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Abstract

Amyotrophic lateral sclerosis (ALS) is a fatal neurological disorder characterized by progressive 

paralysis caused by the degeneration of motor neurons throughout the central nervous system. 

Mutations of the free radical scavenging enzyme Cu/Zn superoxide dismutase 1 (SOD1) are a 

cause of familial ALS. In the present study, we demonstrated an age-dependent increase in taurine 

transporter (TauT) immunoreactivity in spinal cord motor neurons of ALS transgenic mice (mutant 

SOD1 (G93A)) and a similar increase in TauT in spinal motor neurons of patients with ALS. 

Chromatin immunoprecipitation analysis verified that heat shock factor 1 (HSF1) preferentially 

occupies the HSF1 binding element in the promoter of TauT under oxidative stress conditions. 

Knockdown of HSF1 by small interfering RNA reduced the transcriptional activity of TauT. Using 

[3H] taurine, we confirmed that an elevated expression of TauT directly contributes to increased 

taurine uptake in ALS motor neurons. In addition, we showed that taurine plays an antioxidant 

role and may prevent motor neuron loss due to oxidative stress in ALS. Our findings suggest that 

HSF1-induced TauT expression partially protects motor neurons by compensating for constitutive 

oxidative stress, which is thought to be a key mechanism contributing to the pathogenesis of ALS. 

Taken together, our results suggest that TauT is a novel pathological marker for stressed motor 

neurons in ALS and that modulation of TauT and taurine may slow neuronal degeneration in ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder characterized by a 

loss of upper and lower motor neurons resulting in progressive muscle wasting and paralysis 

[1]. The incidence of ALS is 1–2/100,000/year and may be rising. The vast majority of 

ALS cases are sporadic, but about 5–10 % of cases is familial. Missense mutations of 

Cu/Zn superoxide dismutase 1 (SOD1) cause about 25 % of familial ALS (FALS) cases 

[2], whose clinical and pathological features are indistinguishable from those in sporadic 

ALS (SALS). Transgenic mice expressing the G93A or G37R human SOD1 mutations with 

elevated levels of SOD1 activity develop progressive hind limb weakness, muscle wasting, 
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and neuropathological sequelae similar to those observed in both SALS and FALS patients 

[3–6]. Despite beneficial therapeutic results having been generated in transgenic ALS mice, 

unfortunately, human clinical trials have had minimal success [7–10]. A better understanding 

of the molecular events leading to motor neuron death in ALS may lead to new therapies 

targeting these pathways. It has well been established that glutamate-mediated toxicity is 

associated with neuronal death, particularly in ALS. Several converging lines of inquiry 

have also shown the abnormalities of glutamate regulation in ALS [11–13], suggesting that 

excessive synaptic glutamate may initiate or propagate motor neuron loss in ALS [14]. 

Some therapeutic strategies based on those mechanisms have been applied in ALS treatment. 

Despite this fact, however, no cure or effective therapy is currently available.

Deregulation of amino acid metabolism has been linked to ALS [15–17]. For example, 

strikingly, arginine concentrations are decreased in the plasma of ALS patients. Interestingly, 

we have previously found that arginine administration prevents motor neuronal loss and 

improves neuropathology and survival of ALS transgenic mtSOD1 (G93A) mice. In 

addition, three decades ago, levels of the sulfur amino acid taurine (2-aminoethanesulphonic 

acid) were often found to be increased in the motor cortex and the spinal cord of ALS 

patients, suggesting that the metabolism of sulfur amino acids may be affected as the disease 

progresses [17–19]. Since taurine is not a protein-composing amino acid, it is not likely 

that elevated levels are a result of protein breakdown as is the case with other branched 

amino acids. In general, intracellular levels of taurine in mammalian tissues are as high as 

millimolar concentrations compared to micromolar concentrations in plasma [20]. Taurine 

uptake is directly mediated by a sodium-dependent mechanism via the taurine transporter 

(TauT) [21]. TauT plays a pivotal role in the maintenance of the high concentration 

of taurine in tissues and TauT expression is increased in hyperosmotic conditions [22, 

23]. Taurine is released from glia through an osmoregulatory mechanism and may have 

neuroprotective properties via its antioxidant effects [24]. Given that taurine levels are 

preserved in ALS [17, 18], it is important to determine whether taurine uptake is regulated 

through a TauT-dependent mechanism in spinal motor neurons.

