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Table 1
~ Characteristics of the study sample. Data presented as mean (SD)

MCl AD FID
n 76 61 17
Age (in years) 65.5(9.4) 66.9 (9.5) 625(6.2)
Gender {menfwomen) 38/38 32129 7-Oct
MMSE (standard deviation) [range] 26,89 (2.08) [22--30] 22.54 (2.86) [16-27)* 24.18 (3.58) [17-29)*
Tau (ng/mi} 405.18 (270.43) 599,93 (360.25)* 214.35 (103.00)%
Soluble ABPPR (ng/ml) 1059.94 (479.6%) 836.27 (383.71)* 203.71 (103.94)F
SORLI (ng/mi) (n=57, 11,92 (4.28) (n=42), 11.89 (4.74) (n=17y10.38 (3.35)
Amyloid-Bi.4z (ng/ml) 73746(333.37) 53649 (23543 934,12 (345.24)

MCI: Mild cognitive impairment, AD: Alzheimer’s disease, FTD: Frontotemporal dementia, MMSE: Mini- mental stare
examination, SORLI: Sortilin-related receptor with A-type repeats; *Statistically significant differences between the MCI
and AD groups, p<0.05; *Statistically significant differences between the MCI and FTD groups, p<0.05; {Statistically
significant differences between the AD and FTD groups, p<0.05.

possible differences in the relationship between tau
and AP4y and sABPPR between patients with MCI,
developing on a neurodegenerative basis (>253 ng/L)

a Diagnosis: Mild cognitive impairment
800 R? Linear = 0,260

4000 -500 ] 500 1000 150
soluble ABPPS

b Diagnosis: Alzhelmer's disease
1500+ - R Linesr =0,227

0+

500+
4000 500 0 500 1000
soluble ABPPR

Fig. I. Parial regression diagrams of total tau and soluble ABPPS

* concentrations in cerebrospinal fluid in (a) patients with mild cogni-
tive impatrment and in (b) patients with Alzhsimer’s disease. Values
are standardized and at zero centered,

[39]} and those with non-degenerative MCL The regres-
sion analysis with tau as dependent variable included
sABPPB, A4, age, and gender as explanatory fac-
tors. The relations between CSF sABPPB and ABsx
and SORL] concentrations were studied with linear
regression models which included sARPPR or AB4z as
dependent factor and SORLI, age and gender as inde-
pendent parameters, P values of less than 0,05 were
considered statistically significant.

RESULTS .

Statistically significantdifferences across diagnostic
groups regarding MMSE scores and CSF parameters
were detected and are presented in Table I. The linear
regression analysis in the MCI group revealed statis-
tically significant correlations of both sABPPB (stan-
dardized coefficient B =0.486; p<0.001) (Fig. 1) and
A4y (standardized coefficient B=—0.465; p<0.001)
(Fig. 2) with tau, whereas neither age (standardized
coefficient B =0.083, p=0.421) nor gender (standard-
ized coefficient B = —0.045; p = 0.648) were associated
with tau levels in CSE. Moreover, demographic, clin-
ical, and biomarker dafa of the degenerative and
non-degenerative MCI subgroups are presented in
Table 2, The regression analysis with tau as depen-
dent variable and sABPPB, AB4, age, and gender as
explanatory factors showed that tau correlated signif-
icantly in the degenerative MCI subsample with both
ARz (standardized coefficient B=~0.506; p=0.001)
and sAPRPPB (standardized coefficient B=0.370;
p=0.008). Unexpectedly, in the non-degenerative MCL
subsample tau did positively correlate with CSF AB4z
(standardized coefficient B=0.617; p=0.004), while
sABPPB did not (standardized coefficient B=0.201;
p=0.34). In patients with AD, sABPPS (standard-
ized coefficient B=0487; p<0.001) (Fig. 1) was
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Fig. 2. Partial :egwss:on diagrams of total tan-and amyloid-§
1-42 concentrations in mebtesmnax fluid in (8) patients with mild
cognitive impalrment and in () patients with Alzheimer’s disease.
Values are standardized and at zero centered.

significantly “associated with tau. The association
between AB4z and tau strongly tended to be statisti-
cally sxgmﬁcant (standardized coefficient B=—0.221,

p=0.05) (Fig. 2), whereas age (standardized coeffi-
cient B=—0.096; p=0.409) and gender {standardized
coefficient B=0.080; p=0.51) were not related to
tau. In the FTD group neither sABPPB (standardized
coefficient B=0.350, p=0.199) nor AB4> (standard-
ized coefficient B=0.379, p=0.175) were related to
tau levels. No associations were detected between
age (standardized coefficient B=0.147, p=0.689) and
gender (standardized coefficient B =0.142, p=0,532)
and tau concentrations in CSE In-all models, tolerance
values were not less than 0.57, Tolerance values Jess
than 0.2 are usually considered to indicate collinear-
ity [40].

According to the regression analysis, CSF sABPPB
levels: correlated significantly with SORL1 concentra-
tions (standardized coefficient B =0.379; p=0.003) in
patients with MCI (Fig. 3) and were not influenced by
age (standardized coefficient B =—0.158; p=0.202) or
gender (standardized coefficient B=0.211; p=0.09),
In the AD group, significant associations between
SABPPR and SORL1 (standardized coefficient
B=0551; p<0.001) (Fig. 3) and gender (standard-
ized coefficient B=0.398; p=0.003) were observed,
while -age ‘was not associated with SORL! levels
(standardized coefficient B=—0.045; p=0.734).
In patients with FID, only SORL1 was found to
be related to sABPPB levels in CSF (standardized
cosfficient B=0708; p=0011) (Fig. 3), whereas
age (standardized coefficient B=—0.211; p=0.402)
and ‘gender (Standardized coefficient B=0.347;
p=0141) were not. Regarding relations between
APgy and SORLI, the regression analysis did not
reveal any associations between ABs and SORLI,
age, or gender either in the MCI group (standardized
coefficient B=0.074, —0.201,0.037, p=0.582, 0.140,
0.785, réspectively), orin the AD group (standardized
coefficient B =~0.059, 0,096, 0.033, p=0.726, 0.570,
0.838) respectively). Theanalysis did not show any

Table 2
Characteristics of ‘patients with degencrative mild cognitive impairment (MCI) and with
“non degenerative MCI, Data presented as mean (SD)

Degenerative MCI Non-depenerative MCI
n 47 29
Age (in years) 61.3(9.0) 62.7.(0.4)*

* Gender (men/women) 2324 15114

MMSE (standard deviation) [range]  26.73(2.22) [22-30] 2714 (1.84) [23-30)*
Tau {ng/ml) 549,64 (247.08) 171.07 (61.65)*
Soluble ABPPP (ng/ml) 1156.62 (451.57) 90326 (422.17)*
SORL1 {ng/mi) (n=32); 12.01 (5.16) (1=25), 11.80{2.88)
Amylozd By (ng/mly 659.55 (314.33) $63.72.(329.63)F

MMSE: Miniamental state examination, SORLI: Sortilin-related: receptor thh A-type
repeats; *Statistically significant differences, p<0.05.
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statistically significant relations between AB4;
and SORLI (standardized coefficient B=0.514,
p=0077), age (B=~0-030, p=0915), or gender
{standardized coefficient B=0.382, p=0.146) i
patients with FID too. Tolerance values were not less
than 0.73.

DISCUSSION

The main findings of the present study are the
statistically significant positive correlations between
sABPPB and tau in patients with AD and MCI, but not
in the group of FTD patients, and the significant asso-
ciations between sABPPR and soluble SORLI in all
groups of participants.

