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Dual vulnerability of TDP-43 to calpain and caspase-3 proteolysis
after neurotoxic conditions and traumatic brain injury

Zhihui Yang1, Fan Lin', Claudia S Robertson?® and Kevin KW Wang1

Transactivation response DNA-binding protein 43 (TDP-43) proteinopathy has recently been reported in chronic traumatic
encephalopathy, a neurodegenerative condition linked to prior history of traumatic brain injury (TBI). While TDP-43 appears to be
vulnerable to proteolytic modifications under neurodegenerative conditions, the mechanism underlying the contribution of TDP-43
to the pathogenesis of TBI remains unknown. In this study, we first mapped out the calpain or caspase-3 TDP-43 fragmentation
patterns by in vitro protease digestion. Concurrently, in cultured cerebrocortical neurons subjected to cell death challenges, we
identified distinct TDP-43 breakdown products (BDPs) of 35, 33, and 12 kDa that were indicative of dual calpain/caspase attack.
Cerebrocortical culture incubated with calpain and caspase-fragmented TDP-43 resulted in neuronal injury. Furthermore, increased
TDP-43 BDPs as well as redistributed TDP-43 from the nucleus to the cytoplasm were observed in the mouse cortex in two TBI
models: controlled cortical impact injury and overpressure blast-wave-induced brain injury. Finally, TDP-43 and its 35 kDa fragment
levels were also elevated in the cerebrospinal fluid (CSF) of severe TBI patients. This is the first evidence that TDP-43 might be
involved in acute neuroinjury and TBI pathology, and that TDP-43 and its fragments may have biomarker utilities in TBI patients.
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INTRODUCTION

Transactivation response DNA-binding protein 43 (TDP-43) is a
highly conserved 414-amino-acid protein with an apparent
molecular weight of ~43 kDa. Under normal physiologic condi-
tions, TDP-43 predominantly resides in the nucleus, but in disease,
it redistributes to the cytoplasm and is sequestered into inclusions
where it can be phosphorylated, ubiquitinated, and proteolytically
cleaved to generate C-terminal fragments (CTFs).! TDP-43 was
identified as a primary component in ubiquitin-positive, tau-
negative inclusions of frontotemporal lobar degeneration and
amyotrophic lateral sclerosis (ALS).? Pathologic TDP-43 inclusions
are also present in other neurodegenerative diseases such as
Alzheimer's disease (AD),? Lewy body-related diseases, Pick’s
disease, and Huntington'’s disease.** For this common pathology,
these diseases were grouped together as a new entity of neuro-
degenerative disorders, classified as TDP-43 proteinopathies.®

As the identification of 25 kDa truncated CTFs of TDP-43 in brain
extracts from frontotemporal lobar degeneration and ALS
patients, much effort has been directed toward ascertaining the
molecular properties of those TDP fragments. In a report by Zhang
et al,” the authors eloquently demonstrated a role for executioner
caspases, including caspase-3 and caspase-7, in cleaving TDP-43.
Further evidence that caspase cleavage of TDP-43 may occur
in vivo was obtained in postmortem brains affected by AD, Pick’s
disease, and Parkinson’s disease.® Current understanding sug-
gests that proteolytic processing of TDP-43 is caspase dependent
and several caspase-dependent cleavage sites have previously
been suggested.”'®'" However, a new study has provided strong
evidence of calpain-dependent TDP-43 fragments in the spinal

cord and brain of ALS patients and a high vulnerability of ALS-
linked mutant TDP-43 to cleavage by calpain.'? Based on these
results, TDP-43 is susceptible to be the substrate of both calpain
and caspase-3. Although extensive studies have focused on this
protein, it remains unknown whether the proteolysis of TDP-43 by
caspase or calpain contributes to generation of pathologic diver-
sity in TDP-43 proteinopathies. Similarly, the toxicity of calpain-
dependent TDP-43 fragments has yet to be identified316'>
In addition, it has been recently demonstrated that TDP-43
pathology may feature in syndromes of cognitive impairment
associated with repetitive traumatic brain injury (TBI), including in
former boxers with dementia pugilistica and in retired American
football players with chronic traumatic encephalopathy.'*'”
However, it remains unclear how biochemical TDP-43 alternation
might contribute to inclusion formation or disease pathogenesis.
Calpain and caspase-3 cysteine proteases are important mediators
of cell death and dysfunction in numerous central nervous system
diseases and injuries, including TBL'®'” In addition, inhibitors of
both calpain and caspase-3 can confer neuroprotection after TBI in
animal models.'®'? As TDP-43 is vulnerable to both of these
proteases in vitro and in other neurodegenerative conditions”'?
we thus hypothesize that calpain and/or caspase-3-cleaved
TDP-43 might be a pathologic feature of TBI.

To identify potential distinct TDBP-43 cleavage products in this
present study, in vitro-purified TDP-43 protein and mouse cortex
lysates were digested with calpain and caspase-3 enzymes, to
establish the pattern of TDP-43 fragmentation by immunoblotting
probed with C-terminal, N-terminal, and internal TDP-43 antibodies.
We also tested the hypothesis that TDP-43 protein might be
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differentially susceptible to proteolytic attack by calpain and
caspase-3, respectively, depending on the type of neurotoxic or
neurodegenerative conditions after in vitro neurotoxin treatments
and in vivo TBI in mice. In addition, the release pattern of TDP-43 was
monitored in cerebrospinal fluid (CSF) from TBI patients to assess
CSF levels of TDP-43 and its potential breakdown products (BDPs).

METHODS

All animal protocols conform to the National Institutes of Health guidelines
on the use of laboratory animals and are approved by the University of
Florida Institutional Animal Care and Use Committee (#201207692,
201207683, 201207558).