Diverse physiological signals, including oxidative stress, are thought to activate heat 

shock factor 1 (HSF1) which binds to the sequence-specific heat shock element (HSE) 

contained in the promoters of many genes, such as heat shock proteins (HSPs) [25]. Two 

HSFs (HSF1 and HSF2, encoding proteins of 75 and 72 kDa, respectively) have been 

identified in the mouse. Interestingly, both HSF1 andHSF2 are not heat inducible, but HSF1 

is hyperphosphorylated in a Ras-dependent manner by mitogen-activated protein kinase 

families under physiological stresses. During unstressed conditions, both DNA binding 

activity and transcriptional activity of HSF1 are tightly regulated. In general, transcriptional 

activation of the HSF1 pathway does not require new protein synthesis because the 

preexisting HSF1 is inactive in the unstressed state and becomes active in response to 

stresses. The stresses induce HSF1 monomers to oligomerize as homotrimers, which then 

bind to an upstream sequence-specific motif (HSE) in the promoter of stress-inducible HSP 

genes. However, it remains unknown what other important genomes are modulated by HSF1 

in the level of transcription under neurodegenerative conditions, such as ALS.
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In this study, we demonstrated the essential requirement of the HSF1 pathway in the 

regulation of TauT gene expression in ALS. We further examined TauT activity and studied 

the neuroprotective antioxidant effect of taurine in the mtSOD1 (G93A) transgenic cell line 

model of ALS.

Results

TauT Immunoreactivity is Increased in the Spinal Cords of ALS (G93A) Mice

Spinal cord sections were prepared from wild-type (WT) and G93A animals at 50, 90, 

and 120 days of age to characterize TauT immunoreactivity. TauT immunoreactivity was 

increased in G93A mice at 90 and 120 days of age compared to control mice (Fig. 1a) 

and intense TauT staining was also seen in the peripheral cytoplasm of spinal motor 

neurons in human ALS (Fig. 1b). The density of TauT was significantly increased in 

ALS patients compared with controls (p<0.0001) (Fig. 1b). To determine which cell types 

express high levels of TauT immunoreactivity, double immunofluorescence staining was 

performed. As seen by confocal microscopy, TauT immunoreactivity was colocalized in 

ChAT-positive motor neurons in G93A mice compared to WT littermate controls (Fig. 1c). 

TauT immunoreactivity was not seen in GFAP-positive astrocytes in G93A mice (Fig. 1d). 

Deconvoluted and reconstructed to 3-D confocal images of TauT staining demonstrated 

tubular TauT-positive structures in ventral horn motor neurons in G93A mice compared to 

WT (Fig. 1e).

TauT Messenger RNA and Protein Levels are Increased in an ALS (G93A) Cell Line Model 
and in ALS Mice

Since we found that TauT immunoreactivity was elevated in G93A mice, we further 

examined whether TauT gene or protein expression was affected in motor neuron-like 

(NSC-34) cell lines and G93A mice. TauT messenger RNA (mRNA) and protein levels in 

NSC-34 cell lines and G93A mice were determined by quantitative real-time polymerase 

chain reaction (qRT-PCR) and Western blot analysis. Increased levels of TauT mRNA were 

observed in both NSC-34/hSOD1G93A cells and G93A mouse spinal cord compared to 

control NSC-34 cells and WT mice (Fig. 2a). In addition, TauT protein was increased 

twofold in NSC-34/hSOD1G93A cells compared to control NSC-34 cells. In contrast, levels 

of HSF1, a stress-inducible transcription factor, were only slightly increased in the NSC-34/

hSOD1G93A cells (Fig. 2b). Since WT SOD1 is being regarded as a viable target for SALS 

and is involved in cytotoxicity [26], it seems likely that WT hSOD1 could modulate stress 

signals, such as HSF1 activation, in order to improve the condition of cells against stresses 

(Fig. 2b). Western blot and densitometric analysis showed elevated TauT protein levels in the 

spinal cord of G93A mice at both 50 and 90 days of age compared to WT mice (Fig. 2c).

