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Abstract

Methylmercury is an environmental pollutant that induces potent neurotoxicity. We previously identified transcription fac-
tor 3 (TCF3) as a transcription factor that is activated in the brains of mice treated with methylmercury, and reported that
methylmercury sensitivity was increased in cells in which TCF3 expression was suppressed. However, the mechanisms
involved in the activation of TCF3 by methylmercury and in the reduction of methylmercury toxicity by TCF3 remained
unclear. We found that treatment of mouse neuronal C17.2 cells with methylmercury increased TCF3 protein levels and
promoted the binding of TCF3 to DNA consensus sequences. In cells treated with actinomycin D, a transcription inhibi-
tor, an increase in TCF3 protein levels was also observed under methylmercury exposure. However, in the presence of
cycloheximide, a translation inhibitor, methylmercury delayed the degradation of TCF3 protein. In addition, treatment with
MG132, a proteasome inhibitor, increased TCF3 protein levels, and there was not significant increase in TCF3 protein lev-
els by methylmercury under these conditions. These results suggest that methylmercury may activate TCF3 by increasing
its levels through inhibition of TCF3 degradation by the proteasome. It has been previously reported that the induction of
apoptosis in neurons is involved in methylmercury-induced neuronal damage in the brain. Although apoptosis was induced
in C17.2 cells treated with methylmercury, this induction was largely suppressed by overexpression of TCF3. These results
indicate that TCF3, which is increased in the brain upon exposure to methylmercury, may be a novel defense factor against
methylmercury-induced neurotoxicity.
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environment and is eventually taken up by humans through
bioaccumulation in fish and shellfish [1]. In the body,
methylmercury takes on a methionine-like structure when
bound to cysteine and can cross the blood—brain barrier via
a neutral amino acid transporter [2]. High concentrations of
methylmercury in the brain cause Minamata disease, which
includes central nervous system disorders as a main symp-
tom [3, 4]. However, the mechanisms involved in methyl-
mercury-induced neurotoxicity and the defense response
against it remain largely unknown.

When an organism is exposed to an exogenous stressor, a
variety of transcription factors are activated. The activation of
these transcription factors plays a central role in the induction
of apoptosis and stress response by regulating the expression
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of downstream genes. We have shown that methylmercury
activates transcription factors such as cAMP response element
binding protein (CREB), NF-E2-related factor 2 (Nrf2), and
heat shock factor 1 (HSF1), and that these transcription fac-
tors play a role in reducing methylmercury toxicity by induc-
ing the expression of genes involved in apoptosis inhibition
and methylmercury excretion [5-8]. We have also found that
the methylmercury-activated transcription factor HOXB13 is
involved in enhancing the toxicity of methylmercury by pro-
moting the induction of the cytokine oncostatin M [9]. We also
reported that the transcription factor NF-kB, which is activated
by methylmercury in mouse neural C17.2 cells, is involved
in enhancing the toxicity of methylmercury via induction of
TNF-a expression [10]. Methylmercury has been reported
to inhibit cell proliferation and induce apoptosis through the
activation of the transcription factor p53 [11]. Thus, investiga-
tion of transcription factor activation may provide important
clues to understanding methylmercury toxicity and the defense
response against it.

Recently, we conducted a comprehensive search for tran-
scription factors activated in the cerebellum of methylmercury-
treated mice using a protein—-DNA binding assay and found
that transcription factor 3 (TCF3), paired box 4 (PAX4), paired
box 6 (PAX6) and high mobility group AT-hook 1 (HMGAL1)
were significantly activated [12]. We found that knockdown
of TCF3 expression increased the sensitivity of C17.2 cells to
methylmercury, suggesting that TCF3 activation may be part
of the defense response against methylmercury toxicity. How-
ever, the mechanisms involved in the methylmercury-induced
TCF3 activation and the reduction of methylmercury toxicity
remain unclear. TCF3, a basic helix loop helix (bHLH) tran-
scription factor, is highly expressed during early neurogenesis
and is involved in neuronal differentiation and other processes
[13, 14]. It has been reported that doxorubicin-induced apop-
tosis is increased in cancer cells when TCF3 expression is
repressed, while pre-renewal line carcinoma cells with high
TCF3 expression show resistance to doxorubicin [15]. It has
also been reported that TCF3 exerts an anti-apoptotic effect
by negatively regulating the expression of p53 upregulated
modulator of apoptosis (PUMA), which is an apoptosis-
inducing agent [16]. Since methylmercury is known to induce
neurological damage by inducing apoptosis, we suspected that
TCF3 might be a factor that reduces methylmercury toxic-
ity by inhibiting apoptosis in neurons. Therefore, we aimed
to investigate these relationships in the present study using
Cl17.2 cells.
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Materials and methods
Animals

