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2 o = AP gMEe] B2 RE AAE AFIE = 4] 2R ZA BT AHS 4T =ZH
oheFet R o g o 2 HE AE REgth ArtEA] Z8-(autophagy) 2 THA FHE &858 HE 47
&, Az mAE Fol BlAFoE SRk B EHES wifshe 7ot H2 AT A ofstA Ak
z2h-g-o] Z+A g gM x| Al 717 g A A} 7‘%1’10i HZ Eslat=d F—S- ggS = Aol B
HAo dev A7t Ae-s }-Z‘a’oi”q ¥ B35 FET T dEAE gHA A & 2 AFAA
= AAE f 2 FFE golBHEE 2T 85t el (betaine) ©] A A FAEFQ HaCaT Al
oA AEA W LC3 punctate A4 5 LC3—To]A LC3-TI2] MBS ZANA Atz 282 2219
S FHAT. A7kEa 2o A A%< mTOR AE2E WEgld o) FaS v Fgtonz uekelol
98 F=% AVFEA LS mTORY SHAYS & & ATk WERle 28 3 =He= ApEs] 24
primary keratinocyte & skin equivalentoll A% 2= At = WERR] A E]E AFaFolA B35 T
7t F7VEE FRIEkAnt ol2lgt AAEERE, AVtEA] 2o N2 ZHLAZA HERlC] E3)9 e
& EX3lY ma)9] Auree MAstT fResE YA 4 S5S AlAS

Abstract: The epidermis which is stratified by epithelial tissue renewal based on keratinocyte differentiation protects
the organism from various environmental insults by forming a physical barrier. Autophagy is a mechanism which medi-
ates lysosomal delivery and degradation of protein aggregates, damaged organelles and intracellular microorganisms.
Recent reports have shown that autophagy has critical roles for proper terminal differentiation to stratum corneum via
removing metabolic organelles and nuclei. However, whether increasing autophagy can activate epidermal differentiation
is unknown. Here, we screened a library of natural single compounds and discovered that betaine specifically increased
the LC3 positive cytosolic punctate vesicles and LC3-I to LC3-II conversion in HaCaT human keratinocyte cell line,
indicating increased autophagy flux. mTOR pathway, which negatively regulates autophagy, was not affected by betaine
treatment, suggesting betaine-induced autophagy through an mTOR-independent pathway. Betaine-induced autophagy
was also observed in primary human keratinocyte and skin equivalent. Furthermore, epidermal thickness was increased
in skin equivalent under betaine treatment. Overall, our finding suggests that betaine as a novel regulator of autophagy
may induce epidermal turnover and improve the skin barrier abnormality of the aged epidermis.
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7FE2 2Hg B9 LC3-I2 atg3 L atg70] THsh=

HIFE FAF A|2El 02 213} phosphatidylethanol-
amine (PE)ol] &l =& 3Klipidation)=]HA] LC3-IIE
HgEo] LC37F AZFEA Ao AZHTE mTOR
(mammlian target of rapamycm)t ser/thr kinase= ATP
g opr|i-qke] Wslof Whg-atn FEo] o] &7
L Az ] 7S gFe 98 “3}% o g o
HA Aot TR GEE
mTOR class 1 PI3K/Akt 4l
% p70S6 kinaseZ YA 2155 HL3IIL elF4E A S| A}
1 4E-BP19| £/ 8}l #ofsto] 54 mRNA <] W
o2 oplsinl ek Ak AH§L AATTHI,

HE}R] (betaine)> betaine anhydrous -2 trimethyl-
glycine (TMG)E E2]™ AA| U] v|EZE=gotolA =

deo] n7pg Al ety & Foll A E T glycine?
A AR 238 WY 35S A2 M4 metho-
nines FASH=H FAo)7] ol Ik Agd
S 2ZH A3 o] A2 methinonined] BFA|Z Bol A}
SHTH13]. E=7E HERIS =3 A7 AS5E S9F
= 8371 oy, Efo] oz HAxr)F EA 7]
et A= AHEHAZA sHFE 4852 wol 2
21T} 14,15].

2 AT 8 S QAo o) A
A7 E2A] 2o dAstE Tl ®1 B35 £33
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sietE golBe 2R AEF A EY Al
2Hg A2 X8k shEs AAsk HERls 3
kot B3 in vitro A S RS E 3D skin model ol 4]
A7bEA A8 g 31 9 595 FAE SV
T 8%5S skt oy ATE B3l wiERle] A

7vz2 2hg A E B3 595 A3l 7158 &A
24 &go] 7hedA Gotr At st
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3ol A-&-3} Betaine (Sigma, USA) B A el 2] 3]
Al bafilomycin Al (Sigma, USA)-& DMSO°l| &3] &
AHEEFATE MEZ 542 Cell Counting Kit (CCK-8)
(Dojindo Lab, Japan)= ©]-8-stc] ufjatell A A&k o
Aol wet =43kt 12 A (primary antibody)
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AKT, p-AKT (serd473), p-S6 (ser240/244), S6 (Cell
Signalling Technology, USA)%} LC3B (Novus Biologicals,
USA) % p62/SQSTMI, «-Tubulin (Santa Cruz
Biotechnology, USA)E AH8-3l] western blotting 2]
Me skt

