPP muta-
tions on Ca®*t signaling. The heterogeneity in Ca2"
signaling for the fibroblasts from sporadic AD patients
has been reported previously [40]. Overall, our studies
with these samples indicate that Ca®* signaling defects
in human lymphoblasts are specifically and robustly
linked with certain FAD PS mutations (Fig. 2). These
conclusions have been confirmed in rescue experiments
with P51-FAD constructs expressed in PS DKO MEF
cells (Fig. 3).

Not all FAD mutations in PSs resulted in overload-
ed ER Ca?* pool and loss of ER Ca?* leak func-
tion. In our combined Ca’* imaging studies ([21,
22] and in the present report) we tested 23 FAD mu-
tationg in PS1, 1 FAD mutation in PS2 and 3 FTD-
implicated PS1 mutations (Table 1). We concluded
that 14 FAD mutations (M139V, M1461/V/L., L166P,
G217, K239E, A246E, V261F, E273A, G384A,
LA20R, A426P, A431E, PA36Q mutations in PS1, and
NI1411/L. mutation in PS2) abolished ER Ca?" leak
function of preseniling (Table 1, Fig. 5). These conclu-;
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ER lumen

Loss of function(g®)- M139V, M146V/I/L, L166P,G217D, K239E, A246E, V261F,
E273A, G384A, 1 420R, A426P, A31E, P436Q; PS2-N14 i
Functional (@)- A79V, L85P, P264L, R269G, AE8, AES, ER80G, T291P, N405S, C410Y

FTD-implicated (4%)- L.113P, G183V, Rins352
y-Secretase catalytic Asp (#1:)- D257, D385

Fig. 5. Schematic representation of PS1-FAD mutations analyzed in ER C2 leak function experiments. Molecular model of preseniling [8
9. The nine transmembrane domains (TM1-TM9) of presenilins, the y-secretase caialytic aspartate residues (D257 and D385, yellow) and the
site of the endoproteolytic cleavage of preseniling are shown. The positions of PS1 FAD mutants L85P, M139V, G217D, K239E, V261F, P2641,
R269G, AES, A426P, A431E, T291P, N405S, C410Y, and L420R examined in our study are shown. Also shown are positions of A79V, M146

PS2-N1411, L166P, A246E, D257A, AE9, E273A, G384A, P436Q mutations analyzed in the previous studies [21,22]. The positions of PS
FTD-implicated mutants L113P, G183V, and Rins352 analyzed in the previous study [22] are also shown (light blue color). The effects of FA
mutations on ER Ca?* leak activity of presenilins is color coded — red color is used for LOF mutations, blue color is used for “functional

&

sions are based on the lack of channel activity in pla-
nar bilayers with recombinant presenilins and by fail-
ure of these mutants to rescue Ca®" signaling defects
in PS DKO MEF cells. In contrast, another 10 FAD
mutations in PS1 (A79V, L85P, P264L, R269G, AES,
280G, AE9, T291P, N405S, and C410Y) appeared to
be functional in our experiments (Table 1, Fig. 5). The
PSI-AE9 FAD mutant acted as a “gain of function”
mutant based on bilayer experiments [21]. Other PS1
mutants were able (o rescue Ca®? signaling defects in
PS DKO MEF cells but were not tested in bilayers.
[These mutants may correspond to a gain of function,
normal function, or partial loss of function mutations
and were classified as “functional” (Table 1). Interest-
ingly, PS1-AL9 and most other “functional” PS1-FAD
mutants (L85P, P264L, R269G, AES, E280G, T291P,
IN405S, and C410Y) segregated with the CWP pathol-
gy and/or SP clinical phenotype (Table 1). The only
exception is A79V mutation which has not been previ-
ously linked with CWP/SP phenotype. It is interesting
that a highly variable age of FAD onset and incom-
:pl(‘lo penetrance was observed in families which carry

mutations. (Colours are visible in the electronic version of the article at www.iospress.al.)

