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국문초록

스트레스 과립의 조립에 대한 디히드로캡사이신의 기능적 연구

                                                  쿠시탁 데

                                                   교수: 온탁범 Ph.D.

                                                   의생명과학과

                                                   조선대학교 대학원

스트레스 과립(SG)은 스트레스에 의해 번역 개시가 교란될 때 형성되는 세포질

생체분자의 응축 물질이다. SG는 단백질-단백질, 단백질-RNA 및 RNA-RNA 상호

작용뿐만 아니라 본질적으로 무질서한 도메인 및 RNA 결합 단백질 (RBP) 내의

번역 후 수정을 통해 형성된다. SG는 세포 사멸의 활성화를 지연 시킴으로써, 스

트레스로 인한 세포손상을 최소화함으로써 세포 생존에 기여하는 것으로 알려져

있다. 본 연구에서 캡사이신의 유사체인 dihydrocapsaicin(DHC)이 eIF2α의 인산화

를 통해 폴리솜 분해와 글로벌 단백질 번역을 억제하여 SG 형성을 유도하는 것

을 발견하였다. DHC 매개 SG 형성은 serine 51 위치에서 eIF2α의 인산화에 의해

제어되며, 이는 HRI가 최대 효과를 보이는 4가지 eIF2α stress kinase (HRI, PKR, 
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PERK 및 GCN2) 에 의해 제어되는 것을 발견하였다. 우리는 DHC가 SG 조립을

유도하고, 폴리솜을 분해하고, eIF2α를 HRI 의존적인 방식으로 인산화하며 전체적

번역을 억제하는 보나파이드 화합물임을 증명하였다. 결론적으로, 본 연구의 결과

는 DHC가 새로운 SG 유도체이며 SG 역학을 연구하기 위한 새로운 스트레스임

을 시사한다.
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I. INTRODUCTION

RNA granules or Stress granules (SGs) are classified as densely aggregated, membraneless

organelles, which comprised of protein-mRNA aggregations dynamically recruited in response 

to various stress conditions such as selenite, arsenite, glucose deprivation, heat shock or viral 

infection as a response to the translational inhibition and select the cell’s survival by 

contributing important cellular mechanisms [1-3]. The major constituents of SGs are 

translation initiation factors such as eIF4F complex (constitutes EIF4E, EIF4A and EIF4G) and 

eIF3, small 40S ribosome and poly(A) binding protein (PABP). Additionally, several RNA 

binding proteins such as G3BP1, TIAR, TIA-1, SRSF3, RACK1, TRAF2, TORC1 and 

untranslated mRNAs [4-12]. There are some RNA binding proteins like HuR and FMRP also 

found to have localized in SGs upon stress [13,14]. A recent study shows that neuregulin-2 (a 

member of epidermal growth like factor), TDP-43, hnRNPs are stress granule components and 

believe to modulate cellular functions [15-18]. Interestingly multiple cellular events and post 

translational modifications of some proteins found to contribute in the promotion of SG 

dynamics. 

Post‒translational modification (PTM) including ubiquitination can modulate SG 

assembly. Methylation of FMRP, O-GlcNAcylation of ribosomal proteins or acetylation of 

HDAC6 found to modulate SG assembly or disassembly [15,19,20]. Blocking of the ubiquitin-

proteasome system can promote SG formation in cells [21]. Neural precursor cell expressed,

developmentally down-regulated protein 8 (NEDD8), which is also a small ubiquitin-like 

(UBL) protein has a role in the formation of SG assembly [22]. Dual specificity tyrosine-

phosphorylation regulated kinase 3 (DYRK3) is responsible for the regulation of SG assembly 

and essential for mTORC1 regulation [23]. 5′-AMP-activated protein kinase (AMPK) alpha, 
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which is an enzyme found to contribute a significant role in the cellular energy homeostasis, 

found to regulates SG biogenesis [24]. RNA granules are known to suppress apoptosis by 

inhibiting the stress-activated mitogen-activated protein kinase (MAPK) pathway [25]. On the 

other hand, RhoA/ROCK1 localizes in SGs and activates JNK apoptotic pathway, which 

promotes cell survival [26,27]. Whereas JNK inhibition results in the reduction of SGs and PBs

[28]. Processing bodies (PBs) are another type of RNA granule which are primarily composed 

of translationally repressed mRNAs and proteins related to mRNA decay. PBs are different in 

composition or function compare to SGs, known to be found in untreated or unstressed cells

unlike SG or RNA granule. PBs can expand in quantity upon stress environment by 

contributing a major role in the mRNA decay [29,30].     

