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Abstract

Telomere length shortening is modulated not only by aging, but also by both genetic and environmental

factors. The aim of this study was to investigate the interactions between antioxidant nutrient

metabolism-related gene single nucleotide polymorphisms (the genetic factors) and nutrient intake (the

environmental factors) in their effects on telomere length shortening. Data were collected on the relative

telomere lengths (RTLs) of buccal cells and the habitual food intake of 70 healthy Japanese adults. All

subjects were genotyped for two common single nucleotide polymorphisms: rs6564851 in the B-carotene

oxygenase 1 (BCO1) gene and rs362090 in the intestine-specific homeobox (ISX) gene. We subdivided the

study population into four groups based on combinations of the rs6564851 and rs362090 genotypes. After

this subdivision, we showed a positive effect of daily a- or B-carotene intake on buccal RTL in the 1SX

rs362090 G-allele carrier + BCO1 rs6564851 GG-genotype group. In contrast, negative association of the

buccal RTL with B-carotene intakes was unexpectedly detected in ISX G-carrier + BCO1 T-carrier

genotype. We speculated telomere length maintenance might affected by retinoids, so we next showed

retinoids time-dependently downregulated TERRA (telomere repeat-containing RNA) that joined telomere

regulation. In conclusions, retinoids may be involved in maintenance of telomere length through

downregulation of TERRA expression.



0-1. Introduction

0-1-1. Telomeres

It is well established that cellular telomere length reflects the replication number of chromosomal DNA,

such that telomere length is the most reliable indicator of mitotic history and acts as a biomarker of cellular

aging [1]. Indeed, a systematic review reveals that a decrease of leukocyte telomere length (LTL) with age

is out of question [2]. Hence, it may be important to measure the telomere length of non-invasive samples

to assess the aging degree in public health service.

Several years ago, Cawthon developed a singleplex quantitative polymerase chain reaction (qPCR)

assay for “relative” average telomere lengths [3], which uses far less DNA and requires much less time to

perform than the traditional Southern blot method for measuring terminal restriction fragment (TRF)

lengths. Furthermore, Cawthon has recently improved his previous method in a monochrome multiplex

gPCR (MMGgPCR) [4,5].

0-1-2. Nutritional perturbation of telomere length shortening

Telomere length is likely shortened not only by cell proliferation, but also by environmental factors

through an effect of oxidative stress and inflammation, which is the major causes of accelerated telomere

erosion [6]. Both oxidative stress and inflammation form a pathogenic mechanism of lifestyle-related

diseases and it is well known that dietary intervention can modulate oxidative stress and inflammation. In

this context, one can easily speculate that dietary intervention with anti-oxidative nutrients may protect the
3



cells from accelerated telomere erosion. Recently, strong evidence for this speculation has been repeatedly

brought by Blackburn’s group that LTL increased with decreasing n-6:n-3 ratios in polyunsaturated fatty

acid supplementation for 4 months in human clinical trial [7], comprehensive lifestyle changes

significantly increased telomerase activity in peripheral immune cells [8] and an inverse relationship

between baseline blood levels of marine omega-3 fatty acids and the rate of telomere shortening over 5

years [9]. Another evidence was very recently appended to demonstrate that telomere shortening in elderly

individuals with mild cognitive impairment could be attenuated with n-3 fatty acid supplementation [10].

0-1-3. B-Carotene metabolism-related genes

The metabolism of antioxidant nutrients can be affected by genetic background. For example, several

common SNPs of p-carotene oxygenase 1 (BCOL) gene are associated with B-carotene metabolism [11].

Indeed, a common promoter SNP (rs6564851) was associated with higher circulating p-carotene level.

Other common nonsynonymous SNPs (rs12934922; rs7501331) in the BCO1 gene, occurring at

frequencies similar to those of the poor converter trait, reduced catalytic activity of BCO1 by down to 69%

in female [12].

BCOL1 is an intestinal enzyme responsible for the symmetrical cleavage of p-carotene into retinal.

Recently, the gut specific homeodomain transcription factor ISX (intestine specific homeobox) has been

identified as a putative repressor of intestinal BCO1 gene expression (Fig.0-1) [13]. Furthermore, ISX also

suppresses the gene expression of membrane transporter scavenger receptor class B type 1, which manages



intestinal lipid absorption including anti-oxidant lipids, carotenoids and vitamin E [14].
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Fig.0-1. ISX binds regulatory SNP site (rs6564851) of the BCO7 gene.
BCO1 is an intestinal enzyme responsible for the cleavage of B-carotene into retinal. Several
years ago, the gut-specific homeodomain transcription factor ISX has been identified as a
putative repressor of intestinal BCO7 gene expression. ISX has been shown to bind to BCO1
SNP-containing 26-bp DNA fragment; G-allele-containing fragment has more affinity to ISX than
T-allele fragment. Yabuta S, Masaki M, and Shidoji Y. At#/as of Science (2016)

https://atlasofscience.org/% CE%B2-carotene-requirement-for-anti-aging-depends-on-genetic-back

ground/ [15]

The current study addresses a basic question. Are there any interactions between nutrient intake

(environment factor) and common SNPs of the BCO1 and ISX genes (genetic factor) in their effects on

telomere length shortening? The approach used in this study is the measurement of buccal cell telomere

length with the analysis of food frequency questionnaires (FFQs) and genotyping of 2 common SNPs

(rs6564851 of BCO1 and rs362090 of I1SX).


https://atlasofscience.org/%CE%B2-carotene-requirement-for-anti-aging-depends-on-genetic-background/
https://atlasofscience.org/%CE%B2-carotene-requirement-for-anti-aging-depends-on-genetic-background/

0-2. Results

0-2-1. Characteristics of subjects

The demographic characteristics, and BCO1 and ISX common SNPs allele frequencies of the participants

analyzed in the present study are shown in Table 0-1. There was no difference in the buccal cell relative

telomere lengths (RTLs) in between males and females, whereas the average concentration of serum

B-carotene was significantly higher in females than that in males.

As for rs6564851, a major allele (frequency, 84.1%) was G in the subjects and no difference of the

allele frequency was found in between males and females. A minor allele (30.7%) of rs362090 was G,

which frequency was higher in females than males.

Table 0-1. Subjects characteristics

Characteristics All male female P-trend
n 70 43 27 -
Age, y 409 +11.2* 42.3 +11.3 38.7 +10.5 0.19
RTL 0.89 + 0.15 0.89 + 0.13 0.89 + 0.19 0.95
Serum BC, pg/dL 58.7 + 47.6 49.2 + 47.8 72.7 £ 43.6 0.04**
SNPs for BCO1 or ISX gene Allele frequency (%)
rs6564851 (G allele; T allele) 84.1; 15.9 82.1;17.9 87.0; 13.0
rs362090 (A allele; G allele) 69.3; 30.7 78.6;21.4 57.4; 42.6

*Data are mean + SD.

**Significantly different by gender analyzed using Student #test (p<0.05).



0-2-2. Circulating B-carotene levels in each genotype group

A genome-wide association study revealed that a common SNP rs6564851 near the BCO1 gene affects the

circulating levels of carotenoids in three Caucasian population [16], thus we evaluated the effects of SNPs

and serum carotenoid levels in Japanese population. Because the two polymorphisms (rs6564851 in BCO1,

rs362090 in ISX) tested herein are common SNPs with a minor allele frequency (MAF) of 0.05 or more,

two groups of homozygotes carrying major alleles and the other minor-allele carriers were analyzed below

for comparison (Table 0-2). The average concentrations of serum [-carotene in the rs6564851 GG

homozygotes (the SNP of the BCO1 gene) in total, males and females were significantly higher than those

in the T allele carriers (p = 0.003, 0.039 and 0.027, respectively), showing that the GG homozygotes had a

2-fold higher serum B-carotene level compared with that of T allele carriers. In contrast, it was no

significant difference in the serum B-carotene concentration between the major homozygotes and the minor

allele carriers in the other SNPs rs362090 (the SNP of the ISX gene).



Table 0-2. Circulating B-carotene levels in each genotype group

Genotype n(M/F) Total Male Female
BCOT7rs6564851 Serum B-carotene (ug/dL, mean + SD) p(Male vs. Female)
GG 59 (37/22)  63.9+52.6 52.9+54.7 82.4+432 0.002**
GTTT 27 (20/7) 31.2+234 259209 46.2=+23.6 0.056
p(GG vs. T-carrier) 0.0032**  0.0394* 0.0271%
/1SX rs362090
AA 35 (27/8) 57.4+519 492+529 851=%287 0.030"
AG;GG 52 (31/21)  50.8+44.5 38.3+40.8 74.9+434 0.001**
pP(AA vs. G-carrier) 0.6815 0.3659 0.3453

*, **: Significantly different by gender or genotype group, analyzed using the Student’s #test
(*, **: p<0.05, 0.01, respectively)

0-2-3. Buccal RTLs and FFQ

To further analyze genotype effects on the buccal RTLs, the BCO1 genotype groups (categorized into 2

groups of rs6564851 GG and T-carrier) were crossed with the 1ISX genotype groups (rs362090 AA and

G-carrier) to make 4 combinations for statistical analysis. Multiple regression modeling depicted that daily

[-carotene intake in the ISX G-allele carriers with the BCO1-GG genotype was significantly and positively

associated with the buccal RTLs as illustrated in Table 0-3. On the other hand, in the remaining T-carriers

of the BCO1 genotype, the G-carriers of the ISX gene showed significant and negative association between



RTLs and daily intake of B-carotene (Table 0-3).

Table 0-3. Association between buccal cell RTL and B-carotene intakes.
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0-2-4. Measurement of transcribed telomere repeats

Why are ISX G-carrier and BCO1 T-carrier genotype groups taking toxic levels of p-carotene, in terms of

telomere shortening protection? In this group, intestinal expression of the BCO1 gene must be high, so that

ingested B-carotene may be efficiently converted to retinoids [17]. Hence, we speculated telomere length

maintenance might be affected by not carotene itself, but rather retinoids.

So, we next conducted the following experiment to understand how retinoids regulate telomere length.

Besides shelterin as mentioned initially, telomeric repeat-containing RNA (TERRA) has recently joined in

telomere regulation. Its transcription by RNA polymerase |l stars within subtelomere regions and proceeds

toward each chromosome ends. Although its function is still unclear, some studies reported that TERRA

might act on negative control of telomere length trough telomerase sequestration. First, introduce

measurement of TERRA family in this study, the pro-terminal DNA sequences associated with the

long-arm telomeres of human chromosomes XqYq and 10q were named TelBam and TelSau, respectively.

BLAST search analysis demonstrated. Because measurement used with random hexamer measure

including non-subtelomere region, we measured with cDNA has been used by telomere motif primer

(CCCTAA)s. Fig.0-2A shows PCR amplification curves. The delta Ct between with and without RT

reaction clearly indicates to be derived from the amount of telomeric repeat-containing RNA, or expression

level of TERRA. Although it shown Ct of without RT reaction increased, we show difference in the melting

points of amplicons with or without RT (Fig.0-2B, upper), and Fig.0-2B, bottom showed match melting

points of between RT (-) and cDNA used by random hexamer. Furthermore, the delta Ct, similar to RT
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(+/-), difference in primer of telomere motif or random hexamer (Fig.0-2C), suggesting that it can measure

TERRA used by telomere motif primer.

A)

Fluorescence (F1)

RT (+)

Cycle Number

C

Fluorescence -d(F1)/dT

Fluorescence d(F1)/dT

Temperature (°C)

Fluorescence (F1)

Telomere motif primer

Cycle Number

Fig.0-2. Alternative method of 7TERRA measurement.
Total RNA or RNA was extracted to analyze the TelSau in TERRA by RT-gPCR in HuH-7 cells. (A)
PCR amplification curves of the delta Ct between with and without RT reaction. (B) Melting
curves of amplicons with or without RT (upper), random hexamer (bottom). (C) PCR amplification
curves of telomeric repeat sequence or random hexamer.
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0-2-5. Retinoids downregulated TERRA

Next, we speculated telomere maintenance might be affected with retinoid, measured the cellular TERRA

level after treatment with 20 uM GGA of acyclic retinoids (Fig.0-3). GGA apparently showed a

time-dependent downregulation of the cellular TERRA level from 8 to 24 h.

1.2 4

(ratio cont)

TERRA expression level relative to 28S

0 5 10 15 20 25 30
Time after treatment (h)

Fig.0-3. GGA time-dependently downregulated 7ERRA.
HuH-7 cells were treated with 20 yM GGA for 0, 3, 8 and 24 h. Total RNA was extracted to
analyze the cellular levels of TelSau in 7TERRA mRNA by RT-gPCR (unpublished observation).
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0-3. Discussion

In the present study, we addressed a basic question whether any associations exist between daily nutrient

intakes and buccal cell RTLs. As a result, we found that the RTLs in buccal cells measured in 70 Japanese

samples by MMgPCR method were associated with dietary intakes of pB-carotene in specified genotype

groups.

In the present investigation, we again failed to find any protective roles of vegetables, fats and oils, and

antioxidant nutrients including carotenoids, tocopherol and vitamin C against telomere shortening in

buccal cells, unless the study population was subdivided into 4-genotype groups by a combination of SNPs

(rs6564851 and rs362090) of the antioxidant vitamin metabolism-related genes such as the BCO1 and I1SX

genes. Interestingly, the positive influence of daily a- or B-carotene intake on buccal RTLs was shown only

in [BCOL1 rs6564851 GG-genotype + ISX rs362090 G-carrier] group. BCO1 rs6564851 GG-genotype has

been established to provide higher circulating p-carotene concentrations than BCO1 rs6564851 T-carrier.

In BCO1 rs6564851 GG-genotype group, cellular expression of the BCO1 gene is thought to be low in

intestine, so that the ingested B-carotene may be poorly converted to retinoids, indicating that the higher

[-carotene intake is, the higher serum B-carotene concentration is in this genotype group. Hence, we

speculate that in [BCO1 rs6564851 GG-genotype + ISX rs362090 G-carrier] group, anti-oxidative

protection of telomere length shortening may be highly dependent on the daily intake of p-carotene. On the

contrary, we found that buccal cell RTL was also negatively associated with p-carotene intake in ISX

G-allele carriers who carry the BCO1 T-allele. In this group, intestinal expression of the BCO1 gene must
13



be high, so that ingested B-carotene may be abundant converted to retinoids, and is independent of daily

B-carotene intake in BCOL rs6564851 T-carriers. However, the least B-carotene intakes in ISX G-allele

carriers who carry the BCO1 T-allele than the other group, this group might be already taking too much

[-carotene, so that their buccal RTL is negatively associated with the present B-carotene intake.

It is interesting that GGA time-dependently downregulated TERRA in HuH-7 cells. Here, it is well

known that retinoids repressor of telomerase, associate with elongation of telomere length. Some study

reported retinoids downregulated both telomerase reverse transcriptase (TERT) mRNA expression and

telomerase activity [18,19]. It has been repeatedly reported that retinoids treatment decreases telomerase

activity, but the effect requires 3 to 5 days. In contrast, we showed GGA treatment downregulated TERRA

level in 24 h, suggesting that GGA might affect by telomere instability for short time in downregulation of

TERRA, and by telomere shortening for long term in downregulation of telomerase. All these results

suggested that retinoids including GGA might be effect cancer cells, for example, HuH-7 cells in

hepatoma.

These results strongly suggested that GGA might associate with transcriptional regulation of TERRA.

Recently, we reported that GGA directly inhibits histone lysine-specific demethylase-1 (KDM1A/LSD1)

activity [20], and to our knowledge, the cellular expression of TERRA is known to be regulated via a

specific binding of KDM1A to TERRA [21]. Here, we will show GGA can inhibit hepato-carcinogenesis

by acting at the gene level, because we were noticed that it is important to establish cancer prevention

mechanism operated by GGA. Therefore, the present study aims to scrutinize cellular mechanisms of
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GGA-induced cell death in human hepatoma cells as shown in the following chapters.
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1-1. Diterpenoid acids or acyclic retinoids

Retinoids including all-trans retinoic acid (ATRA), 9-cis retinoic acid (9CRA) and other retinoic acid

derivatives are clinically applied as chemotherapeutic agents for acute promyelocytic leukemia. However,

their side effects are sometimes so severe that it becomes difficult to continue administration of the

retinoids [22]. Thus, synthetic retinoids without serious side effects are now certainly desired especially in

cancer prevention field. In this regard, of note, a promising synthetic retinoid with few side effects has

been developed in Japan.

The clinical efficacy of a chemically synthetic 20-carbon polyprenoic acid (all-trans

3,7,11,15-tetramethyl-2,4,6,10,14-hexadecapentaenoic acid or 4,5-didehydrogeranylgeranoic acid) on

prevention of second primary hepatoma has been proven in a placebo-controlled, double-blinded and

randomized phase Il clinical trial with postoperative hepatoma patients with few side effects [23], and later,

it was revealed that the polyprenoic acid significantly increased a 5-year survival rate after a radical

therapy of primary hepatoma in these patients [24].

As for a mechanism how the polyprenoic acid prevents second primary hepatoma, it has been shown

that the polyprenoic acid binds to cellular retinoic acid binding protein (CRABP) [25], activates nuclear

retinoid receptors including retinoic acid receptor-f (RARpB) and retinoid-X receptor-a. (RXRa) [26],

exerts transcriptional activation of some hepatocyte-specific genes in hepatoma cells [27], and has

preventive actions in chemical and spontaneous hepatocarcinogenesis [28]. Considering that it is similar to

the action of retinoids, the polyprenoic acid was named “acyclic retinoid” [29]. However, there was a big
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difference in cell death-including activity between acyclic retinoid and natural retinoids such as retinoic

acid. In other words, acyclic retinoid efficiently induced cell death in human hepatoma HuH-7 cells, but

5-times more ATRA did not [30]. So, in cell-death induction against hepatoma cells, “acyclic retinoid” was

considered not to be retinoid.

If the cell-death inducing activity of acyclic retinoid is not the property of natural retinoids, what kind

of cellular metabolites does “acyclic retinoid” mimic in terms of cancer-killing activity? In this context, we

paid attention to a chemical structure of “acyclic retinoid”, which is a 4, 5-didehydro derivative of

geranylgeranoic acid. C,, geranylgeranyl diphosphate (GGPP) is a substrate for biosynthesis of

diterpenoids including taxol (cyclic) and GGA (acyclic). Indeed, Shidoji and Ogawa found natural GGA in

medicinal herbs [31]. Furthermore, de novo GGPP synthesis has been established in mammalian

hepatocytes [32]. Consequently, one can reasonably speculate that mammalian cells may be able to

produce GGA from endogenous or even exogenous GGPP [33]. Therefore, Mitake and Shidoji examined

1) bioavailability of plant GGA in humans [34], 2) possible conversion of ingested GGPP to GGA in

mammalian cells [35], and 3) possibility of synthesis of GGA from GGPP in mammalian cells [35].

I1-2. Geranylgeranoic acid (GGA)

More than two decades ago, Bansal and Vaidya [36] reported geranylgeranyl pyrophosphatase

(GGPPase) found in rat liver, which catalyzed a conversion of GGPP to geranylgeraniol (GGOH). Once

GGOH is produced through dephosphorylation of GGPP by the specific GGPPase, it seems reasonable to
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assume that the non-specific fatty alcohol dehydrogenase/ fatty aldehyde dehydrogenase system might
produce GGA in mammalian hepatocytes.

GGA, Fig. I-1 is a natural diterpenoid found in several medicinal herbs including turmeric [31]. GGA
and its derivatives have been repeatedly reported to induce cell death in human hepatoma cells [30,37].
While ‘Peretinoin’ (4, 5-didehydroGGA) has been utilized for clinical trials, it has so far not been
identified in natural resources.

GGA was much less toxic than natural retinoids in a human hepatoma cell line in the presence of fetal
bovine serum (FBS) [38], and one-year intake of 4,5-didehydroGGA (600 mg/day) gave no apparent side
effects in the above-mentioned clinical trial [39].

CH, CH,4 CH, CH3 O

A AN A A

H.C OH

Fig.l-1. Chemical structure of geranylgeranoic acid.

1-3. GGA-induced cell death

In human hepatoma-derived HuH-7 cells, we have demonstrated GGA-induced cell death by large-scale

DNA fragmentations, nucleosomal-scale ladder formation and dissipation of mitochondrial inner

membrane potential (4¥m) [40,41]. It has been also reported that caspase-1 or -3 inhibitors blocked or

delayed GGA-induced cell death, respectively, and, furthermore, a-tocopherol prevented HuH-7 cells from

dissipation of 4¥m as well as cell death in the presence of GGA.
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GGA-induced cell death was first characterized by apoptosis, which was evidenced by chromatin

condensation and nucleosomal ladder formation [30]. During apoptotic cell death, cytosolic cysteine

protease family including interleukin (IL)-1B-converting enzyme (ICE or caspase-1) have repeatedly been

confirmed to be activated and the active CPP32 (caspase-3) cleaves poly-ADP-ribosyl polymerase, a

nuclear enzyme responsible for DNA repair and integrity of nucleosomes, and sterol response

element-binding protein [42,43]. Although a molecular mechanism for activation of caspase family

protease cascade is fully solved at present, dysfunction of mitochondrion is now one of the most effective

organelles to trigger the protease cascade through apoptosome [44,45]. Diterpenoids such as retinoids are

well-established to disturb mitochondrial electron transport and oxidative phosphorylation system [46].

Hence, we were very much interested to know whether GGA cause a loss of the mitochondrial membrane

potential and activation of caspase family protease cascade. Pretreatment with synthetic tetrapeptide

cysteine protease inhibitor, acetyl-Tyr-Val-Ala-Asp-chloromethylketone (caspase-1 inhibitor) blocked

GGA induced cell death, but acetyl-Asp-Glu-Val-Asp-aldehyde (caspase-3 inhibitor) was not completely

blocked [37]. Several years ago, we investigated another form of programmed cell death, autophagic cell

death, after GGA treatment. Then, we have found that GGA at its micromolar concentrations induces an

incomplete autophagic response, which is characterized as massive accumulation of initial/early

autophagosomes and defect of autolysosome formation or fusion of autophagosome with lysosome [47].
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1-3-1. GGA-induced mitochondrial impairment

Furthermore, GGA-induced cell death was accompanied all the time by increased production of reactive

oxygen species (ROS), superoxide, in mitochondria [47] and delayed dissipation of A¥m [37].

Interestingly, wortmannin, a broad-specific inhibitor of phosphoinositide 3-kinases (PI3Ks), prevented

GGA-induced incomplete autophagic response as well as hyperproduction of superoxide in mitochondria

[47], suggesting that hyperproduction of superoxide in mitochondria might be mediated through signal

transduction rather than direct action of GGA on mitochondria. As for GGA-induced mitochondrial

impairment, it is also noteworthy that a-tocopherol, an antioxidant vitamin, efficiently prevents 4¥m

dissipation and cell death induced with GGA [37], suggesting that hyperproduction of mitochondrial

superoxide might be indispensable for GGA-induced cell death.

1-3-2. GGA-induced nuclear translocation of the mutant p53

First we investigated GGA effects on p53, because it has been well established that HuH-7 cells harbor the

mutant TP53 gene [48]. TP53 is the first tumor suppressor gene linked to apoptosis [49], inhibits tumor

growth through activation of both cell cycle arrest- and apoptosis-related genes, and is thought to be

central to tumor-suppressor activity [50,51]. It seems likely that activation of p53-dependent cell death can

contribute to inhibition of cancer development at several stages during tumorigenesis [49]. Therefore, the

p53 pathway is crucial for effective tumor suppression in humans [52].

