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Simple Summary: Patients with neurodegenerative diseases (NDDs) are rapidly increasing worldwide. NDDs
include Alzheimer’s disease (AD), Parkinson’s disease, Huntington’s disease (HD), frontotemporal lobar
degeneration (FTLD) and many other neuronal diseases. however, no therapeutic drugs have been developed
against NDDs yet. As common phenomenon, protein oligomers and aggregates are formed in neuronal and
glial cells, and they trigger the death of these cells and axonal degeneration. Here, we show that phorbol 12-
myristate 13-acetate (PMA) significantly inhibits aggregate formation and promotes neurite generation in
human neuronal cell culture model of FTLD and AD. We expressed R406W mutant tau protein, this mutant is
found in FTLD patients, in human neuroblastoma SH-SY5Y cells as FTLD cell culture model. These FTLD
neuronal cells showed intracellular aggregate formation and impaired neurite growth. Addition of PMA to
culture medium significantly decreased aggregate-positive cells by 60%. PMA also enhanced neurite growth
to the normal level at nanomolar concentration. We also cultured SH-SY5Y cells in the medium containing -
amyloid (1-42) as AD cell culture model. In these cells, neurite growth was limited to less than 50% of controls
by the treatment of f-amyloid (1-42). Surprisingly, addition of PMA increased the number of cells with >10-
fold neurite extension to seven times even in -amyloid (1-42) contained medium. In addition, PMA increased
the expression of several genes and proteins important for cell survival in both cell culture models. These
results suggest that PMA has unexpected potential for the drug development against NDDs.

Abstract: Patients with neurodegenerative diseases (NDDs) are rapidly increasing all over the world.
Alzheimer’s disease (AD), Parkinson’s disease, Huntington’s disease (HD), frontotemporal lobar degeneration
(FTLD) and many other diseases are classified as NDDs, however, no therapeutic drugs have been developed
against NDDs yet. As common phenomenon, protein oligomers and aggregates (inclusion bodies) are formed
in neurons, and they trigger neuronal cell death and/or axonal degeneration. We have investigated the
mechanisms of NDDs, and discovered several chemicals and peptides have potential to cure NDDs. Here, we
show phorbol 12-myristate 13-acetate (PMA) significantly inhibits aggregate formation and promotes neurite
regeneration in human neuronal cell culture model of NDDs, FTLD and AD. We expressed R406W mutant tau
protein found in FTLD patients in human neuroblastoma SH-SY5Y cells as FTLD cell culture model. These
FTLD neuronal cells showed intracellular aggregate formation and impaired neurite growth. Addition of PMA
to culture medium 60% suppressed aggregate formation. PMA also enhanced neurite growth to the normal
level at nanomolar concentration. We cultured SH-SY5Y cells in the medium containing f-amyloid (1-42) as
AD cell culture model. In these cells, neurite growth was limited to less than 50% of controls by the treatment
of B-amyloid (1-42). Surprisingly, addition of PMA increased the number of cells with >10-fold neurite
extension to seven times even in f-amyloid (1-42) contained medium. Also, PMA increased the expression of
several genes and proteins important for cell survival in both cell culture models. These results suggest PMA
has unexpected potential for the drug development against NDDs.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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1. Introduction

A lot of neurodegenerative diseases (NDDs) are known in human. Pathological and clinical
characteristics of NDDs are different but partially similar among some NDDs. Alzheimer’s disease
(AD), Parkinson diseases (PD), frontotemporal lobar degeneration (FTLD), nine polyglutamine
(polyQ) diseases including Huntington’s disease (HD) and other many diseases are included in
NDDs. To date, scientists have succeeded only to develop the medicine to delay the progression by
a short period but cannot obtain the remedies for complete cure [1,2]. A lot of pharmaceutical
companies, laboratories, and universities all over the world have been trying to develop drugs that
completely or effectively cure NDDs for a long time, but unexpectedly, no research groups and no
scientists have not acquired any epoch-making success [3-5].

As a common phenomenon, aggregates (inclusion bodies) containing the specific protein for
each NDD and other protein are formed inside neuronal cells. Our group uses the in vitro and in vivo
polyQ disease model, and have been trying to discover the novel molecular mechanisms causing
NDDs and the effective chemical compounds and/or peptides leading to the development of novel
drugs capable of their complete cure. Recently, we discovered a novel mechanism that Nuclear Factor
of Activated T-cell cytoplasmic 2 (NFATc2) has an unexpected ability to effectively degrade the
polyQ aggregates through ubiquitin-proteasome system [6,7]. NFATc2 is a critical transcription
factor in immune system [8-10]; therefore, it is surprising that NFATc2 has a strong ability to suppress
and reduce the protein aggregation. In this novel mechanism, NFATc2 activates the transcription of
two key genes, PDZ domain containing 3 (PDZK3) and small chaperone alphaB-crystallin (CRYAB).
PDZKS3 is a large protein as 250kDa and scaffold protein [11,12] and CRYAB is reported as a
component of SCF-type ubiquitin-ligase complex [13,14]; thus, we proposed that PDZK3 and CRYAB
proteins form a SCF-type E3 ligase complex with other proteins [6].

