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INTRODUCTION:

Risk for AD is one of the most imminent threats to military personnel sustaining
TBI. A major challenge in the field of TBI/AD research is elucidation of the
molecular mechanisms linking TBI with tau pathogenesis that is associated with
AD. This critical and urgently needed information will identify novel therapeutic
targets that will benefit both military personnel and civilian population. Our recent
data indicate that TBI induces sustained and dramatic endoplasmic reticulum
stress, and that there is a pathological relationship between AD tau species and
the ER stress sensor PERK. In this proposal we aim to establish for the first time
the impact of PERK on tau-mediated pathogenesis as a means by which TBI
confers risk for AD. We will directly address the role PERK activity as a molecular
mediator of TBIl-induced tau pathology and provide unique understanding of the
association between TBI and AD. This understanding is critical and urgent to
develop novel therapeutic strategies. This work will further develop a novel
imaging technology (ME-MRI) that will identify a course of functional deficits in
the brain after injury and monitor the magnitude at which these phenomena
persist over time. This technology will set a standard of disease course imaging
from TBI to AD onset. Therapies aiming to interrupt the molecular events
identified by this work will be monitored using our imaging technology. Finally,
our work will test the therapeutic value of inhibiting the PERK, which is involved
in several neurodegenerative disorders.

KEYWORDS:
PERK, tau, tauopathies, Alzheimer’s disease, traumatic brain injury, controlled
cortical impact, neurodegeneration, UPR, ER stress



ACCOMPLISHMENTS:

What were the major goals of this project?

Annual Report 1

AlM1
1.

AlM2

Establish mouse colony and validate anatomical and volumetric damage
caused by CCI

* ACURO protocol approved

* Wild type mouse colony established

* Training to perform controlled cortical impact injury model complete
Determine immunohistochemical changes in the brain (and complete all
MRI analyses)

» Early timeline of PERK activation complete

» Established which cell types show PERK activation
Complete imaging analyses (this work is completed continuously as
injuries are performed)

Establish mouse cohorts for Aim 2

* rTg4510 transgenic colony established

* PERK conditional knockout colony backcrossed: estimated
completion date: Dec 2016

Perform genetic manipulation to activate and inhibit PERK function

» Establishment of the PERK conditional knockout colony: estimated
completion date: Dec 2016

* Viral particles are continuously produced by the University of
Kentucky Viral Core

Perform chemical manipulations to modulate PERK

* Currently underway
Complete data collections and analysis for all functional measurements
(this work is completed continuously as injuries are performed)

* Cohort 1 of chemical PERK inhibition following injury data collection
— MEMRI, behavioral analyses (novel object recognition, radial arm
water maze)

» Data collection for first four cohorts of PERK inhibition following
injury (MEMRI, behavior, immunohistochemical staining) will be
complete by January 1, 2017

Complete data analysis (this work is completed continuously as injuries
are performed)

Annual Report 2

Aim 2

1.

Chemical inhibition of PERK in WT and rTg4510 mice after injury.
* Multiple cohorts of animals that underwent severe injury and were
treated with GSK2606414 for 30 days after injury



IHC and MRI performed

IHC analyzed (almost complete)

MRI - T1 MEMRI analyzed

MRI — T2 volumetric analyses completed

What was accomplished under these goals?
Annual Report 1

During the first year, we established the mouse colony for experiments in
Aim 1 and Aim 2, we successfully performed controlled cortical impact injuries to
characterize PERK activation following traumatic brain injury, we performed
MEMRI and analyses following injury, we established an early timeline of PERK
activation using immunohistochemical staining, and we began to investigate the
impact of chemical PERK inhibition following injury on cognition and neuronal
function. We are continuing to complete the goals as cohorts of mice become
available.

Using immunohistochemical analyses in our initial studies with a small
sample group, we found that PERK is more robustly activated in the contralateral
hemisphere compared to the ipsilateral hemisphere at early time points following
injury. However, upon completion of the larger cohorts, we identified that early
activation is even between contralateral and ipsilateral brain hemispheres (Fig. 1
and 2). We also found that PERK is active in neurons (Fig. 3) but not glia as
evidenced by counterstains with GFAP (Fig. 4) or Iba1 (Fig. 5). Using the non-
radioactive, puromycin-based translation assay we also determined, in a small
cohort, that protein synthesis is increased at early time points in neurons (Fig. 6).

Injuries were performed as previously described in the proposal; briefly,
mice were anesthetized using isoflurane and a midline incision was made. A
3mm in diameter craniotomy was performed and mice were injured using the
electromagnetic CCl machine at 1.5m/s with 500msec dwell time. A cranioplasty
was then placed over the injury site and the incision was sutured. Mouse brains
were collected following cardiac perfusion using 0.9% saline. Tissue was
sectioned using a microtome and stained using immunofluorescence.




Annual Report 2

The major activities in the last year were to complete Sub-Aim 2.2b
(chemical inhibition) and establish the mice for Sub-Aim 2.2a (genetic inhibition).
These two objectives were met. The specific objectives were to perform severe
CCI (3.5m/s, 1.0mm depth, 500ms dwell) on WT and rTg4510 animals. One hour
post-injury animals were treated with PERK inhibitor GSK2606414 (414) or
vehicle (VEH). Treatment continued once a day for 30 days. Outcome
measurements taken for these animals included immunohistochemical analyses
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Fig. 1: Early time course of PERK activation after injury. pPERK levels (red) were measured in
CA1, CA3, dentate gyrus, and cortex of ipsilateral and contralateral hemispheres to the injury.



of specific stains, behavioral analyses, and MRI analyses.
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Fig. 2: Quantification of pPERK levels in different brain regions (CA1, CA3, dentate gyrus, and
cortex) in ipsilateral (A) and contralateral (B) hemispheres to the injury. pPERK levels were
measured at 30, 60, and 360 min after injury.