      The concept of SGs formation and its structural components have been thoroughly 

elicited in recent decades [31-33]. Upon experiencing to different environmental stresses, cells

quickly generate a response by stopping protein translational initiation by the two important

pathways. The first checkpoint or pathway includes translational initiation of eIF4F complex, 

which recognizes the cap (m7GTP) structure at the 5’ end of mRNA monitored by the PI3K-

mTOR. During the stress environment, inactivation of mTOR trigger the activation of 4E-BP1

by restraining EIF4F complex following by suppressing the translational initiation [34,35]. The 

second mechanism involves eIF2/GTP/tRNAi
Met ternary complex formation, which carries

initiator tRNAi
Met to the 40S ribosome.            

      Under various stress environments, predominantly eIF2α stress kinases become

stimulated, resulting in the eIF2α phosphorylation of at serine 51 position and inhibition of 

protein synthesis [36,37]. There are four different types of distinct stress kinases are present: 

(1) EIF2AK1 or Heme regulated initiation factor 2α kinase (HRI) is a well-known kinase, 
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which introduce phosphorylation of eIF2α in association with oxidative stress (e.g., selenite

and arsenite), culminating in depleted formation of ternary complex and impairing translation

of mRNA. Although, HRI is well known for its role as a heme sensor in erythroid progenitors, 

pharmacologic activation of HRI has been demonstrated to have anti-cancer activity across a 

wide range of tumor sub-types. HRI is expressed most abundantly in erythroid cells, where it 

is activated by deficiency in heme, the prosthetic group of hemoglobin, through two heme-

binding domains. In this manner, HRI coordinates globin mRNA translation with available iron

and is required to prevent accumulation of misfolded globin chains in the absence of heme [38]. 

Due to HRI deprivation, significant amount of globin synthesis occurred during heme shortage 

by precipitating and creating inclusions ensuing proteotoxicity [39,40]. Moreover, HRI is 

known to be stimulated by oxidative stress and denatured proteins. Previous investigation has

unveiled that eIF2α gets phosphorylated through the activation of EIF2AK1 kinase [41].

(2) EIF2AK2 or Protein Kinase R (PKR) is triggered by the cellular response 

to several stress signals (e.g., cold shock, viral infection, cytokines, irradiation, lack of nutrients, 

or mechanical stress). The PKR pathway gets activated by the stimulation of cellular pathways 

like PP2A, p38, NFkB, JNK and encourage eIF2α to get phosphorylated [42]. Phosphorylation 

of eIF2α promotes translational repression and stress granule formation. PKR is known to 

participate through dealing with various inflammatory kinases like eIF2α, JNK, IKK, insulin 

receptor etc. Such cytosolic complexes are known as metaflammasome or metabolic 

inflammasome [43]. Additionally, PKR is well known to be involved in the mitochondrial 

unfolded protein response (UPRmt) via transcription factor AP-1. Thus, PKR has proved to be 

pertinent to intestinal inflammation [44]. 

(3) EIF2AK3 or PKR like ER kinase (PERK) is well known for monitoring 
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unfolded protein and gets activated during endoplasmic reticulum (ER) stress causing to the

inactivation of eIF2α, and thus initiate rapid reduction of translational initiation and repression 

of global protein synthesis. ER stress caused by excess of unfolded proteins leads to 

inflammatory responses [45]. PERK is claimed to be responsible for repressing global protein 

translation via phosphorylation of eIF2α can initiate the up-regulation of CHOP/GADD153 

(CCAAT/enhancer-binding protein-homologous protein/growth arrest and DNA damage

inducible protein) and ATF3 expression [46-49]. Therefore, activation of ER-resident protein 

kinases, cells respond to ER stress via intracellular signaling pathways to regulate gene 

expression.

(4) EIF2AK4 or General control non-depressible 2 (GCN2) checks the amino 

acids levels and activated during the scarcity of amino acid in cells [50-53]. GCN2 known to 

contribute in the regulation of protein synthesis during various stresses resulting in a nutritional 

fluctuation. GCN2 firmly inhibit the protein synthesis through eIF2α phosphorylation.

Stimulation of any four eIF2α kinases promote inhibition of protein translation through 

reducing of eIF2-GTP-tRNA-met ternary complex, contributing a major role in the aggregation

of SG assembly and polysome disassembly. Stress encourages the translational repression, 

which permit cells to initiate their whole genome expression and increases the probability of 

survival.     