PDZK3 and CRYAB were more efficiently induced by the combination of NFATc2 and Heat
Shock transcription Factor 1 (HSF1) [6]. HSF1 is known as a transcription factor to maintain
proteostasis by preserving the precise folding of proteins through induction of most Heat Shock
Proteins (HSPs). Therefore, our finding that HSF1 is involved in protein degradation exhibited the
new aspect of intracellular proteostasis mechanism.

While we proceed the experiments described above, we found about 30 interesting chemicals
and peptides which can be the candidates for seed compounds for anti-NDDs drugs. We tested their
capability to suppress the aggregation caused by R406W mutant tau protein found in FTLD patients
or polyQ protein. After several experiments, we discovered that phorbol 12-myristate 13-acetate
(PMA) significantly not only inhibits aggregate formation but also promotes neurite outgrowth of
human neuronal cells. In this paper, we show the novel PMA effects on human neuronal cell and
discuss the possibility as a seed compound to develop effective anti-NDDs drugs.

2. Materials and Methods

2.1. Cell Culture

SH-SY5Y (human neuroblastoma cells), Neuro-2a (mouse neuroblastoma cells), and mouse
embryonic fibroblasts (MEFs) were maintained at 37°C in 5% CO2 in in DMEM (GIBCO) containing
10% FBS supplemented with penicillin and streptomycin.

2.2. Reagents

Phorbol 12-myristate 13-acetate (PMA, Nacalai Tesque) was resolved in DMSO. B-amyloid (1-
42) (Anaspec) was resolved in ammonium chloride (NH4Cl) and diluted with 3x volume of PBS
according to the manufacturer's protocol. All reagents were stored at -20°C until use. PMA was
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completely resolved in ImL culture medium, and then, added to cell culturing medium (9 mL) in 10
cm dishes.

2.3. Antibodies

Anti-HSF1 (mHSF1j) and anti-HSF2 (mHSF2-4) rabbit antiserum was raised by N.H. Anti-B-actin
antibody was purchased from Sigma. Anti-Hsp70 (W27) antibody was purchased from GENETEX.
Anti-alphaB Crystallin antibody was purchased from Abcam. Anti-GFP (GF200) monoclonal
antibody was purchased from Nacalai Tesque [6].

2.4. Construction of Tau-GFP and R406W Mutant Tau (mTau)-GFP Expression Vectors

Human tau cDNA was cloned from HeLa cells (primers’ sequences are listed in Table 1). We
already established the polyQ81 (containing continuous 81 glutamine amino acids) -enhanced GFP
(EGFP)-expressing pShuttle-CMV vector (polyQ81-GFP) [6], thus we replaced the polyQ81 sequence
with Tau cDNA in Kpnl/BamHI sites and constructed Tau-GFP vector. Insertion of R406W mutation
into Tau-GFP sequence was performed by two-step PCR (the primers are listed in Table 1). Full length
tau and R406W tau cDNAs were sequenced and insertion of mutation was confirmed. Tau-GFP and
R406W mutant Tau-GFP (mTau-GFP) vectors were transfected by Lipofectamine 2000 (Invitrogen)
into SH-SY5Y and Neuro-2a cells cultured in poly-D-lysine coated 10mm diameter dishes (Corning)
in 80-90% confluent condition. Construction of polyQ81-GFP pShuttle-CMV vector and preparation
of caHSF1-expressing adenovirus was already described [6].

[Table 1. Primer Sequence Used for Semi-Quantitative RT-PCR, Tau cDNA Cloning, and
Induction of R406W Mutation into Tau

Genes Primer Sequences

Forward: 5'-CGGAATGATGCTAAGAACGCAGTGGAGG-3'