The structure, function, and clinical significance of the p53 tumor suppressor protein in oncology have
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been clarified in detail [53,54]. The p53 transcription factor is known to regulate many target genes that

induce cell-cycle arrest (e.g., p21 or CDKN1A as provided by the HUGO Nomenclature Committee

[HGNC]), cell death (e.g., PUMA <p53 upregulated modulator of apoptosis>, or BBC3 <BCL2 binding

component 3>, as indicated by HGNC), respiration (e.g., SCO2 <synthesis of cytochrome ¢ oxidase-2>),

autophagy (e.g., DRAM <DNA damage regulated autophagy modulator>), and inhibition of glycolysis (e.qg.,

TIGAR <TP53-induced glycolysis and apoptosis regulator>) [55]. Therefore, it responds to diverse stress

(including DNA damage, overexpressed gene and various metabolic restrictions). All of these p53 targets

are associated with p53-mediated cancer prevention (Fig.l-2).

p53
GLYCOLYSIS AUTOPHAGY RESPIRATION APOPTOSIS
LT MIopIagosome Mitochondrion Mitochendrion
‘ LT G —- Cytochrome c
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! Fructose-6-P » Regulates fusion? * Promotes axidative * 8Hi-only protein
E R e * Autephagosome phosphorylation
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Fig.l-2. Diverse function of p53 through multiple target genes.
Adopted from Green DR and Chipuk JE: Ce//, 126: 30-32 (2006) [56]

Among these targets, the PUMA gene is particularly interesting, in terms of cancer prevention. This is

because PUMA has been identified as a potent inducer of p53-dependent mitochondrial-mediated cell

death in various tissues and cells [57]. PUMA is one of the BH-3-only proteins, which induce the

mitochondrial inner membrane permeability transition. Therefore, overexpression of PUMA causes

hyperproduction of mitochondrial ROS, leading to mitochondria-mediated cell death. PUMA is essential
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for p53-mediated apoptosis [57], but it also contributes to induce autophagy during p53-dependent cell

death [58].

Several p53-interacting proteins are known to be involved in its cytoplasmic sequestration, blocking it

from degradation as well as restricting its access to the nuclear compartment, where p53 plays a role in

transcription. Among the p53-interacting proteins, the 250-kDa CUL9 (previously named PARC,

p53-associated, parkin-like cytoplasmic protein, by HGNC), a member of the cullin family and a potential

E3 ubiquitin ligase [59], is one of the proteins playing a major role in sequestering p53 into the cytoplasm.

The CUL9 N-terminus binds the C-terminus of p53 to form about 1-MDa multiprotein complex. Then, p53

is retained in the cytoplasm by inhibiting the transport of cytoplasmic p53 to the nucleus [60].

GGA-induced cell death in HuH-7 cells is accompanied by 4¥m dissipation [37,47]. This

mitochondria-involved cell death revealed features of apoptosis, such as chromatin condensation as

revealed by Hoechst staining. However, as will be described later, it was impossible to completely prevent

GGA-induced cell death with caspase-3 inhibitor [37].

p53 plays dual distinct roles in autophagy and has attracted attention in the field of autophagy in recent

years [61]. p53 trans-activates the autophagy-related gene DRAM [62], as an ability of p53 to induce

autophagy [63]. In contrast, cytoplasmic p53 suppresses autophagy, but its mechanism has not been

elucidated [64]. In our laboratory we have found a rapid nuclear translocation of p53 after GGA treatment

in HuH-7 cells [65]. In this context, GGA-induced nuclear translocation of the cytoplasmic p53 shows that

it provides an easy intracellular environment to induce autophagy.
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1-3-3. GGA-induced incomplete autophagic response

Mizushima, Ohsumi and Yoshimori explained their concept of autophagy in detail as follows [66];

although most intracellular short-lived proteins are selectively degraded by ubiquitin-proteasome pathway

[67], most long-lived proteins are degraded in lysosomes [68]. In general, the mechanism that carries

cytoplasmic components to the lysosomes is also called autophagy. Three types of autophagy have been

proposed: macroautophagy, microautophagy and chaperone-mediated autophagy [69]. Among them,

macroautophagy is believed to be responsible for the majority of the intracellular protein degradation and

in the case of starvation-induced proteolysis in particular [68]. In macroautophagy (simply referred to as

‘autophagy’ hereafter), cytoplasmic constituents including cellular organelles such as mitochondrion and

peroxisome, are enveloped by a membrane so called “isolation membrane” and later “phagophore”

(Fig.1-3). Thereafter, the isolated membrane closes and forms double membrane structure called

“autophagosomes”. Autophagosome fuses with endosome to become amphisomes, and further it becomes

autolysosome produced by the fusion of autophagosome (or amphisomes) outer membrane and lysosomal

membrane [66].
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Fig.l-3. The formation of phagolysosomes.
Klionsky D J. Nature Reviews Molecular Cell Biology 8: 931-937 (2007) [70]

LC3 (microtubule-associated protein 1 light chain 3) is specific to autophagy marker. LC3 was

originally discovered as one of three light chains complexed with microtubule-associated proteins 1A and

1B. LC protein consists of 3 members, but unlike LC1 and LC2, LC3 are transcribed and translated as a

single protein and conserved in fungi, plants and animals. In humans, there are three genes encoding

protein such as highly homologous LC3a, B, and y. For example, LC3y is an ortholog of the yeast

autophagosome protein autophagy-related gene-8 (ATG8), and it has been demonstrated that all three

proteins are involved in autophagosome biogenesis, while LC3p has been exclusively used by mammals as

a feature of autophagosome formation in cells. Hence, in this manuscript, we use a word of LC3 in place

of LC3B. LC3 is a homolog of ATG8 essential for autophagy in yeast, and is associated to the
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autophagosome membranes after processing. LC3 can be converted post-translationally into two forms

called LC3-I and LC3-11 in various cells. LC3-I (an apparent molecular size of approximately 18 kDa on

SD-PAGE gel) is cytosolic soluble and non-lipidated, whereas LC3-11 (approximately 16 kDa) is

autophagosome membrane bound and lipidated with phosphatidylethanolamine at its C-terminal glycine

[71].

In recent years, autophagy is also popular because of winning the Nobel Prize, but it is also obvious

that it plays an important role in various physiological responses as follows: starvation, development,

differentiation, tumorigenesis, immunity, inflammation and neurodegeneration [72]. Autophagy, in

particular when it occurs in response to starvation, is generally thought to non-selectively degrade cellular

cytoplasmic components [72]. This extensive decomposition contributes to the survival of cells during

starvation by recycling resources degradation products in energy production and macromolecule synthesis.

In addition to the importance of basal autophagy that plays a constant role at low rates even under

nutrient-rich environments and plays an important role in maintaining cellular homeostasis is also

emphasized [66,69,71-76]. Indeed, studies using mouse genetics have indicated that autophagy-deficient

mice have shown a prominent accumulation of ubiquitinated protein aggregates and furthermore have

produced hepatocytes and neuronal cell death without starvation [73,74,76].

HuH-7 cells undergo an incomplete autophagic response following GGA treatment [47], which may

also contribute to GGA-induced cell death. What is an incomplete autophagic response? The answer is that

GGA causes the initial phase of autophagy, but the late stage of autophagy such as maturation of
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autolysosomes or late stage of autophagy fail to proceed, leading to cell death in HuH-7 cells [47]. The

GGA-induced incomplete autophagic response results in massive accumulation of initial/early

autophagosomes and cell death, because the defects in autophagic response could be linked to defects in

energy supply.

1-3-4. Lipid-induced unfolded protein responses

Next, we focused on what kind of cellular events GGA initially induces as an upstream signal for the

incomplete autophagic response. And as a result, we found that GGA at micromolar concentrations

immediately induces so-called “lipid-induced endoplasmic reticulum (ER) stress response/unfolded protein

response (UPR)”, which is essentially linked to its lipotoxicity in human hepatoma cells [77].

In general, Kitai et al. [78] explained the conventional UPR is an adaptive stress response that responds

to the accumulation of misfolded proteins in ER lumen (ER stress) and regulates protein folding capability

via chaperones to the needs of the cell [79,80]. The UPR is sensed by a chaperone of the binding

immunoglobulin protein (BiP)/glucose-regulated protein 78 (GRP78). The accumulation of unfolded

proteins requires to recruit BiP/GRP78, so it dissociates from three ER-transmembrane transducers leading

to their activation. These transducers are inositol requiring 1a (IRE1a), protein kinase RNA (PKR)-like ER

kinase (PERK), and activating transcription factor 6a (ATF6a) (Fig.1-4).
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Liu-Bryan R and Terkeltaub R. Nature Reviews Rheumnatology 11: 35-44 (2015) [81]

PERK attenuates overall mRNA translation by phosphorylating the eukaryotic initiation factor 2 alpha

(elF2a). At the same time, it selectively increases the translation of a small number of mMRNAs including

the transcription factor ATF4 and its downstream target gene DNA damage inducible transcript 3 (DDIT3

or previously named CHOP). IREla has kinase and endoribonuclease (RNase) activities.

autophosphorylation activates RNase, splices X-box binding protein 1 (XBP1) mRNA on the ER

membrane, and then produces the active transcription factor XBP1s m Furthermore, activation of IREla

kinase recruits and activates the stress kinase c-jun N-terminal kinase (JNK). When ER stress occurs,

ATF6a shifts to the Golgi apparatus. When it is degraded by Golgi intramembrane proteins, a soluble
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truncated ATF60. is produced and transported to the nucleus. These three UPR pathways act in concert to

reduce the density of new proteins entering the ER by extending the ER space, expanding the folding

capacity of the ER protein, and degrading the misfolded protein. When ER stress persists and adaptive

process starts to fail, cell death occurs, possibly mediated through calcium perturbations, ROS, and the

proapoptotic transcription factor DDIT3 [82].

As a general characteristic of lipid-induced UPR, GGA-induced UPR is also suppressed by

co-treatment with equimolar oleic acid, which prevents GGA-induced cell death as well [77]. Currently, at

least two different hypotheses have been argued as a mechanism for suppressing lipid-induced UPR by

oleic acid co-treatment. One is that phospholipids containing oleic acid inserted in the ER membrane

inhibit lipid (e.g., palmitic acid)-induced UPR by increasing the membrane fluidity [78,83]. Another is that

oleic acid promotes lipid droplet formation, thereby sequestrating UPR-causing lipids from the ER

membrane to lipid droplets [84,85]. In either case, oleic acid must be at first thio-esterified with coenzyme

A (CoA)-SH to become oleyl-CoA that is the only substrate of the enzymatic reaction into which oleic acid

is introduced to either membrane phospholipids or triacylglycerols in lipid droplets. However, even though

the carboxyl group of oleic acid was blocked with methyl group, the inhibitory effect of the resultant

methyl oleate on GGA-induced UPR was exactly similar to the effect of oleate [77]. Furthermore, the

preventive effect of oleic acid on GGA-induced UPR was not observed when it was added before GGA

treatment [77]. Hence, we speculated that oleic acid might directly or competitively block GGA-mediated

signals to induce UPR and cell death.
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1-3-5. Rapid downrequlation of cyclin D1

Finally, to evaluate chemoprevention targets to clarify the molecular mechanism of hepatoma

chemoprevention with GGA. Over the past 20 years, our laboratory have reported various cell-death

related effects of GGA at micromolar concentrations in several cell culture systems: loss of #4¥m in HuH-7

cells [37], hyper-production of superoxide in transformed fibroblastic 104C1 cells [86], and rapid

downregulation of cyclin D1 in three human hepatoma-derived cell lines [87].

Normal cells as they are proliferating and renewing are going through different phase, in a process

referred as the cell cycle (Fig.1-5). Diploid cells go from G1 phase with double genomes through DNA

synthesis (S phase) to G2 phase, its DNA content doubles its original content. Finally, the cell enters the

mitosis, M-phase to-give and become two daughter cells with identical genome. During their lifetime cells

may be exposed to various DNA damaging agents such as UV irradiation and genotoxic drugs.

Interestingly, after DNA damage, cells have been observed to arrest at either G1/S transition or G2/M and

repair DNA by stopping cell cycle progression [88]. The role of these 2 checkpoints is to avoid the

propagation of mutagenic lesions to the daughter cells by providing an efficient time in order to survey

DNA damages and to repair them. Cyclin D1 is known to be involved in G1/S checkpoint, as described

below in detail.
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Regulation of the cell cycle has complex interaction with cell-cycle related proteins. Cell-cycle related

protein of cyclin D1 that regulates G1/S transition is shown in Fig.I1-6. The G1/S transition in the cell cycle

leads to the S phase by inducing the expression of cyclin D1 by the dividing signal and its binding to

cdk4/6 (cyclin dependent kinase 4/6) in the G1 phase. It can be described that cyclin D1 promotes cell

division by regulating critical regulator genes involved in the G1/S transition [90].
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Our prior study proposed that HuH-7 cells undergo an incomplete autophagic response following GGA

treatment [47], which may contribute to GGA-induced cell death. Here, while the initial phase of

autophagy occurs, the maturation of autolysosomes or later stages of autophagy fail to proceed, leading to

substantial accumulation of early/initial autophagic vacuoles, LC3-I1, and p62/sequestosome (SQSTM) in

HuH-7 cells [47].

Possible mechanisms by which GGA could induce autophagy include impairing mTOR-mediated

suppression of autophagy through starvation stress such as amino acid depletion [91], activation of

autophagy-initiating gene product, ATG4, which is induced by oxidative stress [92], and the ER

stress-mediated UPR as an upstream signal from lipotoxicity with fatty acids [93]. Among these three
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potential triggering mechanisms, our laboratory revealed UPR-mediated induction of autophagy,
confirming our previous data identified that GGA induced rapid translational downregulation of cyclin D1
[87]. This strongly suggests upregulation of the PERK pathway, which is one branch of the mammalian
UPR should be involved in rapid blocking of cyclin D1 translation, providing G1 arrest in cells (Fig.I-7)

[94].
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Fig.l-7. Suppression of growth by the UPR.
Liu R, et al. PLoS ONE 10 (5): e0125928. (2015) [95]
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1-4. Programmed cell death

Programmed cell death is recently classified as apoptosis, necroptosis, pyroptosis, ferroptosis, autophagy

and netosis (Fig.1-8 and 9). Apoptosis, a non-inflammatory cell death, can be triggered through an

extrinsic or intrinsic pathway leading to effector caspase activation and apoptotic body formation [96].

Apoptosis is a form of programmed cell death characterized morphologically by chromatin condensation,

membrane blebbing, and cytoplasm compaction, and molecularly by the activation of caspase proteases

such as caspases-3, -7, -8, and -9, which are named apoptotic caspase [96]. Necroptosis is induced by

ligand binding to tumor necrosis factor (TNF) family death domain receptors, pattern recognizing

receptors and virus sensors [97]. Pyroptosis is an inflammatory cell death mechanism, which is triggered

by damage-associated molecular patterns (DAMPs), leading to ROS production and inflammasome

activation resulting in production of pro-inflammatory cytokines (for example, IL-13 and IL-18) and

caspase-1 activation with consequent cell lysis. As shown in Fig.I-8, inflammatory caspase includes

caspase-4, -5, and -11 (a rodent ortholog of human caspase-4/5) besides caspase-1 [98]. Ferroptosis is

dependent on iron and ROS and is characterized by lipid peroxidation. Ferroptosis is induced by inhibition

of cysteine uptake transporter (SLC7A11 or xCT) or inactivation of the lipid repair enzyme glutathione

peroxidase 4 (GPX4) [99]. Autophagy is a lysosome-dependent cellular degradation mechanism in

eukaryotic cells, which allows bulk recycling of superfluous cytoplasmic aggregate proteins or

dysfunctional organelles [100]. Autophagic cell death was originally defined as a type of cell death-with

massive autophagic vacuolization of the cytoplasm and a resulting vacuolated appearance. As mentioned
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earlier, autophagic response is not only induced by starvation-stress, but also induced under other stress

conditions such as hypoxia, heat, and drug treatment. Netosis is one of the mechanisms underlying

programmed cell death that occurs with the release of a scaffold of chromatin associated with different

granular and intracellular proteins, named Neutrophil Extracellular Traps (NETs) [101]. Netosis, different

from apoptosis and necrosis, is a complex process that occurs in a dramatic change in the morphology of

neutrophilic cells that differ in detail depending on the stimulus.
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1-5. Brief outline of the thesis

In this thesis, | describe possible cellular mechanisms of GGA-induced cell death in detail. Particularly,

here we propose that toll-like receptor 4 (TLR4)-mediated pyroptosis plays a pivotal role in GGA-induced

cell death through canonical inflammasome activation (Chapter Il) and non-canonical inflammasome

signaling (Chapter I11). In addition to cellular mechanisms of GGA-induced cell death, it is worthwhile to

note epigenetic effects of GGA through KDM1A (or formerly named as LSD1) (Chapter V).
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Chapter I

Pyroptotic cell death with GGA
through canonical inflammasome

Suemi Yabuta

Molecular and Cellular Biology, Graduate School of Human Health Science,

University of Nagasaki, Nagasaki, Japan
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Abstract

A branched-chain polyunsaturated fatty acid of GGA (Cx.4), which is present in some medicinal herbs, has

been reported to induce cell death in human hepatoma cells. So far, we have shown so-called

“lipid-induced UPR” as an upstream cellular process of an incomplete response of autophagy, which may

be involved in GGA-induced cell death. Here, we show that TLR4-mediated pyroptosis occurs by GGA

treatment. The TLR4-specific inhibitor peptide, VIPER, prevented both GGA-induced cell death and

GGA-induced UPR. The cellular mRNA levels of the NOD-like receptor containing pyrin domain 3

(NLRP3) and IL1B genes were upregulated with concomitant translocation of cytoplasmic nuclear

factor-kappa B (NF-xB) to the nuclei immediately after GGA treatment, suggesting that GGA induces

priming of NLRP3 inflammasome. Furthermore, GGA upregulated the cellular casapse-1 activity,

indicating that GGA induces activation of the inflammasome. The activation of caspase-1 activity was

completely blocked by either VIPER or MCC950 (a selective inhibitor of NLRP3). Immunofluorescence

technique revealed that gasdermin D (GSDMD) was translocated to the plasma membrane after GGA

treatment. GGA-induced pyroptosis was also morphologically confirmed by bleb-formation on time-series

live-cell imaging. Taken together, the present results indicate that GGA causes pyroptotic cell death in

human liver cancer cells via TLR4.
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11-1. Introduction

11-1-1. Pyroptosis

As briefly introduced in the previous chapter, pyroptosis is an inflammatory programmed cell death.

multicellular organisms not only prevent infection of pathogenic bacteria and microorganisms but can also

cause sepsis and lethal septic shock if over-activated [104]. It is a lytic type of cell death that is initiated by

inflammatory caspases. Inflammatory caspases (caspase-1, 4, and 5 in humans) are a group of

cysteine-dependent aspartate-directed proteases that are essential for host innate immune defense.

Caspase-1 is activated within large multiprotein complexes termed ‘inflammasomes’, which are assembled

by the protein pyrin or members of both nucleotide-binding oligomerization domain-like receptor (NLR)

and pyrin and HIN (hematopoietic interferon-inducible nuclear protein) domain family (PYHIN) protein

families [1, 2].

Sborgi et al described the downstream signaling pathways after inflammasome activation as follows

[107]. It is not yet clear enough to see how the downstream signaling pathways following activation of

inflammatory caspases and activated caspases initiate these events [108]. Initial study identified the

pro-inflammatory cytokine IL-1p as an important substrate for caspase-1 [109]. Subsequently, it was found

that caspase-1, as well as caspase-4 and caspase-5 (human orthologs to rodent caspase-11), induce a novel

programmed cell death pathway characterized by cell swelling, lysis, and the release of cytoplasmic

content [110-112], presumably as a result of the formation of plasma membrane pores [113]. This type of

cell death was named ‘pyroptosis’ from the Greek pyro (fire or fever) and ptosis (to fall), as it induces
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inflammation and morphologically also essentially differs from apoptosis [98]. The physiological function

of pyroptosis is to prevent cells from of intracellular pathogen replication and te is thought to re-expose

pathogens to extracellular killing mechanisms [114].

11-1-2. Canonical inflammasomes: NLR and ALR inflammasomes

According to Vanaja et al., NLRs such as NLRP1, NLRP3 and NLR family caspase activation and

recruitment domain (CARD) domain-containing protein 4 (NLRC4) as well as the absent in melanoma 2

(AIM2), AlM-like receptor (ALR), constitute the most well characterized inflammasomes (Fig.11-1) [115].

Among these, NLRP3 is the most extensively studied [116-118], and it is activated by a vast array of

microbial- and host-derived triggers as well as endogenous metabolites such as the extracellular ATP, uric

acid and cholesterols or inert materials such as aluminum and silica. Conversely, NLRP1 is activated by

anthrax lethal toxin and NLRC4 by bacterial type 111 secretion system (T3SS) components and flagellin. In

contrast, AIM2 is activated by bacterial or viral double stranded DNA present in the cytosol. Here, we

focus on NLRP3 inflammasome to investigate cellular mechanism of GGA-induced cell death, because

GGA is categorized into polyunsaturated branched-chain fatty acid and several saturated fatty acids have

been reported to be able to activate NLRP3 inflammasome [119,120]
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Fig.ll-1. Canonical inflammasomes.

