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Organization of this thesis

Chapter 1 contains some background information about apoptosis and autophagy.
In continue, DIM will be introduced and its potential role in cancer therapy, the
known direct targets, and the possible mechanism in apoptosis or autophagy will be
mentioned. Finally, a brief introduction of fission yeast as a eukaryotic model

organism, and the aims of this thesis will be explained.

Chapter 2 will be started with a brief introduction to DIM and then describes my
study of “3,3’-Diindolylmethane (DIM) is suggested to induce apoptosis and
causes autophagy in fission yeast”, to show how I demonstrated the apoptotic and
autophagic effects of DIM on fission yeast for the first time, and finding the nuclear
envelope (NE) as one of the early targets for DIM in fission yeast in vivo condition.
I also explain the role of Lem2, an inner nuclear protein, and autophagy pathway for

DIM tolerance in a low concentration.

Chapter 3 is a conclusion for all of the results and some ideas for future

experiments.
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Chapter 1

Introduction



Chapterl. Introduction

1.1. Fission yeast, a eukaryotic model organism

Schizosaccharomyces pombe (S. pombe) is a species of "fission yeast". It is a
unicellular eukaryote organism in a rod shape. Normally, fission yeast cells have 3
to 4 micrometers in diameter and 7 to 14 micrometers in length and contain about
14.1 million base pairs genomic information. Fission yeast has been used as a
laboratory organism since the 1950s [1]. Its genome has been fully sequenced as the
sixth model eukaryotic organism, following the budding yeast, Caenorhabditis
elegans, Drosophila melanogaster, Arabidopsis thaliana and the human [2]. It
belongs to ascomycete fungi group. Fission yeast genome is organized in three
chromosomes. Predominantly, fission yeast exists with one set of chromosomes
(haploid), which is easily propagated and used for screening the mutants and
experiments. Diploid cells have a longer size which are used to determine the

recessive or dominant status of alleles.

Such as every eukaryotic cell, vegetative cells of fission yeast, have a mitotic
cycle. Its mitotic cycle includes S-phase (Synthetic phase), which will be followed
by nuclear division (mitosis) and cell division (cytokinesis) (Fig. 1.1A). There is a
G1 phase (gap 1) between M and S phases. G2 (gap 2) is a middle phase between S
and M phases [3]. G1, S, and G2 are collectively named interphase. Growth of yeast

has different phases, containing lag-phase with lag in growing, log-phase with fast-
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growing and high cell division, and stationary-phase without cell division and no

growth (Fig. 1.1B).

stationary
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Fig 1.1. Cell phase (A) and growth phase (B) of haploid cells in fission yeast.

In contrast to human cells, fission yeast cells undergo the “closed mitosis”
while the intact nuclear envelope (NE) is kept during mitosis [4].The rate of cell
division in vegetative growth is related to the nutrients and temperature and may
need 2 to 4hrs for one cell division [1]. Usually, after one day growing in yeast
extract medium, growth phase of log-phase cells reaches stationary-phase. Growing
fission yeast is inexpensive. Its genome could be manipulated easily. Fission yeast
has some similarities to humans [5], including chromatin dynamics, gene structures,
the control of gene expression through pre-mRNA splicing, epigenetic gene
silencing, and RNAi pathways [6]. Its life cycle and aspects of its biology make

fission yeast a useful model organism for study of eukaryotic molecular and cell



biology [1] and the mechanism of pathways such as apoptosis [7-10] and autophagy

[11, 12].

1.1.1. Apoptosis in fission yeast

Apoptosis is a process that results in the death of damaged and unrepairable
cells to maintain health in multicellular organisms [13]. It also happens in fission
yeast and can be characterized by morphological features such as chromatin
breakage, nuclear fragmentation [14, 15], NE disruption [16] and cell death [10, 14,

17] in fission yeast (Fig. 1.2).

Nucleus

Apoptosis

b

Nuclear

NE disruption
fragmentation

Fig 1.2. Apoptosis morphological feature in fission yeast. Apoptosis induction is detectable by

nuclear fragmentation and NE disruption in fission yeast cells.

Apoptosis could be induced by different conditions in fission yeast such as
pH stress [10] . It could be also induced through the oxidative stress pathway by
some compounds such as terpinolene, an odorant in the cosmetics industry [14], or
alpha-thujone, which is a compound in the food industry [7]. Camphor, a

pharmaceutical compound, is another apoptotic cell death inducer in sod/A4 fission
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yeast cells, which have defects to scavenge free radicals in the cell [18]. Starvation
of inositol, which is a precursor of numerous phospholipids and involved in
signaling pathways, induces apoptosis through the ER stress induction in fission
yeast [15]. Gene expression could be also involved in apoptosis induction.
Overexpression of endogenous gene such as calnexin in fission yeast causes
apoptotic cell death, which partially depends on the Irel, the ER-stress transducer
[17]. On the contrary, dgalAplhiA double mutant, which is defective in lipid
metabolic pathway, promotes apoptosis in fission yeast [19, 20]. The expression of
heterologous genes such as bax and bak from human also promotes apoptosis in
fission yeast [21]. Both Bax and Bak belong to the Bcl-2 family proteins which
control apoptosis by governing mitochondrial outer membrane permeabilization
[22]. The ectopic expression of mitochondria endonuclease of fission yeast, pnul
(homolog of EndoG in human), also leads to nuclear fragmentation and apoptosis in
fission yeast [23].

Not only the pathways and type of the stimulator are different for apoptosis
induction in fission yeast, but also, studies show that apoptotic cell death happens in
different cell phases, and in some cases, stationary-phase cells are more sensitive to
apoptotic inducing conditions or vice versa, apoptosis happens more in the log-phase
cells. Deletion of dgal and plhl in fission yeast cells only triggers apoptosis when
cells enter stationary-phase [20]. Apoptosis also happens in stationary-phase cells

when cells are exposed to inositol starvation [15] or valproic acid [10] or when



calnexin is overexpressed [17]. In contrast, some studies show apoptosis induction in
log-phase cells when camphor [18], alpha-thujone [7] are used. This information
implies that the study of apoptosis mechanism in different growth phases of fission

yeast is important.

1.1.2. Autophagy in fission yeast

Autophagy recycles the cellular components such as damaged proteins or organelles
[24, 25]. It can be induced by stress or nutrient starvation in fission yeast [26]. The
damaged proteins, organelles or cytoplasmic compounds which called cargo, will be
sequestrated within membranes called autophagosomes. Finally, after fusing the

autophagosome with the vacuole, cargo will be degraded in vacuole of fission yeast

[26] (Fig. 1.3).

EaE @ y (@
;Eo Auto;{ha gosome Vacuole Vacuole

Fig 1.3. Autophagy process in fission yeast. By autophagy induction, cytoplasmic cargo will be
sequestrated within autophagosomes and subsequently fused with the vacuole in fission yeast cells.

Finally, cargo will be degraded in the vacuole.



There are selective and non-selective autophagy pathways in fission yeast
[27]. In non-selective autophagy (bulk autophagy), bulk portions of the cytoplasm
are sequestered and form autophagosomes. Non-selective autophagy happens to
maintain the nutrient levels in starved cells or intracellular homeostasis in non-
starved cells [28] In contrast, in selective autophagy, specific cargo based on the
specific receptor will be selected for autophagy process [28].

More than 40 autophagy-related proteins have been identified in budding
yeast [29]. However, about 23 autophagy-related proteins have been detected in
fission yeast [30] and Atg8 is one of them. Atg8 is critical for autophagosome
formation in fission yeasts [12, 31] which is used as a general autophagy marker.
Atg8 1s distributed in the cytoplasm but forms bright foci when autophagy is induced
by nitrogen starvation if it was tagged by fluorescent proteins [26, 30, 32].

Autophagy can be induced in fission yeasts via different conditions [30, 33].
Entry into the stationary-phase induces autophagy in fission yeast to recycle the
nutrients [34] or detoxify of some poisoning compounds such calnexin in cells [35].
Nitrogen starvation induces autophagy in fission yeast to generate a nitrogen source
for adaptation [26, 34]. Sulfur starvation also induces autophagy in fission yeasts
which is controlled by ec// family genes [36] and autophagy contributes to
maintaining cellular viability in both nitrogen [11] and sulfur starvation [36]. ER
stress is also involved in autophagy induction by Dithiothreitol (DTT) [33]. On the

other side, autophagy can be induced by TORCI inhibition in fission yeast [37].



However, in contrast to the budding yeast, rapamycin, the inhibitor of TORCI1 in
fission yeast, does not induce autophagy in this species of yeast [26], which shows

the complexity of autophagy process.



1.2. DIM and apoptosis

3,3’-Diindolylmethane (DIM) is a compound derived from the digestion of
indole-3-carbinol, found in the plants from the broccoli family, such as cabbage,
broccoli, and rape [38]. Recent studies reported that DIM has anticancer effects
through the induction of apoptotic cell death in breast cancer [39, 40], hepatoma [41,
42], prostate cancer [43, 44], or colon cancer [45-47]. Apoptosis is a promising
target for cancer therapy because it induces cell death in cancer cells, therefore DIM
ability to induce apoptosis makes it a potential anti-cancer drug for future studies in
human biomedical science.

Studies showed the different pathways for DIM to induce apoptosis, such as
bax- and p53-independent pathways in MCF-7 breast cancer cells [48]. Another
study about the effects of DIM on prostate cancer resulted to find the mitochondrial
pathway as an apoptosis induction [43, 49]. It is assumed that the release of calcium
from ER into the cytosol is another mechanism of DIM to induce apoptotic in
prostate cancer, cervical cancer [50], and gastric cancer [51]. The generation of ROS
is the next possible pathway to induce apoptosis in breast cancer cells by DIM [39].
In contrast, DIM can inhibit apoptosis and reduces ROS and oxidative stress in H9c2
myoblasts [52] or neuronal cells [53]. These were some of the mixed and
contradictory information about the effects of DIM on apoptosis induction which

show the direct mechanism of DIM to trigger apoptosis is still unknown.



Even direct target(s) of DIM in vivo condition still is unknown. However, the
results of the study showed that DIM inhibits mitochondrial F1FO-ATPase [54] in
MCF-7 breast cancer cells. DIM also reduces ATP level and arrest the MCF-7 cells
[55]. A recent report showed that DIM inhibits the activity of Coxl1/2, a
prostaglandin synthase, in vitro condition, and it suppresses the growth of colon
cancer cells [47]. The study of DIM effects in MCF-7 breast cancer cells showed a
rapid accumulation of DIM in their nuclear membranes (NM, a part of NE) after
0.5-2 hours [56]. The outcome of the accumulation of DIM in NM remains unclear.
The similarity of fission yeast and human biological pathways helps to study the
DIM apoptotic mechanism. Here the role of DIM in apoptosis induction in fission
yeast cells was studied. Moreover, the investigation of DIM effects on NE in fission

yeast was selected as a part of this study.

