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Abstract

Wnt pathway is involved in synaptic plasticity and neuronal survival, and alterations in Wnt signaling have previously been
reported both in aging and neurodegenerative diseases, including Alzheimer’s disease (AD). This study sought to evaluate Wnt
signaling pathway interplay integrity across prefrontal lobe structures in AD patients compared to normal aging. Using the open-
access BrainCloud™ database, 84 gene expression profiles and clustering effect were analyzed in the dorsomedial prefrontal
cortex (PFC) across a time span of 21-78 years of age. Next, expression levels of the selected genes were investigated in post-
mortem brain tissue from 30 AD patients and 30 age-matched controls in three interdependent brain areas of the PFC. Results
were assessed in relation to Braak stage and cognitive impairment of the patients. We found a general age-related factor in Wnt
pathway genes with a group of genes being closely interrelated in their expression across the time span investigated in healthy
individuals. This interrelation was altered in the AD brains studied, as several genes presented aberrant transcription, even though
not always being altered at protein levels. Noteworthy, beta([3)-catenin and glycogen synthase kinase 3-beta (GSK3[3) showed a
dynamic switch in protein levels and activity, especially in the orbitofrontal cortex and the medial frontal gyrus. A significant
decrease in [3-catenin protein levels were inversely associated with increased GSK3[3 tyrosine activating phosphorylation, in
addition to downstream effects associated with disease progression and cognitive decline. This study is the first that compre-
hensively evaluates Wnt signaling pathway in the prefrontal cortical lobe structures of AD brains, in relation to age-related
coordinated Wnt signaling changes. Our findings further support that increased kinase activity of GSK3f3 is associated with AD
pathology in the PFC.

Keywords Alzheimer’s disecase - Wnt signaling pathway - Glycogen synthase kinase 3-beta - Beta-catenin - Braak staging -
BrainCloud™

Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder and
the leading cause of age-related dementia [1]. AD is accom-
panied by three main pathological changes: diffuse loss of
neurons [2], intracellular deposits of tau protein called

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12035-018-1103-z) contains supplementary
material, which is available to authorized users.

P4 Jonas Folke
Jonas.folke@regionh.dk

Research Laboratory for Stereology and Neuroscience,
Bispebjerg-Frederiksberg Hospital, University Hospital of
Copenhagen, Nielsine Nielsens Vej 6B, Building 11B, 2nd floor,
DK-2400 Copenhagen, Denmark

Institute of Clinical Medicine, Faculty of Health, University of
Copenhagen, Blegdamsvej 3B, DK-2200 Copenhagen, Denmark

neurofibrillary tangles [3], and extracellular senile plaques
mainly comprised of amyloid-beta peptides [4]. Five percent
of all AD cases are linked to disease-associated mutations,
whereas the etiology is unknown in remaining 95% of cases.
Thus, AD is considered a multifactorial disease with age being
the most important risk factor [5, 6]. AD is accompanied by
progressive cognitive deterioration and prominent behavioral
instabilities. In early stages, episodic memory deficits are
followed by personality changes, most commonly apathy
and/or disengagement, functions found to be related to the
prefrontal cortex (PFC) [7-9].

Wnht signaling is comprised of highly conserved evolution-
ary branch of proteins across various species [10] and plays a
pivotal role in cell self-renewal, proliferation, and mainte-
nance of many types of tissues [11]. It is divided into two
major branches: canonical (Wnt/f3-catenin) and non-
canonical [12]. The activation of either pathway depends on
a complex interaction of 19 Wnt ligands, several agonists and
antagonists, and receptors; hence, manifesting its modularity
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properties to maintain cellular homeostasis. As reviewed by
Inestrosa et al. [13], Wnt signaling has continuously been
shown to play an important role in the central nervous system
(CNS) throughout life. During embryonic CNS development,
Wht signaling has been reported to regulate neuronal self-re-
newal, polarity, axon branching, and synaptogenesis [14, 15].
Many Wnt components are expressed in various parts of the
brain, e.g., the PFC and cerebral cortex, hippocampus, and the
olfactory bulb [16], and have been shown to be involved in
several neurological disorders, e.g., mental and mood disor-
ders as well as several cancers [10, 17]. These facts underlie
the post-natal importance of the pathway in normal brain
function.

Alterations in expression of the Wnt components have re-
cently drawn attention in relation to aging both in health and
disease. With respect to normal aging, the dysregulations are
very dependent on cell types such as an increased transcription
through the canonical pathway in artery cells [18], whereas a
downregulation is observed in skeletal cells [19]. Wnt signal-
ing has also been shown to decline with age in the rat brain
[20]. Dysregulation of Wnt has also been associated with age-
related diseases, e.g., osteoporosis [21], colon cancer [22],
Parkinson’s disease [23], and AD [24]. The latter is supported
by vast studies in the past decade, suggesting that changes in
Wnt pathway are a characteristic pathological hallmark of AD
[13, 17, 25].

Several Wnt signaling components have been found to be
altered in both familial and sporadic cases of AD. In familial
cases of AD, carrying the presenillin-1 (PS-1) mutation results
in a reduction of 3-catenin and, additionally, the familial PS-1
mutant expression leads to increased GSK3f3 activity [26].
Extended research has been carried out in sporadic AD cases
without apparent genetic involvement. The overall deduction
suggests an repressed Wnt signaling in the AD brains; partly
explained by increased GSK3f3 activity which increases tau
protein phosphorylation [27], decreased 3-catenin gene and/
or protein expression [28, 29], increased Dickkopf-1 (DKK1)
in AD [24], and increased DKK-3 in cerebrospinal fluid and
plasma from AD patients [30]. The co-receptor low-density-
related protein 6 (LRP6) has also been shown to be reduced in
AD cases [28, 29]. Interestingly, a splice variant of LRP6 was
associated with AD [31], and a single nucleotide polymor-
phism in the LRP6 was correlated with decreased {3-catenin
signaling in late onset AD cases [32], linking sporadic cases
with Wnt signaling genetics.

Wnt signaling and especially GSK3{ are of great interest
due to its previous therapeutic potential in bipolar affective
disorder as a molecular target of lithium [33].

To further understand the discrepancy in AD pathology, we
first examined the aging effect on Wnt signaling gene expres-
sion in cognitively normal aging individuals in the PFC using
the public available database, BrainCloud™. Following, we
investigated expression of Wnt components in three
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connected areas in the PFC in AD patients compared to age-
matched control group. We assessed transcription levels of 84
genes that are related to Wnt signaling pathway and the pos-
sible translation into protein expression and post-translational
modifications. The findings from this study are important for
understanding the Wnt signaling pathology in AD and to elu-
cidate the potential aging effects on Wnt signaling.

Results

Whnt Signaling Pathway Gene Expression Shows
a Divergent Picture During Healthy Aging

Table S1 lists the 84 genes that were included in this study
which represent the assessed pathway in the pathology in AD,
including gene names, gene abbreviations, and chromosomal
location. The following gene expression levels were found to
be negatively correlated with age: APC, CSNKIAI, FZD2,
FZD3, MAPKS8, NLK, WNT2B_ 1, WNT6, and WNT7A
(Fig. 1a), whereas AES, CCNDI, EP300, FBXW4, FRATI,
GSK3B, LRP6, SFRPI1, TLEI, and VANGL2 were found to
be increased during aging (Fig. 1b). Table 1 summarizes gene
expression levels correlated with age.

