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Abstract

Alzheimer’s disease (AD) is the most common form of dementia and the 6th leading cause of death in the United
States. The major pathological hallmarks observed in AD include the formation of intracellular neurofibrillary tangles
comprised of phosphorylated forms of the microtubule associated protein tau, and the deposition of extracellular
plaques composed of amyloid beta. Cdc37 is a co-chaperone of Hsp90, which recruits client kinases to the Hsp90
complex for folding and stabilization. It has been previously shown that Cdc37 can not only bind and preserve tau,
but also stabilize kinases that can phosphorylate tau. The goal of the current study was to identify novel Cdc37-
interacting proteins in human AD tissue compared to normal tissue using an immunoprecipitation-based approach
combined with mass spectrometry. We identified 39 unique proteins that interacted with Cdc37 in AD samples only
and 7 proteins that interacted with Cdc37 in normal samples only. 39 proteins were found to bind Cdc37 in both AD
and normal tissue. Of these, 18 showed increased interaction in AD tissue, 10 showed increased interaction in
normal tissue and 11 showed equal nteraction in both samples. Ingenuity Pathway Analysis of the data indicates that
these Cdc37-interacting proteins could signal through the p70S6K, PI3K / Akt, TGFß, ErbB, NF- kB, calmodulin, p38
MAPK and JNK pathways. Identification of these novel proteins and pathways linked to Cdc37 may indicate its role
both as a non-kinase co-chaperone and in other pathways in the AD brain.

Keywords: Alzheimer’s disease; Mass spectrometry; Proteomics;
Cdc37; Ingenuity pathway analysis

Abbreviations:
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Introduction
AD is a complex neurological disorder, which is chronic and slowly

progressive with accumulation of pathology preceding symptoms by
many years [1-4]. The disease may or may not have germline
mutations or susceptibility alleles associated with it [5-7]. The two
major pathological hallmarks of AD are the accumulation of
neurofibrillary tangles composed of phosphorylated tau intracellularly
and the deposition of plaques composed of amyloid beta peptides
extracellularly [8,9]. The function of the microtubule-associated
protein (MAP) tau is to promote the assembly and stability of
microtubule networks in neurons, which is critical to normal neuronal
function [10]. The binding of tau to microtubules allowing the
formation of microtubule networks is regulated by phosphorylation of
tau [11]. Aberrant hyperphosphorylation of tau diminishes its
microtubule-binding activity and inhibits its microtubule-stabilizing
function [12,13].

The cell division cycle 37 (Cdc37) genes was identified in yeast using
a temperature-sensitive mutant defective in the start of the cell cycle
[14]. Subsequently, it was found that Cdc37 is a kinase-specific co-
chaperone of heat shock protein 90 (Hsp90) [15]. Client kinases of
Cdc37 include Akt, Cdk4, Cdk6, ULK1 and ULK2 [15-18]. In order to
recruit kinases to the Hsp90 complex, Cdc37 functions as a scaffold
binding the kinase via its N-terminal domain and Hsp90 was using its
central domain [19]. Upon binding to Hsp90, Cdc37 arrests the
chaperone ATPase cycle allowing loading of the client kinase [19]
following which a series of phosphorylation events on Hsp90 and
Cdc37 lead to the dissociation of the client kinase and Hsp90 from
Cdc37 [20].

Given the significance of aberrant kinase signaling in cancer and the
role that Cdc37 plays in chaperoning kinases, Cdc37 has been
extensively studied in cancer. A number of compounds have been
developed to inhibit the interaction between Cdc37 and Hsp90, which
leads to destabilization of client kinases [21-23]. The Cdc37
interactome lists over 280 proteins with a majority of them being
kinases (https://www.picard.ch/downloads/Cdc37interactors.pdf).
Non- kinase interactors of Cdc37 include tau and TDP-43, which are
proteins implicated in AD and amyotrophic lateral sclerosis (ALS), and
only recently has a function for Cdc37 in these neurodegenerative
diseases been explored. Over-expression of Cdc37 was shown to
preserve tau, while depletion of Cdc37 leads to clearance of tau from
the cell [24]. Interestingly, in the same study it was also shown that
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depletion of tau also leads to a decrease in kinases such as Akt and
Cdk5, which are kinases that phosphorylate tau [25].

While a role for Cdc37 in tau biology is emerging, the molecular
mechanism of how Cdc37 may regulate levels of tau and its kinases
remains to be determined. In the current study, we undertook a mass
spectrometry-based proteomic analysis of normal and AD brain
samples to determine changes in the Cdc37 interactome in the AD
brain to gain a better understanding of the role of Cdc37 in tau
biology. Given that the presence of hyperphosphorylated tau is a
pathological hallmark of AD, we chose samples expressing robust
levels of this form of tau. The goal of our analysis was to better
understand the breadth of interactions in which Cdc37 may participate
in the context of AD. Additionally, analyzing the data using Ingenuity
Pathway Analysis (IPA) also allows us to identify and understand the
pathways that these interactions may impinge upon further allowing us
to explore non-chaperone functions of Cdc37. Our study has revealed
the interaction of Cdc37 with a several novel proteins both in AD and
normal brain samples. Validation of these interactions and pathways
will facilitate a better understanding of not only the role of Cdc37 in
AD, but also of the Cdc37 interactome itself.