The present study was performed in accordance with the rec-
ommendations of Regulations for Animal Experiments and
Related Activities at Tohoku University. All mice used in the
study were 6-week-old male C57BL/6 mice that were pur-
chased from Japan SLC Inc. (Shizuoka, Japan). Prior to the
experiments, mice were housed in plastic cages at 22+2 °C
and at a relative humidity of 55+20% with a 12 h light—dark
cycle for 1 week. Food (F-2, Oriental yeast, Tokyo, Japan) and
filtrated tap water were provided ad libitum. Methylmercuric
chloride dissolved in saline (25 mg/kg, single administration)
was injected subcutaneously. The mice were dissected after
the indicated time course.

Cells and cell cultures

Mouse neural C17.2 cells were maintained in DMEM sup-
plemented with 10% FBS, 5% horse serum (Thermo Fisher
Scientific, Waltham, MA, USA), 2 mmol/l L-glutamine, and
antibiotics (100 IU/ml penicillin and 100 mg/ml streptomycin).
Before starting the experiments, cells (2.5 10° cells/well)
were seeded on a 12-well plate and cultured for 24 h. These
cells were maintained at 37 °C in a humidified incubator in an
atmosphere of CO, (5%) and ambient air (95%).

Immunoblotting

Cells or organs were harvested or homogenized in a sodium
dodecyl sulfate (SDS) buffer (1 mM trisaminomethane-hydro-
chloride (pH 7.4), 2% SDS, 150 mM sodium chloride (NaCl),
and 1 mM ethylenediaminetetraacetic acid) supplemented with
a protease inhibitor cocktail (Roche, Basel, Switzerland). The
lysates were then incubated at 95 °C for 10 min. Protein con-
centration of each lysate was examined using the DC protein
assay kit (Bio-Rad, Hercules, CA, USA). Aliquots of samples
(20 pg) were subjected to SDS—polyacrylamide gel electro-
phoresis. The gel was transferred to an Immobilon-P poly-
vinylidene fluoride membrane (Millipore, Burlington, MA,
USA) and stained with antibodies against TCF3 (Thermo
Fischer Scientific), lamin, cleaved-caspase 3 (Cell Signal-
ing Technology, Danvers, MA), PA-tag, and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (Fujifilm-Wako, Osaka,
Japan). Densitometry was measured by ImageJ software 10.2
(https://imagej.nih.gov/ij/).

Quantitative PCR (qPCR)

Total RNA was isolated using Isogen II (Nippon Gene,
Tokyo, Japan), according to the manufacturer’s instructions.
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Reverse transcription was performed using PrimeScript®
RT reagent kit (Takara, Shiga, Japan). Quantitative PCR
was performed using KAPA SYBR (Nippon Genetics,
Tokyo, Japan) by Thermal Cycler Dice® (Takara) with the
following primers: TCF3, F: 5'-TTGACCCTAGCCGGA
CATAC-3', R: 5'-TGCCAACACTGGTGTCTCTC-3'; and
GAPDH, F: 5'-ATCACCATCTTCCAGGAGCGA-3', R:
5'-AGGGGCCATCCACAGTCTT-3'. GAPDH was used as
an internal control. The data are presented as values cor-
rected by GAPDH.

Construction of TCF3-PA expressing plasmid

Complementary DNA prepared from C17.2 cells was
amplified by KOD-plus neo (Toyobo, Osaka, Japan) with
the following primers that targeted TCF3 with a c-terminal
PA-tag, F: 5'-TTCCTCGAGACTAGTTCTAGAATGATG
AACCAGTCTCAGA-3', R: 5'- GGTAGAATTGGATCC
GCGGCCGCTCAAACAACGTCGTCCT-3'. The resulting
PCR product was ligated into pLVSIN-CMV pur (Takara)
by using the Infusion HD cloning kit (Takara). The ligation
products were transformed into E. coli (XL-1 blue, GM bio-
lab, Dali, Taiwan) and the full sequence was evaluated by
the Sanger method (Fasmac, Kanagawa, Japan). We cloned
multiple transcript variants from C17.2 cells and chose the
clone of transcript variant 3 (NP_001157621.1) for this
study, because transcript variant 3 may be predominantly
expressed in the cells, as the number of the clones encoding
transcript variant 3 were dominant.