      Capsaicinoids are a pungent chemical which produces a burning sensation in tissues 

upon contact. Chili peppers are known to be the primary origin of natural capsaicinoids, which 

includes capsaicin, homocapsaicin, homodihydrocapsaicin, dihydrocapsaicin and 

nordihydrocapsaicin. The major components such as capsaicin and dihydrocapsaicin constitute 

80 to 90 percent of overall capsaicinoids content in the pepper extract [54]. They found to 
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possess various physiological and pharmacological roles involving biological functions such 

as anticancer, analgesia, antioxidant, anti-obesity and anti-inflammation. Consequently, 

capsaicinoids may have the significant role in pain relief, cancer prevention and weight loss

[55,56]. DHC (N-[(4-hydroxy-3-methoxyphenyl)methyl]-8-methyl-nonanamide), is an 

alkaloid and a major constituent of capsaicinoids found in red peppers [57]. Both capsaicin and 

DHC could arrest in vitro platelet aggregation and the activity of clotting factors VIII and IX, 

a property which may involves to the prevention of the onset and treatment of CVD and triggers 

apoptosis in cell and follow Ca2+ mediated mitochondrial pathway [58,59]. DHC has multiple 

physiological or pharmacological effects involving anti-cancer and induces fluctuation of p53 

protein translation [60]. DHC is recognized as a downregulator of apoM translation upon 

suppressing Foxa2 and aiding the LXRα expression in HepG2 cells and can elevate the 

resistance of LDL to oxidation by slowing the initiation or delaying the rate of oxidation

[61,62] . It was also found that DHC has a significant role in the prevention of cardiovascular 

diseases. Previously it was reported that DHC is a well-known ER stressor, a modulator of 

PERK kinase [63]. Indeed, ER stress is responsible for promoting SG assembly (e.g., 

Thapsigargin stress), and given that the DHC stress can results ER stress, we investigated

whether DHC stress can trigger SG assembly similar to sodium arsenite (an important SG 

promoter). We found that DHC treatment promote SG assembly following in a dose-dependent 

manner. Additionally, we explored that DHC stress can disassemble polysomes at a slow rate

but has a great blocking effect on the general translational mechanism– one of the vital events

participating in the SG aggregation. Finally, we established that EIF2AK1 or HRI kinase takes 

part in a major role in DHC induced SG assembly. Overall, our study demonstrates that DHC 

is an important candidate for the development of SG assembly and a substitute to sodium 

arsenite to study SG dynamics.   
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II. Materials and Methods         

Cell culture and reagents  

      U2OS (Human Osteosarcoma), HeLa and Mouse embryonic fibroblasts (MEFs) with 

/without eIF2α- S51A were maintained in DMEM medium (Welgene) supplemented with 10% 

inactivated FBS (Welgene). Wild type, ∆HRI, ∆PKR, ∆PERK and ∆GCN2 (HAP-1 cells) were 

procured from Horizon Discovery and grown in IMDM medium (Welgene). All cell culture 

medium was supplemented with 10% heat inactivated fetal bovine serum (Welgene), 1% (v/v) 

penicillin and streptomycin (Lonza) and cells were incubated at 37oC in 5% CO2. 

Dihydrocapsaicin was purchased from Cayman Chemical. Sodium arsenite, Cycloheximide,

Hoechst, Emetine dihydrochloride hydrate and Puromycin dihydrochloride were procured from 

Sigma. The following antibodies have been used in this experiment. Anti-eIF3b (N-20), Anti-

TIA-1 (C-20), Anti-G3BP1 (H-10), Anti-EIF4G (H-300), p-eIF2α and eIF2α (FL-315) were 

obtained from Santa Cruz. β-actin (AC-15) was procured from Abcam. Anti-Puromycin 12D10 

was obtained from EMD Millipore. PB marker RCK (anti-DDX6) was purchased from Bethyl.

All secondary antibodies have been used in immunofluorescence microscopy or western blot

including Cy2/Cy3 or Horseradish peroxide (HRP) conjugated, were obtained from Jackson 

Immunoresearch Laboratory.   

Western blot analysis 

      Cells were cultured and grown up to ~80% confluency in 6-well plates. After treatment 

with drug, cells were subjected to cold PBS washing and followed by lysis with RIPA lysis 

buffer (50 mM Tris-Cl (pH 8.0), 1% NP-40, 150 mM NaCl, 1% Sodium deoxycholate, 0.1% 
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SDS and 1 mM EDTA containing proteinase inhibitors 5 mM NaF and 1 mM PMSF) up to 15 

min in ice and followed by centrifugation at 13,000 rpm for 15 min. Total proteins were 

quantified using Bradford reagent (Biorad). Equal amounts of protein (20-60μg) were 

subjected to 8-12% SDS-PAGE, transferred to nitrocellulose membranes. Membranes were 

blocked with 5% normal horse serum (NHS) dissolved in PBS containing 0.1% sodium azide 

for 1 h. Then incubated with the indicated primary antibodies overnight in 4oC. Membranes 

were then briefly washed with TBST (0.1% Tween 20) and incubated with species specific 

horseradish peroxidase-labeled secondary antibody for 1 h. Immunoblots were developed by 

using Pico-EPD western blot detection kit (ELPIS-biotech), and densitometry was performed 

by ImageJ software.   