HSF1 Regulates TauT Transcription

In order to determine how the TauT gene is activated at the transcriptional level, we 

ran the TFSEARCH software (Kyoto University, Japan) using the mouse TauT gene 

promoter sequence and found DNA binding sites (cis-elements) for transcription factors, 

such as HSF1 and c-Ets-1 (Fig. 3a). Since several potential HSF1 binding sites emerged, 

we constructed a series of deletion constructs (TauT, −272/+33; TauT, −132/+33; TauT, 
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−502/−131) to determine which site functions as an important cis-element for the basal 

activity of the TauT promoter (Fig. 3b). Among three deletion constructs, the TauT promoter 

(−502/−131) with a deletion of the proximal HSF1 binding site showed significantly 

decreased luciferase activity compared with the other TauT promoters (−272/+33 and 

−132/+33) (Fig. 3c). This promoter assay data indicate that the proximal site is an efficient 

cis-element of HSF1. To confirm whether HSF1-DNA occupancy is identified within the 

TauT promoter region, we performed chromatin immunoprecipitation (ChIP) assays and 

found that HSF1-DNA occupancy in the TauT promoter was increased approximately 

twofold in NSC-34/hSOD1G93A cells compared to NSC-34/hSOD1wt cells (Fig. 3d). 

Because TauT transcription was regulated by HSF1, we performed Western blot analysis 

to define how TauT protein levels relate to HSF1. We found that HSF1 overexpression 

increased TauT levels and that knockdown of HSF1 by small interfering RNA (siRNA) 

downregulated TauT levels (Fig. 3e, f). These results suggest that TauT levels are directly 

regulated by HSF1. To clarify whether the transcription of TauT is regulated by HSF1, we 

cotransfected HSF1 and siRNA of HSF1 with TauT promoter plasmid (−502/+33) in control 

NSC-34 cells and NSC-34/hSOD1G93A cells and measured the luciferase activity. HSF1 

increased TauT transcriptional activity in a dose-dependent manner, while HSF1 knockdown 

significantly decreased TauT transcription (Fig. 3g, h). Interestingly, the activation of TauT 

transcription by HSF1 was higher in NSC-34/hSOD1G93A cells than in control NSC-34 

cells.

Oxidative Stress Induces HSF1 Activation and TauT Expression

Because HSF1 is a transcription factor induced in response to various stresses [25], we 

hypothesized that the activation of HSF1 could be modulated by oxidative stress, one of 

the major pathological factors thought to contribute to ALS pathogenesis. In this context, 

we exposed cells to 100 μM hydrogen peroxide (H2O2) for variable amounts of time and 

measured HSF1 protein levels. HSF1 protein was increased at 3 h and its elevation persisted 

for 12 h after treatment with 100 μM H2O2. As we expected, TauT protein levels were 

increased by oxidative stress in control NSC-34 cells (Fig. 4a). In parallel, TauT expression 

was induced 12 h after H2O2 treatment. In order to check the stability of TauT protein, 

we performed a cycloheximide (CHX) chase study in the presence or absence of H2O2 in 

control NSC-34 cells followed by Western analysis. When CHX (10 μg/ml) was chased for 

the indicated period of time without oxidative stress, TauT protein stability persisted for 

more than 24 h. Interestingly, the stability of TauT protein was not affected by oxidative 

stress over 24 h. It seems likely that oxidative stress does not reduce TauT protein levels 

(Fig. 4b).

Taurine Levels are Increased in G93A mice

To determine in vivo taurine levels, we performed high-performance liquid chromatography 

(HPLC) on extracts of lumbar spinal cords from WT and G93A mice. Taurine and several 

other amino acids were significantly increased in the lumbar spinal cords of G93A mice 

compared to WT controls (Fig. 5b; Supplementary Table S2). Consistent with the HPLC 

result, we found that taurine immunoreactivity was elevated in the lumbar spinal cord of 

G93A mice at 90 and 120 days of age (Fig. 5a). Because both TauT and taurine were 

increased in ALS motor neurons, we hypothesized that increased TauT activity may be 
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directly involved in extracellular taurine uptake by motor neurons. In order to test our 

hypothesis, we measured the activity of TauT in NSC-34 cell lines (NSC-34, NSC-34/

hSOD1wt, and NSC-34/hSOD1G93A) using radiolabeled [3H] taurine. The ratio of [3H] 

taurine uptake was studied in a time-dependent manner in NSC-34 cell lines. As expected, 

[3H] taurine uptake was significantly higher in NSC-34/hSOD1G93A cells than in control 

NSC-34 and NSC-34/hSOD1wt cells (Fig. 5c). We further tested whether taurine uptake 

is directly mediated by TauT by competitively inhibiting taurine uptake with β-alanine 

[27]. When cells were exposed to unlabeled taurine and β-alanine, [3H] taurine uptake was 

significantly decreased in NSC-34 cell lines, indicating that taurine uptake directly depends 

on TauT activity (Fig. 5d).

