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Alzheimer’s disease (AD) is the most common cause of dementia. At the pre-symptomatic phase of the disease,
the processing of the amyloid precursor protein (APP) produces toxic peptides, called amyloid-f 1-42 (Ap 1-42).
The downstream effects of Ap 1-42 production are not completely uncovered. Here, we report the involvement of
transglutaminase 1 (TG1) in in vitro AD models of neuronal toxicity. TG1 was increased at late stages of the
disease in the hippocampus of a mouse model of AD and in primary cortical neurons undergoing stress. Silencing

of TGM1 gene was sufficient to prevent Af-mediated neuronal death. Conversely, its overexpression enhanced
cell death. TGM1 upregulation was mediated at the transcriptional level by an activator protein 1 (AP1) binding
site that when mutated halted TGM1 promoter activation. These results indicate that TG1 acts downstream of Ap-
toxicity, and that its stress-dependent increase makes it suitable for pharmacological intervention.

1. Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative
disease in individuals older than 60 years of age. The pathological
hallmarks of AD are the presence of extracellular plaques, which are
mainly composed of abnormally folded amyloid-beta (Af) peptides, and
intracellular tangles, which are mainly composed of hyper-
phosphorylated tau. The strongest evidence for Af and tau involve-
ment in AD pathogenesis comes from familial cases of AD where mu-
tations in the amyloid precursor protein (APP) and in genes coding for
enzymes involved in its processing, namely presenilin 1 (PSEN1) and

PSEN2, were identified. Similarly, mutations in the gene coding for tau
have been linked to another neurodegenerative disease, namely fron-
totemporal dementia, suggesting that alterations in both Af and tau
homeostasis contribute to neuronal damage and death (Wang and
Zhang, 2018). Furthermore, mutant Af and tau protein assume a mis-
folded conformation that influences the structure of normal proteins and
mediates spreading of the disease across the brain with a prion-like
propagation (Olsson et al., 2018). The mechanisms that lead to pro-
tein misfolding and aggregation are still subject of investigation.

TGs are eight calcium-dependent enzymes encoded by closely related
genes, namely TGM1-7, F13A1, and EPB42 (Basso and Ratan, 2013) that
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encodes a structural protein that lacks the catalytic core. They are
composed of four structurally distinct domains, namely an N-terminal
B-sandwich domain, a catalytic core, and two f-barrel domains. The
catalytic core comprises three critical amino acids (cysteine, histidine
and aspartic acid), through which TGs binds to glutamine residues to
form a stable isopeptide bond between the two substrates, also known as
transglutaminase-catalyzed protein crosslinking (Basso and Ratan,
2013; Thomas et al., 2013). Aberrant TG enzymatic activity has been
reported in AD and in other neurodegenerative diseases, such as Par-
kinson’s disease (PD) and Huntington’s disease (HD)(Grosso et al., 2014;
Munsie et al., 2011). The isoenzymes expressed in the brain are TG1,
TG2, TG3 and TG6 (Basso and Ratan, 2013); in AD, TG1 and TG2 were
observed in intraneuronal deposits in the brain along with a significant
(30 to 50-fold) increase in gamma-glutamyl lysine crosslinks relative to
control brain (Kim et al., 1999; Wilhelmus et al., 2009), inferring that
they contribute to the formation of amyloid deposits (Zhang et al.,
1998), and to the crosslinking of tau (Halverson et al., 2005), thereby
accelerating the formation of neurofibrillary tangles (Selkoe et al.,
1982). Moreover, in PD, TG2 overexpression enhanced the formation of
amyloid species of alpha-synuclein in vivo, which exacerbated inflam-
mation and neuronal damage (Grosso et al., 2014). Accordingly, TG2
knockout drastically reduced the formation of high molecular weight
species of mutant huntingtin in HD (Franich et al., 2018). TG1 and TG2
were shown to be significantly induced also in brain ischemia, and their
inhibition or genetic suppression rescued oxidative stress-induced cell
loss in immature cortical neurons undergoing ferroptosis (Basso et al.,
2012). While TG2 is a ubiquitous protein, TG1 is mostly expressed in the
skin where its expression and function have been investigated in the
formation of the stratum corneum (Burguera and Love, 2006). The
conversion of the upper granule layer cells into the cornified layer in-
volves the activation of TG1, which then participates in the formation of
the epidermal barrier (Kalinin et al., 2001), composed of e-(y-glutamyl)
lysine cross-linked proteins, hallmarks of TG-catalyzed reactions (Basso
and Ratan, 2013; Thomas et al., 2013). Lately its expression has been
reported in brain, lung, heart, kidney and liver (Martinet et al., 2003; Li
et al., 2016; Baumgartner et al., 2004; Zhang et al., 2009; Ponnusamy
et al., 2009). For the first time, here we show that TGl is transcrip-
tionally upregulated in the hippocampus of AD mice at late stages of the
disease. TG1 upregulation is observed in cortical neurons in vitro upon
glutamate or Ap 1-42 peptide treatment. TG1 is necessary and sufficient
to cause toxicity in in vitro model of AD, and its transcriptional increase
is mediated by the binding of the activator protein 1 (AP1)-responsive
elements at the TGM1 promoter. These results suggest TG1 as a possible
target for AD pathogenesis and confirm AP1 and the mitogen-activated
protein kinase (MAPK) pathway as important mediators of AD
pathogenesis.