HERAC Reverse: 5-GGGCTACAAGTACTTGTCAGCTCC-3'
CRYAB Forward: 5-CCACCACCCCTGGATCCGCCGCCCC-3'
Reverse: 5-GGGTGATGGGAATGGTGCGCTCAGGG-3
— Forward: 5-CCCGCCTCCGTCACAGCCCTCACGGACGCC-3
Reverse: 5-GGAGGCTCCGAGCCTGTCAGCAGGG-3'
i Forward: 5-GGCCATGCTATCAGGAAGACAATTTAGC-3'
Reverse: 5-GGCCATTTGAATCCAACTTAAAGATACGCC-3'
. Forward: 5-GGCAAGGAGCGATTTGCTGG-3'
Reverse: 5-GGGCTTATCGGTAGGATTTCTGG-3'
i {Choning) Forward: 5-CGCGGTACCGCCACCATGGCTGAGCCCCGCC-3

Reverse: 5-CGCGGATCCCGCAAACCCTGCTTGGC-3'

Forward: 5'-GGGGACACGTCTCCATGGCATCTCAGCAATGTCTCC-3

RADS Mo Reverse: 5'-GGAGACATTGCTGAGATGCCATGGAGACGTGTCCCC-3'

2.5. Generation of Aggregates and Count of Aggregates-Positive Cells

Tau-GFP, mTau-GFP, and polyQ81-GFP proteins were expressed by transfection of their vectors.
mTau-GFP protein successfully formed clear aggregates in many SH-SY5Y and Neuro-2a cells
(Figures 1A and S1A). PolyQ81-GFP protein also formed clear aggregates in mouse embryonic
fibroblast cells (Figure 4) [6]. We counted the number of GFP-fluorescent cells and subsequently
counted the cells containing fluorescent aggregates in dark room. We counted the cell number at least
three different areas per one dish and calculated the percentages of the cells with aggregates in the
dish.
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R406W-mTau-GFP /
Neuro-2a

Figure 1. Aggregate formation of R406W mutant tau protein in mouse neuroblastoma Neuro-2a.
Aggregates (inclusion bodies, indicated by arrows) formed by R406W mutant tau protein
conjugated with GFP (mTau-GFP) in Neuro-2a cells. mTau-GFP protein was expressed by

transfection. These photos were taken at 5days after transfection.

2.6. Western Blot Analysis and Quantification of Soluble/Insoluble mTau-GFP Protein, HSP70, CRYAB,
HSF1 and HSF2

The cell extracts are resolved in NP40 buffer (50 mM Tris-HCl pHS8.0, 150 mM NaCl, 1.0%
Nonidet P-40). 1x Protease Inhibitor Cocktail (Promega) and 100mM Dithiothreitol (DTT, Nacalai
Tesque) was added to cell extract suspension. Suspension (protein solution) tubes were kept on ice
at least for 15 min. Subsequently, protein solution tubes were centrifugated at 15,000 rpm for 10 min.
The supernatant was used for Western blot (Figures S1C and S2B). For insoluble protein preparation
(Figure S1C), the resultant pellet was washed 5 times (sonicated and centrifuged at 15,000 rpm) with
NP40 buffer. To the final resultant pellet, the equivalent volume of RIPA buffer (50 mM Tris-HCI
pHS8.0, 150 mM NaCl, 1.0% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM p-
mercaptoetanol) was added with 1x Protease Inhibitor Cocktail and 100mM DTT. This was used as
insoluble protein solution. The same volume of soluble and insoluble protein solution was subjected
to SDS-PAGE.

For SDS-PAGE, Criterion™ TGX™ Gel (10%) (Bio-Rad) and Tris/glycine/SDS buffer (25mM Tris,
192mM glycine, 0.1% SDS, pH8.3) was used. To each lane, 15-30 pg of soluble protein was applied,


https://doi.org/10.20944/preprints202308.0889.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 August 2023 d0i:10.20944/preprints202308.0889.v1

5

and SDS-PAGE was performed using Criterion™ Cell (Bio-Rad) for 1 hr. For protein transfer,

nitrocellulose membrane Mini-PROTEAN ® (Bio-Rad) was used. Transfer was performed in
Criterion™ Transblot Cell for 2hr at room temperature. The transferred membrane was applied to
blocking in the PBS solution containing 5% skim milk powder (Wako) for 1 hr. The membrane was
reacted with each primary antibody in the PBS solution containing 2% skim milk powder for O/N at
4°C. Subsequently, the membrane was reacted with secondary antibody conjugated with HRP
(SouthernBiotech) in the same solution for 1hr at room temperature. The resulting membrane was

applied to ImmunoStar R Zeta (Wako) and photographed using an Amersham Imager (GE
Healthcare).

To measure and compare the amount of protein, the bands of Western blot were scanned and
quantified by NIH Image-]J (free software, https://imagej.nih.gov/ij/). To prepare the graphs showing
relative amount of each protein (Figure 3B and S1D), the values of all bands were divided by control
band. These values are shown in both soluble (Figure 3B and S1D, left) and insoluble (Figure S1D,
right) graphs. The relative value of control band is described as 1.00.