Canonical inflammasomes contain sensors belonging to the NLR or ALR family. NLRC4 is
activated by bacterial flagellin and T3SS components, NLRP1 is activated by anthrax lethal toxin
and AIM2 is activated by cytosolic dsDNA. NLRPS3 is activated by a wide variety of signals
including pore-forming cytotoxins, ATP, uric acid and alum. Once activated the receptors form an
inflammasome complex with or without the adaptor, ASC, and recruit procaspase-1, which is
subsequently cleaved into active caspase-1. Caspae-1 cleaves preforms of IL-1f3 and IL-18 into
their active forms as well as induces cell death. Vanaja et al., Trends in Cell Biology 25, 308-315
(2015) [115]
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11-1-3. Mechanisms of NLRP3 inflammasome activation

Guo, Callaway and Ting [121] described the most investigated NLRP3 activation mechanism, which

includes 1) the relocalization of mitochondrial NLRP3, 2) the generation of mitochondrial ROS and the

release of mitochondrial DNA or cardiolipin, 3) potassium efflux out of the cell, and 4) the release of

cathepsins into the cytosol after lysosomal destabilization (Fig.11-2) [115,122,123]. As mentioned above,

the NLRP3 inflammasome is activated in response to the most extensive stimuli, leading to a theory that

unusual agonists induce similar downstream events perceived by NLRP3 [123-125].-However, since not

all of these events are induced by all NLRP3 agonists including fatty acids, the precise mechanism of

NLRP3 inflammasome activation is expected to be a future result. Additionally, increases in intracellular

calcium also can activate the NLRP3 inflammasome, although it is not shown in Fig.ll1-2 [126,127]. But

the upregulation of intracellular calcium also cannot be an essentially required for all NLRP3 agonists

[128]. Though many published studies support the involvement of lysosomal cathepsins, proteases that

degrade internalized proteins, this is an argument in the activation of NLRP3 inflammasome [129].
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Fig.ll-2. Mechanisms of NLRP3 inflammasome activation.
NLRP3 must be primed before activation. Priming involves two distinct steps. First, an
NF-kB-activating stimulus, such as LPS binding to TLR4, induces elevated expression of NLRP3
(as well as /L7B), which leads to increased expression of NLRP3 protein. Additionally, priming
immediately licenses NLRP3 by inducing its deubiquitination. The adaptor protein ASC must
become linearly ubiquitinated and phosphorylated for inflammasome assembly to occur. After
priming, canonical NLRP3 inflammasome activation requires a second, distinct signal to activate
NLRP3 and lead to the formation of the NLRP3 inflammasome complex. The most commonly
accepted activating stimuli for NLRP3 include relocalization of NLRP3 to the mitochondria, the
sensation of mitochondrial factors released into the cytosol (mitochondrial ROS, mitochondrial
DNA, or cardiolipin), potassium efflux through ion channels, and cathepsin release following
destabilization of lysosomal membranes. Recent studies have determined that activated NLRP3
nucleates ASC into prion-like filaments through PYD-PYD interactions. Pro-caspase-1 filaments
subsequently form off of the ASC filaments through CARD-CARD interactions, allowing
autoproteolytic activation of pro-caspase-1. Inset shows domain arrangement of the NLRP3
inflammasome components. Pro-caspase-1 and caspase-1 domains are simplified for clarity, the
CARD domain is actually removed by cleavage, and two heterodimers form with the p20 and p10
effector domains (p20/10). Guo H, Callaway J. B, and Ting J. P. Nature Medicine 21, 677-687
(2015) [130]
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As Guo, Callaway and Ting described [121], in most cell types, the NLRP3 inflammasome must be

primed prior to inducing pyroptosis. An example of prototype of such a priming event is the activation of

TLR4 signaling by gram-negative bacterial lipopolysaccharides (LPS). It has long been known that

priming is induced by cellular expression of NLRP3 through NF-xB signaling [131]. However, recent

findings have shown that priming rapidly activates NLRP3 inflammasome by inducing the

deubiquitination of NLRP3 independent of new protein synthesis, while inhibition of deubiquitination is

activated by NLRP3 activation [132,133]. Upon priming, NLRP3 can assemble the NLRP3 inflammasome

in the multiprotein complex in response to its stimulation. In addition, conversely, the adaptor of ASC

(apoptosis-associated speck-like protein containing a caspase recruitment domain) must be linearly

ubiquitinated for in order to be assembled into NLRP3 inflammasome [134]. The stimulators, also

recognized as NLRP3 agonists, induce ATP, pore-forming toxins, crystalline substances such as uric acid

and cholesterol, nucleic acids, hyaluron, and fungal, bacterial or viral pathogens [115,122]. These stimuli

can be infected with agonists produced by the pathogen or released by the damaged host cells. Furthermore,

if there is a pathological condition in the body, it can promote the formation of these stimuli in the absence

of infection; an example is the formation of inflammatory cholesterol crystals.

Recent studies have shown that the NLRP3 nucleotide-binding domain (NBD/NACHT?*) oligomerizes

the NLRP3 pyrin domain (PYD), which acts as a scaffold to nucleate ASC proteins through PYD-PYD

interactions (see Fig.11-2) [135,136]. ASC can be transformed into prion-like form and generates long ASC

filaments important for activation process. Pro-caspase-1 then interacts with ASC filaments through
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CARD-CARD interactions and forms its own prion-like filaments that branch off of the ASC filaments.

The close proximity of pro-caspase-1 proteins then induces auto-proteolytic maturation of pro-caspase-1

into active caspase-1, which is released as soluble protein into the cytosol from NLRP3 inflammasome

[121].

* The NACHT is derived from the four plant and animal proteins that initially defined the unique features
of this domain: the neuronal apoptosis inhibitory protein (NAIP), class Il transcription activator (CIITA) of
the MHC, incompatibility locus protein from Podospora anserina (HET-E), and telomerase-associated
protein 1 (TP1).

11-1-4. NLRP3 inflammasome priming: first hit

Patel et al. have proposed the functional regulation of inflammasome activation in a cell is a ‘two-hit’

process [137]. The “first hit” promotes transcriptional expression of major components of inflammasome.

Among all the NLR inflammasomes, NLRP3 is the most widely and extensively studied as aforementioned

[116-118]. Without exception, the activation of the NLRP3 inflammasome is also regulated by a two-hit

process. The NLRP3 inflammasome is formed after indirect sensing of both non-sterile events derived

from pathogens and sterile metabolic stressors. These range from bacterial toxins, host mitochondrial DNA,

viral nucleic acids, and extracellular ATP to particulate matter such as crystals (uric acid, cholesterol, silica,

aluminum) and amyloids [138,139]. Before a functional NLRP3 inflammasome is formed, however,

transcriptional (NF-xB dependent) and post-translational (deubiquitination and linear ubiquitination

dependent) mechanisms are involved in the functioning of NLRP3 and ASC, a reasonable level must be

achieved and pro-IL-1B must also accumulate dependent on NF-kB—this is a process known as
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inflammasome priming, or ‘signal 1’. This is different from cellular priming of B or T cells after first

encountered by an antigen, which includes differentiation and maturation processes.

Across species, the expression of both NLRP3 and IL-1p is known to be transcriptionally regulated,

dependent on NF-xB [131]. This is thought to prime the inflammasome before its activation by second

stimuli (second hit). The ‘second hit’, either by the same and/or by additional stimuli, promotes the

functional activity of the NLRP3 inflammasome [140]. Although most mammalian cells do not have a

ready pool of IL-1p, IL-18 protein is expressed more constitutively [141], and thus may not have the same

requirements for priming between IL-1p and IL-18.

11-1-5. NLRP3 inflammasome activation: second hit

The second step in activation of the NLRP3 inflammasome, as described by Sutterwala, Haasken, and

Cassel, is delivered by one of a variety of agonist groups that cause specific activation of NLRP3 and

assembly of the inflammasome complex, and that finally culminates in the activation of caspase-1 [123].

The activators include both exogenous and endogenous molecules such as crystalline molecules requiring

phagocytosis for activation, ATP acting through its cell surface receptor P2X7R, and pore-forming toxins

such as nigericin. As the activators are structurally distinct and act on the cell in a separate way, it has been

suggested that the final activation signal, the binding of a putative ligand directly to NLRP3, must occur

downstream from these unrelated upstream activators.
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11-1-6. Expression of NLRP3 through NF-kB

As aforementioned, priming has long been known to upregulate cellular expression of the NLRP3 gene

through nuclear NF-kB signaling [131]. According to a review by Godwin et al. [142], NF-«xB is a

tightly-regulated transcription factor, and consists of homo or heterodimers from a pool of five REL

proteins: NF-kB1 (p50), NF-xB2 (p52), RelA (p65), RelB, and c-Rel (Rel). However, their biological

effects are cell-type dependent, mediating diverse physiological processes. In unstimulated cells, NF-«xB is

sequestered in the cytoplasmic space, bound to its regulatory protein, inhibitor of NF-xB (IkB). NF-xB

activation is driven by the phosphorylation of IkB, resulting in the dissociation of the NF-kB/IxB complex.

As a result, the nuclear localization sequence of NF-kB is exposed, thereby resulting in its translocation

into the nucleus [143]. After homo/heterodimer formation, NF-xB binds to specific promoter sequences

(xB sites) contained in more than 150 genes, which play important roles in either cell proliferation, cellular

adhesion, inflammation or anti-apoptosis [144].

In addition, Godwin et al. described in the same article the downstream pathway of TLR to activate

NF-kB [142]. Traditionally the activation of NF-kB occurs through phosphorylation. Shortening the long

story, binding of a ligand to a cell surface receptor, such as a member of the TLR superfamily, primes the

recruitment of adaptor proteins to the cytoplasmic domain of TLRs. Adaptors then recruits and activates

the IxBa kinase (IKK) complex, including the IKKB or IKKa protein and the scaffold protein, NF-xB

essential modulator (NEMO). IKK phosphorylates two serine residues (Ser32/Ser36), in the IxBa

regulatory domain regulating in dissociation of the NF-xB/IxB complex, and as a consequence the released
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NF-«kB to enter into the nuclear space where NF-«xB acts as transcription factor for its target genes.

Hashimoto, Hudson and Anderson have clearly elucidated NLRP3 is one of the products of

NF-kB-target genes. There is virtually no expression of NLRP3 in primary hepatocytes and stimulation of

hepatocytes by LPS in vitro results in a strong activation of NLRP3 expression [145]. They demonstrated

that the activation of NLRP3 expression was blocked by the NF-xB activation inhibitor,

N4-[2-(4-phenoxyphenyl) ethyl]-4, 6-gquinazolinediamine (QNZ). QNZ blocked NF-xB-dependent

expression of TNF-o, IL-1f and NLRP3 in liver cells. Moreover, they have found that a 1.3-kbp DNA

sequence located in close proximity of the most upstream transcriptional start site (-3968 to -2625) of the

human NLRP3 gene that harbors one putative octamer NF-kB binding site (-2755 to -2746). Thus, nuclear

NF-kB is a necessary and sufficient factor for activation of the NLRP3 inflammasome in at least in

primary hepatocytes [145].

11-1-7. Downstream signals of TLRs

As described above, NLRP3 protein acts as cytosolic pattern-recognition receptors (PRRs) and detect a

variety of pathogen-associated molecular patterns (PAMPs) or DAMPs. Hence, cytoplasmic PRRs are the

first line of defense against invading microbes and are expressed in a variety of immune cells including

macrophages, epithelial cells, dendritic cells, neutrophils, and adaptive immune cells. However, some other

non-cytoplasmic types of these PRRs, such as the TLRs, are expressed on the cell surface and can be

activated at the extracellular site directly via external pathological signals known as PAMPSs, indicating
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that TLRs are the most first line of defense.

Akira and Takeda [146] successfully described the discovery of the TLR family began with the

identification of Toll, a receptor that is expressed by insects and was found to be essential for establishing

dorsoventral polarity during embryogenesis [147]. Subsequent studies revealed that Toll also has an

essential role in the iseet-innate immune response of insects against fungal infection [148]. Homologues

of the insect Toll were identified through database searches, and so far, 11 members of the TLR family

have been identified in mammals. The TLRs are type | integral membrane glycoproteins, and are members

of a larger superfamily that contains the IL-1 receptors (IL-1Rs), based on considerable homology in the

cytoplasmic region. In contrast, the extracellular region of the TLRs and IL-1Rs differs markedly: the

extracellular region of TLRs contains leucine-rich repeat (LRR) motifs, whereas the extracellular region of

IL-1Rs contains three immunoglobulin-like domains. The LRR domains of TLRs form a horseshoe

structure, and it is thought that the concave surface of the LRR domains is involved directly in the

recognition of various pathogens. The main ligands recognized by different TLRs are summarized in Table

I1-1 and Fig.11-3. For example, TLR4 homodimers recognize LPS from Gram-negative bacteria. TLR2

recognizes a lipopeptides from Mycoplasma or mycobacteria with either TLR6 or TLR1. Notably, despite

the conservation between LRR domains, different TLRs can recognize several structurally unrelated

ligands [149-151]. The subcellular localization of different TLRs correlates to some extent with the

molecular patterns of their ligands. TLR1, TLR2 and TLR4 are located on the cell surface and are

supplemented to phagosomes after activation by their respective ligands. By contrast, TLR3, TLR7/8,
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TLR9 and TLR13, which are involved in the recognition of nucleic-acid-like structures, are not expressed
on the cell surface, as shown in Fig.I1-3 [152-154]. For example, TLR9 has been shown to be expressed in

the ER, and recruited to endosomal/lysosomal compartments after stimulation with CpG-containing DNA

[155].
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Receptor
TLRA

TLR2

TLR3
TLR4

TLRS
TLRB6

TLR7

TLR8

TLRS
TLR10
TLR11

Table lI-1 Toll-like receptors and their ligands

Ligand

Triacyl lipopeptides
Soluble factors

Lipoprotein/lipopeptides
Peptidoglycan

Lipoteichoic acid
Lipoarabinomannan
Phenol-soluble modulin
Glycoinositolphospholipids
Glycolipids

Parins

Atypical lipopolysaccharide
Atypical lipopolysaccharide
Zymosan

Heat-shock protein 70*

Double-stranded RNA

Lipopclysaccharide

Taxol

Fusion protein

Envelope protein

Heat-shock protein 60*

Heat-shock protein 70"

Type lll repeat extra domain A of fibronectin®
Oligosaccharndes of hyalurcnic acid®
Polysaccharide fragments of heparan sulphate™
Fibrinogen™

Flageliin

Diacyl lipopeptides
Lipoteichoic acid
Zymosan
Imidezoquinoline
Loxoribine
Bropirimine
Single-stranded RNA
Imidazoquinoline
Single-stranded RNA
CpG-containing DNA
N.D.

N.D.

Origin of ligand

Bacteria and mycobactera
MNeisseria meningitidis
Various pathogens
Gram-positive bacteria
Gram-positive bacteria
Mycobacteria
Staphylococcus gpidermidis
Trypanosoma cruzi
Treponema maltophilum
Neisseria

| eptospira inferrogans
Porphyromonas gingivalis
Fungi

Host

Viruses

Gram-negative bacteria
Flants
Respiratory syncytial virus

Mouse mammary-tumour virus

Chlamydlia pneumoniae
Host
Host
Host
Host
Host

Bacteria

Mycoplasma
Gram-positive bacteria
Fungi

Synthetic compounds
Synthetic compounds
Synthetic compounds
Viruses

Synthetic compounds
Viruses

Bacteria and viruses
N.D.
Uropathogenic bacteria

*It is possible that these ligand preparations, particularly those of endogenous origin, were

contaminated with

lipopolysaccharide and/or other potent microbial

components,

SO

more-precise analysis is required to conclude that TLRs recognize these endogenous ligands.
N.D., not determined. Akira S and Takeda K, /mmunology 4, 499-511 (2004) [156]
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Fig.ll-3. Mammalian TLR signaling pathways.
A detailed knowledge of how mammalian TLRs signal has developed over the past 15 years.
TLR5, TLR11, TLR4, and the heterodimers of TLR2-TLR1 or TLR2-TLR6 bind to their respective
ligands at the cell surface, whereas TLR3, TLR7-TLR8, TLR9 and TLR13 localize to the
endosomes, where they sense microbial and host-derived nucleic acids. TLR4 localizes at both
the plasma membrane and the endosomes. TLR signaling is initiated by ligand-induced
dimerization of receptors. Following this, the TIR domains of TLRs engage TIR
domain-containing adaptor proteins (either myeloid differentiation primary-response protein 88
(MyD88) and MyD88-adaptor-like protein (MAL), or TIR domain-containing adaptor protein
inducing IFNPB (TRIF) and TRIF-related adaptor molecule (TRAM)). TLR4 moves from the plasma
membrane to the endosomes in order to switch signaling from MyD88 to TRIF. Engagement of
the signaling adaptor molecules stimulates downstream signaling pathways that involve
interactions between IL-1R-associated kinases (IRAKs) and the adaptor molecules TNF
receptor-associated factors (TRAFs), and that lead to the activation of the mitogen-activated
protein kinases (MAPKs) JUN N-terminal kinase (JNK) and p38, and to the activation of
transcription factors. Two important families of transcription factors that are activated
downstream of TLR signaling are NF-kB and the interferon-regulatory factors (IRFs), but other
transcription factors, such as cyclic AMP-responsive element-binding protein (CREB) and
activator protein 1 (AP1), are also important. A major consequence of TLR signaling is the
induction of pro-inflammatory cytokines, and in the case of the endosomal TLRs, the induction of
IFN. O’Neill L. A, Golenbock D, and Bowie A. G. Nature Reviews Immunology 13, 453-460 (2013)
[157]
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Akira’s group have also explained the TLRs/IL-1Rs superfamily signaling cascade as follows [146].

After ligand binding, TLRs/IL-1Rs dimerize and undergo structural change needed for the recruitment of

downstream signaling molecules. These include the adaptor molecule myeloid differentiation

primary-response protein 88 (MyD88), IL-1R-associated kinases (IRAKS), transforming growth factor-f

(TGFp)-activated kinase 1 (TAK1), TAK1-binding protein 1 (TAB1), TAB2 and TNF-receptor-associated

factor 3/6 (TRAF3/6) (Fig.11-3) [158,159].

11-1-8. Pyroptosis interacts with UPR

Tufanli et al. [160] have considered from previous studies and then speculated that ER stress might induce

inflammasome activation through several mechanisms, including the release of reactive oxygen species

from damaged mitochondria (MtROS) [121]. Because previous studies showed that treatment of

macrophages with saturated fatty acids activates IRE1 and because these lipids also activated the NLRP3

inflammasome through inducing mtROS production [119,161,162].

Janssens, Pulendran, and Lambrecht [163] described in their article reporter-gene studies in vivo have

shown constitutive activation of the IRE-1 pathway in specific a certain cell type, such as CD8a" DCs and

development of B cells and T cells, suggesting that TLR signaling might induce UPR [164,165]. Indeed,

activation of TLRs affects UPR signaling cascades [166,167]. This probably reflects an expected response

of the cell to prepare the ER to combat infection or metabolic stress. At this moment, it is still unclear

how IREla or other sensors that detect the ER stress are activated # under these conditions; however,
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perturbations in the composition of the ER lipid bilayer have been shown to directly induce activation of

IREla and PERK independently of their luminal sensor domain [168]. In addition, the flavonoid

component quercetin is reported to directly activate IRE1a by binding to a pocket at to the dimer interface

of the RNase domain of IREla [83]. Therefore, there is another way to trigger ER stress sensors may

exist. Interestingly, the UPR seems to be closely connected to host immune responses as well as cellular

metabolic stress.

Therefore, we addressed that during GGA-induced cell death UPR would be conveyed by TLR4

signaling in human hepatoma cells. To resolve this question, we paid great attention to a paper describing

TLR4/ UPR axis [169]. By demonstrating that palmitate-enriched high fat diet-mediated stimulation of

TLR4 signaling causes UPR in mice, these authors have indicated the existence of a novel signaling

network that links TLR4 activation, ER stress, and mitochondrial dysfunction [169]. Another line of

evidence for TLR4/ UPR axis is a report that 7-ketocholesterol-induced inflammation is mediated mostly

through the TLR4 receptor and also involves a robust UPR, which seems to be mediated by yet identified

kinases activated through the TLR4 receptor [170]. Both lipids of saturated fatty acids and the oxidized

cholesterols are well established to induce both UPR [160,171] and TLR4 signaling . Hence, it is quite

interesting for us to see whether another novel UPR-inducing lipid of GGA is also able to stimulate TLR4

signaling in order to induce UPR.
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11-1-9. Gasdermin D is emerging as executors of pyroptosis

Sborgi et al. introduced in their original paper [107] that some landmark studies recently identified

gasdermin D (GSDMD), a member of the gasdermin protein family, as an essential executor of pyroptosis

in human cells [172,173]. GSDMD is required for introduction of pyroptosis and is processed by active

caspase-1 but not by apoptotic caspases like caspase-3. The N-terminal fragment of GSDMD (GSDMD-N,

p20) was found to be sufficient to induce cell death with the morphological features of pyroptosis [173],

and overexpression of the C-terminal domain GSDMD-C (p30) was found to block GSDMD-N-dependent

cell death [173]. These results led to the hypothesis that caspase-dependent cleavage releases GSDMD-N

from an inhibitory interaction with GSDMD-C. Since pyroptosis had long been speculated to involve the

formation of a plasma membrane pore, immediate destruction of the electrochemical gradient, and

subsequent osmotic lysis of the host cell [108], it is likely that GSDMD-N either promotes the formation of

this pore or itself has pore-forming activity (Fig.11-4) [174].
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Fig.ll-4. Schematic representation of the pyroptosis pathways.
Inflammatory caspases are activated through intracellular LPS binding caspase-11, caspase-4/5
or the inflammasome (caspase-1). Upon activation, the inflammatory caspases cleave
Gasdermin D (GSDMD), releasing the N-terminal p30 domain from the autoinhibitory GSDMD-C
domain. Activated GSDMD-N (red) then binds to lipids in the plasma membrane and forms large
oligomeric pores, leading to release of cellular contents and cell death. Aglietti R. A and Dueber E.

C. Trends in Immunology 38, 261-271 (2017) [104]
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11-1-10. GSDMD-N forms functional pores

The fact that pyroptosis is characterized by pore formation on the plasma membrane strongly suggests that
the ring-like structures of GSDMD-N are pores forming on the liposome surface, a hypothesis that has
now been confirmed by several studies. Indeed, incubation of cargo-loaded liposomes with GSDMD-N
resulted in permeabilization of the liposome membrane and release of the cargo into the surrounding buffer
[107,175,176]. Aglietti et al. monitored the release of calcium ions using a fluorogenic dye (Fura-2) and
demonstrated that GSDMD-N could permeabilize liposomes of multiple lipid compositions, although the
kinetics and total calcium release differed depending on the lipids present. Similarly, Ding et al. and Liu et
al. demonstrated that the total release of terbium ion (Tb**, ionic diameters of 212.6 — 236 pm) also varied
with lipid composition. Experiments with different-sized carbohydrate fluorophore conjugates suggested
that molecules with a diameter of 10 nm or less pass through the GSDMD-N pore [107,175], consistent
with the diameter measured on microscope (see Fig.ll-4). Since these experiments were done using
recombinant materials with reconstituted liposomes, it is clear that GSDMD-N itself is necessary and

sufficient to form these pores by self-assembly on the membrane.
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11-2. Results

11-2-1. Activation of caspase-1 activity after GGA treatment

As shown in Fig.11-5A, caspase-1 activity was gradually increased immediately after GGA treatment until

5 h, and dramatically enhanced at 8 h and the higher level was maintained until 24 h. However, by

immunoblotting, the caspase-1 activation was not able to be detected each time (data not shown).

Accordingly, the level of caspase-1 mRNA was unchanged (Fig.11-5B).

A time-dependent change of the cellular caspase-1 mRNA level was also followed after treatment with

20 UM GGA in three other human hepatoma cell lines: PLC/PRF/5 (Fig.11-5C), HepG2 (Fig.11-5D), and

Hep3B (Fig.11-5E). Three cell lines showed three different behaviors; a transient increase of the cellular

caspase-1 mRNA level was observed in PLC/PRF/5, virtually no change in HepG2, and its immediate

downregulation in Hep3B.

Immunofluorescence technique revealed cytoplasmic localization of caspase-1 protein in control

HuH-7 cells, but in GGA-treated cells the green fluorescence of caspase-1 protein was mostly co-localized

with the blue fluorescence of Hoechst33258 as shown in Fig.I1-5F.
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Fig.ll-5. GGA activated caspase-1 in HuH-7 cells.
(A)HUH-7 cells were treated with 20 uM GGA for 0, 1, 3, 5, 8, and 24 h. Caspase-1 activation
measurement used with caspase-Glo1 assay. Each point represents the mean + SD (n=3).
Asterisks (¥, **) indicate statistically significant difference from a control sample at 0 h with p
value of <0.05, 0.01, respectively, analyzed using the Student’s #test. (B)Total RNA was
extracted to measure the cellular levels of caspase-7. PLC/PRF/5 (C), HepG2 (D) or Hep3B (E)
cells were treated with 20 uM GGA for 0, 0.5, 1, 2, 4, 8, and 24 h (HepG2 was only 0 to 2 h), and
total RNA was extracted to analyze caspase-7 mRNA expression by RT-gPCR. (F) HuH-7 cells
were treated with 20 pM GGA for 3 h. Immunofluorescence images were obtained with
caspase-1 (green), and the nuclei were counter-stained with Hoechst 33258 (blue). The merged

images (merge) were constructed.
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11-2-2. GGA induced priming of inflammasome activation in HuH-7 cells

As described in Introduction section, activation of caspase-1 activity is a sole outcome of inflammasome

activation. Next, we decided to determine whether GGA induces priming of inflammasome activation in

HuH-7 cells. Fig.11-6 shows the time-dependent effects of 20 UM GGA on NLRP3 or IL1B mRNA level as

inflammasome priming index in HUH-7 cells. GGA increased NLRP3 (Fig.l11-6A) and IL1B (Fig.11-6B)

MRNA levels in a time-dependent manner. At 5 h after GGA treatment, the cellular level of NLRP3 mRNA

rapidly increased to about 20 times the level at 0 h. However, thereafter, the cellular levels of NLRP3

MRNA gradually decreased 10- and 2.0-fold at 8 and 24 h, respectively (Fig.1l1-6A), indicating that

GGA-induced upregulation of the NLRP3 mRNA expression was transient. On the contrary, the cellular

level of IL1IB mRNA was increased 200-fold over the control level at 8 h and the higher level was

maintained until 24 h (Fig.11-6B), but the cellular level of ASC mRNA was immediately downregulated by

adding GGA (Fig.11-6C).