In Vitro Calpain-1 or Caspase-3 Digestion of Rat/Mouse Cortex
Lysate or Purified Transactivation Response DNA-Binding
Protein 43

Rat or mouse cortex were isolated from the brain and lysed for 90 minutes
at 4°C with lysis buffer containing 50 mmol/L Tris—-HCI (pH 7.4), 5 mmol/L
EDTA, 5mmol/L EGTA, 1% Triton X-100, and 1mmol/L DTT. In vitro
digestion of cortex lysate (100 ug) or purified recombinant human TDP-43
protein (3 ug, OriGene, MD, USA) was performed with human erythrocyte
calpain-1 (Calbiochem/EMD Bioscience, Billerica, MA, USA) and human
recombinant caspase-3 (BD Pharmingen, San Jose, CA, USA), in a buffer
containing 100 mmol/L Tris—HCI (pH 7.4), 20 mmol/L DTT, with or without
1 mmol/L CaCl,, at room temperature for 30 minutes (calpain-1) or 4 hours
(caspase-3). Protease reactions were stopped by the addition of a protease
inhibitor cocktail solution (Roche Biochemicals, Indianapolis, IN, USA).

Primary Cortical Neuronal Culture and Treatment

Primary cortical neurons were prepared from embryonic day 18 Sprague-
Dawley rat fetuses and plated on poly-L-lysine coated 12-well plates (Erie
Scientific, Portsmouth, NH, USA). Cells were allowed to grow in an
atmosphere of 10% CO, at 37°C for 3 days and then treated with 1 umol/L
4-amino-6-hydrazino-7-p-ribofuranosyl-7H-pyrrolo  (2,3-D)-pyrimidine-5-
carboxamide (ARC) for 2 days. The ARC was removed, and fresh 10%
PDHS in DMEM was added, after which the cells were grown for an
additional 10 to 14 days. For neurotoxic challenges, in addition to
untreated controls, the following conditions were used: calcium ionophore
A23187 (25 umol/L; Sigma, St Louis, MO, USA) as a calpain-dominated pro-
necrosis challenge for 24 hours; staurosporine (STS; 10 umol/L; Sigma) as
apoptotic inducer for 24 hours. For pharmacologic intervention, cultures
were pretreated 1 hour before the A23187 or STS challenge with either the
calpain inhibitor SNJ1945 (Senju Pharmaceuticals, Kobe, Japan) or the pan-
caspase inhibitor Z-VAD (OMe)-FMK (R&D, Minneapolis, MN, USA).

Cell Lysate Collection and Preparation

Primary neuronal cells were collected and lysed for 90 minutes at 4°C with
a lysis buffer containing 50 mmol/L Tris (pH 7.4), 5 mmol/L EDTA, 1% (v/v)
Triton X-100, 1Tmmol/L DTT, and a Mini-Complete protease inhibitor
cocktail tablet (Roche Biochemicals). The lysates were centrifuged at
10,0009 for 5minutes at 4°C to remove insoluble debris, and then were
snap-frozen and stored at — 80°C until use.

Lactate Dehydrogenase Release Assay of Cell Death

A lactate dehydrogenase (LDH) release assay (Cyto- Tox One Reagent,
Promega, Madison, WI, USA) was performed to assess cell death. Primary
cortical neurons were cultured as described above, and then treated with
digested recombinant TDP-43 protein by either calpain or caspase-3. Culture
media were collected at 24 hours after treatment and assayed for LDH release
by following the manufacturer’s instructions. Three replicates were assayed.

Propidium lodide Staining

Cell culture and TDP-43 fragments treatment are the same as above des-
cribed. Forty-eight (48) hours after treatment, 1 umol/L propidium iodide
(P1) was added to the cell culture for a final concentration of 2.5 umol/L as
previous study described.?’ Then the cell cultures were gently stirred and
incubated at 37°C in the dark for 5minutes. The absorbance at 530 nm
was monitored using an EVOS FL digital fluorescent microscope. After
incubation, fluorescence imaging was immediately captured with a x 20
objective. Three replicates were assayed.
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In Vivo Models of Traumatic Brain Injury

Controlled cortical impact. A controlled cortical impact (CCl) device was
used to model TBI.2" CB57BL/6 mice (male, 3 to 4 months old, Charles River
Laboratories, Raleigh, NC, USA.) were anesthetized with 4% isoflurane in
oxygen as a carrier gas for 4 minutes followed by maintenance anesthesia
of 2% to 3% isoflurane. After reaching a deep plane of anesthesia, mice
were mounted in a stereotactic frame in a prone position, and secured by
ear and incisor bars. A midline cranial incision was made and a unilateral
(ipsilateral) craniotomy (3 mm diameter) was performed adjacent to the
central suture, midway between the bregma and the lambda. The dura
mater was kept intact over the cortex. Brain trauma will be induced using a
PSI TBI-0310 Impactor (Precision Systems and Instrumentation, LLC, Natick,
MA, USA) by impacting the right cortex (ipsilateral cortex) with 2 mm
diameter impactor tip at a velocity of 3.5 m/second, 1.5 mm compression
depth, and a 200ms dwell time (compression duration). Sham-injured
control animals underwent identical surgical procedures but did not
receive an impact injury.

Overpressure blast-wave-induced brain injury. Mouse blast injury was
modeled after Cernak, et al*® After reaching a deep plane of anesthesia,
the mouse was mounted in prone position to the animal holder. The head
was laid on a flexible mesh surface to diminish surface reflection of blast
waves and decrease the formation of secondary waves that would
potentially exacerbate the injury. The neck, head, torso, and abdomen of
the animal were fixed to the animal holder in an effort to avoid any
movement, and thus tertiary blast effects. The design features a 4-inch
inner diameter shock tube that is ~ 7 ft in length and the fixture positioned
the specimen at 53 cm (20.87') upstream from the driven section opening.
Control over burst and incident pressure is achieved by adjusting the
thickness of Mylar membranes. The mice were tested at an average
incident overpressure of 30 psi, with Mylar membranes thicknesses of 0.03
inch. Mice were subjected to a blast wave directed at the animal lying
below, while those exposed to sham blast were exposed to the sound of
blast, but not directly to the blast wave.