2.7. Semi-Quantitative RT-PCR

RNA was extracted from the cell pellet using TRIzol (Invitrogen). cDNA was synthesized using
Prime Script 1%t strand cDNA Synthesis Kit (Takara). PCR was performed using the same condition
for all samples. PCR cycle was [94°C (denature, 1 min) - 65°C (annealing, 1 min) - 72°C (extension, 1
min)] and repeated 35 times. Ex-Taq (Takara) was used for PCR. Amplified DNA samples (10 pL)
were mixed with 2 pL of Blue Juice Gel Loading Buffer (10X) (ThermoScientific), and applied to agar
gel electrophoresis for 15 min. The gel contained ethidium bromide and 2% agar. The resultant gel
was photographed on the transilluminator using Printgraph S (ATTO). The photos of DNA bands
were scanned and quantified by NIH Image-] as well as Western blot analysis. As internal control,
18S ribosomal RNA (18S) was used. We examined the gene expression by measuring strength of all
bands using Image-] and these values were compensated by 18S bands [7]. All primers sequences
used for RT-PCR are shown in Table 1.

2.8. Measurement of Neurite Length

We measured soma (cell body) size in more than one hundred of SH-SY5Y cells and calculated
the averaged diameter using Image-J and determined it as 5.0 um in this study. We chose 100-150
neurites per one dish and examined whether the length of these neurites is longer than 5 or 10 times
of soma diameter or not.

2.9. Statistical Analysis

Data are shown with standard deviation. The significance was analyzed using student ¢ test. The
p-values are shown in graphs and considered as significant when they are <0.05. The p-value is
described as ‘N.S.” when it was not significant.

3. Results

3.1. R406W Mutant Tau Protein Conjugated with GFP Forms Aggregates/Inclusion in Neuronal Cells

In order to find the candidate chemicals/peptides (proteins) for the seeds of therapeutic drugs,
we looked into our previous discovery that Nuclear factor of activated T-cell cytoplasmic 2 (NFATc2)
and Heat shock transcription factor 1 (HSF1) significantly suppress aggregation of the proteins
containing 81 polyglutamine (polyQ81) tract [6]. By this investigation, we thought that it is necessary
to establish a new culture protein-aggregation system in addition to polyQ81 system.

Tau protein belongs to the family of microtubule-associated proteins and mainly expresses in
neurons, and has important roles in the assembly of tubulin monomers into microtubules in order to
constitute the neuronal microtubules network [15]. However, abnormal tau protein causes various
NDDs called tauopathy including Alzheimer’s disease (AD) and frontotemporal lobar degeneration
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(FTLD). All over the world, patients of tauopathy are increasing year by year. In both AD and FTLD,
aggregates formed by misfolded tau protein are generated. In AD, hyperphosphorylated tau protein
is accumulated, also in FTLD, mutated and hyperphosphorylated tau protein aggregates. We
examined whether R406W mutant tau protein causing FTLD conjugated with GFP (mTau-GFP) forms
aggregates. As described in Materials and Methods, R406W is frequently found mutation in FTLD
patients [16-20]. We transfected mTau-GFP expression vector into Neuro-2a and succeeded the
expression of mTau-GFP in 60-70% cells (Figure 1). In addition, we observed that mTau-GFP also
formed aggregates in 20% of Neuro-2a cells (Figure 1). We did not find the aggregates in normal Tau-
GFP-expressing cells.

3.2. High Titer of caHSF1-Expressing Adenovirus Reduced Decreased Aggregates-Positive Cell Number and
Dramatically Reduced the Amount of Accumulated Insoluble R406W Mutant Tau Protein

As far as we know, toxic aggregates and/or oligomers formed by misfolded proteins are
generated inside neurons in all NDDs; thus, we thought that elimination of aggregates inside neurons
lead to cure of NDDs. To reveal whether HSF1 suppresses mutant tau aggregation as well as
polyglutamine (polyQ) protein, we expressed constitutive active HSF1 (caHSF1) using adenovirus
system [6,21]. In this system, higher titer virus induced much amount of caHSF1 protein expression
and more efficiently decreased mTau-GFP aggregate-positive cells (Figure 2A). At the highest titer
(20 x 10° pfu), the number of cells with aggregates were prominently reduced to 33% of control and
less than 10% of total GFP positive cells (Figure 2A).
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Figure 2. Effect of higher titer of caHSF1-expressing adenovirus on the mTau-GFP aggregates
(inclusion bodies) in Neuro-2a. Aggregates-positive cells were counted at 5days after transfection.
A: Effect of higher titer of caHSF1-expressing adenovirus on the amount of soluble R406W tau
(soluble mTau-GFP) and accumulation of insoluble R406W tau (insoluble mTau-GFP) proteins
shown by Western blot. B: Graphs showing relative amount of soluble and insoluble R406W tau
protein. These values were calculated from the bands of the blots shown in Figure S1. In both
graphs, the value of the control band indicated as 1.00.