Our significant findings are that PERK inhibition for 30 days effectively
reduced PERK activity, as expected. Moreover, its downstream target, elF2a,
was also inhibited. Surprisingly, we found that GFAP, a marker of astrocytic
activation, was also decreased when treated with the PERK inhibitor. These data
are surprising because, as we determined in year 1, PERK is only activated in
neurons; co-localization immunofluorescence with cell markers demonstrated
that PERK did not co-localize with GFAP or Iba1 (Fig. 3-5). Therefore, we
suspect the compound inhibits neuronal signaling to astrocytes. This hypothesis
would uncover a remarkable mechanism of intercellular communication, which
we plan to explore in the future. Finally, and also counter to our expectations,
brain volume was decreased in animals that were injured and treated with the
compound. These data suggest that treatment with the inhibitor is either not
beneficial (promotes atrophy post-injury) or reduces inflammation. The former
would lead us to establish an earlier time course because we anticipate that
inhibiting self-regulation of the UPR for 30d might improve short-term outcomes,
which would be shadowed by overall tissue damage. The latter would suggest
that 414 has an anti-inflammatory effect, but whether this is beneficial remains to
be determined.

Other significant findings are the extent of PERK activation after injury.
Per our recent preliminary results, PERK activity is increased throughout the 30d
of treatment. Therefore, we are hesitant to genetically activate PERK since
inactive PERK levels will be depleted. However, as mentioned above, we are on




Neurotrace Neurotrace
Fig. 3: pPERK signal coincides in cells positive for the neuronal marker neurotrace. Mice were
injured using CCI. Brains were prepared for immunohistochemistry staining of pPERK and
neurotrace 3h post injury.

our way to genetically inhibit PERK with the ongoing establishment of PERK-cKO
mice.

Key to these findings is the context of functional outcomes. We had
proposed to perform cognitive testing (Fig. 7-8). Preliminary data showed that the
injured mice did not display the cognitive defects that should have been evident.
This puzzling and negative result was disconcerting. Similar to other concurrent
studies in my lab, mice did not display cognitive alterations as predicted in the
literature. We attribute this phenomenon to the construction of a new research
building in a lot adjacent to where our animals are housed. We believe
construction of the foundations have affected the mice such that they all perform
poorly in the novel object recognition test. We are currently evaluating which
would be the best strategy to obtain functional data and truly test if the compound
offers benefits. Nonetheless, since the end of construction of the foundation

Fig. 4: pPERK signal is not in GFAP-positive cells. Mice were injured using CCI. Brains were
prepared for immunohistochemistry staining of pPPERK and neurotrace 3h post injury.

coincides with the establishment of our new colony of PERK knockout mice, we
should have cohorts born in a more “stress free” environment. We will be able to
test changes in cognitive outcomes with this new cohort.

What opportunities for training and professional development has the
project provided?

This project provided the opportunity to become proficient in the CCI



Fig. 5: pPERK signal is not in Iba1-positive cells. Mice were injured using CCI. Brains were
prepared for immunohistochemistry staining of pPERK and neurotrace 3h post injury.
Arrowhead posints at Iba1-positive stain

models of injury. One graduate student successfully completed training from Dr.
Kathryn Saatman, and she is working to train other students in our lab. She
recently passed her qualifying exam to become a PhD candidate. This award has
also allowed for professional development in allowing us to expand our
knowledge and relationships with TBI experts at the National Neurotrauma
Society annual meeting and the Alzheimer’'s Association International
Conference. One graduate student presented her work at both meetings and
received feedback to aid in data interpretation. These meetings greatly expanded
our knowledge on the most recent findings in the TBI field.

This project also enhanced professional development in my lab by
allowing work to be presented at the Alzheimer’s Disease/Parkinson’s Disease
(ADPD) 2017 and Alzheimer’s Association International Conference 2017. One
graduate student presented her work at both meetings and received feedback to
aid in data interpretation. These meetings greatly expanded our knowledge on
the most recent findings in the TBI field. Importantly, | presented these data in
the 2017 IPR Briefing where | obtained critical insight from Roderick Corriveau

30min 360min (NIH/NINDS), Heather Snyder (Alzheimer’s
Association), and Eliezer Masliah (NIA).
Unfortunately, | was unable to physically
attend the briefing; however, our impactful
results encouraged a conversation via
email and during ADPD 2017.

uro

Neurotrace How were the results disseminated to
’ communities of interest?

Annual Report 1

Data collected from this project was
Fig. 6: Puromycinylated proteins are ~ presented at two separate meetings and in
increased in hippocampus after CCI.  department level seminars. We anticipate

Puromycin tags newly-synthesized submitting a manuscript within the next few
proteins. Brains were prepared for

staining 3h post-injury. Puromycin weeks to the Journal of Neurotrauma. Two
was injected 30min before other manuscripts are in preparation; they
harvesting brains. focus on the impact of PERK inhibition on



tau and the impact of genetic
PERK inhibition on adverse
consequences of TBI.

Annual Report 2
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Fig. 7: Open field preliminary results. Sham: not level seminars. The anticipated

injured. CCI: controlled cortical injury. Veh: vehicle
treated. 414: PERK inhibitor GSK2606414.
rTa4510: tau transaenic mice.

manuscript submission was
delayed after further critical
analysis of the data collected. We
currently have the manuscript drafted and a preparing to send it to the Journal of
Neurotrauma by the end of the month.

What do you plan to do during the next reporting period to accomplish the
goals?