Cooperative Clustered Gene Expression Correlates
During Healthy Aging

Spearman’s correlation matrices associating all genes were
visualized within the aging interval (Fig. 2). Heat map with
incorporated hierarchical cascade clustering identifies Wnt
pathway genes, which are potentially coordinated within their
transcription, indicating relatedness. Four different clusters of
highly intercorrelated genes were identified during aging:
cluster 1: DKK1, CTNNB1, CSNK1A1, DIXDCI, WNT2B 2,
MAPKS, CSNK2A1, WNT16, BTRC, PRICKLEI, FZD3,
APC; cluster 2: RUVBLI, WNT7B, SOX17, AXINI, WIF1I,
FZDS8, FZD2, FZDI; cluster 3: WNTI11, WNT3A, PITX2,
DVLI, FOXNI; cluster 4. AES, FBXW4, FZD9, NFATCI,
EP300, FOSLI, TCF7LI. Interestingly, none of the genes in
the clusters show close chromosomal proximity, thus, indicat-
ing non-genomic clustering effect during aging. The cluster-
ing shows synchronized gene transcription during aging. The
most significant pairwise correlations (7| > 0.60) are given in
Table 2.

Significant Correlations Between Pairs of Genes
Located on the Same Chromosomal Band
During Aging

Nine groups of genes were found in near proximity, as evalu-
ated by the band location: CTNNB1 and DVLI (1p36); WNT6
and WNTI0A (2q35); LEFI and PITX2 (4q25); TCF7 and
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Fig. 1 Significant linear regressions of Wnt pathway related gene function of age in years. Blue triangles represent healthy individuals in
expression levels during healthy aging from BrainCloud™ data. the aging interval. The black line represents linear regressions and the
Scatterplots present relative gene expression levels. a Significant, dotted line represents the log2[sample / reference genes] =0

negatively correlated and b significant, positively correlated as a

WNTS8A (5q31); BTRC, FBXW4 and FRATI (10q24);  three gene pairs share the same chromosomal sub-band:
CCND2, LRP6 and WNT5B (12p13); EP300 and WNT2B ~ CCND2 and WNT5B (12p13.3); CCNDI and FGF4
(22q13); CCND1, FGF4, FOSLI, LRP5 and WNTI1I; and (11q13.3); and MYC and WISPI (8q24.2). A single gene pair
MYC and WISPI (8q24). Further evaluations showed that shared same chromosomal sub-sub-band: BTRC and FBXW4

Table 1 Wnt pathway gene

expression correlation with age Decreased with aging Increased with aging
Gene Correlation Adjusted p value Gene Correlation Adjusted p value
FZD2 -0.213 1.55E-05 EP300" 0.270 9.98E-06
WNT2B —0.189 8.00E—04 CCND1 0.229 8.00E-04
FZD3 -0.227 9.00E-03 VANGL?2 0.225 8.00E-04
NLK -0217 7.00E-03 GSK3B 0.233 2.00E-04
CSNKIAI -0.252 6.00E-03 FRATI* 0.359 9.00E-03
WNT7A? -0.276 6.00E-03 SFRPI * 0.305 7.00E-03
MAPKS8 —0.243 2.30E-02 FBXW4 0.278 5.00E-03
WNT6 -0.224 1.00E-02 AES 0.235 1.00E-03
LRP6 0.217 1.00E-03
TLEI 0.264 1.00E-03

#Pearson correlation. Otherwise Spearman’s. Only significant adjusted p values are shown in the table. Data is for
multiple comparisons using Benjamini-Hochberg
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Correlation (Spearman's r)

Fig. 2 Heat maps for pairwise correlations of genes during aging. Heat
map showing Spearman’s correlation matrices of pairwise gene
expression correlations using hierarchical clustering within aging

(10g24.32). Following Bonferroni corrected analyses at p =
0.002, only expression levels for FOSLI and LRP5 were pos-
itively correlated with aging (Spearman »=0.415, p <0.001).
No other gene pairs or gene groups were significantly corre-
lated with aging (Table S2).

Transcriptional Profiling of Wnt Signaling Related
Genes in AD Pathology

To gain insight into gene expression changes in AD past aging
effects, we performed a transcriptional profiling of 84 Wnt
signaling related genes using the human RT? profiler PCR
array. Results from the profiling are presented as a heat map
(Fig. 3) and describe the difference between AD patients and
corresponding normal controls in brain samples from the
OFC, MFG, and SFG. Gene expression levels of six genes
were under the limit of detection in either group and thus
excluded from the microarray analyses, i.e., FGF4, FOXNI,
MMP?7, PITX2, WNT3A, and WNT16 (Table S1, highlighted
in red). In total, 21 genes (25%) were differentially expressed,
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interval with length representing gene relatedness. Boxes represent
significant clustering’s (p < 0.05)

e.g., having a fold change > <2.0 in the AD patients compared
to control subjects (Table 3). Hierarchal cluster analysis shows
two significant alignments in the three brain areas (p < 0.05)
(Fig. 3). Evaluating the clusters, the OFC showed an increased
expression in the cluster containing the genes WNTI0A,
WNT11, and WNT7B, compared to the MFG and SFG. The
second cluster containing the genes FZD3, CSNK2AI,
PRICKLEI, DKKI1, WIFI, and RHOA shows similarities of
unaffected gene expression levels in the OFC and MFG, in
contrast to the SFG which showed decrease in expression
levels compared to controls. These results suggest a regional
expression pattern conformation in the signaling pathway in
AD pathology. The hierarchical clustering between regions
shows a closer connectedness between the OFC and MFG.

Validation of Microarray Profiling on Single Sample
Gene Targeting Using qPCR

To validate the microarray findings, all significant profil-
ing hits from the RT? profiler PCR array were selected for
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Table2 Highly significant (|| > 0.60) pairwise correlation during aging
interval