Besides early priming of inflammasome such as transcriptional upregulation of NLRP3 and IL1B

MRNASs expression, late phase response of inflammation is known as transcriptional upregulation of the

interferon (IFN) genes. We failed to detect significant IFNa/f mRNA upregulation upon treatment with

GGA (Fig.11-6D and E).
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Fig.ll-6. GGA induced priming of inflammasome in HuH-7 cells.
HuH-7 cells were treated with 20 uM GGA for 0, 0.5, 1, 2, 4, 8, and 24 h. Total RNA was extracted
to analyze the cellular levels of NLRP3 (A) and /L-78 (B) mRNA by RT-gPCR. (C-E) HuH-7 cells
were treated with 20 pM GGA for 0, 1, 3, 5, 8, and 24 h. Total RNA was extracted to analyze the
cellular levels of ASC (C), /FNa (D) and /FNB (E) mRNA by RT-gPCR.
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11-2-3. NF-kB relocates from the cytoplasm to the nucleus after GGA treatment

We reasonably speculated that the inflammatory transcription factor, NF-xB, might play a role in

GGA-induced priming in HuH-7 cells, because inflammasome priming is performed through NF-xB

signaling [131]. Under normal physiological conditions, NF-xB complexes remain inactive in the

cytoplasm through a direct interaction with proteins of the IkB family. We observed subcellular

localization of NF-xB, which usually remains in the cytoplasm, but when activated it will move to the

nucleus and act as a transcription factor. As clearly shown in Fig.11-7A, although NF-«xB protein stayed in

the cytoplasm of control HuH-7 cells, GGA conveyed the protein into the nuclear space in 3 h. BAY

11-7082, an irreversible inhibitor of IKKa and phosphorylation of cytokine-inducible 1kBa, evidently

prevented GGA-induced nuclear translocation of NF-«xB.

However, GGA-induced cell death was not blocked by co-treatment with BAY-11, but was even

enhanced at its 2.5 to 20 uM (Fig.11-7B). Indeed, BAY-11 alone dose-dependently induced cell death

(Fig.11-7C).
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Fig.ll-7. NF-kB is relocated from the cytoplasm to the nucleus by GGA.

(A) HuH-7 cells were cultured under the following conditions: no treatment (Cont), 20 yM GGA
(GGA), or 20 uM GGA with BAY-11, a specific inhibitor of NF-kB (GGA+BAY), for 3 h.
Immunofluorescent images were obtained with anti-NF-kB —anti-rabbit IgG-Alexa488 (green),
and the nuclei were counter-stained with Hoechst 33258 (blue). The merged images (merge)
were constructed. (B, C) HuH-7 cells were treated with BAY-11 (1.25, 2.5, 5, 10, 20 pM) in the
presence (B) or absence (C) 20 uM GGA for 24 h. Viable cells were measured using the
Celltiter-Glo assay kit. Asterisks (*, **, ***) indicate statistically significant difference from each
relevant control induced by GGA (20 uM) (B) or a control sample at 0 h (C) with p value of <0.05,
0.01, 0.001, respectively, analyzed using the Student’s #test.
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11-2-4. Translocation for plasma membrane of GSDMD after GGA treatment

GSDMD is one of the established targets of active caspase-1, which is able to produce membrane

pore-forming GSDMD-N, a sole executor of pyroptosis [177]. As apparently shown in Fig.ll-8A, the

immunofluorescence technique revealed that most of the GSDMD signals were localized in the nuclear

space and the perinuclear region in control HuH-7 cells, which is consistent with the immunofluorescence

microscopic data of GSDMD in several human cell lines in Human Protein Atlas (HPA,

http://www.proteinatlas.org/ENSG00000104518-GSDMD/cell). On the contrary, most of the GSDMD

signals were released from the nuclear space and a portion of the signals was clearly detected on the

plasma membrane 10 h after GGA treatment, suggesting the GSDMD pore formation was induced by

GGA. Indeed, GSDMD-N appeared in a time-dependent manner (Fig.11-8B), however, GGA exhibited no

detectable effect on the cellular GSDMD mRNA levels (see Fig.11-8C). We therefore analyzed the

oligomerization status of GSDMD (Fig.11-8D). Disuccinimidyl suberate (DSS) crosslinking

time-dependently increased the size of GSDMD oligomers (dimers and tetramers) on SDS-PAGE.
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Fig.ll-8. Translocation to plasma membrane of GSDMD after GGA treatment.

(A) HuH-7 cells were cultured under the following conditions: vehicle control (Cont), 20 uyM GGA
for 10 h (GGA). Green fluorescence indicates the distribution of GSDMD. (B) HuH-7 cells were
treated with 20 uM GGA for 0, 1, 3, 5, 8, or 24 h. The 600 x g fractions were prepared, 40 ug of
total protein per lane and GSDMD levels were analyzed by immunoblotting. (C) HuH-7 cells were
treated with 20 uyM GGA for 0, 1, 3, 5, 8, or 24 h. Total RNA was extracted to measure the cellular
levels of GSDMD. (D)HuH-7 cells were treated 20 uM GGA for 0, 1, 3, 5, 8, or 24 h. The culture
600 x g fractions were analyzed after DSS crosslinking. 40 pg of total protein per lane and
GSDMD levels were analyzed by immunoblotting.
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11-2-5. Morphological alterations and membrane damages after GGA treatment

We conducted the following experiment to obtain morphological evidence for pyroptosis. GGA at 10 uM

induced cell death in HuH-7 cells showed pyroptosis characteristics such as membrane blebbing, which

looked a big balloon as large as its cell own size (Fig.11-9A).

We next analyzed lactate dehydrogenase (LDH) leakage as an indicator of lytic-type cell death,

associated with pyroptosis. We calculate, before GGA treatment in HuH-7 cells, percent cytotoxicity by

setting the following two controls, which have to be performed in each experimental setup: low (medium

cultured with non-treated cells) and high (medium cultured with Triton X 100-solubilized cells) control, in

other words, spontaneous and maximum LDH release, respectively (Fig.11-9B). Fig.11-9C shows that after

addition of 20 uM GGA to the culture medium, the cellular LDH was leaked in a time dependent manner.
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Fig.ll-9. Morphological alterations and membrane damages after GGA treatment.

(A) HuH-7 cells were treated 10 uyM GGA in the formation membrane blebbing for 8 h. Live-cell
imaging was performed on LSM700 confocal laser-scanning fluorescence microscope. (B)
HuH-7 cells were inoculated 125 to 2000 cells/well each low (open square) or high control
(closed square) for 24 h. (C)HuH-7 cells were treated with 20 uM GGA for 0, 1, 3, 5, 8, and 24 h.
LDH activity released from the cytosol of damaged cells into the supernatant measured with
cytotoxicity detection assay. Asterisks (*) indicate statistically significant difference from a control
sample at 0 h with p value of <0.05, analyzed using the Student’s #test.
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11-2-6. GGA-induced cell death via TLR4 signaling

Therefore, as some studies reported inflammasome priming occurred through PRRs such as TLRs [178].

As shown on Y axis in Fig.11-10A, GGA alone (open circle on Y axis) induced cell death in 90% of HuH-7

cells in 24 h. Then, co-treatment with VIPER peptide (TLR4 inhibitor) prevented GGA-induced cell death

in its dose-dependent manner from 1.25 to 5 uM, but this protective effect was slightly reduced at 10 uM

(closed square and solid line), whereas control peptide CP7 did not rescue the cells from GGA-induced

cell death (open circle and broken line).

GGA-induced cell death is known to be rescued by co-treatment with the mono-unsaturated fatty acid

oleate (OA) [77] or a-tocopherol, one of vitamin E [37]. The blocking effect of VIPER on GGA-induced

cell death was comparable with previously reported inhibitors such as OA and a-tocopherol (Fig.11-10B).

On the other hand, other TLR4-specific inhibitors C34 and TAK-242 partially prevented GGA-induced cell

death (Fig.11-10C). In accordance with their preventive effects on GGA-induced cell death, co-treatment

with OA, a-tocopherol or VIPER significantly rescued the cells from GGA-induced leakage of the

cytosolic LDH (Fig.11-10D).

Next, we show that GGA-induced inflammasome priming, caspase-1 activation and NF-kB nuclear

translocation were all suppressed by co-treatment with OA, a-tocopherol or VIPER (Fig.l11-10E-G).

GGA-induced upregulation of the cellular NLRP3 mRNA level was dramatically blocked by co-treatment

with either OA, a-tocopherol, or VIPER (Fig.I1-10E). As mentioned above, these 3 organic compounds all

prevented GGA-induced cell death, suggesting that NLRP3 inflammasome priming may be tightly linked

70



to GGA-induced cell death.

As shown in Fig.ll-7F, GGA-induced activation of the cellular caspase-1 activity at 8 h was prevented

by co-treatment with either OA, a-tocopherol, VIPER or MCC950 (a selective inhibitor of NLRP3

activation) [179], indicating that a priming step is indispensable for activation of pro-caspase-1.

Since the NLRP3 gene is an NF-kB-dependent gene, we thought that these inhibitors might keep the

cytosolic NF-xB out of the nucleus in the presence of GGA. As expectedly, GGA-induced nuclear

translocation of NF-kB was blocked by co-treatment with either VIPER, a-tocopherol or OA (Fig.11-10G).

Furthermore, since we have reported that GGA induces hyperproduction of superoxide in mitochondria

in 15 min [47], we considered the mitochondria-mediated hyperproduction of ROS might be important to

prime the NLRP3 inflammasome activation. When mitochondria-derived superoxide was observed with

fluorogenic reagent of MitoSOX, all of the inhibitors against priming of the NLRP3 inflammasome used in

Fig.11-10E extinguished the mitochondrial red fluorescence of MitoSOX in GGA-treated cells, as shown in

Fig.11-10H, whereas MCC950 did not prevent GGA-induced hyperproduction of mitochondrial superoxide.

These results suggest that a burst of mitochondrial superoxide or mitochondrial dysfunction may be

essential for a priming step of the NLRP3 inflammasome.

We have recently reported that GGA immediately induces UPR [77]. Therefore, we next observed the

effect of VIPER co-treatment on GGA-induced UPR. As a result, VIPER completely suppressed the

upregulation of the XBP1s and DDIT3 mRNAs expression (Fig.11-101 and J), both of which are hallmarks

of GGA-induced UPR [77]. However, a-tocopherol that inhibited GGA-induced cell death as like VIPER
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did not suppressed and even enhanced GGA-induced UPR (Fig.l1-101 and J). Furthermore, co- treatment

OA, a-tocopherol, or VIPER effectively prevented GGA-induced accumulation of LC3-Il, a hallmark of

autophagosomes (Fig.l11-10K). These results strongly suggest that TLR4 signaling must be specifically

involved in GGA-induced UPR and GGA-induced incomplete autophagy as well as GGA-induced cell

death.
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Fig.ll-10. GGA-induced cell death via TLR4.

(A) HuH-7 cells were treated with 20 uyM GGA for 24 h in the absence or presence of 1.25, 2.5, 5
or 10 uM VIPER (closed square) or CP7 (open square). (B) HuH-7 cells were treated with 20 yM
GGA in the presence of oleate, a-tocopherol or VIPER (50, 100 or 5 pM, respectively) for 24 h.
Viable cells were measured using the Celltiter-Glo assay kit. (C) HuH-7 cells were treated with 20
UM in the absence or presence of 5 uM C34 or TAK242 for 24 h. (D) HuH-7 cells were treated
with 20 pM GGA in the absent or present of OA, a-tocopherol or VIPER (50, 100 or 5 uM,
respectively) for 24 h. LDH activity released from the cytosol of damaged cells into the
supernatant measured with cytotoxicity detection assay. (E) HUH-7 cells were treated with 20 pM
GGA in the absent or present of OA, a-tocopherol or VIPER (50, 100 or 5 uM, respectively) for 5 h.
Total RNA was extracted to measure the cellular level of NLARP3 mRNA by RT-gPCR. (F) HuH-7
cells were treated with 20 uM GGA in the presence of oleate, a-tocopherol, VIPER or MCC950
(50, 100, 5 or 5 pM, respectively) for 8 h. Caspase-1 activation measurement used with
caspase-Glo1 assay. (G) HuH-7 cells were treated with 20 uyM GGA in the absent or present of
oleate, a-tocopherol or VIPER (50, 100 or 5 uM, respectively) for 3 h. Immunofluorescent images
were obtained with anti-NF-kB -anti-rabbit IgG-Alexa488 (green), and the nuclei were
counter-stained with Hoechst 33258 (blue). The merged images (merge) were constructed. (H)
HuH-7 cells were treated with 20 uM GGA in the absence or presence of oleate, a-tocopherol or
VIPER (50, 100, 5 uM, respectively) for 30 min. Live-cell imaging was performed with the red
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fluorescence for MitoSox on the LSM700 confocal laser-scanning fluorescence microscope. (1, J)
HuH-7 cells were treated with 20 uM GGA for 5 h in the absence or presence of VIPER or
a-tocopherol (5 or 100 M, respectively). Total RNA was extracted to measure the cellular level of
XBP17s () or DDIT3 (J) mRNA by RT-gPCR. Each point represents the mean + SD (n=3). The
asterisks (*, **, ™) indicate statistical significance (p<0.05, 0.01, 0.001, respectively), compared
with each relevant control as determined by Student’s #test. (K) HuH-7 cells were treated with 20
uM GGA in the absence or presence of oleate, a-tocopherol or VIPER (50, 100, 5 uM,
respectively) for 3 h. Whole-cell lysates (30 pg/lane) were prepared and LC3 levels were analyzed
by immunoblotting. Tubulin-plll was used as a loading control. Levels of LC3-Il expression were
quantified with Imaged densitometric analysis (mean = SD, n=3). Representative blots and

corresponding quantification of LC3-Il/Tubulin-plll are shown.

11-2-7. GGA-induced UPR uprequlates TLR2 expression

In the literature, the TLR2 gene expression is known to be upregulated via ATF4, a downstream signal of

PERK pathway of UPR [180]. So, we measured the expression of the TLR2 gene as well as some other

TLR family members. To determine whether GGA could upregulate the TLRs mRNA level, we treated

HuH-7 cells with GGA before measurement TLRs (TLR1, 2, 4, 6, or 9) mRNA level. Fig.l1-11A shows the

expression level of TLRs mRNA in HuH-7 cells prior to GGA treatment. The basal expression level of

TLRs was as follows: TLR2 > TLR6 > TLR4 > TLR1 > TLRO.

Treatment with 20 uM GGA upregulated the TLRs mRNA level in HuH-7 cells (Fig.11-11B — F). The

level of TLR2 mRNA was upregulated in a time dependent manner (Fig.11-11C). TLR2 mRNA expression

was markedly increased 15-fold at 3 h and up to 25-fold at 8 h compared with the control level. From 8-24

h, the cellular levels of TLR2 mRNA gradually decreased from 25- to 10-fold over the basal level. The

cellular level of TLR4 or TLR6 mRNA was increased 2.5-fold at 3 h (Fig.11-11D and E), but TLR1 and

TLR9 mRNA levels were not largely changed after GGA treatment (see Fig.11-11B and F).
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In addition to the inhibitory effects of VIPER on GGA-induced cell death and GGA-induced UPR, this

TLR4-specific inhibitor also perfectly suppressed GGA-induced upregulation of the TLR2 gene

(Fig.l11-11G), suggesting that TLR2 may be involved in GGA-induced cell death. It is interesting that

co-treatment with OA, an inhibitor of GGA-induced UPR [77], also completely suppressed GGA-induced

upregulation of the TLR2 gene expression (Fig.l11-11G), implying that GGA-induced UPR is an upstream

signal for the upregulation of TLR2 gene expression. However, lipoteichoic acid (LTA) (5 uM) [181], a

TLR2-specific agonist, and o-vanillin [182], a TLR2-specific antagonist, did not induce cell death without

GGA and did not prevent GGA-induced cell death, respectively (Fig.11-11H).

Quite a few studies have reported that a dramatic increase of TLR4 mRNA expression is found in high

glucose conditions [183-185]. Hence, we observed how medium shift from low glucose (1000 mg/L) to

high glucose (4500 mg/L) affected on the cellular expression of the TLR4 and TLR2 genes in HuH-7 cells.

As a result, the high glucose medium upregulated the cellular levels of TLR2 and TLR4 mRNA in 48 h

(Fig.11-111 and J), but provided no change in the cellular TLR6 mRNA level (Fig.l11-11K).
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Fig.ll-11. GGA-induced UPR upregulates TLR2.
(A)Total RNA was extracted to analyze the cellular levels of TLRs (TLR1, 2, 4, 6, or 9) mRNA by
RT-gPCR in HuH-7 cells. (B-F) HuH-7 cells were treated with 20 uM GGA for 0, 1, 3, 5, 8, and 24
h. total RNA was extracted to measure the cellular levels of 7LR7 (B), TLR2 (C), TLR4 (D), TLR6
(E) and 7LR9 (F) mRNA by RT-gPCR. (G) HuH-7 cells were treated with 20 uM GGA for 5 h in the
absence or presence of VIPER or a-Toc (5 or 100 uM, respectively). (H) HuH-7 cells were treated
with 5 uM LTA or 20 uM GGA in the absence or presence of 5 pM vanillin for 24 h. (I-K) HuH-7
cells were used culture medium by low glucose or high glucose shift for 2 d. Total RNA was
extracted to measure the cellular levels of 7LR2 (l), TLR4 (J) and TLR6 (K) mRNA by RT-gPCR.
Values are the means = SD (n=3 or 6). The asterisks (**, ™) indicated statistical significant

(p<0.01, 0.001, respectively), as determined by Student’s £test.
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11-2-8. ATRA did not induce pyroptotic cell death

In contrast to acyclic retinoid of GGA, natural cyclic retinoid of ATRA has been repeatedly reported not to

induce cell death in human hepatoma cells, but it induced IRE1-mediated splicing of XBP1 mRNA.

Therefore, the question was what is different in cellular effects on cell death of hepatoma cells between

GGA and ATRA. To determine whether ATRA could also induce nuclear translocation of NF-xB from

cytosol, immunofluorescence analysis with anti- NF-xB antibody was conducted. Contrary to GGA

shifting NF-xB from the cytosol to the nuclear space, the protein still stayed in the cytoplasm of

ATRA-treated cells (Fig.11-12A). Fig.11-12B depicts a time-dependent change in the cellular NLRP3

MRNA level of HuH-7 cells upon ATRA treatment, in comparison with that after GGA treatment. ATRA,

most stronger diterpenoid in the lipid-induced UPR but is not cytotoxic [77], did not induce priming of

NLRP3 inflammasome activation, which is consistent with inability of ATRA to induce nuclear

translocation of NF-xB (Fig.11-12A). May cellular mechanism of ATRA-induced UPR is different from

that of GGA-induced UPR? We knew that TLR4 signaling was essential for GGA-induced UPR. Therefore,

we next observed the effect of VIPER or oleic acid co-treatment on ATRA-induced UPR. Interestingly,

both prevented the upregulation of XBP1s and DDIT3 mRNA levels (Fig.11-12C and D), suggesting

ATRA-induced UPR might be also mediated by TLR4 signaling.
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Fig.ll-12. ATRA was not induced pyroptotic cell death.

(A) HuH-7 cells were treated with 20 uM GGA or ATRA for 3 h. Immunofluorescent images were
obtained with anti-NF-kB —anti-rabbit IgG-Alexa488 (green), and the nuclei were counter-stained
with Hoechst 33258 (blue). The merged images (merge) were constructed. (B) HuH-7 cells were
treated with 20 M GGA (@) or ATRA (O) for 0, 1, 3, 5, 8, and 24 h. Total RNA was extracted to
analyze the cellular levels of NLRP3 mRNA by RT-gPCR. (C, D) HuH-7 cells were treated with 20
UM ATRA for 5 h in the absence or presence of VIPER or OA (5 or 50 uM, respectively). Total RNA
was extracted to measure the cellular level of XBP17s (C) or DD/T3 (D) mRNA by RT-gPCR. The
asterisks (*) indicate statistical significance (p<0.05), compared with each relevant control
induced by ATRA (20 pM) alone as determined by Student’s #test.
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11-3. Discussion

In the present study, we investigated whether TLR4 signaling is involved as an upstream signal for

GGA-induced UPR as well as a triggering signal for GGA-induced cell death. As a result, we were able to

demonstrate that GGA-induced UPR and GGA-induced cell death are both sensitive to co-treatment with

VIPER, a specific inhibitor of TLR4 signaling, and that GGA stimulates NLRP3 inflammasome priming to

activate caspase-1 through TLR4 signaling and induce pyroptotic cell death via pore formation in the

plasma membrane with the N-terminal fragment of GSDMD, a crucial target of active caspase-1 during

pyroptosis. The present results clearly highlight the significance of TLR4-mediated pyroptosis in

GGA-induced cell death in hepatoma cells.

GGA was initially reported as an acyclic retinoid inducing apoptosis in HuH-7 hepatoma cells [179],

although a caspase-3/7-specific inhibitor, AC-DEVD-CHO, was unable to block GGA-induced cell death

[37]. We found that GGA induced an incomplete autophagic response, suggesting GGA might induce

autophagic cell death [47]. However, although it was unclear how GGA killed hepatoma cells through

autophagic events, we elucidated how GGA triggers the massive accumulation of initial/early

autophagosomes via impairment of late-stage processing of autophagy. GGA immediately induces ER

stress response or UPR, which forms an upstream signal for the induction of initial stage of autophagy [77].

Thus, we speculated that GGA-induced UPR is linked to its lipotoxicity in human hepatoma cells.

