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ABSTRACT

Cancer-specific cytotoxicity of pyridinium-based ionic liquids by
regulating hypoxia-inducible factor-1 a -centric cancer metabolism

Seo Beom Chan
Advisor : Prof. Lee Jong Dae , Ph.D.

Department of Chemistry,
Graduate School of Chosun University

Owing to their unique properties and biological activities, ionic liquids (ILs) have
attracted research interest in pharmaceutics and medicine. Hypoxia-inducible factor (HIF)-1
0. is an attractive cancer drug target involved in cancer malignancy in the hypoxic tumor
micro-environment. Herein, we report the inhibitory activity of ILs on the HIF-1a
pathway and their mechanism of action. Substitution of a dimethylamino group on
pyridinium reduced hypoxia-induced HIF-1 o activation. It selectively inhibited the viability
of the human colon cancer cell line HCT116, compared to that of the normal fibroblast
cell line WI-38. These activities were enhanced by increasing the alkyl chain length in
the pyridinium. Under hypoxic conditions, dimethylaminopyridinium reduced the
accumulation of HIF-1 o and its target genes without affecting the HIF/A mRNA level in
cancer cells. It suppressed the oxygen consumption rate and ATP production by directly
inhibiting electron transfer chain complex I, which led to enhanced intracellular oxygen
content and oxygen-dependent degradation of HIF-1a under hypoxia. These results
indicate that dimethylaminopyridinium suppresses the mitochondria and HIF-1 o -dependent
glucose metabolic pathway in hypoxic cancer cells. This study provides insights into the
anticancer activity of pyridinium-based ILs through the regulation of cancer metabolism,

making them promising candidates for cancer treatment.
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2. & &

General considerations

[am}
-

rn

A&E2 HZF Schlenk line2 Soff 24 = 0t=2&2 JINE 00t &6t
ACH  Acetonitrilet  dichloromethane2 Samchun Pure Chemical Company, Ltd. (Seoul,
Korea)ll M 0HSIRA 12, sodium/benzophenoneE AFEGHH HA8t = AISSHUCH =X,
AL, XA ZOH, Hls S8 220M 2M 2AX = ALE0tRACH  Pyridine,
4-dimethylaminopyridine =~ (DMAP),  1-bromobutane, 1-bromopentane, 1-bromohexane,
1-bromoheptane
ofLCH &

OtALCH M

2 Sigma-Aldrich Chemicals (Merck KGaA, Darmstadt, Germany)O0ll A =*OH
E4E Carlo Erba Instruments CHNS-O EA 1108 analyzerS O|E06t0{ =3
O IR AHEHEZ KBr disksE AHZ0t0 Agilent Cary 600 Series Fourier
Transform (FT)-IR spectrometer (Victoria, Australia)2 Sof JI1=5tRCH 'H £ “C NMR
AHEHAZ2 22 300.1 ¥ 754 MHzOlA ZS0t= JEOL-INM-AI300 spectrometerS =

ALt 22 'H ¥ “C chemical shift= lock solvent (99.5% CDCl)2l D& I3
E JIESZ =FSH S MesSi (TMS 0.00ppm)E J|E22 HoHAMLCE 282 E X0l
(et 1-butyl, 1-pentyl, 1-hexyl, el 1-heptylpyridinium bromide 2t

N,N-dimethylaminopyridinium bromideE &H& 5% CH "

— —\ Br
R1—CN +  R,—Br R1GN—R2
\ CHSCN, reflux \_s

R1 = NMBZ‘ H RZ = Cq‘ Cﬁ, CE\‘ C? [quy]Br R1 = H‘ RZ = CA, yleld 76%
[C-Py]Br R; =H. R = Cs, yield: 83%
[C.Py]Br: Ry =H. R, = C.. yield: 74%
[C.Py]Br Ry =H. R, = C,. yield: 65%
[C4DMAPIBr: Ry = NMes, Ry = Cy, yield: 88%
[C-DMAPIBr R, = NMe,, R, = C.. yield: 88%
[CaDMAPIBr: R, = NMe,, R, = C,. yield: 85%
[C.DMAPIBr: R; = NMe,, R, = Co. yield: 81%