During the next reporting period, we plan to complete all Major Tasks.
Considering that construction may have hampered our ability to measure
changes in cognition, we might have to alter our plan in order to realistically
complete the aims by the time of the end of the project. We will begin surgeries
on the PERK knockout mice that will be injected with tau virus. We also plan to
begin injuries in wildtype animals to parse out the most beneficial window of
treatment following injury.
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Fig. 8: Novel Object Recognition preliminary results. Sham: not injured. CCI:
controlled cortical injury. Veh: vehicle treated. 414: PERK inhibitor
GSK2606414. rTg4510: tau transgenic mice.
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Fig. 9: MEMRI results. MEMRI did not detect defects in hippocampus as a result of injury.
IMPACT:

What was the impact on the development of the principal discipline(s) of
the project?
Annual Report 1

Although we are continuously working on increasing our sample size for
each experimental group, our preliminary data suggest that CCl impacts neurons
before glia. This is a surprising finding considering that previous data in related
fields of neurodegeneration suggest that inflammatory responses would be more
prevalent. In addition, it would explain why cognition is the first faculty to be
impacted immediately after injury. Another surprising finding is that injured
neurons are the primary cell type that increases protein synthesis. The identity of
these proteins is unknown, and we hypothesize that they correspond to stress
proteins, such as PERK, and not synaptic proteins.

Annual Report 2

So far our data have shown that PERK plays a critical role in the brain’s
response to head injury, but the exact nature of that role is still unclear. Shortly
after injury and despite acute PERK activation, the hippocampus increases
protein synthesis as evidenced by puromycin uptake (Fig. 6). Moreover, PERK
inhibition for 30d decreases brain volume. These are two examples of
unexpected results that make the next steps of this project fascinating.

From a technical perspective, progress in the project has enhanced our
ability to use MRI for careful and accurate measurement of brain volume (Fig.
10). These approaches are now being used in other animal studies in my lab. |
have also been approach by another local lab after presenting our volumetric
MRI results for a collaborative project. In addition, we used the in vivo puromycin
technique for another major project in my lab. The goal of the experiment is to
identify changes in the synthesis of new proteins as a consequence of tau
pathology. We received our first set of results where puromycinylated proteins




from tau transgenic mouse brains were identified using LC-MS/MS.
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Fig. 9: T2 volumetric measurements. 414 decreased brain volume after injury. No change was
detected in tau transgenic mice; this is likely because brain atrophy that is characteristic of
rTg4510 mice reached the limit. Prevention of atrophy would have likely been detectable.

What was the impact on other disciplines?
Annual Report 1
Nothing to report

Annual Report 2
Nothing to report

What was the impact on technology transfer?
Annual Report 1
Nothing to report

Annual Report 2
Nothing to report

What was the impact on society beyond science and technology?
Annual Report 1
Nothing to report

Annual Report 2
Nothing to report
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y

Fig. 10: Orthogonal views for T2 volumetric analysis. 414-treated mice show changes in the
injury phenotype.

CHANGES/PROBLEMS:

Changes in approach and reasons for change
Annual Report 1

We injured mice and analyzed PERK activation at earlier time points
than originally suggested to optimize the timing of the drug delivery for chemical
PERK inhibition. We wanted to make sure we were targeting an appropriate
window. Now that we have a clear therapeutic window, we will continue our time
points as established in the proposal.

Annual Report 2

We included experiments with altered length of chemical PERK
inhibition. PERK inhibition for 30 days promotes brain atrophy, which would be
considered detrimental. However, 30d inhibition abrogated tau pathology. We
altered the length of treatment to investigate the effects on TBI outcomes and tau
outcomes.

Actual or anticipated problems or delays and actions or plans to resolve
them
Annual Report 1

Currently, our major delay comes from establishing the PERK
conditional knockout colony. The animals have been backcrossed, but now we
must have the appropriate parental cross to ensure maximal usable offspring for
future experiments. This requires the animals to age to appropriate breeding age
before we can perform any experiments.

Annual Report 2

Two major problems we observed were in the behavioral studies and
the MEMRI outcomes. For behavior, the first cohorts of animals (n=6-8 per
group) showed that the tests were not sensitive enough to detect changes; we
think this is due to construction occurring on campus. Additionally, our
measurements on MEMRI (in multiple regions) show that this test is not sensitive
enough to detect changes between sham and injured animals.

11



Changes that had a significant impact on expenditures
Annual Report 1
No changes that have had significant impact on expenditures

Annual Report 2
No changes that have had significant impact on expenditures

Significant changes in use or care of human subjects, vertebrate animals,
biohazards, and/or select agents

Annual Report 1

Nothing to report

Annual Report 2
Nothing to report

Significant changes in use or care of human subjects
Annual Report 1
Not applicable

Annual Report 2
Not applicable

Significant changes in use or care of vertebrate animals.
Annual Report 1
Nothing to report

Annual Report 2
Nothing to report

Significant changes in use of biohazards and/or select agents
Annual Report 1
Nothing to report

Annual Report 2
Nothing to report
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PRODUCTS:

Publications, conference papers, and presentations Report only the major
publication(s) resulting from the work under this award.

Journal publications.

Nothing to report

Books or other non-periodical, one-time publications.
Nothing to report

Other publications, conference papers, and presentations.

Conferences and Symposia

1.

Meier, S. Abisambra, JF. PERK activation in controlled cortical impact
model of TBI National Neurotrauma Society Annual Meeting. Lexington,
KY. 2016. Poster

Meier S, Bell M, Lyons DN, Rodriguez-Rivera J, Ingram A, Fontaine SN,
Mechas E, Chen J, Wolozin B, LeVine H 3rd, Zhu H, Abisambra JF.
Pathological Tau Promotes Neuronal Damage by Impairing Ribosomal
Function and Decreasing Protein Synthesis. Alzheimer's Association
International Conference. Toronto, Canada. July 2016. Podium.

Received travel award from Alzheimer’s Association

Meier S, Boychuk J, Smith B, Saatman K, Abisambra J. Post-injury
PERK inhibition in a mouse model of tauopathy. International Conference
on Alzheimer's and Parkinson’s Diseases (AD/PD). Vienna, Austria.
March 2017. Poster.