1.3. DIM and autophagy

As mentioned autophagy recycles the cellular components such as damaged
proteins or organelles to keep cells save or kill them. In one way, upregulation of
autophagy extends the lifespan of the animal [57]. Autophagy by recycling nutrients
or degradation of damaged proteins, protects the cell, and promotes cell survival [58,
59] which could be undesirable in cancer therapy. On the other way, it is believed
that autophagy is a device to process a type of cell death, which is called autophagic

cell death, ACD [60]. Some human results showed that autophagy induction can
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suppress the growth of cancer cells [31, 61-63]. Therefore, autophagy has several
potential benefits for human health, including life longevity and cancer therapy due

to its double-edged sword of autophagy function.

Studies showed that DIM also has the potential role in regulating autophagy.
However, the studies indicate the role of DIM to induce or inhibit autophagy in
various pathways. DIM inhibits the proliferation of gastric cancer cells through the
autophagy induction mediated by microRNA [63]. In ovarian cancer cells, DIM
increases the cytosolic calcium to regulate AMPK pathway and autophagy which
suppress cancer cells [61]. DIM also induces autophagy in them through the
endoplasmic reticulum (ER) stress induction [61]. In ovarian cancer, DIM increases
irel expression and subsequently induces autophagy, and inhibits the growth of the
tumors. Inhibition of ER stress and subsequently prevent from ER stress response
(unfolded protein response, UPR) suppresses autophagy induction, which suggests

that the ER stress response excites the autophagy induction by DIM.

It is known that DIM induces ER stress and autophagy in prostate cancer cells
[64]. However, mitochondrial dysfunction is a reason that DIM kills prostate cancer
cells, not ER stress induction or autophagy. In fact, autophagy induced by DIM is
for protecting the prostate cancer cells not for suppressing them [64]. Similarly, it
was reported that autophagy induction by DIM in H9c2 myoblasts cells suppresses
apoptosis and hypoxia through the superoxide dismutase (sod) pathways and saves

the myoblasts cells [52], instead of killing them.
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Even, some results showed the other aspect of DIM to inhibit the autophagy.
For example, DIM has a protective role against ischemia in neuronal cells by
inhibition of the autophagy and apoptosis [65]. It seems that the mechanism of the
DIM to induce or inhibit the autophagy is still unclear. It is also unknown that
autophagy induced by DIM suppresses cancer cell or protects them. These results
show the importance of further studies in this case. Here, I showed DIM induces
autophagy when it is in low concentration. In addition, I found that autophagy has a

protective role to save the cells when DIM is used.

1.4. Aim of the thesis

Targeting apoptosis is one the efficient and useful methods in cancer therapy.
Cancer cells tend to inhibit apoptosis to survive. Autophagy may also behave as an
anti-aging process, or in contrast, act as a mechanism to suppress or kill the cancer
cells in different conditions. Finding the new types of anti-cancer drugs is one aim of
human health sciences to cure cancer cells. DIM is one of the promising anti-cancer
drugs however, the mechanism of DIM to induce apoptosis or autophagy in human

is not fully understood.

In another way, a drug may have different targets and affect the multi
pathway, therefore using a big and complicated genome of human, makes the studies
harder. The autophagy and apoptosis pathways might be conserved in fission yeast

and humans. Using fission yeast as a simple eukaryotic model makes the study
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simpler, faster, and more efficient. Thus, I performed my experiments on fission

yeast to understand:

Does DIM induce apoptosis in fission yeast? If yes what is the earliest event(s) in

apoptosis induction?

Does DIM induce autophagy in fission yeast? If yes what is the possible mechanism

to induce autophagy by DIM?

Is there any direct target(s) of DIM in vivo condition?

In the next chapter, I will explain my results to show how I found “DIM is suggested

to induce apoptosis and causes autophagy in fission yeast”.
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Chapter 2

3,3’-Diindolylmethane (DIM) is suggested
to induce apoptosis and causes autophagy

in fission yeast
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Chapter 2. 3,3’-Diindolylmethane (DIM) is suggested to
induce apoptosis and causes autophagy in fission yeast

2.1. Introduction

The nucleus of yeast cells is surrounded by a nuclear envelope (NE). NE
contains an inner nuclear membrane (INM), an outer nuclear membrane (ONM), and
nuclear pore complexes (NPCs) [66]. NE keeps the genomic content far from
harmful cytoplasmic components such as cytosolic nucleases. Homeostasis of NE is
maintained by lipid metabolic enzymes [67]. One of the required NE proteins that
has a big role in homeostasis of NE [67, 68], is Lem2 which is an inner nuclear
protein. Lem?2 acts as a barrier for membrane flow between the nucleus and ER [69],
and the cells without Lem2, are more sensitive to the condition that fatty acid
synthesis is inhibited [69]. The quantity of C24:0 fatty acid is reduced in
lem2Abqt4A mutant and affects membrane integrity [67]. However, the deletion of

lem?2 itself, leads to nuclear protein leakage slightly [67].

Lem2 with Lnpl (an ER protein) are cooperatively involved in the
maintenance of the boundary between NE and ER membrane [70]. The distribution
of NE protein, Ishl, is also affected in lem24InpiA [70], which leads to abnormal
NE morphology and severe nuclear protein leakage in almost all cells and reduces

the cell viability when lem?2 and Inp1 are deleted [70].
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Moreover, in fission yeast, ESCRT-III complex (endosomal sorting complex
required for transport-III) and Vps4 (AAA-ATPase) make a part of ESCRT
machinery to repair the nuclear envelopes [68, 71]. (Fig. 2.1). To repair the NE,
ESCRT-II needs Cmp7, a multivesicular body, and to complete the process of
sealing, Vps4 disassembles ESCRT-III [68]. Since the deletion of /em?2 reduces the
protein amount of Vps4 in cell and defuses the localization of Cmp7 [70], It is
possible that Lem2 may have a potential role in the sealing process of NE by
ESCRT-III. Without proper sealing of NE, the nucleus may be easily affected by
cytosolic compounds and get damaged, therefore, the possible cell death may be

triggered.

Wit cytosol

Cmp7 Lem2 nucleus

Fig 2.1. ESCRT-III machinery is responsible to seal the NE. Lem2 recruits Cmp7 for ESCRT-III
to seal NE and Vps4, which is AAA family ATPase, will disassemble ESCRT-III to finish the
sealing process.

As explained in chapter 1, 3,3’-Diindolylmethane (DIM) is one of the

potential apoptosis inducers in human cells [39, 40, 42, 43]. On the other hand, DIM
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induces autophagy in human cells to protect them against cell death [52] or kill them
[61]. Because of the similarity in biological pathways between human and fission
yeast, it 1s assumed that DIM may induce apoptosis or autophagy in fission yeast.
The only study about the effects of DIM on fission yeast in 2013 shows that DIM
(20pg/ml) increases chronological lifespan while a lower concentration of DIM
(4pg/ml) reduces the lifespan in fission yeast [72]. This study explained the long-
term effects of DIM on stationary-phase cells only. It mentioned that DIM induces
anti-oxidant pathways which may be the reason to extend lifespan in fission yeast
[72]. However, there is no information about the acute effects of DIM on fission
yeast, therefore, I used DIM in two different concentrations 20pug/ml and Spg/ml in
log-phase cells. In this chapter, I will explain my study about investigating the new

aspects of DIM on fission yeast.

I found that the effects of DIM on log-phase cells are dose-dependent. DIM
induces apoptosis (20ug/ml), while the low concentration (5ug/ml) causes
autophagy in log-phase cells. My results suggest that NE is one of the earliest targets
of DIM and only 10 min treatment with DIM (20pg/ml) is enough to trigger
apoptosis in log-phase cells. My studies on a low concentration of DIM (5pg/ml)
implied that the autophagy pathway, but not the ER stress response pathway, is
required for the resistance to DIM. Moreover, in this study, I showed that Lem2 is

needed to resist the low concentration of DIM.
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2.2. Material and method

Name Genotype Source

975 h* M. Yanagida

FY7455 h* leul-32 ura4 -D18 his7 lys1-131 NBRP

htb1-GFP h* leul-32 ura4-D18 his7 lys1*::(htal htb1-GFP)

FY17186 1’ ade6-216 leul-32 lys1-131 ura4-DI18 NBRP

GFP-atg§ 1’ ade6-216 leul-32 ura4- DI8 Iysl*::Pnmt41- This study
GFP-atg8"

GFP-atg8 irelA 1’ ade6-216 leul-32 ura4- DI8 lysl™::Pnmt41- This study
GFP-atg8" irel ::Kanr

irelA 1’ ade6-216 leul-32 ura4- DIS lysl-131 This study
irel.::Kanr

atg7A 1’ ade6-216 leul-32 ura4- DIS lysi-131 atg7- This study
dl::Natr

FY29360 W’ hatl”::GFP-Kanr arkl::Kanr-Prad21-arkl® NBRP
atg7-d1::Natr

yPK002 h* ade6-M210 ura4-D18 leul-32 irel : :Kanr P. Walter

YT2416 h lem2::Kanr Y. Hiraoka

80-G10 h* ade6-210 leul-32 cutll::cutll*-GFP-HA- Lab stock
Kanr sid4"-mCherry<<Natr

81-D02 h+ leul-32 cutll::cutll"-GFP-HA-Kanr sid4"- This study

mCherry<<Natr lem2::Kanr
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1-1-1

h* ade6-210 leul wura4 lysl his7"::lacI-GFP
sod2.proximal[::Kanr-ura4”-lacOp] sid4::sid4" -
GFP-natMX6 gar2::gar2"-mCherry-hphMX6

Ito et al. 2019

78-A02

h" ade6-210 leul wura4 lysl his7"::lacI-GFP
sod2.proximall[::Bsdr-ura4'-lacOp]  sid4::sid4"-
GFP-natMX6 gar2::gar2 -mCherry-hphMX6

Lab stock

78-D01

h* ade6-210 leul wurad lysl his7"::lacl-GFP
sod2.proximal[::Bsdr-ura4*-lacOp]  sid4::sid4"-
GFP-natMX6 gar2::gar2 -mCherry-hphMX6

lem2::Kanr

Lab stock

75-D09

h leul-32::Ptif51-QUEEN2m: :leul +

Ito et al. 2019

DY29585

h™ his3-D1  leul-32::Pnmtl-Ost4-CFP(leul +)
Cpyl-mCherry::natMX

Li-Lin Du

2.2.1. Strains construction

Briefly, to express GFP-tagged Atg8, pHM43 plasmid containing a GFP-atg8

gene with the nmt41 promoter, gifted by Dr. Yamamoto [34], was digested with

New England Biolab product kit. 10 pl of X.B 2.1 buffer, 40 ul of plasmid (1000

ng), 1 ul of EcoRI enzyme, and 50 pul RNase free water were mixed in a microtube.

The sample was kept in for 4 hrs at 37°C. The result of the digestion reaction was

checked by electrophoresis to see the linear plasmid. After checking the quality of

digestion, a linear plasmid was purified by the ethanol precipitation method and used

19



for transforming the cells of wild-type strain (FY17186) with “S. pombe
Transformation Kit Wako” (See the appendix for protocols). The colonies were
selected on PMG plates without lysine, which was a selective marker to screen the

cells with the correct GF'P-atg8 integration.