Scheme 1. Pyridinium- % N,N-dimethylaminopyridiniumH 0248 HX 2 &4&
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Pyridinium- 2 N,N-dimethylaminopyridinium-%| 0|24 2AiS &'&

General procedure : Pyridine (0.81 mL, 10.0 mmol)S 50 mL2| acetonitrile®il =0]1)
acetonitrile0fl 1-bromobutane (1.3 mL, 12.0 mmol)& =02 E2HZ A20 A 1022t &It
SICt. E828 24A128 SO reflux =, rotary evaporatorS 0| &30 E0HE HMIAHGHH
pale yellow 20| EHEH MK HUHXLCH LUHE SHEE2 ([C4Py]Br) 30T MM
012t AZXBICH Yield: 76% (1.64g). 'H NMR (DMSO-ds, ppm) & 0.83 (t, 3H, -CHs,
Jun = 5.0 Hz), 121 (sextet, 2H, -CH,-CH»-CH3;, *Jum = 5.0 Hz), 1.84 (quintet, 2H,
-CHy-CHy-CHy-, *Jusi = 5.0 Hz), 479 (t, 2H, -N'CHa- “Jun = 5.0 Hz), 821 (t, 2H, Py,
*Jun = 5.0 Hz), 8.68 (dd, 1H, Py, *Juu = 5.0 Hz), 9.44 (d, 2H, Py, *Jun = 5.0 Hz). °C
NMR (DMSO-ds, ppm) & 11.83 (CHa), 20.08, 25.52, 28.75 (-CHy-), 5835 (Npy-CHy),
128.54, 145.24, 146.12 (Py).

N-Pentylpyridinium bromide ([CsPy]Br): [C,Py|Br2t &2 ZHOZ g &GIRUCL Pyridine
0.81 mL (10.0 mmol)2t 1.50 mL (12.0 mmol)2| 1-bromopentaneE AIE3t0 pale yellow
MOl EHEE MFYZE ARACE Yield: 83% (1.91 g). 'H NMR (DMSO-ds, ppm) & 0.60 (t,
3H, ~CHs, “Jun = 5.0 Hz), 1.09 (sextet, 2H, -CHyCH>-CHs, “Jun = 5.0 Hz), 1.83
(quintet, 2H, -CH,~CH>—CH>-, i = 5.0 Hz), 2.09 (quintet, 2H, -CH,~CH>—CH>, Jam =
5.0 Hz), 4.80 (t, 2H, -N"CHy~ *Juw = 5.0 Hz), 823 (t, 2H, Py, *Juwu = 5.0 Hz), 8.69 (dd,
1H, Py, *Jun = 5.0 Hz), 9.47 (d, 2H, Py, *Juu = 5.0 Hz). °C NMR (DMSO-ds, ppm) &
11.83 (CH3), 19.66, 25.52, 28.75 (-CH;,"), 58.35 (NpyCH,™), 125.98, 142.67, 143.86 (Py).

N-Hexylpyridinium bromide ([C¢Py|Br): [CsPy|Br2t 22 LEHO=Z S ASGHRUCH Pyridine
0.81 mL (10.0 mmol)2t 1.68 mL (12.0 mmol)2| 1-bromohexane= ALEZGIH pale yellow
MO| EHE MHE AACH Yield: 74% (1.81 g). 'H NMR (DMSO-ds, ppm) & 0.63 (t,
3H, -CHs, *Jun = 5.0 Hz), 1.07 (m, 4H, -CH,-CH,-CHs, “Jus = 5.0 Hz), 1.83 (quintet,
2H, -CH,CH»~CHy-, *Jun = 5.0 Hz), 2.09 (quintet, 2H, -CH,~CH,~CH,~, *Ju-u = 5.0 Hz),
4.80 (t, 2H, -N'CH»~ *Ju = 5.0 Hz), 8.23 (t, 2H, Py, *Juu = 5.0 Hz), 8.69 (dd, 1H, Py,
Jun = 5.0 Hz), 947 (d, 2H, Py, “Jun = 5.0 Hz). °C NMR (DMSO-ds, ppm) & 11.98
(CH3), 19.89, 23.00, 28.60, 28.87 (-CHy-), 58.49 (Np,~CHy-), 126.38, 142.80, 143.68 (Py).