Brain Tissue Collection and Preparation

At the different post-TBI time points (24 hours, 3 and 7 days), the animals
were anesthetized and killed by decapitation. In the CCl animals, the most
injured parts were the central part of the cerebral cortex while the most
injury areas were the frontal cortex in overpressure blast-wave-induced
brain injury (OBI) mice. Injured cortical tissues in TBI animals and cortex in
similar areas from naive animals were collected. For western blot analysis,
the tissue samples were pulverized to a fine powder with a small mortar
and pestle set over dry ice. The pulverized brain tissue was then lysed for
90 minutes at 4°C with lysis buffer as described above. Tissue lysates were
then centrifuged at 10,000 g for 10 minutes at 4°C. The supernatants were
snap-frozen and stored at — 80°C until use.

Human Cerebrospinal Fluid Samples

The control samples CSF (n=15) were purchased from Bioreclaimation
(Westbury, NY, USA). Archived de-identified CSF samples (n=21) from a
severe TBI study were collected from consented adult subjects presenting
to the Emergency Department of Ben Taub General Hospital, Baylor
College of Medicine, (Houston, TX, USA). The study protocol was approved
by the Baylor College of Medicine IRB. For subjects after sustaining blunt
trauma to the head with a Glasgow coma scale <8, CSF samples were
collected for up to 10 days or until an intraventriculostomy was no longer
clinically indicated. Cerebrospinal fluid was sampled from the buretrol of
the CSF drainage system by a qualified and trained hospital employee
according to the hospital’s standard procedures. Alternatively, timed CSF
samples (10 mL) with a total collection time not exceeding 1 hour were
diverted to 15-mL conical polypropylene centrifuge tubes (BD Falcon, San
Jose, CA, USA). The CSF samples (5 to 10mL) were then centrifuged at
4,000 g with a tabletop centrifuge at room temperature for 5 to 7 minutes
to remove loose cells and debris. A volume of 1 mL aliquots of cleared CSF
(supernatant) was pipetted into 2 mL cryogenic tube and snap-frozen and
stored at —80°C ultralow freezer until use. For this study, timed CSF
samples collected within 24 hours from injury were used. Cerebrospinal
fluid samples were 5:1 concentrated by using Amicon Ultra centrifugal
filters (Millipore, Billerica, MA, USA). A volume of 10 ul concentrated CSF
samples was used for western blotting.
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Immunocytochemistry/Immunohistochemistry
Immunocytochemistry analysis was performed on primary neuron cultures.
Cells were fixed with 4% paraformaldehyde for 10 minutes, washed with
PBS, and permeabilized with 0.1% Triton X-100 for 5 minutes. A routine
staining was performed after a 1-hour blocking step in 10% goat serum.
Immunohistochemistry analysis was performed on paraffin-embedded 4 to
6 um brain sections. After deparafinization, the slides were incubated for
10 minutes at 95°C in Trilogy solution (Cell Marque, Hot Springs, AK, USA)
for antigen retrieval and blocked for endogenous peroxides with 3%
hydrogen peroxide. Next, they were blocked with 2% normal goat serum,
followed by a routine staining procedure. Polyclonal rabbit-anti-TDP-43
(Proteintech Group, Chicago, IL, USA) at a dilution of 1:200 was used. Alexa
488-conjugated goat-anti-rabbit secondary antibody (Molecular Probes,
Eugene, OR, USA) was added at a dilution of 1:1,000. The cells/tissues were
counterstained with 4,6-diamidine-2-phenylindole (Vector Laboratories,
Burlingame, CA, USA). Fluorescent images were captured with a x40
objective on the OLYMPUS DP71 fluorescent microscope (Olympus
America Inc, Center Valley, PA, USA).

SDS-PAGE Electrotransfer and Immunoblot Analysis

Protein concentrations of cell or tissue lysates were determined via Bio-Rad
DC Protein Assay (Bio-Rad, Hercules, CA, USA). Protein-balanced samples
were prepared in a 2 x sample loading buffer containing 0.25 mol/L Tris
(pH 6.8), 0.2 mol/L DTT, 8% SDS, 0.02% bromophenol blue, and 20% glycerol
in distilled water. A quantity of 20 ug of protein per lane was loaded and
then was routinely resolved by SDS-PAGE and separated proteins were
laterally transferred to polyvinylidene fluoride membranes. The following
antibodies were used: TDP-43-N (N-terminal) (1:1,000, #10782-2-AP) and
TDP-43-C (C-terminal) (1:1,000, #12892-1-AP, ProteinTech Group); TDP-43-IN
(internal sequence) (1:1,000, #4285, Prosci Incorporated, Poway, CA, USA)
and alpha-fodrin (all-spectrin) (1:1,000, BML-FG6090, ENZO Life Sciences,
Farmingdale, NY, USA). Immunoreactive bands were detected by develop-
ing with biotin, avidin-conjugated alkaline phosphatase, nitro blue
tetrazolium, and 5-bromo-4-chloro- 3-indolyl phosphate. A 250K to 14K
rainbow molecular weight marker (RPN80OE, GE Healthcare, Bio-Sciences,
Pittsburgh, PA, USA) was used to identify the protein. Quantitative
evaluation of protein levels was performed via computer-assisted densito-
metric scanning (NIH ImageJ, version 1.6 software).

Statistical Analysis

In vitro animal tissue lysate and protein digestion experiments were
performed in triplicate per experiment and mean values are used, and the
mean values from three independent experiments performed were used to
create a group mean based on the total sample size. For experiments
concerning in vivo TBI models, the minimum number of animals per group
at each time point was five (n=>5). For samples from humans, 15 control
and 21 TBI subjects were included in the CSF analysis. Densitometric values
represent the mean = s.e.m. Statistical significance was determined using a
one-way analysis of variance test, with a significance level of P<0.05.