2. Materials and methods
2.1. Animals

Homozygous 3xTg-AD mice (and non-transgenic strain-matched
control line, ctrl) were kindly provided by Dr. S. Oddo to the laboratory
of Dr. Albani (Oddo et al., 2003). Mice were housed at 23 °C room
temperature with food and water ad libitum and a 12-h light/dark cycle.
Animal care and experimental procedures were conducted in accor-
dance with the Istituto di Ricerche Farmacologiche Mario Negri IRCSS
(IRFMN, authorization number 28/2016-PR) and the University of
Trento ethics committee. Primary mouse cortical neurons were obtained
from C57BL/6 J wild type embryos at day 15 (E15.5).

2.2. Immunohistochemistry
Animals were euthanized at the desired age through cervical dislo-

cation. The brain was harvested and dissected on ice. After dissection,
the brains were immediately stored at —80 °C until use. Serial coronal
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sections of 10 pm were obtained, starting at the base of the hippocam-
pus. The acquired sections were fixed for 20 min using 4% para-
formaldehyde (0.1 M phosphate buffer, pH 7.4). Endogenous
peroxidases were quenched using a 0.3% H302, 0.1% sodium azide so-
lution in tris-buffered saline (TBS, pH 7.6), this was done for 15 min.
Nonspecific sites were blocked using 3% normal donkey serum (Jackson
Immunoresearch Laboratories Inc., Suffolk, UK). All sections were
incubated with their primary antibodies for 48 h at 4 °C. All primary
antibodies were diluted in a TBS-Triton (0.5% Triton X-100) solution.
Between the different incubation steps, sections were washed with TBS.
The sections were stained for amyloid-beta using a rabbit anti-human
anti-amyloid antibody (#715800, dilution 1/100) purchased from
Invitrogen (Carlsbad, CA, USA). To stain hyper-phosphorylated tau, a
mouse anti-human antibody recognizing tau protein phosphorylated at
both serine 202 and threonine 205 sites (AT8, dilution 1/3000), ob-
tained from Innogenetics (Zwijnaarde, Belgium) was used. Goat anti-
human TG1 antibody (directed against the N-terminal parts of the pro-
tein, dilution 1/100) was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Negative controls for immunostainings were
generated by omission of primary antibodies. Primary antibody signal
was enhanced using Immpress® mouse alkaline phosphatase and
Immpress® goat-horseradish peroxidase (Vector Laboratories, Burlin-
game, CA), followed by chromogens liquid permanent with 10 min in-
cubation with Vector®SG (Vector Laboratories). Finally, slides were
rinsed by 3x5min TBS-HCl and mounted using Mowiol (Sigma-Aldrich,
Zwijndrecht, The Netherlands). Analysis was performed using a Leica
CTR5000 light microscope (Leica Microsystems, Rijswijk, the
Netherlands) combined with the spectral imager Nuance 3.0.2. pur-
chased from PerkinElmer (Waltham, MA, USA).

2.3. Cortical neuron culture

Cortices from embryonic E15.5 C57BL/6 J mice were dissected out,
digested in papain solution (20 U papain, 5-mM EDTA and 30 mM
cystine in 1 x Earle’s Balanced Salt Solution (EBSS)) for 20 min. This was
followed by a DNase I treatment for 3 min. The dissociated cells were
centrifuged at 1000 xg for 5 min. Supernatant was discarded and the
digestion was blocked with a solution containing trypsin inhibitor and
bovine serum albumin in EBSS. Following a centrifugation of 1000 xg
for 10 min the cells were plated in MEM media supplemented with 10%
fetal bovine serum, r-glutamine (2 mM) and pen-strep (1%). The day
after half the media was replaced with Neurobasal medium supple-
mented with B27, pen-strep (1%), .-glutamine (2 mM), sodium pyruvate
(1 mM) and AraC (8 pM). Half of the media was replaced with fresh
media every 3 days (Basso et al., 2012).

2.4. Excitotoxicity model for cell death

L-glutamic acid (Sigma-Aldrich #G5889) was dissolved in phosphate
buffered saline at a stock concentration of 250 mM, serial dilutions were
done in the Neurobasal medium. Mature primary cortical neurons, at
DIV7, were treated with three different concentrations of glutamate: 1
pM, 5 uM and 30 pM. Glutamate was added to the medium for 5 min and
then the entire medium was changed with fresh supplemented Neuro-
basal medium as described above. 24 h after treatment, the neurons
were harvested for further analysis.