In addition to the decrease of the cells with aggregates, the amount of mTau-GFP was reduced
(Figure S1, top and second gel). Soluble mTau-GFP (described as Soluble R406W Tau) was slightly
reduced by caHSF1. Surprisingly, insoluble mTau-GFP (Insoluble R406W Tau) was dramatically
reduced (Figure S1, second gel from the top). caHSF1 induces many kinds of chaperone proteins and
NFATc2, and caHSF1 and NFATc2 can degrade proteins probably through the construction of SCF-
like E3 ligase complex [6]. The decrease of soluble mTau-GFP can be due to the degradation by
caHSF1, NFATc2 induced by caHSF1, and other proteostasis-related proteins.

It is noteworthy that the degradation efficiency of insoluble mTau-GFP is much higher than that
of soluble mTau-GFP (Figure S1) although unknown degradation systems must be involved in the
insoluble mTau-GFP degradation. When mutant tau or other toxic proteins causing NDDs are
synthesized inside neuronal cells, if they are soluble, most of them can be easily eliminated by
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degradation systems of the cell and/or refolded to precise structure by chaperone system. However,
insoluble misfolded proteins causing NDDs cannot be resolved easily and subsequently accumulate
inside cells. They accumulate in nuclei, mitochondria, and other intracellular small components. We
think that the drugs to cure NDDs need to have abilities to resolve and/or remove these accumulated
insoluble proteins.

3.3. PMA Suppressed the Aggregates/Inclusion Formation by R406W Mutant Tau Protein in Human
Neuronal Cells

We successfully established a new culture system to examine the mutant tau protein aggregation
using Neuro-2a. Neuro-2a is a widely used cell line, but this is murine, not human cell. For the
purpose to discover the seed drugs for NDDs, we thought that human cells are better than murine
cells for all in vitro experiments. When we analyzed the degradation mechanism in previous
experiments, we experienced that the acquired results of murine and human cells were prominently
different. Therefore, we tested human neuroblastoma SH-SY5Y cells in subsequent experiments.

We transfected Tau-GFP or mTau-GFP vectors into SH-SY5Y human neuronal (neuroblastoma)
cells. We used the same transfection method as Neuro-2a, but we could successfully observe the
expression of both proteins (Figure 3A).
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Figure 3. Aggregation of R406W mutant tau protein in human neuroblastoma SH-SY5Y and effect of
PMA treatment. A: R406W mutant tau protein conjugated with GFP (mTau-GFP) forms aggregates
(inclusion bodies, indicated by arrows) in human neuroblastoma SH-SY5Y cells. mTau-GFP was
expressed by transfection. PMA was dissolved in DMSO and added to culture medium at 6hr after
transfection. DMSO was also added to control dish. PMA concentration is 1.0 nM. These photos
were taken at 5days after transfection. B: Decrease of aggregates-positive cells by PMA treatment.

Expression of Tau-GFP and mTau-GFP in SH-SY5Y was a little more difficult than in Neuro-2a
(please compare Figures 1 and 3A). No cells transfected with Tau-GFP formed aggregates, and the
fluorescence level was very low. In the case of the cells transfected with mTau-GFP, fluorescence of
aggregates was very clear and the difference between the cells with aggregates and the cells without
aggregates was very clear (Figure 3A). Therefore, to calculate the percentage of aggregates-forming
cells in total cells including non-fluorescent cells was very easy in this system.

While we tried to establish the system that Tau-GFP and mTau-GFP protein is expressed in SH-
SY5Y cells, we selected about 30 chemicals and peptides (proteins) as candidates for seeds of
therapeutic drugs. The purpose was to discover molecules which can decrease the percentage of
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aggregates-positive cells. ‘If we succeed to discover such molecules, it must be the good candidates
for the NDDs therapeutics” we thought. As a method to find such molecules, we examined chemicals
related to NFATc2 and HSF1 at first. The reason is that these transcription factors have ability to
suppress misfolded protein aggregation [6].

We repeatedly tested their suppression ability of aggregation using polyQ81-GFP and mTau-
GFP systems, and finally determined the PKC signaling pathway-activating compound phorbol 12-
myristate 13-acetate (PMA) as a first candidate [22,23]. PMA is known to full-activate NFATc2 by
combination with calcium ionophore ionomycin, thus we thought this character of PMA related to
NFATCc2 activation contributes to aggregation suppression. PKC signaling pathway is related to HSF1
activaton [1]. According to ionomycin, neuronal cells are vulnerable to increase of calcium
concentration and result in cell death including apoptosis [24,25]. Thus, we excluded it from the
candidates.