Gene 1 Gene 2 Correlation p value

AES CSNKIAI -0.807 2.62E-34
FZD7 VANGL?2 0.727 5.87E-25
FZD8 WIF1 0.721 1.99E—24
APC FZD3 0.698 2.40E—22
LRP5 VANGL?2 0.692 7.09E-22
WNT4 1 WNT4 2 0.673 2.38E-20
FZDI FZD8 0.652 9.16E-19
AES FBXW4 0.652 7.49E-19
FZD3 PRICKLEI 0.637 9.89E-18
FZDI FZD2 0.639 6.54E—18
AES CTBPI 0.642 4.16E-18
FZD5 RHOU 0.644 3.21E-18
CSNKIAI FBXW4 -0.651 1.09E-18
FZD2 FZD8 0.625 6.03E-17
FZD7 LRP5 0.606 7.89E-16
BTRC FZD3 0.609 5.00E-16
FZDI1 WIF1 0.619 1.29E-16
LRP5 TCF7L1 0.602 1.50E-15
FZD2 TCF7LI 0.602 1.45E-15

gPCR validation. Additionally, we included Wnt pathway
genes that were previously shown to be deregulated in
AD pathology, namely, CTNNBI, GSK3B, LRP6, and
LRP6A3 [28, 31]. WNT7B was also included due to close
proximity to twofold increase and previously reported in-
dication of an involvement in AD [29]. Reverse transcrip-
tion quantitative real-time PCR (RT-qPCR) was per-
formed on all genes sub-divided into their cellular com-
partmentalization. The succeeding validation of gene ex-
pression confirmed significant alterations of three genes
(Fig. 4a), the WIFI antagonist in the OFC (fold change
(FC)=-0.31; p=0.002) and MFG (FC=-0.39; p=
0.034), the ligands WNT2B in the SFG (FC=+2.04; p=
0.033), and WNT7B in the OFC (FC=-0.33; p=0.042).
Receptor alterations were observed (Fig. 4b) in the FZD2
gene in the MFG (FC=+3.37; p=0.003), similarly the
FZD3 was shown to be increased in the OFC (FC=+
2.72; p=0.004). In addition to the receptors, the co-
receptor LRP5 was significantly increased in the OFC
(FC=+6.29; p=0.006) and SFG (FC=+2.71; p=
0.005) and somewhat increased in the MFG (FC=+
1.75; p=0.072). Downstream of the receptors, the intra-
cellular gene APC was found to be increased in the SFG
(FC=+1.89; p=0.018) (Fig. 4c), whereas the gene

RHOA was downregulated in the OFC (FC=—-0.31; p=
0.008), the MFG (FC=-0.60; p=0.049), and close to
significant decrease in the SFG (FC=-0.68; p=0.062).
The subsequent nuclear gene expression changes were
narrowed to the FOSL1 gene in the SFG (FC=+2.43;
p=0.016) (Fig. 4d). The expression levels of all other
genes were unchanged (Fig. S1). Based on previous re-
sults showing a significant correlation between FOSLI
and LRP5 due to chromosomal proximity, correlation
analyses were made in all analyzed brain areas in healthy
controls and AD. No significant correlations were found
(data not shown).

Regional Expression Profiling Is Restricted to Disease
Pathology

In AD, a sub-set of genes was found to be significantly
disparate expressed between the three regions (Fig. 5a).
The following genes: CSNK2A2 (increased: OFC > MFQG,
decreased: SFG<OFC and MFG, p<0.001), PPARD
(decreased: SFG, p<0.0001), RHOA (decreased: SFG,
p=0.001), WNT2B (decreased: SFG, p<0.001), and
WNT5A (increased: MFG >OFC and SFG < OFC and
MFG, p=0.002) levels were significantly decreased in
the SFG compared to either OFC and MFG or both
(Fig. 5a) in samples from AD brains. The non-
demented controls showed no difference in gene expres-
sion levels between the three regions after applying
Bonferroni correction (corrected p value being 0.002)
(Fig. 5b). These novel results suggest a disease-specific
discrepancy of Wnt signaling pathway-related gene ex-
pression levels in AD pathology.

Alterations in Protein Expression Levels in AD
Patients

To assess if the observed aberrations in Wnt signaling
gene expression levels are translated into changes in pro-
tein levels, we have performed single protein evaluations
using western blotting. We observed that five proteins
were deregulated in AD pathology compared to control
subjects including proteins not involved in the main reg-
ulatory effects of the Wnt signaling pathway (Fig. 6).
The protein levels of the following two ligands were
found to be decreased; WNT2B (43%, p=0.022)
(Fig. 6g) and WNT7B in the OFC (29 kDa: 44%, p =
0.021; 39 kDa: 41%, p<0.001) (Fig. 6i, j). For WNT7B,
two bands were at 29 and 37 kDa (Fig. 6k) and were
analyzed separately based on previous studies [29].
Furthermore, FZD3 receptor levels were decreased in
the MFG (43%, p=0.003) and SFG (46%, p=0.009)
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Fig. 3 Heat map representing RT? profiler PCR Microarray of Wnt
Signaling pathway related genes. Hierarchical clustering of log, (fold
change) gene expression levels in AD patients compared to controls in
all three brain regions, the superior frontal gyrus (SFG), the medial frontal

(Fig. 6d). The intracellular protein RHOA expression
was decreased correspondingly to the gene expression
levels in the OFC (54%, p =0.009), however, not in the
MFG (50%, p=0.088) (Fig. 6f). The nuclear protein
FOSLI1 (alternatively called FRA-1) levels were de-
creased in the MFG (56%, p=0.042). Levels of APC,
FZD2, LRPS5, and WIF1 proteins were unchanged on
translational level in AD brains (Fig. 6).
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investigated brain region. Significant clusters are represented by a box
surrounding genes in left column (p <0.05). Red represents decreased
and green represents increased gene expression levels

Aberrant Intracellular Wnt Signaling Activity

in the Orbitofrontal Cortex and the Adjacent Region,
the Medial Frontal Gyrus, in AD Cases Is Linked

to Increased GSK3f Activity

The total levels of GSK3f3 were unchanged in all three areas
of AD brains. The activity of GSK33 is known to be regulated
by its phosphorylation at tyrosine 216 (pTyr216) [34]. The
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Table 3

Profiling hits of Wnt signaling pathway array and RT-qPCR validation

Gene GenBank Functional gene name

Fold change (microarray)  Fold change (RT-qPCR)

Orbitofrontal cortex

DVLI NM 004421  Disheveled, dsh homolog 1 (Drosophila) 2.01 NS
FZD9 NM 003508  Frizzled family receptor 9 6.38 NS
LRP5 NM 002335  Low density lipoprotein receptor-related protein 5 241 6.29
PPARD NM 006238  Peroxisome proliferator-activated receptor delta 324 NS
WNT7b NM 058238  Wingless-type MMTYV integration site family, member 7B 1.96 0.33
Medial frontal gyrus

FOSLI NM_005438  FOS-like antigen 1 1.91 NS
FZDI NM_003505  Frizzled family receptor 1 220 NS
FZD2 NM_001466  Frizzled family receptor 2 7.70 3.37
WNT2 NM_003391 Wingless-type MMTYV integration site family member 2 2.15 NS
WNT4 NM_030761  Wingless-type MMTYV integration site family member 4 2.76 NS
Superior frontal gyrus

APC NM_000038  Adenomatous polyposis coli 0.46 1.89
CSNK2A1 NM 001895  Casein kinase 2, alpha 1 polypeptide 0.40 NS
DKK1 NM 012242 Dickkopf homolog 1 (Xenopus laevis) 0.49 NS
FOSLI NM 005438  FOS-like antigen 1 2.80 243
FZD3 NM 017412 Frizzled family receptor 3 0.30 NS
FZD9 NM 003508  Frizzled family receptor 9 2.11 NS
PRICKLEI ~ NM_153026  Prickle homolog 1 (Drosophila) 0.46 NS
RHOA NM 001664  Ras homolog gene family, member A 0.32 0.68
WIF1 NM_007191  WNT inhibitory factor 1 0.25 NS
WNT2B NM 004185  Wingless-type MMTYV integration site family, member 2B~ 0.50 2.04
WNT5A NM 003392  Wingless-type MMTYV integration site family, member 5SA  2.01 NS