In this context, it is important to understand how GGA induces UPR. To address this, we extensively

reviewed previous studies that described the triggering role of TLR4 signaling in UPR induction in several
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different cellular systems [166,169,170,186,187], because TLR4 signaling is involved in

inflammasome/caspase-1-mediated cell death [188,189]. We reported that GGA-induced cell death in

human hepatoma cells was blocked by co-treatment with AC-YVAD-CMK, a caspase-1-specific inhibitor

[37]. Therefore, we speculated that GGA stimulates TLR4 signaling, resulting in UPR and cell death. We

found that UPR and cell death induced by GGA treatment were completely blocked by VIPER, a specific

inhibitor of TLR4, as expected. VIPER is a virus-mimic 11-aa-long peptide fused to a cell penetrating

delivery sequence, and is TLR4 specific being inert toward other TLR pathways [190]. VIPER prevents

TLR4 signaling by interfering with interactions between TLR4 cytoplasmic domains and adaptor proteins

such as TIRAP (Toll/interleukin-1 receptor (TIR) domain-containing adaptor protein/MyD88 adaptor-like

(MAL)) and TRAM (Toll-interleukin-1 receptor domain-containing adaptor inducing interferon-f3

(TRIF)-related adaptor molecule) via masking critical binding sites on TIRAP and TRAM [190]. The

TIRAP side of TLR4 signaling mainly leads to the production of proinflammatory cytokines [170], but, the

majority of anti-inflammatory cytokines signal via the TRAM side of the TLR4 receptor [191]. Fig.11-10

clearly shows VIPER prevents both GGA-induced cell death and GGA-induced UPR, suggesting that

GGA acts upstream from the cytoplasmic domains of TLR4. Another TLR4 inhibitor, C34, inhibits TLR4

signaling by docking with the hydrophobic pocket of the TLR4 co-receptor, myeloid differentiation protein

2 (MD2), which is associated with the extracellular domains of TLR4 [192]. Co-treatment with C34 only

partially suppressed cell death induced by GGA, suggesting the action point of GGA might be close to the

action point of C34, MD2.
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Therefore, we would like to determine how GGA stimulates TLR4 signaling. It is well known that

several foreign and endogenous lipophilic materials such as LPS from gram-negative bacteria [193],

7-ketocholesterol [170], oxidized low-density lipoprotein [194], and saturated fatty acids [195] including

lauric acid [196], palmitic acid [197] and stearic acid [198] all act as TLR4 agonists/ligands and trigger

inflammatory responses. However, the exact molecular mechanisms involved are still elusive, except that

under the assistance of LPS-binding protein and CD14, LPS stimulates the TLR4 receptor as a

MD2-bound heterodimeric complex in which two MD2-LPS complexes bind two TLR4 extracellular

domains resulting in the ligation of two TLR4 molecules [199]. Analogous to the LPS mechanism,

Nicholas et al. proposed that 5 molecules of palmitic acid associate with the hydrophobic binding pocket

MD2 by hydrophobic protein modeling [197]. Because palmitic acid- and GGA-induced TLR4-mediated

cell death are blocked by co-treatment with oleic acid, GGA may be ligand of the TLR4 adaptor MD2,

similar to palmitic acid. Another possibility is that GGA may enhance the recruitment of TLR4 into lipid

rafts of the plasma membrane. Indeed, Two different research groups reported that TLR4 was recruited into

lipid rafts upon palmitic acid treatment [200,201]. Although not discussed in their papers, the palmitic

acid-enhanced recruitment of TLR4 into lipid rafts may involve a fatty acid transport scavenger receptor

protein, CD36, which is enriched in lipid rafts [202,203]. Because GGA can target lipid rafts during human

immunodeficiency virus infection [204], it is reasonable to speculate that GGA might recruit TLR4

receptors into lipid rafts, which can be prevented by oleic acid treatment through CD36.

Besides of TLR4 antagonists used in this study, a-tocopherol also efficiently inhibited GGA-induced
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cell death. It is interesting that a-tocopherol also prevented GGA-induced intracellular events such as the

hyperproduction of mitochondrial superoxide, nuclear translocation of NF-xB, and activation of caspase-1

activity, all of which are also prevented by oleic acid or VIPER. However, the anti-oxidative vitamin did

not inhibit GGA-induced UPR. These findings strongly suggest that GGA-induced UPR does not satisfy

the necessary and sufficient conditions for GGA-induced cell death, but the hyperproduction of

mitochondrial ROS does. The GGA-induced hyperproduction of mitochondria superoxide was prevented

by VIPER co-treatment., but was not suppressed by co-treatment with MCC950, indicating the signal for

ROS production is located downstream of TLR4 and upstream of the NLTP3 inflammasome. West et al.

reported that evolutionally conserved signaling intermediate in Toll pathways (ECSIT) after translocation

of the TLR signaling adapter, TRAF6 to mitochondria [205]. Recently, an anti-oxidative protein of

peroxiredoxin-6 was reported to suppress TLR4-mediated mitochondrial ROS production by interrupting

formation of the TRAF6-ECSIT complex induced by TLR4 stimulation [206]. Therefore, we speculate that

GGA stimulates TLR4 to form a TRAF6-ECSIT complex, which then results in the ubiquitination and

degradation of ECSIT. A loss of ECSIT, a molecular chaperone for complex | of the respiratory chain,

produces superoxide in mitochondria.

There are apparent some differences between GGA and retinoids in cellular effects. GGA was initially

thought to be an acyclic retinoid, because it has ligand activities for nuclear retinoid receptors of RARB

and RXRA and is a cytosolic binding protein for retinoic acid [26]. However, natural retinoids such as

ATRA and 9CRA are not effective at killing hepatoma cells, and GGA induces caspase-1-dependent cell
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death [30,37,77]. Furthermore, ATRA induces greater XBP1 splicing and nuclear accumulation of XBP1

compared with GGA [77]. In addition, ATRA-induced UPR was prevented by co-treatment with oleic acid

or VIPER (Fig.l1-12C) suggesting TLR4 signaling is involved in retinoid-induced UPR. Nevertheless,

retinoid-induced UPR did not result in cell death, probably because retinoids do not stimulate the

hyperproduction of mitochondrial ROS.

In conclusion, we report that micromolar GGA causes inflammatory cell death, pyroptosis, in human

hepatoma cells via TLR4 signaling, where mitochondrial superoxide and nuclear translocation of NF-xB

play essential roles to prime the NLRP3 inflammasome. TLR4 was reported to have a pathogenic role

during chronic inflammation and may be a cause of human hepatoma [207] and a recent phase Il clinical

study reported the prevention of hepatoma recurrence with peretinoin or 4,5-didehydroGGA [208],

suggesting the further exploration of the preventive roles of GGA in hepatocarcinogenesis.
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Pyroptotic cell death with GGA
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Abstract

In Chapter Il, we demonstrated GGA induces TLR4-mediated pyroptosis in human hepatoma cells.

Caspase-4 and -5, inflammatory caspases, are known to trigger pyroptosis, and are similar to caspase-1.

These caspases also induced cleavage of human GSDMD. In this chapter, we investigated possible roles in

GGA-induced pyroptosis, because accumulating evidence suggests the involvement of caspase-4 in ER

stress-induced cell death, because caspase-4 is localized mainly to the ER. Here, we show that a

non-canonical inflammasome pathway in HuH-7 cells was also activated during GGA-induced pyroptosis

via UPR. The enzyme activity of caspase-4 was induced immediately after GGA treatment. Furthermore,

the cellular mRNA levels of the caspase-4 and -5 genes were upregulated after treatment with GGA,

tunicamycin, or thapsigargin, all of which induced UPR. GGA induced calcium release from the

endogenous pool, due to GGA-induced UPR. Our results suggest that GGA may be not only able to

canonical pathway pyroptosis, but also non-canonical pathway in HuH-7 human hepatoma cells.
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111-1. Introduction

111-1-1. Non-canonical inflammasome pathway

Inflammasomes, as described in multiple reviews, are grouped into canonical and noncanonical pathways

[209,210]. The functional canonical inflammasome complex is expressed in Chapter II. In contrast, a

noncanonical NLRP3 inflammasome activation which depends on caspase-4 and -5, are inflammatory

caspases as well as caspase-1, has been described to be pivotal in the maintenance of intestinal immune

homeostasis [111]. LPS from Gram-negative bacteria introduced into the cytoplasm of host cells during

infection potently activates caspase-4 and -5 [211,212]. Caspase-4 and -5 directly bind LPS [112], and

activation of these caspases triggers pyroptosis, similar to caspase-1. Caspase-4 and -5 also induce

cleavage of human GSDMD (Fig.l11-1).
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Fig.lll-1. The role of GSDMD in pyroptosis driven by non-canonical and canonical

inflammasomes.

A and Dueber E. C. Trends in Immunology 38, 261-271 (2017) [104]

111-1-2. Priming of the non-canonical inflammasome

For decades, the protection of TLR4 mutant mice against LPS lethality was a cornerstone for innate

immunity. Remarkably, the laboratories of Dixit (Genentech) and Miao (University of North Carolina)

independently and simultaneously rewrote this dogma and showed that, when the mutant mice were first

primed to induce the non-canonical caspase-4 and -5 inflammasome, they were then susceptible to LPS

lethality even in the absence of TLR4 [211]. Caspase-4 and -5 can directly detect cytosolic LPS and,

intriguingly, this also requires a priming step. Whereas NLRP3 inflammasome priming for canonical

caspase-1 inflammasomes is mediated by the TLR4/MyD88 axis, priming of non-canonical caspase-4 and
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-5 challenge is mediated by TLR4/TRIF [213]. Principally, this seems to be due to a requirement for IFN

signaling to induce the expression of the caspase-4 and -5 genes. Hence, type | IFNs seems to play a

prominent role in the transcriptional regulation of the caspase-4 and -5 genes. The transcription of the

caspase-4 and -5 genes are also upregulated by type | IFN of IFN-y.

111-1-3. Non-canonical pathway interacts with UPR

Bian and Elner [214] explained that the ER is a major site for protein synthesis and folding and also
functions as a major cellular storage site for calcium ion [215]. Perturbation of Ca®* homeostasis,
hyperproduction of ROS, impairment of protein glycosylation, and accumulation of misfolded proteins in
the ER are able to induce cellular stress responses, particularly ER stress signals, to protect cells against
changes in the subcellular Ca** levels and toxic buildup of misfolded proteins [215-217]. Calcium ion as
second messenger has ability to control various cell functions. Intracellular calcium ion levels are buffered
by ER. Calcium ion plays a regulatory role in metabolism of glucose, bile secretion, cell proliferation and
programmed cell death [218]. A study in rat hepatocytes showed that intracellular calcium was involved in
cell death [219]. During this biological phenomenon, various mechanisms are involved in
calcium-mediated cell death including calcium-dependent endonuclease and calpains activation [220].
Calpains belong to a family of cytosolic cysteine proteases that depend on intracellular calcium
concentrations in the activity of the cell and involved in cell death process [221].

Additionally, accumulating evidence suggests the involvement of caspase-4 activity in ER
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stress-induced cell death. First, caspase-4 is predominantly located in the ER [222]. Second, caspase-4 is

closely associated with a number of essential proteins in ER stress-induced cell death pathways, including

BiP/GRP78, a well-known chaperone working during ER stress [223]; CARD-only protein, a negative

regulator of procaspase-1 [224]; APAF1 (apoptotic protease-activating factor 1), a protein involved in

assembly of apoptosome during death protease-mediated cell death [225]; and TRAF6, a member of the

TNF  receptor-associated  factor [226]. Third, caspase-4 inhibitor Z-LEVD-FMK

(benzoxy-Leu-Glu-Val-Asp-fluoromethylketone) selectively and effectively blocks ER stress-induced cell

death in many cancer cells, including Jurkat [227], and melanoma cells [228]. Fourth, knocking down of

caspase-4 expression by siRNA in multiple myeloma cells [229], leukemia cells [230], glioma cell lines

[231], and neuroblastoma cells [222], expressing catalytically inactive caspase-4, and microinjecting of

anti-caspase-4 antibodies into HelLa [232] all abolished ER stress-induced cell death. In this context, one

can reasonably speculate that activation of caspase-4 (or -5) is essential for ER-stress-induced (or

UPR-mediated) cell death, which may be transmitted by LPS.

In chapter 111, we investigated that the non-canonical inflammasome pathway in HuH-7 cells might be

linked to GGA-induced pyroptosis.
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111-2. Results

111-2-1. GGA-induced pyroptosis via non-canonical inflammasome pathway in HuH-7 cells

In chapter I, to clarify a molecular mechanism of GGA-induced cell death as pyroptosis through canonical

pathway, we found GGA upregulated caspase-1 activity, resulting in a cleavage of GSDMD to produce a

pore-forming GSDMD-N. Although we showed caspase-1 activation and GSDMD cleavage occurred in 10

h after GGA treatment, the migration of GSDMD from the nucleus to the plasma membrane was clearly

observed already at 3 h after addition of GGA (Fig.111-2A), when caspase-1 activity was not so much

activated. As shown in Fig.l1l-5A of Chapter I, the cellular caspase-1 activity was only 1.5 times increased

at 3 h after GGA treatment, but we detected the amino-terminal GSDMD-N fragment on the immunoblot

as early as 1 h after GGA addition. Besides caspase-1 protease, GSDMD is known to be an efficient

substrate for both caspase-4 and -5 [233]. Hence, we analyzed GGA-induced changes in the cellular

MRNA levels of the caspase-4 and -5 genes. As a result, the mRNA levels of both genes were

time-dependently increased after GGA treatment; the expression of the caspase-4 gene almost doubled and

the expression of the caspase-5 gene increased 55-fold at 24 h (Fig.111-2B and C). However, they did not

change so much until 5 h after addition of GGA.

Since a baseline cellular mRNA level of the caspase-4 gene relative to 28s rRNA level was 200 times

or more than that of the caspase-5 gene, we decided to measure the cellular protein levels of caspase-4

after GGA treatment. In accordance with the changes in the caspase-4 mRNA level, the pro-caspase-4

protein level almost doubled at 24 h after GGA treatment (Fig.111-2D). More importantly, active caspase-4
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bands were detected from 1 to 5 h after addition of GGA, indicating that GGA quickly induced activation

of caspase-4.
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Fig.lll-2. GGA-induced pyroptosis via non-canonical inflammasome pathway in HuH-7 cells.
(A) HuH-7 cells were cultured under the following conditions: vehicle control (Cont), 20 uM GGA
for 3 h (GGA). Green fluorescence indicates the distribution of GSDMD. (B, C) HuH-7 cells were
treated with 20 uM GGA for 0, 1, 3, 5, 8, or 24. Total RNA was extracted to measure the cellular
level of caspase-4 (B) and -5 (C) mRNA by RT-gPCR. (D) HuH-7 cells were treated with 20 uM
GGA for 0, 1, 3, 5, 8, and 24 h. Whole-cell lysates were prepared, 40 ug of total protein per line
and caspase-4 levels were analyzed by immunoblotting.
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111-2-2. UPR induces the activation of caspase-4

Caspase-4 is localized to the ER membrane, and several studies reported caspase-4 was cleaved to be

activated when cells were treated with ER stress-inducing reagents [222]. We examined the caspase-4 and

-5 mRNA levels upregulation through UPR by tunicamycin (TM) or thapsigargin (TG) treatment

(Fig.111-3A - 3C). Fig.I11-3A repeatedly showed either GGA, TM or TG treatment resulted in upregulation

of the XBP1s mRNA level as an indicator of UPR signaling in HuH-7 cells. Accordingly, caspase-4 and -5

MRNA expression levels were increased (Fig.111-3B and 3C). Cellular protein levels of active caspase-4

were further assessed after GGA, TG, or TM treatment. Figll1-3D clearly showed GGA or TM-induced

activation of caspase-4 protein for 5 h, but no induction was observed by TM, as in the case of TM

treatment UPR was late induced in comparison with GGA or TG.

We reported GGA-induced XBP1 mRNA splicing and upregulation of DDIT3 mRNA level were both

efficiently and dose-dependently suppressed by co-treatment with OA, while TM-induced upregulation of

XBP1s and DDIT3 mRNA levels were both unaffected by co-treatment with OA [77]. Additionally, we

previously described UPR triggered by GGA was suppressed by co-treatment with VIPER (Fig.11-9H and

91). To determine whether GGA-induced UPR occurs via a similar mechanism underlying TG-induced

UPR, we preformed the inhibition experiment that TG-induced UPR can be also prevented by co-treatment

with OA or VIPER. Fig.111-3E and 3F show that TG-induced upregulation of XBP1s and DDIT3 mRNA

levels were both unaffected, similar to TM. By the way, TM or TG cannot induce cell death (Fig.111-3G).
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Fig.lll-3. UPR induces the activation of caspase-4.
(A-C) HuH-7 cells were treated with 20 pM GGA (GGA), 0.25pg/mL tunicamysin (TM), 25 ng/mL
thapsigargin (TG) or ethanol vehicle alone (Cont) for 8 h. Then total RNA was extracted to analyze
the cellular levels of XBP7s (A) and caspase-5 (B) mRNA by RT-gPCR. HuH-7 cells were treated
with 20 uM GGA (GGA), 0.25pug/mL TM, 25 ng/mL TG or ethanol vehicle alone (Cont) for 24 h,
and total RNA was extracted to analyze caspase-4 mRNA expression (C). (D) HuH-7 cells were
treated with 20 uM GGA, 25 ng/mL TG, or 0.25 pg/mL TM for 5 h. Whole-cell lysates were
prepared, 18 ug of total protein per line and caspase-4 levels were analyzed by immunoblotting.

(E, F) HuH-7 cells were treated with 25 ng/mL TG for 3 h in the absence or presence of OA or

VIPER (50 or 5 uM, respectively). Total RNA was extracted to measure the cellular level of XBP1s
(E) or DDIT3 (F) mRNA by RT-gPCR. The asterisks (*, ***) indicate statistical significance (p<0.05,
0.001, respectively), compared with each relevant as determined by Student’s #test.
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111-2-3. Increase of intracellular calcium concentration via UPR in HuH-7 cells

Fig.111-4A shows that GGA or TG induced Ca*" release from ER to the cytoplasmic fluid via UPR,
because intracellular Ca?* is stored mainly in the ER. Treatment with GGA rapidly detected a transient
increase in the green fluorescence in Fluo-4 AM-preloaded (Ca®*-dependent fluorogenic) HuH-7 cells.
Following addition of 10 uM GGA to the culture medium, the level of Fluo4 fluorescence was
immediately decreased (Fig.111-4A). Conversely, the effect of treatment with 25 ng/mL TG on Fluo-4
fluorescence appeared unchanged during the experiment. Further time-series analysis was conducted with
live-cell imaging frames of Fluo-4 AM-preloaded cells from 0 to 20 h of GGA treatment. By judging
morphological changes in differential interfering contrast (DIC) images, some of the treated cells lost
cell-cell adhesion and began to contract to make the cell body smaller in 2-3 h after GGA addition. A clear
morphological change was detected after 3 h of adding GGA to the medium, which is shown in a 3.469 h
panel of Fig.111-4B. As you can see in a panel 2 of Fig.111-4C, many irregular bulges are protruded in the
plasma membrane of a cell, some of them appear to be apart from the cell like as apoptotic bodies. Then
after 6 h, these irregular bulges fuse together and still stick to the cell membrane as two or three large
balloon-shaped bulges as seen in a panel 3 of Fig.111-4C. These balloons become larger than their own cell
body after 7 h (panel 4) and last until 16 h.

Time-series analysis of the cellular Ca®* concentration revealed an interesting phenomenon that two
calcium concentration peaks appeared after GGA addition of the medium. The first immediate peak comes
out in 16 min and the second relatively broader peak occurs at around 6 h after addition of GGA
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(Fig.111-4D). And when we observe this in individual cells, the first peak appears in 16 min in every cell,
but the time at which the second peak appeared varies from cell to cell; the earliest was detected at 4.5 h,
the latest was at 10.5 h, as shown in Fig.111-4E. If you look closely at the second peak, the average of the
fluctuations over time of the fluorescence measured the entire field of view is observed as a symmetrical
peak at around 6 h after GGA treatment (Fig.111-4D), but in the observation of individual cells the second
each peak gradually ascends and when it reaches the peak, it descends all of a sudden, resulting in
formation of an asymmetric peak (Fig.111-4E).

When the cells were exposed to GGA cultured in Ca®*-free D-MEM, an early peak was detected within
1 h after GGA treatment, but no second peak appeared (Fig.I11-4F). The first peak of cytoplasmic Ca®*
concentration of cells cultured in Ca**-free D-MEM was detected later as a wider form compared with
cells cultured in Ca®*-containing D-MEM (Fig.I11-4G).

We next examined whether calpain inhibitors were able to rescue the cells from GGA-induced cell
death, because calpains belong to family of cytosolic cysteine proteases that depend on intracellular Ca®*
and may be involved in activation of caspase-4. Furthermore, calpain inhibition has been reported to
reduce neutrophil infiltration and liver pathology [221]. GGA (20 puM)- induced cell death was not
suppressed by co-treatment with 6.25 pM calpain inhibitor | or 1l in 96-well plates measured by
CellTiterGlo assay (Fig.111-4H). Further, GGA-induced cell death was dose-dependently advanced by

co-treatment with calpain inhibitor 1 or Il (Fig.111-41 and 4J).
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Fig.lll-4 Increase of intracellular calcium via UPR in HuH-7 cells.

(A) HuH-7 cells were treated with 10 uM GGA (GGA) or 25 ng/mL thapsigargin (TG) overnight.
Live-cell imaging was performed with the green fluorescence for Fluo4 on the LSM700 confocal
laser-scanning fluorescence microscope. (B, C) Immediately after treatment with 10 uM GGA,
live-cell imaging was performed with the green fluorescence of Fluo-4 AM with HuH-7 cells
cultured in a chamber unit in a LSM700 confocal laser-scanning fluorescence microscope. Snap
shots at each time point shown in each frame were time-dependently arrayed from 0 to 16 h.
Rectangles numbered 1 to 4 containing the same cell are enlarged and shown in B. (D, E) Total
green fluorescence intensity was monitored in each microscopic field (D), or in each cell (E) and
was plotted up to 18 h every minute after GGA addition. (F, G) Total green fluorescence intensity
was monitored in each microscopic filed, and was plotted up to 16 h every minute after GGA
addition with Ca2*-free medium (F). Early changes in the fluorescence intensity of cells cultured in
Ca?+-free medium (open circle) are shown from 0 to 3 h compared with HuH-7 cells (closed
circle) cultured in D-MEM containing Ca?* (G). (H) HuH-7 cells were treated with 20 yM GGA
(GGA) in the presence or absence of 6.25 pM calpain inhibitor | or Il (Calpain I/l) for 24 h. Viable
cells were measured using the CellTiter-Glo assay kit. (I, J) HuH-7 cells were treated with 20 pM
GGA (GGA) in the co-treatment of 6.25, 12.5, 25, 50 or 100 uM calpain inhibitor | (I) or Il (J) for
24 h. Viable cells were measured using the CellTiter-Glo assay kit. Values are the means + SE
(n=6). The asterisks (*, **, ) indicate statistical significance (p<0.05, 0.01, 0.001, respectively),

compared with GGA alone as determined by Student’s #test.
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111-3. Discussion

Pyroptosis is characterized by membrane blebbing and produces apoptotic body-like cell protrusions
(termed pyroptotic bodies), which fuse to a size as large as the cell body prior to plasma membrane rupture
[234]. These morphological alterations were confirmed by time-series recordings of live-cell imaging
(Fig.111-4). Membrane blebbing and pyroptotic bodies appeared 1-3 h after GGA addition and the fused
balloons were detected after 6 h. It is noteworthy to mention that a transient increase in cytoplasmic Ca®*
concentration was observed after and before these morphological changes of membrane
blebbing/pyroptotic bodies and their fused balloons, respectively. Because the first Ca®* peak was detected
in GGA-treated cells cultured in Ca?" -free medium, we believe that the first peak was caused by Ca?
leakage from cellular Ca** -storage organelles such as the ER. This is supported by our previous finding
that GGA induced an ER stress response/UPR in 15 min [77]. The second peak was not detected in
GGA-treated cells with Ca** -free medium, indicating that cellular Ca** in the second peak must be from
the medium.