RESULTS
TDP-43 Fragmentation Patterns by Calpain or Caspase-3

To identify the calpain or caspase-3-specific TDP-43 fragments, we
subjected recombinant human TDP-43 to calpain-1 at 1:200 or
caspase-3 at a 1:50 protease/substrate ratio digestion. We then
probed untreated TDP-43 and digested TDP-43 samples by SDS-
PAGE followed by immunoblotting with C-terminal, N-terminal,
and internal TDP-43 antibodies. As we expected, calpain and
caspase-3 digested TDP-43 into different immunoreactive fragments.
Visualization of N-terminal TDP-43 fragmentations (NTFs) using
N-terminal-targeted antibody on immunoblot revealed calpain-
generated major TDP-43 BDPs at 39 to 41kDa, 33 to 35kDa
(multiple bands) as well as a few minor, smaller fragments, while
caspase-3 digestion produced major 37 kDa and 12 kDa fragments
and minor fragments at 29 kDa and 16 kDa (Figure 1B). Examination
of CTFs utilizing C-terminal-specific antibody revealed patterns
complimentary to that of N-terminal visualization. Calpain
digestion revealed TDP-43 BDPs at ~35kDa and 39 to 41kDa in size.
Interestingly, no 37kDa fragment was detected when digested by
caspase-3. Instead, fragments of 33 and 12kDa in size were observed
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(Figure 1Q). Similar calpain or caspase-3-mediated major fragments
were visualized by Coomassie Brilliant Blue staining or by immunoblot-
ting with internal TDP-43 antibody that can detect both CTFs and NTFs
(Figures 1A and 1D). Both calpain and caspase-3-generated ~ 25kDa
CTFs were reported by Zhang et a’ and Yamashita T et al.'* However,
the 25kDa band was found only by calpain digestion. We also
observed a major 29kDa fragment after calpain digestion using the
internal TDP-43 antibody. (Figure 1D). There were several minor
fragments that we did not label.

To further confirm the TDP-43 fragmentation patterns, naive
mouse and rat cortex lysates were digested by either calpain or
caspase-3 in vitro. Figures 2B-D shows that both calpain and
caspase-3 digested native TDP-43. all-Spectrin was monitored in
parallel as a marker of calpain and caspase activity as previously
described.'”” The BDPs of the protein oll-spectrin (SBDP) are as
follows: SBDP150 fragment is generated by both calpain and
caspase-3, while SBDP150i and SBDP120 are generated only by
caspase-3 (Figure 2A). Overall, we note that there are more clea-
vages and BDPs of TDP-43 with in vitro digestion of recombinant
TDP-43 protein (Figure 1) than with protease of native TDP-43 in
brain lysate (Figure 2). This might be because recombinant protein
is more vulnerable to protease cleavage.

We compared TDP-43 fragmentation patterns in mouse and rat
cortex lysate digestion with those of the purified recombinant
TDP-43 protein digestion (Figure 1). We note that C-terminal-
targeting antibody gives the most robust immunostaining of TDP-
43 in cell lysates (Figure 2). Digestion of native TDP-43 within rat/
mouse brain lysate generated major 39/12 kDa caspase fragments,
and to a lesser extent 33/25kDa caspase fragments (Figure 2C).
Similarly, recombinant TDP-43 protein yields 39/12kDa major
BDPs on caspase digestion (Figure 1C). However, calpain
digestion of native TDP-43 in brain lysate produced 35/25kDa
fragments (Figure 2C). Calpain digestion of recombinant TDP-43
also produced 35 and 25 fragments, but also additional 39 to
41kDa fragments (Figure 1C). We also noted a higher molecular
weight species (*; 46 kDa) on caspase digestion (Figure 2Q). It
might be a dimerized fragment, but the exact nature of it is
still unknown.

With N-terminal-directed antibody, digestion of brain lysate
produced 39/35 kDa calpain fragments and 39/37/12 kDa caspase
fragments (Figure 2B). In comparison, recombinant TDP-43 protein
digestion also generated 39/35kDa calpain fragments and 37/
12kDa caspase fragments (Figure 1B). It differs in that there
appears to be more minor fragments when recombinant TDP-43
protein was digested, probably owing to the non-native folding of
the protein.

With internal sequence-directed antibody, digestion of brain
lysate produced 35/25kDa calpain fragments and 33/25/12kDa
caspase fragments, respectively (Figure 2D), while recombinant
TDP-43 protein digestion produced additional 39 to 41/35/29/25/
20kDa calpain fragments and mainly 33 kDa caspase fragments,
respectively (Figure 1D).

Taken together, the above results demonstrated that the overall
naive TDP-43 proteolysis patterns matched with that of in vitro
digestion of purified recombinant TDP-43, although with some
differences, as discussed.

With this new data, combined with information from previous
reports, we mapped out the various cleavage sites and the
corresponding TDP-43 BDPs that are produced (Figure 3). Both
N-terminal and CTFs were mapped in this model. Blue indicates
the calpain-cleaved BDPs and red represents caspase-3-specific
fragments. This multiple cleavage breakdown pattern is generally
consistent with previous studies on calpain or caspase-3 pro-
teolysis of TDP-43. In the schematic (Figure 3), the common and
major fragments are highlighted with rectangles. The major CTFs
are identified as BDP-39K-C and BDP-35K-C by calpain and BDP-
33K-C and BDP-12K-C by caspase. Also, major NTFs are found as
BDP-35K-N by calpain, BDP-~37(39)K and BDP-12K by caspase

© 2014 ISCBFM



A TDP-43 +Calp +Casp

b ™

<TDP-43

<BRR3K(calp )

<BDP29K(casp)
<BDP25K(calp)

o

S <

A

<BDP18K(calp)

<
<
—
S <BDP12K(casp)

S——

Coomassie Blue

TDP-43 +Calp +Casp

K
gt — > 55%%339?& (cip)
31K = BDP33K(casp)
il < |<BDP25K(calp)
17K - '

E 4<BDP12K(casp)

TDP43 C-term Ab
Figure 1.