To construct the ireld::Kanr strain, the genomic DNA from yPK002, as a
template gifted from Dr. Walter [73], was amplified by polymerase chain reaction
(PCR), the primers 5’-TGGATGACTATACCCAAAGC-3> and 5’-
ATCCAACGATCCCACAAGCG-3’ used as primers. The resulting PCR product
was introduced into the FY 17186 strain by using Wako transformation kit (See the
appendix for details). A YEA plate containing Kan, was used for the primary
selection for colonies (See the appendix). Then deletion was confirmed by a PCR,
using 5’-TAGGTATGGCCGTAGACA-3’ as a forward primer. PCR program was
set up with the default program as described in appendix. The annealing temperature

was assigned to 52°C for 30 sec, and the extension step was at 72°C for 4 min.

The autophagy mutant, atg74, was constructed using 5’-
ATACGTAGAACTGCGGTGAG-3’ and 5’-CAAATGCAACTTCAGGATCC-3’ as
primers. The mutated genomic DNA from atg7-d1::Natr strain (FY29360) was used
to amplify and introduce into the wild-type strain, FY17186 with Wako

transformation kit (See the appendix for protocols). A YEA plate containing Nat,
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was used for the primary selection for colonies (See the appendix). Then deletion
was confirmed by a PCR using 5’-CCACGGTCAAGAGTTTCAAA-3’ primer as a
forward primer. The annealing temperature was assigned to 52°C for 30 sec, and the

extension step was at 72°C for 3 min.

2.2.2. Viability assay by spot test
For viability assay by spotting, the fission yeast cells were grown overnight at

30°C (12~15 hours) in an 8 ml of liquid YEA medium (see the appendix for media)
to get the log-phase cells (0.5~ 1x107 cells/ml) designated as day0.

The culture was divided into two flasks. The same volume of Dimethyl sulfoxide
(DMSO) or 20 pug/ml DIM, purchased from Combi-Blocks (San Diego, USA)
dissolved in DMSO, were added to each flask. On dayl, which was 24 hours after
incubation with the drugs, the cell number was adjusted to 1x107 cells/ml and used
for viability assay with five-fold serial dilutions. The spotted plates were incubated
at 30°C for 3 to 5 days to check cell viability. Every 24 hours, the viability assays
were repeated till day9. For the stationary-phase cells, before adding the drugs,
untreated dayl cells, containing about 1x10® cells/ml, were spotted in five serial
dilutions (the cell number was adjusted to 1x107 cells/ml for spotting assay). Then
DIM and DMSO were added into 3ml of dayl cells in individual utensils. 24 and
48hrs after adding the drugs, spotting assays were repeated for treated cells and

incubated at 30°C for 3 to 5 days to take images.
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2.2.3. Acute viability assay by spot test

The log-phase (day0) and stationary-phase cells (dayl) were prepared by
YEA medium. After adjustment of cell concentrations (I x 107 cells/ml) in one
sample tube, immediately, DMSO or DIM (20 and 40 pug/ml) were added to the
cultures and incubated for 10 min at 30°C. After precipitating, washing the drugs
with sterile water, and suspending with YEA and counting the cell concentration,
100 pl of treated cultures with the same concentration (1x107 cells/ml) were used for
viability assay. Spot assays were done in five-time serial dilutions on YEA plates

and saved at 30°C for 3 to 5 days to take the images.

2.2.4. Quantitation of the percentage of viability

The liquid YEA medium containing 3% of glucose was used for overnight
culture in each strain and then they were treated based on the desired experiment in
three independent replications. The same cell number (500 cells) for each treatment
were dispersed on YEA plates, after counting the cells number with a
hemocytometer. Three days later, the grown colonies were counted and the viability
percentages were calculated. The percentage of viability at day O (= reaching the
log-phase) was set to 100% of viability, and subsequent grown colonies number was
normalized to day 0 when the drugs were added to the log-phase cells. In the case of

stationary-phase cells, the percentage of viability was normalized at day 1 (=
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reaching the stationary-phase), and the viability percentage for day 1 was set to

100% and subsequent grown colonies number was normalized to day 1.

Percent of viability for atg74, ireiA, and lem2A4 strains compared to wild type
have been measured three days after adding DMSO, DIM (5 pg/ml), or 2-ME (10

mM) to the log-phase liquid cultures.

2.2.5. Apoptosis detection by acridine orange/ethidium bromide (AO/EB)
and 4°,6-diamidino -2-phenylindole

Dual staining by AO/EB was conducted to detect dead cells and terpinolene
(300 mg/l), Tokyo Chemical Industry Co (TCI), was used as control to show
apoptosis phenotype [14]. AO was purchased from FUJIFILM Wako Company in
Japan. Briefly, after precipitation with 2 min centrifuge (3,000 rpm) and washing the
20hrs-trated cells with PBS (pH: 7.4), cells were resuspended in 100 pl PBS with 5
ul of AO/EB mixture (AO 60 pg/ml: EB 100 pg/ml). Five min after incubation in the
darkroom at room temperature, cells were washed twice with 300-500 pl of PBS and
precipitated with 1 min centrifuge (3,000 rpm) and imaged by a Zeiss GFP filter set
38 HE of fluorescence microscope for AO, and a Zeiss mRFP filter set 63 HE for
EB. 1 pl of AO stock (600 pg/ml) and 1 pl of EB stock (1 mg/ml) and 8 pl of PBS
were used as AO/EB mixture for every 1 ml culture. Terpinolene stock was prepared
by dissolving in DMSO. Exposure times were set at 400ms for GFP, 200ms for RFP,

and 400ms for the DIC channel. Totally, EB is up taken by dead cells only because
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of membrane integrity loss in dead cells, but AO permeates into both dead and live
cells and stains them green. Finally, dead cells are detectable in orange color in the

merged images. Images were analyzed by Imagel software.

To visualize nuclear fragmentation and condensation, 1 ml of the cultures
were precipitated with 2 min centrifuging at 3,000 rpm, after discarding the medium,
I ml milli-Q water was used to wash the pellets. After 2 min centrifuging, plates
were suspended with 300 pl of 70% ethanol, and kept at 4°C for 20 min. After
precipitation of the cells with centrifuging (2 min, 3,000 rpm), the precipitated cells
were mixed with DAPI (0.1 mg/ml) in a 1:1 portion ratio to stain chromosomes.
Stained cells were transferred on a glass slide and nuclei were observed under a
fluorescence microscope. For microscopic analysis, a Zeiss microscope and the
AxioVision 4.8 software were used to capture images, which were then analyzed

using the ImagelJ software.

2.2.6. Microscopy

Basically, 1ml of the desired treatment or control cultures were used and precipitated
by centrifuge at room temperature for 1 min (3,000rpm), then transferred on a glass
slide, and checked by a related filter set with a Zeiss microscope with AxioVision

4.8 software. In the timelaps monitoring, 2 min interval was used.
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2.2.7. ATP level measurement

YEA log-phase culture was prepared for strain 75-D09 [74] with expressing
of Queen. Cells were treated with DMSO, DIM (20pg/ml) and sodium azide (NaN3,
0.2mM) separately and incubated for 10 and 20 min at 30°C. 1ml of each culture
was used to check and take the images with fluorescence microscopy. Queen is an
ATP biosensor with two excitation peaks (410 nm for joined ATP with Queen and
480 nm for Free Queen), the mean ratio for these two excitation peaks gave an
estimation for ATP level in cells [75]. After the image processing, the color of the
cell with the normal ATP level was green and the color of cell with the low or

without ATP level was blue (Fig. 2.2).

410 nm 480 nm
Normal ATP level

.
DD Lo

Fig 2.2. Design of Queen. The highest signal intensity (excitation peak) of ATP-bound Queen is at
410 nm, while for of free Queen is at 480 nm [75]. The mean ratio for these two excitation peaks

gave an estimation of ATP level in the cell. After image processing, cells with normal ATP level are

in green color, in contrast to the cells with low ATP level are in blue color.

To take the image, two different filter set was used. The first filter set was

custom-made filter set CHROMA (ET 395/25%/BS T495lpxr/EMET525/50m). A

25



Zeiss GFP filter set 38 HE was also used [74], and the light exposure times for the
DIC channel were decreased to 2ms in comparison to 80ms for CHROMA or 300ms
for the GFP channel. Data were analyzed in ImageJ software. Before analysis, the
“Adjustable Watershed” plugin was installed to the software, and “Rainbow
Smooth.lut” was attached by copying and pasting the file in “luts” folder. With
“drag and drop”, zvi images were opened in software. The stack viewing and the
color option were set as “Hyperstack” and without autoscale respectively. Images
were split into different channels through the Image>Color> Split channels. After

splitting the channels, three separated channel were created.

C1- (file name) = 400 nm excited image, for DAPI channel

C2- (filename) = 480 nm excitation image, for GFP channel

C3- (file name) = for DIC image

For every channel, these three steps were done through the
(DProcess>Subtract Background>Rolling ball radius=50.0 pixel.
(2)Image>Type>32bit

(3)Image>Adjust>Threshold > Dark Background>Auto>Apply>Set to NaN

Then a new window was created through the Process>Image calculator. For
Imagel: C1 and Image2: C2 were selected and dividing operation was run. Through

the Image>lookup Table, ‘“Rainbow Smooth” was selected. Over the

26



Image>Adjust>Brightness and Contrast>, the minimum was set to =0, and the
maximum was set as =4. Every cell was selected by using the freehand selection
option from the toolbar. To analyze the data, the Analyze>Measure was used and the
mean values were considered as a real data. The black area was NaN and the area
was considered to be 0, therefore, it was not necessary to surround the cell exactly

according to the outline.

2.2.6. Nitrogen starvation and the condition in which DIM induces
autophagy

The overnight culture in PMG medium (see the appendix for media),
supplemented by nucleotides and amino acids, was used to get log-phase cells of the
GFP-Atg8 strain. 4 ml of the culture were precipitated and washed (2min,
3,000rpm). Medium was replaced by EMM with 1% glucose without any source of
the nitrogen and incubated at 30°C. In parallel, 5 pg/ml DIM and DMSO were added
to 4 ml of the overnight cultures in PMG (~0.5%107 cells/ml) and incubated at 30°C
in PMG. GFP-Atg8 foci were monitored by a fluorescence microscope after four

hours of nitrogen starvation and two hours of incubation with DIM, respectively.

2.2.7. Viability assay by spot test in DIM autophagy inducing condition
In viability assay, 3% YEA liquid medium was used, and fresh YEA plates
were employed, containing the 5 pg/ml DIM or DMSO for the control condition.

DIM was added to the solid YEA medium when it was warm (not hot) just before
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pouring into the plates, and DIM plates were saved at room temperature or 4°C far
from light, (they were usable at least for 2 days). For spotting assay, log-phase cells
were used and after spotting, in five-time serial dilutions, plates were incubated at
30°C for 3-5 days to take images. To compare the ER stress induction, the fresh

plates with 10 mM 2-mercaptoethanol (2-ME) were used.