One of the most important findings about GGA-induced pyroptosis is the GGA-induced translocation
of GSDMD to the plasma membrane (Figs.l11-8A and I11-2A). Recent intensive studies on pyroptosis have
revealed that the N-terminal fragment of GSDMD is the sole executor of pyroptotic cell death by its
intrinsic pore-forming activity in the plasma membrane [173,177,233,235]. We found that the nuclear- and
perinuclear-localized GSDMD was distributed throughout the cytoplasm of untreated cells and at first that

part of the GSDMD reached the cell membrane at 10 h after GGA addition. Interestingly, cytoplasmic
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caspase-1 moved into the nuclear space upon GGA treatment, suggesting active caspase-1 may produce the
N-terminal fragment of GSDMD in the nuclear space. However, we found N-terminal fragments of
GSDMD-N on immunoblots as early as 1 h after GGA addition, when caspase-1 was not yet activated
(Fig.11-5). Consistent with these data, we clearly detected the plasma membrane translocation of GSDMD
3 h after GGA addition prior to caspase-1 activation, and the GSDMD signals were particularly eminent in
the concave parts of the plasma membrane (Fig.l11-2A). GSDMD is an efficient substrate for caspase-1 as
well as caspase-4/5 (human equivalents of rodent caspase-11) [236]. As mentioned above, an active form
of caspase-4 was found as early as 1 h after GGA treatment, which may explain why GSDMD was present
in the plasma membrane 3 h after GGA addition.

How does GGA treatment activate caspase-4 activity? For LPS, a well-known TLR4 ligand, caspase-4
directly binds to LPS and undergoes oligomerization, resulting in the self-activation of enzyme activity
[112], termed non-canonical inflammasome activation [104]. Although we have not examined the direct
binding of GGA to caspase-4 or its resultant oligomerization, in the present paper we present experimental
evidence that GGA-induced UPR activates caspase-4, by demonstrating that TG induces an active form of
caspase-4 (Fig.111-3D), which is consistent with previous reports [237-239]. TG is a non-competitive
inhibitor of the ER Ca”* -ATPase and induces UPR by causing Ca** release from the ER. TG-induced UPR
was not inhibited by co-treatment with oleic acid or VIPER (Fig.ll1-3E, F). Since Hitomi et al. first
reported that UPR activated caspase-4 activity [222], many research groups have confirmed the
UPR-mediated activation of caspase-4 [240,241] and suggested a possible molecular mechanism involving
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caspase-4 cleavage by Ca®'- activated calpain [242,243]. Therefore, it is reasonable to speculate that GGA
might be activated by caspase-4, which is cleaved by calpain enzymes activated by the first Ca®* peak at 1
h after GGA addition (Fig.111-4D).

In conclusion, we show that a non-canonical inflammasome pathway via UPR in HuH-7 cells might
enhance GGA-induced pyroptosis through activation of NF-xB pathway. Furthermore, GGA induced the
cytosolic release of calcium stored in the ER, probably due to GGA-induced UPR, suggesting that GGA
may be not only able to induce canonical pathway in pyroptosis, but also induce non-canonical pathway in

HuH-7 human hepatoma cells.
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Abstract

Histone-modifiable lysine-specific demethylase-1 (LSD1/KDMZ1A) is often upregulated in many cancers,

including hepatoma, and is regarded as oncoprotein. We previously reported that the hepatoma-preventive

compound GGA inhibits KDM1A activity at the same ICs, as that of the clinically used drug

tranylcypromine, a verified inhibitor of KDM1A. Here, we report that these inhibitors induced cytoplasmic

translocation of nuclear KDMZ1A in a human hepatoma-derived cell line. Immunofluorescence studies

revealed cytoplasmic localization of KDM1A, usually a nuclear marker protein, 3 h after addition of GGA

or tranylcypromine in HuH-7 cells. Similar isoprenoids, geranylgeraniol, farnesoic acid and ATRA, were

all unable to induce translocation of nuclear KDM1A under the same conditions. Furthermore, GGA did

not affect subcellular localization of another histone lysine-specific demethylase, KDM5A, which

remained in the nucleus 3 h after GGA treatment. This suggests that the inhibitor-induced translocation of

KDM1A from the nucleus to the cytoplasm is specific for KDM1A. When the nuclear fraction was

incubated with GGA, KDM1A was detected in the supernatant after centrifugation. These data demonstrate

for the first time that KDMZ1A inhibitors specifically induce translocation of nuclear KDM1A to the

cytoplasm.
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1V-1. Introduction

1V-1-1. Epigenetic requlatory mechanisms

Epigenetic alterations often promote or even drive cancer development by activating and sustaining

cancer-promoting gene expression [244]. Among epigenetic changes in cancer cells, histone lysine

methylation/demethylation has gained substantial attention as a possible target in therapeutic drug

development [245]. Histone lysine methylation/demethylation is extensively involved in nucleosome

remodeling and gene expression. Lysine residue methylation is reversibly regulated by histone lysine

methyltransferases and histone lysine demethylase 1 (KDM1A/LSD1) has received increasing attention

since its identification in 2004 [246]. Overexpression of KDM1A is frequently observed in prostate, breast,

and bladder cancers, neuroblastoma, and especially hepatoma [247], where it correlates directly with

adverse clinical outcome and inversely with differentiation [248]. Thus, KDM1A inhibitors are of clinical

interest for their anticancer role as well as their potential application in other human diseases that exhibit

deregulated gene expression [249].

1V-1-2. Histone modification

Karch et al. [250] explained nucleosomes, the basic repeating unit of chromatin, consist of ~147 bp DNA

wound around a histone core containing two copies of the histone proteins H2A, H2B, H3, and H4 [251].

Histones undergo dynamic post-translational modifications (PTMSs) on specific residues, most of which are

contained in the flexible N-terminal tail that protrudes from the nucleosomal surface [252]. It has been
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hypothesized that PTMs may form a “histone code” in which particular marks or combinations of marks

elicit a specific physiological response by regulating chromatin structure [253]. PTMs may perform these

tasks by directly altering the chemical environment of the surrounding chromatin or through the action of

other proteins that bind to these marks, termed readers. Readers may contain or recruit effector proteins,

modify chromatin function and consequently form signaling scaffolds that mediate processes such as gene

expression, apoptosis, and DNA damage repair [253].

Furthermore, Oike et al. [254] described in human cells, many activities essential for cell survival, such

as DNA transcription, synthesis and repair, are mediated by dynamic changes in nucleosome structure that

facilitate access of DNA-binding proteins to double-stranded DNA [255]. Proteins that control change in

nucleosome structure are called chromatin-regulating proteins. These proteins can be categorized into two

groups that take part in distinct mechanisms: histone modification and chromatin remodeling. Some

histone modifiers agents bind substrates, such as phosphate, poly-ADP-ribosyl, acetyl, methyl, SUMOyI

and ubiquityl groups to histone tails by covalent interaction, whereas other histone modifying agents bind

these groups from previously modified histones. Chromatin remodelers usually function as complexes that

alter nucleosome assembly (e.g. by forming a DNA-loop or sliding a nucleosome) in an ATP-dependent

manner.

Gu and Lee [256] introduced that histone lysine methylation has been widely accepted as a major

epigenetic modification. Whereas acetylation of lysine residues causes neutralization of the basic amine

group, the methylation does not alter the charge of lysine residues and thus has a minimal direct charge
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effect on DNA-histone bonds. Rather, the different methylation status of specific histone lysine can serve

as a unique platform for engaging methylation “reader” proteins that activate or repress genes’

transcriptional activity through hydrophobic interaction. In general, histone H3 lysine-4 (H3K4), H3K36,

and H3K79 methylation are gene activation marks, whereas H3K9 and H4K27 methylation are

gene-repressive modifications [257].

Additionally, they [256] have described H3K4me3 accounts for 75% of all human gene promoters in

several cell types (e.g., ES cells), indicating that it plays a critical role in mammalian gene expression

[258,259]. Indeed, H3K4me3 is required to induce important developmental genes in animals, including

several mammals, and is essential for animal embryonic development [260]. H3K4me3 levels are

positively correlated with gene expression levels [259].

1V-1-3. Lysine-specific demethylase 1A (LSD1/KDM1A)

Gu and Lee also explained the biological significance of KDM1A-mediated histone modification as

follows [256]. Although H3K4me3 is clearly associated with actively transcribed genes, some studies have

demonstrated that H3K4me3 is localized around the transcription initiation sites of numerous unexpressed

genes in human ES cells, primary hepatocytes, and several other cell types [261]. In particular, it

frequently coexists with the repressive mark H3K27me3 in the promoters of important

differentiation-specific genes [e.g., homeobox (HOX) gene clusters] that are transcriptionally inactive in ES

cells [261,262]. It has been proposed that the “bivalent” domains, consisting of H3K4me3 and H3K27me3,
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may maintain differentiation-specific gene promoters in a inhibitory status in self-renewing stem cells but
may be prepared for prompt gene activation upon differentiation stimuli [263]. Consistent with this, many
bivalent genes have increased H3K4me3 levels and decreased H3K27me3 levels while being
transcriptionally activated during differentiation. Interestingly, a couple of studies demonstrated that most
bivalent domains were occupied by KDM1A [264,265], indicating that it plays a role in maintaining low
levels of dimethylated H3K4 (H3K4me2) that often coincides with H3K4me3 (Fig.IV-1). For these

reasons, H3K4me3 is classified as a chromatin sign of transcriptionally active genes in ES cells [261].
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Fig.IV-1. Characteristic of histone H3K4 demethylase KDM1A.

Additionally, they [256] described most H3K4me3-containing promoters are also occupied by

H3K9/H3K14 acetylation [261]. In transcriptionally active genes, H3K36me3 and H3K79me2 are

significantly enriched downstream of H3K4me3-containing promoters: H3K36me3 peaks toward the 3’
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end of genes, whereas H3K79me?2 is located at the 5’ end [261]. Therefore, H3K4me3 seems to cooperate

with other histone marks for gene activation. The combination of H3K4me3 with other histone marks may

support, at least in part, the “histone code” hypothesis [253].

And they stated [256] that H3K4me2 modifies genomic regions independently of H3K4me3, although

most of it overlaps with H3K4me3 near the transcription start sites [266]. H3K4me2 may have an

antagonistic effect on DNA methylation [267]. Mono-methylated H3K4 (H3K4mel) also co-occupies

regions near the start sites with H3K4me3. Apart from the transcription start sites, H3K4mel, together

with H3K27 acetylation, specifies enhancer regions [268,269]. In summary, H3K4mel, H3K4me2 and

H3K4me3 have harmony in gene activation, although their subsets play different roles in regulating

chromatin function.

Historically, the reversibility of histone methylation was not clear until the discovery of the first histone

demethylase KDM1A (also known as LSD1) in 2004 [246]. Subsequently, more than a dozen of human

histone lysine-specific demethylase genes have been cloned. A new class of the F-box protein family was

reported as KDM2A that specifically demethylates both mono- and di-methylated lysine-36 of histone H3

(H3K36mel/me2). Another new class of zinc finger proteins containing JmjC-domain was identified that

KDM3A/JMJD1A can demethylate methylated lysine residues in histone (H3K9me3) [270],

KDM4A/JMJD2A for methylated lysine residues H3K9/36 [271], KDM5C/JARID1C for H3K4me3 [272],

and KDM6A/JMJD3 for H3K27 [273]. These members of KDM superfamily play important roles in gene

transcription in various cells during development and homeostasis.
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1V-1-4. Another lysine-specific demethylase for histone H3 (KDM5A)

Among other members of the KDM family, KDM5A/JARID1A is of particular interest because it

specifically removes a methyl group from the trimethylated lysine 4 of histone H3 to produce dimethylated

lysine 4. This produces a substrate for KDM1A, which is cooperatively capable of removing dimethyl and

monomethyl groups from lysine 4 of histone H3 [249,274]. KDM1A and KDM5A are recruited to

chromatin through the corepressor for element 1-silencing transcription factor (CoREST) [249] and origin

recognition complex 2 (ORC2)- small ubiquitin-like modifier 2 (SUMOQO?2) [275] complexes, respectively.

Hence, these KDMs are generally recognized as nuclear-localized proteins [276,277].

1V-1-5. Aim of the present study in this chapter

KDM1A is a flavin adenine dinucleotide-containing enzyme belonging to the amine oxidase

superfamily [278]. Structural homology between KDM1A and monoamine oxidase-B, a clinically

validated pharmacological target, suggests that KDM1A is a druggable target. Indeed, screening of known

monoamine oxidase inhibitors has uncovered KDM1A inhibitors that are effective at sub-millimolar

concentrations, among which the best known is the clinically used antidepressant drug

trans-2-phenylcyclopropylamine (TCP). Multiple clinical trials have begun to investigate the antitumor

effect of TCP [279].

Recently, we reported that all-trans GGA inhibits KDM1A activity at the same ICs, as that of TCP [20].

To our knowledge, no studies have yet reported KDM1A inhibitor-induced changes in the subcellular

112



distribution of the enzyme. When studying the effects of GGA on hepatoma cells, we found that GGA

altered the subcellular localization of KDM1A, which could be important for both KDMZ21A-inhibitor

screening and understanding KDMZ1A biology. Here, we report that some KDMZ1A-inhibitors can remove

KDMZ1A from chromatin and move it to the cytoplasmic space in human hepatoma cells.
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1V-2. Results

1V-2-1. Cytoplasmic translocation of nuclear KDM1A induced by GGA or TCP

First, nuclear localization of the chromatin protein KDM1A was confirmed in non-treated control cells by

immunofluorescence. The upper row of images in Fig.1V-2A clearly indicates a strict colocalization of

KDM1A with Hoechst 33258-stained chromatin DNA. However, 3 h after treatment of HuH-7 cells with

the KDM1A inhibitors GGA or TCP, the subcellular localization of KDM1A appeared to have shifted from

the nucleus to the cytoplasmic space, as shown in the lower two rows of images in Fig.IV-2A. This

indicates that exclusion of nuclear KDM1A was induced by both KDM1A inhibitors. Quantitative analysis

of the green fluorescence intensity of KDM1A clearly shows that both inhibitors significantly affected the

subcellular localization of KDM1A (Fig.IV-2B). This indicates that exclusion of nuclear KDM1A was

induced by both KDM1A inhibitors.

The exclusion of nuclear KDM1A by treatment with its inhibitors was further confirmed by Z-axis

projections (top and right parts of each image in Fig.1V-2C). Three-dimensional rendering of the three

images using z-stacks clearly illustrates that the KDM1A protein was localized outside the nuclei 3 h after

treatment with GGA or TCP, whereas most of the KDM1A protein was sequestered in the nuclei of the

control cells (Fig.I1V-2C).
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Fig.IV-2. Cytoplasmic translocation of nuclear KDM1A induced by either GGA or TCP
treatment.

HuH-7 cells were incubated for 3 h with GGA (20 pM), TCP (5 pM) or vehicle alone as a control.
(A) Images were obtained of immunofluorescence staining with anti-KDM1A primary antibody
and anti-rabbit 1gG-Alexa488 secondary antibody (green); nuclei were counter-stained with
Hoechst 33258 (blue). Merged images (Merge) were constructed using differential interference
contrast (DIC) images. (B) Quantitative analysis was performed on a cellular basis with the green
fluorescent images in panel (A) and relative abundance of the cytoplasmic to the nuclear
fluorescence intensity was calculated. ** indicate statistical significance (p<0.01), compared with
control. (C) In the merged Z-stacked images of KDDM1A (green) with nucleus (blue), orthogonal
hairlines show the XZ (green line and upper green box) and YZ (pink line and right pink box)
planes in each panel. Z-stacked images were processed to obtain three-dimensional renderings
using Imaris software. The solid view of the three-dimensional renderings allows confirmation of
the cytoplasmic export of KDM1A (green) from the nucleus (blue) in GGA- and TCP-treated cells,
whereas in control cells the majority of KDM1A is located in the nucleus.
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1V-2-2. Specificity for KDM1A inhibitors and nuclear KDMs

Having identified GGA-induced translocation of nuclear KDM1A for the first time, we next considered

whether this cytoplasmic translocation could be induced by treatment with similar isoprenoids that lack

KDMZ1A-inhibitory activity, such as GGOH, ATRA and farnesoic acid (FA) [20]. GGOH, ATRA and FA

did not induce cytoplasmic translocation of nuclear KDM1A (Fig.I1VV-3A), suggesting that the translocation

response of nuclear KDM1A is specific to its inhibitors.

Next, we tested whether GGA or TCP could induce cytoplasmic translocation of another nuclear KDM,

KDMB5A, which acts cooperatively with KDM1A to remove methyl groups from histone H3K4me3. As

shown in the upper images in Fig.1V-3B, KDM5A was localized only in the nuclei of non-treated control

cells. Neither GGA nor TCP, inhibitors of KDM1A but not of KDM5A, induced cytoplasmic translocation

of the nuclear KDM5A; this was further confirmed by Z-axis projections (top and right parts of each image

in Fig.1V-3C).
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Fig.IV-3. Nuclear localization of KDM1A and KDM5A after 3 h treatment with non-inhibitory
isoprenoids and KDM1A-inhibitors.

(A) Immunofluorescence staining of KDM1A (green) and counter-staining with Hoechst 33258
(blue) in HuH-7 cells treated for 3 h with the GGA-analogous isoprenoids GGOH, ATRA, and FA.
Each isoprenoid was used at a final concentration of 20 pM. Quantitative analysis was performed
on a cellular basis with the green fluorescent images and relative abundance of the cytoplasmic
to the nuclear fluorescence intensity was calculated. *, ** indicate statistical significance (p<0.05,
0.01, respectively), compared with control. (B) After GGA or TCP treatment, cells were
immunostained for KDM5A (green), anther lysine-specific demethylase, and the nuclei were
counter-stained with Hoechst 33258 (blue). (C) In the merged images of KDM5A (green) and
nucleus (blue) staining, orthogonal hairlines show the XZ (green line and upper green box) and
YZ (pink line and right pink box) planes in each panel.
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1VV-2-3. Subcellular distribution of KDM1A in M-phase cells

Nair et al [280] have reported that KDM1A is recruited to the chromatin of rodent embryonic stem cells in

the G1/S/G2 phases and is displaced from the chromatin of M-phase cells. Therefore, we next examined

whether this was the case also in human hepatoma-derived HuH-7 cells. As shown in the upper row of

images in Fig.l1V-4, in anti-pHH3-stained M-phase cells, KDM1A protein was distributed the throughout

the inside of the cell, whereas in the other two cells on the right side of the M-phase cell the protein was

retained in the nucleus. However, in cells treated with a KDM1A inhibitor (GGA or TCP), the protein was

distributed throughout the whole cell or outside the nucleus not only in M-phase cells, but in the other

remaining cells (images in lower two rows of Fig.IV-4).
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Fig.IV-4. Subcellular distribution of KDM1A in M-phase cells.
Immunofluorescence staining of KDM1A (green) and staining of M-phase nuclei with anti-pHH3
(Ser10) antibody (red) in HuH-7 cells after treatment for 3 h with GGA (20 uM), TCP (5 uM) or
vehicle alone as a control. White lines in the merged images mark the peripheries of cells.
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1V-2-4. Release of nuclear KDM1A by GGA or TCP under cell-free conditions

We recently reported that GGA directly inhibits recombinant human KDMZ1A [20]. And TCP acts as an

irreversible inhibitor forming a covalent adduct with the FAD cofactor of the KDM1A enzyme [281]. In

the present study, we examined the direct effect of these two inhibitors on the release of KDMZ1A protein

from the nucleus. Dose-dependent release of the protein from the nuclear fraction was observed with either

GGA or TCP (Fig.IV-5A).

Finally, we investigated GGA-induced changes in the cellular level of KDMZ1A protein to understand

why KDM1A translocates out of the nucleus upon GGA treatment. Fig.IV-5B clearly shows that cellular

levels of KDM1A decreased in a time-dependent manner after GGA treatment, which suggests that GGA

may induce KDM1A protein degradation, because the KDM1A gene transcript level did not change during

GGA treatment (Fig.1V-5C).
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Fig.IV-5. Release of nuclear KDM1A after incubation of the nuclear fraction with GGA or
TCP.

(A) GGA and TCP directly released KDM1A from the nuclear fraction in a
concentration-dependent manner. The nuclear fractions were treated with either GGA (5 to 20
pM) or TCP (5 to 20 pM) at 4°C for 24 h. After centrifugation, the supernatant was analyzed
SDS-PAGE and immunoblotting. The lower bar graph shows densitometric analysis of the
KDM1A bands on the blots (n=3). * indicate statistical significance (p<0.05), compared with
control). (B) Immunoblot KDM1A protein in whole cell lysates of HuH-7 cells treated 20 uyM GGA
for the indicated times. (C) KDM1A mRNA levels were analyzed by RT-gPCR after 8 or 24 h
treatment with 20 uM GGA.
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1V-3. Discussion

The present study demonstrates for the first time that small chemical inhibitors of KDM1A, GGA and TCP,

induce cytoplasmic translocation of nuclear KDM1A protein from the nucleus in human hepatoma-derived

cells. Taking into account the fact that KDM1A has been identified as a component of the COREST

corepressor complex [282] and is a recognized nuclear marker protein [283], the present finding of

KDM1A inhibitor-induced translocation of KDM1A from the nucleus to the cytoplasm may be important

both for inhibitor screening and for understanding the biology of KDM1A. In this paper, we propose and

discuss the biological significance of the transfer of KDM1A protein from the nucleus to the cytoplasm in

response to KDM1A inhibitors.

In the present study, we confirmed strict nuclear localization of KDMZ1A protein in control human

hepatoma-derived HuH-7 cells (Fig.IV-2). KDM1A was first discovered in 2004 as a nuclear homolog of

amine oxidases that functions as a histone demethylase and transcriptional corepressor [246], which

indicates that the enzyme originally resides in chromatin and plays a role in the repression of gene

expression through epigenetic mechanisms. Here, however, we describe the striking finding that the

KDM1A inhibitors GGA and TCP immediately dislodged KDM1A from the nucleus to the cytoplasm,

suggesting that these inhibitors not only inhibited enzyme activity, but moved the enzyme itself to a

location where epigenetic regulation was not possible. Therefore, these two inhibitors block the function of

the enzyme via a dual mechanism.

The question then arises as to what types of compounds can induce this transfer of the KDM1A
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enzyme from the nucleus to the cytoplasm. We tested the ability of the GGA-analogous compounds GGOH

(an alcoholic derivative of GGA), ATRA (a monocyclic and conjugated derivative of GGA) and FA (an

acyclic sesquiterpenoid acid, whereas GGA is an acyclic diterpenoid acid) to induce the cytoplasmic

translocation of nuclear KDM1A. All of these isoprenoids, which exhibit minimal KDMZ1A-inhibitory

activity [20] failed to induce translocation of the enzyme, suggesting that the activity of the inhibitors may

be associated with the dislodging activity. Hence, one can reasonably speculate that an assay for

drug-induced translocation of nuclear KDM1A could be developed to screen for KDM1A inhibitors

without the need for measurement of the enzyme activity.

A second question is whether these enzyme inhibitors dislodge only KDM1A from the chromatin. We

investigated another lysine-specific demethylase, KDM5A, which plays a cooperative role in H3K4me3 in

conjunction with KDM1A [284]. We confirmed that KDM5A localized to the nucleus. Neither GGA nor

TCP induced translocation of the nuclear KDM5A to the cytoplasm under the same conditions as those

under which these inhibitors dislodged nuclear KDMZ1A. This indicates that the inhibitors’ effect on

subcellular localization is specific for KDM1A. However, it currently remains unclear whether other

components, such as HDAC1/2, may be released from the CoREST complex by GGA or TCP treatment.