Motor Neurons Viability is Modulated by TauT Activity and Taurine

Based on the results previously described, we hypothesized that oxidative stress-induced 

TauT expression may drive taurine uptake into motor neuron-like cells and thereby enhance 

their viability. To determine whether increased taurine uptake can prevent oxidative stress­

induced cell death, we performed lactate dehydrogenase (LDH) assays in control NSC-34 

cells and we measured motor neuronal cytotoxicity after TauT knockdown with or without 

100 μM H2O2, sodium arsenite (NaAsO2), and thapsigargin (Tg) (Fig. 6c). As we expected, 

cellular stresses induced by H2O2 significantly increased motor neuronal cell death when 

TauT levels were reduced using siRNA. In addition, knockdown of HSF1 downregulated 

TauT expression and enhanced motor neuronal cytotoxicity in response to 100 μM H2O2 

and NaAsO2 (Fig. 6d). To further test the protective effects of taurine under oxidative stress 

conditions, we examined cytotoxicity in the absence or presence of H2O2 after preincubation 

with taurine. Preincubation with taurine prevented motor neuronal cell death produced by 

H2O2-induced oxidative stress (Fig. 6e, f).

Taken together, out results show that HSF1 is activated in response to oxidative stress 

and modulates TauT expression. Increased TauT and taurine expression in motor neurons 

contributes to the protection of the motor neurons from oxidative stress (Fig. 6g).

Discussion

Mechanisms of TauT Expression in ALS Motor Neurons

Several pathological factors, such as endoplasmic reticulum (ER) stress, glutamate 

cytotoxicity, and oxidative stress, are closely linked to motor neuron damage in ALS, but 

the molecular mechanisms underlying these processes are still poorly understood. In the 

1970s, diverse alterations of free amino acids and abnormal metabolism of sulfur amino 

acids were found in the motor cortex and the spinal cord of ALS patients [17]. The finding 

of taurine elevation in the precentral white matter in the absence of gliosis suggested that 

taurine might be increased in neurons [17]. Alternatively, increased taurine could arise from 

a derangement of sulfur amino acid metabolism because starvation and protein deficiency do 

not lead to increased taurine. In any case, the cause of taurine accumulation and its role in 

ALS pathogenesis remain to be elucidated.
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In the current study, surprisingly, we found that the levels of TauT expression and taurine are 

elevated in motor neurons of ALS transgenic (G93A) mice. Although it has been reported 

that osmotic stress increases levels of TauT mRNA in non-neuronal cells [28], the effects of 

oxidative stress on TauT expression and the role of TauT in ALS have not been examined 

prior to our study.

Interestingly, we found that HSF1 is elevated in motor neurons of G93A mice compared to 

control mice. Overexpression of HSF1 upregulated the level of TauT, whereas knockdown of 

HSF1 by siRNA downregulated the level of TauT. Our data indicated that the proximal site 

of the TauT promoter harbors an efficient cis-element for HSF1 binding. ChIP experiments 

further confirmed that HSF1 constitutively occupies the TauT promoter region and that 

HSF1-DNA occupancy in the TauT promoter was increased approximately twofold in ALS. 

These results identified that the expression of TauT is directly regulated by HSF1 under the 

ALS condition.