Immunofluorescence microscopy         

      Cells were grown on coverslips, which were previously incubated with complete

growth media for at least 8 h in 5% CO2 incubator, nearly ~70% confluency, were untreated or 

treated with DHC or sodium arsenite for indicated doses or time. Then washed three times with 

PBS (pH 7.4) at RT. All cells were followed by 4% paraformaldehyde fixation for 15 min, then 

permeabilized with ice-cold methanol for 10 min and blocked with 5% normal horse serum

(NHS) in PBS containing 0.1% sodium azide for 1 h. All primary antibodies were diluted in 

blocking solution and treated to the cells and then followed by overnight incubation at 4oC. All 

cells were washed with PBS (pH 7.4) at RT for three times (10 min each). Then incubated with 

respected secondary antibodies for 1 h at RT. Then washed with PBS (pH 7.4) at RT for three 

times (10 min each). All coverslips were mounted with polyvinyl medium. Fluorescence 

images were taken with the help of Nikon Eclipse 80i fluorescence microscope (40x). All 
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fluorescence images were processed using ImageJ software and compiled using Adobe 

Photoshop CS6. 

Ribopuromycylation assay

      U2OS cells were grown in 6-well plate until ~70% confluency and treated with 

indicated concentration of DHC for 1 h, then pulsed with 10μg/ml puromycin 10 min at 37oC 

in 5% CO2 incubator except control. Then cells were washed with cold PBS twice and lysed 

with RIPA lysis buffer (50 mM Tris-Cl (pH 8.0), 150 mM NaCl, 1% NP-40, 0.1% SDS, 1 mM 

EDTA and 1% Sodium deoxycholate containing proteinase inhibitors 1 mM PMSF, 5 mM NaF) 

for 15 min in ice and centrifuged at 13,000 rpm for 15 min. Total proteins were quantified using 

Bradford reagent (Biorad). Approximately, equal amounts of protein (40µg) were subjected to 

immunoblot analysis. Ribopuromycylated proteins were detected using Puromycin antibody 

(1:25,000).   

Polysome profiling analysis      

      U2OS cells were grown on 150 mm dish up to ~90% confluency, were treated with 

referred concentration and time of DHC. After exposure, cells were followed by 10 μg ml−1 

cycloheximide treatment and incubated for 5 min at RT, washed with cold PBS three times, 

and lysed with 700 μl of polysome lysis buffer (20 mM HEPES (pH 7.6), 125 mM KCl, 5 mM 

MgCl2, 2 mM DTT and 1% NP-40) accompanied with 100 μg ml−1 cycloheximide, protease 

inhibitor cocktail (EDTA-free; pierce) in a cold room. Cell lysates were tumbled for 10 min at 

4oC and followed by centrifugation at 13,000 rpm for 15 min. The supernatants were 
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fractionated in 17.5-50% linear sucrose gradients by ultracentrifugation (30,000 rpm for 3 h 10 

min) in a Beckman ultracentrifuge using SW40-Ti rotor. Gradients were eluted with a gradient 

fractionator (Brandel) and monitored with a UA-5 detector (ISCO).  

Statistical analysis 

    All experimental results are represented as mean ± SEM of at least three independent 

experiments. Statistical comparisons were carried out using two-tailed paired t-test. Statistical 

analysis was carried out using Microsoft Excel. p value less than or equal to 0.05 (*) is 

considered as significant. Moreover, p value less than or equal to 0.001 (***) is taken as 

statistically highly significant.   
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III. Results    

DHC promotes SG formation in eukaryotic cell

      To determine whether cells exposed to DHC trigger SG formation, we treated U2OS 

cells with different concentrations of DHC for 60 min except for control (untreated), followed 

by immunostaining with SG markers EIF4G and TIA-1. Cells exposed to 0.25 mM DHC can 

induce robust SG formation in ~100% of cells after 60 min exposure which is evident from the 

formation of small granules and co-localization of SG proteins EIF4G and TIA-1 (Fig. 1A, B). 

Next, we asked whether DHC can promote SG assembly in other cell lines such as HeLa. 