Recruitment of KDM1A to chromatin has been extensively and thoroughly explored [285-289], but

little research has been conducted on the unloading of KDM1A from chromatin. Particularly relevant

among the previous studies on the subcellular distribution of KDM1A is a report by Nair et al, which

describes cell cycle-dependent association and dissociation of KDM1A with chromatin [280]. Specifically,
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KDMZ1A is recruited to the chromatin of cells in the G1/S/G2 phases and is displaced from the chromatin

of M-phase cells. We confirmed that in M-phase cells stained with pHH3 antibody, KDM1A protein was

distributed throughout the cell, whereas in the other non-M-phase cells KDM1A protein remained in the

nucleus. However, in cells treated with GGA or TCP, KDM1A was distributed throughout the whole cell

interior as in control M-phase cells, regardless of cell cycle stage. We can therefore conclude that GGA and

TCP did not increase the number of cells in M-phase, and did act on cells in the G1/S/G2 phases to induce

translocation of nuclear KDM1A to the cytoplasm. Taking these findings together with the fact that

anti-pHH3 antibody recognizes phosphorylated Ser-10 on histone H3 and that introduction of a negatively

charged phosphate group on Ser 10 completely abolishes KDM1A activity [290], one can reasonably

speculate that a KDM1A inhibitor may unload the enzyme from chromatin.

Finally, we should discuss how GGA and TCP specifically dislodged KDMZ1A from the nucleus. We

speculated that direct binding of GGA or TCP to nuclear KDM1A might cause release of the enzyme from

the chromatin. By analyzing the nuclear fraction containing KDM1A, we demonstrated that GGA- and

TCP-mediated release of KDM1A from the nuclear fraction to the supernatant was dose-dependent. Both

GGA [20] and TCP [281] directly inhibit recombinant KDM1A enzyme activity and are thought to bind to

the substrate-binding site of the enzyme. The structures of free and CoREST-bound KDM1A are virtually

identical, with only a small difference in the orientations of two a-helices of the tower domain relative to

the amine oxidase domain of KDM1A [291]. In this context, it is difficult to speculate as to whether direct

binding of GGA or TCP to the substrate-binding site in the amine oxidase domain of KDM1A would affect
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interaction between the enzyme and the CoREST protein. Other inhibitor-induced conformational changes

of KDM1A may be involved in its unloading from the nuclear fraction in the cell-free experiment. We

should also consider the metabolic fate of the KDM1A exported in response to treatment with its inhibitor.

Fig.IV-5B clearly shows that GGA-induced downregulation of the cellular KDM1A level was

time-dependent. This may potentially be explained by polyubiquitination and efficient degradation by the

proteasome system of cytoplasmic KDM1A [292].

In conclusion, the present study clearly demonstrates that the KDM1A inhibitors GGA and TCP induce

cytoplasmic translocation of nuclear KDM1A. This biological process has potential to be useful for

screening promising cancer-preventive epigenetic therapeutic agents targeting KDM1A, and further work

to this end is warranted.
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A previous study reported that daily intake (600 mg/day) of 4,5-didehydroGGA for 1 year significantly

increased a 5-year survival rate after a radical therapy of primary hepatoma in post-operative hepatoma

patients [39]. Recent larger-size and longer-period (2 years) clinical trial conducted according to a single

protocol but at more than one site and, therefore, carried out by more than one investigator further

confirmed the previous findings of the preventive effects on second primary hepatoma [208]. These results

of the clinical trials strongly suggest that daily intake of 4, 5-didehydroGGA for 1 - 2 years might

extinguish premalignant cells from the post-operative patients to prevent recurrence of hepatoma for at

least 5 years.

V-1. How does GGA induce cell death in HuH-7 cells?

V-1-1. Previous studies on GGA-induced cell death in HuH-7 cells.

GGA has been repeatedly reported to induce cell death in HuH-7 cells [30,37]. Historically, Nakamura

et al first described in 1995 that 4,5-didehydroGGA induced apoptotic cell death in human hepatoma cells

by showing nucleosomal fragmentation of genomic DNA and chromatin condensation [30]. Thereafter, our

laboratory had tried to find other evidence for apoptosis such as a formation of apoptosome and activation

of caspase cascade (caspase-9/3), but they failed to show any further evidence for apoptosis. But, they have

reported various cell-death related effects of GGA at micro-molar concentrations in HuH-7 cells, including

1) dissipation of mitochondrial membrane potential, 2) hyperproduction of superoxide in mitochondria, 3)

incomplete autophagic response with massive accumulation of autophagosomes and 4) immediate
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induction of UPR [47,77]. Although most of them are thought to be linked to cell death in the literature,

none of them is a direct mechanism of cell death. In this thesis, however, we could show for the first time

GGA-induced cell death was associated with inflammation and we propose that the inflammatory cell

death is a direct mechanism of GGA-induced cell death. Here, we address a basic and final question why

inflammatory cell death can contribute to hepatoma prevention in this chapter.

V-1-2. Anti-tumorigenic effects of GGA other than inflammatory cell death.

In Chapter 0, we investigated GGA clearly showed a time-dependent downregulation of the cellular

TERRA level. In addition to this finding, in Chapter 1V, we reported that GGA induced cytoplasmic

translocation of nuclear KDM1A, an epigenetic enzyme of which interacts with TERRA. As described in

Chapter 0, Porro et al. showed that TERRA upregulation correlates with telomeric recruitment of the

KDM1A [21]. Elevated TERRA levels in TRF2-depleted cells promote nucleolytic processing of uncapped

telomeres by favoring the recruitment of a KDM1A-MRE11 complex at telomeres [21]. We showed

cytoplasmic localization of KDM1A or downregulation of TERRA at 3 or 8 h after addition of GGA in

HuH-7 cells. Thus, these results strongly suggested that GGA-induced export of KDM1A from nuclear

space might affect the TERRA-mediated maintenance of telomeric integrity. Besides the telomere

maintenance, KDM1A is known to play roles in epigenetic transcriptional regulation such as activation of

oncogenes and suppression of anti-oncogenes, and therefore excess KDM1A works oncogenic. Taking

account that GGA directly inhibits KDM1A [20], it is reasonable to consider that GGA may be
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anti-carcinogenic in tri-modal way through KDM1A as follows; 1) down-regulation of TERRA level, 2)

export of nuclear KDM1A and 3) inhibition of KDM1A activity.

V-2. Inflammation

Prior to intensive discussion on GGA-induced inflammatory cell death, we have to describe a

biological significance of inflammation itself in a cancer science field. In general, chronic inflammation is

known to contribute to carcinogenesis. Indeed, most studies have so far reported the effectiveness of some

anti-inflammatory drugs to prevent against clinical cancers [293-295]. Originally, inflammation is part of

the complex biological response of body tissues to harmful stimuli, such as pathogens [296], entry of

foreign matter into a body (for example, asbestos and silica) [297,298], exposition of heavy metal [299],

and radiation of UV or radial rays [300,301]. Recently, however, some studies reported that inflammation

was induced by abnormal accumulation of metabolite (e.g., urate crystal and lipid peroxide) [302,303],

hyperglycemia [304], obesity [305], nucleic acid from necrotic cells [306], or cytokine-like biologically

active agents [307].

Inflammation is a generic response, and therefore it is considered as a mechanism of innate immunity,

which is specific for profiles of each pathogen [308]. Too much inflammation could lead to progressive

tissue destruction by the harmful stimulus and compromise the survival of the organism, but it is also

useful to induce cell death in premalignant and malignant cells. In contrast, chronic inflammation may lead

to a host of diseases, such as cancer (e. g., gallbladder carcinoma or hepatoma). Chronic inflammation may
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supply continuous exposure of neighboring cells to ROS such as superoxide, which will lastly cause
genomic instability to produce tumor cells. Therefore, inflammation is a double-edged sword against

carcinogenesis.

V-2-1. GGA-induced inflammatory response with UPR and autophagy.

Now, we are ready to discuss about GGA-induced inflammatory cell death. Then, first of all, we would
like to see what happens in GGA-induced inflammatory cell death in a timeline. UPR or ER stress
response can be observed as the earliest cellular event after GGA treatment. Indeed, enhanced splicing of
XBP1 mRNA is detected within 5 min after GGA treatment [77]. The second cellular event is detected as
upregulation of the intracellular Ca®* concentration, a peak of which is recorded in 16 min after GGA
treatment. The next major cellular event is an incomplete response of autophagy. In other words, the third
cellular events are hyperproduction of mitochondrial superoxide, appearance of autophagosomal puncta
and conversion of LC3-1 to LC3-I1, all of which are detectable in 30 min. After these events including UPR
and autophagy, GGA induces several phenomena that appear as a sign of inflammation; nuclear
translocation of the cytoplasmic NF-kB, then priming and activation of NLRP3 inflammasome, the
resultant activation of caspase-1, plasma membrane localization of GSDMD, the second upregulation of
the intracellular Ca®* concentration at 6 h and finally pyroptotic cell death. These inflammatory events
could be achieved via intracellular signaling from TLR4 that is a cell-surface sensor in innate immune
system. As mentioned above, inflammation is a generic response, which is one of protective, defense,
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biological, and adaptive response to certain cytotoxicity, has the role of eliminating both cytotoxic factors

and damaged tissues, and lastly repairs the wound tissues. Therefore, the inflammatory transcription factor

of NF-xB has multiple target genes of cell division such as cyclin D1 and c-myc, so that inflammation can

also be regarded as a proliferative response. However, if cells have other concomitant events such UPR

and an incomplete response of autophagy, the inflammatory response may become a destructive response

to conduct the cell suicide of pyroptosis. It is exactly the case, when we treat human hepatoma-derived cell

lines with GGA. In this case, GGA-induced inflammatory response acts destructively rather than

proliferating on tumor cells.

V-2-2. GGA-induced pyroptosis occurred in hepatoma cells.

Here, we described GGA induced inflammation in human hepatoma cells. Does it mean GGA is a

cytotoxic compound? But, of note, GGA does not show any effect on survival of primary hepatocytes,

because mouse primary cultured hepatocytes were resistant to GGA treatment and kept the mitochondrial

membrane potential intact and did not produce any excessive ROS [37]. We have demonstrated that

TLR4-mediated pyroptosis plays an important role in GGA-induced cell death. Considering that cell death

by GGA is performed through TLR4 signaling, GGA should not be able to induce cell death for cells that

express TLR4 only slightly. TLR4 is expressed at a lower level in primary hepatocytes than hepatoma cells

[309].

We will discuss about TLR4 highly expressing cells in detail later.
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V-2-3. GGA in comparison with LPS, in terms of TLR4 signaling

Then, why do hepatoma cells become highly expressing the TLR4 gene? TLR4 is generally

recognized as a receptor protein for foreign materials such as LPS of gram-negative bacteria to transduce

inflammation signals in host cells. The most prominent task of LPS-binding protein (LBP) is its role as

part of the sensing apparatus for LPS [310]. Upon binding to LBP in serum delivered from hepatocytes,

LPS is transported via soluble and membrane-anchored cluster of differentiation 14 (CD14) to the

TLR4/MD?2 signaling complex [311-314]. In general, however, TLR4 signaling via LPS alone cannot

induce pyroptosis. What does TLR4 signaling make in TLR4-expressing hepatoma cells?

In normal hepatic tissues, Kupffer cells express TLR4 and low levels of CD14, and are responsive to

LPS. Hepatocytes, most likely in concert with Kupffer cells, serve to remove LPS from systemic

circulation and, for this reason, express low levels of TLR4 and only weakly respond to LPS. Activated

human hepatic stellate cells (HSCs) express both TLR4 and CD14 and respond to LPS with the activation

of NF-kB as well as the secretion of proinflammatory cytokines. Seki et al confirmed that LPS/TLR4

signaling promoted liver fibrosis through two independent mechanisms. LPS/TLR4 induced HSCs to

secrete chemokines that promote the chemotaxis of Kupffer cells, while TLR4-dependent signaling

enhanced TGF-B signaling [315], suggesting that LPS/TLR4 signaling may provide the basis for

hepatocarcinogenesis.

A recent systematic review has concluded that TLR4 is an innate immunity receptor which plays a

pathogenic role during chronic inflammation and can induce hepatoma in humans [207]. During
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hepatocarcinogenesis, it was reported that the expression of the TLR4 gene in hepatocytes gradually

increased. TLR4 and LPS were required not for hepatoma initiation but for hepatoma promotion,

mediating increased proliferation, expression of the hepatomitogen epiregulin, and prevention of apoptosis

[316].

A study reported no Pl uptake in response to LPS alone but demonstrated similar kinetics in pyroptotic

pore formation as measured by Pl uptake when LPS-primed and then stimulated with nigericin or ATP

[317]. Thus, LPS promotes tumor growth by activation of NF-kB signaling, which induces transcriptional

activation of the cyclin D1 and c-myc genes, unless second signals, for example, activation of P2X7

receptor or efflux of K* occur.

On the other hand, we have demonstrated GGA-induced TLR4 signaling is responsible for

GGA-induced cell death, but does not cause inflammation-mediated proliferation. Indeed, GGA via TLR4

signaling not only induced pyroptotic cell death in hepatoma cells, but also produced ROS in mitochondria

and induced UPR and an incomplete autophagic response. These are essential intracellular process

important for cells to conduct pyroptosis. As far as scrutinized in the literature, we cannot confirm the

occurrence of UPR and induction of mitochondrial ROS production induced by treatment with LPS alone.

V-3. How does GGA work in highly TLR4-expressing cells such as macrophage?

So, what about other normal cells with high TLR4 gene expression? It is well known that macrophage

and dendritic cells, major players of innate immune system, have high expression level of TLR4. Then,
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does GGA induce inflammatory response in macrophage and dendritic cells? If GGA shows the same

effect via TLR4 signaling in macrophages as in hepatoma cells, GGA might be able to induce

immunological defects of patients in the clinical trial with the polyprenoic acid [23], but it did not occur.

So, we would suppose that GGA might induce inflammatory cell death only in cells expressing TLR4 gene

in pathologically high levels such as hepatoma cells. And, in TLR4-expressed cells in physiologically high,

GGA may not stimulate TLR4 signaling or even stimulate proliferative TLR4 signaling.

V-4. To be, or not to be in inflammation

We have to return to the first question, is inflammation our friend or foe during carcinogenesis?

Perhaps it is non-canonical inflammasome activation to decide it.

During GGA-induced canonical inflammasome activation, as described in Chapter Il1l, non-canonical

inflammasome activation occurs to activate caspase-4 to release GSDMDN, which might make a fate of

cell to die. Early studies linking IL-1p responses to addition of exogenous ATP or the Streptomyces

hygroscopicus-derived potassium ion-pore forming nigericin [318], non-canonical inflammasome

activation occurred before inflammasome components were identified and the term of ‘non-canonical’ was

introduced. Although LPS itself can cleavage caspase-4, 5, once it is internalized, which we wrote in

chapter 111, plasma membrane pore-formation through this non-canonical inflammasome activation does

not arise in response to LPS alone [317]. It suggests one possibility that pyroptotic cell death cannot occur

only due to cleavage of caspase-4 or -5. Indeed, active caspase-4 and -5 can cleavage GSDMD to produce
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GSDMDN, which is a pore-forming fragment of GSDMD. Then, where is a point of no-return in

pyroptosis, canonical or non-canonical inflammasome pathway in each? Pyroptosis is a form of

programmed lytic cell death associated with innate immunity during inflammation. Inflammation is a

complex and fine-tuned mechanism. Insufficient response may cause immunodeficiency resulting in

infection and cancer, while overactive response may result in diseases like inflammatory bowel disease but

may also result in cell death or pyroptosis in malignant cells. Anyhow, we would like to highlight a

preventive role of GGA in carcinogenesis through induction of pyroptosis specifically in malignant

hepatocytes and not in differentiated hepatocytes, by inducing both canonical and non-canonical

inflammasome activation.

V-5. Cancer prevention with GGA

V-5-1. Between secondary and tertiary prevention by using GGA

Finally, we think about cancer prevention with GGA. Shidoji and Ogawa found natural GGA in

medicinal herbs [31]. For example, turmeric contains 2.9 pug/g GGA. Twenty years ago, GGA-analogous

compound synthetic polyprenoic acid or peretinoin was shown to prevent second primary hepatoma in a

double-blinded and randomized phase Il clinical trial with post-operative hepatoma patients [24]. In this

study 600 mg/day of peretinoin were orally ingested by post-operative hepatoma-free patients. If they try

to intake the same amount of GGA only from dietary origins, they might be required to ingest several

hundred kg of ordinary foods, which sounds unrealistic.
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On the other hand, there is a way to increase endogenous GGA without using exogenous one. For

example, one can reasonably speculate that mammalian cells may be able to produce GGA from

endogenous or even exogenous GGPP [33]. Therefore, Mitake and Shidoji examined 1) bioavailability of

plant GGPP in humans [34], 2) possible conversion of ingested GGPP to GGOH in mammalian cells [35],

and 3) possibility of synthesis of GGA from GGOH in mammalian cells [35]. Thus, in vitro administration

of squalene synthesis inhibitors of squalestatin increased the cellular levels of FPP, GGPP, and GGA in

human hepatoma-derived cell lines (unpublished results). Indeed, it will be also evident to induce cell

death in the hepatoma cells by squalestatin treatment in vitro. Furthermore, GGA is further metabolized

and converted to 2, 3-dihydroGGA. In this regard, it is possible to increase intracellular GGA

concentration by treatment with CYP26A1 inhibitor of liarozole. Therefore, in the future, not only direct

administration of GGA but it also can be expected to use medicine to perturb GGA metabolism in high-risk

group of liver cancer such as patients after surgical removal of primary hepatoma.

V-5-2. Primary prevention with GGA

The amount of 600 mg/day GGA is certainly required for prevention of hepatoma recurrence for

hepatoma-high risk group. In the general population (here show as healthy subjects), however, it is

considered that hepatoma prevention may be possible with the dietary GGA. We now know a few foods

containing GGA, but the amount is very small. However, as mentioned earlier, GGA can be produced from

precursor GGPP or GGOH, in vivo. For example, rice, which is a Japanese staple food, does not contain
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detectable amount of GGA, but a significant amount of GGPP is present in polished rice [34]. It is

expected that the ingested GGPP may be converted to GGA in our body, which should efficiently work to

prevent spontaneous hepatocarcinogenesis. Furthermore, there is another possibility that ingested or in

vivo produced GGA can be stored as ester forms in our cells, and it can be supplied as need from the

storage site. The prevention of liver cancer by GGA or induction of TLR4-mediated cell death in hepatoma

cells is thought to be a promising mechanism that can remove premalignant hepatocytes before the

conversion to cancer cells. Due to the presence of endogenous GGA in normal hepatocytes, we speculate

that at some stage of developing liver cancer, some hepatocytes must reduce GGA biosynthetic capacity.

In conclusion, currently there are no available foods that can compensate for the amount necessary to

prevent hepatoma recurrence, so we cannot help relying on drug treatment for high-risk group patients.

However, a possible primary prevention, an idea with combination of various foods containing GGA and

its precursors, can be applicable for a general population.

At the end of my thesis:

While | had been researching about GGA and cancer, | thought like this. Research on cancer prevention is

difficult. Metabolic studies of GGA are boring. So, it seems impossible to combine both. Anyway, basic

research is tough to pursue. When it gets hard to do, it makes me desire to do what is fashionable. When |

have performed what is fashionable and it leads to what | wanted to know, new ideas are born and some

articles are written.
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Until | started this research, | had no idea about the word "pyroptosis". Now, | know pyroptosis is

inflammatory cell death and during pyroptosis caspase-1 is activated via inflammasome. Activated

caspase-1 can convert interleukin-1, an inflammatory cytokine, into its mature form. In this way, the

inflammatory response diffuses throughout the surrounding cells. As a result, inflammation spreads to the

surroundings.

Caspase-1 is a proteolytic enzyme, which cleaves not only cytokines but also gasdermin D. N-terminal

fragment of the cleaved gasdermin D pierces the plasma membrane of the cancer cell and opens holes on

the membrane. Naturally, cancer cells that have been punctured by gasdermin D will die. It is a way of

dying called pyroptosis. In this context, inflammation is on my side.

Prior to starting my doctoral thesis study, it was unlikely to predict that GGA, which has been thought

to have cancer prevention effect, causes inflammation in advance. There is a traditional theory that cancer

occurs as a result of chronic inflammation. Inflammatory response is a proliferative response. In this case,

chronic inflammation becomes enemy during carcinogenesis. At last, however, | have sincerely realized

that successful use and control of inflammation is fatally important for cancer prevention.
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Materials and methods
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V1. Materials and methods

VI-1. Materials

VI1-1-1. Instruments

24-well plate (ThermoFisher Science, Nunc, Tokyo, Japan)

3-cm culture dish (Nunc)

6-well plate (Nunc)

96-well plate (Nunc)

ABI PRISM 7300 Sequence Detection System (Applied Biosystems, Life Technology Japan, Tokyo,
Japan)

Carousel centrifuge (Roche, Diagnostics GmbH, Mannheim, Germany)

Centrifuge (GILSON, M & S Instruments Inc., Osaka, Japan)

Centro XS3 LB960 (Berthold Technologies, Berthold Japan K.K., Tokyo, Japan)

Clean Bench (ASTEC, Fukuoka, Japan)

CO; incubator (ASTEC)

Confocal LSM700 (Carl Zeiss, Tokyo, Japan)

EiyoukunFFQ (KENPAKUSHA, Tokyo, Japan)

Falcon™ single polyester fiber-tipped applicator swab (Becton Dickinson, East Rutherford, NJ)
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glass-bottomed dish (Matsunami, Osaka, Japan)

high-performance liquid chromatography (HPLC) column (Kanto Kagaku, Tokyo, Japan)

Image J software (National Institutes of Health, Bethesda, MD, USA)

Imaris x64 version 7.1.0 (Bitplane Scientific Software, Zurich, Switzerland)

LAS4000 (GE Healthcare Japan, Tokyo, Japan)

NanoDrop spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA)

QlAamp spin column in a 2-mL collection tube (QIAGEN K.K., Tokyo, Japan)

pH meter (Fisher Scientific, Thermo Fisher Scientific, Tokyo, Japan)

Polyester Fiber-Tipped Applicator Swab (Becton Dickinson, NJ, USA)

Prominence HPLC apparatus (Shimadzu, Kyoto, Japan)

PVDF (Bio-Rad, Tokyo, Japan)

Real-Time PCR System (Roche Diagnostics GmbH)

SPD-20A (Shimadzu)

SPSS/PC statistical software package (IBM, Tokyo, Japan)

Thermal cycle (ASTEC)

Vortex (Mylab)

Water Bath (SANSYO, Tokyo, Japan)

Zen 2010B SP1 software (LSM700 version 6.0, Carl Zeiss)
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VI1-1-2. Chemical reagents

Acetic acid (Wako Pure Chemical Industries, Osaka, Japan)

Acrylamide / Bis (Bio-Rad)

All-trans retinoic acid (ATRA) (Wako Pure Chemical)

Ammonium persulfate (APS) (Bio-Rad)

Arachidoic acid (AA) (Sigma Aldrich)

a-tocopherol (Sigma Aldrich)

Bromphenolblue (Sigma Aldrich)

C34 (TLR4 inhibitor) (Sigma Aldrich)

Calpain inhibitor | and 1l (Nacalai tesque, Kyoto, Japan)

Dimethylsulfoxide (DMSO) (Wako Pure Chemical)

Ethanol (Wako Pure Chemical)

Farnesoic acid (FA) (Kuraray, Okayama, Japan)

Fast SYBR Master Mix (Roche Diagnostics GmbH)

Formaldehyde (KANTO CHEMICAL, Tokyo, Japan)

10% Formalin neutral buffer solution (Wako Pure Chemicals)