the A79V mutation [41]. Also, the mean age of dis-
case onset in PS1-A79V pedigrees was 61, which is 20
years older than most other PS1-FAD mutations (Ta-
ble 1). All 3 PS1 mutants implicated in FTD (L113P,
G183V, and Rins352) were functional in ER Ca?" [eak
assay (Table 1). The Rins352 mutation is probably not
pathogenic as the same patient also has a mutation in
progranulin, which is most likely responsible for the
discase [42]. The pathogenic status of the L.113P and
G183V mutations remains to be clucidated. |
As aresult of the analysis of ER Ca?* leak pathwa
activity we were able to divide FAD PS1 mutations in
“loss of function” (LOF) and “functional” groups (Ta-
ble 1). The LOF mutations are spread out through the
sequence of PS1 (within exons 5, 6, 7, 8, 11, and 12 of]
PSENI gene) and are mostly localized to the transmem-
brane domains (Fig. 5, Table 1). Most “functional” PS1
FAD mutations are concentrated in the initial portion
of a large HL6 cytosolic loop between TM6 and TM7
(Fig. 5), the region encoded by exons 8 and 9 of the
PSENI! gene (Table 1). Remarkably, all “functional”
mutations are associated with CWP/SP_phenotype and
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Fig. 6. Effects of PSI-FAD mutations on ER Ca?" levels and
Af342/40 ratios. For cach PSI-FAD mutant the Afyo /40 ratios
and ER Ca®" levels were normalized to the corresponding values
for the WT (open triangle). The PS1-FAD mutants with confirmed
DCP pathology (M139V, M146L, A246E) are plotted as solid cir-
cles. The PS1-FAD mutants with confirmed CWP pathology (L 166P,
P436Q, P264L, AE8, E280G, AE9, T291P, C410Y) are plotted
as open circles. The PSI-FAD mutants with unknown pathology
{(G384A, L85P) are plotted as open diamonds. For mutants with
LOF of ER Ca®* leak pathway the ER Ca®* levels assumed to
be increased 2-fold. For “functional” mutants the ER C2 levels
assumed to be unchanged. The fold increase in Ao /40 ratio for
cach of the PS1 FAD mutants was obtained from on-line database
hitp://www.molgen.va.ac.be/ADMutations {43]. The diagram divid-
ed into 4 quadrants (1, 11, 111, TV) as shown.

none of the “functional” mutations led to typical DCP
AD pathology (Table 1). To explain these results we
propose that the disruption of both ER Ca?" lcak and -
secretase function of PS1 causes pathological changes
in the brains of PS1-FAD patients. To represent these
ideas quantitatively, we plotted the increase in A3 4o /40
ratio against the increase in ER Ca?* levels for cach of
the PS1-FAD mutants (Fig. 6). The fold increase values
{or Af49 /40 ratios (Table 1, Fig. 6) for cach of the PS1
FAD mutants were extracted from the on-line database
hitp://www.molgen.ua.ac.be/ADMutations [43]. The
change in ER Ca** levels was plotied based on our
studies of BR Ca®* leak activity (Table 1). We made
an assumption that for LOF mutants the ER Ca?* lev-
cls were increased 2-fold, for “functional” mutants the
ER Ca®" levels were unchanged, and for the GOF mu-
tant PS1-AE9 the ER Ca?* levels were reduced by
10%. The Afyz/40 ratios and ER Ca®* levels were
normalized to the corresponding values for the WT
(open triangle)... The 3 PS1-FAD_mutants with_con-

firmed DCP pathology (M139V, M146L, A246E) [31,
44,45] were plotted as solid circles, the 8 PS1-FAD mu-
tants with confirmed CWP pathology (L.166P, P436Q,
P2641., AE8, E280G, AE9, T291P, C410Y) [13-15]}
were plotted as open circles, and the 2 PS1-FAD mu-
tants with unknown pathology (G384A, L85P) were
plotted as diamonds. For the remaining 9 PS1-FAD mu-
tants ((G217D, K239E, V261F, E273A, L420R, A426P,
A431LE, R269G, and N405S) Af349/40 values were not
availabile and these mutants could not yet be plotted.
The late-onset, partially-penetrant PS 1-A79V mutation
and PS2-N1411 mutation were not plotted.