The Function of Taurine and TauT in ALS

We hypothesize that the increased expression and activity of TauT in ALS caused by HSF1 

may facilitate the ability of motor neurons to cope with oxidative stress and survive. In 

this paradigm, a likely intermediate to defend the neuron from oxidative stress would be 

taurine. Our current data confirm that increased TauT levels correlate with enhanced TauT 

activity and increased taurine uptake. Consequently, elevated intracellular taurine levels 

reduce motor neuronal death in the context of cellular stress. Thus, the activation of the 

TauT pathway in response to oxidative stress may be one of the protective responses that 

prevent motor neuron death. Our CHX chase study shows that the rate of TauT protein 

turnover (decay) is considerably slower in NSC-34 cells under both physiological condition 

and oxidative stress. The sustained stability of TauT under highly oxidative conditions may 

be crucial to maintain taurine uptake into the intracellular space and coping with residual 

oxidative stress in motor neurons. Not only has taurine been known as a neurotransmitter 

[29], a regulator of calcium fluxes [30], and an osmoregulator [31] but it also plays a 

fundamental role as an antioxidant and a cytoprotectant in mammalian cells. A recent 

study showed that a treatment of PC12 cells with taurine is associated with resistance 

to oxidative stress, strongly supporting our findings [32]. Our results show that β-alanine­

induced inhibition of TauT and subsequent depletion of intracellular taurine exacerbate 

motor neuronal death in control NSC-34 and NSC-34/hSOD1wt cells compared to NSC-34/

hSOD1G93A cells in response to Tg-induced ER stress and H2O2-induced oxidative stress. 

These results show that altered expression and activity of TauT can contribute to cell­

autonomous regulation of motor neuronal survival. Although our data suggest that TauT 

mediates prosurvival responses in NSC-34/hSOD1G93A cells, these observations imply that 

the effect of TauT induction may depend on the cell type, the progress/status of the disease, 

and/or the death stimulus.

In summary, we demonstrate that HSF1 induces TauT in ALS by occupying the promoter 

region of the TauT gene. We correlate the protective effects of TauT with its ability to 

increase the uptake of taurine and thereby prevent motor neuronal cell death caused by 

several stresses. These observations suggest that the induction of TauT by HSF1 is a 
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protective response to compensate for oxidative stress in motor neurons. Activation of TauT 

and the taurine pathway could contribute to the prevention of motor neuronal damage and 

lead to improved treatments for neurodegenerative diseases, including ALS.

Materials and Methods

Animals

Male transgenic ALS mice of the mtSOD1 (G93A) H1 high expressor strain (Jackson 

Laboratories, Bar Harbor, ME, USA) are bred with females with a similar background (B6/

SJLF1). These experiments were carried out in accordance with the US National Institutes of 

Health Guide for the Care and Use of Laboratory Animals and were approved by both the 

Veterans Administration and Boston University Animal Care Committees.

Cell Culture and DNA Damage

Motor neuron-like cells (NSC-34) transfected with pCl-neo expression vector containing 

human WT (control NSC-34), hSOD1 WT (NSC-34/hSOD1wt cells), and mutant hSOD1 

G93A (NSC34/hSOD1G93A cells) were established previously [33–36]. Cell lines were 

maintained in Dulbecco’s modified Eagle’s medium (Hyclone, Salt Lake City, UT, USA) 

supplemented with 10 % (v/v) fetal bovine serum (Hyclone, Salt Lake City, UT, USA), 100 

U penicillin/ml, and 0.1 mg streptomycin/ml. Cells were kept in a humidified incubator at 

37 °C under 5 % CO2. Cells were subcultured in six-well plates at a density of 5×105 cells 

per well. After 80 % confluence, cells were treated with 100 μM H2O2 in a time-dependent 

manner.

Confocal Microscopy

Immunofluorescence staining and confocal microscopy was used to determine the TauT 

(Santa Cruz Biotech, Santa Cruz, CA, USA) and HSF1 (Santa Cruz Biotech, Santa Cruz, 

CA, USA). The specimens were incubated for 1 h with DyLight 594 donkey antimouse 

IgG antibody and DyLight 488 donkey antigoat IgG antibody (Jackson ImmunoResearch, 

Baltimore Pike, PA, USA; 1:400) after incubation of the primary antibody. Images were 

analyzed using an Olympus FluoView FV10i confocal microscope (Olympus, Tokyo, 

Japan). Deconvolution and three-dimensional construction of the confocal image were 

performed by AQI-COMBO-CWF program (Media Cybernetics Inc., Bethesda, MD, 

USA). Control experiments were performed in the absence of primary antibody or in the 

presence of blocking peptide. Immunohisto-chemistry by 3,3′-diaminobenzidine staining 

was performed as previously described [16]. Immunoreactivity was determined by Multi 

Gauge V3.0 (Fujifilm, Tokyo, Japan).