_4_
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N-Heptylpyridinium bromide ([C;Py]Br): [CsPy|Br2t Z& 2B Oz g &oIULL Pyridine
0.81 mL (10.0 mmol)2t 1.89 mL (12.0 mmol)2| 1-bromoheptaneS AIE3t0 pale yellow
Mol Egist HIZ AAC Yield: 65% (1.68 g). 'H NMR (DMSO-ds, ppm) & 0.70 (t,
3H, ~CHs, Jun = 5.0 Hz), 1.13 (m, 6H, ~-CHyCHrCHyCHs, Juy = 5.0 Hz), 1.86
(quintet, 2H, -CH,~CH>—CH;, Jam = 5.0 Hz), 2.08 (quintet, 2H, -CH,~CH,—CH,-, in =
5.0 Hz), 4.78 (t, 2H, -N'CHy~ *Juw = 5.0 Hz), 821 (t, 2H, Py, *Jusu = 5.0 Hz), 8.68 (dd,
1H, Py, *Jun = 5.0 Hz), 943 (d, 2H, Py, *Juu = 5.0 Hz). °C NMR (DMSO-ds, ppm) &
12.28 (CH3), 20.21, 23.72, 26.53, 27.07, 29.27 (-CHy~), 59.02 (Npy—CH,-), 126.27, 143.30,
143.83 (Py).

N"-Butyl-N,N-dimethylaminopyridinium bromide ([CsDMAP]|Br): [CsPy|Br2t 22 ZEHO=Z
AotALE 1.22 g (10.0 mmol)@ N,N-dimethylaminopyridinet 1.3 mL (12.0 mmol)2
l-bromobutaneS AF25t0 5t DHIE A ACH Yield: 88% (220 g). Mp.: 38 C. 'H
NMR (DMSO-ds, ppm) & 0.86 (t, 3H, -CHs, Juy = 5.0 Hz), 1.21 (sextet, 2H, ~CH>-CH,
—CHs, *Jus = 5.0 Hz), 1.71 (quintet, 2H, ~CH,-CH,-CHr-, *Jun = 5.0 Hz), 3.18 (s, 3H, -
NCH;), 4.22 (t, 2H, -N'CHy~ *Juu = 5.0 Hz), 7.06 (d, 2H, DMAP, *Jun = 5.0 Hz), 8.42
(d, 2H, DMAP, *Juy = 5.0 Hz). °C NMR (DMSO-ds, ppm) & 13.87 (CHs), 19.16, 32.87
(-CHy-), 40.28 (N-CHs), 56.68 (Np,-CHy), 108.19, 142.54, 156.25 (DMAP).