TUNEL assay

MEBSTAIN Apoptosis TUNEL Kit II (Medical and Bio-
logical Laboratories, Nagoya, Japan) was used for TUNEL
staining, according to the manufacturer’s instructions. Cells
were fixed with 4% paraformaldehyde in PBS for 30 min at
4 °C. After removal of the supernatant, terminal deoxynucle-
otidyl transferase (TdT) with biotinylated dNTP was added
to the cells and incubated at 37 °C for 30 min for the addition
of biotin to fragmented DNA. Cells were incubated with
avidin-FITC II solution for 30 min at 25 °C. Fluorescence
was measured by FV1000 confocal microscope (Olympus,
Tokyo, Japan) at wavelengths of 488 nm for excitation
and 530 nm for emission. Data analysis was performed by
Fluoview (Olympus).

Statistical analysis

Statistical significance was analyzed using a one-way
ANOVA and Tukey’s post hoc test. Analyses were per-
formed with GraphPad Prism 8 (GraphPad Software, CA,
USA).

Results

Effects of methylmercury on TCF3 protein levels
and TCF3 activity

We previously found that TCF3 was activated in the cer-
ebellum of methylmercury-treated mice. Therefore, we
subcutaneously administered methylmercury (25 mg/kg)
to mice and excised the cerebellum at 1 or 3 days post-
administration to examine the levels of TCF3 protein.
We found that TCF3 levels in the cerebellum of meth-
ylmercury-treated mice were significantly increased in a
time-dependent manner compared with the control group
(Fig. 1a). In C17.2 cells, TCF3 was found in the nuclear
fraction only and was not detected in the cytoplasm (data
not shown), suggesting that TCF3 is constantly present in
the nucleus and functions as a transcription factor. In addi-
tion, since multiple transcriptional variants in the TCF3
gene are known to exist, it is likely that endogenous TCF3
was detected as multiple or smear bands in C17.2 cells.
After treatment of C17.2 cells with methylmercury, an
increase in TCF3 protein levels was observed in a time-
dependent manner (Fig. 1b). Under these conditions, we
examined the activation of TCF3 by DNA pull-down
assay and found that binding of TCF3 to the consensus
sequence increased in response to increased TCF3 expres-
sion (Fig. 1c). This suggests that methylmercury may be
involved in the activation of TCF3 by increasing TCF3
protein levels. TCF3 mRNA levels were also significantly
increased in the brains of methylmercury-treated mice
and in C17.2 cells (Fig. 2a, b). However, pretreatment
with actinomycin D (Act. D), a transcription inhibitor,
had little effect on the increase in TCF3 protein levels by
methylmercury (Fig. 2c). These results suggest that meth-
ylmercury may increase TCF3 protein levels through post-
translational modifications, such as the repression of deg-
radation, rather than through transcriptional promotion.

Effects of proteasome inhibitor or lysosome
inhibitor on the increase in TCF3 protein levels
by methylmercury

When C17.2 cells were treated with cycloheximide, a
translation inhibitor, TCF3 protein expression was mostly
eliminated over a 3 h period, with a half-life of 58.5 min
(Fig. 3a), whereas methylmercury treatment prolonged the
half-life of TCF3 to 144.8 min (Fig. 3a). This suggests
that inhibition of protein degradation may contribute to
the increase in TCF3 protein levels by methylmercury.
TCF3 is known to undergo degradation by the proteasome
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Fig. 1 Effects of methylmercury on TCF3 protein levels and activity.
a C57BL6 mice were administered with 25 mg/kg of methylmercuric
chloride (MeHgCl) by subcutaneously (s.c.) for 1 or 3 days and the
protein levels of TCF3 and GAPDH in the cerebellum were examined
by immunoblotting (n=4). Right panel indicates quantification of
TCF3 band intensities and those corrected by GAPDH are shown in
the left panel. b C17.2 cells were treated to 20 uM of MeHgCl for the
indicated time course and protein levels of TCF3 and GAPDH were
determined by immunoblotting. A representative blot is shown in