Constructs

To generate the TauT promoter region in pGL4.14 (Promega, Fitchburg, 

WI, USA) with the KpnI and XhoI (New England Biolabs, Ipswich, 

MA, USA) restriction enzyme sites, the TauT promoter was amplified 

by PCR (forward, 5′-CGGGGTACCGCCTGTTTTCCCAGTACTGT-3′; reverse, 5′­
CCGCTCGAGTTGCAGCTTCTCCTTCGTGG-3′) from genomic NSC-34 cells and 

sequenced. The TauT deletion constructs of pGL4.14/TauT (−272/+33), TauT (−132/+33), 
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and TauT (−502/−131) were generated by PCR. The sequence of the primers was as 

follows: pGL4.14/TauT (−272/+33) forward, 5′-GGCCAGTTAGGCCAGAGAAA-3′; TauT 

(−272/+33) reverse, 5′-CAGGGTACACAGGCTGGTGT-3′; TauT (−132/+33) forward, 

5′-AGCTGGCTTCTTTGATG-GAG-3′; TauT (−502/−131) forward, 5′-AGATCCCAAG­

GATTTCAATA-3′; TauT (−502/−131) reverse, 5′-GATATCAAGATCTGGCCTCG-3′.

Chromatin Immunoprecipitation

ChIP for HSF1 binding to DNA was performed using a ChIP assay kit (Santa Cruz Biotech, 

Santa Cruz, CA, USA) as previously described [37]. The cells were cross-linked with 1 % 

formaldehyde for 10 min at room temperature. The lysates were sonicated ten times with 

each time for 30 s using Bioruptor (Diagenode, Denville, NJ, USA). After centrifugation, the 

supernatant was diluted in ChIP dilution buffer and then incubated overnight at 4 °C with the 

primary antibody. The eluted DNA was quantified by qPCR and normalized to IgG control.

HPLC Analysis of Amino Acids in Spinal Cord

The levels of taurine in the spinal cord were determined using HPLC methods as previously 

described [38, 39]. Spinal cord tissue was lysed with 0.2 ml of 1.5 mol/L HClO4, and then 

0.1 ml of 2 mol/L K2CO3 was added. The neutralized tissue lysates were centrifuged at 

10,000×g for 1 min, and an aliquot (0.2 ml) of the supernatant was used for sample cleanup 

and determination of taurine. An aliquot of the derivatized mixture (25 μl) was injected into 

a Supelco C18 column (150×4.6 mm I.D.). Amino acids were separated using a solvent 

gradient consisting of solution A (0.1 M sodium acetate, 2 mM sodium dodecyl sulfate, 0.5 

% tetrahydrofuran, and 9 % methanol, pH 7.2) and solution B (100 % methanol and 2 mM 

sodium dodecyl sulfate). Amino acids in samples were quantified on the basis of authentic 

standards, using Millenium 32 Software (Waters, Milford, MA, USA).

LDH Assay

Cells were seed to a 48-well plate. Cells were transiently transfected with siTauT and 

siHSF1 using Lipofectamine 2000 transfection reagent (Invitrogen Life Tech, Carlsbad, 

CA, USA) for 48 h then exposed to 100 μM H2O2 for 12 h. After this treatment period, 

cell cytotoxicity was determined by CytoTox 96 Non-Radioactive Cytotoxicity Assay Kit 

(Promega, Fitchburg, WI, USA).

Promoter Activity Assay

We used the mouse TauT promoter-driven luciferase (Luc) reporter plasmid pGL4.14. Cells 

(NSC-34, NSC-34/hSOD1wt, and NSC-34/hSOD1G93A) were subcultured in 48-well plates 

at a density of 5×104 cells per well, and the next day, cells were transfected with the TauT 

promoter in a dose-dependent manner of HSF1. The luciferase activity was measured 24 h 

after the transfection.