Meier S, Lanzillotta, C., Galvis S., Saatman K., Boychuk J., Smith B.,
Abisambra J. Post-injury PERK inhibition in a mouse model of tauopathy.
Alzheimer’s Association International Conference. London, UK. July 2017.
Poster.

Received travel award from UK COM

Invited talks:

University of Rochester
Rochester, NY

11/2016 Department of Pharmacology Seminar Series: “Lost in

translation: mechanisms of tau-mediated neurotoxicity.”

University of Florida
Gainesville, FL

04/2017 PSP/LBD Think Tank VI: “Novel molecular mechanisms of

tauopathies involving PERK and ribosomal function.”
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VA Think Tank
Clearwater, FL
04/2017 “TBI, ER stress, and Tauopathies”

International Clinical Research Center (FNUSA-ICRC)
09/2017 Brno, Czech Republic

“Altered RNA translation as an essential pathogenic event in

tauopathies.”

University of Florida

09/2017 Gainesville, FL
“Lost in Translation: ER stress and ribosomal damage in
tauopathies.”

Website(s) or other Internet site(s)
Nothing to report

Technologies or techniques
Nothing to report

Inventions, patent applications, and/or licenses
Nothing to report

Other Products
Nothing to report
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PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project? Provide the following
information for: (1) PDs/Pls; and (2) each person who has worked at least one
person month per year on the project during the reporting period, regardless of
the source of compensation (a person month equals approximately 160 hours of
effort). If information is unchanged from a previous submission, provide the name
only and indicate "no change." Example:

Name:

Joe Abisambra

Project Role:

Pl

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

Contribution to Project:

Funding Support:

No change

Name:

Kathryn Saatman, PhD

Project Role:

Collaborator

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

1

Contribution to Project:

Dr. Saatman trained Shelby Meier in the CCI model of
injury

Funding Support:

No change

Name:

Shelby Meier

Project Role:

Graduate Student

Researcher ldentifier
(e.g. ORCID ID):

0000-0003-1946-9004

Nearest person month
worked:

6

Contribution to Project:

Shelby has performed all CCl injuries, the majority of the
MEMRI scans and analyses, all immunohistochemical
staining and analyses, and all behavioral studies.

Funding Support:

University of Kentucky IBS program

Name:

Grant Nation

Project Role:

Colony manager
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Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

10

Contribution to Project:

Grant takes care of all the animals for this project and
ensures proper genotype.

Funding Support:

R0O1 NS091329-01A1

Name:

Bret Smith

Project Role:

Collaborator

Researcher ldentifier
(e.g. ORCID ID):

Nearest person month
worked:

1

Contribution to Project:

Dr. Smith offered feedback and expertise in interpreting
results.

Funding Support:

Collaborator

Has there been a change in the active other support of the PD/PI(s) or
senior/key personnel since the last reporting period?

Nothing to report

What other organizations were involved as partners?
Organization Name: GlaxoSmithKline
Location of Organization: Collegeville, PA
Partner's contribution to the project: GSK developed the chemical
PERK inhibitor used for this project, and supplies it for us.
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The Impact of PERK on Posttraumatic Tauopathy in Alzheimer's Disease

AZ140097 Task Title Here
W81XWH-15-1-0551

Jose Abisambra, PhD

Org: University of Kentucky

Award Amount: $500,000 (direct)

Study/Product Aim(s)
« Aim 1: Determine the extent to which TBI severity induces PERK
activation in mice over time.

« Aim 2: Determine the effect of PERK modulation on tau pathology

and brain function after TBI.

Approach

Mouse cohorts will undergo a sham (control), mild (0.4mm depth), moderate (0.7mm depth), or
severe (1.0mm depth) cortical contusion injury (CCl). Throughout a 90-day period (days 1, 7, 14,
30, 45, 60, 75, and 90) we will measure the distribution and intensity of PERK activity using MRI.

We also seek to 1) establish which cell types harbor active PERK signal, 2) determine changes in
the downstream effectors of the PERK pathway, 3) determine the rate of new protein synthesis
as a functional consequence of PERK activation, and 4) determine changes in spare tissue as a
consequence of CCl. We will test this aim in two sub-aims, Sub-Aim 2.1 will determine how
PERK activation increases tau pathology and brain dysfunction in TBI mice compared to
controls. PERK activation will be induced by two means: 1) genetically altering mice using
adeno-associated viral particles containing PERK cDNA and 2) using a chemical compound to
induce PERK activation. Sub-Aim 2.2 will determine how PERK inhibition will attenuate the tau
pathology and brain dysfunction that occurred in the T8I ry outcomes of Aim 2
are to measure changes in brain function (using cognitive testing, ME-MRI, and

electre iology) and tau Secondarily, we will measure changes in activation of the
PERK pathway, brain volume, cell types affected, and changes in protein synthesis.

2 major activities
since last report:
1) BeginCCl
2) Begin MRI

Aim 1:
Determine the extent
to which TBI severity
induces PERK activation
in mice over time.