Methods

Normal and AD human brain lysate
Normal and AD tissues (Table 1) from brain cortex obtained from

the University of California Irvine-Alzheimer’s Disease Research
Center (UCI-ADRC) were homogenized in RIPA buffer using an
electric disperser homogenizer (T50 Digital Ultra-Turrax 30 L
Disperser, IKA Works, Wilmington, NC). Following homogenization,
samples were centrifuged at 15,000 rpm for 10 minutes to pellet debris.
Protein concentration was determined using the Pierce 660 nm Protein
Assay (Thermo Scientific, Grand Island, NY).

Sample # Age Sex Diagnosis pTau Used for MS analysis

AD10 82 Female Late AD + Yes

AD12 82 Female Late AD + Yes

AD37 88 Female Late AD + Yes

AD39 90 Male Late AD - No

AD40 96 Female Late AD - No

NAD11 86 Male Normal - Yes

NAD29 83 Female Normal - Yes

NAD34 91 Female Normal - No

NAD40 91 Female Normal - No

NAD41 91 Female Normal - Yes

Table 1: Information for normal and AD human tissue samples.

Western blotting
Normal and AD lysates were analyzed by Western blotting for

hyperphosphorylated tau, total tau, Cdc37, Hsp90 and GAPDH as
previously described [23].

Immunoprecipitation of Cdc37-interacting proteins from
normal and AD human brain lysates

Immunoprecipitation was performed using the Pierce Crosslink
Immunoprecipitation Kit (Thermo Scientific) as per manufacturer’s
instructions. Briefly, a monoclonal antibody to Cdc37 (Santa Cruz
Biotechnology, Inc., Dallas, TX) was bound to Protein A / G Plus
Agarose beads by incubated the beads with 10 µg of antibody in 1X
Coupling Buffer supplied with the kit. After incubation for 60 minutes
at room temperature, the slurry was washed with Coupling Buffer
three times. Following this, the bound antibody was cross linked to the
beads using the DSS (disuccinimidyl suberate) cross linker in a 60
minute reaction at room temperature. 500 µg of normal and AD lysates
were pre-cleared using the Control Agarose Resin slurry and incubated
with the Cdc37 antibody cross linked resin overnight with gentle end-
over-end mixing at 4°C. Control reactions of a normal and an AD
lysate incubated with agarose beads alone to determine the presence of
non-specific interactions with Cdc37. The beads were washed with 1X
TBS three times followed by one wash with 1X Conditioning Buffer.
Complexes were eluted using the Elution Buffer supplied with the kit.

Mass spectrometry of immunoprecipitates
Samples were processed by filter-aided sample preparation (FASP)

as described by Wisniewski and Mann [26]. Proteins were digested
with Trypsin (Promega, Madison, WI) at 1:50 (w:w, enzyme:protein)
overnight at 37ᵒC. Peptides were desalted using C18 columns (The Nest
Group, Southborough, MA) and dried in a vacuum centrifuge. Peptide
samples were resuspended in 0.1% formic acid in H2O and analyzed on
a Q-Exactive Plus with a 50 cm UPLC column using a 90 minute
gradient (2-40% acetonitrile) on an EASY-nLC 1000 system (Thermo
Fisher, Tampa, FL). Each sample was analyzed once by MS. Full MS
survey scans were performed with a resolving power of 60,000,
selecting the top ten most abundant ions for MS / MS fragmentation
and analysis.

Database searching
Raw files were searched against the most current human (Homo

sapiens) protein sequence database from UniprotKB using Maxquant
(version 1.5.0.30). Search parameters included the constant
modification of cysteine by carbamidomethylation and variable
modification of methionine oxidation. Statistical analysis was
performed using Perseus software.

Pathway analysis
Statistically significant differentially expressed proteins were used

for bioinformatic analysis by Ingenuity Pathway Analysis (IPA) to
determine over-represented biological functions and predicted
pathway / upstream regulator activity changes.

Results

Selection of AD lysates expressing hyperphosphorylated tau
Since hyperphosphorylated tau has been predominantly linked to

AD, hence, in order to select samples expressing this pathological form
of tau we screened samples (listed in Table 1) by Western blotting. We
also probed for several markers including total tau, Cdc37, Hsp90 and
GAPDH (Figure 1a). All samples (normal and AD) expressed total tau
and Cdc37. Normal samples (labeled NAD11, NAD29 and NAD41)
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did not express hyperphosphorylated tau. However, we found that
lysates from AD samples (AD10, AD12 and AD37) expressed the
highest levels of hyperphosphorylated tau.