Both U2OS and HeLa cells were treated with 0.25 mM DHC for indicated time points and 

experienced a similar outcome as the previous study by using immunostaining with primary 

antibodies against SG markers eIF3b and G3BP1. We found that both eIF3b and G3BP1 are 

co-localized in U2OS and HeLa cells. Surprisingly, the quantity of SGs present in U2OS cells 

are found to increase during the time-dependent experiment contrast to HeLa cells

(Supplementary Fig. 1A, B). Western blot data established that DHC stress induces eIF2α 

phosphorylation alike arsenite stress (Fig. 1C).     

Here we explored that DHC can able to promote SG aggregation in cytoplasm by 

harbouring RNA binding proteins such as EIF4G, TIA-1, G3BP1 and eIF3b. Next, we inquire

whether these RNA binding proteins in SGs can be disappear in response to some drugs (e.g.,

cycloheximide or emetine), which are well known for reducing translation elongation through 

the termination of polysome disassembly, consequently blocking the delivery of mRNA into 

RNA granules or SGs [64]. To prove this theory, 20µg/ml emetine was added to the DHC 

treated U2OS cells followed by another incubation for 60 min. As mentioned in the 
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supplementary Fig. 2, mRNA binding proteins such as eIF3b and G3BP1 both moves to 

cytoplasmic SGs in response to DHC (0.25mM, 60 min) stress. Whether addition of emetine 

to DHC (0.25mM DHC for 60 min, followed by treating 20µg/ml emetine for additional 60 

min) stressed cells promoting SG disassembly, which is evident from the depletion of SG 

formation (Supplementary Fig. 2). Similar results were found using cycloheximide (50 µg/ml) 

for additional 60 min incubation to DHC treated cells. In the both cases, complete SG 

disassembly was achieved increasing the incubation time up to 120 min for each emetine and 

cycloheximide (data not shown). Here we noticed a significant depletion in the formation of 

SG in cells. Overall, these results define that DHC is a bona fide SG promoter.    

DHC induces PB formation

PBs are well known to be ribonucleoprotein (RNP) granules, which constituted fundamentally

of mRNAs in the complex with various proteins in cytoplasmic region related with translation

inhibition and 5′-to-3′ mRNA degradation. These cytoplasmic RNP granules are present in 

eukaryotes and shows similarities to other RNP granules like SGs, nucleoli and cajal bodies, 

where they rely on complex networks of RNA−protein interactions. Next, we questioned that 

whether DHC treatment can able to trigger the formation of PB, U2OS cells were exposed with 

different doses of DHC for 60 min, following by immunostaining with RCK (a PB marker) and 

G3BP1 (a well-known SG marker). Here we found RCK localization in the cells treated with 

DHC, suggesting that DHC can promote PB formation (Fig. 1D, E) in cells.
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Figure 1.  Dihydrocapsaicin promotes stress granule formation. (A) U2OS cells were 

stressed with indicated concentrations of DHC for 60 min except control and DMSO alone, 

then stained against SG markers TIA-1 (green), EIF4G (red) and nuclei stain Hoechst (blue). 

Scale bar, 10 μm. (B) SG quantification data showing percentage of cells harboring SGs. Error 
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bars indicate s.e.m. (n=3). *P<0.05, **P<0.01, Student’s t-test. (C) Whole cell lysates were 

subjected to immunoblot assay to check phosphorylation of eIF2α. β-actin was used as loading 

control. (D) U2OS cells were treated with DHC (0.15 mM, 0.20 mM and 0.25 mM) for 60 min 

except control and then immunostained against eIF3b (green), RCK (red) and nuclei stain 

Hoechst (blue) respectively. Scale bar, 10 μm. (E) Bar graph showing the percentage of cells 

containing PBs upon DHC stress.   
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DHC induces polysome disassembly                                                                            

      Stress promoted phosphorylation of eIF2α protein is essential for the induction of

polysome disassembly [65]. We found that DHC promotes the phosphorylation of eIF2α in 

U2OS cells. To know whether DHC supported phosphorylation of eIF2α can induces polysome 

disassembly, polysome profiling was achieved under various doses of DHC. Next, U2OS cells 

were exposed with DHC in a dose-dependent manner (0.15 mM, 0.25 mM, and 0.35 mM) for 

60 min, followed by lysis under ice and supernatants were subjected to polysome analysis. We 

noticed a mild disassembly pattern at 0.25 mM stress, whereas 0.35 mM stress can completely 

disassemble the polysomes (Fig. 2A). Additionally, we carried out polysome profiling in a 

time-dependent manner (30, 60 and 90 min) using U2OS cells stressed with 0.25 mM 

concentration of DHC (Fig. 2B) shows that although DHC treatment for 60 min promoted

phosphorylation of eIF2α and SGs assembly nearly ~95% cells, it only supports partial 

polysome disassembly pattern. Interestingly, cells affected by the DHC stress, started rescuing 

polysomes after 90 min treatment (Fig. 2B).
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Figure 2.   Dihydrocapsaicin induces polysome disassembly. (A) Polysome profile 

obtained from U2OS cells were treated with dihydrocapsaicin (0.15 mM, 0.25 mM and 0.35 

mM) for 60 min except control and DMSO. After treatment, all cells were incubated with 