NS: not significant

phosphorylated pTyr216-GSK3( levels were only increased
in the MFG (190%; p =0.027) (Fig. 7b). The ratio of phos-
phorylated pTyr216-GSK3f3 to the total GSK3[3 levels indi-
cates a high increase of GSK3f3 activity in the OFC (308%;
p=0.028) and MFG (279%; p =0.029) (Fig. 7c). GSK3f{ is
inhibited through phosphorylation of serine 9 (pSer9) [34],
and a significant decrease in the total amount of pSer9-
GSK3f in the OFC (28%; p = 0.007) (Fig. 7d) was observed,
however, no changes were observed in the ratio pSer9-
GSK3f3/total GSK33 (Fig. 7e). No differences in GSK3f3
expression or post-translational levels were observed in AD
SFG (Fig. 7a); however, a significant increase was observed in
the GSK3[3 isoform, GSK3«, restricted to the SFG region
(295%; p =0.002) in AD patients (Fig. 7).

The Aberrancy of GSK3p Activity Is Preceded

by Changes in the Total B-Catenin Levels Explained
by Reduced Nuclear Locating Phosphorylation

and Increased Degradation

The GSK3f3 downstream target 3-catenin was found to be
decreased in AD patients in the OFC (43%; p =0.037) and

MFG (58%; p =0.040) (Fig. 8a), possibly as a result of the
increased GSK3f3 activity, which regulates (3-catenin
phosphorylation at serine 45 (pSer45) [35]. Once phos-
phorylated at Ser45, [3-catenin is directed for proteasomal
degradation. The total amount of pSer45-f-catenin was
unaffected in AD patients compared to controls in all re-
gions (Fig. 8b). However, the ratio of pSerd5-{3-catenin/
total 3-catenin was significantly increased in the MFG
(207%; p=0.003) and close to significance in the OFC
(230%; p=0.059) in AD patients (Fig. 8c). When
GSK3p is inactive, the (-catenin is translocated to the
nucleus by a phosphorylation at Ser675 (pSer675) [35].
The total levels of nucleus targeted pSer675-3-catenin
was significantly decreased in the MFG (36%; p = 0.020),
whereas the pSer675-f3-catenin in the OFC is not signifi-
cantly decreased (42%, p=0.070) in AD (Fig. 8d). The
ratio of pSer675-f3-catenin/total 3-catenin was insignifi-
cantly decreased in the OFC (40%, p=0.136) and MFG
(36%, p=0.134) (Fig. 8¢) in AD. Hence, the observed
increase in GSK3f3 activity seems to have a direct effect
on the increased degradation and reduced nuclear translo-
cation of f3-catenin in the OFC and MFG.
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Fig. 4 Relative mRNA expression levels of significant findings from
profiling hits on microarray. Box and whisker plots of significant Wnt
signaling pathway gene expressions at the level of a ligand and
antagonists, b receptors and co-receptors, ¢ intracellular cascades, and d
nuclear located the in orbitofrontal cortex (OFC), medial frontal gyrus

Correlation Between RNA Levels and Protein
Expression

Subsequent evaluation demonstrated that small number of Wnt
signaling gene transcription levels can be correlated with corre-
sponding protein expression levels, summarized in Table 4. The
WNT7B gene expression was positively correlated in the OFC with
the total WNT7B protein levels (39 kDa: »=0.484; p =0.042).
Further, the CTNNBP gene expression levels were negatively cor-
related to the phosphorylated 3-catenin at Ser45 (r=—0.408; p =
0.041) in the OFC. No further correlations were observed.

Changes in Gene and Protein Levels Are Correlated
to Disease Progression and Cognitive Impairment

The pathology annotation of AD is defined by post-mortem

Braak staging from I (1) to VI (6), whereas the cognitive
capabilities is screened by the Mini-Mental State

@ Springer

(MFG), and supen'or frontal gyrus (SFG). Gene expression ratios with the
minimum, the maximum, the median value, and the 25th, 50th, and 75th
percentiles are shown for non-demented controls (ND: white) and
Alzheimer’s disease (AD: gray) brains. The relative expression is normal-
ized to RPL13A, PPIA, and UBE2D?2. *p <0.05, **p <0.01

Examination (MMSE), only available for the OFC samples.
After Bonferroni correction for multiple comparisons, the
FZD3 (r=0.622; p=0.004) and WIFI(r=-0.670; p =
0.002) gene expression levels and WNT7B protein levels
(39 kDa: r=—10.795; p <0.001) in the OFC were significantly
correlated to disease severity defined by Braak staging in AD
(Fig. 9). Interestingly, the WNT7B protein was also correlated
with the MMSE scale (39 kDa: »r=-0.795; p<0.003)

(Fig. 9).

Discussion

Wht signaling has previously been investigated in aging and
also as a possible factor contributing to the pathogenesis in
AD [25, 36-38]. The present study is the first to evaluate the
effect of aging on the Wnt signaling pathway in the dorsolat-
eral PFC of brains from healthy subjects using the



Mol Neurobiol (2019) 56:873-891

881

(V)

Fig. 5 Bar plot showing regional
gene expression differences in
Alzheimer’s disease (a) and non-
demented controls (b) in the
orbitofrontal cortex (Black), the
medial frontal gyrus (light gray),
and superior frontal gyrus (dark
gray). The relative expression
levels are normalized to RPLI3A,
PPIA, and UBE2D2. Data depict
mean + SEM. One-way ANOVA
p values: *p<0.05, **p<0.01,
% p<0.001, **** p<0.0001
are indicated
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BrainCloud™ database [39] to unravel the interconnectedness
Wnt signaling gene expression. Following analyses of the
healthy brain, we established a comprehensive Wnt profile
in three connected regions of the human PFC in AD patients,
e.g., the orbitofrontal cortex (OFC), the medial frontal gyrus
(MFQG), and the superior frontal gyrus (SFG). The dorsolateral
PFC and MFG have interconnected anatomy [40]. Among 84
genes, we identified a sub-set which was deregulated follow-
ing aging. Of those, the APC, FZD2, FZD3, and WNT2B
genes were downregulated as a part of human aging in the
PFC. Interestingly, in AD patients, we found their expression
levels to be increased despite the apparent discrepancy be-
tween brain regions suggesting a possible role in AD. The
FZD3 has previously been found to be downregulated in the
posterior cingulate cortex of AD patients, while WNT2B was
reported deregulated in the hippocampus, the entorhinal cor-
tex, and the MFG in AD patients [41].