TDP-43 proteolysis after neurotoxicity and traumatic brain injury
Z Yang et al

B  TDP43 +Calp +Casp
52K - o b |<TDP-43
= <BDP39 41K(cal
38K —_— <BDP37K(c (p) P
31K * [KBDP333 K{calp}
< |<BDP29K(casp)
24K - <BDP25K(calp)

<BDP18K(calp)
<BDP16K(casp)

<BDP12K(casp)

17K -

1

i
\ A A
A A

TDP43 N-term Ab

D  TDP-43 +Calp +Casp

52K
<TDP-43

-E- SR el

A <
oK 1 ! <BDP29K{caI
24K - <BDP25K(caIp)

ws<  KBDP20K(calp)

17K-

TDP43 Int Ab

Purified recombinant transactivation response DNA-binding protein 43 (TDP-43) fragmentation patterns by calpain or caspase-3.

Recombinant human TDP-43 protein (3 ug) was digested in vitro by calpain-1 or caspase-3. Intact protein and TDP-43 fragments were resolved
by SDS/PAGE (A-C), 4% to 20% gel, (D): 10% to 20% gel). Proteins were visualized by Coomassie Brilliant Blue staining (A) or immunoblotted
with C-terminal, N-terminal, or internal TDP-43 antibodies, respectively (B-D). Calpain-1 (blue arrows) and caspase-3 (red arrows) generated
major TDP-43 fragments of different size (>, single band, >, multiple bands). We note that the full-length TDP-43 (in D) appears to migrate
slightly lower than that in B or C—this is due to the longer electrophoresis run time in D, thus stretching out the protein bands vertically.

(boxed, Figure 3). However, in this cleavage site map, it is also
clear that there are some calpain or caspase-3 cleavage sites that
are still unknown. In addition, other fragments (Figures 1 and 2)
can be observed, but they are minor fragments or are generated
by over-digestion in vitro.

Pathologic TDP-43 Fragments Distinguish Cell Death Pathways

In our previous studies, calpain is activated by calcium ionophore
A23187, which increases intracellular Ca>™ levels in intact cells,
and by the apoptosis inducer staurosporine, which was used to
mimic neurodegenerative conditions producing caspase (and to a
lesser extent calpain) activation.”® With this method, the integrity
of TDP-43 after neurotoxin induction was examined. In this study,
no expected reduction in the intact TDP-43 was observed after
either A23187 (20 umol/L) or staurosporine (STS, 1 umol/L) treat-
ment. However, it appeared the 35, 33, 25, and 12 kDa fragments
were likely TDP-43 BDPs (Figure 4A, middle panel). To distinguish
calpain- or caspase-3-specific TDP-43 proteolysis during protein
extraction, we looked for matching TDP-43 degradation in cortical
cultures pretreated with either the specific calpain inhibitor
SNJ1945 or the pan-caspase inhibitor Z-VAD before neurotoxin
treatment. The results showed that the formation of 35kDa
fragment (blue arrows) in A23187 treatment was blocked by
SNJ1945, but not by Z-VAD. Therefore, calpain appears to be
responsible for proteolysis of the intact 43 kDa TDP-43 protein into
the 35kDa BDP. In contrast, STS-mediated generation of the
33kDa TDP BDPs was effectively blocked by Z-VAD whereas
SNJ1945 offered no protection. 25K and 12K BDP were strongly
inhibited by caspase inhibitor Z-VAD, but only partially blocked by
calpain inhibitor SNJ1945 suggesting these fragments might be
generated by both calpase-3 or alternately by calpain. Interest-
ingly, STS also led to 35 kDa TDP-43 fragments, which were again

© 2014 ISCBFM

blocked by SNJ195, indicating STS could induce calpain and
generate the calpain-cleaved fragment. The calpain inhibitor blocked
mainly the SBDP145, but not the SBDP120, while the caspase
inhibitor blocked the SBDP120, but not SBDP150/145. Perhaps
most importantly, we identified that 35 kDa TDP-43 BDP strikingly
paralleled the production of the 150/145kDa «ll-spectrin BDPs,
which were monitored as markers for calpain activity in A23187
and STS treatment, while 120 kDa SBDP paralleled the caspase-3-
mediated 33 kDa TDP-43 fragment induced by STS. (Figure 4A top
panel). Taken together, pro-apoptotic STS treatment produces a
neurodegenerative paradigm where there is a dual and balanced
contribution of both calpain and caspase in TDP-43 fragmentation.
Meanwhile, pro-necrotic A23187 treatment is responsible for the
calpain-mediated TDP-43 fragmentation in this system.

A key feature of TDP-43 proteinopathy is the presence of
modified TDP-43 located predominantly within the cytoplasm of
neurons. Next, we examined the intracellular distribution of TDP-
43 after treatment with A23187 or STS as shown above. In contrast
to untreated cells, which mostly exhibited nuclear localization of
TDP-43 immunoreactivity (Figure 4B, top), treatment with either
A23187 (middle) or STS (bottom) exhibited a notable increase in
cytoplasmic TDP-43 staining. However, no pathologic TDP-43
aggregate was observed under STS-induced apoptosis or A23187-
mediated necrosis condition, perhaps reflecting a relatively acute
onset of neurotoxicity, thus preventing the TDP-43 aggregate
formation over time.