100µg ml−1 cycloheximide for 5 min at RT, lysed with polysome lysis buffer and subjected to 

polysome profile analysis using gradient fractionator (Brandel) and monitored with a UA-5 
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detector (ISCO) (B) Similarly, U2OS cells were grown in 150 mm petri dishes, treated with 

0.25 mM DHC for indicated time points, lysed with polysome lysis buffer and polysome profile 

generated (see materials and methods).     
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Figure 3.   Dihydrocapsaicin represses global protein synthesis in U2OS cells. (A) U2OS 

cells were grown on 6-well plate, stressed with DHC (0.15 mM, 0.20 mM and 0.25 mM) except 

one control, no puro and DMSO for 1 h, then pulsed with puromycin (10μg/ml) for 10 min 

except no puro (untreated) sample. Cells were lysed with RIPA lysis buffer in ice and then 

immunoblotted against puromycin antibody (see materials and methods). β-actin was used as 
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loading control. Ribopuromycylated western bands were quantified with ImageJ software. (B) 

Graphical data represents the percentage of global protein translation in DHC treated U2OS 

cell. Error bars indicate s.e.m. (n=3). ***P<0.001, Student’s t-test.            
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DHC arrests global protein translation in cells

      Inhibition of protein translation is depending on the external stress which triggers SG 

formation and polysome disassembly. To test whether DHC treatment inhibits translation, we 

treated U2OS cells with puromycin, a Tyr-tRNA mimetic that incorporates into the ribosome, 

after DHC treatment. Immunoblot analysis against puromycin antibodies showed that global 

protein translation was reduced at 0.20 mM compared to 0.15 mM DHC treatment. Notably, 

the low molecular weight proteins were still translating whereas high molecular weight proteins 

stopped translating which is evident from the absence of puromycin intensity. The complete 

termination of protein synthesis was observed at 0.25 mM DHC stress (Fig. 3A, B). This result

shows that DHC stress can arrest a subset of protein translation at a lower concentration. 

       

Activation of EIF2AK1 or HRI kinase is essential for DHC mediated SG 

formation         

      Stress induced translational suppression due to stress stimulation is primarily depending

on the four eIF2α stress kinases. SGs are aggregated in response to reduction of translational 

mechanism in cell and demand for either phosphorylation of eIF2α or mTOR inactivation to 

promote SGs assembly. To enquire whether DHC-triggered SG aggregation is depending on 

the phosphorylation of eIF2α, we used non-phosphorylatable knock-in mutation Ser51Ala 

(S51A MEF) and mouse embryonic fibroblast (MEF) wild-type and stressed with 0.25 mM 

DHC for indicated time durations. Here we noticed that DHC induces SG formation in WT-

MEFs cells but absent in S51A-MEF cells demonstrating that phosphorylation of eIF2α protein

is essential for DHC-triggered SG assembly (Supplementary figure 1C). Next, we investigated
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which eIF2α stress kinase is responsible for the promotion of eIF2α phosphorylation and SG 

formation upon DHC treatment. To test this, we have used the HAP-1 wild-type cell line with 

four eIF2α kinases knockout such as HRI, PKR, PERK and GCN2. All cell lines including 

HAP-1 wild-type and four knockout cells were stressed with 0.25 mM DHC for 20 min, 40 

min, and 60 min, except control in a time-dependent manner and then immunostained with SG 

markers eIF3b and G3BP1. We found that all cell lines induced SGs; albeit cells bearing SGs 

were less in quantity at 40 min and 60 min DHC treatment when compared to WT. (Fig. 4 A-

E). Interestingly, the number of cells harbouring SGs was significantly depleted in the HRI KO 

cell line (AK1) (Fig. 4F). Finally, these results suggest that DHC promoted SGs assembly is

dependent on the activation of eIF2α stress kinases and HRI kinase is involved in DHC-

triggered SG aggregation.   
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Figure 4.   Dihydrocapsaicin promotes HRI kinase activation through oxidative stress. 

(A-E) HAP-1 cells (kinase mutant) were seeded equally on coverslips (preincubated with 

IMDM medium) in 4-well plates, grown and treated with 0.25 mM DHC for indicated time 

points. Cells were immunostained with eIF3b (green), G3BP1 (red) and nuclei stain Hoechst 

(blue) and then proceed for immunofluorescence microscopy (see materials and methods). 