Further, our results revealed significant, AD-related alter-
ations in gene expression levels of the ligands WIF/ and
WNT7B, the co-receptor LRPS5, the intracellular cascade gene
RHOA, and the nuclear transcription factor-forming unit
FOSLI. The exact role of WIFI in AD still remains unclear;
nevertheless, WIFI gene expression has been shown to be
increased in normal aging [42] and decreased in the temporal
lobe in AD brains [43]. WNT7B has recently been found to be
decreased in the entorhinal cortex and hippocampus [29] as
well as important in synaptic regulation and remodeling [44].
Interestingly, WNT7B gene expression and protein levels were
decreased in the OFC, and protein levels were further nega-
tively correlated to increased Braak staging and to cognitive
impairment in AD patient defined by the MMSE stage. These
results could indicate a pivotal role of the WNT7B in the AD
pathogenesis. Besides the WNT7B, the FZD3 gene expres-
sion levels were positively correlated to Braak staging in the
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Fig. 6 Immunoblotting of Wnt proteins based on pathway-focused sig-
nificant differences in Wnt expression. Western blot of the Wnt compo-
nents a APC, b FOSL1, ¢ FZD2, d FZD3, e LRP5, f RHOA, g WIF1, h
WNT2B, i WNT7B 29 kDa, and j WNT7B 39 kDa. k Depict a minor
representation of immunoblots of non-demented controls (ND) and

OFC, whereas the WIF] gene expression levels were nega-
tively correlated with the Braak staging in the OFC.

Moreover, we found a decreased gene expression of RHOA
in the OFC and MFG in AD patients with a corresponding
decrease in protein levels in the OFC. RHOA has previously
been a target of interest in AD, due to its suggested role in
synaptic function and plasticity [45], and has indeed been
found to be decreased in the hippocampus of AD patients
and in a transgenic mouse model [46].

Several genes cross-talk in different pathways; hence, we
evaluated the pairwise correlation during aging to identify
highly significant gene expression coherence. These pairwise
correlations correspond largely to the cluster analysis with
pairwise correlation placed in significant clusters, predomi-
nantly cluster two, including the pairwise correlated genes

@ Springer

Alzheimer’s disease (AD) patients. Quantification of protein band inten-
sities is normalized to GAPDH. Bar graphs shows % protein of ND
(white) compared to AD (gray). Data depict mean+ SEM. *p <0.05,
*#p < 0.01, ¥***p <0.0001 are indicated. C—pooled (calibrator) sample

APC, BTRC, FZD1, FZD2, FZDS8, and WIF'l. In our microar-
ray analyses of AD brains, only a few genes were grouped as
in normal aging, e.g., FZD3, CSNK2A1, PRICKLEI, and
DKK1, suggesting that the interaction in Wnt pathway gene
regulation is disturbed in AD. One possible reason could be
loci deregulation in AD. To rule out the effect of chromosomal
co-localization, we compared expression levels of genes
pairwise with same chromosomal localization. Interestingly,
we found that only the FOSLI and LRP5 (Table S2) were
correlated; however, they did not share the same clustering
group. The FOSLI and LRP5 showed a comparable increase
in the SFG from ND and AD patients, suggesting a pairwise
regulatory mechanism, not apparent in the OFC and MFG.
LRPS5 has been showed to have a neuroprotective effect by
decreasing a pathological increased tau protein aggregation in



Mol Neurobiol (2019) 56:873-891

883

T

a

200 p=0.1003 = ND 250

= AD 200

100
50

1504 p=02888 _
P=0.7537 p=0.4136

Total GSK3B
(% of control)
o =
) 8
pTyr216-GSK3B

(% of control)

p=0.0267

]
—

OFC MFG SFG

OFC MFG

o
(1]

-
o
S
-
I3
S

3 ND
= AD

P=0.3081 p=0.4405

p=0.6406

p=0.0072

pSer9-GSK3B

(% of control)
a
=)
3

(% of control)

o
=y
pSer9-GSK3B/Total GSK3B

p=02973

o 500 . b
I ND % p=0.0276 . =
p=0.3645 = AD o 40 p=0.0294 = AD
==
- O
g £ 300
a8
S5 200 p=05185
s
&
2" |-L| |:-| |l| D
]
>
o 0
SFG OFC MFG FG
= 400 =0.0016
pZ0.0996 = \D ¥ o ND
= AD = AD

300

Total GSK3A
(% of control)
N
S
3

OFC MFG SFG OFC

g c ND AD
o 512
47 kDa - GSK3R
4702 - [l Y216 -GSK3R
sovoa - [ -so-Gsk3R

e GAPDH

Fig. 7 Total level and phosphorylation of GSK3f3 and GSK3 . Western
blot and quantification of a total GSK {3 and its post-translational modifi-
cations on its b activating site phosphor-Tyrosine216 (pTyr216-GSKf3)
and its d inhibitory site phosphor-ser9 (pSer9-GSKf3). ¢ and d shows the
post-translational modification intensities normalized to total GSKf3 pro-
tein. f Shows GSK3ax A protein. g Depict a minor representation of

cell cultures [47]. This could suggest a compensatory gene
expression mechanism in the OFC and SFG, explaining the
increase in gene expression identified in AD patients com-
pared to non-demented controls.
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(AD) patients. Quantification of protein band intensities is normalized
to GAPDH. Bar graphs shows % protein of ND (white) compared to
AD (gray). Data depict mean+ SEM. #*p <0.05, **p <0.01. C—pooled
(calibrator) sample

As reviewed in Shankar et al. [48], progressive synaptic
deterioration has been linked to AD pathology as well as cog-
nitive deficits in several studies, which could explain the re-
gional differences in expression in the three connected brain
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Fig. 8 Total level and phosphorylation of {3-catenin. Western blot and
quantification of a total (3-catenin and its post-translational modifications
on its b degradation directed phosphor-ser45 (pSer45 (3-catenin) site and
its d nuclear translocation site phosphor-Serine675 (pSer675 (3-catenin).
¢ and d shows the post-translational modification intensities normalized
to total GSK3f protein. f Depict a minor representation of immunoblots

of non-demented controls (ND) and Alzheimer’s disease (AD) patients.
Quantification of protein band intensities is normalized to GAPDH. Bar
graphs shows % protein of ND (white) compared to AD (gray). Data
depict mean+ SEM. *p <0.05, **p<0.01. C—pooled (calibrator)
sample

@ Springer



884

Mol Neurobiol (2019) 56:873-891

Table 4 Correlation between

gene and protein expressions OFC MFG SFG
CTNNBI1 Total (3-catenin 0.418 0.066* —-0.170 0.486° 0.396 0.084°
{3-catenin S45/total —0.408 0.041* —0.088 0.721* 0.268 0.254*
[-catenin S675/total =0.111 0.652° 0.447 0.063 -0.221 0.39%4
GSK3B Total GSK34 -0.267 0.268 0.083 0.728 -0.119 0.627°
GSK3f S9/total 0.212 0.383° —0.065 0.787° 0.049 0.842°
GSKf Y216/total 0.035 0.885 0.041 0.865° 0.009 0.972*
RHOA Total RHOA 0.338 0.158 -0.299 0.243* 0.140 0.556
WIF1 Total WIF1 0.252 0.298 0.055 0.826 -0.29%4 0.236*
APC Total APC 0.170 0.499° 0.341 0.196* 0.461 0.065"
FZD2 Total FZD2 —0.076 0.766 0.328 0.198° 0.383 0.117*
FZD3 Total FZD3 0.183 0.467 —0.105 0.669 -0.173 0.507
FOSLI Total FOSLI1 0.255 0.307 0.127 0.616° —0.020 0.935
LRP5 Total LRP5 0.020 0.952° —0.190 0.437° —0.428 0.068"
WNT2B Total WNT2B 0.052 0.850 0.190 0.437° 0.025 0.921°
WNT7B 29-kDa WNT7B 0.071 0.818 —0.436" 0.082 -0.075 0.798
WNT7B 39-kDa WNT7B 0.484 0.042* -0461°* 0.065 -0.316 0.216