following ubiquitination by Ubc9, a ubiquitin-conjugating
enzyme (E2) [17]. Therefore, we treated C17.2 cells with
MG132, a proteasome inhibitor, and examined the effects
of methylmercury on TCF3 protein levels. We found that
treatment with MG132 for 4 h prior to the addition of
methylmercury increased TCF3 protein levels to approxi-
mately the same level as observed in the methylmercury
treatment, but no additive increase was observed after
methylmercury treatment (Fig. 3b). This result suggests
that methylmercury increases the levels of TCF3 protein
by inhibiting its degradation through the ubiquitin—protea-
some pathway. Treatment of C17.2 cells with bafilomycin,
a lysosome inhibitor, did not change TCF3 protein levels
and had no effect on the increase in TCF3 protein levels
by methylmercury, suggesting that the lysosomal pathway
may not be involved in the increase in TCF3 protein levels
in response to methylmercury (Fig. 3c¢).

@ Springer
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the upper panel. Lower panel indicates quantification of TCF3 band
intensities that has been corrected by GAPDH (n=3). ¢ C17.2 cells
were treated with 20 uM of MeHgCl for the indicated time course
and nuclear fractions were collected. Activated TCF3 was measured
by DNA pull-down assay using the TCF3 binding sequence. A rep-
resentative blot is shown in the upper panel. Lower panel indicates
quantification of activated TCF3 band intensities that have been
corrected by lamin (n=3). The data are represented as mean=+ SD.
“p <0.05 vs. control, ““p<0.01 vs. control

Effects of overexpression of TCF3 on the induction
of apoptosis by methylmercury

Our previous study demonstrated that knockdown of TCF3
expression enhances methylmercury toxicity, suggesting
that TCF3 may be a defense factor against methylmercury
toxicity [12]. Therefore, we transfected a PA-tagged TCF3
expression plasmid (TCF3-PA) into C17.2 cells to generate
TCF3-PA overexpressing cells and examined the effects of
overexpression of TCF3 on the induction of apoptosis by
methylmercury. We examined the cleaved-caspase 3 levels
and DNA fragmentation by TUNEL assay as indicators of
the induction of apoptosis. Treatment with methylmercury
for 24 h increased the levels of cleaved-caspase 3 and the
number of TUNEL-positive cells, but these increases were
both inhibited by overexpression of TCF3-PA (Fig. 4a, b).
These results indicate that the increase in TCF3 expression
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Fig.2 Contribution of TCF3 transcription to increase in TCF3 pro-
tein levels by methylmercury. a C57BL6 mice were administrated
with 25 mg/kg of methylmercuric chloride (MeHgCl) by s.c. for 1 or
3 days and mRNA levels of TCF3 in the cerebellum were examined
by qPCR. Values corrected by GAPDH are shown (n=4). b C17.2
cells were treated with 20 uM of MeHgCl for the indicated time
course and mRNA levels of TCF3 were determined by qPCR. Values
corrected by GAPDH are shown (n=3). ¢ C17.2 cells were pretreated

in response to methylmercury is a defense response that
suppresses the induction of apoptosis.

Discussion

The present study revealed that the mechanisms related
to the activation of TCF3 by methylmercury involve an
increase in TCF3 protein levels through inhibition of pro-
tein degradation by the ubiquitin—proteasome pathway. Our
results suggest that the increase in TCF3 expression may be
a defense response that inhibits the induction of apoptosis
by methylmercury.

Some transcription factors that are activated in response
to various stresses, such as hypoxia inducible factor 1 (HIF-
1) and Nrf2, have relatively short half-lives of 5-8 min and
15-30 min, respectively [18, 19]. However, upon sensing

MeHgCl exposure
time (hr)

with 2 uM of actinomycin D (Act. D) for 1 h and treated with 20 uM
of MeHgCl for the indicated time course. Protein levels of TCF3
and GAPDH were determined by immunoblotting. A representa-
tive blot is shown in the left panel. Right panel indicates quantifica-
tion of TCF3 band intensities that have been corrected by GAPDH
(n=3). The data are represented as mean=+ SD. *p<0.05 vs. control,
“p<0.01 vs. control. n.s. indicates not significant

the stressor, the degradation of these proteins via the ubiqui-
tin—proteasome pathway is inhibited, protein levels increase,
and rapid translocation into the nucleus and induction of the
expression of downstream genes occurs. TCF3 is endemic
to the nucleus and is likely to be similarly regulated because
it responds rapidly, although the half-life of TCF3 is rela-
tively long compared with these transcription factors. As
mentioned above, Ubc9 is known to be involved in TCF3
ubiquitination [17], and it is assumed that methylmercury
may inhibit TCF3 ubiquitination mediated by Ubc9. It will
be necessary to clarify the effect of methylmercury on TCF3
ubiquitination and its mechanisms in future studies.