2.5. Amyloid p 1-42 —induced neurotoxicity

Lyophilized AB 1-42 peptides were re-suspended with NaOH 10 mM
and diluted in Neurobasal medium to obtain Af 1-42 monomers
(Manzoni et al., 2009). For the neuronal viability experiments they were
diluted at concentrations of 0.25 pM, 0.5 pM and 1 pM. For other ex-
periments they were used at 0.5 pM. Once ready they were added to the
neurons and left for 72 h.
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2.6. TG1 over-expression

TG1 was cloned into the LentiLox 3.7 backbone under the control of
the synapsin I promoter to generate the syn-eGFP_TGM1 plasmid, used
for overexpression studies. This construct contained two ORFs with two
independent synapsin promoters: synPr I (driving TGM1 gene) and
synPr II (driving eGFP gene); synapsin promoters are highly specific for
neuronal expression. The syn-eGFP construct was used as negative
control. These plasmids were then expressed in HEK293T cells together
with pCMV-dR8.91 (Delta 8.9) plasmid containing gag, pol and rev genes
and VSV-G envelope plasmid for production of viral particles. On day2
the medium was changed to fresh DMEM with supplements. The su-
pernatant was collected on day3 the medium was collected, spun down
to discard cellular debris filtered (0.45 pm pore size filters) and stored at
—80 °C in aliquots, until use. Before infection the virus titer was quan-
tified using the SG-PERT reverse transcription assay (Pizzato et al.,
2015) as described in (Tripathy et al., 2017). Viruses were added to the
neurons at DIVO at multiplicity of infection (MOI) 3 and the effect of
overexpression was evaluated at DIV8. To calculate the transduction
efficiency, we counted the percentage of GFP-positive neurons over total
neurons. 66.2 + 3.5% and 62.2 £+ 8.9% of neurons were transduced in
the synGFP and synGFP-TG1 samples, respectively.

2.7. TGI silencing

Four different shTG1 constructs and a non-target shRNA control
vector — sh scrambled (Sigma) were tested on HT22 using the Lip-
ofectamine® LTX DNA transfection reagents. The cells were analyzed
48 h after the transfection (data not shown) and the most efficient
shTG1, ie., shRNA2 (GCGGCAAGAATATGTGCTTAA), was used on
neurons for TGl knockdown experiments. The scrambled shRNA was
used as a negative control. Neurons were treated with lentiviruses
expressing a scrambled shRNA or shRNA-TG1 at DIVO at MOI 3 and
analyzed at DIV8. The preparation and titration of viruses was done as
mentioned above.

2.8. Immunofluorescence (IF)

For IF, neurons were grown on coverslips coated with poly-p-lysine
(0.01 mg/ml in PBS). At DIVS8, the coverslips were fixed using 4%
paraformaldehyde prepared in phosphate buffered saline (PBS). This
was followed by three washes in PBS (5 min each) and then incubation
with 0.1% Triton X-100 (in PBS) for 5 min, to allow permeabilization.
After the permeabilization, coverslips were washed in PBS (5 min each)
three times. The blocking solution (10% FBS, 0,05% of Triton X-100 in
PBS) was then added for 1 h. Neurons were then incubated overnight
with the primary antibody (TG1 (1:100), MAP2 (1:500), GFP (1:1000))
diluted in 0.01% of FBS in PBS. The next day, after three washes in PBS,
the secondary antibody (anti-rabbit Alexa Fluor® 568 and anti-mouse
Alexa Fluor® 488 1:1000) in 0.01% of FBS in PBS was added for 1 h,
in dark. Following 3 washes in PBS (5 min each), coverslips were
mounted on glass slides with ProLong Gold antifade mounting media
containing the nuclear stain, DAPI (Life Technologies). Slides were
imaged with Zeiss AxioObserver Z1 microscope.

2.9. Neuronal viability assays

Primary cortical neurons were plated in 96-well plates at a density of
0.25*10%/ml (plating volume 100 pl per well). When needed, the
immature neurons were transduced at DIVOQ at MOI 3. Following desired
treatments, the neurons were fixed and processed for immunocyto-
chemistry as described above. Following washes after the secondary
antibody, cells were incubated with Hoechst dye (1:1500 in PBS) for 10
min. This was followed by one wash with PBS and addition of fresh PBS
for image acquisition. The plates were imaged with Operetta™ high-
content screening system (PerkinElmer). In each well, images were
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acquired in preselected fields (12) with LWD 20x objective over three
channels with the following filter settings: A = 360-400 nm excitation/A
= 410-480 nm emission for Hoechst, A = 460-490 nm excitation/\ =
500-550 nm emission for anti-GFP antibody revealed by Alexa Fluor®
488 and A = 520-550 nm excitation/A = 590-640 nm emission for anti-
MAP2 antibody revealed by Alexa Fluor® 568. The images were
analyzed using the Harmony software version 4.1 (PerkinElmer). Based
on Hoechst staining and Alexa Fluor® 568 fluorescence intensity, nuclei
and cytoplasm were respectively identified. In each assay, the total
number of GFP™ or MAP2™ alive neurons in each condition was counted.
The experiments were carried out in triplicates and repeated at least
three times independently.