PERK
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‘ ) Aim 2
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Abstract

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that is pathologically
characterized by the formation of extracellular amyloid plaques and intraneuronal tau tangles. We
recently identified that tau associates with proteins known to participate in endoplasmic reticulum
(ER)-associated degradation (ERAD); consequently, ERAD becomes dysfunctional and causes
neurotoxicity. We hypothesized that tau associates with other ER proteins, and that this association
could also lead to cellular dysfunction in AD. Portions of human AD and non-demented age
matched control brains were fractionated to obtain microsomes, from which tau was co-
immunoprecipitated. Samples from both conditions containing tau and its associated proteins were
analyzed by mass spectrometry. In total, we identified 91 ER proteins that co-immunoprecipitated
with tau; 15.4% were common between AD and control brains, and 42.9% only in the AD
samples. The remainder, 41.8% of the proteins, was only seen in the control brain samples. We
identified a variety of previously unreported interactions between tau and ER proteins. These
proteins participate in over sixteen functional categories, the most abundant being involved in
RNA translation. We then determined that association of tau with these ER proteins was different
between the AD and control samples. We found that tau associated equally with the ribosomal
protein L28 but more robustly with the ribosomal protein PO. These data suggest that the
differential association between tau and ER proteins in disease could reveal the pathogenic
processes by which tau induces cellular dysfunction.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that affects 5.2
million Americans [1] and 36 million people worldwide [2]. This number is expected to rise
to 13.8 million by 2050. The direct and indirect costs of maintaining the quality of life of
AD amounts to $203 billion annually. Since there is currently no cure for AD, and
therapeutic interventions are ineffective in preventing the dramatic rise of patients,
expenditures are projected to reach $1.2 trillion annually by 2050.

The pathological hallmarks of AD consist of amyloid plaques and neurofibrillary tangles
(NFTSs). Plaques result from extracellular aggregation of a 40-42 amino acid peptide termed
amyloid-f (AB) (reviewed in [3]). Meanwhile, NFTs are intraneuronal lesions comprised of
aberrant aggregates of the microtubule-associated protein tau. Within NFTs, tau is
abnormally folded, oligomerized, hyperphosphorylated, and mislocalized [4-6]. In AD, as
well as in other tauopathies, tau becomes neurotoxic [7]; however, the exact mechanisms
leading to tau neurotoxicity have not been identified.

As a microtubule stabilizing protein [8], tau interacts with various other proteins that are
transported along microtubules. Pathogenic tau adopts a B-pleated sheet conformation [9],
rendering it hydrophobic and able to bind non-specifically to other proteins and itself
(reviewed in [10, 11]). In many cases, these aberrant linkages have deleterious consequences
to the functions and processes in which tau-associated proteins participate [11-16]. For
example, soluble, pathological tau conformers associate with endoplasmic reticulum (ER)-
associated degradation (ERAD) proteins, and abrogate ERAD function [12].

Recent studies suggest that a key mechanism of neuronal dysfunction in neurodegenerative
diseases is impaired protein synthesis [17]. This phenomenon could be the result of tau-
mediated impairment of ribosomal function. Tau normally associates with ribosomes [18].
However, due to its intrinsically disordered conformation, which is amplified in disease, tau
binds to proteins that participate in RNA translation thereby impairing translation [19].
Thusly, a mechanism of tau-mediated neurodegeneration could implicate aberrant tau-
ribosomal interactions.

In the current study, we sought to identify tau-associated ER proteins with particular
emphasis on proteins involved in RNA translation. We hypothesized that tau-associated ER
proteins could serve as potential therapeutic targets. We identified tau-interacting ER
proteins in both AD and non-AD brains with an integrated approach involving sub-cellular
fractionation, co-immunoprecipitation, and mass spectrometry. We established three types of
tau-associated ER proteins: those that were identified in AD brains, others that were only
identified in non-AD brains, and those that were common to both. Interestingly, 85% of the
proteins we identified had not been previously established as associating with tau. Among
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them, were several proteins that participate in RNA translation. To validate our approach, we
focused on the ribosomal proteins L28 and PO, which had not been previously identified to
be associated with tau, and we found that tau associated more robustly with PO in the AD
brain. Overall, these data suggest that changes in the association between tau and ER
proteins could underlie pathogenic mechanisms leading or contributing to cellular
dysfunction evident in AD. Further characterization and validation of AD tau-associated ER
proteins and their functions could lead to better understanding of the pathogenesis of AD
and other tauopathies.

MATERIALS AND METHODS

Human brain samples

Samples were obtained from the University of Kentucky-Alzheimer’s Disease Center Tissue
Bank. All sample collection and experimental procedures involving human subjects were in
compliance with the University of Kentucky Institutional Review board (IRB) protocols.
Samples from the superior and mid-temporal gyrus (Brodmann areas 21/22) were used. AD
tissues were from symptomatic individuals and they were neuropathologically scored as
Braak V (female, 93 years old), VI (male, 88 years old), and VI (female, 80 years old); non-
demented control samples were scored Braak | (male, 79 years old), Il (female, 94 years
old), and Il (female, 88 years old). The average postmortem interval (between death and the
tissue being snap-frozen in liquid nitrogen) was 3.0 h.

Microsome isolation

Microsomes were isolated as previously described [20, 21] and modified for brain [22].
Briefly, 200 mg of human brain samples were dounce homogenized in 0.25 M sucrose
containing 1X protease inhibitor mixture (Calbiochem), 100 mM phenylmethylsulfonyl
fluoride, and 1X phosphatase inhibitor 11 and 111 cocktails (Sigma). All samples were then
centrifuged at 16,000 x g for 15 min at 4°C. The supernatant was transferred and centrifuged
at 100,000 x g for 1 h at 4°C. The pellet, which corresponded to the microsomal protein
fraction, was resuspended in RIPA buffer containing 1X protease inhibitor mixture
(Calbiochem), 100 mM phenylmethylsulfonyl fluoride, and 1X phosphatase inhibitor Il and
I11 cocktails (Sigma).