2.2.8. Statistical analysis
The post hoc T-test with Bonferrori correction was used to compare between
the treatments or genotypes. All of the statistical analyses were done in excel

software.
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2.3. Results and discussion

2.3.1. DIM reduces cell viability in log-phase cells, but not in stationary-
phase cells

A study has shown that a high concentration of DIM (20 pg/ml) increases
chronological lifespan in fission yeasts while a low concentration of DIM (4 pg/ml)
seems to reduce lifespan [72]. These facts imply that DIM may have both positive
and negative effects on cell viability in fission yeast. Chronological lifespan is
investigated using stationary-phase cells. However, the acute effects of DIM on
fission yeast log-phase cells are not reported. To understand the early effects of DIM
on fission yeast cells, first I carried out a viability spotting assay by focusing on the
log-phase stage. In this case, DIM (20pg/ml) was added to the day O culture which
contained log-phase cells (0.5 to 1x107 cells/ml) and after one day, spotting assay
was done with five-fold serial dilutions (Fig. 2.3A). Surprisingly, when cells were
cultured for only 24 hours in the presence of a high concentration of DIM (20pug/ml),
cell viability was reduced dramatically (Fig. 2.3A, day 1) and severe growth defect
was observed during the first 24 hours (Fig. 2.4). To quantify the amount of viability
reduction and to show DIM does not arrest the growth, the percentage of viability
was analyzed based on counting the colony formation (Fig. 2.3B). As shown, results
indicated significant viability reduction during first 24 hours after adding the DIM

(20pg/ml) (Fig. 2.3B, day 1). To know for how long DIM has the negative effects on
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viability, the spotting assays were performed till day 9 and quantified by counting
the colonies (Figs. 2.3A and B). As shown previously [72], my results also showed
that the cell viability was better in the presence of a high concentration of DIM
(20pg/ml) in comparison to DMSO condition after day 5 (Figs. 2.3A and B).
Surprisingly in DIM condition, no viability reduction was observed on day2 in
comparison with dayl (Figs. 2.3A and B).

Viability assay in log-phase cells
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DMSO
DIM
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Fig 2.3. DIM inhibits the cell viability of log-phase cells. (A and B) DIM (20 pg/ml) was added to
the log-phase cells (~0.5-1 x 107 cells/ml) and spot assay with five-fold serial dilutions was
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conducted for viability test (A). For control experiment, Dimethyl sulfoxide (DMSO) was used. The
cell viability with the same cell concentration was done on YEA plates during nine days. 24 hours
incubation after adding the drug was named “Day 1. Percentages of viability for each day are
shown (B). (C and D) DIM (20 pg/ml) was added to the stationary-phase cells and the viability was
studied (C). Log-phase cells were cultured for 24 hours. Then, DIM (20 pg/ml) was added to the
stationary-phase cells (~1 x 10% cells/ml). The cell viability was checked with same cell
concentrations till day 3. Arrow shows the time of adding DIM. Percentages of viability of treated

stationary-phase cells are shown in D. See materials and methods for details.
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Fig 2.4. DIM inhibits cell growth in log-phase cells during the first 24 hours. DIM (20 pg/ml)

was added to the log-phase cells and the cell growth was measured during the first day.
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It indicated that DIM did not inhibit cell growth after additional incubation on
day 2 (Figs. 2.3A and B) and suggested that either DIM does not decrease the
viability when cells are in the stationary-phase or DIM is decomposed. To test the
possibility that a high concentration of DIM does not reduce the cell viability when
the cells are in the stationary-phase, DIM (20pg/ml) was added to the stationary-
phase cells which were dayl cells (~1 x 10® cells/ml). I found that DIM did not
reduce the viability of the cells in stationary-phase on day 2 in comparison with the

viability of the cells dayl, before treating (Figs. 2.3C and D).

2.3.2. Acute effect of DIM on log-phase and stationary-phase cells

One of the possibilities that stationary-phase cells are resistance to DIM is
higher cell number in stationary-phase culture, which may reduce the effective
concentration of the DIM relative to each cell. To test this possibility, an acute
viability assay was performed (Fig. 2.5). The same cell number were adjusted
between stationary- and log-phase cells and I incubated them with DIM (20pg/ml)
just for 10 min to avoid cell phase-shifting of stationary-phase culture. Then DIM

was removed with wash out the cells and spotting assays were done.
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Acute viability assay
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Fig 2.5. Ten minutes incubation with DIM is enough to kill log-phase cells. (A) The same
concentration of log-phase cells and stationary-phase cells (1 x 107 cells/ml) were incubated in the
presence of DIM (20pg/ml) or DMSO for 10 min to do the acute viability assay. Images were taken

after 3 to 5 days incubation at 30°C. (B and C) The percentages of viability are shown as A for the

treatments. See materials and methods for details.

The result showed that the ratio of drug molecules per cell is not the reason
for the difference in viability of log-phase and stationary-phase cells in response to
DIM (Figs. 2.5A) and stationary-phase cells are still more resistant to DIM than log-
phase cells when 20ug/ml or 40pug/ml DIM was used. 10 min of incubation with
DIM was also enough to trigger cell death in log-phase cells (Figs. 2.5B), it means

the process of cell death, continues even after DIM removal.

33



As it implied, the stationary-phase cells were more resistant to DIM than the
log-phase cells with the same cell concentration (Figs. 2.5A and C, DIM 20ug/ml).
However, even the higher concentration (40 pg/ml) of DIM killed the stationary-
phase cells (Figs. 2.5A and C), demonstrating that DIM affects viability of

stationary-phase cells when the DIM concentration is very high.

2.3.3. DIM is suggested to induce apoptosis in log-phase cells

The recent results from human studies showed that DIM induces apoptosis in
various cancer cells by different mechanisms [55, 76]. It was assumed that DIM
possibly kills the fission yeast by apoptosis induction. To ask about this possibility, I
checked the vital status of 20hrs-treated cells in log-phase and stationary-phase
cultures through the dual staining method with AO and EB (see material and method
[14]). As it mentioned in material and method section, only the dead cells are stained
by ethidium bromide. Dual staining demonstrated about 100 percent of cell death in
both log-phase and stationary-phase cells by terpinolene (300 mg/ml), which is an
apoptotic inducer and used as a control compound [14] (Figs. 2.6A and B). I found
about 80 percent of log-phase cells died after 20hrs of incubation with DIM
(20pg/ml) (Figs. 2.6A and B), in contrast, stationary-phase cells were not killed by
DIM (Figs. 2.6A and B). Nuclear fragmentation is a hallmark of apoptotic cell death
in fission yeasts [19]. Therefore, to investigate apoptosis induction, the shape of the

nuclei was analyzed by DAPI staining in the log-phase and stationary-phase cultures
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that were incubated for 6hrs with DIM (20pug/ml), DMSO, and terpinolene
(300mg/ml). Terpinolene induced nuclear fragmentation and apoptosis [14] in both
log-phase and stationary phase cells (Figs. 2.6C and D). I detected nuclear
fragmentation in log-phase cells (Figs. 2.6C and D). The metacaspase activity as a
sign of apoptosis was not compared in my experiments. Considering that DIM
induces caspase activity in human cancer cells [46-47], my indirect results suggested
that DIM may induce apoptosis in log-phase cells in fission yeast (Figs. 2.6C and
D). In contrast, there was no difference in nuclei morphology between DMSO and
DIM treated stationary-phase cells. Therefore, my results implied that DIM may
induce apoptosis in the log-phase cells but not in the stationary-phase cells.
Moreover, based on the acute assay result (Fig. 2.5), treatment with DIM
(20pug/ml) for 10 min with DIM is enough to reduce cell viability in log-phase.
However, it was unknown if this 10 min treatment also triggers apoptosis in log-
phase cells. To ask it, first dual staining was done in log-phase cells which were
treated for 10 min with DIM (20pg/ml) (Fig. 2.7). I found that 10 min-treated cells
were not stained by ethidium bromide, suggesting that the cell membrane remains
intact and DIM does not kill the cells within 10 min instantly (Fig. 2.7A). In
addition, 10 min-treated cells, were precipitated and washed, and cells were
transferred to the solid YEA medium for 6hrs, after it, nuclear fragmentation was

measured in them. I found that even when 10 min treatment with DIM (20pg/ml)
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could not kill the cell immediately (Fig. 2.7A), however, it was enough to trigger

nuclear fragmentation in cells after 6 hours (Fig. 2.7B).

A Acridine orange Ethidium bromide merged C
@
- @
2 2
ks =
5 o
- o

" :

| =

e .

°
£
e ;
K}

-- :
@ ©
= R =
& &
e =

= s @®©
S =
S
@ 2 =
Qb 3

o o & wn

c 1 5

3 : =

2

B % of dead cells D % of nuclear fragmentation

B bpmso DIM Terpinolene B DmMso DIM Terpinolene
. - 80 ****
100 - - = ||_: |
80 | I 60
¥
n/ll &0 % 40 | _\!
40
3 5 [ B 0 e
log-phase stationary-phase log-phase stationary-phase

36



Fig 2.6. DIM induces apoptosis in fission yeast log-phase cells. (A and B) 20 hours after adding
DIM (20 pg/ml), the cells were stained with AO and EB. Terpinolene (300 mg/l) was used as a
control positive treatment. Details about microscopy and imaging were described in material and
method section (A). The percentages of dead cells were calculated from the merged images using
ImagelJ software is shown in B. At least 300 cells were counted with three independent experiments
for comparison. (C and D) DAPI staining was used to detect the nuclear fragmentation after six
hours of incubation with DIM (20ug/ml) or terpinolene (300 mg/l) (C). The percentages of nuclear

fragmentation are shown in D for at least 200 cells were with three independent experiments.
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Fig 2.7. DIM triggers cell death but cell membrane integrity is not destroyed at an early time

point. (A) The log-phase culture was prepared for wild type and treated with DIM (20 pg/ml) and
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incubated for 10 min. Dead cell abundance was detected with dual staining method as shown in
orange color. The percentages of nuclear fragmentation are shown in B. The log-phase cells were
treated with DIM (20 pg/ml and 40 pg/ml) for 10 min. After treatment, cells were washed,
precipitated, and transferred to the sample tubes containing sold YEA medium. Six hours later,
nuclear fragmentation was monitored by DAPI staining. For compassion, at least 200 cells were

counted with three independent experiments.

2.3.4. DIM induces nuclear condensation and NE disruption in log-phase
cells within ten minutes.

To understand how DIM caused the reduction in viability of log-phase cell
(Figs. 2.3A and B, day 1), I analyzed nuclear morphology using cells expressing
histone H2B fused to GFP (Htb1-GFP) in the presence of DIM or DMSO (Fig. 2.8).
More than 98 percent nuclear condensation was observed in the log-phase cells
which were incubated for 10 min by DIM (20 pg/ml) (Figs. 2.8A and D) in contrast
to stationary-phase cells (Figs. 2.8C and D). I analyzed NE morphology using a
strain expressing Cutl 1-GFP in DIM condition. The result from analyzing the cutl1-
GFP strain, suggested that DIM may disrupt NE in log-phase cells within 10 min
(Figs. 2.8B and E) but not in case of stationary-phase cells (Figs. 2.8C-E).

The difference in the nature of NE, gene transcription or protein compositions
of cells might be the reason for the sensitivity of log-phase cells in comparison to
stationary-phase cells. Ishl, a NE protein, has a higher level of expression in

stationary-phase than in log-phase [77]. Ishl may be a candidate for the resistance to
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DIM in stationary-phase cells. However, it is possible that DIM targets the unknown

NE-independent protein(s) in log-phase cells, which may be absent in stationary-

phase cells.