2.10. Immunoblotting

Neurons were plated in 6-well plates at a density of 0.5%10%/ml
(plating volume 2 ml per well). At DIV8, neurons were lysed using 1%
Triton lysis buffer (25 mM Tris-HCI pH 7.4, 100 mM NacCl, 1 mM EGTA,
1% Triton X-100, protease and phosphatase inhibitors). The lysis volume
was maintained at 45 pl and the total volume was used for SDS-PAGE.
Primary antibodies (anti-TG1, Cloud-clone Corp #PAB773Mu02 1:500;
anti-GFP, Life Technologies #A10262 1:1000, anti-tubulin, Sigma
#T7816 1:10000) were incubated in 5% milk in TBS-Tween 0,1% over-
night at 4 °C. InfraRed dye-conjugated or HRP-conjugated secondary
antibodies (1:10000 in the blocking solution) were incubated for 1 h at RT
and proteins were detected by an Odyssey infrared imaging system (LI-
COR Biosciences) or ChemidocTM (Bio-Rad), respectively.

2.11. Quantitative PCR

Total RNA was obtained from cells following the manufacturer in-
structions using TRIzol (Invitrogen). 1 pg of RNA was reverse transcribed
using iScript reverse transcription Supermix (Bio-Rad). The cDNA was
diluted 10 times and then 1 pl was used for qPCR using the iTaq universal
SYBR green supermix (Bio-Rad). The primer efficiency was calculated for
each set of primers and the primers with efficiency approximately 1 were
used for the study. Primer used: TGl Fwd: TGTGGAGATCCTGC
TCAGCTACCTA, TG1 Rev.: TGTCTGTGTCGTGTGCAGAGTTGA, GAPDH
Fwd: AACCTGCCAAGTATGATGA, GAPDH Rev.. GGAGTTGCTGTTG
AAGTC.

2.12. TG1 promoter activity

Different lengths of the TG1 promoter (—0.8 kb, —1.25 kb, —2.2 kb)
were cloned into the pGL3 luciferase reporter vector using the restriction
sites Nhel and BglIl. Neurons at DIV8 were transfected with TG1 pro-
moter plasmids using Lipofectamine2000 (Life Technologies). The
following day neurons were treated with 0.5 pM Ap peptides. 24 h post
treatment the cells were lysed for transcriptional assay. The assay was
performed using the kit Dual-Luciferase (R) Reporter Assay System
(Promega) following the manufacturers protocol. The promoter was
screened for transcription factor binding sites using the ECR browser
and AP1 binding site (TAAGTCA) present at the —1.25 kb promoter was
mutated (to TAAAAAA) by site directed mutagenesis.

2.13. Electrophysiology

The following protocols have been adapted from standards already
effectively applied to primary cortical neurons (Roncador et al., 2017),
motor neuron-derived MN-1 cells (Jimenez Garduno et al., 2017) and
SH-SY5Y human neuroblastoma cell (Caponi et al., 2016). Patch-clamp
recordings in whole-cell configuration were performed at non-sterile
conditions and at room temperature (~20 °C) on mouse cortical neu-
rons, cultured as above described. Once Petri dishes containing cells
were placed and inspected under the set-up’s microscope Nikon FN1
(Nikon Instruments, Italy branch, Firenze, Italy), the culture medium
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was exchanged with the extracellular solution. In order to evoke total
currents, pipettes were filled with high potassium solution and a stan-
dard Tyrode’s formulation was used for extracellular (bath) solution (see
below). Patch micropipettes were pulled from GB150-8p (OD 1.5 mm,
ID 0.86 mm) borosilicate glass capillaries (Science Product, Hofheim,
Germany) using a PIP6 temperature-controlled pipette puller (HEKA,
Lambrecht/Pfalz, Germany). Pipettes’ resistance ranged from 3 to 7 MQ.
Once the gigaseal was obtained (electric resistance >1 GQ), whole-cell
configuration was accomplished through the rupture of the patch seal.
Holding potential was set to —40 mV, 15 steps of +10 mV (100 ms
duration, 1 Hz frequency) were applied starting at —100 mV and voltage
drift was eliminated computationally. Bioelectric signals were picked up
using a universal voltage/current clamp amplifier (ELC-03XS, npi,
Tamm, Germany) connected to a PC computer via a breakout-box
interface (INT-20, npi, Tamm, Germany). Pipettes were mounted in a
piezo-drive micromanipulator (Sensapex, Oulu, Finland). Instant patch
clamp parameters (e.g., Rpipette, Rseal, Cm, Gaccess, Gm) were moni-
tored with the signal acquisition software (WinWCP Electrophysiology
Software, ©John Dempster, University of Stratchlyde, Scotland), and
voltage commands and current responses values were stored in a PC.
Signals and monitored parameters were processed off-line and values of
IV curves were obtained with semi-automatic algorithm protocols
written in MATLAB (Mathworks, USA). The values of the steady-state
current (around 50-70 data points averaged and located at the final
part of the current response recorded during the voltage stimulus) were
calculated at a given command potential and used to compare the
different samples. This relationship was completed with series of aver-
aged current responses obtained from successful recordings. Extracel-
lular (bath) solution contained: NaCl, 136.4 mM; KCl, 5.4 mM; CaCl,,
1.8 mM; MgCl,, 0.53 mM; HEPES 5.5 mM and glucose 5.5 mM; pH 7.4
with NaOH. Internal (pipette) solution contained: K acetate, 130 mM;
KCl, 20 mM; KHyPO4, 1 mM; MgCly, 1 mM; HEPES, 5 mM; EGTA, 0.1
mM; ATP—Na, 1 mM and GTP-Na, 0.1 mM; pH 7.2 with KOH.