#Spearman’s rtho correlation. Otherwise Pearson

regions. Here, we report evidence of several alterations in Wnt
signaling pathway which precedes the apparent aging effect in
the PFC in AD patients, denoting Wnt alterations in AD pa-
thology. The regional expression patterns revealed in this
study together with previous findings in other brain regions
[28, 29, 31] support the idea that the interconnectedness in fact
could be compromised in AD; however, further studies are
needed.

Whnt signaling pathogenesis in AD animal models and cell
cultures has also been a subject of previous studies. In both
human AD brains and transgenic mice, DKK1 levels have
been found to be increased, causing tau phosphorylation and
mediated cognitive deficits [24, 49]. Further, A3 treatment in
cultured rat hippocampal neurons has also resulted in in-
creased DKK1 levels [S0-52]. Similar treatment of cultured
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Fig. 9 Correlation between expression and Braak stage or Mini-Mental
Examination State (MMSE). Significant correlation of gene expression of
a FZD3 and b WIFI and protein expression of ¢ WNT7B in the
orbitofrontal cortex during disease progression defined by post-mortem
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neurons caused increased GSK3f3 activity [53, 54]. Inhibition
of GSK3f3 or Wnt3a activation reduced both levels of Af3
burden and enzymatic BACE]1 activity in murine Neuro2a
cells [55]. Wnt3a activation also augmented autophagy
through the AMPK axis simultaneously inactivating GSK3f3
[56]. In a double transgenic animal model, lithium inhibition
of GSK3f3 correspondingly decreased A3 aggregates and A3
oligomers and reduced astrogliosis and spatial memory [57],
all being AD pathogenic hallmarks. A very recent study fur-
ther showed that inhibition of Wnt signaling contributed to
accelerated AD pathology in transgenic mice and AD like
changes in wild-type mice, partly by increased GSK33 levels
and increase in GSK3f3 activity [58]. Combined, these studies
suggest that impaired Wnt signaling is implicated in AD path-
ogenesis and to some extent are translatable to findings in

(o] WNT7B d WNT7B
300+ r=-0.794 300+ r=-0.618
p <0.001 p =0.003
[ ] [ ]
& 200 3 200-
§ . 5 e
E g .
1 £ 100-
§ 100 E
0- 0-
1 2 3 45 6 30 20 10 0
Braak stage MMSE

Braak staging and cognitive impairment assessed by the d MMSE. Black
symbols: normal controls; blue symbols: Alzheimer’s disease patients;
green triangle: non-included outlier. r: Spearman’s rho correlation. After
Bonferroni correction, p <0.004 is considered significant
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humans. Similar differences in GSK3B and LRP6 gene and
protein expression levels were found in animal and cell culture
as well as in human AD studies. Pei et al. found that active
GSK3f correlated to the distribution of phosphorylated tau
protein in AD brain [59]. Liu et al. [28] reported that LRP6
mRNA and LRP6 protein levels were decreased in the tempo-
ral cortex of AD patients and were positively correlated to the
levels of free (3-catenin, which were also decreased in AD.
Riise et al. [29] found decrease in total GSK33 and [3-catenin
levels in the hippocampus of AD patients. Those studies led us
to evaluate the central proteins of Wnt signaling pathway, the
GSK3f3, and (-catenin. The GSK33 is a kinase involved in
several pathways [60]. It is regulated by upstream kinases,
PKA, and PKB/Akt [61], which by phosphorylation at tyro-
sine 216 (pTyr216) activates the kinase activity and phosphor-
ylation at serine 9 (pSer9) inactivates the GSK3[3 kinase [34].
When activated, pTyr216-GSK33 phosphorylates 3-catenin
at Ser45 directing it for proteosomal degradation, otherwise
[3-catenin is phosphorylation at pSer675 which acts as a nu-
clear trafficking signal [62, 63]. We did not observe any dif-
ferences in total GSK3f3 protein levels; however, the fraction
of pTyr216-GSK3 {3 of the total GSK3[3 was significantly in-
creased in the OFC and MFG compared to controls, associat-
ed with a decrease in pSer9-GSK3f3 fraction in the OFC and a
decrease of (3-catenin levels. These results are in accordance
with previous findings obtained by Leroy et al. [27].
Interestingly, no alterations of GSK3f3 and f3-catenin were
observed in the SFG; nonetheless, a significant increase in
total GSK3« levels was shown. The neurological relevance
of these observed changes remains to be elucidated. The ac-
tivity of GSK3 3 has a clear effect on the levels and trafficking
of'its downstream target, 3-catenin. We observed a significant
decrease of total [3-catenin levels in the MFG and OFC and a
further increase in pSer45 fractions of 3-catenin in the MFG
and a borderline significance in OFC. The pSer675-3-catenin
was visibly decreased, yet not statistically significant, in the
MFG and OFC.

The results from this study are, to a certain extent, in agree-
ment with a previous hypotheses and results, in which activat-
ed GSK303 is a reflection of inhibited Wnt signaling in AD
patients [27]. However, it seems that regional differences in
AD brains may be apparent; as the fraction of activated
pTyr216-GSK3{ in the hippocampus previously showed no
differences, opposite to our results in the PFC [29] which is in
accordance with previous work in the PFC by Leroy et al.
[27]. On the other hand, previous work carried out by
Caricasola et al. [24] found increased DKK1 protein in the
temporal cortex and Riise et al. [29] found increased DKK1
gene expression in the hippocampus of AD cases. We howev-
er, did not observe any differences in all three areas. Liu-Chia
Chen et al. [28] found LRP6 to be decreased in the temporal
cortex, and Alarcon et al. [31] found a polymorphism variant
of LRP6 to be increased in AD patient. These results are not in

compliance with our findings in the PFC, further supporting
the idea of region specific pathology in AD.

The hypothesized Wnt signaling pathway inhibition
reflected in the post-translational modifications of GSK3(3
and {3-catenin is linked to several other pathological hallmarks
in AD, namely, increased aggregation of neurofibrillary tan-
gles [59, 64] and amyloid-beta plaques [65, 66], decreased
cholinergic signaling [67, 68], and decreased hippocampal
volume [69, 70]. Further studies have suggested that lithium,
a GSK3f inhibitor, has a beneficial cognitive effect and a
reducing effect on cerebrospinal pathological proteins in AD
patients [71]. Combined, our study supports the idea that the
Wnt signaling pathway including GSK33 may be a pivotal
component and therapeutic target in AD pathology and
progression.