The positive correlation between sARPPB and tau
in CSF of patients with AD and MCI, especially with
MCI developing on a neurodegenerative basis, and the
absence of such an association in the non-degenerative
MCT subgroup are observations, which further support
theconceptofan interrelation between amyloid and tau
pathology in AD, even though they donot establishany
straightforward facilitatory causal effect of sABPPR
on the increase of tau concentrations in CSE These
findings are in line with the reported positive comre-
lation between tau levels and total soluble ABPP in
CSF (41, 42], as well as with the association between
B-secretase activity and tau levels [43]. One plausi-
ble explanation for this resuit is that the link between
the two facets of AD pathology is possibly mediated
by the binding of AP oligomers 10 neuronal target
receptors, which aberrantly activates trophic signaling
and activates an incomplete set of downstream events
(e.g., increased Akt activation, hyperphosphorylation
of critical Akt substrates, excessive activation of the
PI3K/Akt pathway, leading to tau hyperphosphoryla-
tion, and neuronal degeneration [5]. Alternatively, the
positive correlation between sABPPS and tau in CSF
in AD and MCI could be attributable to an unspecific
protein release from dying nevrons and axons {43). In
line with the hypothesis that AB oligomers induce tau
hyperphosphorylation and subsequently neurodegen-~
eration, we detected an association between tau levels
and sABPPB, mirroring the generation of all AR pep-
tides, and not only of AB4s. However, it should be
underscored that there is-no experimental evidence for
a relation between sABPPB and AP oligomers.

ABs» was found 1o be associated with tan in the
MCI group and marginally in the AD. Previous stud-
ies found a correlation between ABas and tau in CSF
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in healthy elderly individuals and in patients with
non-neurodegenerative MCI, but not in patients suf-
fering from AD pathology [41, 44]. Our MCI group
was not restricted to patients with MCI due to neu-
rodegeneration, since patients with MCI wererecruited
according to clinical criteria and not values of markers
of degeneration. Nonetheless, the dichotomization of
the MCI group with regard to values of the neurode-
generation marker tau revealed a significant negative
correlation between tau and ARy in the degenerative
MCIsubsample, whereas in the non-degenerative MCI
subsample tau was found to correlate positively with
CSFAB4o, These findings in conjunction with the pres-
ence only of a tendency to a correlation between AB4;
and tan in CSF in patients with AD possibly indicate
that the progression of AD pathology is likely to result
in the attenuation of the association between AB4s
and tau possibly via deficient clearance mechanisms
of ABa or high rates of A4y aggregation in amyloid
plagues [1]. The observed discrepancies, concerning
the relationship between tau and AP4y in CSF in the
patients with AD and MCJ, obviously warrant further
investigation, especially in the light of the limited size
of the non-degenerative MCI subgroup in our study.

The regression analysis model revealed an impact
of gender on CSF sABPPB levels in patients with AD.
This observation implies a sexual dimorphism. Inter-
estingly, recent reports from AD uansgemc animal
models have reportcd higher B-secretase activity and
a more aggressive AR pathology in female than male
mice [45]. Such findings are compatible with previons
observations, which indicate an upregulation of both
o~ and B- pathways in women compared with men
with AD [46]. Moreover; it is noteworthy that epidemi-
ological studies have shown that women have higher
risk of AD even after adjustment for age [47, 48].
Nonetheless, the influence of gender on CSF sABPPB
concentrations needs to be replicated in studies includ-
‘ing larger samples.

To our knowledge this is the first study to elu-
‘cidate a correlation between SORL1 concentrations
and SABPPB in CSF of patients with AD, MCI, and
FTD. SORL1 was previously found to be reduced in
the Golgi and early endosomal compartments in AD
T49-51]; allowing or fostering ABPP to be processed
by B-'and c-secretase, resulting in the generation of
sABPPB [12, 52, 53]. The positive correlation in our
study seems to be a contradiction in this regard. How-
ever, the employed ELISA determines the soluble form
of SORL1, which is the product of SORL] processing
by proteases. It consists of the extracellular domain of
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the membrane-spanning SORL] protein [37], which
was found to be elevated in patients with AD [54] and
is assumed to be less efficient than full-length SORL1
with regard to mediating ABPP transport through the
Golgi-apparatus [53]. However, a hypothesis claim-
ing that in AD the intracelivjar decline in full-length
SORL1 levels is cansed by an elevation in the endopro-
teolytical cleavage of SORLI, resulting in an elevation
of the concentrations of the less efficient soluble
SORLI, which can be detected in CSE, isquite unlikely
especially in the light of the absence of statistically
significant differences in CSF SORLI concentrations
amid the three study groups, A further possible expla-
nation for the detected positive correlation is the direct
interaction of soluble SORL1 with sSABPPB in CSF in
association with apolipoprotein E, since SORL1 lev-
els in CSF are particularly increased in patients with
AD carrying the APOE ¢4 allele [54], and SORL1 is
a membrane receptor for APOE-comtaining lpopro-
teins in CSF [55]. Though in participants in whom
CSF SORL! was determined (n=116), no differences
were elucidated in SORL] levels between APOE €4
allele carriers and non carriers either in the AD or MCI
and FTD groups (data not shown); in the regression
analysis the interaction term APOE e4 x SORL1 levels
showed a significant effect on SABPPB concentrations
(independent variable) in the MCI and AD group {stan-
dardized coefficient B=0.46, 0.391, and p<0.001,
p=0.01 respectively), while in patients with FID,
thc association did not attain statistical significance
(standardized coefficient B=0.085, p=0.747). Inter-
estingly, the positive correlation between SORL1 and
sABPPB was also found in FID. This observation indi-
cates that the association between the two. molecules
is not restricted to patients suffering from amyloid
pathology. Therefore, future studies investigating the
associations between the two molecules in further clin-
ical entities, that are associated with- alterations in
pmcessmgofAﬁPP(eg malnplesclemsxs, lyme neu-

* roborreliosis) [56, 57], as well as in healthy subjects

are reqiiired, since itis possible that the detected rela-
tion can be observed not only in patients with neuro-
degeneration.

Despite the detected significant association between
CSP SORL1 and sABPPS levels in CSF in all study
groups, the analysis did not reveal such an associa-
tion between SORLI and A&@g, possibly owing to
the aggregation of A4y in amyloid plagues ané/fxr
impaired ARy clearance mechanisms, resulting in the
undermining of a potential association betweer the two
peptides in the CSE
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The present study should be viewed in the light of
a number of limitations. The size of the study sam-
ple was relatively small and no control group was
included. As a consequence, we were not in the posi-
tion to explore possible associations between sABPPB,
tau and SORL! in physiological aging, However, 2
group of patients with FTD, which is pathologically
not characterized by amyloid pathology, was included
in the study. Only a few proteins related to amyloid
metabolism were determined. Thus our analysis and
the detected associations do not provide experimen-
tal evidence for causal effects. Unfortunately, APOE
genotype data were not available for all study par-
ticipants. As a result this genetic factor could not
be included in the regression analysis as residual.
Qur investigation encompassed a sample which was
restricted to participants recruited at university cen-
ters. Hence, the generalization of the results warrants
further investigation. No pathological verification of
diagnoses was available, but current diagnostic crite-
ria for AD have been shown to be very accurate for
populations recruited at specialized centers [58].