Scale bar, 10 μm. (F) Graphical representation shows percentage of cells containing SGs. Error 

bars indicate s.e.m. (n=4), ***P<0.001, Student’s t-test.
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IV. Discussion      

      Here we report that DHC is a strong inducer for the promotion of SG assembly and 

polysome disassembly. Our data reveal that SGs are formed in ~100% of cells at 0.25 mM 

DHC concentration after 60 min treatment. The SG components TIA-1 and EIF4G are co-

localized upon DHC stress in a dose-dependent manner (Fig. 1A). We confirmed these findings 

using multiple SG markers such as eIF3b and G3BP1 in multiple cells lines such as U2OS and 

HeLa cells suggesting DHC-mediated SG assembly occur in a variety of cell lines 

(Supplementary Figure 1A). We also observed that prolonged stress with DHC (0.25 mM) 

above 90 min or more than 0.35 mM DHC stress for 1 h can induce cell death rapidly (data not 

shown) bearing such prolonged stress environment exert cytotoxic effect. Previously, it was 

discovered that the eIF2α phosphorylation is one of the major incidents for the activation of 

SG formation and encouraging the translational inhibition in cells. We also noticed that DHC 

is assisting the phosphorylation of eIF2α and triggering SG formation in cells (Fig. 1C). PBs

are known to be another dynamic structure, which retain RNA decay proteins. PBs are found 

to juxtapose to SGs and trafficking mRNA between them [66]. Interestingly, stress rises the 

number of PBs in cells. We noticed that PB formation was consistently increased at a higher 

DHC dose (Fig. 1D, E). Translational repression and polysome disassembly are closely 

associated with the SG formation in eukaryotic cells. Both eIF2α dependent and independent 

factors are known to activate SG aggregation through the translational suppression [7,67]. This 

data explained that the mRNAs are quitting from polysomes in order to transfer into SGs during 

DHC stress. Interestingly, translational blockers such as cycloheximide or emetine known to 

stall elongation and hamper polysome disassembly in arsenite treated cells [64]. To test this 

hypothesis, we incubated with emetine (20µg/ml) in DHC treated U2OS cells for 60 min and 
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observed a significant reduction of SG formation compared to the DHC alone. Also, similar 

results were achieved using cycloheximide (50µg/ml) incubation in DHC treated cells for 60 

min (Supplementary Fig. 2). We noticed that both emetine and cycloheximide were able to 

dissolve pre-existing SGs as well as preventing further SG formation. Intriguingly, complete 

SG disassembly was observed by increasing emetine or cycloheximide incubation up to 120 

min (data not shown).     

      Recent studies have unraveled different types of SGs assemblies depending on their 

mechanism, formation and physiological functions. Canonical SGs are also known as Type I

SGs, which are induced by treating with arsenite in cells, leading to the phosphorylation of 

eIF2α protein and depletion of eIF2-GTP-tRNA-met ternary complex. Interestingly, eIF2/5 is 

known to be absent in Type I SGs, which assists cells to endure during stress conditions [68]. 

Type II SGs are assembled in cells by treating with selenite resulting to the suppression of 

eIF4A activity and can be activated independently of eIF2α phosphorylation [2]. Additionally, 

another type of SGs (Type III) are caused by xenobiotic stress, known for the absence of eIF3 

[69]. Further inquiries are needed to examine whether DHC triggered SG assembly is type I, II 

or III.                      

      To our understanding, SG initiation, translational repression and polysome disassembly 

are related to each other [37,50]. Therefore, we planned to further investigate the role of DHC 

stress on polysome assembly in U2OS cells. We noticed polysome disassembly pattern in a 

dose-dependent manner due to DHC stress. Intriguingly, 0.25 mM DHC treatment triggered 

polysomes to disassemble and a complete disassembly pattern was noticed at 0.35 mM (Fig. 

2A). Interestingly, polysome started rescuing after 90 min with 0.25 mM DHC treatment, 

confirming SG disassembly (Fig. 2B). Protein synthesis is a process which spends energy and 
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cells experiences translational inhibition under stress condition to retain energy for the 

restoring of stress induced damage [70]. As previously stated, global protein translation and 

polysome disassembly have a considerable link, we postulated that DHC-mediated stress could 

suppress protein translation. Using ribopuromycylation assay, we observed that although DHC 

treatment the inhibited majority of the protein translation, the low molecular weight proteins 

were still translating. Interestingly, 0.25 mM DHC treatment showed complete inhibition of 

translation; however, we did not observe complete polysome disassembly at this concentration. 