Co-immunoprecipitations (co-IP) and western blotting

Co-IP was performed as previously described [23] using antibodies for tau (Tau5 EMD
Millipore), actin (Sigma-Aldrich), RPL28 (GeneTex), or RPPO (Gene-Tex). Western blots
were performed as previously described [24]. Briefly, 20 ug of protein were denatured by
mixing with a sample buffer (consisting of 2x Laemmli buffer with 5% [-mercaptoethanol)
and subjecting to heat at 100°C for 10 min. Samples were loaded in 10% tris-glycine gels
(Life Technologies). Gels were subjected to 100 mV until the dye front reached the bottom
of the gel. We then performed wet transfers as indicated previously [25]. Samples were
blocked in 7% non-fat dry milk (LabScientific) with 0.02% sodium azide. This milk was
used to mix antibodies for incubation with the membranes. Antibodies used were anti total
tau h-150 (1:1000) from Santa Cruz Biotechnology, actin (1:1000) from Sigma, RPL28 from
GeneTex, RPPO from GeneTex, and calnexin C-20 from Santa Cruz Biotechnology.
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Immunofluorescence

Microscopy

Frozen brain samples were fixed in 4% paraformaldehyde. Fixed brains were cryoprotected
in successive 24 h increments of 10%, 20%, and 30% sucrose gradients as described
previously [26]. Brains were frozen on a temperature-controlled freezing stage, sectioned
(25 um) on a sliding microtome, and stored in a solution of PBS containing 0.02% sodium
azide at 4°C. Immunostaining was performed following protocols described previously with
minor modifications [22]. Brain sections were mounted on glass slides with medium (30%
ethanol in PBS). Once dry, sections were blocked and permeabilized in blocking buffer (4%
normal goat serum, 0.2% Triton X-100, and 0.02% sodium azide in TBS) for 1 h. Slides
were incubated overnight at 4°C with the following antibodies: tau h-150 (1:50), PHF1
(1:50), calnexin C-20 (1:50), calnexin F-17 (1-50). Slides were then washed with TBS and
incubated with Alexa Fluor 488 nm and Alexa Fluor 594 nm secondary antibodies (Life
Technologies) at 1:2000 for 2 h at room temperature. Tissues were stained with Sudan black
to block autofluorescence inherent to the sample. Slides were then washed again and
incubated with Neurotrace (1:200) according to the manufacturer’s recommendations. Slides
with both AD and control were stained omitting primary antibodies in order to identify non-
specific background signal.

All slides were imaged using a Nikon Eclipse Ti laser-scanning confocal microscope. Fields
for colocalization analysis were randomly selected based upon tau immunolabeling by an
investigator blinded to group inclusion. Specifically, fields were chosen that included areas
of tau staining with morphological distribution in agreement with NeuN labeling; ER
labeling was not considered in field selection. All immunolabeling acquisition intensities,
field sizes, and microscopy settings were kept consistent across all images. Scatter plots and
images for graphical representation of co-localization were prepared using the NIS Elements
4.20 (Nikon) and Photoshop Cs6 (Adobe) software programs and were based upon cells that
most closely approximated the group means.

Co-localization analysis

Images were analyzed for co-localization as previously described with minor modifications
[12]. Briefly, regions of interest (ROIs) corresponding to z-stack images of neurons that
stained positively for calnexin and tau (either total tau or PHF1) were selected for co-
localization analysis. Three to five ROIs were selected per image, and there were at least
three images per brain from three AD brains. Z-stack images were analyzed according to
[27] using Pearson’s, Manders’, and Costes’ (auto-threshold and randomization control)
coefficients.

Mass spectrometry (MS) and proteomics data analysis

Each lane in the gel was excised into 12 major portions and subjected to dithiothreitol
reduction, iodoacetamide alkylation, and in-gel trypsin digestion using a standard protocol
as previously reported [28, 29]. The resulting tryptic peptides were extracted, concentrated
to 15 pl each using a SpeedVac, and 5 pl was injected for nano-LC-MS/MS analysis. LC-
MS/MS data were acquired on an LTQ Velos Orbitrap mass spectrometer (Thermo Fisher
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Scientific, Waltham, MA) coupled with a Nano-LC Ultra/cHiPLC-nanoflex HPLC system
(Eksigent, Dublin, CA) through a nano-electrospray ionization source. The tryptic peptides
sample was injected by an autosampler, desalted on a trap column, and subsequently
separated by reverse phase C18 column (75 mm i.d. x 150 mm) at a flow rate of 250 nL/min.
The HPLC gradient was linear from 5% to 60% mobile phase B for 30 min using mobile
phase A (H,0, 0.1% formic acid) and mobile B (90% acetonitrile, 0.1% formic acid). Eluted
peptides were analyzed using data-dependent acquisition: peptide mass spectrometry was
obtained by Orbitrap with a resolution of 60,000. The seven most abundant peptides were
subjected to collision induced dissociation and MS/MS analysis in LTQ linear trap. The LC-
MS/MS data were submitted to a local MASCOT server for MS/MS protein identification
search via the ProteomeDiscoverer software. The mass error tolerance was 5 ppm for
peptide MS and 0.8 Da for MS/MS. All peptides were required to have an ion score greater
than 30 (p < 0.05). The false discovery rate in each LC-MS/MS analysis was set to be less
than 1%. Proteins that were identified in the actin-IP samples were excluded from the tau-IP
list. Although tau binds to actin under normal conditions this interaction occurs primarily in
the growth cone [30]. Since tau tangles deposit in the soma [31], our results reflect primarily
ER proteins associated with pathological tau [32].

Functional categorization of MS results

Functional descriptions for all proteins were acquired by searching for accession numbers in
the UNIPROT database (http://www.uniprot.org). Proteins were categorized by function
(Fig. 3B). In some cases, proteins were multifunctional, but they were only organized into
one parameter as justified by their primary function.

Western blot analysis

For western blots, the relative intensity of the bands was measured using ImageJ. Bands of
the protein of interest were normalized to a loading control. Statistical analysis of the bands
was performed using Student’s #test. All graphs were prepared in Prism 6 (GraphPad).