100
80
% 60
40

20

% of condenced nuclei
ODMSO EDIM

* %

-

ns
—=— mulam

log-phase stationary-phase

Cut11-GFP

100

80

0/ 60
%

40

20

39

% of NE disruption
ODMSO mDIM

* %

s

ns
| p— |

— .

[r——

log-phase stationary-phase



Fig 2.8. DIM induces nuclear condensation and NE disruption in log-phase cells. (A) DIM (20

pg/ml) was added to log-phase cells (0.5~1 x 107 cells/ml) expressing Htb1-GFP as a histone

marker. (B) The time-lapse images taken during the 10 min incubation with DIM (20 pg/ml) and
DMSO, using Cutl1-GFP signal as a marker for nuclear envelope (NE). (C) DIM (20 pg/ml) was

added to the stationary-phase cells (10~15 x 107 cells/ml) that are cultured as in Fig. 2.3C. After 10

min, the shape of the nuclei and NE were observed as in A and B. (D and E) At least 200 cells were

counted with three independent experiments for D and E separately, to calculate the percentages of

condensed nuclei and possible disrupted NE in log- and stationary-phase cells.

Moreover, it is possible that DIM inhibits some of the membrane proteins that
are required for NE integrity, or suppresses the pathway(s) involve in control of the
protein transportation between nucleus and cytoplasm at DIM (20 pg/ml) condition.
Thus, DIM may cause the mis-localization of the nuclear or cytoplasmic protein by
the possible disrupted NE. Subsequently, this mis-localization may change nuclear
homeostasis and induce nuclear condensation. Nuclear condensation and NE
disruption are known as signs of apoptosis induction in fission yeast [15, 17, 19].
However, in my experiments, both these signs happened much earlier than previous
observations [15, 17, 19]. It is known that the disruption of nuclear transport and
disassembly of the nuclear pore complex (NPC) occurs before caspase-9 activation
in humans [78]. In conclusion, it could be possible that during the first 10 min
treatment of fission yeast cells by DIM, both nuclear condensation and NE

disruption happen before apoptosis induction. NE disruption by DIM and possible
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subsequent defect in protein transport between the nucleus and the cytoplasm might
be a reason for apoptosis induction. Further studies are necessary to understand the

mechanism of apoptosis induction by DIM in fission yeast.

2.3.5. Mitochondrial ATPase may not be the first target of DIM in fission
yeast.

Previous studies have shown that one of the direct targets of DIM in human
cells is mitochondrial F1F0-ATPase [54] which reduces ATP level and induces cell
arrest in MCF-7 breast cancer cells [55]. To ask if DIM inhibits mitochondrial
ATPase in fission yeast or not, and whether ATPase is the early target of DIM in
vivo condition, I measured the ATP level after adding the DIM (Fig. 2.9). I used a
strain, which has a Queen as a reliable ATP biosensor [74]. Queen has two
excitation peaks (410 nm for bounden ATP by Queen and 480 nm for Free Queen)
[75]. The mean ratio of Queen signal per cell shows ATP level. Sodium azide
(NaN3) is used as a known mitochondrial F1F0-ATPase inhibitor [79]. NaN3 inhibits
oxidative phosphorylation via inhibition of cytochrome oxidase and reduces ATP
level rapidly [79]. I assumed that ATP level must be reduced by DIM rapidly similar
to NaN3. To Investigate it, the log-phase cells of Queen expressing strain were
treated with DMSO, DIM (20ug/ml), and NaN3 (0.2mM) separately and incubated
for 10 and 20 min. Then ATP level were measured after image processing in ImageJ

software (Fig. 2.9B). My results indicated that the NaN3 reduces the ATP level
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rapidly after 10 min, however, DIM (20ug/ml) causes ATP reduction after 20 min
(Fig. 2.9). It implied that mitochondrial ATPase in fission yeast is not the early
target of DIM, because NE disruption and nuclear condensation were observed
within 10 min after treatment with DIM (Fig. 2.8), which has happened earlier than

ATP reduction (Fig. 2.9).
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Fig 2.9. Mitochondrial ATPase is not the first target of DIM in fission yeast. (A) The log-phase
culture of Queen expressing strain [74] was prepared and treated with DMSO, DIM (20pug/ml), and
NaNj; (0.2mM) separately and incubated for 10 and 20 min. The taken images were processed with

ImagelJ software. The green color indicates normal ATP level, and the blue color means low ATP

42



level in cells. (B) The mean Queen ratio per cell was compared. ATP level was measured in at least

50 cells for each treatment. See material and method for details.

2.3.6. Autophagy is induced by DIM, and the autophagy pathway but not
the ER stress response pathway is required for the resistance to DIM

DIM induces autophagy in human cancer cells [61]. To understand if DIM
induces autophagy in fission yeast, first, I constructed the strain expressing ectopic
GFP-Atg8 with the nmt41 promoter, by integrating liner plasmid into the wild-type
strain (see the material and method for details). Autophagy contributes to cell
viability under nitrogen starvation in fission yeast [11]. Therefore, I checked
autophagy induction through the nitrogen starvation (Fig. 2.10A). It is known that
GFP-Atg8 foci are produced by nitrogen starvation in fission yeasts [26] (Fig.
2.10A), which is a hallmark of autophagy induction. However, when 20pg/ml of
DIM was used, GFP-Atg8 signal was dispersed in the DIM-treated cells and it was
not detectable (data not shown here), suggesting that high concentration of DIM
(20pg/ml) cannot induces autophagy in log-phase cells. In contrast, I observed GFP-
Atg8 foci in treated log-phase cells after two hours incubation with DIM (5ug/ml)
(Fig. 2.10B). This result suggested that DIM induces autophagy in fission yeast at a

low concentration (5 pg/ml).
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2hrs DMSO DIM (5pg/mi)

Fig 2.10. A low concentration of DIM induces autophagy in fission yeasts. (A and B) Cells
expressing GFP-Atg8 were incubated for four hours in nitrogen starvation condition as a positive
control condition (A) or treated a low concentration of DIM (5 pg/ml) and incubated for two hours
(B). GFP-Atg8 foci were used as markers for autophagy induction. See materials and methods for

details.

To ask whether autophagy induction by DIM leads to the complete process of
autophagy, DY29585 strain was used [33]. DY29585 contained two protein markers,
Ost4-CFP, an ER protein, and Cpyl-mCherry for vacuoles (Fig. 2.11). Co-
localization of Ost4-CFP and Cpyl-mCherry means the entry of ER membrane into
the vacuole and shows the degradation step of autophagy [33]. Dithiothreitol (DTT)
was used as a control treatment, which causes autophagy in fission yeast [33]. As
shown here (Fig. 2.11), treatment with DMSO didn’t show co-localization for both
markers, which means no autophagy. In contrast, after 20hrs incubation with DTT
(10mM), autophagy was confirmed with co-localization of Ost4-CFP and Cpyl-
mCherry. A co-localization for both markers was also found in DIM (5pg/ml)

44



concentration after 20hrs incubation, which means autophagy is continued by the

time to complete its process.
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Fig 2.11. Confirmation of autophagy by DIM (5pg/ml) in log-phase cells of fission yeast. The
log-phase cells were prepared with EMM medium supplemented with required nucleotide and
amino acids (see media appendix). Cultures were treated with DMSO, DIM (5pg/ml) and DTT
(10mM) and incubated for 20hrs at 30°C. To prevent changing the cell phase from log-phase to
stationary-phase during the 20hrs, primary cell concentration was adjusted around to 0.2 x 10’
cells/ml. Images were taken by a Zeiss CFP filter set 47 HE of fluorescence microscope for Ost4-
CFP, and a Zeiss mRFP filter set 63 HE for Cpyl-mCherry and analyzed in ImageJ. See material
and method for details about taking the images. Arrows show the co-localization of both markers

indicating the final process of autophagy.
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For the assessment of autophagy, a western blot analysis was also done for
strain expressing GFP-Atg8. After 8 hrs, nitrogen starvation accumulated cleaved
GFP, which indicated the autophagy process. However, only a weak band that may
be cleaved GFP was detected after 15 hrs in DIM-treated cells. However, the band
intensity was not strong enough for the publication grade. Therefore, the western-
blot result is not shown here. Due to the other results, which indicated autophagy
induction by DIM (Figs. 2.10 and 2.11), it is possible that DIM produced cleaved
GFP, which may be degraded.

To investigate the contribution of autophagy in cell survival in the presence
of DIM (5pg/ml), 1 used a constructed atg7A strain (See material and method). As
shown previously, atg7A cells that have defect in the autophagic pathway, lose

viability under nitrogen starvation [80] (Fig. 2.12).
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Fig 2.12. atg7A strain lose viability under nitrogen starvation. Percentages of viability under
nitrogen starvation for three days are shown. The log-phase cells of auxotrophic wild type strain (4*

ade6-216 leul-32, ura4-D18, lysi-131) and its atg7A mutant were cultured in YEA medium. Then
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cells were cultured in EMM without any nitrogen source and adenine, leucine, uracil and lysine.

Day1 means that cells were cultured for one day under nitrogen starvation.

Using the spotting assay (Fig. 2.13A) and calculating the viability percentage
(Fig. 2.13C) showed that atg7A cells are more sensitive to low concentration of DIM
(5 pg/ml) than wild-type cells. It means the autophagy pathway contributes to the

resistance to a low concentration of DIM.
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Fig 2.13. Autophagy pathway, but not ER stress response pathway, is required for the
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resistance to DIM. (A-C) Viability of log-phase cells of wild-type (Wt), atg7A (A) and irelA (B)
were studied by spot assay with five-fold serial dilutions in the presence of DIM (5 pg/ml) or 2-ME
(10 mM). The images were taken 3-5 days after spotting. The percentages of viability are shown in
C. (D) Autophagy induction by DIM (5 pg/ml) was studied in ire/A mutant expressing GFP-Atg8.

The experiment was performed as shown in Fig 2.10. See materials and methods for details.



DIM also induces ER stress and accumulates Irel, which is responsible for
autophagy induction in human ovarian cancer cells [61]. The next question was
whether ER stress-response contributes to the viability in the presence of DIM (5
pg/ml) in fission yeast. Irel is the major player for ER stress response (UPR
regulation) in fission yeast [17, 81], therefore I used ire/A strain to check its
sensitivity to DIM, and asked whether Irel pathway involves in cell survival by DIM
(Spg/ml) (Figs. 2.13B and C). I found that ire/A cells were not sensitive to DIM,
while they were sensitive to the ER stress condition induced by 2-ME (Figs. 2.13B
and C). This data shows that ER stress response does not contribute to survival in the
presence of DIM. As mentioned before, DIM induces ER stress in human ovarian
cancer cells [61]. The study showed that if mithramycin, ER stress inhibitor, inhibits
the ER stress mediated by DIM, therefore ER stress response will be inhibited or not
occurred and subsequently, it prevents autophagy induction by DIM. This result
suggested that ER stress response is required for autophagy induction by DIM in
ovarian cancer cells [61]. I investigated whether ER stress response is required for
autophagy induction by DIM in fission yeast. I used ire/A strain by expressing GFP-
Atg8 as an autophagy marker (Fig. 2.13D). I found that GFP-Atg8 foci could still be
observed in the irelA strain in the presence of DIM (Fig. 2.13D). It means that DIM
induces autophagy in irel4 cells and DIM inducing autophagy may not need ER

response to trigger in irelA cells.
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It is already known that nitrogen starvation [26, 33], sulfur depletion [36], or
ER stress [33] induce autophagy in fission yeast. My results suggested that, in
contrast to the human case, ER stress response is not required for autophagy
induction by a low concentration of DIM (5pug/ml) in fission yeast. It remains
unclear how DIM induces autophagy in fission yeast. DIM might mimic nitrogen
starvation or sulfur depletion or alternatively, DIM might induce autophagy by an
unidentified pathway. Due to my results, the autophagy induction by DIM is Irel-
independent, demonstrating that autophagy induced by DIM is not likely ER stress
response-dependent in fission yeast. However, it is unknown if DIM induces ER
stress or not. One possibility is that DIM (5ug/ml) does not induce ER stress,
therefore, ER stress response is not required to induce autophagy in ire/4 mutant
strain. Because if DIM induces ER stress, the viability of ire/4 mutant should be
reduced at low DIM concentration (5pug/ml) similar to ER stress condition (2-ME)

but it did not.