We transfected mTau-GFP expression vector into SH-SY5Y and PMA was added to culture
medium at 6 hr after transfection (final concentration was 1.0 nM). The same volume of DMSO was
also added to control. We counted aggregates-positive cells at 5 days after transfection. In control
cells, aggregates were formed in 30% of total cells (Figure 3A, left). Compared to control, aggregate
formation was efficiently suppressed and only 12.5% of total cells were aggregates-positive in PMA-
treated cells (Figure 3A, right and Figure 3B). The suppression rate was approximately 60%. Figure 3
indicates PMA has an ability to suppress/reduce the aggregate formation by misfolded proteins,
especially mutant tau protein.

3.4. PMA Promotes Neurite Growth in Human NDDs Cell Culture Models

In NDDs, specific brain regions are damaged, axonal degeneration and cell death of neurons
occurred in these regions. These dangers cause dementia, defects of some brain functions, and
sometimes results in the death of individuals [26,27]. Also, maintenance of axons and their growth
are indispensable for normal brain functions [28,29]. Thus, the axonal damage can be the cause of
NDDs. Although the suppression of aggregates formation is indispensable for the cure of NDDs,
promotion of axonal regeneration is also required [30,31]. To investigate the extent to which axonal
regeneration is promoted by PMA, we used FTLD and AD cell culture models.

Before investigating the effect of PMA in FTLD and AD culture models, we examined the extent
to which axonal generation is promoted by PMA in normal culture. We added DMSO (cont.) and
PMA (1.0 nM) to the SH-SY5Y culture medium and observed the cells at 7 days after treatment.
Compared to control, PMA significantly promoted neurite extension (Figure 4, right). DMSO has a
weak ability to promote differentiation, thus only short neurite extension was observed in control
DMSO culture (Figure 4, left). Expectedly, we could demonstrate that PMA has an ability to promote
neurite generation and/or extension.

cont. PMA

Bar = 50um

doi:10.20944/preprints202308.0889.v1
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Figure 4. Neurite growth of SH-SY5Y cells in control and PMA-added dishes. PMA concentration is
1.0 nM. Control dish was treated with DMSO. Both photos were taken at 7 days after DMSO and
PMA treatment.

Next, we examined the extent to which PMA promotes neurite regeneration in FTLD culture
model. FTLD culture model was established by mTau-GFP expression and generation of aggregates
in SH-SY5Y cells (Figure 5). In this experiment, Tau-GFP was also expressed as control cell culture.

At 7 days after transfection, Tau-GFP and mTau-GFP expression was clearly observed and
aggregates were generated in only mTau-GFP cells. We added PMA at various concentration and
DMSO was added to control dishes (Figure 5A and 5B). In Tau-GFP expressing cells, the percentage
of the cells with the axonal length of >5 of soma diameter was higher than control in all PMA
concentrations (Figure 5A). The percentage of the cells was highest at 1.0 nM and it was
approximately 30%, this value is 2.5 times as high as control (Figure 5A).

In mTau-GFP expressing cells, PMA effect was not significantly different from the control at 0.2
nM and 2.0 nM, but significant at 0.5 nM and 1.0 nM (Figure 5B). Although the percentages at 0.5 nM
PMA was 1/2 of Tau-GFP, PMA at 1.0 nM significantly increased the percentage of mTau-GFP cells
with >5-fold neurite length of soma diameter to 25% (Figure 5B). In NDDs, axonal degeneration
causes dementia as well as neuronal death [26,27]. It is noteworthy that this percentage was almost
the same to Tau-GFP expressed cells and that this result indicates that PMA may be able to retrieve
the normal condition of neurites and axons even when aggregates are formed inside neuronal cells

(Figure 5B).
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Figure 5. Effect of PMA in Tau-GFP or mTau-GFP expressing SH-SY5Y cells. A: PMA in 0.2-2.0 nM
concentration on neurite growth in normal Tau-GFP protein overexpressing cells compared to
control (DMSO is added to the media). Neurite growth was examined at the 7days after DMSO and
PMA treatment. B: PMA on the neurite growth of mTau-GFP overexpressing cells. Neurite growth
of Tau-GFP cells and mTau-GFP cells was examined at the same day (7 days after DMSO and PMA
treatment). PMA concentration was shown in the graph.