RESULTS

Tau abnormally associates with proteins on the cytosolic surface of the ER in the rTg4510
tau transgenic model [12]. VCP and Hrd1 are two examples of tau-associated ER proteins,
and both of these proteins play crucial roles in ERAD. As a result of this abnormal
interaction, ERAD function becomes impaired in tau transgenic mice and in AD brain.
Therefore, we hypothesized that tau associated with other ER proteins, the functions of
which could similarly be altered by the abnormal association with tau.

In AD brains, tau tangle formation occurs primarily in neuronal soma [31, 33]. In fact, a
large pool of tau deposits in the perinuclear region coincident with the ER [12, 34, 35]. To
further characterize this interaction, we performed subcellular fractionation of three AD and
three age-matched, non-demented control brains to isolate the microsomal compartment,
which is predominantly composed of ER and associated proteins [36]. Tau formed high
molecular weight complexes (Fig. 1A, C) in AD brains which is characteristic of
hyperphosphorylated and detergent insoluble pathological tau (reviewed in [37]).
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Conversely, control brains showed a typical tau smear between 48-60 kDa. We quantified
the amount of tau in the 48-60 kDa range of AD and control whole brain lysates and
microsomes. We determined that while tau levels did not differ between whole cell lysates of
AD and control, AD microsomes contained 34% more tau than control (Fig. 1A-1D). These
data suggest that tau shifts in tau distribution in AD. We then performed co-
immunofluorescent staining of human AD and control brains to determine the distribution of
total and hyperphosphorylated tau with the ER (Fig. 1E, L). We co-immunofluorescently
labeled total tau or hyperphosphorylated tau (pS396/S404 detected with PHF1) and calnexin,
an ER transmembrane protein [38]. We found that both tau and hyperphosphorylated tau
decorated the ER by largely co-localizing with calnexin (Fig. 1G, K).

To reveal the identity of tau-associated ER proteins, we isolated microsomes from human
AD and control brains and performed co-immunoprecipitation analyses using an anti-tau
antibody (Tau5); actin was co-immunoprecipitated from the same tissues as a control. All
samples were processed for liquid chromatography-tandem mass spectrometry (LC-MS/MS)

(Fig. 2).

We applied robust exclusion criteria to minimize false positive results. First, each peptide
matched from a MS/MS spectrum had an ion score based on the calculated probability, p,
that the observed match between the experimental data and the database sequence was a
random event. We set an ion score threshold to achieve p < 0.05. The scores in the tables
(Protein Score) were mathematically derived from the ion scores of all peptides matched to
this protein. Confidence in protein identification is directly proportional to the magnitude of
the Protein Score. In addition, we set the false discovery rate at 1% for the MASCOT data
analysis to ensure the high confidence of all proteins identified from the LC-MS/MS data.
Second, proteins that were identified in the actin-1P samples were excluded from the tau-1P
list. Although tau binds to actin under normal conditions this interaction occurs primarily in
the growth cone [30]. Since tau tangles deposit in the soma [31], our results reflect primarily
ER proteins associated with pathological tau [32].

Data were submitted to a local Mascot server for protein identification analysis. Tau was
identified in both the AD and non-AD samples, indicating that the co-immunoprecipitation
was successful. In addition, a total of 92 proteins were identified (Tables 1-3). Of these, 39
(42.4%) were found in AD brain (Table 1), 38 (41.3%) were only found in the non-AD brain
(Table 2), and 15 (16.3%) were found in both AD and non-AD (Table 3; Fig. 3A).
Interestingly, 77 of these (85%) had not been previously identified as tau-interacting
proteins. Based on previous work showing that the aberrant association of tau with ERAD
proteins caused ERAD impairments [12], we grouped the 92 proteins identified in our screen
by functional categories (Fig. 3B). Each protein was assigned a function based on the
description in the UNIPROT database. Figure 3B represents the relative abundance of
proteins from each category.

Our screen showed that the ribosomal proteins L28 and PO co-immunoprecipitated
differentially with tau in both AD and control brains. More specifically, PO did not complex
with tau in control brains. To confirm these results, we co-immunoprecipitated L28 or PO
from human AD or control brain microsomes. We determined that tau formed a complex
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with both L28 and PO (Fig. 4A, B); however, the tau-P0 association was much more robust
in the AD microsomes than in control, as suggested by the MS/MS data (Fig. 4C).
Interestingly, the data show that PO formed a complex with high molecular weight tau
species. We also performed the reverse co-immunoprecipitation by isolating tau from AD
and control microsomes and measuring the levels of PO and L28 by western blot. We found
no significant difference in the levels of PO or L28 in the reverse co-immunoprecipitation
(Fig. 4G). The input blot shows that the primary tau species that was isolated corresponded
to a 50-60kDa tau band that lacks post-translational modifications. These data suggest that
PO and L28 associate normally with tau around the ER; however, in AD brains, there is a
significant increase in the association of high molecular weight tau (heavily post-
translationally modified and pathological) with PO.

DISCUSSION

We present a list of 92 tau-associated ER proteins. The list contains proteins that have been
previously identified as disease modulators such as AD-related tau kinases and
apolipoprotein E (ApoE). However, 77 proteins (85%) have not been previously linked to
tau. Among the identified proteins were several that participate in ERAD thereby validating
this approach with previous findings [12]. Moreover, we show that the subcellular
fractionation-colP-MS/MS approach is sufficiently sensitive to identify different affinities of
tau for L28 and PO, which are closely localized in ribosomes.