Truncated TDP-43 Fragments by Both Calpain and Caspase-3 are
Neurotoxic

To examine the toxicity of TDP-43 fragments, LDH release
assays were performed to investigate the role of calpain and
caspase-mediated TDP-43 fragments in neuronal cell injury. In our
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Figure 2. Transactivation response DNA-binding protein 43 (TDP-43)

in mouse or rat brain lysate is sensitive to in vitro calpain and
caspase-3 digestion. The lysate of naive mouse or rat cortex was
in vitro cleaved by calpain-1 and caspase-3: Calpain-1 (1:200
protease/substrate ratio) or caspase-3 digestion (1:50 protease/
substrate ratio). The pattern of the TDP-43 fragmentation was
monitored with C-terminal, N-terminal, or internal TDP-43 anti-
bodies respectively (B, C, and D). all-Spectrin was probed with
apoptosis and necrosis markers (A). Similar results were obtained in
duplicate experiments. (A-C: 4 to 10% gel was used. D: 10 to 20%
gel was used)

design, rat cerebrocortical cultures were treated with recombinant
TDP-43 fragments generated by calpain or caspase-3 digestion.
Untreated cells and control solutions (calpain or caspase alone)
were used as three control groups. We found that these control
solutions did not induce neuronal death. Compared with LDH
levels in control solution-treated cells, LDH levels were no different
in full-length TDP-43 protein-treated cells but were significantly
increased in the cells treated by calpain- and caspase-3-generated
TDP-43 fragments. Calpain-induced TDP-43 fragments showed
more cellular toxicity than caspase-3-mediated TDP-43 fragments
(Figure 5A).

To further confirm whether the calpain- or caspase-3-mediated
TDP-43 fragments were associated with cellular toxicity, we
performed PI staining in non-fixed cells 48 hours after treatment.
In living cells, PI would not penetrate the nuclear membrane;
however, when cells are bound to die, their nuclear membrane
becomes more porous, thus allowing Pl to enter and stain the
DNA. Compared with the control solution group, treatment with
TDP-43 fragments induced by either caspase-3 or calpain showed
increased Pl-positive cells, which corresponded with the results
from the LDH assay (Figure 5B). In addition, on phase contrast
microscopy, we found that it is the neuronal population that are
dying with TDP-43 fragment treatment, while glial cells are
resistant to such challenges (results not shown), consistent with
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the previous report on neurotoxicity of caspase-mediated TDP-43
CTF.'324

TDP-43 Integrity after Experimental Traumatic Brain Injury in Mice

Next, we examined whether TDP-43 was proteolyzed in vivo after
TBI. We examined the cortex tissues harvested 1, 3, and 7 days
post TBI. Immunoblot analysis was performed in these experi-
ments, and major TDP-43 BDPs were quantified as a ratio of TDP-
43 BDP/intact TDP-43. Our results show notable decrease in intact
TDP-43 observed in the ipsilateral cortex from mice subjected to
severe focal TBI (CCl) from 3 days post injury, while at the same
time, the 39 kDa TDP-43 BDPs were observed in days 3 and 7 post
injury, and a weak 35kDa TDP-43 fragment was found to appear
on day 7 (P<0.05, Figures 6A and 6C). In another TBI mouse
model, examination of the cortex from mice subjected to mild
blast-wave overpressure brain injury (OBI) (for setup see
Supplementary Figure 1) was done. Our results showed that there
was also an increase of 35kDa CTFs even at 24 hours post injury,
and that these BDPs last at least 7 days (Figures 6B and 6D).
Furthermore, all-spectrin immunoblots showed that the formation
of the calpain-dependent SBDP150/145 paralleled the formation
of the 35-kDa TDP-43 BDP. These results demonstrate that
TDP-43 proteolysis correlated well with calpain activation over
time after TBI.

In neurodegenerative diseases, TDP-43 is suggested to redis-
tribute to the cytoplasm. We thus sought to examine this
possibility after TBI in vivo. Using C-terminal TDP-43 antibody,
the primary localization of TDP-43 was observed within neuronal
nuclei of the contralateral cortex of CCl mice, as was the case for
endogenous TDP-43 in naive mice (Figure 6E, CCl). Interestingly, a
small subset of cortical neurons in the ipsilateral cortex of mice
after CCl showed diffuse cytoplasmic TDP-43 staining (yellow
arrows) outside of the nucleus. Such diffuse cytoplasmic TDP-43
staining was also present in OBl mice after OBI (Figure 6, OBI,
yellow arrows).

Activated Calpain Cleaves TDP-43 in Severe Traumatic Brain Injury
Patients and Releases it into Biofluid

We conclude our translational study by examining the integrity of
TDP-43 after severe human TBI and the possible release of intact
TDP-43 and/or its fragments into CSF. The study included 21
severe TBI patients and 15 controls. The patient demographic and
injury information are presented in Supplementary Table 1.
A comparison of the levels of intact TDP-43 and its BDPs as well
as SBDPs in patients with TBI versus controls is shown in Figure 7.
Interestingly, within the first 24 hours after TBI, intact TDP-43 was
detected in the CSF from patients with severe TBI but not in the
controls. Meanwhile, «ll-spectrin breakdown product 150/145
levels, but not SBDP120 levels, were significantly elevated in
injury subjects over normal controls (P<0.01), demonstrating that
necrotic cell death mechanisms are activated in humans within
24 hours after severe TBI*® (Figure 7B). This result was consistent
with the observed calpain-mediated 35kDa TDP-43 fragment
(CTF) in the CSF from 17 of 21 patients (81%). The mean levels of
TDP-43 and BDP-35K are significantly higher in TBI over normal
controls (P<0.01 for TDP-43; P<0.05 for TDP-43-BDP-35K)
(Figure 7B). Beside this, a 25kDa fragment (BDP-25K CTF) was
also observed in TBI CSF where robust SBDP150 signals were also
observed (Figure 7A, lane 4, 5, 9, 10).