2.3.7. Nuclear membrane protein, Lem2, is required for the resistance to
DIM

I showed that DIM may disrupt NE rapidly (less than 10 min) (Fig. 2.8B),
implying that NE could be a direct target or NE disruption might be an early event in
the response to DIM. In these cases, the mutant, which has a defect in NM integrity
might be more sensitive to DIM. Lem2 is an inner NM protein and plays an

important role in regulating NE membrane homeostasis [82] and chromatin
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anchoring to the nuclear periphery in fission yeast [83]. I investigated whether
lem2A cells are more sensitive to the low DIM concentration (Fig. 2.14). I found that
lem2A cells are more sensitive at low concentration of DIM (5pg/ml), Therefore,
Lem?2, is critical for cellular viability in the presence of DIM (Figs. 2.14A and B). I
checked the NE morphology in the /em2A mutant in DIM (5pug/ml) condition (Fig.
2.14C). In contrast to the high concentration of DIM (20 pg/ml) (Fig. 2.8B), the low
concentration of DIM (5 pg/ml) did not affect the NE of the wild-type strain (Figs.
2.14C and D and Fig. 2.15). But, NE in the lem2A mutant was significantly
disrupted within four hours of incubation with DIM (5ug/ml). These results

confirmed that the NM protein, Lem2, is required for the resistance of NE to DIM.
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Fig 2.14. Lem?2 is required for the resistance to the low concentration of DIM. (A and B)
Viability of log-phase cells of wild-type and /em2A was studied by spot assay with five-fold serial
dilutions in the presence of DIM (5 pg/ml) or 2-ME (10 mM). (A) Spotting assay was done as
described in Fig. 13A. The percentages of viability are shown in B. (C and D) Fluorescent signals
for Cutl1-GFP protein in wild-type and /em2A log-phase cells were seen after four hours incubation

with DIM (5 pg/ml) in YEA medium. Images merged with DIC are shown in C. At least 200 cells

52



were counted with three independent experiments to calculate the percentages of possible NE

disruption in wild type and lem2A are shown in D.

___ Cut11-GFP Htb1-GFP

o

DMSO  DIM(5ug/ml)

Fig 2.15. DIM does not induce nuclear condensation and fragmentation at a low DIM
concentration. (A) DIM (5 pg/ml) was added to the log-phase cells expressing Cutl1-GFP and
Htb1-GFP and assayed after 10 min incubation (B) DAPI staining was performed for log-phase

cells after 5 hours of incubation with DIM (5 pg/ml).

There are some possibilities why the /em24 cells are more sensitive to the low
concentration of DIM. Lem?2 acts as a barrier to membrane flow between the NE and
other parts of the cellular membrane system [69]. It seems that without Lem2, even a

low DIM concentration (Spug/ml) may dramatically affect the membrane flow
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between NE and ER membrane which may increase the sensitivity of the lem24 cells
and reduce their viability in the presence of DIM. Another possibility is that, the
amount of C24:0 fatty acid, which is important for the survival of yeast cells [84], is
reduced in the absence of both Lem2 and Bqt4 (nuclear membrane protein) in fission
yeast [67]. It is possible that deletion of lem2 affects the physical property of the NM
including fatty acid composition or possibly membrane protein composition, thus it
makes the lem24 cell more susceptible to the DIM (5pg/ml). The next possibility is
related to the potential role of Lem2 protein in the sealing process of NE by ESCRT-
Il complex (Fig. 2.15). lem24 cells have defects in the recruitment of proteins such
as Vps4 and Cmp7 to NE, therefore, they may have problems in repairing the holes
of NE by ESCRT-III [70]. DIM may also make holes in the NE of wild-type cells,
which could be repaired (Fig. 2.1). In contrast, in the lem2A strain with defects in

Vps4 expression and Cmp7 localization, ESCRT-III may be unable to seal the NE

[70].
lem2A + DIM(5pg/ml) cytosol
Vps4 o
ESCRT-III
-\ L
Cmp7 > nucleus

Fig 2.16. NE of lem2A4 cells is more sensitive to DIM possibly due to defects in the sealing

process. At a low DIM concentration, DIM may induce holes in NE of lem24 cells however,
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without Lem2, cells may have defects in the sealing process because Cmp7 cannot be recruited for

ESCRT-III.

2.4. Summary

Here, in chapter 2, I demonstrated that using the DIM in fission yeast shows a
dose-dependent behavior that kills the log-phase cells at the high concentration
(20pg/ml) and it may cause apoptosis in fission yeast cells (Fig. 2.6). DIM also
induces autophagy at a low concentration (Spug/ml) (Fig. 2.10). Apoptosis ad
autophagy were new reports about the acute effects of DIM on fission yeast log-
phase cells till now. Through the acute assay, I detected that the log-phase cells are
more sensitive to DIM than stationary-phase cells (Fig. 2.5) which might be due to
the diverse gene transcription or protein compositions in different cell phases.
Further, the examination of the nuclear fragmentation, a hallmark of apoptosis,
implied the possible apoptosis induction by DIM (20ug/ml) in the log-phase cells
(Figs. 2.6C and D). The acute assay showed that 10 min treatment with DIM is
enough to trigger the possible apoptosis in log-phase cells (Fig. 2.7B). Evaluation of
the morphological events within this 10 min suggested NE disruption and nuclear
condensation by DIM (20ug/ml) (Fig. 2.8). It seems the possible NE disruption and
subsequent defect in protein transport between the nucleus and the cytoplasm may
trigger apoptosis in log-phase cells. To understand if mitochondrial ATPase is the
early target of DIM in fission yeast cells, the ATP level was measured in a strain

expressing Biosensor Queen [74]. The result revealed that ATP level dropped by
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DIM (20pg/ml) after 20 min (Fig. 2.9), while the change and the possible NE
disruption by DIM happens within 10 min (Figs. 2.8B and D). This result suggested
that NE may be the earlier target of DIM in comparison to mitochondrial ATPase in

fission yeast.

My study about the effects of low DIM concentration (5pug/ml) demonstrated
autophagy induction in the log-phase cells (Figs. 2.10 and 2.11). I showed that
autophagy induction by DIM in fission yeast is an ER stress response-independent
pathway (Fig. 2.13 D). Further, I showed that autophagy pathway but not the ER
stress response pathway is required to protect the cells at a low DIM concentration
(Figs. 2.13 A to C). Moreover, I did not find nuclear condensation, NE disruption
and nuclear fragmentation at the low DIM concentration in log-phase cells (Fig.
2.15). I found that NE seems to be intact in wild-type cells when DIM (5pg/ml) is
used while in a strain with a defect in NM integrity, lem24, the dramatic NE
disruption happens (Figs. 2.12C and D). I assumed that the effect of DIM on NE
may be the reason for DIM sensitivity in lem24 cells. This information indicated that
besides of autophagy pathway, the status of NE integrity is crucial for maintaining
the viability of fission yeast cells at the low DIM concentration. There are some
possibilities for the sensitivity of NE in lem24 in contrast to wild types at DIM
(5pg/ml) condition. The potential role of the Lem?2 to seal the NE in collaboration
with ESCRT-III machinery is one of them. It means that DIM (5pg/ml) may make

holes in NE, and in cells without Lem2, Cmp7 cannot be recruited for ESCRT-III
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complex [70]. In contrast, in wild-type cells, the holes of NE can be sealed because
Lem?2 is available to recruit Cmp7. Moreover, Lem2 may be involved in the control
of fatty acid metabolism and lipid compositions of NE [67], and DIM may
synergistically affect fatty acid metabolism therefore, NE in /em24 is more sensitive
to DIM even at a low concentration. Even, Lem2 acts as a barrier for membrane
flow between nucleus and ER [69], and deletion of /em2 may change the balance of

membrane flow and makes the NE more sensitive to the DIM.
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Chapter 3

Conclusion
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Chapter 3. Conclusion

3.1. Thesis summary

Apoptosis is a process to kill the damaged and unrepairable cells to maintain
health in multicellular organisms. Apoptosis is a promising target for cancer therapy
because it induces cell death in cancer cells. Autophagy recycles the cellular
components and can be induced by stress or nutrient starvation. Autophagy can
suppress the growth of cancer cells. Therefore, autophagy induction could be useful
in cancer therapy. A study of the drugs that induce apoptosis or autophagy would
contribute to developing new anti-cancer drugs. 3,3’-Diindolylmethane (DIM) is one
of the promising anti-cancer drugs that can kill the cancer cells trough the apoptosis
induction. DIM is a compound derived from the digestion of indole-3-carbinol,
found in the broccoli family. DIM induces apoptosis and autophagy in various types
of human cancer. DIM has a long-term effect on Schizosaccharomyces pombe (S.
pombe) and extends the lifespan of stationary-phase cells in this type of yeast. S.
pombe is a species of “fission yeast” which is useful unicellular model to study the
mechanism of autophagy and apoptosis. Currently, the mechanisms of DIM to
induce apoptosis and autophagy in humans are not fully understood. It is also
unknown what acute effects DIM has on log-phase cells in fission yeast. Therefore,

in my study a high concentration (20pg/ml) and a low DIM concentration (5pg/ml)
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were used to know more about the DIM function in apoptosis and autophagy

induction.

I showed that DIM may induce apoptosis and cause autophagy in log-phase
cells of fission yeast, which is dose-dependent. Results showed that 10 min
treatment with DIM (20pg/ml) is enough to kill log-phase cells and may trigger the
apoptosis in cells. My results suggested that 10 min treatment with a high
concentration of DIM (20ug/ml) may disrupt the nuclear envelope (NE) structure
and induces chromosome condensation dramatically. DIM inhibits mitochondrial
ATPase and accumulates in NE of MCF-7 human breast cancer cells. To understand
if mitochondrial ATPase is the earlier target of DIM in fission yeast cells or NE, the
ATP level was measured in log-phase cells of strain expressing Biosensor Queen at
high concentration of DIM (20pg/ml). The result demonstrated that in comparison of
NE disruption within 10 min, the ATP level dropped after 20 min. It suggested that
NE may be the earlier target of DIM in comparison to mitochondrial ATPase in log-
phase cells of fission yeast. The comparison of the DIM-treated stationary and log-
phase cells showed that DIM (20pug/ml) does not kill the stationary-phase cells. In
fact, DIM cannot induce nuclear condensation or NE disruption or nuclear
fragmentation in stationary-phase cells. It may due to the diverse gene transcription

or protein compositions in different cell phases.