AD samples expressing robust levels of hyperphosphorylated tau
were subsequently used for immunoprecipitation with an antibody to
Cdc37. The antibody was cross-linked to the agarose beads used to
precipitate the complexes in order to minimize the contamination of
the immunoprecipitates with immunoglobulins. The
immunoprecipitated samples were then digested with trypsin for
analysis by mass spectrometry performed as depicted in a schematic of
the experimental workflow in Figure 1b. The immunoprecipitation of
Cdc37 was confirmed using a fraction of the eluted sample by Western
blotting (Figure 1b). Lanes C1 and C2, in the Western blot confirming
the immunoprecipitation of Cdc37, were control reactions of a normal
and an AD lysate incubated with agarose beads alone to determine the
presence of non-specific interactions with Cdc37.

Figure 1: Western blotting analysis of human AD and normal
samples and workflow for identification of Cdc37-interacting
proteins by mass spectrometry. (a) Lysates from AD (AD10, AD12,
AD37) and normal (NAD11, NAD29, NAD41) brain cortex
samples were analyzed by Western blotting for expression of
hyperphosphorylated tau, total tau, Cdc37, Hsp90 and GAPDH. (b)
Schematic of the experimental workflow employed to 0identify
Cdc37 interacting proteins using mass spectrometry.
Immunoprecipitation of Cdc37 was confirmed by Western blotting.

Analysis by mass spectrometry
Following trypsin digestion and desalting, peptides from produced

from the immunoprecipitates were analyzed by mass spectrometry
leading to the identification of a total of 112 proteins. A complete list of
proteins is supplied in (Supplementary Data Table 1). After removal of
contaminants such as immunoglobulins from the list, 85 proteins
remained. The intensities recorded for each these proteins in the AD
and NAD samples were averaged, and the ratio of the average intensity
in the AD sample to that in the NAD samples was determined. This
indicated an increase, decrease or no change in the levels of these
Cdc37-interacting proteins in AD samples, as indicated in Figure 2.

Figure 2: Venn diagram representation of Cdc37-interacting
proteins. (a) Proteins identified in AD (Group 1) and normal
samples (Group 2). Proteins found to interact with Cdc37 in both
AD and normal samples (Group 3) are found in the overlap
between Groups 1 and 2. (b) Further categorization of protein in
Group 3 based on increased interaction in AD (Sub-group 3a),
normal (Sub-group 3b) or equal interaction in both (Sub-group 3c).

The proteins identified in our analysis were first categorized into
three groups (Supplementary Data Table 2). Group 1 included proteins
that interacted with Cdc37 in AD samples only, Group 2 consisted of
proteins that interacted with Cdc37 in normal samples only, and
Group 3 contained proteins that were found to interact in both AD and
normal samples. We found 39 unique proteins that were found to
interact with Cdc37 in Group 1 and 7 proteins that interacted with
Cdc37 only in Group 2 (Figure 2a). In Group 3, 39 Cdc37-interacting
proteins were found to be common to both AD and normal samples.
Group 3 was further separated into Sub-groups 3 a, b and c consisting
of proteins that showed increased interaction in AD samples, normal
samples or equal interaction in both and consisted of 18, 10 and 11
proteins, respectively (Figure 2b). This information is also summarized
in Tables 2 and 3.

Group Interactions in AD samples Interactions in NAD samples Interactions in both

1 39 0 0

2 0 7 0

3 0 0 39

Table 2: Analysis of mass spectrometry data – categorization into three groups based on interactions.
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Group
Increased interaction in AD samples Increased interaction in NAD samples Equal interaction in AD and NAD samples

3a 18 0 0

3b 0 10 0

3c 0 0 18

Table 3: Analysis of mass spectrometry data – further categorization of Group 3 based on increased interactions.

Data analysis
Analysis of proteomic data by IPA allows for data mining of

pathway information related to the identified proteins and for
construction of network maps that may provide information on where
these pathways may intersect. Proteins in Groups 1, 2 and 3 were
further analyzed using IPA to better understand the pathways and
networks in which these proteins may be components.

Group 1 proteins were found to be involved in signaling via the
p70S6K and the PI3K / Akt pathways (Figure 3a), while Group 2
proteins appeared to signal via TGFß and the ErbB pathways (Figure
3b). Proteins in Group 3 were found to participate in the Akt, NF-kB,
calmodulin, p38 MAPK and JNK pathways (Figures 4a - 4c).