“Pentyl-N,N-dimethylaminopyridinium bromide ([CsDMAP|Br): [CsPy|Br2t 22 ZHEHO=Z
&8Ot LH 122 g (10.0 mmol)2 N,N-dimethylaminopyridinedt 1.5 mL (12.0 mmol)2]
1-bromopentaneS AFZSHO SHRFA DXIE L AUCH Yield: 88% (2.40 g). Mp.: 36 C. 'H
NMR (DMSO-ds, ppm) & 0.83 (t, 3H, -CHs, *Jun = 5.0 Hz), 1.19 (sextet, 2H, ~CH,~CH,
—-CHs;, i = 5.0 Hz), 1.29 (quintet, 2H, -CH,~CH,—CH,, Jun = 5.0 Hz), 1.72 (quintet,
2H, -CH,-CH>-CHy~, *Juu = 5.0 Hz), 3.18 (s, 3H, -NCH;), 4.20 (t, 2H, -N'CHy~ *Juy =
5.0 Hz), 7.06 (d, 2H, DMAP, *Jyu = 5.0 Hz), 8.40 (d, 2H, DMAP, *Juu = 5.0 Hz). °C
NMR (DMSO-ds, ppm) & 14.29 (CHs), 22.08, 28.02, 30.54 (~-CH,-), 40.28 (N-CHs), 56.95
(Np,-CH2-), 108.18, 142.52, 156.26 (DMAP).
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“Hexyl-V,N-dimethylaminopyridinium bromide ([CsDMAP]Br): [C,Py|Br2 &2 ZHOZ
SOt LH 1.22 g (10.0 mmol)2 N,N-dimethylaminopyridinet 1.68 mL (12.0 mmol)2|
l-bromohexaneS AF2SI0{ Stk DHIE L ACH Yield: 85% (2.44 g). Mp.: 35 C. 'H
NMR (DMSO-ds, ppm) & 0.81 (t, 3H, ~CHs, “Jus = 5.0 Hz), 121 (m, 6H, ~CHyCHy-
CHr, *Tuw = 5.0 Hz), 1.72 (quintet, 2H, ~CH,-CHy-CHx-, Ju = 5.0 Hz), 3.18 (s, 3H, -
NCH;), 422 (t, 2H, -N'CHy~ Ty = 5.0 Hz), 7.06 (d, 2H, DMAP, *Ju = 5.0 Hz), 8.42
(d, 2H, DMAP, *Jyn = 5.0 Hz). °C NMR (DMSO-ds, ppm) 8 14.31 (CHs), 22.40, 25.50,
30.84, 31.10 (-CHy"), 40.31 (N-CH3), 56.91 (Npy—CH,~), 108.18, 142.54, 156.25 (DMAP).

“Heptyl-N,N-dimethylaminopyridinium bromide ([C;DMAP|Br): [C,Py]Br2 Z& ZHo
Z YoYU 1.22 g (10.0 mmol)2 N,N-dimethylaminopyridinet 1.89 mL (12.0 mmol)
©| 1-bromoheptane=S AtE0t0 Gtk IXE S RULCH Yield: 81% (2.44 g). M.p.: 32 C.
'H NMR (DMSO-ds, ppm) & 0.83 (t, 3H, -CHs, *Ju-un = 5.0 Hz), 1.23 (m, 8H, -CH,CH,
~CHy, *Jus = 5.0 Hz), 1.74 (quintet, 2H, -CH,-CH,~CHy~, *Juw = 5.0 Hz), 3.20 (s, 3H,
-NCH3), 4.23 (t, 2H, N'CH>~ *Jin = 5.0 Hz), 7.08 (d, 2H, DMAP, *Junu = 5.0 Hz), 8.42
(d, 2H, DMAP, *Jin = 5.0 Hz). °C NMR (DMSO-ds, ppm) 8 14.37 (CHs), 22.44, 22.79,
25.82, 28.60, 30.89, 31.39, 31.57 (-CHy), 40.30 (N-CH;), 56.93 (Np,~CH-), 108.18,
142.53, 156.25 (DMAP).

Cell line and cell culture

Bioevaluation Center of the Korea Research Institute of Bioscience and Biotechnology,
KRIBBOIM HCT116 MIEZE ZRUCH HCTI116 AlE= Dulbecco's modified Eagle's medium
(DMEM; Welgene, Gyeongsan-si, Gyeongsangbuk-do, KOREA)MI A HHEI AU 5%2| fetal
bovine serum (FBS; Welgene), 100 um/mL streptomycin, 12|10 100 U/mL2| penicillin
(Gibco, Carlsbad, CA, USA)2 &%R46t1] RUCH Mia-paca-2 NIE= 10% FBS, 100 yg/mL
streptomycin 2 100 U/mL penicilin (Gibco)ES E&ot= DMEMOIA BHZE AL ME=
5% COJt EgeEl 37C QRHIOIE A BHEIRUCEH Mot aEie] B2, ME=s 2%
02, 5% CO, 2l 93% N2 F&E hypoxia chamberOlA BT ACH (Astec,
Fukuoka, Japan).
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Cell viability assay

NE MEE
AA(5% 0y X
dilutions) MIZE
Moz HAMGIAUCEH ZHAME methylene blue= 0.5% HCIE AFESHH &EO0HHACH 600 nmOl

i Methylene blue assayS AF28 & ZHGIACH* XN
UM 72A12F SOt 0|24 HHI2 201(0.39-100 puM, two-fold serial
H