In contrast to the high DIM concentration, results showed that a low

concentration of DIM (5ug/ml) did not disrupt NE structure. 1 also found that
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autophagy induced by DIM (5ug/ml) which is ER stress response independently. It
suggested that DIM may mimic nitrogen starvation or sulfur depletion to induce
autophagy, or it is possible that unidentified pathway(s) cause(s) autophagy by DIM
at low concentration (Spg/ml). 1 found that an autophagy mutant (atg74) is more
sensitive to a low concentration of DIM (Spg/ml) than wild-type -cells,
demonstrating that the autophagy pathway contributes to the survival of cells against
DIM. Therefore, autophagy has a protective role to save cells at the low DIM
concentration. Moreover, | found that ER stress response pathway is not required for

cell survival in exposure to DIM (5pg/ml).

My results demonstrated that the lem24 mutant is more sensitive to DIM.
NE in the lem24 mutant was disrupted even at the low concentration of DIM
(5pg/ml). There are some possibilities for the sensitivity of NE in lem2A cells to low
DIM concentration. It may be due to the change in the fatty acid composition of NE
in lem24 cells. In fission yeast, some fatty acids such as C24:0 fatty acid are
required for membrane integrity and cell survival. In the absence of Lem2 and Bqt4
(nuclear membrane protein), some of the required fatty acids for membrane integrity
are decreased. It is possible that even in lem24 single mutant, some of the required
fatty acids are reduced, which may make cells more sensitive to DIM (5pug/ml). Due
to the effects of DIM on NE of wild-type (20png/ml), it is also possible that DIM
affects fatty acid metabolism. Therefore, DIM may synergistically change the fatty

acid composition of NE in /em24 cells and increase sensitivity of NE to DIM in
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these cells. It is known that Lem2 acts as a barrier to membrane flow between the
NE and other parts of the cellular membrane system. It seems that without Lem2 as a
barrier, even a low DIM concentration may dramatically affect the membrane flow
between NE and ER membrane, thus lem24 cells are sensitive to DIM. Another
possibility relates to the potential-role of Lem?2 protein in the sealing process of NE
by ESCRT-III complex. If it is assumed that in a low concentration, DIM may make
holes in NE, the wild-type cells may repair the holes. Hence, NE of wild-type cells
seems to be intact at low DIM concentration (5pug/ml), while the cells without Lem?2
have defects in the sealing of NE. Thus, lem24 cells are more sensitive to the low

DIM concentration.

Finally, my results demonstrated that the autophagy pathway and NE
integrity are important to maintain the viability of log-phase cells in the presence of
a low concentration of DIM. The sealing mechanism of NE might be conserved in
fission yeast and humans. Further studies about the sealing of NE, when DIM is
used, will contribute to the understanding of the direct target(s) of DIM in fission
yeast and human. On the other way, comparing the different lipid compositions of
NE when DIM is used may help to figure out the mechanism of DIM for NE

disruption in fission yeast.
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3.2. Achievements of the thesis and more discussion

Here, for the first time, the acute effects of DIM on log-phase cells in fission
yeast were studied. DIM had dose-dependent behavior which changes the fate of the
log-phase cells. I found that the high concentration of DIM (20pg/ml) kills the log-
phase cells which may be caused by apoptosis induction, while the low

concentration (5pug/ml) induces autophagy in log-phase cells.

Through the acute assay, I showed that just 10 min treating with DIM
(20pg/ml) is enough to trigger the possible apoptosis in log-phase cells. This result
gave a hint that the earliest events, which happen within 10 min, may have a role to
kill or induce the possible apoptosis in the cells. Further, I found that DIM
(20pg/ml) induces remarkable nuclear condensation in log-phase cells after 10 min.
I found that NE may be one of the early targets of the DIM in log-phase cells. Time-
lapse study demonstrated that NE may be disrupted by DIM (20ug/ml) rapidly
within 10 min. Evaluation of NE at low DIM concentration (5ug/ml) showed that
DIM causes NE disruption in lem24 cells, a strain with defects in NM integrity, in
contrast to wild-type cells. This result implies that NE integrity is required to resist
the low DIM concentration. It also shows that DIM (5pg/ml) may make holes in NE
and Lem?2 protein may be required to repair the holes, therefore, lem24 cells are
sensitive to the DIM (5pg/ml). Another possibility is that DIM may change the fatty
acid composition of NE such as deletion of lem2, thus DIM synergistically makes

lem24 cells more sensitive to DIM.
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I found that DIM-induced autophagy happens through ER response-
independent pathway in fission yeast cells. Spotting assay demonstrated that

autophagy protects fission yeast cells at a low DIM concentration (Spug/ml).

It gives a possible hint that why the high concentration of DIM increases the
lifespan in fission yeast. It is possible that DIM induces autophagy in a portion of the
cells after treatment (20ug/ml). If aging or DIM damages proteins or organelles, the
autophagy induced by DIM may recycle them to protect cells and keep them alive.
The protective role of DIM induced-autophagy to maintain the viability of the cells
is a risky option when DIM is used as an anti-cancer drug. It is possible that even if
a high concentration of DIM is used in human cancer cells, some of the cells may
uptake a portion of DIM which may cause autophagy in them, not apoptosis. DIM
may also extend the lifespan of cancer cells and increase the risk of recurrence,
especially when the different effects by DIM were found only by four times change
in concentration. If the mechanism of DIM to induce apoptosis and autophagy are
conserved, using the fission yeast helps to find the DIM targets in human cells. In
this case, the targets of DIM in autophagy and apoptosis-inducing condition should
be detected through the chemical genetics approaches. If DIM has different cellular
targets at high and low concentrations, the structure of DIM should be changed. To
prevent form possible lifespan expansion in cancer cells, the new structure must

have only a specific function for apoptosis induction without causing autophagy.
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On the other hand, if autophagy induction by DIM is responsible for anti-
aging effects, to have an anti-aging drug, the chemical structure of DIM should be
changed to have autophagy effects without cell killing effects. In addition, if the
earliest target of DIM is NE, therefore, the more efficient structure of DIM should

affect the NE only in the cancer cells not the non-cancerous cells.

3.3. Future perspectives

Currently, the earliest target of DIM is not known in fission yeast yet. As
mentioned in chapter 1, it was reported that DIM accumulates in nuclear membrane
of MCF-7 breast cancer cells after about half an hour [56]. My results also suggested
that NE is of the early targets of DIM in fission yeast, and it is possible that DIM
directly affects NE. When I compared NE morphology in wild-type and /em24 strain
in low DIM concentration, a possible idea was found which explains DIM may make
the holes in NE in both strains. However, DIM-induced holes may be repaired in
wild type, thus, NE seems to be intact in wild type. In contrast, NE in lem24 strains
is disrupted, possibly due to the defect in the sealing process. Hence, the
investigation of factors involved in the sealing process of NE at low DIM
concentration is required to ask if DIM (5pg/ml) makes the holes in NE or not.
Cmp7 1is recruited for ESCRT-III machinery to seal NE [68]. If the low
concentration of DIM (5pg/ml) is used in a strain expressing NE marker and Cmp7
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marker, co-localization of both markers and Cmp7 accumulation in NE imply that

NE is the target of DIM at both high and low concentrations.

Moreover, another assumption describes that DIM may have synergistic
effects on fatty acid metabolism in cells without lem2, thus the NE in /em2A4 strains
is more sensitive to the DIM (5pug/ml). In this case, comparing the different lipid
compositions involved in NE at low DIM concentration and no DIM condition may
explain the possible mechanism of DIM in NE disruption. It may also help to know
how apoptosis is triggered at the early stages, and how the structure of DIM should
be improved. Considering that DIM affects NE in fission yeast, this result may make
DIM a useful tool for future studies to investigate the factors involved in NE

disruption or repairing process.
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Media Appendix

YEA medium

The complete medium YEA (yeast-extract) was prepared by adding 5 g/l
yeast extract (0.5% W/V), 30 g/l glucose (3.0% W/V) and 400 mg/l Adenine (0.4%
W/V). Solid media were made by adding the 2% Difco Bacto agar.

EMM medium

The minimal medium EMM (Edinburgh minimal medium) was prepared by
adding 10 g/l of glucose (1% W/V), 5 g/l of NH4Cl (0.5% W/V), 4.5 g/l of
Na2HPO4. 12H20 (0.45% W/V), 10 ml/l of 100xvitamin solution (1% V/V), 40
ml/l of 25xsalt solution (4% V /V), and 10 ml/l of trace elements solution (1% V/V).
EMM3 media were supplemented with 50 mg/I leucine, Adenine, or uracil histidine,
and lysine when they were essential. To make solid media 2% Difco Bacto agar was
added.

PMG (EMMG) medium

To prepare PMG (EMMG) media NH4Cl was replaced by 3.75 g/L of
glutamic acid (glutamate). pH:6.0 was adjusted by NaOH(5N) and 20 g/L of glucose
was used (2% W/V).

Luria-bertani (LB) medium

Liquid LB medium for Escherichia coli (E. coli) was made by adding 10g/1

Bacto-tryptone (1% W/V), 5 g/l yeast extract (0.5% W/V), 10 g/l NaCl (1% W/V),
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20 ul 5N NaOH (0.02% V/V). Solid LB plates were prepared by adding 2% Difco
Bacto agar.

%% YEL medium

To make 2 YEL medium, 43.8g of NaCl (1.5M) and 10g of NaOH (0.5M)
were used and dissolved in 500ml of dH»O.

25xSalt solution

500ml of 25-fold salt solution was made by filtering the solved 37.5g of KH-
KH-phthalate, 12.5g of MgCI2 6H20, 1.25g of Na2SO4, and 0.19g of CaCl2 2H20
in milli-Q water. The final solution was kept at room temperature and used on a
laminar airflow to prevent infection.

100xVitamin solution

100ml of 100-fold vitamin solution was made by filtering the solved 0.1g of
Inositol, 0.1g of Nicotinic acid, 0.01g of Ca pantothenate, and 0.0lmg of Biotin in
milli-Q water. Img of the biotin was dissolved in 10ml milli-Q water to make the
biotin stock and 1ml of it was used for vitamin solution. The solution was saved at
4°C and used on a laminar airflow to prevent infection.

10xPBS solution (pH 7.4)

10-fold solution of PBS (pH 7.4) containing NaCl (1.370M), KCI (27mM),
Na;HPO4 12H20 (81mM), and KH>PO4 (14.7mM) was prepared, filtered, kept in

room temperature, and used on a laminar airflow to prevent infection.
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100xTrace element solution

500ml of 100-fold trace element solution containing 25mg of H3BOs;, 20mg
of MnSO4 7H20, 10mg of FeCl; 6H20, 8mg of H:2Mo0O4 H20, 2mg of KI, 2mg of
CuS0O4 5H20, 50mg of Citric acid.