Quantitative Real-Time PCR

Total RNA was extracted from the motor neuron cell line and spinal cord from ALS 

mice by TRIzol reagent (MRC, Cincinnati, OH, USA). RNA was measured in a 

spectrophotometer at 260 nm absorbance. RNA analysis was conducted as follows. Fifty 
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nanograms of RNA was used as a template for qRT-PCR amplification, using SYBR 

Green Real-Time PCR Master Mix (Toyobo, Osaka, Japan). Primers were standardized 

in the linear range of the cycle before the onset of the plateau. The sequence of 

the primers was as follows: GAPDH forward, 5′-TGTGTCCGTCGTGGATCTGA-3′; 
GAPDH reverse, 5′-CCTGCTTCACCACCTTCTTGA-3′; TauT forward, 5′­
ATGACCTCACTGGGAAGCTA-3′; TauT reverse, 5′-GGATGTGATCTGTCCTTCGA-3′. 
GAPDH was used as an internal control. Two-step PCR thermal cycling for DNA 

amplification and real-time data acquisition were performed with an ABI StepOnePlus™ 

Real-Time PCR System using the following cycle conditions: 1 cycle at 95 °C for 1 min and 

95 °C for 15 s, followed by 40 cycles at 60 °C for 1 min. Fluorescence data were analyzed 

by the ABI StepOnePlus software and expressed as Ct, the number of cycles needed to 

generate a fluorescent signal above a predefined threshold. The ABI StepOnePlus software 

set the baseline and threshold values.

RNA Interference Experiment

Cells were transiently transfected with siTauT and siHSF1 using RNAiMAX 

transfection reagent (Invitrogen Life Tech, Carlsbad, CA, USA) for 48 h. The 

sequence of siRNA of TauT and HSF1 are as follows: control siRNA (forward) 5′­
UUCUCCGAACGUGUCACGUTT-3′, (reverse) 5′-ACGUGACACGUUCGGAGAATT-3′; 
TauT siRNA (forward) 5′-GAUCUGUCCUUUGUUCUCUUU-3′, (reverse) 

5′-AGAGAACAAAGGACAGAUCUU-3′; HSF1 siRNA (forward) 5′­
CCUGCAGGUUGUUCAUAAATT-3′, (reverse) 5′-UUUAUGAACAACCUGCAGGTT-3′.

Uptake Study in NSC34 Cell Lines

The [3H] taurine uptake was performed according to the previous report [40]. Cells were 

washed with extracellular fluid (ECF) buffer consisting of 122 mM NaCl, 25 mM NaHCO3, 

3 mM KCl, 1.4 mM CaCl2, 1.2 mM MgSO4, mM K2HPO4, 10 mM D-glucose, and 10 

mM HEPES (pH 7.4) at 37 °C. Uptake was initiated by applying ECF buffer containing 

[3H] taurine (29 nM) in the presence or absence of unlabeled taurine or β-alanine and then 

incubate at 37 °C for the designated time. Uptake was terminated by the addition of ice-cold 

ECF buffer. The cells were then solubilized in 1 N NaOH, and radioactivity was measured in 

a liquid scintillation counter (LS6500; Beckman, Fullerton, CA, USA). Cell to medium ratio 

(in microliters per milligrams protein) was calculated as follows:

Cell to medium ratio μl/mg protein
=  3H dpm in the cell/amount mg of cell protein /  3H dpm in the injectate/amount μl of injectate × 100

Western Blot Analysis

Cell lysates were prepared from the proposed experimental conditions, subjected to sodium 

dodecyl sulfate polyacrylamide gel electrophoresis, and blotted with anti-TauT (E-10: 

sc-166640, Santa Cruz Biotech, Santa Cruz, CA, USA) and anti-HSF1 (C-5: sc-17756, Santa 

Cruz Biotech, Santa Cruz, CA, USA) antibody. Protein loading was controlled by probing 

for α-tubulin (#05–559, Millipore, Billerica, MA, USA) antibody on the same membrane.
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Statistical Analysis

The data are presented as the mean±standard error of the mean (SEM). Data analysis was 

performed by Student’s t test using SigmaPlot 2000 (Systat Software, Chicago, IL, USA). 