The resulting diagram can be divided into 4 quad-
rants (Fig. 6): quadrantI (high ER Ca?*, small increase
in Af4s/40), quadrant I (high ER Ca®*, large increasc

inAF42/40); quadrant IH-(low ER Ca? ¥, small increase

in A542/40), quadrant TV (low ER Ca?", large increase
in Afyzs40). Interestingly, all 3 mutations with con-
firmed DCP are located in quadrant I, and all muta-
tions with confirmed CWP are located in quadrants I1,
I, or IV (Fig. 6). To explain these results we pro-
pose that both ER Ca?" dyshomeostasis and increase
in Af34: 40 ratios can play a role in developmentof AD
pathology. If the pathology is driven by both ER Ca?*
overload and an increase in Af4p/40 ratios, then the
formation of DCP is favored, as it is the case for muta-
tions int quadrant I (M139V, M 1461, A246E). Howev-
er, if the pathology is primarily driven by an increase in
the A 342,40 ratio, then the formation of Af342-enriched
CWP plaques is strongly favored. We propose that this
situation can occur when ER Ca®* levels are not af-
fected (quadrant I11) or when ER Ca?* levels are af-
fected but an increase in Af342,40 ratios is large (quad-
rant [T). The extreme case of this situation is quadrant
IV, which corresponds to both low ER Ca?¥ levels and
large increase in Afyy 49 ratios (Fig. 6). Indeed, the
only niutation located in quadrant IV (PS1-AE9) re-
sults in the most robust and penetrant CWP/SP clinical
phenotype [28,29]. The proposed classification has a
predictive power. For example, we predict that muta-
tions GG384A (located in quadrant IT) and L85P (located
in quadrant I11) should also be linked with CWP pathol-
ogy. It will be of interest to test this prediction ex-
perimentally. Although the pathological evaluation of]
these niutants has not yet been reported, the SP clinical
phenotype has been previously described for PS1-L85P
patients [32], consistent with our predictions.

The proposed hypothesis provides a novel insight
into the relative contributions of Ca®*-driven and
amyloid-driven pathological pathways in AD patients.
We wanld.like to.propose. that if pathology. is primari-
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ly driven by an increase in Afi 940 ratio, then forma-
tion of Afs9-enriched CWP plaques is favored. It has
been previousty proposed that only mutations that cause
large increases in A3y 40 ratios, such as PS1AE9 and
PS1-436Q, can lead to CWP plaques [16]. At some
level our proposal can be considered as expansion of
the same idea which now adds{“Ca®" dimension” to
the “amyloid dimension”. In agreement with the earlier
proposal [16], we argue that PS1-FAD mutations linked
with large increases in Af3yy 4 ratio should yield CWP
phenotype independently from effects of the same mu-
tation on R Ca®" leak (quadrants I and I'V on Fig. 6).
However, even PST mutations that have relatively small
clfects on Afyy /40 ratios would yield CWP phenotype
if ER Ca®* leak is not effected (quadrant I11 on Fig. 6).

~On-another-hand; if pathology-is-driven-by-both-Ca?+

dyshomeostasis and relatively modest increase in the
ABa2/40 ratio, then dense core or “diffuse” plaques
are favored (quadrant I). It is possible that the rela-
ive contribution of these pathways may vary in differ-
ent members of the same pedigree, resulting in a vari-
able presentation of CWP/SP phenotype in most cas-
es[13-15]. Inagreement with this idea, the mostrobust
CWP/SP phenotype was reported for PS1-AE9 mu-
tant [28,29], which has the largest effect on y-secretase
aclivity and acts as a “gain of function” mutant for ER
Ca?* leak channels (quadrant IV, F ig. 6). Our hypoth-
esis indeed predicts that the mutant with these proper-
tics should shift the balance as far as possible towards
pure amyloid-driven pathology and formation of CWP
plaques.

So far our studies have been focused on PS1-FAD
cases, but similar ideas may also apply to understand-
ing sporadic AD as well. Some of sporadic AD patients
also present CWP pathology [46], suggesting that CWP
are not specific for early-onset FAD resulting from PS1
mutations. Itis possible that the relative contribution of
‘Ca?*-driven” and “amyloid-driven” pathogenic pro-
cesses may vary between different brain regions, result-
ing in different abundance of CWP and DCP plaques
in different areas of the brain for sporadic and familial
AD patients. Future studies will be needed to test the
proposed hypothesis and to relate our findings to un-
derstanding the pathogenesis of familial and sporadic
AD.
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