NaAC 3M., pH 5.2)

To prepare one litter of NaAC (3M), 408.1 g of sodium acetate (trihydrate)
was dissolved in 800 ml H>O before adjusting the pH (5.2). The final volume was

reached to one litter.
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Protocol Appendix

DNA extraction

I- Some amount of the desired strains were taken (as much as possible) from YEA
plates and suspended in 1.5 ml sterile microtube, containing 100 ml of breaking
buffer (2% triton X, 1% SDS, 10mM Tris-HCI (pH 8.0), 10 mM EDTA, and 5SmM
NaCl).

2- About 200pl of glass beads and 100 pl of phenol/chloroform solution were added
to each microtube, and vortexed for 20 sec.

3- The samples were mixed in a microtube for 20 min at 4°C to break cell walls
physically (cool room).

4- 100 pl of breaking buffer and 100 ul of phenol/chloroform solution were added to
the each sample and vortexed for 100 sec.

5- 200 pl of TE buffer (10 mM Tris-HCI (pH 8.0), ImM EDTA) was added to the
samples and vortexed for 10 sec.

6- Samples were centrifuged for 10 min at 15,000 rpm at 20°C.

7- The upper portions were transferred into the new microtubes. 100 pl of
phenol/chloroform solution was added to each sample, vortexed for 10 sec, and
centrifuged as explained in step 6.

8- About 250-300 pl of upper portion was transferred to the new tubes for each

sample carefully.
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9- 300 pl of isopropanol and 30 pul of sodium acetate solution (*NaAC, 3M) were
added to the samples and mixed by 20 times shaking (handy). Samples were rested
for 5 to 10 min at 20°C.

10- Centrifuge was done similar to the 6 step.

11- Carefully, the liquid portions were discarded. 500 ul of 70 % ethanol (EtOH)
was used to wash the precipitated DNA for each sample, then they were centrifuged
for 5 min at 15,000 rpm at 20°C.

12- Carefully, ethanol was discarded, and all of the samples were dried by vacuum
machine for 3-10 min.

13- 40 pl of sterilized TE was added to every microtube and mixed gently by

pipetting and shaking for 1 min, then they were stored at -20°C.

Making agarose gel for electrophoresis

1- At the first step, the desk was covered by plastic wrap, and frames were prepared.
2- To make 400 ml agarose gel, 2 gr of agarose, 398 ml of distilled water, and 8ml of
TAEx25* were mixed and microwaved for 5 min or more to dissolve agarose
completely (using the appropriate gloves for heat is essential).

3-400 pl of ethidium bromide (EB) (1mg/ml) was added and mixed with a spoon.

4- The frames were filled with hot agarose solution and the blocked air bubbles were

removed then were combs placed.
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5- After 3hrs to one overnight, the combs were removed and the gels saved with the
frames in a container, containing 1/2xTAE (the same concentration was also used
for the tank of electrophoresis apparatus).

*To prepare 25xTAE (pH: 8.0), 14.2 ml of acetic acid and 25 ml of 0.5M
EDTA were used. pH amount was adjusted, and finally the total volume increased to

500ml with dH20.

Polymerase Chain Reaction (PCR)

At the first, PCR program was set and stopped on starting point before
preparation of the reactions. A PCR machine (ASTEC PC320) was used. The PCR
program was set as below:

o Stage 1 (denaturing): 95°C for 5 min

o Stage 2 (annealing and extending):

- Step 1: 95°C for 30 sec

- Step 2: Specific annealing temperature (Tm) for 30 sec
- Step 3: 72° for specific extension time

Repeat stage 2 for 30 times

o Stage 3(final extending): 72°C for 10 min

o Stage 4: 4°C till the end
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For each sample, 20 pl of PCR mixture was made by mixing 7.5 ul of milli-Q water,
1 ul of forward and reverse primer (10 pM/ul), 0.5 ul of genomic DNA (10 pg/ul)
on the ice. Before transferring them to PCR machine, 10 pl of DNA polymerase
reaction mixture (premix EX. Taq TM Hot Start Version) was added to each

reaction.

Performing the electrophoresis

One pl of PCR product was mixed with 8ul of TE and 1pul of SP mixture. It
was loaded for electrophoresis. To prepare SP, at first, a saturated bromophenol blue
stock was made by mixing some bromophenol blue and 100 ul of TE in one
microtube. SP was made in a new microtube by mixing 20ul of the saturated

bromophenol blue and 20ul sucrose (50% g/V).

Ethanol precipitation (purification)

To insert the fragment (PCR fragment or plasmid) into the yeast cells
genome, the PCR product /linear plasmid was purified with ethanol precipitation
method. Photo was taken from electrophoresis. A comparison of light intensity
between DNA marker and fragment gave an assumption about the primary
concentration. Briefly, after gathering the primary liquid contains PCR fragment or
plasmid, in one sample tube, the total volume was reached to 100 pl by sterile TE.

10 pl of NaAC and 250 pl of absolute ethanol was added and mixed by some
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pipetting and inverting. It was stored for 10 min at -20°C and centrifuged for 10 min
at 4°C (15,000 rpm). Upper portion was discarded and for ethanol precipitation,
without mixing and pipetting, 300 pul of 70% ethanol was used carefully. The
centrifuge was repeated for 5 min at 4°C (15,000 rpm). After discarding the ethanol,
the plate was dried up with a vacuum machine for 5-10 min. Based on the primary
concentration, some amount of sterile TE was added to the plate to have a final

concentration (100 ng/ml).

Direct PCR cloning

In this method, yeast cells will be transformed by desired PCR products
which is purified. “S. pombe Direct Transformation Kit Wako” (FUJIFILM Wako,
Osaka, Japan) was used. 4ml of cell culture in YEA medium was grown to reach 1-
1.5x107 cells/ml for density. In a new sterilized microtube 100 pl of the
transforming reaction, containing 6 pl of DNA or purified PCR product (100 ng/ul),
4 ul of DNA Carrier and, 90 pl of reaction buffer were mixed. The viscous mixture
was mixed with pipetting at least ten times. 3 ml of cell culture was taken and
divided between two microtubes (1.5 ml) and precipitated by centrifuge at 5000 rpm
for 3 min. Cell pellets were re-suspend by 13ul with YEA medium. The suspended
cells were transferred from the first tube to the second tube. 25ul of suspended cell
was added into the transforming mixture and vortexed for 10 sec. the mixture was

incubate at 37°C for 2 hrs. Cells were precipitated at 5,000 rpm for 1 min and the
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plate was suspended in 100 pl sterile water. Cells were dispersed on YEA plates and
incubated at 30°C for 24 hrs, followed by replica plating on selective media
containing * Kan, Nat or other drugs.

For selection based on nutrients, such as nucleotide or other types of amino
acids, after cell precipitation, the cell pellet was suspended with 400 pul 2 YEL
liquid medium and incubated for 2 hrs at 30°C. It was precipitated and dispersed on
an autotrophic medium plate.

*To prepare the antibiotic stocks of Kan or Nat (100mg/ml), 100mg of G418
sulfate or nourseothricin dihydrogen sulfate was dissolved into 1ml of milli-Q water
respectively and filtered. 100 pl of filtered stocked antibiotics was added to 100ml

of autoclaved and warm (not hot) YEA, containing agar, to prepare Kan/Nat plates.

Plasmid amplification

To introduce the plasmid to the yeast cells, it was amplified before.
Competent cells, Escherichia coli (£. coli), were used to increase the plasmid
containing the desired gene such as GFP-atg8 or nmt4-hmol.

LB plate was prepared and 100 pl of ampicillin stock (10 mg/ml) was
dispersed completely on LB plate. After drying, competent cells were dispersed on
the plates.

To prepare competent cells, 1 pl of purified PCR product (or plasmid) and

15-20 pl of competent cells mixed in a microtube and rested on ice for 5 min and
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then were heated at 42°C for 30 sec. The treated cells were streaked on LB plate
containing ampicillin. The reversed plate was incubated overnight at 37°C to grow
the single ampicillin-resistant colonies. Four individual single colonies were taken
and separately dissolved in 2 ml of liquid LB, containing 10 pl ampicillin, in sterile
glass tubes and incubated overnight (12—16 hours) at 37°C in a shaking incubator.

The grown cultures were used for plasmid extraction.

Plasmid extraction

The plasmid was extracted based on quick manufacture protocol for “Wizard
Plus SV Minipreps DNA Purification System kit”, which is made by “Promega”,
and available at:
https://www.promega.jp/en/resources/protocols/technical-bulletins/0/wizard-plus-

sv-minipreps-dna-purification-system-protocol/

1-10 ml of overnight cultures containing desired plasmid were prepared (12—
16 hours at 37°C), and pelleted for 5 min at 15,000 rpm. Remained supernatants
were removed completely.
Production of a Cleared Lysate:
1. Pellets were suspended in 250 pl of cell resuspension solution by pipetting.
2. 250 pl of cell lysis solution was added and mixed by inverting the tubes 4 times.
3. 10 pl of alkaline protease solution was added and mixed by inverting the tubes 4

times again and then they were incubated for 5 min at room temperature.
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4. 350 pl of neutralization solution was added and mixed by inverting the tubes 4
times.

5. Samples were precipitated by centrifuge for 5 min (15,000 rpm for 10 min at
room temperature).

6. The spin columns were inserted into the collection tubes. Total supernatants, the
cleared lysates (approximately 850 ul), were decanted into the spin columns.

7. Columns were centrifuged for 1 min at room temperature (15,000 rpm).

8. The collected liquids in collection tubes were discarded and again the spin
columns were reinserted into the collection tubes.

9. 750 pl of column wash solution was added to the spin columns, (the solution is
a diluted solution with 95% ethanol), and centrifuged for 1 min at room temperature
(15,000 rpm).

10. Step 8 was repeated.

11. Step 9 was repeated with 250 ul of column wash solution and the liquids were
removed.

12. Drying step was done by centrifuge for 2 min at room temperature and at
15,000rpm speed.

13. The collection tubes were removed and the spin columns inserted into the new
sterile 1.5 ml sample tubes and centrifuged for 1 min to be sure about discarding all

of the wash solutions.
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14. The new sterile sample tube was used and the plasmid was eluted by adding 100
ul of nuclease-free water to the spin column. Centrifuge for 1 min at room
temperature and at 15,000rpm speed was done.

15. The spin columns were discarded and sample tubes, containing the plasmids,
were stored at -20°C.

16. The plasmid quality was checked by gel electrophoresis.

Plasmid cloning

For plasmid cloning (circular plasmid) same procedure was used such as
direct PCR cloning with “S. pombe Transformation Kit Wako” (FUJIFILM Wako,
Osaka, Japan). 6 ul of plasmid, 4 ul of DNA Carrier and, 90 ul of reaction buffer
were mixed to introduce plasmid into the yeast cells. Based on the plasmid marker,
the selective media was autotroph to find the colonies containing desired plasmid.
Before spreading the cell on a selective medium, the cell pellet was suspended with
400 pl 1/2x liquid YEL medium and incubated for 2 hrs at 30°C. The cells were
dispersed on an autotrophic medium plate. In the case of insertion of the linear
plasmid into the genome, the digestion step was done before the transforming

process. After digestion, 6 ul of linear plasmid was used for transformation.
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