BH St = 10% formalin solution@ 2 &Gt 0.5% methylene blue &
=

&&= Synergy Hl multi-mode plate reader (BioTek Instruments, Winooski, VT,

USA)E AMEotM =FotALE 2 IL2 BHXI0 EItED] 8 SF+0 =2 = AISot™

Reporter gene assay

MZXel XI&0l et pGL4.42 [luc2P/HRE/Hygro] vector (Promega, Madison, WI,
USA)E AE0t0 HRE-luciferase reporter geneS ZL&ol= NMIEE ZHIGHRICH & F
2 (transfection) =, NIZ= MotA SHZ WA 12A12 S0 2 1Ls (0.39, 1.56, 6.25, 25, or
100 uM)Z XeIotULE H&SA2 42 dual-luciferase system (Promega)S AtE 0N

Z XSGt} 2M, Synergy Hl multi-mode plate readerS At& 6t 2 & & UCH
Western blot analysis

[C;DMAP]Br (1.25, 2.5, 5, or 10 UM)2 AFR3H0! HCT116 HIEZ 6AI2t SOt X
28t =, protease inhibitor cocktail (GenDEPOT, Katy, TX, USA)Dt phosphatase inhibitor
cocktail (GenDEPOT)S X & G6t= radioimmunoprecipitation assay (RIPA) buffer2 Zoliot
C CHHE M2t5l=  Pierce’™ BCA Protein Assay Kit (ThermoFisher Scientific,
Waltham, = MA, USA)E INE=T10! +=2HoHRA Lt Z22 ] Ctena s
sodium-dodecyl-sulfate-polyacrylamide gel electrophoresis (8%)E At&Eot0 =2Iot1d,
poly-vinylidene difluoride 222 MESt =, 5% skim milkZ XIEHGIALCH AIE8H =2
&il= HIF-la (BD Biosciences, San Jose, CA, USA)2t B-actin (Santa Cruz
Biotechnology, Santa Cruz, CA, USA)O|Ct. 2Xt &Xl= mouse IgG HRP &2 & X (Cell

Signaling Technology, Danvers, MA, USA)OICt. St &S Luminata'™ Crescendo Western

HRP Substrate (Merck)@ iBright CL1500 imaging system (ThermoFisher Scientific)S AlS

_7_
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Quantitative real-time polymerase chain reaction (qRT-PCR)

NI E [C;DMAP]Br (1.25, 2.5, 5. or 10 UM)Z 4AI2HHIFIA) = 12A12K(pyruvate
dehydrogenase kinase 1 (PDKI)Dt GLUTI)SQH Xe2lgt =, ®H RNAE TRI Reagent”
(Molecular Research Center, Cincinnati, OH, USA)E AM2G0{ F==6IACH AccuPower”

CycleScript RT PreMix (dT) (Bioneer, Seoul, Korea)& AI&5I0 AZ2XQl DNAE &4

ol

otJl <ol &M RNASI 1 pg= AtSotRUCE Quantitative real-time polymerase chain
reaction (QRT-PCR)2 QuantStudio 1 Real-time PCR system (ThermoFisher Scientific)Oil A
SensiFAST™ SYBR® LO-ROX Kit (Biolinem Memphis, TN, USA)S AI230{ £35S
Ct. PDKI, GLUTI, HIFIA, 12|13 ribosomal protein L13a (RPLI34)0l CHS' primer

sequences= Table 10l HIIGIRACE. RPLI3AE internal control2 AtE0SHLCE.