Next, we examined whether PMA shows the same ability in AD culture model. In AD research,
various culture model of AD was already established [32,33]. In AD, f-amyloid (A (1-42)) has been
thought to be a main cause and the importance of A (1-42) toxicity is widely recognized among AD
researchers in the world [34-36]; thus, we established the system using toxic AP (1-42) peptide-
containing culture medium.

At 7 days after we started to culture SH-SY5Y cells, we added AP (1-42) at the concentration
described in Figure 6 and next day DMSO (control) and PMA was added. After 7 days, we counted
the cells showing their neurite length was larger than >10-fold of cell body (soma) size. Compared to
control, AP (1-42) suppressed the neurite growth and the percentage of the cells with the same neurite
length as control was less than 50% (Figure 6). PMA at 1.0 nM significantly increased the neurite
length to approximately 4 times of control and 8 times of AP (1-42) treated cells. PMA at 5.0 nM also
significantly increased the neurite length to 3 times of control and 6 times of A (1-42) cells (Figure
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6). We tested other concentrations 0.2 nM, 0.5 nM, and 10.0 nM in the preliminary experiments, but
these concentrations did not show significant difference from control even without A (1-42). Thus,
we show the result of only 1.0 nM and 5.0 nM in this experiment.
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Figure 6. PMA recovers neurite growth against the toxicity of f-amyloid (1-42) treatment. PMA
concentration was adjusted to 1.0 nM and 5.0 nM. DMSO or PMA was added to culture medium on
the next day of B-amyloid (1-42) treatment. B-amyloid (1-42) concentration was adjusted to 3.0 nM.
Cell count was performed at 7 days after PMA treatment.

Totally, Figures 4, 5 and 6 indicate that PMA can promote the prominent neurite growth in
human neuronal cells even under the stressed and/or toxic condition with mTau-GFP protein
aggregation inside cells (FTLD culture model) or existence of AP (1-42) outside of the cells (AD
culture model).

3.3. PMA Contributes to the Intracellular Proteostasis Maintenance by Increasing Genes and Proteins
Expression

We showed that PMA suppresses aggregate formation of mTau-GFP in FTLD culture model and
promotes neurite growth in FTLD and AD culture models in Figures 5 and 6. Next, we examined the
molecular mechanism of these PMA effects. Because PMA suppresses aggregate formation, we
thought PMA induces the gene expression indispensable and/or important for intracellular protein
homeostasis (proteostasis) [1]. In previous studies, we discovered small HSP alphaB-crystallin
(CRYAB), HSF1 and HSF2 are important for intracellular homeostasis maintenance [6,37]; thus, we
examined the mRNA induction of CRYAB, HSF1, HSF2, and well-known chaperone HSP70 by semi-
quantitative RT-PCR (Figure 7). We prepared three independent cell dishes for control (DMSO-
treated) and PMA-treated, respectively. PMA significantly upregulated the expression of three genes
except HSF2 we examined. Two HSPs, HSP70 and CRYAB, were prominently increased in PMA-
treated SH-SY5Y neuronal cells. HSF1 was also increased but HSF2 was not significantly increased
(Figure 7)
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Figure 7. PMA effect on the expression of genes essential for the intracellular protective

mechanisms. PMA effect on mRNA expression of four intracellular homeostasis maintaining genes
(HSP70, CRYAB, HSF1, and HSF2) identified by Semi-quantitative RT-PCR analysis. S18 expression
was examined as the internal control gene. Raw blot picture is shown in Figure S2.

We also performed Western blot analysis using the proteins from the same cells (Figure 8).
Surprisingly, the results were partially but importantly different from RT-PCR. All four gene
products were increased by PMA addition. HSP70, CRYAB, and HSF2 showed prominent increase.
HSP70 was increased to 3 times, CRYAB was to 8 times, and HSF2 was to 5 times. HSF1 showed only
to 1.5 times increase but this was also significant. All four genes and their products have roles in
protecting cells and maintenance of cell survival against some stresses and dangers. HSP70 and
CRYAB are target genes of HSF1, thus the induction of these two genes by HSF1 is probably involved
in PMA effects [1]. HSF2 genes was not significantly activated but in contrast its protein product was
prominently increased. Compared with HSF1, the characters of HSF2 including activation
mechanism, target genes, and functions are not revealed in detail [38]. HSF2 probably contributes to
PMA effects though the different mechanism from HSF1.
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Figure 8. PMA effect on the four intracellular defensive protein (HSP70, CRYAB, HSF1, and HSF2)
expression shown by Western blot. f-actin was examined as the internal control protein. Cells were
harvested at 7 days after DMSO (cont.) and PMA treatment. PMA concentration was 1.0 nM. Cells
from one dish were divided to two tubes and one tube was used for RT-PCR and the other was used
for Western blot. The graph was calculated from the original blots shown in Suppl. Figure 2. The
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averaged values calculated from three control bands (No. 1-3) are indicated as 1.0. P-values were
calculated by student t test. Raw blot picture is shown in Figure S2.