2.2, BO|M=Z HiY

B AY] AR A % fU AWIYAE
(NHEK-Neo, neonatal normal human epidermal keratino-
cytes)= Lonza (192907, USA)olA TA3tHom
KGM-Gold medium (Lonza, USA)°ll 10% fetal bovine
serum (FBS), penicillin 50 U/mL, streptomycin 50 xg/mL
7h A7bd a2l A wiFsith Al A4
M| 325-Q] HaCaT (human keratinocyte cell line)2 10%
fetal bovine serum (FBS), penicillin 50 U/mL, streptomy-
cin 50 ug/mL % 0.01 mM CaCLE Z33H= DMEM
(Gibco, USA) Wl Aol A, 37 C 5% CO,2] ZoZ nj
FE AT AZ7} v g FekTo] 70-80% A2 o
Alhel et skt

2.3. GFP—-LC3 H#IE{9| =¢] 2 LC3 puncta ZZF

GFP (green fluorescence protein)”} Z2FE WA A
Azt oz 1 A4 3 (LC3) HE HE|(Cell Biolabs,
USA)E HaCaT A| 3ol 32+ Fo] AleF lipofectamine
2000 (Invitrogen, USA)< ©]-83t] E9J3}al, 10% FBS
£ Xqeh= 2dolA 12 h wiF F iAol HERIS 5
=2 A3 v, ¥% dv]H(Leica Microsystems,
USA)S.2 H7letdth. A7tEs 282 =5 4
slal7] 9, 3 ArAES o83t FHE Y A
ZYE2A A7 A-AH(puncta = 5) 100712 GFP A4
MEZE AT3tA

2.4. Western Blotting 21

HaCaT A|ZE 60 mm plate®l] 8 x 10° cells ¥=2 H
Z F, thad HlERIE AR $ AlEZE 5x lysis buf-
fer= ESAA TillES AUk 4 sk cell
debrisE A 3}3L BCA protein assay kit (Pierce, USA)
£ ol &3st] A stk Ax = IE S 4-15%
SDS-PAGE gel (Bio-Rad, USA)S ©|&3}e] Eg|3lar
nitrocellulose membrane (Life Technologies, New
Zealand) 0.2 Z O] A Zt}h. MembraneS 3% BSAE 3

3+ TBST buffer®2 1 h blocking A17] & 12} &A|7} X
el A8 4 T stF <L RESAHAT
Membrane-2 TBSTZ A2 & peroxidase”} 2% 22t
A2} ¥Hg A7l ¥ enhance chemiluminescence
(Amersham, UK)E ©]-&38}o] WA A]7] 31, Fusion FX 5
image system (Vilber Lourmat, France) .= immune-re-
active bandg <13t}

2.5. 3D QISLR ZEHHS

Reconstructed human epidermis model (Neoderm-E,
Tego Science, Korea)= 6-well plate®] %7 2 mL9]
growth media (Tego Science, Korea)°ll 24 h 52+ SHA 3}
3 & ujElQle] mERE XEStH A7y A ¥ (water,
glycerin, propanediol, trehalose, dipropylene glycol,
1,2-hexanediol, trisodium EDTA, ethanol, PEG-40 hydro-
genated castor oil, carbopol, acrylates/c10-30 alkyl acryl-
ate crosspolymer, tromethamine, hydrogenated poly-
decene, fragrance)= 1335 ¢lo =33 24 h
&2t HlF $ Phosphate buffer saline (PBS)= Q1835
el =25 wlelR]l 7S MA3] & F protease in-
hibitor cocktail (ThermoFisher Scientific, USA)©] 323}
RIPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM NacCl,
1% NP-40)E sonication 3t] %28 dajstich. %32
FZHM AL western blot 33t 22 W 2 A
Alze] A7FE2] A8 S5 B4 o, Qg
Ho9o] WER] 1% I¥ =Esla 1Y F H&E
staining %133} Tk

2.6, SAX 24
BE AN 3] 5P A4S
ZHmeans + SEM)E UEepHom  FA X
SPSSE ©] &3} student’s r-testS £33+ p-valueS 4
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Figure 1. Increase of autophagic puncta by treatment with
betaine (A, B) HaCaT cells were transfected with GFP-LC3
before betaine-treatment for 12 h. The cells were imaged using
a fluorescence microscope (A), and the GFP-LC3 puncta were
counted (B). Bar = 10 um. The results were obtained from
three independent experiments with at least 100 cells analyzed.
“p < 0.001 versus un-treated control.

ol GFP (green fluorescent protein)”} Z¥= o] Az
Y] GFP-LC32] F(puncta) FE} 2XEA7} S71e Al
FAFE Hlast o, wlERR]l *2] Al GFP-LC3 puncta
7} S7Ve A2 FA el vl 18.75% AE 5
7Fet A& SIS th(Figure 1A, B).