Differences were considered statistically significant when p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
The immunoreactivity of the TauT is increased in ALS. a The immunoreactivity of TauT 

was increased in the ventral horn of lumbar spinal cord sections in G93A mice (upper 
panel). Scale bars=60 μm (left) and 30 μm (right). The densitometry analysis showed a 

significant increase of TauT level in G93A mice in comparison to WT mice (lower panel). 
b The immunoreactivity of TauT was increased in the motor neurons of human ALS (upper 
panel). Scale bars=30 μm (left) and 10 μm (right). The densitometry analysis showed a 

significant increase of TauT level in ALS (lower panel). c Increased TauT immunoreactivity 

was found in ChAT-positive motor neurons in the lumbar spinal cord of ALS mice. Scale 

bars (white)=20 μm. d The increased immunoreactivity of TauT was not found in GFAP­

positive astrocytes in ALS mice. Scale bars (white)=20 μm. e Isosurface images illustrate 

clear patterns for the expression of TauT within motor neurons. Upper panel deconvolved 

images showed intense staining of TauT in G93A mice compared to WT. Lower panel the 
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tubular structure of TauT was increased in motor neurons of the ventral horn in G93A mice 

compared with WT. Scale bar=40 μm. **p<0.0001, significantly different
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Fig. 2. 
The message and protein levels of TauT are increased in ALS. a TauT mRNA was increased 

in cellular and animal models of ALS. b Levels of TauT protein were increased in NSC-34/

hSOD1G93A cells. c The level of TauT protein was increased in the lumbar spinal cord of 

G93A mice. *p<0.05, **p<0.005, significantly different
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Fig. 3. 
HSF1 regulates the transcription of TauT. a The DNA sequence of mouse TauT promoter 

showed putative transcription factor binding elements. b The deletion constructs of mouse 

TauT 5′ untranslated region promoter. c TauT promoter activity was determined using a 

series of deletion reporter constructs (TauT, −502/+33; TauT, −272/+33; TauT, −132/+33; 

TauT, −502/−131). d The HSF1-DNA occupancy within the TauT promoter region was 

increased in NSC-34/hSOD1G93A cells. e The level of TauT protein was increased by HSF1 

in a dose-dependent manner. f Knockdown of HSF1 with siRNA reduced the level of HSF1 

and TauT in comparison to siRNA control. g The transcriptional activity of HSF1 on the 

TauT promoter was elevated in NSC-34/hSOD1G93A cells in comparison to control NSC-34 

cells. h Knockdown of HSF1 with siRNA decreased TauT (−502/+33) and (−132/+33) 

promoter activity. *p<0.05, **p<0.005, significantly different

Jung et al. Page 17

Mol Neurobiol. Author manuscript; available in PMC 2021 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Oxidative stress induces HSF1 activation and TauT expression. a Oxidative stress induced 

the level of TauT protein level in a time-dependent manner. b Oxidative stress increased the 

stability of TauT protein
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Fig. 5. 
The level and influx of taurine is elevated in ALS. a The immunoreactivity of taurine was 

increased in motor neurons of G93A mice. Scale bars030 μm (left) and 15 μm (right). b 
In vivo taurine levels within WT and G93A mice were measured by HPLC. **p<0.005, 

significantly different. c Time course of [3H] taurine uptake by NSC-34 cell lines (NSC-34, 

NSC-34/hSOD1wt, and NSC-34/hSOD1G93A). [3H] taurine uptake was performed at 37 °C. 

Each point. represents the mean±SEM (n04). The error bar is smaller than the size of the 

symbol in some cases. *p<0.05, significantly different. d Effect of taurine and β-alanine 

on the uptake of [3H] taurine by NSC-34 cell lines. Taurine uptake was measured after 5 

min incubation with [3H] taurine. Each value represents the mean±SEM (n=4). **p<0.001, 

significantly different
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Fig. 6. 
Inhibition of taurine uptake by siRNA and β-alanine exacerbates cellular stress-induced 

motor neuronal cell death. a Knockdown of TauT with siRNA reduced TauT levels 

compared to siRNA control. b Knockdown of HSF1 with siRNA reduced HSF1 levels 

compared to siRNA control. c, d Cells were exposed to H2O2, NaAsO2, and Tg. Knockdown 

of TauT and HSF1 exacerbated cellular stress-induced motor neuronal cell death. The 

data represent the mean±SEM of three separate experiments. e, f Treatment with taurine 

prevented the motor neuronal cell death under oxidative stress. g The induction of TauT by 

HSF1 may play a protective response to compensate oxidative stress in motor neurons under 

the ALS condition. *p<0.05, **p<0.005, significantly different
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