4. Discussion

In this paper, we showed that PMA has a possibility to be a strong candidate for the therapeutic
drugs for NDDs.

PMA is well known old chemical compound independently discovered by two researchers in
the years of 1967 and 1969 [22,23]; thus many papers referred to PMA were published in the past [48-
50] and in various fields and categories including chemistry, physics, biology, and medical science
[51-53].

We selected PMA through a lot of our experimental data and research of previous published
papers, and launched this study. We already knew that PMA activates both NFATc2 and HSF1
through the PKC activation pathway [54,55], in addition, we discovered that NFATc2 and HSF1 have
abilities to decrease the aggregate formation through the development of novel E3 ubiquitin ligase
complex in the previous experiments [6]. These experiences also made us select PMA. The other,
PMA has been also used as a drug and applied to neuronal research for a long-time [49,56,57], this
fact also made us pay attention to this small chemical compound.

A biopharmaceutical company Rich Pharmaceuticals, Inc. named PMA as RP-323 and may
proceed research whether PMA can be a therapeutic drug or not. Actually, this company obtained
FDA approval to begin Phase 1/2 study in acute myelogenous leukemia (AML) and myelodysplastic
syndromes (MDS) patients in 2015 and subsequently announced the potential for using its drug RP-
323 in the treatment of Hodgkin's lymphoma on the website in 2018 [58,59]. In the past, this company
said to think that PMA may have an ability to cure NDDs on the old website. Except for us, there
might be several researchers or research groups paying attention to PMA as a seed compound for
NDDs therapeutic drug.

PMA has been used for neuronal research for a long-time, we must pay attention to these similar
old studies indicating different conclusions from ours. For example, Liu and Chen reported that PMA
inhibited axonal growth in N-18 mouse neuroblastoma cells, and Mattson also reported that PMA
causes PKC overactivation and neurodegeneration in cultured human cortical neuron [49,57].
However, the concentration of PMA used in these studies is micromolar level, and this is 10 - 1000
times higher than that used in our experiments carried out at nanomolar concentration. Most of ours
were performed at 1.0 nM, in addition, we found that PMA at the higher concentration than 5.0 nM
exhibits increased toxicity for SH-SY5Y cells. Probably, this difference in PMA concentration used in
each study caused the contrasted results. In addition, what cells were used, and whether the cells
were mouse or human was also critically important. Several papers did not use neuronal cells despite
neuronal research [6]. For the novel drug development studies, we emphasize the usage of human
neuronal cells is critically important.

Lastly, we want to talk about whether PMA is really tumor promoter or not. In old papers
published before 1980’s, for example, most papers described as ‘Mouse skin tumor-promoting agent
PMA'’ ‘“The phorbol esters and related diterpenes comprise the most potent class of tumor promoter.
Of this class, PMA is the most active’ [60,61]. However, Van Duuren and his co-authors also said in
the same paper ‘While tumor promotion is accompanied by epidermal hyperplasia and
inflammation, these manifestations are in all likelihood not related to the mode of action of PMA [60].
Dunphy and his co-authors also described “Tumor promoters are compounds which, although in
themselves neither carcinogenic nor mutagenic, greatly accelerate tumor outgrowth in animals
previously treated with a subthreshold dose of a carcinogen’ [61]. Both groups referred to the
possibility that PMA itself may not be tumor initiator and that PMA just plays a functional role.

Actually, in the present studies of skin tumor and skin carcinogenesis, a method ‘7,12-
dimethylbenzanthracene (DMBA) / PMA two-stage chemical carcinogenesis protocol’ or UV
irradiation is used [62-64]. In detail, Fischer and her colleagues used 6- to 8-week-old mice and
topically applied 100 ug of DMBA in 200 pL of acetone 2 days after shaving to the dorsal skin. This
is the initiation step. Two weeks after initiation step, the mice were topically treated with 2.5 ug PMA
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in 200 pL acetone twice a week for a period of 30 weeks [64]. In this protocol, mutagen inducing
carcinogenesis is DMBA, not PMA [65]. PMA is pleiotropic chemical but shows pro-inflammatory
effects crucial for tumor promotion [65].

It is required to confirm whether PMA has an ability to induce carcinogenesis by itself using
animals. Through the animal experiments, we must show to what extent PMA is safe. When we
improve the safety of PMA, we can proceed to the next step.
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