3. Results
3.1. Up-regulation of TG1 levels in 3xTg hippocampus

Elevated levels of TG1 in the brain of AD patients were previously
reported (Kim et al., 1999) along with a specific accumulation of TG1 in
hyperphosphorylated tau inclusions (Wilhelmus et al., 2012). We
wondered whether TG1 levels were upregulated in a mouse model of
AD. We used the 3xTg-AD mice, which harbor PS1(M146V), APP(Swe),
and tau(P301L) transgenes and accumulate over time amyloid plaques
and tau tangles, mainly in the hippocampus and cortex, with an evident
pathologic profile starting from 12 months. Moreover, beginning from 4
months of age, 3xTg-AD mice show cognitive impairment deriving from
early synaptic dysfunction, but with no diffuse brain deposits (Oddo
et al., 2003). We analyzed the transcript levels of TG1 mRNA by real-
time (RT)-PCR in the hippocampus at different time-points (Calderon-
Garciduenas and Duyckaerts, 2017). TG1 mRNA levels showed a 5-fold
increase in 3xTg-AD mice compared to strain-matched non-transgenic
controls at 18 months (Fig. 1A). No significant difference in TG1 mRNA
levels was observed at 4 months and 8 months between control and AD
mice.

We further validated the increase of TG1 expression in AD mice by
immunohistochemistry analysis in 18-month old control and transgenic
AD mice. Anti-TG1 antibody immunoreactivity was observed in a subset
of neurons throughout the murine brain and in neurons of the nuclear
layer in the cortex (not shown). In transgenic mice, extensive Af and
hyperphosphorylated tau pathology was observed throughout the brain
and in the hippocampus (Fig. 1B, C, E, F, H). TG1 expression was also
detected in a subset of neurons in the nuclear layer of the hippocampus
in control mice (Fig. 1J). Of note, double light microscopical staining
excluded TG1 in Ap pathological lesions (not shown). However, double
staining with anti-TG1 and anti-hyperphosphorylated tau antibodies
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Fig. 1. TG1 expression. (A) Significant up-regulation of TG1 gene expression in
the hippocampus of old (18 months) 3xTg AD mice, as compared to age
matched control. Graph represented as mean + SEM, ****P < .0001, one-way
ANOVA with Tukey’s post hoc test. B—K) Colocalization of TG1 with hyper-
phosphorylated tau inclusions in an AD mouse model (B) Anti-Ap and anti-
hyperphosphorylated tau antibody staining showing A plaques (B, arrow-
head) and neuronal hyperphosphorylated tau (B, C and F, arrows) in the 3xTg
AD mice, respectively. Anti-TG1 antibody immunoreactivity was observed in
neurons of the nuclear layer and in a subset of neurons adjacent to this layer
(D). Colocalization of the anti-hyperphosphorylated tau and the anti-TG1
antibody was found in neurons affected by hyperphosphorylated tau within
the nuclear layer (E). Magnified pictures in F, G and H corresponding to C, D
and E, respectively. (J) No immunoreactivity for anti-Ap and anti-
hyperphosphorylated tau antibody staining was revealed in control hippo-
campus. Magnification: 20x for B, C-E and I—K, 200 pm bar, 63x for F—H, 15
pm bar.

showed localization of TG1 in hyperphosphorylated tau inclusions in
affected hippocampal neurons (Fig. 1C-E). Higher power magnification
confirmed this observation and, in addition, demonstrated increased
immunoreactivity of the anti-TG1l antibody in neurons affected by
hyperphosphorylated tau inclusions (Fig. 1G-H). In control animals,
hyperphosphorylated tau inclusions were not observed, and the TG1
immunoreactivity in neurons of the nuclear layer was absent (Fig. 1I-K).

3.2. Up-regulation of TG1 levels in stress condition

We wondered whether TG1 increase is neuronal-specific in the brain.
We treated DIV8 cortical neurons with increasing concentrations of
glutamate (1 pM, 5 pM, and 30 pM) and AB1-42 peptide (0.25 pM, 0.5
uM and 1 pM), two different toxic stimuli involved in AD pathogenesis
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(Piccini et al., 2012). Upon glutamate treatment, we observed a dose-
dependent reduction in neuronal viability of 6%, 52% and 87%
respectively (Supplementary Fig. 1A). We found that neurons treated
with 5 pM glutamate showed 8-fold increase in TGl mRNA levels
compared to control neurons (Fig. 2A) and a 1.3-fold increase was also
observed at the protein level (Fig. 2B, Supplementary Fig. 2A). Similarly,
the treatment with Af 1-42 reduced neuron viability by 15%, 27% and
37% at doses 0.25 pM, 0.5 pM and 1 pM, respectively (Supplementary
Fig. 1B). In neurons treated with 0.5 pM Ap-amyloid, TG1 mRNA levels
showed a statistically significant 3-fold increase (Fig. 2C), while the
protein showed a 1.3-fold increase compared to untreated neurons
(Fig. 2D, Supplementary Fig. 2B). Collectively, these results show that
TG1 is upregulated in AD pathology upon stress, suggesting a direct
involvement of TG1 in neuronal toxicity.