DISCUSSION

TDP-43 has two highly conserved RNA recognition motifs flanked
by the N-terminal and the C-terminal tail.*® The most common
underlying biochemical mechanism of TDP-43 cleavage is
caspase- dependent producing 35 and 25kDa fragments have
been identified.”?’ In a recent report, six calpain cleavages of TDP-
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Schematic of transactivation response DNA-binding protein 43 (TDP-43) proteolysis by calpain and caspase-3 pathways. In this
model, caspase cleaves at the N-terminal (Asp89 | Ala90, Asp219 | Val220, based on Zhang YJ, et al’)

producing caspase-dependent CTFs at 33

and 2 5kDa and unknown C-terminal cleavage sites generate fragments of 39 and 12kDa. However, calpain cleaves at least six sites
(Phe229 | Ala230; Leu243 | Cys244; GIn286 | Gly287; Gly295 | Gly296; Ala297 | Gly298; Met323 | Ala324, based on Yamashita T, et al'?) producing
multiple fragments. But the cleavage sites generating major calpain-specific C-terminal fragments (CTFs) of 39 and 35 kDa remain unknown.

43 have also been putatively reported by Yamashita T, et al.'? In
the present work, we compared TDP-43 fragments generated by
caspase-3 and calpain TDP-43 cleavages (Figure 3). Our multiple
TDP-43 cleavage patterns is generally consistent with previous
studies on calpain or caspase-3 proteolysis of TDP-43. The minor
differences in the number of fragments or fragment sizes might
be because of slight differences in protease digestion conditions.
Importantly, our results confirmed the multiple calpain-dependent
fragments between 34 to 41 kDa that correspond to the multiple
calpain cleavage sites reported by Yamashita et al'> By comparing
major CTFs, we found that both calpain and caspase-3 can in fact
generate ~25kDa fragments correlating with the previous
reports.'>?® Furthermore, the calpain-specific CTFs are at 35kDa,
while caspase-3-specific CTFs are at 33 and 12 kDa as identified by
our in vitro experiments (Figure 4A). When comparing major NTFs,
we observed that calpain generates 35 kDa N-terminal fragments;
in contrast, caspase-3 generated 39 and 12kDa NTFs (Figures 1
and 2). We also noted that there were more cleavages and BDPs of
TDP-43 with in vitro digestion of recombinant TDP-43 protein
(Figure 1) than with protease of native TDP-43 in brain lysate
(Figure 2). We tried different incubation time and concentrations
with recombinant protein. However, there still are many
fragments with recombinant protein digestion—this might be
because recombinant protein might or might not be natively
folded, thus more vulnerable to protease cleavage. In addition, for
in vitro digestion experiments, the protease inhibitor cocktail
could not be added to tissue lysis buffer. Under this condition, we
found that TDP-43 is highly vulnerable to postmortem endogen-
ous proteolysis. Thus, some background fragments are generated
in the control samples (Figure 2). In Figure 6, we were trying to
observe in vivo cleavages after brain injury, so protease inhibitor
cocktail was used when preparing tissue lysate. Because of this,
fewer BDPs are observed. In addition, whether multiple smaller
fragments generated by calpain can also be found in injured
neurons after TBI, or that they are simply in vitro BDPs owing to
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the exaggerated calpain activity that further cleaves the large
fragments into smaller ones need further studies.

Abnormal TDP-43 fragments are one of the key features
contributing to several neurodegenerative diseases. However,
few studies have addressed whether TDP-43 fragments confer a
gain or loss of function. One group found that caspase-3 mediated
25 kDa TDP-43 CTFs impair neurite growth during differentiation
of cultured rodent neurons, and that full-length TDP-43 rescues
this phenotype, suggesting that TDP-43 CTFs act by a dominant-
negative mechanism.?® Zhang et al reported that an ~25kDa
TDP-43 fragment corresponding to the C-terminal truncation
product of caspase-cleaved TDP-43 leads to the formation of toxic,
insoluble, cytoplasmic inclusions.?® However, another study
reported that expression of full-length TDP-43 in Drosophila
melanogaster was toxic to various neuronal cell types, whereas
expression of TDP-43 CTFs did not result in neurotoxicity.? In our
study, LDH release assays and Pl staining results show that calpain
and caspase-3-cleaved TDP-43 fragments induced cellular toxicity
(Figure 5). Additional mechanistic studies might be required
to determine the effect of full-length TDP-43 versus TDP-43
fragments in neurotoxicity.

TDP-43 pathology is considered as a secondary feature in
several other neurodegenerative diseases including AD**" Caspase-
cleaved TDP-43 was found in Hirano bodies, tangles, reactive
astrocg/tes, and neuritic plaques of the AD brain as noted by
Rohn.” Again, the other study demonstrates that TDP-43 aggre-
gates are found in AD patients and most of these depositions are
cytoplasmic inclusions.>? In our study, activated calpain-cleaved
TDP-43 into small fragments in two acute TBI animal models
including CCl and OBI (Figures 6A and 6C). Although fragment-
specific antibodies to detect calpain or caspase-cleaved TDP-43
BDPs were not developed and used in this study, the established
calpain/caspase dual-substrate all-spectrin was probed. It was
shown in the case of TBI that prominent calpain-mediated
SBDP150/SBDP145 was detected, with no observable bands of
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Figure 4. Transactivation response DNA-binding protein 43 (TDP-43)
fragments distinguish cell death pathways. (A) Primary cortical
neurons were pretreated with calpain (30 umol/L SNJ1945, SJ) and
caspase-3 (20 umol/L Z-VAD, ZD) inhibitors for 1 hour or with serum-
free medium alone, and then exposed to staurosporine (STS; S,
1 umol/L) or calcium ionophore A23197 (A, 20 umol/L) for 24 hours.
Immunoblots of cell extracts with rabbit C-terminal anti-TDP-43
antibody revealed the caspase-specific 33, 25 and 12 kDa bands and
calpain-specific 35kDa band (middle). Calpain-specific TDP-43
breakdown products (BDPs) are indicated by the blue ‘<’ while
caspase-specific BDPs are indicated by the red ‘<’ In addition to
probing C-terminal TDP-43 antibodies, «ll-spectrin was also probed
as control cell death markers (top). B-Actin was used as a loading
control (bottom). (B) Immunofluorescent staining for endogenous
TDP-43 in primary cortical neurons shows normal nuclear localiza-
tion but no cytoplasmic labeling. Meanwhile, necrotic cells induced
by A23187 or apoptotic cells induced by STS show a notable
increase in cytoplasmic TDP-43 staining (yellow arrow heads).
Magnification, x 400, scale bar, 5 um.