Further studies such as polysome-based proteomics needed to distinguish which proteins are 

synthesizing upon DHC treatment and a more sensitive assay to recognize translation 

repression is required to conclude this interesting finding.    

      Recent decades several findings have shed lights on the mechanism of SG aggregation

and translation repression. Translational initiation is strictly monitored by two major 

checkpoints such as 1) delivery of eIF4F complex to the 5’cap of mRNA is an essential

translation checkpoint under strict monitoring of mTOR; 2) translation repression induces

phosphorylation of serine at 51 positions of eIF2α protein following by the activation of stress 

kinases (HRI, PKR, PERK and GCN2). The phosphorylation of eIF2α is an essential stimulus

for SG aggregation and translational inhibition. Although, DHC stress is also able to activate

PERK (EIF2AK3) kinase. We observed that all eIF2α stress kinases were stimulated by DHC 

treatment in HAP-1 cells. Surprisingly, the HRI KO cell line (EIF2AK1) induced a very smaller

number of SGs compared to the other cell lines (Fig. 4F; Fig. 4 A-E). 

      In conclusion, DHC can modulate formation of SG, polysome disassembly and 

translational inhibition. SGs are essential for cellular adaptation to several physiological and 

environmental stresses and increases the rate of survival for cells. DHC stress induces
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polysome disassembly and bringing down the protein synthesis through the p-eIF2α dependent 

pathway following the activation of HRI (EIF2AK1) kinase. Although, DHC stress regulates

SG formation, there are several questions such as whether these are canonical SGs, promote 

cell survival, recruit similar mRNAs as seen in arsenite-induced SGs, DHC acts upstream or 

downstream of polysome disassembly are yet to be identified. Further studies are needed to 

answer these interesting questions and establish possible pharmacological and therapeutic 

effects of DHC.      
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Supplementary Figure-1
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Supplementary Figure 1.  (A) Localization of SG protein eIF3b and G3BP1 upon DHC 

stress in U2OS and HeLa Cells. Both U2OS and HeLa cells were grown on coverslips 

(preincubated with DMEM medium) in 4-well plates, treated with 0.25 mM DHC for indicated 

time points, immunostained with eIF3b (green), G3BP1 (red) and nuclei stain Hoechst (blue) 

and then proceed for immunofluorescence microscopy (see materials and methods). Boxed 

regions are shown enlarged as both merged and separate channel views indicating SG foci. 

Scale bar, 10 μm. (B) Statistical data represents the percentage of cells bearing SGs. Error bars 

indicate s.e.m. (n=3). **P<0.01, Student’s t-test. (C) MEFs Wild type and MEFs bearing S51A 
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mutant eIF2α were treated with 0.25mM DHC for indicated time points, stained with SG 

marker eIF3b (red). Control represents no treatment. Scale bar, 10 μm.

Supplementary Figure-2

Supplementary Figure 2.  Emetine and cycloheximide dissolves DHC induced SG 

assembly in U2OS cells.  U2OS cells were stressed with 0.25mM concentration of DHC for 

60 min except for DMSO alone, and incubated in the presence or absence of 20µg/ml emetine 
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and 50 µg/ml cycloheximide for another 60 min, then stained against SG markers eIF3b (green), 

G3BP1 (red), and nuclei stain Hoechst (blue). Scale bar, 10 μm.  
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VI. ABSTRACT (IN ENGLISH)

Functional Study of Dihydrocapsaicin on the Assembly of Stress Granule

Koushitak De

Advisor: Prof. Takbum Ohn, Ph. D.
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Graduate School of Chosun University 

Stress granules (SGs) are cytoplasmic biomolecular condensates that are formed against a 

variety of stress conditions when translation initiation is perturbed. SGs form through the weak 

protein-protein, protein-RNA, and RNA-RNA interactions, as well as through the intrinsically 

disordered domains and post-translation modifications within RNA binding proteins (RBPs). 

SGs are known to contribute to cell survivability by minimizing the stress-induced damage to 

the cells by delaying the activation of apoptosis. Here, we find that dihydrocapsaicin (DHC), 

an analogue of capsaicin, is a SG inducer that promotes polysome disassembly and reduces 

global protein translation via phosphorylation of eIF2α. DHC-mediated SG assembly is 

controlled by the phosphorylation of eIF2α at serine 51 position and is controlled by all four 

eIF2α stress kinases (i.e., HRI, PKR, PERK, and GCN2) with HRI showing maximal effect. 

We demonstrate that DHC is a bonafide compound that induces SG assembly, disassembles 

polysome, phosphorylates eIF2α in an HRI dependent manner, and thereby arrest global 

translation. Together, our results suggest that DHC is a novel SG inducer and an alternate to 

sodium arsenite to study SG dynamics.
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