In summary, we report that several gene and protein alter-
ations are apparent in the prefrontal cortical structures of AD
patients. A few genes related to the Wnt signaling pathway
further appear to be correlated with the disease pathology and
the cognitive performance. These changes are in accordance
with the hypothesis of increased GSK3f3 activity in AD pa-
thology, a molecular target in other neurological disorders.

Material and Methods
Braincloud™

Data used for the gene expression analyses during aging were
obtained through the BrainCloud™ database (http://
braincloud.jhmi.edu/) with courtesy of the Lieber Institute of
Brain Development, Baltimore, MD, USA. Eighty-four genes
were selected based on the subsequently used microarrays for
Wnt pathway gene expression level analysis. We applied the
analysis to 144 samples with a mean age of 45.4 years (range
21.0-78.2). The following genes, included in the Microarray
analysis, were unavailable in the BrainCloud™: JUN, MMP?7,
SFRPI, WNT2, WNT3, and WNT5A. For WNT2B and WNT4,
two transcripts named 1 and 2, respectively, were included
in the analyses. The chromosomal location was assessed using
the National Center for Biotechnology (NCBI) gene database.

Subjects

Snap-frozen, post-mortem, human brain samples from ten
non-demented controls (age 81.0 £9.5, four male (M)/six
female (F)) and ten AD diagnosed cases (age 81.9+8.5,
four M/six F) from MFG and ten non-demented controls
(age 79.5 +8.9, six M/four F) and ten AD diagnosed cases
(age 82.2+5.4, three M/seven F) SFG were generously
donated by the Netherlands Brain Bank (National
Institute for Neuroscience, Amsterdam, Netherlands).
Post-mortem brain samples of the OFC from ten non-
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demented controls (age 85.4+8.6, seven M/three F) and
ten AD diagnosed cases (age 76.9 £9.3, four M/six F) were
generously donated by the Banner Alzheimer’s Institute
(Banner Health Center, AZ, USA). Neuropathological re-
ports including Braak staging for neurofibrillary tangles
[3] were available for all samples. Sample groups were
matched closely for sex, age, and post-mortem interval
(PMI). Demographic data are summarized in Table S3.
Clinical diagnosis of AD is based on the clinical criteria
of probable AD [72, 73]. Only subjects older than 60 were
selected for the study to minimize the inclusion of patients
with familial AD. MMSE scores were only available for
the OFC samples. Detailed neuropathological post-mortem
evaluations were performed with informed consent from
the donor or next of kind. All brain samples were collected
and handled in accordance with Danish Ethical Standards
of the Brain Banks and the Danish Health and Medicine
Authorities. The study is approved by the Regional Ethical
Committee, the Capital Region of Denmark, journal no.
H-16031730. All samples were stored at — 80 °C prior to
use. The samples from MFG were previously used to eval-
uate optimal reference genes and GSK3B as a validation
target gene [74].

Tissue Handling and RNA Extraction

The RNA isolation and subsequent quantitative RT-qPCR was
performed according to the minimum information for publi-
cation of quantitative real-time experiments (MIQE) guide-
lines [75]. All samples were handled using pre-chilled scal-
pels, collected in pre-chilled Eppendorf tubes, and used im-
mediately in the RNA isolation protocol. Prior to RNA extrac-
tion, the brain samples were homogenized using MagNa Lyser
(Roche Diagnostics, USA) and MagNA Lyser green beads
(Roche, cat. 03358941001) at 2 x 6500 rpm for 25 s in 1-ml
pre-cooled Qiazol. Total RNA extraction was performed using
Qiagen RNeasy® Lipid Tissue Mini Kit (Qiagen, Cat. 74804)
according to the manufacturer’s instructions. In brief, the ho-
mogenized samples were mixed with 200-pl chloroform and
the upper phase was transferred to a new tube and mixed 1:1
with 70% ethanol before loading onto purification columns.
The RNA was eluted with 100-ul RNase/DNase-free water
and then treated using the Turbo DNA-fiee™ kit (Ambion,
cat. AM1907) or the First Strand kit genomic elimination kit
(Qiagen, Cat. 330401) according to the manufacturer’s in-
structions. RNA purity (OD,g0/280 = 1.8-2.1) was determined
using NanoDrop (Thermo Scientific, USA) [75]. RNA integ-
rity was determined using Agilent 2100 bioanalyzer (Agilent
Technologies, USA), and only samples with a RIN-value
above 3.95 were subjected to further analyses [76]. RNA sam-
ples were stored at — 80 °C.
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RT? Profiler cDNA Synthesis and PCR Arrays

cDNA was synthesized using the RT? First strand kit (Qiagen,
Cat. 330401) using recommended 1 pg of total RNA pooled
in sub-groups (matched for gender, age, and RIN) including
five samples for each qPCR plate. Five extra samples of ND
and AD from the SFG were implemented in RT-qPCR valida-
tion analysis. Prior to microarray analysis, the cDNA was
additionally tested using a RT? profiler Quality Control PCR
array (Qiagen, PAHS-9997), designed to assess RNA quality.
Relative mRNA expression of 84 genes was determined using
the human Wnt signaling pathway RT” profiler PCR array
(Qiagen, Cat. PAHS-043Z). Linearized relative expression
levels were obtained using the 27A2C method [77] and the
online software designed for the array (http://pcrdataanalysis.
sabiosciences.com/pct/arrayanalysis.php) and normalized to
five reference genes. Gene expression levels with a negative
and positive log2 FC £2 were considered for further
validation by qPCR. The expression levels of following
genes FGF4, FOXNI1, MMP7, PITX2, WNT16, and WNT3A
were under detection level and therefore excluded from
further analyses.

Reverse Transcription and Quantitative PCR

Individual RNA samples were reverse transcribed using
200 ng of total RNA and the qScript cDNA SuperMix kit
(Quanta, Cat. 95048), according to the manufacturer’s instruc-
tions. A positive cDNA control used as a plate-to-plate cali-
brator was synthesized from the commercially available hu-
man universal reference total RNA (hRNA) (Clontech, Cat.
636538) using the same protocol. All samples were run in
duplicates. RT-qPCR validations of microarray profiling hits
were conducted for each individual sample using Fast
SYBR® Green master mix (Applied Biosystems, Cat.
4385612) in 10-pl reactions on Stratagene MX3005p
(Agilent Technologies, USA) qPCR instrument. The PCR
thermal cycle conditions were initiated by 1 cycle of 20 s at
95 °C, followed by 40 cycles each consisting of 5-s denatur-
ation step followed by varied annealing and/or acquisition
step optimized for each primer pair (Table S4). Each run ter-
minated with a melting curve analysis between 55 and 95 °C
for qPCR product verification. The relative gene expression
levels were normalized to the geometric mean of the following
house-keeping genes RPLI3A, PPIA, and UBE2D2
(Table S1), as described previously [74]. The stability of the
candidate reference genes was assessed with four different
methods in combination: GeNorm [78], NormFinder [79],
BestKeeper [80], and the comparative AAC; method [81]
and evaluated in RefFinder (http:/leonxie.esy.es/RefFinder/).
Calculations of relative quantities were performed as


http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php
http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php
http://leonxie.esy.es/RefFinder/

Mol Neurobiol (2019) 56:873-891

887

recommended by Hellemans et al. [82]. The expression levels
of the following genes FZD1, WISP1, and SOX17 were under
detection level in more than 50% of individual samples and
thus excluded from further analyses.