Geranylgeranoic acid (GGA) (Kuraray)

Geranylgeraniol (GGOH) (Sigma Aldrich)

Glycerol (Sigma Aldrich)
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Glycine (Sigma Aldrich)

Hoechst 33258 (Sigma Aldrich)

HEPES (Nacalai tesque)

Hydrochloric acid (HCI) (Wako Pure Chemical)

Lipoteicoic acid (LTA; TLR2 ligand) from Bacillus subtilis (InvivoGen, Nacalai tesque)

Methanol (Wako Pure Chemical)

Nonidet P-40 substitute (Sigma Aldrich)

Oleic acid (OA) (Sigma Aldrich)

Quick-CBB PLUS (Wako Pure Chemical)

Paraformaldehyde (PFA) (Wako Pure Chemicals)

PermaFluor (Beckman Coulter Japan, Tokyo, Japan)

Phosphate-buffered saline (PBS) (Sigma Aldrich)

Prestained XL-ladder (APRO life Science Institute, Inc., Tokushima, Japan)

Protein assay reagent (Bio-Rad)

Skim milk powder (Megmilk snow brand, Hokkaido, Japan)

Sodium chloride (Wako Pure Chemical)

Sodium deoxycholate (Sigma Aldrich)

Sodium dodecyl sulfate (SDS) (Wako Pure Chemical)

Sodium hydroxide (NaOH) (Wako Pure Chemical)
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Sucrose (Nacalai tesque)

TAK?242 (TLR4 inhibitor) (Chemscene, Funakoshi, Tokyo, Japan)

TCP hydrochloride (Sigma Aldrich)

Thapsigargin (Sigma Aldrich)

Tris-(hydroxymethyl)-aminomethane (Tris) (Nacalai tesque)

Triton-X100 (Sigma Aldrich)

Trypan blue (0.4%) (Sigma Aldrich)

Tunicamycin (Sigma Aldrich)

Tween20 (Sigma Aldrich)

o-vanillin (TLR2 inhibitor) (Tokyo Chemical Industry; TCI, Tokyo, Japan)

VIPER (TLR4 inhibitor) (NOVUS, Funakoshi)

VI1-1-3. Cell culture compounds

Dulbecco’s modified eagle’s medium (DMEM) (Wako Pure Chemical)

Fetal bovine serum (FBS) (biowest, Funakoshi)

Trypsin-EDTA (Sigma Aldrich)
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VI-1-4. Kits

Caspase-Glol assay (Promega, Madison, WI, USA)
CelLytic nuclear kit (Sigma Aldrich)

CellTiter-Glo (Promega)

Fluo 4-AM (DOJINDO, Kumamoto, Japan)

High Pure RNA Isolation Kit (Roche Diagnostics GmbH)
Cytotoxicity detection kit (Roche Diagnostics GmbH)
MitoSOX (Invitrogen, Thermo Fisher Scientific)

Qiagen Blood DNA Mini kit (QIAGEN)

Transcriptor® first strand cDNA synthesis kit (Roche Diagnostics GmbH)

VI1-1-5. Antibodies

ASC Medical and Biological Laboratories
Caspase-1 Cell Signaling Technology
Caspase-4 Cell Signaling Technology

GSDMD abcam / GeneTex, Funakoshi
Hoechst33258 Invitrogen, Thermo Fisher Scientific
JARID1A Cell Signaling Technology

LSD1 Cell Signaling Technology
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LC3

NF-xB

NLRP3

pHH3-Alexa Fluor® 647

Anti-goat 1gG HRP-linked antibody

Alexa-488-labeled goat anti-rabbit 1gG antibody

*Cell Signaling Technology; Danvers, MA, USA
Abcam; Tokyo, Japan

VI-1-6. Cell line
HuH-7
HepG2
PLC/PRF/5
Hep3B

*RIKEN BioResource Center; Tsukuba, Japan
DS Pharma Biomedical; Osaka, Japan
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Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

GE Healthcare

Invitrogen, Molecular Probes

RIKEN BioResource Center

RIKEN BioResource Center

RIKEN BioResource Center

DS Pharma Biomedical



VI1-1-7. Solutions and Buffers

4% PFA: 1x Transfer buffer:
4% PFA 25 mMTris

1 x PBS 192 mM Glycine
5N NaOH 10-20% Methanol

13.7% HEPES

2% Sucrose SDS-PAGE stacking-gel buffer:
500 mMTris

Fixing solution: 0.1% Sodium dodecy! sulfate

40% Methanol Adjust pH to 6.8 with HCI

10% Acetic acid

SDS-PAGE resolving buffer:

RIPA buffer: 1.5 M Tris
50 mMTris-HCI, pH 8.5 0.1% Sodium dodecyl sulfate
150 mM NacCl Adjust pH 8.8 with HCI

0.5% Sodium deoxycholate

0.1% Sodium dodecyl sulfate

1.0% Nonidet P-40 substitute
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10xSDS-PAGE running buffer:

25 mMTris

192mM Glycine

1% SDS

6x SDS / Sample buffer:

31 mM Tris-HCI (pH7.4)

1% Sodium dodecyl sulfate

5% Glycerol

0.05% Bromphenol blue

0.5% Triton X-100:

H0

0.5% Triton X-100

0.1% PBS-T:

PBS

0.1% Tween 20
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VI1-2. Methods

VI1-2-1. Study population

Seventy or ninety-two subjects, who were working in a city office, enrolled in a previous study carried out

in Japan (Masaki et al, manuscript in preparation), have been involved in the current study. Detailed

information about diet and lifestyle habits and DNA sample in buccal cells were collected from each

participant, after they had signed an informed consent form. The analyses were carried out on

anonymously coded samples. The study-design was approved by our university ethics committee for

genome research.

VI1-2-2. Food frequency guestionnaire (FFQ)

The data of habitual food intakes were collected and processed by using Excel EiyoukunFFQ that gave

information about demographics, lifestyle and dietary intake. FFQ was comprised of 91 food items which

were divided into nine food groups of the same nutrient profiles (cereals and cereal products; meat and

meat products; fish and seafood; eggs, legumes and legume products; milk and milk products; vegetables

and fruits; beverages; alcoholic beverages; and confectionaries, spreads and spices/miscellaneous items)

with five categories of consumption frequency over 1 year.
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VI1-2-3. DNA-preparation

To collect a buccal cell sample, the inside of both cheeks was firmly scraped three times with a Falcon™
single polyester fiber-tipped applicator swab. The swab was air-dried for at least 1 h after collection. DNA
was extracted using Qiagen Blood DNA Mini kit according to the manufacturer’s instructions. Preparation
of DNA was conducted according to a manual provided by the manufacture as shown in detail below.

After being separated from the stick by hand, buccal swab was placed in a 1.5-mL microcentrifuge tube
containing 400 pL phosphate-buffered saline (PBS). The sample was added 20 uL QIAGEN Protease stock
solution and 400 pL Buffer AL and mixed immediately by vortexing for 15 s. The sample was incubated at
56°C for 10 min and briefly centrifuged to remove drops from inside of the lid. The sample was added 400
pL ethanol and mixed again by vortexing and briefly centrifuged to remove drops from inside of the lid.
Seven hundreds pL of the resultant mixture were carefully applied to the QlAamp spin column in a 2-mL
collection tube and were centrifuged at 6,000 x g for 2min. The column was placed in a clean 2-mL
collection tube. This was repeated by applying up to 700 L of the remaining mixture to the spin column.
The column was added 500 pL Buffer AW1 without wetting the rim, and centrifuged at 6,000 x g for 2 min.
The column was placed in a clean 2-mL collection tube, was added 500 pL Buffer AW2, and was
centrifuged at 6,000 x g for 3 min. The column was placed in a clean 1.5-mL microcentrifuge tube, added
200 pL Buffer AE, incubated at room temperature for 1min, and then centrifuged at 6,000 x g for 1 min to

collect the DNA solution. The DNA preparations were frozen at -20 °C until use.
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VI1-2-4. RTLs determination

RTLs determination was performed essentially by Cawthon’s method [4]. In details, PCR reactions were

set up by aliquoting 5 pL of 1x Fast SYBR Master Mix into each reaction capillary equipped in a carousel

with capacity for 32 samples with the LightCycler 1.5 instrument, followed by adding 1.2 pL of each

experimental DNA sample, for a final volume of 11 pL per reaction. Telomere primer sequences were

telg (ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT),

telc (TGTTAGGTATCCCTATCCCTATCCCTATCCCTAACA), and ALB was used as the scg reference

using primers modified with the addition of a 5’-GC clamp to shift melting temperature:

albu (CGGCGGCGGCGGCGCGGGCTGGGCGGaaatgcetgcacagaatecttg) and

albd (GCCCGGCCCGCCGCGCCCGTCCCGCCGgaaagceatggtegectgtt). The reagent components and

final concentrations were 900 nM each primer, 1 M betaine, 1x Fast SYBR Master Mix in 11 uL. The

thermal cycling profile was Stage 1: 15 min at 95°C; Stage 2: 2 cycles of 15 s at 94°C, 15 s at 49°C; and

Stage 3: 32 cycles of 15 s at 94°C, 10 s at 62 °C, 15 s at 74 °C with signal acquisition, 10 s at 84°C, 15 s at

88 °C with signal acquisition. The 74 °C reads provided the Ct values for the amplification of the telomere

template (in early cycles when the scg signal is still at baseline); the 88 °C reads provided the Ct values for

the amplification of the scg template (at this temperature there is no signal from the telomere PCR product,

because it is fully melted).

After thermal cycling and raw data collection were completed, the LightCycler software 3.5.3 was used

to generate two standard curves for each signal, one for the telomere signal and one for the scg (ALB)
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signal. As each experimental sample was assayed in duplicate, two T/A results were obtained for each

sample; the final reported result for a sample in a given run is the average of the two T/A values. Average

T/A is expected to be proportional to the average telomere length per cell.

VI1-2-5. Genotyping

Two common SNPs of rs6564851 and rs362090 were genotyped. The corresponding probes were obtained
from Applied Biosystems (Foster City, CA, USA). Allelic discrimination (AD) using Tagman® probes was
chosen for genotyping on the ABI PRISM 7300 Sequence Detection System and we performed the allele
discrimination assay. The primer and probe sequences were designed and provided by Applied Biosystems.
Assuming that allele 1 (G in rs6564851 near the BCO1 gene or A in rs362090 of the ISX gene) and allele 2
(T or G, respectively), the TagMan probes specific for allele 1 were labeled with FAM™ and those of
allele 2 were with VIC™. The probes for alleles 1 and 2 were mixed with the PCR reagents and PCR
reaction was conducted. MM@PCR was conducted with Applied Biosystems 7300 Real-Time PCR System.
Automatic allele calling was selected to determine each genotype for AD post-read run according to AD

guide from Applied Biosystems.

V1-2-6. Measurement of serum fB-carotene

Tubes containing frozen serum were thawed and extracted within 30 min. A mixture of serum (100 pL)

and ethanol (500 pL) was vortexed for 30 s, and then water (2 mL) and butylated hydroxytoluene with
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hexane (5 mL) were successively pipetted into 10-mL Pyrex tubes. After centrifugation at 150 x g for 10

min, the upper hexane phase (4 mL) was transferred into brown glass vials and dried under a nitrogen

stream. The residue was dissolved in 100 pL of acetonitrile-dichloromethane-methanol (7:2:1 v/v/v), and

20 pL of the resultant solution were injected into a high-performance liquid chromatography (HPLC)

column (5 um, 250 x 4.6 mm, Mightysil PR-18; Kanto Kagaku, Tokyo, Japan). The effluent was monitored

for the detection of carotenoids using an ultraviolet-vis detector of SPD-20A equipped with Prominence

HPLC apparatus at 450 nm.

VI1-2-7. Cell culture

Human hepatoma-derived HuH-7, HepG2 and PLC/PRF/5 cells were cultured in high-glucose Dulbecco’s

modified Eagle’s medium (D-MEM) supplemented with 5% fetal bovine serum (FBS). The Hep3B cells

were obtained from DS Pharma Biomedical, Osaka, Japan, and maintained in D-MEM containing 10%

FBS and MEM nonessential amino acid solution. Cells were cultured with DMEM containing 5% or 10%

FBS for 2 days followed by replacement with FBS-free D-MEM for a further 2 days before drug treatment.

GGA, other diterpenoids or other lipids (in ethanol) were dispersed in FBS-free medium.

V1.2-8. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting

For SDS-PAGE and immunoblot analysis, cells were washed twice with PBS, and lysed with RIPA buffer.
The cell lysates were collected in centrifuge tubes, sonicated, centrifuged at 15,000 x g for 20 min at 4°C,
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and the supernatant was collected. Protein concentrations were determined using the Bradford method.

Proteins can be separated on the basis of their mass by electrophoresis in a polyacrylamide gel under

denaturing conditions. Proteins (5 or 30 — 50 ug) from a lysate were denatured in SDS sample buffer by

boiling for 5min. Polyacrylamide gels were prepared by pouring gel solutions between two glass plates and

letting it polymerize. Gels were composed of two layers: a 10% resolving gel (pH 8.8), which separates

proteins by their size, and a 4% stacking gel (pH 6.8) on top that ensures the simultaneous entry of proteins

into the separating gel.

Resolving gel (10%06) Stacking gel (4%)

H,O 4.0mL H,0 3.05 mL
Acrylamide / Bis (30%) 3.4 mL Acrylamide / Bis (30%) 0.65 mL
TEMED 5ul TEMED 5ul
10% APS 50 pl 10% APS 25 ul

After the separation of the samples by SDS-PAGE, proteins were transferred by electroblotting to PVDF

membranes for immunoblotting. The PVDF membrane was then blocked in 0.1% PBS-T containing 5%

skim milk for 15 min at room temperature. The primary antibody solution was applied for an overnight

incubation at 4°C to ensure the specific binding to the antigen on the PVDF membrane. Then, the

membrane was rinsed three times for 5 min in 0.1% PBS-T and incubated for 45 min at room temperature

with the respective peroxidase-coupled secondary antibody solution (1: 2,000 in PBS-T containing 1%

skim milk). After three further rinsing steps the antibody-antigen complexes were detected with

Immunoblot Chemilumminescent HRP substrate using an ImageQuant LAS4000.
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VI1-2-9. Cell-free analysis

Nuclear fraction of HuH-7 cells was prepared using a CelLytic nuclear kit. The nuclear pellets were gently

suspended in PBS-T, then treatment to each nuclear suspension (60 ug protein/tube), and samples were

gently vortexed and incubated overnight at 4°C. The supernatants were centrifuges at 1000 x g for 10 min,

separated by SDS-PAGE.

V1-2-10. Isolation of total cellular RNA

Total RNA was isolated from cells by using High Pure RNA Isolation Kit. Cells in 3-cm dishes were
washed with 1 mL of PBS (-), scraped off with lysis buffer of the kit, and transferred into each 1.5-mL tube.
Total RNA was quantified by absorbance at 260 nm with NanoDrop®spectrophotometer ND-1000, and
260:280 nm ratio was used as index of purity. After confirmation of the integrity, a preparation of total

RNA was kept frozen at -20°C until use for reverse transcription polymerase chain reaction (RT-PCR).

VI1-2-11. Reverse transcription for cONA synthesis

The aliquot corresponding to 250 to 300 ng of total cellular RNA of each sample, water (PCR-grade) and
random hexamer primer included in Transcriptor® first strand cDNA synthesis kit were incubated at 65°C
for 10 min. To the mixture 5 x Transcriptor® RT reaction buffer, Protector® RNase inhibitor,
deoxynucleotide mix and Transcriptor® reverse transcriptase were added and incubated at 25°C for 10 min,
at 55 °C for 60 min, at 85 °C for 5min and at 4 °C for over 10min.
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VI1-2-12. Real-time PCR

Nucleotide sequences of the primers are listed in Table VI-1. Real-time PCR was performed in a
LightCycler® platform 1.5 or 96 with 20 ul glass capillaries or 96-well plate, respectively, using 4 pL
reaction mixture containing 0.5 pL of primer solution (0.5 uM, the stock solution was diluted by 1:10), 1
pL of 5 x Roche Faststart DNA Master SYBR Green | and 1 pL of cDNA containing solution under

condition described in Table VI-1.
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Table VI-1. The nucleotide sequences of each primers used for real time RT-PCR.

Genes Sequence (5’-3’) Temp. Amplicon
(°C) (bp)

Caspase-1 F TGCCTGTTXXTGTGATGTGG

R TGTCCTGGGAAGAGGTAGAAACATC > 132
Caspase-4 F TTGCTTTCTGCTCTTCAACG

R  GTGTGATGAAGATAGAGCCCATT > 72
Caspase-5 F GTCTAAAGGACAAACCCAAGG

R TGTGAAGAGATGAGTGCCAAG >/ 109
NLRP3 F GTIGTTTCGAATCCCACTGTG

R TCTGCTTCTCACGTACTTTCTG °0 13
IL-16 F CCACAGACCTTCCAGGAGAA

R GTGATCGTACAGGTGCATCG > ted
GSDMD F TGGGTCTTGCTGGACGAGTGT

R  GCGTAGAGTGCACACATGCGG > 78
TLRI F CCTAGCAGTTATCACAAGCTCAAA

R TCTTTTCCTTGGGCCATTC >/ 70
TLR2 F CGTTCTCTCAGGTGACTGCTC

R  TCTCCTTTGGATCCTGCTTG >8 o
TLR4 F CTGCCACATGTCAGGCCTTAT

R AATGCCCACCTGGAAGACTCT >0 138
TLR6 F TGAAACAGTCTCTTTTGAGTAAATGC

R CAGAATCCATTTGGGAAAGC > 72
TLR9 F  CCAGACCCTCTGGAGAAGC

R GTAGGAAGGCAGGCAAGGT >0 133
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Table VI-1. continued,

Genes Sequence (5’-3’) Temp. Amplicon
(°C) (bp)

ASC F CTGACGGATGAGCAGTACCA

R CAAGTCCTTGCAGGTCCAGT >’ 108
IFNa F TCGCCCTTTGCTTTACTGAT

R GGGTCTCAGGGAGATCACAG °0 52
IFNB F CTTTGCTATTTTCAGACAAGATTCA

R  GCCAGGAGGTTCTCAACAAT °6 >
XBPl1s F  TGCTGAGTCCGCAGCAGGTG

R GCTGGCAGGCTCTGGGGAAG > 169
DDIT3 F ATGGCAGCTGAGTCATTGCCTTTC

R  AGAAGCAGGGTCAAGAGTGGTGAA > L7
KDM1A F  CCAGGTGCCCCACAGCCGAT

R GCCTGGCGAGGCAGCGTATA >3 tol
285 rRNA F TTAGTGACGCGCATGAATGG

. 55 67

TGTGGTTTCGCTGGATAGTAGGT

F: forward primer, R: reverse primer
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VI1-2-13. ROS detection

HuH-7 cells were seeded at a density of 1.0 x 10 cells per well into glass-bottomed dishes, and then
incubated in a humidified atmosphere of 95% air and 5% CO, at 37°C. Cells were cultured with D-MEM
containing 5% FBS for 2 days followed by replacement with FBS-free D-MEM for a further 2 days before
drug treatment. The cell cultures were placed in a MitoSOX experiment was started. MitoSOX was added
in culture media at 10 min before the compound treatment. Fluorescence was measured using a Carl Zeiss

LSM700 inverted laser-scanning confocal, live-cell images were time course for treated.

VI1-2-14. Ca* fluorescence imaging

HuH-7 cells were seeded at a density of 1.0 x 10 cells per well into glass-bottomed dishes, and then
incubated in a humidified atmosphere of 95% air and 5% CO, at 37°C. Cells were cultured with D-MEM
containing 5% FBS for 2 days followed by replacement with FBS-free D-MEM for a further 2 days before
drug treatment. Fluo 4-AM was added in culture media at 1 h before the compound treatment.
Fluorescence was measured using a Carl Zeiss LSM700 inverted laser-scanning confocal, live-cell images

were time course for treated.

VI1-2-15. Fluorescent immunostaining

HuH-7 cells grown on glass inserts in a 24-well plate were rinsed with PBS (-) and fixed for 40min with

4% paraformaldehyde containing 2% sucrose in PBS (-), and then rinsed with PBS (-). Cells were then
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permeabilized with 0.5% triton X-100 and nonspecific binding blocked with 10% FBS. Next, cells were

incubated at 4°C overnight with polyclonal antibody, following by 1 h incubation with Alexa-488-labeled

goat anti-rabbit 1gG antibody. After rinsing PBS (-), cells were mounted in PermaFluor, covered on a glass

slide, and observed under a confocal laser scanning fluorescence microscope, LSM700 2Ch URGB

equipped with Axio Observer Z1 Bio. Microscopic images were acquired and quantitatively analyzed

using Zen 2010B SP1 software. A Z-stack procedure was employed, and the acquired images were

processed with Zen 2010B SP1 and three-dimensional rendering was performed with Imaris x64 version

7.1.0.

VI1-2-16. Caspase-Glol assay

Cells (100 cells/well) were seeded into a 96-well plate and cultured with D-MEM containing 5% FBS for 2
days before replacing the medium with FBS-free D-MEM for a further 2 days prior to treatments with
GGA. The Caspase-Glo® 1 was then used to measure the activity of caspase-1. The luminescence was

recorded by using Centro XS3 LB960.

VI1-2-17. Cell viability assay

Cells (100 cells/well) were seeded into a 96-well plate and cultured with D-MEM containing 5% FBS for 2

days before replacing the medium with FBS-free D-MEM for a further 2 days prior to 24 h treatments with

GGA or other compounds. The CellTiter-Glo was then used to measure cell viability by ATP levels as per
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manufacturer’s instructions. The luminescence was recorded by using Centro XS3 LB960.

VI1-2-18. LDH assay

Cells (1000 cells/well) were seeded into a 96-well plate and cultured with D-MEM containing 5% FBS for

2 days before replacing the medium with FBS-free D-MEM for a further 2 days prior to 24 h treatments

with GGA or other compounds. The cytotoxicity detection kit was then used to measure cell death by LDH

levels. The luminescence was recorded by using Prestained XL-ladder.

V1-2-19. Statistical analysis

The analyses were based on data reported by the dietary questionnaire administered at the beginning of the

study. The influence of each dietary factor on buccal RTL was estimated by logistic multivariate analysis

adjusted for age, gender and energy intake. The correlation between the biomarkers investigated was

evaluated by Pearson correlation analysis. The level of statistical significance was set at p<0.05. The

SPSS/PC statistical software package was used for the analyses.
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Notes

I made this dissertation by referring to the following papers.

1) S. Yabuta, M. Masaki, and Y. Shidoji. Associations of buccal cell telomere length with daily intakes of

B-carotene or a-tocopherol are dependent on carotenoid-metabolism related gene genotypes in healthy

Japanese adults. The Journal of Nutrition, Health and Aging (2015)

2) S. Yabuta, M. Urata, R. Y. Kun, M. Masaki, and Y. Shidoji. Common SNP rs6564851 in the BCO1 gene

affects the Circulating Levels of -carotene and the daily intake of carotenoids in healthy Japanese women.

PLOS ONE (2016)

3) S. Yabuta and Y. Shidoji. TLR4-mediated pyroptosis in human hepatoma cells with a branched-chain

PUFA, geranylgeranoic acid. (submitted)

4) S. Yabuta and Y. Shidoji. Cytoplasmic translocation of nuclear lysine-specific demethylase-1

(LSD/KDM1A) in  human hepatoma cells is induced by its inhibitors. bioRxiv

(doi:http://doi.org/10.1101/274050)
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