AD is a clinical entity which is assumed to reach
the dimension of a health scourge in the near future.
As atesult it is worth trying to unravel the pathome-
chanisms underlying the disease in order to facilitate
the development of new effective disease-modifying
therapies. The elucidated interrelations between the
amyloid cascade and axonal degeneration as well as
between soluble SORL1 and sABPPB contribute to our
understanding of the genesis of AD and probably to the
developing of novel therapeutic strategies,
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Abstract The neuronal sortilin-related receptor with
A-type repeats (SORLI, also called LR11 or sorLA) is
involved in amyloidogenesis, and the SORLI gene is a
major risk factor for Alzheimer’s disease (AD). We
investigated AD-related CSF bjomarkers for associations
with SORLI genetic variants in 105 German patients with
mild cognitive impairment (MCI) and AD. The homozy-
gous CC-allele of single nucleotide polymorphism (SNP) 4
was associated with increased Tau concentrations in. AD,
and the minor alleles of SNP8, SNP9, and SNP10 and the
haplotype CGT of these SNPs were associated with
increased SORL1 concentrations in MCI. SNP22 and
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SNP23, and the haplotypes TCT of SNP19-21-23, and TTC
of SNP22-23-24 were correlated with decreased Af42
levels in AD. These results strengthen the functional role of
SORLI in AD.
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Introduction

The neuronal ‘sortilin-related receptor with A-type repeats
(SORL1, also called LR11 or sorLA) has been linked to
protective effects against amyloidogeénesis in Alzheimer’s
disease (AD) {1]. SORL1 seems to be capable of regulating
the infracellular trafficking and processing of amyloid
precursor protein (APP) by impairing the cleavage of APP
through o-secretase, f-secretase (f-site APP-cleaving-
enzyme-1, BACE1), and y-secretase in-a way that leads to
reduced levels of soluble APP (sAPP) and amyloid beta
protein (Af), the major component of amyloid plaques [2].
In line with this theory, reduced SORL1 expression has
been demonstrated in human brains with amyloid pathol-
ogy [3]. SORLI gene variants can reduce SORL1 expres-
sion or function and thereby increase Af production as
well as AD risk [4]. Recently, multiple single nucleotide
polymorphisms (SNP) within the SORLI gene have
emerged as risk factors for sporadic AD in a variety of
populations. Although replications are inconsistent, impli-
cating influences of multi-ethnicity and allelic heteroge-
neity [4, 5], several independent studies have observed that
significant associations were located in 2 distinct regions:
the 5 end and the 3’ end of the SORLI gene [4]. So far,
only few studies have reported associations of SORLI
variants with cerebrospinal fluid (CSF) endophenotypes in
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AD [6-8]. In the present study, we have investigated ele-
ven AD risk SNPs in a German sample to evaluate the
effect of SORLI variants on the CSF levels of Af42, total
TAU, sAPPa, sAPPS, and SORL1 protein as well as on the
CSF activity of BACEL.

Methods

The study population consisted of 44 Cauncasian patients
with probable AD according to NINCDS-ADRDA criteria
and 61 patients with mild cognitive impairment (MCI)
according to the revised International Working Group on
MCT consensus criteria recruited from a university-based
memory clinic in compliance with standardized guidelines
[9, 10]. Written informed consent was obtained according
to the 1975 Helsinki Declaration and the study protocol
was approved by the ethics committee of the medical
faculty at Technische Universitidt Miinchen.

The CSF concentrations of Af42, Tau (Innogenetics,
Zwijndrecht, Belgium) as well as sAPPo and sAPPfS
(Immuno-Biological Laboratories Co. Ltd., Gunma, Japan)
were measured by enzyme-linked immunosorbent assay
(ELISA) as described previously [11]. BACEI] activity in
CSF was determined as the fluorescence signal of euro-
pium, which is proportional to the activity of BACE], by a
commercial BACE1 assay kit (Perkin Elmer Inc., Turky,
Finland) according to a standard protocol [12, 13]. SORL1
concentration in CSF was quantified by ELISA in the
laboratories of Sekisui Medical Co Ltd. (Ryugasaki, Japan)
according to published procedures [14]. Genomic DNA
was extracted from whole blood, and the apolipoprotein E
(APOE) genotype was determined by a polymerase chain
reaction and restriction enzyme digestion, simultaneously
utilizing two distinct restriction enzymes, according to
standard procedures.

Five marker SNPs at the 5’ end of the SORLI gene,
rs661057 (SNP4), rs11600875, rs668387 (SNP8), rs689021
(SNP9), and rs641120 (SNP10), as well as 6 markers at the 3’
end, 152070045 (SNP19), 21rs18ex26 (SNP21), 51699102
(SNP22), rs3824968 (SNP23), 152282649 (SNP24), and
rs1010159 (SNP25), were selected from the published data
based on their significant association with AD risk in Cau-
casian populations [4, 5, 7). The genotypes were determined
using TagMan assays (SNP assays-on-demand) on a Ste-
pOne analyzer with StepOne software v2.1 (all assays,
machine; and software from Applied Biosystems, Carlsbad,
CA, USA).

Deviations from the Hardy-Weinberg equilibrium to
exclude population stratification were tested for all 11
SORLI SNPs (http://www.oege.org/softwarethwe-mr-calc.
shtml) [15]. The sample size required to detect a significant
difference between carriers and non-carriers with 90%
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power and a type 1 error rate of 0.05 was estimated in
G-Power v3.1.3 [16] at N = 14 per group according to
previous results [7] (mean AS42 concentration difference
between carriers and non-carriers of the SORLI SNP23
T-allele of 56.60 ng/L. with a shared standard deviation of
41.59 ng/L).

Patient characteristics were compared between the AD
and the MCI groups using parametric tests for normally
distributed data in the Predictive Analytics Software
package (PASW) v18 (The SPSS Inc., Chicago, IL, USA).
Analysis of covariance (ANCOVA) in PASW was used to
test for the genotypic or allelic effect of all 11 SNPs of
interest on CSF biomarker concentrations, adjusting for
age, gender, and APOE, which was coded as a dichotomous
variable for carriers and non-carriers of the ¢4 allele. In
addition, three-marker haplotypes of SNP8/SNP9/SNP10,
SNP19-21-23, SNP22-23-24, and SNP23-24-25, again
selected from the literature according to their linkage dis-
equilibrium (LD) and the significant association with AD
risk, were reconstructed and assessed with the Haplo.stats
package in R software v2.1 (htip://www.r-project.org/).
The associations between SORLI haplotypic variants and
CSF biomarker concentrations were examined in multi-
variate linear models after adjustment for age, gender, and
APOE &4 carrier status. Only genetic frequency higher than
5% was considered. Significance was set at p < 0.05. The
study was driven by a priori hypotheses; therefore, no
correction for multiple comparisons was applied [17] in
accordance with similar previous studies [18].

Results

The demographic and clinical characteristics are summa-
rized in Table 1; genotype and allele frequencies are pro-
vided in the Supplementary Tables 1 and 2. None of the 11
SNPs showed significant deviation from the Hardy-
Weinberg equilibrium inthe AD group; in the MCI group,
deviation was only observed for SNP21 (Supplementary
Table 1). The APOE &4 allele was associated with lower
Ap42 levels in the MCI group (p < 0.001, N = 61). The
single-marker analysis revealed significant associations
between AS42 concentrations and the synonymous coding
SNP22 and SNP23 at the 5" end of the gene in the AD
group. Carriers of the SNP22 C-allele (p = 0.04, N = 22)
and SNP23 A-allele (p = 0.04, N = 23) had lower levels
of AB42 than non-carriers (Supplementary Table 3). In the
haplotype analyses, we observed associations of haplotype
TCT (frequency 36.9%) of SNP19-21-23 (p == 0.04,
N = 38) and TTC (frequency 24.7%) of SNP22-23-24
(p = 0.04, N = 38) with decreased CSF Af42 levels in the
AD group (Fig. 1a). At the 3’ end of the gene, a significant
association between the homozygous minor allele CC of
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Table 1 Characteristics of the study sample