3.3. Overexpression of TG1 is sufficient to induce toxicity

TG1 overexpression in immature primary neurons was previously
shown to cause cell death (Basso et al., 2012). To determine whether
increased TG1 expression exerts toxicity in mature cortical neurons, we
generated a lentiviral vector expressing human TG1 and GFP under the
control of two independent synapsin promoters. We transduced primary
cortical neurons, we confirmed the expression of TG1 by immunofluo-
rescence and immunoblotting experiments (Fig. 3A-B, Supplementary
Fig. 3), and we measured cell viability (Fig. 3C). In particular, we per-
formed immunostaining on DIV8 neurons and quantified the number of
viable neurons expressing GFP with the Operetta® high content imaging
system(Tripathy et al., 2017). We found that overexpression of TG1
reduced neuronal viability by 30% when compared to the control group
(Fig. 3C). The neuronal toxicity caused by TG1 overexpression was also
confirmed by patch-clamp electrophysiology. Neuronal excitability of
mock (synGFP) and TG1-overexpressing neurons was evaluated in vitro
quantifying the total cell membrane currents by patch clamp in whole-
cell modality. Macroscopic currents (i.e., total cell membrane current)
were evoked using standard physiological conditions and application of
voltage stimulus in order to measure the inwards and outwards currents,
mainly ascribed respectively to Na®, Ca™", and K* ion channels. After
eight days of in vitro maturation, GFP-expressing neurons responded
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with an average current peak of ~ 0.6 nA at maximum depolarization
(step +40 mV), inward and outward components were extended and
similar to control neurons (control data not included) (Fig. 3D). On the
other hand, the TG1-overexpressing neurons showed a loss of amplitude
even at maximum depolarization: ~ 0.2 nA (step +40 mV) and reduced
inward and outward components (Fig. 3D). The current-voltage rela-
tionship based on the mean of the calculation of the recorded steady-
state currents confirmed that TG1-overexpressing neurons had a dra-
matic reduction of current amplitude, in the outward component, almost
approaching to zero value. This condition also resulted in a considerable
reduction in the inward component. Beside the components, the recti-
fication behavior (i.e., the change of conductance with voltage) was lost,
indicating a substantial alteration of the voltage-dependent gating
(Fig. 3E). Altogether, our data show that neurons overexpressing TG1
exhibited a remarkable alteration of the membrane excitability, con-
cerning loss of ionic currents.

3.4. Silencing TG1 protects neurons against stress-induced cell death

To define a causative role for TG1 increased expression in AD hip-
pocampus, we took advantage of an in vitro model of AD toxicity by
culturing primary neurons in which TG1 was silenced. ShRNA-mediated
knockdown of TG1 levels was confirmed by quantitative PCR, which
showed a 3.5-fold reduction in TGl mRNA levels as compared to
scrambled shRNA (Fig. 4A) and to a 1.5-fold decrease in TG1 protein
levels (Fig. 4B, Supplementary Fig. 4). We treated the neurons with a
concentration of glutamate (30 pM) and Ap-amyloid peptides (0.5 pM)
able to induce neuronal death and counted the number of viable neurons
with the Operetta® high content imaging system. Notably, while
glutamate reduced the viability of scrambled transduced neurons by
60%, the neurons transduced with TGl shRNA were protected from
death (Fig. 4C-D). Similar results were obtained after treatment with Af-
amyloid peptides. Scrambled-transduced neurons showed a 40%
reduction in cell viability while no cell death was observed in neurons
transduced with TG1 shRNA (Fig. 4E-F). These observations indicate
that TG1 is necessary for the death of cortical neurons in an in vitro
model of AD.

Fig. 2. Stress-induced increase in TG1. (A-B) Exci-

totoxic stress induced increase in TG1 mRNA (A) and

protein (B) levels in primary cortical neurons. Graphs

represented as mean + SEM, n = 3, **P < .01, Stu-

dent’s t-test. Dashed line in (B): lanes were run on the

same gel, but were noncontiguous. The original blot

is shown in Supplementary Fig. 2A. 100 pg of protein

kDa  lysate were loaded in each lane of the gel. (C-D) A-

T1G1 E75 amyloid treatment significantly increased TG1 mRNA

(C) and protein (D) levels in primary cortical neurons.