Hypoxia detection

Image-iT hypoxia reagent (ThermoFisher Scientific)S AtE0I0] AME L MAZSE2
M50 MALAS MEHE &0I5IUCH HCT116 MIE [C:DMAP[Br (1.25, 2.5, 5, or
10 uM)Z Mata SHEA 124128 SO BIYEACH MEE HALASS 2X6H| <
hypoxia probe (1 Pg/mL)2t HMIESHZ FI| 28t Hoechst 33342 (1 pg/mL)2 ST

i

ro

—_—

UL 2 OI0IXI= Leica DMi8 microscope (Leica Microsystem, Wetzlar, Germany)E Al
ot ZA40tA2M, Synergy Hl multi-mode plate readerS AFE0t0 AUHEC H&EAEZ2 =
&ot AL

Real-time ATP XF-analysis

&t AHIE (OCR)IE ATP MAHE Seahorse XFe24 analyzer (Agilent Techmologies,
CA, USA)E AME5t0 SHOIUCE NE= 2 mM glutamine, 10 mM glucose, 12|11 1
mM pyruvateS E &S XF medium (Agilent Technologies)2 2 23| A& £, non-CO2
incubatorOll M 1AI2t &S¢ 0l2l [C;DMAPIBr (2.5, 5, or 10 pM)Z XcelotRLt JI=
OCRE =38 £, oligomycin (1.5 uM), 12l1) rotenone/anyimycin A (0.5 uM)S =Xt

_8_
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5IUCH 012 ZIAl= [CTDMAP]BrE XX 2| 210l [C7DMAPIBr (2.5, 5, or
10 pM)2l HE o=z AISIULCE 0I=F, oligomycin (1.5 pM)It rotenone/antimycin
(]

A (05 uM)ES =XH2Z FYotAth 2 SEH AL JIsol et @2 E Table

Mitochondrial respiratory analysis

OIEEE2I0t JIS& XFe24 analyzer?t XF Cell Mito Stress Test Kit (Agilent
Technologies)E A&t =JFOIALE ME= 10 mM glucose, 1 mM pyruvate, _12|1]
mM glutamine2 ZE &8t XF medium (pH 7.4)E AIE5t0H MIAE =, non-CO, incubator0fl
N 1AIZ2E &0l [C;DMAPIBr (2.5, 5, or 10uM)E HMIotRUACH JIM &L AHIE2 53
=, oligomycin (1.5 U M), 2,4-dinitrophenol (DNP) (200 U M), rotenone (0.5 uM), -1
|Z) antimycin A (0.5 pM)S =XE22 F=AGHRULCE 2 SEH LHMAMe JIsol

82 E Table 20l R 2oL

o

ro

Mitochondria electron transport chain (ETC) complex activity assay

HCT116 MIZE A& MO0l mitochondrial assay solution (MAS) buffer [220 mM
mannitol, 70 mM sucrose, 10 mM KH,PO4, 5 mM MgClL, 2 mM 4-(2-hydroxyethyl)—
1-piperazineethanesulfonic acid, 1 mM ethylene glycol tetraacetic acid, and 0.2% (W/v)
bovine serum albumin]Z 23| A& 3Gt1) MAS buffer containing 10 uM digitonin® 4 mM
ADPZ permeabilize OtALCt S EHE XFe24 analyzerE AIE6H =EGHRULCH

MEUH MIEE rotenone (2 UM)OIL} rotenone (2 UM) / antimycin A (2 UM)Z X2ldtx
S8 W or VY &2 =FGIULE JI2 2482 =Fotd S8 58X J2n
[C;DMAP]IBr (1.25, 2.5, 5, or 10 uM), 1c|l1) S8 =M LHME =XHEHC=Z =06t
AFCH 2 =M J2n dAXMHM= s 20 SEA 1 J1E: malate (1 mM)2t
pyruvate (10 mM), L HIKl rotenone (2 uM); S&X /T J|&: succinate (10 mM), Xl
Ml antimycin A (2 uM); =&X IV J|&E: ascorbate (10 mM)2 NNN N
-tetramethyl-1,4-phenylenediamine (TMPD, 100 uM), S MMl azide (10 mM). 2 S 2
AMAMS D12l HEE Table 201 R AGHAL
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Glucose uptake assay

HCTI16 MEZ [C,DMAP]Br (125, 25, 5, or 10 uM)® GLUTI 2HIAIQl
BAY-876 (10 uM) (Selleckcehm, Houston, TX, USA)Z X&tA BHEOM 12A12F SOt
Melotth &Y S 42 MM X&E0l et Synergy HI multi-mode plate