The newly identified tau-associated ER proteins could reveal tau functions that have not
been previously described. For instance, synaptojanin, a protein involved in the uncoating of
synaptic vesicles [39], was identified as a tau-associated ER protein in normal, non-AD
brain. This suggests that tau facilitates synaptojanin’s function and therefore indirectly
participates in endocytic processes for synaptic function. Similarly, loss of the tau-
synaptojanin interaction would reduce uncoating of synaptic vesicles altering synaptic
function; indeed, synaptojanin was not identified as a tau-associated ER protein in the AD
brain data set. Another example is caspase-14, which had not been previously identified as a
tau interacting protein but was a positive hit in the normal brain. This could be the first
evidence of tau cleavage by another caspase besides caspases 3, 6, 7, 8, and 9 [40-43]. Since
this association was not determined in the AD brain, it is possible that caspase-14 function is
beneficial, and loss of the interaction could lead to early pathogenesis.

Ribosomal proteins constituted the largest functional category of tau-associated ER proteins.
Yet, since the immunoprecipitation was performed with Tau5, an antibody that binds to the
middle region of tau (aa 210-241), it is possible that the co-IP isolated both mature and
nascent tau (partially translated tau beyond aa 241), the latter of which could still be attached
to ribosomes while it is being translated. Identification of chaperones as tau-associated ER
proteins also supports the idea that this is non-pathological nascent tau. However, some of
these tau-associated ribosomal proteins are different between the AD and control brains. For
instance, ribosomal proteins PO and L28 showed differential association with pathological
tau suggesting possible disease-based differences that could alter ribosomal function.
Indeed, hyperphosphorylated tau associates with ribosomes in AD and tauopathy models but
not in normal models but the consequences of this interaction are unknown [19, 44]. This is
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critical to understand disease mechanisms since ribosomal dysfunction has been associated
with AD pathogenesis [45]. Ribosomal proteins PO and L28 are both structural proteins
located in the 60 S subunit. While the individual proteins have not been studied in depth, the
function of the 60 S subunit has been extensively covered. Proteins in this subunit participate
in ribosome biogenesis, all phases of translation, viral transcription, and nonsense-mediated
decay of mMRNA [46]. The structural proteins in the 60 S ribosomal subunit play a critical
part in joining the 60 S subunit with the 40 S subunit. Since PO and L28 are structural
proteins, it is possible that the association of abnormal tau with these proteins could prevent
the coupling of the 60 S subunit with the 40 S subunit and would subsequently lead to a
decrease in translation.

Our study further characterizes region-specific features of previously identified tau-
interacting proteins. For instance, ApoE, the main cholesterol transporter in the brain, was
previously identified as a tau-interacting protein [47]. Since expression of different ApoE
iso-forms confer either increased risk for AD (ApoE4) or protection from AD (ApoE2), and
tau is intricately involved in AD pathology, the ApoE-tau relationship should be studied in
further detail. Identification of ApoE in our study highlights that this interaction occurs in
proximity to the ER. Interestingly, ApoE was identified as a tau-associated ER protein in
both AD and non-AD brains. Therefore, the ApoE-tau interaction plays a normal role in the
brain, and aberrancy of the interaction could be a component of the AD mechanism.

Spectrin, a cytoskeletal protein that was identified in our screen, had also been reported to
associate with tau [48]. However, the association occurs as a consequence of disease or
trauma instead of a direct interaction [49, 50]. In AD and traumatic brain injury, axonal
damage activates calpains and caspases that cleave tau and spectrin. Consequently, cleaved
tau and spectrin levels increase in parenchyma and cerebrospinal fluid [37]. These cleavage
products have been studied as potential biomarkers of AD diagnosis and traumatic brain
injury severity.

The association of a functional category with tau is more robust than that of tau with an
individual protein. Therefore, while Table 1 presents interesting leads, Figure 3B offers
tantalizing support for unidentified tau functions, the disturbance of which could be linked to
AD. For example, identification of complement C3 as a tau-associated ER protein is
insufficient evidence to suggest involvement of tau in regulating inflammatory processes.
However, identification of other proteins that participate in inflammation, such as S100A8,
S100A9, and inter-alpha-trypsin inhibitor as tau-associated ER proteins, supports the
possibility of a role for tau in inflammation.

Although the mass spectrometry platform maximizes the sample input and yields a high
amount of data, it is limited in the characterization of protein-protein interactions. Therefore,
identification of individual tau partners must be validated to establish whether both proteins
associate or interact. Albeit, despite the robust exclusion criteria we applied to our data, we
identified tau-associated ER proteins that were previously validated as tau-interacting
proteins such as ApoE and annexin, among others (Table 1) [8, 47, 51]. Tubulin, which
interacts with both tau and actin, was identified in both co-immunoprecipitates. Since our
exclusion criterion to limit false positives involved eliminating proteins identified in the
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actin co-IP from the tau co-IP, we excluded tubulin from the list of tau-interacting proteins.
Our approach adds novelty to these findings by establishing that this interaction might occur
in brain microsomes.

We utilized robust exclusion criteria that showed no association between tau and the
ribosomal protein PO in non-demented control brain. Further characterization of these
interactions revealed that tau indeed associated with PO in both the AD and control samples;
these data suggest that the exclusion criteria considered the less robust tau-P0 association
below the threshold of a true positive hit. Furthermore, these data underscore the importance
of validating MS/MS results such as the tau-ER proteins identified herein.

AD is a complex disease that often presents other clinical and pathological signs.
Considering the complexity of AD etiology, it is possible that our current results are not
unique to AD. In fact, they could be a common occurrence in many and newly-characterized
tauopathies [52].

In conclusion, we performed a selective identification of ER proteins that associate with tau
in AD and control brains. Further characterization of the dynamic changes in the association
of tau and the listed proteins could reveal novel insights into the pathogenesis and
progression of AD and related tauopathies. In addition, the tau-associated ER proteins in
non-AD brain could identify tau functions that have not been previously described. Future
efforts involve biochemical validation of these tau-associated ER proteins as tau-interacting
proteins, characterization of the role of normal tau in the functional categories (Fig. 3B), and
determination of the impact of pathological tau on the function of the tau-associated ER
proteins in AD brain.
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