It has been reported that regulation of TCF3 activa-
tion involves the binding of transcriptional repressors,
and that Id3 represses TCF3 activity by forming heter-
odimers with TCF3 [20]. However, when arsenic binds
to a cysteine residue at the N-terminus of 1d3, Id3 is
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Fig.3 Effects of inhibition of proteolytic pathways on increase in
TCF3 protein levels by methylmercury. a C17.2 cells were pretreated
with 40 uM of cycloheximide (CHX) for 1 h and 20 uM of methyl-
mercuric chloride (MeHgCl) for the indicated time course. Protein
levels of TCF3 and GAPDH were determined by immunoblotting. A
representative blot is shown in the left panel. Right panel indicates
quantification of TCF3 band intensities that have been corrected by
GAPDH (n=3). b C17.2 cells were pretreated with 30 pM of MG132
for 4 h and 20 uM of MeHgCl for the indicated time course. Protein
levels of TCF3 and GAPDH were determined by immunoblotting. A

translocated from the nucleus to the cytoplasm [21]. It
is possible that methylmercury also binds to the cysteine
residues of Id3 and decreases its nuclear levels, result-
ing in increased transcriptional activity of TCF3. When
TCF3 and Id3 were co-expressed in C17.2 cells and the
binding between them was examined by immunoprecipita-
tion, methylmercury had little effect on TCF3-Id3 binding
(data not shown). This result suggests that the binding of
methylmercury to Id3 is not involved in the activation of
TCF3 by methylmercury. TCF3 is known to exhibit anti-
apoptotic effects by inhibiting the induction of PUMA
expression, which is involved in the induction of apoptosis
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representative blot is shown in the left panel. Right panel indicates
quantification of TCF3 band intensities that have been corrected by
GAPDH (n=3). ¢ C17.2 cells were pretreated with 0.5 uM of bafilo-
mycin for 3 h and 20 uM of MeHgCl for the indicated time course.
Protein levels of TCF3 and GAPDH were determined by immunob-
lotting. A representative blot is shown in the left panel. Right panel
indicates quantification of TCF3 band intensities that have been cor-
rected by GAPDH (n=3). The data are represented as mean+SD.
“p<0.05 vs. control. n.s. indicates not significant

[22]. However, an increase in PUMA mRNA levels by
methylmercury treatment was still observed even when
TCF3 was overexpressed (data not shown), suggesting that
TCF3 inhibits the induction of apoptosis in a PUMA-inde-
pendent manner. We found that methylmercury induces
expression of TNF-a, an inflammatory cytokine, and that
TNF-a released extracellularly binds to TNF receptor 1
and induces apoptosis by death receptor signaling pathway
[10]. It has also been reported that methylmercury induces
apoptosis by inducing mitochondrial stress through inhi-
bition of the electron transfer system and endoplasmic
reticulum stress through inhibition of protein-disulfide
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Fig.4 Effects of overexpression of TCF3 on apoptosis induced by
methylmercury. a C17.2 cells were transfected with control vector or
TCF3-PA-expressing plasmid for 24 h. Cells were then treated with
the indicated concentration of methylmercuric chloride (MeHgCI)
for 24 h. Protein levels of cleaved-caspase 3, TCF3-PA, and GAPDH
were determined by immunoblotting. A representative blot is shown
in the left panel. Right panel indicates quantification of cleaved-cas-

isomerase (PDI) [23, 24]. Thus, methylmercury induces
apoptosis through various pathways, and identification of
the pathways inhibited by TCF3 is expected to lead to the
elucidation of the detailed molecular mechanisms involved
in methylmercury-induced apoptosis.

In summary, although the present study employed
relatively higher concentrations of methylmercury and
artificial conditions including TCF3 overexpression in
cultured cell experiments, our results clearly suggest that
the increase in TCF3 protein levels observed in the brains
of mice treated with methylmercury is a novel defense
response against methylmercury-induced neurotoxicity.
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