Tissue Homogenate Preparation

One hundred milligrams of brain tissue was added to 1-ml N-
PER™ Neuronal Protein Extraction Reagent (Life
Technologies, Cat. 87792) with pre-added 1:100 HALT™
Phosphatase Inhibitor Cocktail mix (Life Technologies, Cat.
788420) and 1:100 HALT™ Protease Inhibitor Cocktail mix
(Life Technologies, Cat. 87786). The samples were then ho-
mogenized by pipetting followed by 10-s vortexing. The ho-
mogenates were incubated on ice for 10 min followed by
centrifugation at 10,000 xg for 10 min at 4 °C. The superna-
tant was collected, aliquoted, and stored at — 80 °C until fur-
ther use. The protein concentrations were determined using
Bradford Reagent (Sigma, cat. B6919) following the manu-
facturer’s instructions. In brief, the protein samples were di-
luted 1:4 in N-PER™/HALT mix. The subsequent measure-
ment of absorbance was performed on a Multiscan™ FC
Microplate Photometer (Thermo Scientific, USA) at 620 nm
using bovine serum albumin (BSA) (Sigma, Cat. A4503) as
standard.

Immunoblotting

Equal concentrations of protein (20 pg) from each sample
were dissolved in Pierce™ LDS Sample buffer, Non-
reducing 4x (Life Technologies, Cat. 84788) containing
DTT (100 mM) and heated up to 75 °C for 10 min. Samples
were electrophoresed on pre-casted 17-well 4-20% SDS-
PAGE gels (Expedeon, Cat. NXG42027K) and immediately
transferred onto a PVDF Transfer Membrane (Thermo
Scientific, Cat. 88518) using a semi-dry, BioRad apparatus
(Bio-Rad Laboratories, Hercules, CA, USA) for 60 min, using
a 200-mA/membrane constant current in 1x transfer buffer
(Life Technologies, cat. NP0006-1). Membranes were
blocked for 1 h in 5% dry-milk for non-phosphorylated pro-
teins and 5% BSA for phosphorylated proteins before being
incubated at 4 °C with primary antibodies overnight.
Following washing step in PBS + 0.05% Tween-20, horse-
reddish peroxidase (HRP) conjugated secondary antibodies
were applied for 1 h at RT before adding HRP reactive
SuperSignal® West Dura Extended Substrate (Thermo
Scientific, Cat. 34075). The chemiflourecence was detected
on Syngene Image Analyzer (Syngene, USA) and data was
analyzed using Syngene Genetools software (Syngene, USA).
Due to low levels, the proteins p-@-Catenin Ser45 and p-
GSK3f Ser9 were detected using the secondary IRDye®
flourophore-conjugated antibodies (Li-COR® biotechnology,
UK) on LI-COR Odyssey FC infrared scanner. All samples

were normalized to GAPDH as a reference protein, detected
on a separate membrane, while pooled sample is used on each
membrane as a calibrator for blot to blot variations (Fig. S2) as
previously suggested by Taylor and Posch [83].

Antibodies

The following primary antibodies were used for immunoblot-
ting: polyclonal anti-rabbit APC C-20 1:100 (Sc-896);
polyconal anti-rabbit Fra-1/FOSL1 R-20 1:200 (Sc-605);
polyclonal anti-goat FZD2 C-10 1:200 (Sc-68327); polyclon-
al anti-goat FZD3 H-20 1:200 (Sc-68333); polyclonal anti-
rabbit LRPS C-20 1:200 (Sc-21390); polyclonal anti-mouse
Rho-A 26C4 1:200 (Sc-418); polyclonal anti-rabbit WIF-1 H-
180 1:200 (Sc-25520); polyclonal anti-rabbit Wnt-2b H-39
1:100 (Sc-98737); polyclonal anti-goat Wnt-7b Q-13 1:100
(Sc-26363); monoclonal anti-mouse Gsk-3a/f3 0011-A
1:200 (Sc-7291); polyclonal anti-rabbit p-Gsk-33 Tyr216
1:300 (Sc-135653); monoclonal anti-mouse [3-catenin E5
1:200 (Sc-7963) (Santa Cruz Biotechnology, Inc., USA);
p-P-catenin Ser675 D2F1 1:1000 (4176) (Cell Signaling
Technologies, USA); and p-3-catenin Ser45 1:1000 (168-
10277) (RayBiotech, Inc., USA). Protein samples were nor-
malized to polyclonal anti-rabbit GAPDH FL-335 1:500 for
HRP detection or 1:2000 (Sc-2577) (Santa Cruz
Biotechnology, Inc., USA) for fluorescence detection.
Secondary antibodies: HRP-conjugated secondary antibodies
polyclonal goat anti-rabbit HRP (IgG H&L) 1:8000
(Ab97051); polyclonal goat anti-mouse HRP (IgG H&L)
1:8000 (Ab97023) (Abcam, USA); IR-Dye 800CW Goat
anti-Rabbit IgG (# 926-32211; LI-COR Biosciences)
1:15,000; and IRDye® 680LT Goat anti-Mouse IgG1-
Specific (# 926-68050; LI-COR Biosciences) 1:20,000.

Statistical Analyses

RT? Profiler PCR array data were analyzed in a non-
statistical manner using the 222" method provided by
the manufacturer. Data were tested for homoscedasticity
using D’Agostino & Pearson Omnibus normality test and
tested for equal variances using Levene’s test. For statisti-
cal analyses, non-paired parametric Student’s ¢ test, one-
way ANOVA, and Pearson correlation or Mann-Whitney
rank sum test and Spearman rank correlation were per-
formed using GraphPad Prism 6.0 (GraphPad Software,
USA) or Real Statistics Resource Pack software v. 4.8.
Heat maps are presented with individual correlation color
scale based on Spearman’s rho or log2 increments. The
heat maps and hierarchical clustering are created using
heatmap.2 function in gplots package in R version 3.3.1
(R foundation for Statistical Computing: http://www.r-
project.org). Benjamini-Hochberg procedure was used for
the BrainCloud™ analysis to account for false discovery
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rate at 5%. Bonferroni was applied for multiple compari-
sons in post hoc analyses. Data are expressed by mean +
standard error of mean (SEM) or as box and whisker plots
showing the minimum, the maximum, the median value,
and the 25th, 50th, and 75th percentiles with a threshold of
p <0.05 considered to be statistically significant.

Data Availability The data underlying the findings using
BrainCloud™ are fully available without restriction and avail-
able in the BrainCloud™ open-access platform and further
available from the GEO Accession database (GSE30272).
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