Graph represented as mean + SEM, n = 3, *P < .05,

0 5 Student’s t-test. The three independent replicates of

the immunoblot analysis are shown in Supplementary

Fig. 2B. 100 pg of protein lysate were loaded in each
lane of the gel.
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Fig. 3. Overexpression of TG1 induces toxicity. (A) Lentivirus mediated over-expression of TG1 (red). GFP is used as a marker for transduced neurons and DAPI
stains the nuclei. (B) Immunoblot showing overexpression of TG1 in neurons transduced with a lentivirus expressing synGFP-TG1 as compared to synGFP alone. The
three independent replicates are shown in Supplementary Fig. 3. 100 pg of protein lysate were loaded in each lane of the gel. (C) Reduced viability of neurons

infected with synGFP-TG1 virus as compared to those with synGFP alone. Graph represented as mean + SEM, n = 9, **

P < .01, Student’s t-test. (D) Examples of

whole-cell total currents obtained from control cortical cells (synGFP) at 7 days after plating. Toxicity effect by TG1 in synGFP-TG1 cells is evidently showed by a
marked amplitude reduction in the total currents. (E) current-voltage relationship (IV curve) showing the response (current in nA) of the cells to the applied stimulus
(voltage in mV) for the four different cell conditions showed in D. For synGFP-TG1 cells the flow of the total currents results dramatically reduced in both inward and
outward components. Calibration bar in D: horizontal, 100 ms; vertical, 1 nA. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

3.5. Stress-induced increase in TG1 promoter activity is mediated by AP1

To decipher the mechanism underlining TGl upregulation, we
cloned a series of TGM1 promoter-luciferase reporter constructs with
progressively shorter promoter regions (—2.2 kb, —1.25 kb, —0.8 kb)
(Fig. 5A). We transfected the promoter reporters in primary cortical
neurons at DIV7 and detected the promoter activity after treatment with
AB-amyloid peptides (0.5 pM). Interestingly, the —1.25 kb and — 2.2 kb
promoter reporters showed increased luciferase activity after treatment

with Ap-amyloid peptides, while the —0.8 kb promoter reporter activity
did not change upon treatment (Fig. 5C). These results suggested that
the promoter region modulated by Ap-amyloid peptides spanned be-
tween —0.8 kb and — 1.25 kb. Interestingly, we identified an AP1
binding site in the TGM1 promoter (Fig. 5B) at —0.848 kb (Phillips et al.,
2004). AP1 responsive elements are usually bound by c-jun and fos and
AP1 acts downstream of the c-jun pathway mediating death signaling in
AD (Akhter et al., 2015). We mutagenized the AP1 responsive element
(Fig. 5B) and observed that the —1.25 kb promoter reporter activity did
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Fig. 4. Knockdown of TG1 provides stress resistance. (A-B) Lentiviruses expressing an shRNA against TG1 were able to reduce the mRNA (A) and protein (B) levels of
TG1. Graphs represented as mean + SEM, n = 3, *P < .05, Student’s t-test. The three independent replicates of the immunoblot analysis are shown in Supplementary
Fig. 4. 100 pg of protein lysate were loaded in each lane of the gel. (C) Silencing of TG1 rescued primary cortical neurons against glutamate-induced toxicity. Graph
represented as mean + SEM, n = 4, *P < .05, one-way ANOVA with Tukey’s post hoc test. (D) Representative images for cortical neurons showing increased survival
after excitotoxic stress in the TG1 silenced group. (E) Silencing of TG1 rescued primary cortical neurons against Af-induced toxicity. Graph represented as mean +
SEM, n = 4, *P < .05, one-way ANOVA with Tukey’s post hoc test. (F) Representative images showing that TG1 silencing protects against Ap toxicity.

not increase upon treatment with Af-amyloid peptides (Fig. 5C). These
results suggest that TGM1 upregulation is mediated through AP1 bind-
ing by c-jun and fos.

4. Discussion

4.1. TGs and neurodegeneration

In this study, we propose TG1 as a new player in AD pathogenesis
and a novel potential pharmacological target for neurodegenerative

diseases. TGs have been investigated in several chronic and acute
neurodegenerative diseases such as AD, PD, amyotrophic lateral scle-
rosis, traumatic brain injury and ischemia for the upregulation of their
protein levels and the activation of their catalytic activity, which ac-
celerates the formation of oligomers and amyloid structures (Jeitner
et al., 2009a; Jeitner et al., 2009b; Bailey et al., 2005). Recently, a
proteomic study in brain homogenates identified huntingtin, APP and
a-synuclein as the major substrates of TG protein crosslinking (Andre
etal., 2017), confirming TG enzymatic activity as an important player in
protein aggregation and neurodegeneration. TG1l, TG2 and TG3 are
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Fig. 5. Induction of TG1 expression is mediated downstream of AP1. (A)
Schematic diagram of the different lengths of TGl promoter cloned with
luciferase-reporter constructs. (B) Sequence for the AP1 responsive element at
the TGM1 promoter and the mutation inserted in our construct. (C) TG1 pro-
moter activity upon treatment with A peptides was high for the —2.2 kb and
—1.25 kb, and the activity was lost by mutating the AP1 site. Graph represented
as mean + SEM, *P < .05, two-way ANOVA with Bonferroni’s post hoc test.