AD (N = 44) MCI (N = 61) p value
Age at Jlumbar puncture* 66 (9.6) 65 (8.7) 0.44
Age at onset of symptoms* 6(8.8) 63 (8.8) 0.62
Men:women 23:21 35:26 0.81
Schooling, years* 13.(2.9) 127 0.91
MMSE score* 23 (3.1) 27 (1.9) <0.001%*
ApoE4 carrier, n (%) 26 (59.1%) 27 (44.3%) 0.55
APA2 (ng/Ly* 551.8 (233.52) 771.1 (350.84) <0:001%*
TAU (ng/L)* 627.8 (384.24) 383.9 (255.87) <0.001%*
sAPPa (ng/mL)* 287.1 (159.21) 332.2 (166.75) 0.17
* SAPPf (ng/mL)* 897.0 (402.65) 1047.2 (493.75) 0.10
BACE1 (FU/uL)* 8333.06 (2585.76) 9381.67 (3239.94) 0.08
SORL1 (pg/Ly* 11.9 (4.69) 11.9 (4.28) 095

SNP single nucleotide polymorphism, CSF cerebrospinal fluid, A 42 amyloid beta 42, sAPPx, sAPPf alpha- and beta-soluble amyloid precursor
protein, BACE] f-site APP-cleaving-enzyme-~1, SORL] sortilin-related receptor with A~type repeats, AD Alzheimer’s disease, MCI mild

cognitive impairment, FU fluorescence units
* Mean (SD), ** significant at p <0.05
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SNP4 and increased Tau levels was observed (p = 0.03,
N=7) in the AD group. No association was found in
heterozygous carriers, which points to a strong gene dosage
effect (Supplementary Table 4). In the MCI group, at the 3’
end of the gene, SNP8, SNP9, and SNP10 showed signif-
icant associations with CSF SORL1 levels in a way that

CGT nonscarrier
haplotype of SNP8-9-10

minor allele carriers had increased SORL1 concentrations
(SNP8 TT: p = 0.04; SNP9 AA: p = 0.04; SNP10 CC:
p = 0.04) (Supplementary Table 5). Again, these associa-
tions were driven by the homozygous carriers of the minor
alleles of each of the three SNPs. In the haplotype analyses,
a significant association between reduced CSF SORL1
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levels was found with haplotype CGT (frequency 22.5%)
of SNP8-9-10 in the MCI group (p = 0.04, N =55)
(Fig. 1b). There were no associations between sAPP levels
and BACE] activity with any of the SNPs or haplotypes.

Discussion

SORL1 regulates the intracellular sorting of APP and
hinders APP cleavage and thereby Af production [1, 2].
The SORLI gene has been identified as a major risk factor
for sporadic AD [4]. In the present study, associations
between SORLI genetic variants and CSF levels of Af42,
Tau, and SORL1 were observed at two distinct gene
regions in patients with MCI and probable AD. Associa-
tions between SORL] genetic variants and CSF sAPPx and
sAPPJ concentrations as well as BACE] activity were not
observed.

In the AD group, lower CSF Ap42 levels were found in
carriers of the exonic SNP22 (C-allele) and SNP23
(A-allele), and haplotypes TCT of SNP19-21-23 and TTC
of SNP22-23-24 at the 3’ gene end. It has been demon-
strated that SNP19 is in strong linkage disequilibrium with
SNP22 and SNP23 in various Caucasian cohorts {19].
SNP21, on the other hand, has been reported as AD-related
SORLI polymorphism in a German cohort 3] and the
haplotype TGA of SNP19-21-22 correlated with lower CSF
Af42 in AD before [7]. This finding was vot replicated in
our work, probably due to the low frequency of these
markers in our sample (Supplemental Tables 1 and 2). In
the initial genetic association study [4], the SNP22
C-allele, SNP23 T-allele, and haplotype CTT of SNP22-
23-24 were associated with an increased risk for AD. In
contrast, in our study, reduced Af42 levels were correlated
with genotypes and haplotypes consisting of the alternative
alleles. This inconsistency suggests that SORLI allelic
heterogeneity and ethnic variants may also play a role [20].
Since exonic SNPs of the SORLI gene are present in the
mature mRNA, they could directly alter translation and
thus protein levels [21]. Therefore, the 3’ end SNPs, in
particular the synonymous coding SNPs, might directly
influence the function of the SORLI protein and thereby
alter the CSF levels of Af42.

We also found that Tau levels were associated with CC
homozygotes of SNP4 in the AD group. The C-allele of
SNP4 has been associated with AD among Caucasian pop-
ulations in multiple independent cohorts and genome-wide
association studies before [4, 5, 20, 22-25]. Although the
present work is a case-only study that precludes a statement
on the association of SORLI SNPs with AD risk per se, our
data still confirm that the SNP4 C-allele is significantly
associated with upregulated CSF Tau levels, which in turn
are correlated to neurodegenerative pathology.
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SORL1 protein is considered an important regulator of
amyloidogenesis since reduced SORL1 levels may lead to
dysfunctional retromer trafficking and upregulated cerebral
Af production [1]. It remains inconclusive how reduced
SORL1 protein expression in AD brain is related to alter-
ations of SORL1 in CSF. It has been reported that the
expression of SORL1 protein is reduced in brain tissue from
patients with sporadic AD [3]. The two published CSF
studies are inconsistent in this regard, reporting both
decreased [26] and increased [27] SORL]1 levels in AD
compared with healthy controls. We identified associations
between CSF SORL1 concentrations and three AD risk
marker SNPs in the MCI group; the homozygous minor
allele carriers of the intronic SNP8 (T-allele), SNP9
(A-allele), and SNP10 (A-allele) had increased SORL1
concentrations in CSF. Moreover, the haplotype analysis
confirmed that a three-marker haplotype CGT (a combina-
tion of the major alleles) of SNP8/SNP9/SNP10 was asso-
ciated with reduced CSF SORL1 levels in the MCI group.
These three SNPs have been confirmed as the most signif-
icant AD risk markers within the SORLJ gene in Caucasian
samples in a recent meta-analysis including 11,592 cases
and 17,048 controls [28]. The association of three 5’ end
SNPs in our study with CSF SORL] concentrations is
consistent with the allelic disease association in this meta-
analysis. Since MCI often represents pre-dementia AD, our
data may suggest that the influence of SORLI genetic
variants is particularly relevant in early clinical AD stages.

Our current study extends the existing literature on
associations between SORL1 genetic variants and AD
biomarkers, thereby supporting the role of SORL1 as an
important influence factor on AD pathogenesis. Limitations
include the rather small study sample and the lack of lon-
gitudinal data as well as neuropathological verification of
the diagnoses. Therefore, replication studies with inde-
pendent larger samples are warranted. We did not aim to
replicate the results from previous genetic association
studies; neither did we aim to identify new risk SNPs, and
no control group was included because of this study design
choice. Lack of consistent replication of genetic findings is
a common occurrence in the study of complex phenotypes
and may be indicative of inadequate power resulting from
small sample size and genetic or environmental heteroge-
neity. The use of CSF biomarkers for genetic studies of AD
may provide increased statistical power and important
insight into the biological mechanisms by which these
variants modulate disease risk. In any study attempting to
associate genetic information with pathology, the exact
effect of genetic variants on phenotypic variation often
remains unclear. On the one hand, the genetic variants may
have a direct effect on markers of pathology; on the other
hand, neighboring SNPs in LD with the variant tested or
other downstream factors may also have an influence.
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B-Site amyloid precursor protein—cleaving enzyme 1 activity is related
to cerebrospinal fluid concentrations of sortilin-related receptor with
A-type repeats, soluble amyloid precursor protein, and tau
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Abstract Background: B-Site amyloid precursor protein (APP)-cleaving enzyme 1-(BACE]) activity deter-
mines the rate of APP cleavage and is therefore the main driver of amyloid B production, which is
a pathological hallmark of Alzheimer’s disease (AD).

Methods: The present study explored the correlation between BACE! activity and cerebrospinal
fluid (CSF) markers of APP metabolism and axonal degeneration in 63 patients with mild AD and
12 healthy control subjects.