3.2, HIEIQIS| ZIEFH MM L) RI7tEA 22 =X &
o] ATE Aty WS o] 83t F

2}, A7 }EA) 22 A| (autophagosome) & 252t Afo]of] 0]
7FAA WgE LC3-19] A4 HEE western blotting &
2 31 TH16]. HaCaT AEo HWEFRIS 10, 50,
100 ugmL A& <= o, oJuH 3t F=of A= M2
0] YeRA] gEkth(Figure 2A). ©]o] HERIS 9
AR 2 2= AYAe u s eSS
LC3-119] o] F7H3he &3 thFigure 2B). 3,
50 ug/mLe] WERRIS A lste] AZPE LC3-I1 |8 &
< BHSAS W, 6 WA o3k SV HolA| sk
o1} 12 hiE 3715k 24 holl 718 Bo] Mgts = A
< &Ik tHFigure 2C).
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Figure 2. Increase of autophagy activity by treatment with

betaine (A) HaCaT cells were treated various concentrations of
betaine and the viability was determined by CCK-8. (B, C)
HaCaT cells were treated with or without different doses (B)
of betaine for indicated hours and the cell lysates were
subjected to western blotting (C).

3.3. HIEIQI0 o5t XpZtmAIAK &Y =X
A7bEA LA o A W SV A F 7HA 9
S 2 Uehg F e, ol 1) ATFEAAA YA
#AAE oy AR e &4} 52 2) ArtE
A HFTHOE AT FAHA LxA W ol
o] Eallxo] AEEE=H, BihFe 75y Al
ofgt Eall g FAll o8 X2 4 Utk HER]
Aol &7k Ap7pastaA o] F717F o' Vo E o
A=A FH3H] A8l Bads &4 AAR gz
bafilomycin Al (Baf. Al)S HWEIIF} o] AZ3e
o, WERQ] T A PS wET LC3-11Y] Yol BS
7Vt AS BEFo A HERIY o) FAEHE=
A7 st AA = gAaAgES T8 BlHHo] AHe
2 dojyar S Rl H th(Figure 3). E=3F A7}
F2 Zhgo o EalEtiy I3 p62/SQSTMI
(p62) THAE A wlERIC] o3l Fo] THads 2l
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Figure 3. Betaine increased autophagic flux. HaCaT cells were
treated with or without 50 ug/mL of betaine for 12 h in the
presence or absence of 20 nM bafilomycin Al (Baf. Al) of
last 2 h and cells were subjected to western blot analysis.
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Figure 4. Betaine induces autophagy via mTOR-independent

mechanism. HaCaT cells were treated with indicated doses of
betaine for 12 h and the cell lysates were subjected to western
blot analysis.
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3.4, HIEIRIS| mTOR ZE ZS2IX X7 A! =2
7| %

T o &2 Wl o3 A7tz 2] 2Hgo] FX1E =
71AE& 27] 8] #4A 39 Asxd AAE A6t
= AYPES FY3tTh o] ATFollAl, betaine-homo-
cysteine methyltransferase (BHMT)oll ]3] HE}Q] o=
Z © 2 homocysteine®] o] Eo]EH, & At |3}
9 homocysteine©] A7FEA] 28 A E24~Q1 mTORCI
o] 45 X3ty Bud vl QAoH17,18]. HWEFS]
o 9J3] mTORC19] &A4o] A= =R B7] 93], H
EFl A 2] & Akt-mTOR-S6 HZ29| I4tsl A=E &
JEFATh 11 A HaCaT Aol A WERR]D A 2ol 9
3 mTOR A& 9] {23k zfol & & F glNeH, o=

e
for

>

LC3-l | v
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Figure 5. Betaine increases epidermal thickness in 3D skin
model. (A) 3D skin was treated with indicated doses of betaine
cream and tissue were subjected with western blot analysis.
(B) Epidermal thickness was measured by H&E staining. 3D
skin was treated with 1% of betaine cream for 7 days.

Table 1. Increased epidermal thickness in 3D skin model by
treatment with betaine. "p < 0.01 versus control

Epidermal D Control
thickness (um) o o]
Control 62 4.26 1.00
Betaine 74 4.78 1.19

HlERRIOll o) 3t A7k A28 £31o] mTOR Al &9k =
HdHog o dS 3 th(Figure 4).

3.5. 3D Skin Modelo|M2| BEI|SH &7t &1t

ojd AFATe] W2, A EL] ZE F3l] 9
3 AP A 2o E3UF FXEE A in virro 3ol
Al A TH19,20]. HIERIL] A7pEs] 28 =X
el ol E9 W B3t £1EH=A glshr] 9
st A2 5= A AN EN FEE= 3D skin
model S ©] &3 TE WA, WER] 1%, 3%, 5%S ZY
AFoZ vhEo] 2+ 9o =x% 5§ 24 h $ %39 Y
A7 2 Zgo] ZXFHAEA FRIsiET A4d A
HERQD 1% el oJ3l Ap7fE2] 2hg-o] F71sks o
w1 oo FEA B F718HA ¥ UTHFigure 5A).

o2 WER] 1% THE A3y Fo =X & I3
Z21-5 H&E @43t 339 T WH3lE AT
T A3}, betaine 1% Aol sl 3] FA7}F 19% 5
7}eh& 318} tFigure 5B, Table 1).
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