Figure 3: IPA analysis of Cdc37-interacting proteins in AD and normal samples. (3a) Pathway analysis of 39 proteins found to interact with
Cdc37 only in AD samples (Group 1). (3b) Pathway analysis of 7 proteins found to interact with Cdc37 only in normal samples (Group 2). All
pathway images were created using the Path Designer tool in IPA.
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Figure 4: IPA analysis of Cdc37-interacting proteins common to both AD and normal samples. In Group 3, 39 Cdc37-interacting proteins were
found to be common to both AD and normal samples. Group 3 was further separated into sub-groups consisting of (4a) proteins that showed
increased interaction in AD samples, (4b) normal samples or (4c) equal interaction in both. All pathway images were created using the Path
Designer tool in IPA.

Discussion
AD affects approximately 47 million people worldwide, a number

which is expected to triple in the next 40 years [27]. While
considerable headway has been made in understanding the disease, its
progression and detection, there is no cure for AD. Intracellular
neurofibrillary tangles composed of hyperphosphorylated tau and
extracellular plaques containing Aß peptides are pathological
hallmarks of the disease. However, complete understanding of the
pathways regulating the formation of these species are poorly
understood. Tau and kinases that phosphorylate it have previously
been shown to interact with and be regulated by Cdc37, a co-
chaperone of Hsp90 [25]. The molecular mechanisms involved in this
regulation are not fully understood. We hypothesized that
identification of the components of the Cdc37 interactome in AD
brain tissue would lead a better understanding of Cdc37 function in
tau biology. In the current study, we performed mass spectrometry-
based proteomic analysis of complexes obtained by
immunoprecipitation of Cdc37 from normal and AD brain samples,
and have identified a number of novel members of the Cdc37
interactome.

In the current study, we chose to immunoprecipitate Cdc37
containing complexes using a Cdc37 antibody that was chemically
cross-linked to Protein G beads to minimize contamination of the
eluted complexes with immunoglobulin, which was advantageous
downstream during mass spectrometry analysis.

The proteins identified by mass spectrometry were analyzed by IPA,
which indicates that these Cdc37-interacting proteins may be involved
in several diverse pathways in cells including the PI3K / Akt, NF-B,
JNK and TGFβ signaling. Some of these pathways have previously
been investigated in relation to AD. Signaling through the PI3K / Akt
pathway occurs in response to neurotrophic factors promoting cell
survival [28]. This pathway has been found to be dysregulated in AD
and correlates with the severity of the disease [29]. The PI3K / Akt
pathway is also upstream of mTOR (mammalian target of rapamycin),
which is a regulator of autophagy [30]. The disruption of PI3K / Akt /
mTOR pathways is significant as it results in disruption of autophagy

and abnormal accumulation of proteins leading to cell death. The JNK
(c-Jun N-terminal kinase) pathway is involved in stress signaling
pathways that control gene expression, neuronal plasticity and
regeneration and cell death. Increased levels of phosphorylated JNK
have been detected in post-mortem AD brain tissue [31]. Additionally,
activated JNK3, which is mainly localized in neurons, is found in brain
tissue and cerebrospinal fluid from AD patients and its presence is
correlated with cognitive decline [32]. In mouse models of AD, it has
been found that JNK activation is associated with an increase in senile
plaques and neurofibrillary tangles [33]. Calmodulin signaling is
implicated in AD progression as part of a ‘stress-response’ kinase
pathway [34]. Similarly, reduction in TGFß signaling has been
associated with increased deposition of Aß and neurodegeneration in a
mouse model [35]. The proteins identified in our study and these
pathways have not previously been described in relation to Cdc37;
however, further analysis and validation of these interactions may
uncover a role for Cdc37 in these pathways.

With the identification of these novel Cdc37 interactors several
questions remain to be answered. We did not identify any Cdc37-
interacting kinases in our study; however, it should be noted that the
complexes eluted in our immunoprecipitation experiments represent a
snapshot of the interactions occurring in these samples. Another factor
that may contribute to the identification, or lack thereof, of certain
proteins could be attributed to the abundance and level of expression
of these proteins AD and normal tissue. Furthermore, the use of
human tissue samples introduces an additional level of variability from
sample to sample in terms of gender and patient bias. All of our AD
samples and all but one of our normal samples that were used for mass
spectrometry analysis were from female patients. Studies with a larger
cohort comprising of equal numbers of samples from male and female
patients and further categorized based on metrics such as ethnicity
may help in strengthening these findings.

We also note that cortical tissue, composed of both neurons and
glia, was used in this study. This requires that we consider the exact
cellular location of these interactions. It is possible that these
interactions may be occurring in neurons, glia or both. Future studies
with a larger cohort of samples will give us the opportunity to address
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these questions while also getting a better understanding of the breadth
of pathways that Cdc37 may participate in. The current study provides
us with novel candidate proteins that may participate in the Cdc37
interactome. Further studies will focus on understanding the
significance of these novel Cdc37-interacting proteins and pathways in
AD.
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