= =ZFotRULCH

0
o

readerS AF2Gt0! Glucose Uptake-Glo™ Assay (Promega)S

Glycolysis assay

MESl HYDUHEES XFe24 analyzer?t XF Glycolysis Stress Test Kit (Agilent
Technologies)E ArE0t0] =&oIALH HCT116 MIEE [C;DMAPIBr (1.25, 2.5, 5, or 10
UM)E Hatas SZ0A 12412 S HelotATH NIEE 2 mM glutamine0| 25 &
XF mediumZ 28| AIE3tLD, non-CO, incubatorOlA 1AI2H S0t HHSILCH =D
ECAR =XIE& =& =, glucose (10 mM), oligomycin (1.5 upM), clid
2-deoxy-D-glucose (2-DG, 50 mM)E =XELZ =6t L

rtou

Table 1. Quantitative real-time polymerase chain reaction’0il AtE8t AKX primer

sequence
Primer sequence Amplicon Accession Primer )
Genes b . . c R
(5’ to 37) size (bp) number efficiency

F: CAGGACAGCCAATACAAGTGG

PDK1 150 NM_002610.5 112.6% 0.98
R: CATTACCCAGCGTGACATGAA
F: TTGCAGGCTTCTCCAACTGGAC

GLUT1 113 NM_006516.4 106.4% 0.98
R: CAGAACCAGGAGCACAGTGAAG
F: CGTTCCTTCGATCAGTTGTC NM_0012430

HIF1A 143 - 96.8% 0.99
R: TCAGTGGTGGCAGTGGTAGT 84.2
F: CATAGGAAGCTGGGAGCAAG

RPLI3A 159 NM 012423.4 95.7% 0.99
R: GCCCTCCAATCAGTCTTCTG

ol
2

® mANA &2 Comparative Ct(A ACt) method BEES 0|2
Z RPL13AZ AtERCLCEH.

® DE primers= custom-design@ 2 BHA QAL

Mot H 20, internal control
° Primer &8I R°= QuantStudio™ Design & Analysis Software (ThermoFisher Scientific)Oil ©IaH
ZHE UL,

_']0_
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Table 2. Real-time A
M 24 2240 AIE2st 4=

TP XF-24, 0IE2Ecl0t 28 =24 & 0IE2E2l0F ETC
o

I==R<13
— =

Compound Function Final i
Concentration
Oligomycin ATP synthase (Complex V) inhibitor 1.5 pM
Rotenone Mitochondrial respiratory Complex I inhibitor 0.5 pM
Antimycin A Mitochondrial respiratory Complex III inhibitor 0.5 pM
DNP Uncouplers (cause maximal mitochondrial respiration) 200 pM
Pyruvate NADH-linked (Complex I) substrate 10 mM
Malate Increase oxaloacetate, equilibrate fumarate I mM
Succinate Q-linked (Complex II or Complex III) substrate 10 mM
TMPD Artificial substrate measure Complex IV 100 pM
Ascorbate Maintain reduced form of TMPD 10 mM
Azide Cytochrome oxidase-linked (Complex IV) inhibitor 20 mM
3. 21t

3.1 SHZNAS NE =S HIF &

e

fujo

242 ANSt= pyridinium} O0l24& HX

Mok RAMAM BHS HCTI16 & MIESl HIF-1 2483t & ANE MEESS
ZHECEMN Olzd HHM(Olot "IL'et &hHel & sHE ZHOIRULE A= 72A12

SOt 2 L2 HM2IotUCH &4st IL 3, [C4Py]Br, [CsPy]Br, [CePy]Br & [C,Py]BrE I

85t pyridinum IL2 60 uM SENK MZ

10

d=00 Se= 0

[CsDMAPIBr, [CsDMAPIBr, [CeDMAPIBr, % [C;DMAPIBrel ICso= 2F 51.63,
0.68, 2l 3.65CH ZIUAM MZE MEWH 8 2AH SHE SZol)|

dimethylamino &&J|Jt &

s o
=l alkyl chain® 2010t 20{&+=5F AN 240l =0tN= XS ECIoIAULH Olet=

4 dR0tMEZ WI-382 MZEN F&sS 0IXIX

x5
=48 DMAPES 2O0ILH B4 MEHA OfHs E&S LIEHHX & ACHTable 3).