Results: In'the AD group, positive correlations between BACE] activity and soluble APP B, the APP
sorting receptor sortilin-related receptor with' A<type repeats (also known as SorLA or LR11),and tau
were detected, BACE] activity was not associated with amyloid By.42 or soluble APP ¢ coricentra-
tions in the AD group, and no associations between BACE] attivity and any of the protein concen-
trations were found in the control group:

Conclusion: Our results confirm the relevance of BACE] and sortilin-related receptor with A-type
repeats-within the amyloid cascade and also provide a further piece of evidence for the link between
amyloid and tau pathology in AD.

© 2012 The Alzheimer’s Association. All rights reserved.

Keywords: Alzheimer’s disease; Dementia; Biomarker; Amyloid cascade; B-secretase

1. Background (sAPP) B and a C-99 fragment, which is subsequently
; o N e cleaved by the y-secretase complex, resulting in AB. The

Agh% ce;f#t‘;raltﬁathologlcgailma{ks ofg?; {"“?me;,s dlsfiaij alternative processing of APP by the a-secretases precludes

(AD) include the extracellular accumulation of amyloi the generation of AP because the cleavage site lies within the

B (AP) plaques, sy napticf and nenrqpal degeneration, ~and AB sequence; sAPPu. is a product of this processing pathway
the presence of tau protein tztngle‘s {1] A[i plagues mainly [3]. The relevance of BACE1 in AD is supported by its in-
consist of the 4-kDa AB peptide, which is generated by the 000y expression and activity in the brain tissues [4,5]
enzymatic cleavage of the ransmembrane amyloid precur- 14 ooretyrospinal fluid (CSF) of patients with AD [6,7].
sor protein (APF). Thefirst, and rate-limiting, APP cleavage In addition to the secretases, the sortilin-related receptor
step by the B-site APP-cleaving enzyme 1 (BACEI) [2] xe- i A type repeats (SORLI, also termed LR11 or sorLA),
sults in- the production of the N-termitial soluble APP -a member of the apolipoprotein E and low-density lipopro-
tam receptor family [8,9], has emerged as another relevant
AT, and PA. contributed equally to this work. 'reguiator of APP processing; SORL] is probably involved
*Corresponding author. Tel.: 89-4140-4214; Fax: §9-4140-4888, in the mtraccnular,sgrang_ of APP and its interactions with
E-mail address: robert.perneczky @lrz.tum.de the secretases, inicluding BACE1 [10]. According to recent
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evidence, SORL1 promotes the retention of APP in sub-
cellular compartments that are less favorable for secretase
processing, thereby reducing the extent of its proteolytic
breakdown into both amyloidogenic and nonamyloidogenic
products [11]. In line with this finding, the nevuronal expres-
sion of SORL1 is dramatically decreased in the brains of pa-
tients with sporadic AD [12-14]. The large extracellular part
of the receptor is 1eleased after endoproteolytic cleavage
[15] and can therefore be measured in CSF; however, no
general consensus has yet been reached regarding the effects
of AD on SORL1 concentrations in CSF [16,17].

The aforementioned evidence and theoretical consider-
ations suggest that BACE] activity should be positively corre-
lated with AB;_4 and SAPPB (but not sAPPg), and possibly
also with tau as well as SORLI, concentrations in CSF.
Some of these assumptions, such as the positive association be-
tween BACE] activity and sAPPf and tau concentrations, are
backed by previous research, whereas others are not {18,19],
which warrants replication. Furthermore, the correlation
between the concentrations of SORL1, the encoding gene of
which is among the strongest known genetic risk factors for
sporadic AD [20], and BACE1 activity in CSF has not
been studied thus far. The main aim of the present study was
to provide evidence in relation to these issues.

2. Methods
2.1, Participant selection

Sixty-three patients with probable AD and available lum-
bar CSF samples were identified in the electronic database of

the Department of Psychiatry and Psychotherapy at the Tech-

nische Universitdt Miinchen (Munich, Germany). Informed
written consent was available for all patients; the study pro-
tocol was approved by the ethics committee of the faculty of
medicine at the Technische Universitat Miinchen. The clini-
cal diagnoses had been established by consensus of two expe-
rienced clinicians according to National Institute of
Neurological and Communicative Disorders and Stroke/Alz-
heimer’s Disease and Related Disorders Association criteria
for probable AD in conjunction with International Classifica-
tion of Diseases (10th revision) criteria for mild AD demen-
tia. The diagnostic workup included patient and proxy
interviews, physical examination, psychometric testing, rou-
tine blood sampling, and structaral imaging of the brain
(magnetic resonance imaging or computed tomography).
None of the patients showed signs of relevant cerebrovascu-
lar disease or any plausible cause for cognitive impairment
other than AD. The psychometric assessment was based on
the Consortium to Establish a Registry for Alzheimer’s dis-
ease neuropsychological assessment battery, which incorpo-
rates the Mini-Mental State Examination. An additional
group of 12 healthy control subjects, recruited at the Depart-
ment of Neurology of the University of Bari in Ttaly, was
included to explore the associations between the CSF protein
levels in the absence of any relevant neurodegenerative

pathology. The control subjects had no subjective memory
complaints and no history of cognitive impairment. They
were independent in their activities of daily living and did
not show any signs of a relevant psychiatric or neurological
illness,

2.2. CSF sampling and analyses

CSF was collected in sterile polypropylene tubes using
atraumatic cannulas placed in the L3/L4 or LA/LS interver-
tebral space. The CSF was centrifuged (1800 Xg at 4°C
for 10 minutes) immediately after collection to remove cells.
Aliquots of the remaining CSF supernatants were stored in
polypropylene tubes at —80°C for further processing.

2.3. Determination of AB;_y2, tau, sAPPo, and sAPPB
levels

ABy.4,, total tau (Innogenetics, Ghent, Belgium), and
sAPPa/sAPPB (IBL, Gunma, Japan) levels in CSF were
measured in duplicate using commercially avaijlable
enzyme-linked immunosorbent assays (ELISAs) according
to the manufacturers’ instructions as described previously
in greater detail {21-23].

2:4. BACE] acrivity assay

BACE] activity was measured using a time-resolved
fluorescence activity assay based on SignalClimb technol-
ogy (TruePoint Perkin Elmer, Turku, Finland) according to
optimized manufacturer’s instructions [7]. The synthetic
TruePoint BACE] substrate is a 10-amino acid-long peptide
with a fluorescent europium chelate coupled to one end and
a quencher of europium fluorescence (QSY7) coupled
through lysine to the other end. The hydrolysis of the sub-
strate’s protein sequence CEVNLDAEFK by BACE1 results
in a fluorescence signal proportional to the activity of
BACEL. The fluorescence signal was measured at 37°C in
a microplate reader using time-resolved fluorescence
(FLUOstar Omega, BMG Labtech, Offenburg, Germany;
excitation wavelength: 320 nm, emission wavelength: 615
nm) in black 96-well plates (Perkin Elmer, Turku, Finland)
at a final volume of 27 pL, including 10 pL of CSF, 2 uL
of dimethyl sulfoxide, and 15 pl. of BACE!] substrate
(0.80 nM/mL). The continuous measurement of BACE1 ac-
tivity was started immediately after adding the CSF sample;
BACEI activity was defined as the maximal activity within
the first 30 minutes. Each sample was measured at Jeast four
times to verify reproducibility. Proteinase inhibitors were
added to block all non-BACE1 aspartyl protease activity.