caspase-3-mediated SBDP120. These results argue that calpain
might be the major protease cleaving TDP-43 after acute TBI. This
is in contrast to chronic neurodegenerative paradigms where
TDP-43 is cleaved prominently by caspase-3. Meanwhile, immuno-
histochemistry showed that 24 hours post injury, TDP-43 redis-
tributed to the cytoplasm in the injured cortex of these TBI mice
(Figure 6). Although no TDP-43 aggregates were found in this
study, overexpression of truncated TDP-43 CTFs can potentially
yield numerous cytoplasmic inclusions, presumably through a
‘seeding’ reaction,"’ similar to that recently observed for tau and
a-synuclein.®® Consistent with this data is the recent identification
of a C-terminal prion-like domain in TDP-433* This prion-like
domain has been implicated in the aggregation of TDP-43 in
cultured cells.®® Thus, it is possible that TDP-43 fragmentation in
acute TBI might facilitate TDP-43 aggregate formation over time.
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Figure 5. Transactivation response DNA-binding protein 43 (TDP-43)
fragments enhance cellular toxicity. (A) The release of lactate
dehydrogenase (LDH) into media was used as an indicator of cell
toxicity. Lactate dehydrogenase levels were measured 48 hours after
cells were treated with digested TDP-43. Data from three separate
experiments. Values represent means+ s.e.m. n=6. A difference
was considered to be statistically S|gn|ﬁcant when *P<0.05
compared with calpain control solution, *P<0.05 compared with
caspase control solution. (B) Cellular toxicity detected by propidium
iodine (Pl) nuclear staining. Cells treated with TDP-43, digested TDP-
43 by either caspase-3 or calpain for 24 hours. Magnification x 200,
scale bar, 50 um.

Predicting the severity and outcome of TBI is difficult given the
lack of objective, laboratory-based biomarkers36° Here we
demonstrated for the first time that intact TBP-43 and 35-kDa
TDP-43 CTF are released into the CSF compartment in severe TBI
patients (Figure 7). For this pilot study of archived CSF samples,
both TDP-43 and all-spectrin were determined. Within the first
24 hours after TBI, intact TDP-43 as well as its 35-kDa BDP were
detected in 17 of 21 patients but not in the controls. TDP-43 is a
nuclear protein and redistributes to cytoplasm in pathologic
condition followed by disruption of the nuclear membrane and
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Figure 6. Transactivation response DNA-binding protein 43 (TDP-43) proteolysis in mouse cortex after traumatic brain injury (TBI). The brain
samples were collected from naive, sham, ipsilateral cortex of the controlled cortical impacted (CCl) mice (1.5 mm impact depth) (A) and the
frontal cortex of overpressure blast-wave-induced brain injury (OBI) mice (30 psi peak pressure) (B) at 1, 3 days after injury. Brain lysates were
subjected to immunoblotting and probed with either C-terminal or internal TDP-43, «all-spectrin or carbonic anhydrase Il (CA-ll) antibodies.
Quantitative analysis of the ratio of breakdown product to total TDP-43 in CCl mouse cortex (C) and OBl mouse cortex (D) was done by
densitometry analysis. Values represent means +s.em. n=5. *P<0.05 compared with naive (one-way analysis of variance). (E) Shows
redistribution of nuclear TDP-43 in the mouse cortex after TBIl. Immunohistochemistry for naive mice or contralateral cortex of CCl mice
indicated that TDP-43 resides mainly in the nucleus of cortical neurons (orange arrowheads). However, some neurons in the ipsilateral cortex
from CCl mice and frontal cortex from OBI mice showed diffuse immunoreactivity in the cytoplasm 24 hours post injury (white arrowheads)
consistent with cytosolic translocation of TDP-43. Magnification x 400, scale bar, 20 um.

A TBI Con extracellular releasing into the medium. In parallel, evidence
of the presence of phosphorylated-TDP-43 protein in plasma

—Ssa. =Lk = - |<all-spectrin samples from ALS patients is reported by Foulds et al.*' Thus, our
- ~ |<SBDP150/145 findings illustrate the release of TDP-43 and its BDPs may provide

- i <SBDP120 valuable information about diagnosis and outcome prediction

after TBI.

Taken together, our studies have demonstrated that TDP-43 is
dually vulnerable to calpain and caspase-3 proteolysis after acute
neurotoxic and TBI conditions. Also, our results indicate protease-
generated TDP-43 fragments may gain neurotoxic function and
induce secondary injury. We also show that TDP-43 and its BDPs
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Figure 7. Transactivation response DNA-binding protein 43 (TDP-43)

and breakdown products (BDPs) released into human cerebrospinal
fluid (CSF) after severe traumatic brain injury (TBI). (A) For the
determination of TDP-43 levels, 10 uL of fivefold concentrated CSF
samples from either controls or TBI patients in the first 24 hours post
TBI were used. Released TDP-43 was detected with C-terminal TDP-
43 antibody. «ll-Spectrin was also probed as a control biofluid
marker. Each lane represents an individual subject. For western, the
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