three different isoenzymes expressed in the brain that contribute to the
elevation of TG transamidase activity. It has been shown that TG2
overexpression induces the formation of high molecular weight aggre-
gates of a-synuclein in vitro and in vivo in PD (Grosso et al., 2014; Junn
et al.,, 2003) and it increases A oligomerization and neurofibrillary
tangle formation in AD (Schmid et al., 2011; Appelt and Balin, 1997).
Moreover, TG2 upregulation was reported in post-mortem AD brains
and its activation reduced ApoE soluble levels in AD mouse models
(Wilhelmus et al., 2009; Zhang et al., 2016; de Jager et al., 2015). TG2
knockout failed to alleviate HD pathology in R6/2 mice, an aggressive
model of HD (Menalled et al., 2014), and its overexpression did not
accelerate HD pathology in vivo (Kumar et al., 2012) but the inhibition of
its enzymatic activity halted neurodegeneration (Bailey and Johnson,
2006; Van Raamsdonk et al., 2005). Accordingly, we recently showed
that TG2 is sufficient but not necessary for neuronal death in ischemia in
vitro and in vivo (Basso et al., 2012). At the same time, we and others
reported that TG transamidase activity is highly activated in ischemic
stroke and in oxidative stress-mediated death in immature cortical
neurons. This increase in transamidase activity correlates with an in-
crease in TG1 levels. TGl was also shown to be upregulated in AD
human tissues (Wilhelmus et al., 2009; Wilhelmus et al., 2012) and here
we demonstrate that in in vitro models of neuronal death relevant for AD,
TG1 is necessary and sufficient for neuronal toxicity upon excitotoxicity
and Ap treatment. It is plausible to speculate that increased TG1 levels
contribute to aberrant protein crosslinking in AD and neuronal death.
Similarly, another TG isoenzyme, TG®6, is less stable when mutated, it is
fast degraded and contributes to Purkinje cells degeneration in spino-
cerebellar ataxia 35 (Tripathy et al., 2017). TG1 levels are usually very
low in the brain, suggesting that TG1 expression is tightly regulated in
neuronal cells. Here, upon stress conditions we observed an 8-fold in-
crease of TG1 mRNA levels that only translated into a 1.3-fold induction
at the protein level. Further studies on possible mechanisms of TG1
mRNA degradation or post transcriptional regulation by specific
microRNAs are warranted. Mir-19, miR-1285, miR-181a and miR-218
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were shown to impact TG2 protein levels in various types of cancer
(Cellura et al., 2015) (Eom et al., 2014) (Hidaka et al., 2012). No data
are available in neurons and more specifically on TG1.

Selective TG1 inhibition can be technically challenging considering
that TGs are well conserved and show high homology (Basso and Ratan,
2013). Blockage of TG1 activity could be an alternative strategy. Our
results show that TG1 transcription in AD is driven by the AP1 respon-
sive elements at the TGM1 promoter. Both AP1 and AP2 levels and ac-
tivity were found to be significantly upregulated in post-mortem AD
brain samples as compared to non-AD brains (Vukic et al., 2009). The
subunits of AP1 include members of Jun (c-jun, v-jun, jun-D and jun-B),
fos (v-fos, c-fos, fos—B, fra-1, fra2) and activating transcription factor
(ATF) (Karin et al., 1997) which are the key effectors of the c-jun N-
terminal kinase (JNK)-signaling cascade. JNK is activated in response to
a wide range of stimuli and its increased phosphorylation and activation
have also been reported in post-mortem brains of AD patients (Zhu et al.,
2001; Anderson et al., 1994; Thakur et al., 2007; Borsello and Forloni,
2007; Morishima et al., 2001). Consistently with our results, in kerati-
nocytes differentiation, JNK activates the dual-leucine zipper bearing
kinase (DLK) to induce the expression of TG1 (Robitaille et al., 2005).
Pharmacological or peptide-based inhibition of JNK has been demon-
strated to attenuate microglial activation and diminish the production of
APP and Ap fragment in AD models (Mehan et al., 2011; Colombo et al.,
2007). Our results support the possibility that JNK inhibition protects
neurons from Ap toxicity also by halting neuronal TG1 upregulation.

4.2. Implications of TG1 silencing

Inhibitors of TGs have been shown to be protective in various
neurodegenerative diseases (Keillor et al., 2015). We recently reported
that dual inhibitors of HDAC and TG2 synergistically protect primary
cortical neurons against oxidative stress (Basso et al., 2018). However,
the use of TG1 inhibitors as a therapeutic option for AD needs to be
considered carefully because TG1 is predominantly expressed in the skin
(Basso and Ratan, 2013), and systemic reduction of TG1 activity might
be toxic. Mutations in the TGM1 gene lead to a loss of TG1 activity
(Huber et al., 1995), associated with autosomal recessive congenital
ichthyosis, a dermatological disease (Huber et al., 1995; Russell et al.,
1995). Therefore, therapies should be designed to target and inhibit the
stress-induced TG1 expression, while maintaining the basal expression
of the protein. Further studies are warranted to decipher the role of TG1
and the other TG isoenzymes in the brain and their interplay in physi-
ological and pathological conditions.

Concluding, we present TGl as a new player of AD that is tran-
scriptionally induced by Ap 1-42 and is downstream of JNK activation.
TG1 silencing protects neurons from Ap toxicity and opens new oppor-
tunities for therapeutic intervention.
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