2.5. SORLI concentrations

SORL1 concentrations. in CSE were quantified using
ELISA in the laboratories of Sekisui Medical Co Ltd. (Ryu-
gasaki, Japan) as described previously [24]. Briefly, 10 puL of
CSF was diluted with 100 pL of sample buiffer and added to
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the plate coated with mouse monoclonal antibody M3 {25].
After incubating with the biotinylated rat monoclonal
antibody R14, the SORL~antibody complex was reacted
with horseradish peroxidase-conjugated streptavidin. A
standard curve was constructed using purified SORL1 pro-
tein. The final absorbance of each sample was determined
. at 450 nm [24]. SORL1 concentrations were only deter-

mined in a subsample of 40 patients with probable AD and
in the entire control group. The first published study using
this assay [24] showed that purified SORL1 in CSF was im-
munologically identical to SORL1 from cell culture,
_strongly arguing that the ELISA measures the soluble form
of the membrane-bound receptor.

2.6. Statistical analysis

Data were analyzed using the Predictive Analytics Soft-
ware package version 18 (SPSS Inc., Chicago, IL) using
two-sided tests. Normal distribution was checked using the
Kolmogorov—Smirnov test. Correlations between BACE1
activity and CSF protein concentrations were investigated
using the Pearson correlation coefficient. P values were re-
garded significant at a level of 5%; the false discovery
rate (http://sdmproject.com/utilities/?show=FDR), which
controls the expected proportion of incorrectly rejected
null hypotheses (type I errors), was used to account for the
error in multiple comparisons (i.e., results at Peoy < .05
were regarded significant).

3. Resnlts

The characteristics of the study sample are shown in
Table 1. The CSF concentrations of AB;_4; and tau were in
the expected range for this kind of sample [26]. The Mini-
Mental State Examination score range confirmed the mild de-
gree of dementiain the AD group and the lack of any objective

Table 1

Characteristics of the study groups

Variable Control group AD group

N 12 63

Age, years* 47.50.(13.70) 66.87 (9.39)
Age at onset, years® na 62.83 (9.09)
Men/women 6:6 34:29

MMSE score* 30 (0.00) 2254 (3:27)
BACE] activity, FU/uL* 7468.43'(1966.75) 8757.01 (2636.36)
APz, ng/L* 708.33 (378.17) 540,48 (232.99)
Tau, ng/L* 12558 (57.29) 605.21 (361.99)
sAPPg, ng/mL* 265.19 (218.35) 263,83 (145.58)
SAPPB, ng/mL* 746.35 (519.92) 864.95 (405.522)
SORLI ng/mL* 10.36 (2.61) 11.83 (4.74)

Abbreviations: na, not applicable; nd, not done; AD, Alzheimer’s disease;
MMSE, mini-mental state examination; FU; fluorescence units; AB, amy-
Toid B; sAPP, soluble amyloid precursor protein; BACEI, B-site amyloid
\precursor. protein—cleaving enzyme 1; SORL1, sortilin-related receptor
with A-type repeats.

*Mean (SD).

N = 40.

cognitive impairment in the control group. In the AD group,
there was a significant positive correlation after false discov-
ery rate correction for multiple comparisons between BACE1
activity on the one hand and tau (r = 0.30, Peopr = .04, N = 63)
as well as SORL1 concentrations (r = 0.37, Py = .04, N =
40) on the other hand (Figure 1). BACE1 activity wasniot cor-
related with SAPPo (Peor = 17) 0r ABysp (Peors = .91) levels
in the AD group. At amore liberal threshold of £ <05 uncor-
rected for multiple comparisons, BACE1 activity was also
positively correlated with sAPPB levels in patients with AD
(r = 0.26, Pypcorr = .05, N = 63). BACEI activity wasnot cor-
related with the levels of any of the CSF proteins in the control
group (tau: Peoyy = .96; ABy_ag: Peorr = .75; SAPPa: Py =
.55; SAPPB: Peorr = .55; SORL1: Peoyr = .90).

4, Discussion

The present study explored the association between
BACET activity, which is regarded as the rate-limiting factor
of AB production, and the concentrations of several AD
markers in CSE Our findings partly confirm the results of
previous research, but they also add new evidence to the
existing literature, for example, by demonstrating a positive
correlation between BACE] activity and SORL1 concentra-
tion in CSE.

4.1. BACE] and tau

In the present study, BACE] activity correlated positively
with tau concentrations in the AD group. This is a challenging
observation at first glance, which is, nevertheless, in line with
three previous individual reports [19,18,28] and a meta-
analysis [18]. Tau is a marker of axonal degeneration, which
may enhance BACE1 shedding, resulting in higher CSF levels
and activity of BACE! in AD [27]. Alternatively, as both tau
and BACE! are primarily located in neurons, their correlation
may indicate that increased BACE1 activity in CSF is associ-
ated with protein release from decaying neurons.

4.2. BACEI and markers of APP imetabolism

We also found apositive-correlation between BACE1 ac-
tivity and sAPPB levels. This association was expected be-
cause SAPPB is a direct product of APP cleavage by
BACE! [29]. BACE! activity did not correlate with the
CSF levels of sAPP« in our study; this was also an expected
result because there is no direct association between BACE1
and sAPPq, which is a product of a-cleavage rather than of
B-cleavage [3]). In contrast to our findings, an association
between sAPPo. levels and BACE] activity in CSF was
observed in a previous study [19]. The authors argued that
this surprising finding might be explained by the strong cor-
relation between sAPP« and sAPPB in CSF, suggesting
tightly linked regulating processes, or alternatively by the
fact that sAPPo may reflect overall APP levels, The expected
correlation between BACE1 activity and ABj4s levels
was probably obscured in our study by other factors
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Fig. 1. Scatterplots showing the correlation between cerebrospinal fluid BACE1 activity and the concentrations of (A) ABj4a, (B) tay, (C) sAPPa, (D) SAPPB,

and (E) SORL in the AD group.

influencing AP deposition in senile plaques, which is thought
to be mirrored by decreased AB;_4; concentrations in CSE

4.3. BACEI and SORLI

‘We also report a positive correlation between BACE1
activity and SORLI concentrations in CSE. This finding is
consistent with in vitro studies showing a direct interaction
between BACE1 and SORL1 [30]. SORL1 levels were found
to be reduced in the Golgi apparatus and early endosomal
compartments in AD [31-33], allowing or promoting APP
processing by BACE! and «-secretase [30,34,35]. The
ELISA used in our study determines the soluble form of
SORLI1, which consists of the extracellular domain of the
membrane-spanning SORL1 protein [24]. This extracellular
fragment seems to be less efficient than full-length SORL1
in mediating APP transport through the Golgi apparatus
[30] because SORL1 fragments have altered binding capac-
ities compared with the full-length SORL]1 receptor [36,37].
Taking into account that AD pathology is associated with
increased BACE] activity, it can be hypothesized that the
intracellular decline of full-length SORLI levels in AD is
caused by an elevation in the endoproteolytical cleavage of
SORL1, resulting in increased concentrations of the less

efficient soluble SORI.1 that we measure in CSF. However,
it has to be mentioned that no causalities can be derived from
a study reporting associations between CSF protein levels
and that the validity of our argumentation will have to be
tested in future studies.

4.4, Limitations

The present study should be viewed in light of a number of
limitations. The size of the control group was relatively
small, and the confrol subjects were younger than the patients
with AD. As a consequence, we were not in a position to ex-
plore the differences in BACEI] activity between physiolog-
ical aging and AD. Purthermore, although not very likely,
some patients with causes for cognitive impairment other
than AD might have been included despite the rigorous diag-
nostic assessment. No pathological verification of diagnoses
was available, but current diagnostic criteria for AD have
been shown to be very accurate for populations recruited at
specialized centers. On the one hand, further research on
larger samples with age-matched control groups is needed
to replicate our findings; on the other hand, genetic variants
of SORL1 will also have to be considered in future analyses.
The thus-far inconclusive findings on SORL1 in CSF[16,17]

119



A. Tsolakidow et al. / Alzheimers & Dementia B (2012) 1-6 5

might probably be partly explained by the genetic association
of four other vacuolar protein sorting 10 protein-domain
receptors with sporadic AD [35], which may dilute the effect
of any individual marker including SORL1.

5. Conclusion

Our study provides a further piece of evidence pointingto
the associations between BACE1T on the one hand and rele-
vant CSF markers of AD on the other hand, including the sol-
uble form of the APP sorting receptor SORLI, the first
product of APP cleavage by BACE1 (sAPPB), and a marker
of axonal degeneration (tau). Although our investigation was
not designed to establish any diagnostic validity of the stud-
ied CSF proteins, it still strongly supports the relevance of
BACEI1 and SORL1 in CSFfor AD and their potential benefit
as AD biomarkers and therapeutic targets.

Acknowledgments

The study was supported by the Kommission fiir Klini-
sche Forschung of the Klinikum rechts der Isar Miinchen
(grant numbers B06-09, B08-10) and the Bund der Freunde
der Technischen Universitit Miinchen e.V. (grant number
22592). The sponsors did not have any role in the design
and conduct of the study; collection, management, analysis,
and interpretation of the data; and preparation, review, or ap-
proval of the manuscript. The authors report no conflicts of
interest. The authors thank Tamara Eisele for technical sup-
port, Professor Stefan Wagenpfeil (Institute of Medical Sta-
tistics and Epidemiology, Technische Universitit Miinchen)
for statistical advice, and Dorottya Ruisz for proofreading.

References

{1] Minati L, Edginton T, Bruzzone MG, Giaccone G. Ciirrent concepts in
Alzhigimer’s ciiseasej; amultidisciplinary review. Am J Alzheimers Dis
Other Demen 2009;24:95-121.

[2] Vassar R, BACEL the beta-secretase enzyme in Alzheimer’s disease.
J Mol Neurosci 2004:23:105-14,

[3] Chow VW, Mattsons MP, Wong PC, Gléichmann M. An overview of APP
processing enzymes and products, Neuromolecular Med 2010;12:1-12.

[4] Fukumoto H, Cheung BS, Hyman BT, Trizary MC. Beta-secretase
protein and activity  are increased in the neocortex in Alzheimer
disease. Arch Neurol 2002;59:1381-9. .

[5] Yohnston JA, Liu WW, Todd SA, Coulson DT, Murphy S, Irvine GB,
et al, Expression-and activity of beta-site amyloid precursor protein
cleaving enzyme in Alzheimer’s disease. Biochem Soc Trans-2005;
33(Pt 5):1096-100.

[6] Holsinger RM, McLean CA, Collins $J, Masters CL, Evin G. In-
creased beta-secretase activity in cerebmspmal fluid of Alzheimer’s
disease subjects. Ann Neurol 2004;55:898-9.

n HolsmgerRM Lee JS, Boyd A, Masters CL, Collins SI. CSFBACE!
activity is increased in CJD and Alzheimer disease versus [corrected]
other dementias. Neurology 2006,67:710-2.

{8] Yamazaki H, Bujo H, Kusunoki J; Seimiya K, Kanaki T, Morisaki N,
et'al. Elements of neural adhesion molecules and a yeast vacuolar pro-
tein sorting receptor are present in a novel mammalian low density
lipoprotein receptor family member. J Biol Chem 1996;271:24761-38.

[9] Taira K, Bujo H, Hirayama 8, Yamazaki H, Kanaki T, Takahashi K,
et al. LR11, a mosaic LDL receptor family member, mediates the
uptake of ApoE-rich lipoproteins in vitro. Arterioscler Thromb Vasc
Biol 2001;21:1501-6.

[10] Shah S, Yu G. sorLA; sorting out APP. Mol Intery 2006:6:74-6. 58.

[11] RoheM, Carlo AS, Breyhan H, Sporbert A, Militz D, Schmidt V, et al.
Sortilin-related receptor ‘with A-type repeats (SORLA) affects the
amyloid precursor protein-dependent stimulation of ERK signaling
and adult nevrogenesis. J Biol Chem 2008;283:14826-34.

112] Dodson SE, Gearing M, Lippa CF, Montine TJ, Levey Al Lah IJ,
LRI1/S6rLA expression is reduced in sporadic Alzheimer disease
but not in familial Alzheimer disease. J Neuropathol Exp Neurol
2006:65:866~72.

[13] Sager KL, Wuu 1, Leurgans SE, Rees HD, Gearing M, Mufson EJ,
et al, Neuronal LR11/sorLA expression is reduced in mild cognitive
impairment. Ann Neurol 2007;62:640-7.

[14} Scherzer CR, Offe K, Gearing M, Rees HD, Fang G, Heilman CJ, et al.
Loss of apolipoprotein E receptor LR11 in Alzheimer disease. Arch
Neurol 2004;61:1200-5.

[15] Bohm C, Seibel NM, Henkel B, Steiner H, Haass C, Hampe W. SorLA
signaling by regulated intramembrane proteclysis. J Biol Chem 2006;
281:14547-53.

{16] Ma QL, Galasko DR, Ringman JM, Vinters HV, Edland SD,
Pomakian J, et al. Reduction of SorLA/LR 11, a sorting protein limiting
beta-amyloid production, in- Alzheimer disease cerebrospinal fluid.
Arch Neurol 2009;66:448-57.

[17] Tkeuchi T, Hirayama S, Miida T, Fukamachi I, Tokutake T,
Ebinuma H, et al. Increased levels of soluble LR11 in cerebrospinal
fluid of patients with Alzheimer disease. Dement Gériatr Cogn Disord
2010;30:28-32,

[18] Ewers M, Cheng X, Zhong Z, Nural HF, Walsh C, Meind] T, etal. In-
creased CSF-BACE] activity associated with decreased hippocanipus
volume in Alzheimer’s disease. J Alzheimers Dis 2011:25:373-81,

[19] Zetterberg H, Andreasson U, Hansson O, Wi G, Sankaranarayanan S,
Andersson ME, et'al. Elevated cerebrospinal fluid BACE] activity in
incipient Alzheimer disease. Arch Neurol 2008;65:1102-7.

{201 Rogaeva E, Meng Y, Lee JH, Gu Y, Kawarai T, Zou F, etal. The neu-
ronal sortilin-related receptor SORLI1 is. genetically associated with
Alzheimer disease. Nat Genet 2007;39:168-77.

[21] Perneczky R, Tsolakidou A, Arnold A, Diehl-Schmid J, Grimmer T,
Forstl H, etal. CSF soluble amyloid precursor proteins in the diagnosis
of incipient Alzheimer disease. Neurology 2011;77:35-8. '

{22] Vandermeeren M, Mercken M, Vanmechelen E, Six J, van de
Voorde A; Martin JJ, et al. Detection of tau proteins in normal and
Alzheimer's disease cerebrospinal fluid with ‘& sensitive sandwich
enzyme-linked immunosorbent assay. J Neurochem 1993;61:1828-34.

[23] Vanderstichele H, Van Kerschaver ‘E, Hesse C, Davidsson P,
Buyse MA, Andreasen N,vet al. Standardization of measurement of
beta-amyloid(1-42) in cerebrospinal fluid and plasma. Amyloid

 2000,7:245-58.

[24] Matsuo M, Ebinuma H, Fukamachi I, Jiang M, Bujo H, Saito Y.
Development of an immunoassay for the guantification of soluble
LR11, a circulating marker of atherosclerosis. Clin. Chem 20(39
55:1801-8:

{25} Komaba 'Y, Senda M, Ohyama M, Mori T, Ishii K, Mishina M, et al.
Bilateral representation of language function. Agenesis of corpus

- callosumby Wada and PET activation. J Neuroimdging 1998:8:246-~9,

{26] Hulstaert F, Blennow X, Ivanoiu A, Schoonderwaldt HC,

* Riemenschieider M, Dé Deyn PP, et al, Improved discrimination of
AD patients using beta-amyloid(1:42) and tau Jevels in CSF. Neurol-
0gy 1999;52:1555-62;

[27] BoumeKZ, Ferrari DC, Lange-Dohna C, Rossner 8, Wood TG, Perez-
Polo JR. Differential regulation of BACE! promoter activity by
nuclear factor-kappaB in neurons and glia upon exposure 10 beta-
amyloid peptides. J Neurosci Res 2007;85:1194-204,

[28] Mulder SD, van der Elier WM, Verheijen JH, Mulder C, Scheltens P,
Blankenstein MA, et al. BACE] activity in cerebrospinal fluid and

120



its relation to markers of AD pathology. J Alzheimers Dis 2010;
20:253-60.

[29} Stockley JH, O'Neill C. Understanding BACEI: essential protease for
amyloid-beta production in Alzheimer’s disease. Cell Mol Life Sci
2008;65:3265-89.

[30] Spoelgen R, von Amim CA, Thomas AV, Peltan ID, Koker M, Deng A,
et al. Interaction of the cytosolic domains of sorLA/LR1] with the
amyloid precursor protein (APP) and beta-secretase beta-site APP-
cleaving enzyme. J Neurosci 2006;26:418-28.

[31] Andersen OM, Reiche I, Schmidt V, Gotthardt M, Spoelgen R,
Behlke J, et al. Neuronal sorting protein-related receptor sorl.A/
LR1]1 regulates processing of the amyloid precursor protein. Proc
Natl Acad Sci U S A 2005;102:13461-6.

[32] Offe K, Dodson SE, Shoemaker JT, Fritz JJ, Gearing M, Levey Al,
et al. The lipoprotein receptor LR 11 regulatés amyloid beta production
and amyloid precursor protein traffic in endosomal compartments.
¥ Neurosci 2006;26:1596-603.

A, Tsolakidou et al. / Alzheimers & Dementia W (2012) 1-6

{33] Dodson SE, Andersen OM, Karmali V, Fritz 1J, Cheng D, Peng J, et al.
Loss of LR11/SORLA enhances early pathology in a mouse model of
amyloidosis: evidence for a proximal role in Alzheimer’s disease.
¥ Neurosei 2008;28:12877-86.

[34) Zhao Y, Cui JG, Lukiw WJ. Reduction of sortilin-1 in Alzheimer hip-
pocampus and in cytokine-stressed human brain cells. Neuroreport
2007;18:1187-91,

[35] Dodson SE, Andersen OM, Karmali V, Fritz JJ, Cheng D, Peng J, etal.
Loss of LR11/SORLA enhances early pathology in a mouse mode] of
amyloidosis: evidence for a proximal role in Alzheimer’s disease.
J Neurosci 2008;28(48):12877-86.

{36] Jacobsen L, Madsen P, Jacobsen C, Nielsen MS, Gliemann I,
Petersen CM. Activation and functional characterization of the mosaic
receptor SorLA/LR11. J Biol Chem 2001;276:22788-96.

{37] GrearKE, Ling IF, Simpson JF, Furman JL, Simmons CR, Peterson SL,
etal. Expression of SORLI and a novel SORL1 splice variant in normal
and Alzheimers disease brain. Mol Neurodegener 2009;4:46.

121



Clinica Chimica Acta 413 (2012) 1542-1548

Contents lists available at SciVerse ScienceDirect
Clinica Chimica Acta

journal homepage: www.elsevier.com/locate/clinchim

Circulating soluble LR11/SorLA levels are highly increased and ameliorated by

chemotherapy in acute leukemias

Shio Sakai *€, Chiaki Nakaseko *“*, Masahiro Takeuchi ¢, Chikako Ohwada *<, Naomi Shimizu *¢,

Shokichi Tsukamoto *€, Takeharu Kawaguchi ?

¢ Meizi Jiang ¢, Yasunori Sato °, Hiroyuki Ebinuma |,

f

Koutaro Yokote €, Atsushi Iwama €, Isamu Fukamachi f, Wolfgang Johann Schneider %¥,

Yasushi Saito ?, Hideaki Bujo 9+

* Department of Hemarology, Chiba University Hospital, Chiba, Japan
b Clinical Research Center, Chiba University Hospital, Chiba, Japan

¢ Department of Clinical Cell Biology and Medicine, Chiba University Graduate School of Medicine, Chiba, Japan
4 Departnient of Genome Research and Clinical Application, Chiba University Graduate School of Medicine, Chiba, Japan
¢ Department of Cellular and Molecular Medicine, Chiba University Graduate School of Meditine, Chiba, Japan

f Tsukuba Research Institute, Sekisuf Medical Co, Ltd, Ryugasaki, fJapan

# Department of Medical Biochemistry, Max F. Perutz Laboratories, Medical University of Vienna, Vienna, Austria

" Chiba University, Chiba, Japan

ARTICLE INFO ABSTRACT

Article history: Background: LR11/SorlA, a receptor interacting with (D87 on mornocytes and macrophages, is highly
Received 23 January 2012 expressed on human immature hematopoietic stem cells, However, itis unknown whether LR11 is expressed
Received in revised form 21 June 2012 on premature leukemic cells, and whether the levels of circulating soluble LR11 (sLR11) shed from leukemic
Accepted 21 June 2012 cells correlate with disease state.

Available online 29 june 2012 Methods: The expression of LR11 on leucacytes and leukemic cells was examined by flow cytometry, Serum

SLR11 levels were measured by ELISA in patients with various hématological diseases, including 43 acute

Kmmﬁgm myeloid leukemia (AML) and 23 acute lymphoblastic leukemia (ALL) patients: Data were subjected to
Morniocyte statistical analysis for validation of sLR11 levels and patients’ clinical data,
AML Results: LR11 is specifically expressed in monocytes, and surface levels on leukemic cells are highly induced in
AlL both. AML and ALL. SLR11 levels of acute leukernia patierits were significantly increased (P<0.001) (ALL,
Cp87 7354935 ng/ml; AML, 26.8:£:29.1 ng/ml} in comparison to controls. (9243.3 ng/ml). Patients with AML
uPAR and ALL in remission showed significantly decreased SLR11 levels to below 20 ng/ml,
Conclusions: LR11 and its released soluble form are strongly elevated inacute leukemias. Rernarkably, this
increase in circulating sER11 levels is ameliorated at complete remission.
© 2012 Elsevier BV. All rights reserved.
1. Introduction relapse are still major problems affecting survival, requiring efficient

Chemotherapy in combination with the use of allogeneic hemato-
poietic stem cell transplantation has improved the prognosis of acute
leukemia patients [1-3]. However, primary induction failure and
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prognostic factors-at diagnosis and for monitoring minimal residual
disease (MRD), Migration through vascular éndothelia and underly-
ing extracéllular matrices is essential for mobilization-and homing
processes of hematapmenc stem-and progenitor cells (HSPC) between
bone marrow and circulation [4]. Understanding the underlying regulato-
ry features is pivotal for evaluating the (i) expansion of leukemic cells
originating from post-chemotherapy bone marrow MRD and (ii) efficacy
of HSPC mobilization induced by G-CSF and analogues for transplantation
in patients with acute leukemias [5,6]. HSPC migration is strictly con-
trolled by a close interplay between chemokines and adhesion molecules
selectively expressed in these migrating cells, strotnal cells, or endothelial
cells [4-6]. Recent clinical studies suggest that the levels of circulating
soluble forms of adhesion molecules and/or cell surface receptors are
associated with G-CSF-induced mobilization of HSPC and with the prog-
nosis of leukemia patients under chemotherapy [7,8]. However, our
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