Collection @ chosun

o
|ate == QUCH &8t dimethylaminopyridinium2|

XX &2 ACHTable
p

3). PyridineOll dimethylaminoJ|2 XI&2 AKX HME AH 2HES SEo

PR,
24.38,

| of
|

o

>

AL,



Ct22 2, HCT116 M X0l Al HRE-luciferase reporter gene2 L& 6t= HIF MAF 24

S =Zol0 HIF-1a2 2430l et pyridiniumH LSl SE ZALGHALCH MAta
SEHOIA HCT116 CHE 2 AIXEE HHSIH HIFS| &AF 2430 R20I6HH = <ElCh

gl XAH0IM dimethylamino &&J|Jt 8= pyridiniumH ILZ2] X

o
u

|= HIF &8AH &

g0 ggs  0IXXN LUCKTable 3). AHE  HdHES Z02t LXIoHA

(=]

dimethylaminopyridinium A IL2 M&AS0H 2ol S2& HIFS 2432 &4 Y0l

=
ULt O0l=2 A Sit= alkyl chain?l Z0[JF ZHE == 23t RUCH [C,DMAP]Br,
2

[CsDMAP]Br, [CsDMAP]Br, 2 [C;DMAP]Bre ICs

Kl

= 2t

OICHTable 3). =43 DMAP= HIFS MAF SA0I 0/ AT 0IXIX LACH
0101, MAkA AEHOIAl HIF-10 2 =X0| CHEH ILO HES SHOIGIACH MatA A
EROIAl HCTI16 MES BRI, 1 2D HIF-1ao =X0| =0 ©H ZI+sHACH
(Fig. 1a). 22 ZH0IA HCTI16 MIZE 10 uM SE9| IL2 M2 O, KAASO
o8t HIF-102 EXE pyridinium ILOI HAE BB L UACKFig. la). BHHR

dimethylaminopyridiniumH| ILE= HIF-1a 2l SXS A ML AXM 242 alkyl chain 2

010t S0{L42 SHASICKFig. la). OIS IL & [C;DMAPIBrJt 1.25-10 pMOIAl HIF-1

=T T

all SH0 Ooll JtE Z5el AN 2d=S 2 UACHFig. 1b).

(a) (b)

HIF-1a LB R ™ LF-1q -

B-Actin ‘“—..---‘ B-ACHN | S—————

ILs(10pM) - - @ @ % T XKL F - - 12525 5 10
S LS @‘g é“éz \WQ \&?9 S [C.DMAPIBr (UM)
CEEE S S S [C;DMAPIBr (M)
e Nor Hy
Nor Hy

Figure 1. PyridiniumH| O|24& A It HCT116 MZWAM MoAS-25 HIF-la SE

OIXl= Z&. (a) PyridiniumH Ol=2& XX (10 uM)Z XHclst MIESl HIF-1a
(b) MAASOHA [C;DMAPIBr (1.25, 2.5, 5, or 10 uM)Z HM2l8t MIZS| HIF-1a

_']2_
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Table 3. SME X & AZOl pyridiniumH Ol24d MOt AHEZ MEES XL HIF-la
2450 O0Ixle &&

Abbreviation Structure Name HCT116 cell viability HCT116 cell HRE-Luc WI-38 cell

1Csp (M) 1Cqp (M) viability
1Csq (uM)
[C4Py]Br SN N e N-Butylpyridinium bromide > 60 = 60 = 60
| r
= B
[CsPy]Br =y N T N-Pentylpyridinium bromide > 60 > 60 > 60
| er
[CePy)Br = N*M/\ N-Hexylpyridinium bromide = 60 = 60 > 60
I =
= Br
[C;Py)Br e N N-Heptylpyridinium bromide =60 > 60 = 60
[ er
[C4DMAP]Br f’\r/\/\ N'-Butyl-N,N-dimethylaminopyridinium bromide 51.63 + 2.60 8.90 = 0.82 = 60
| Br
~ =
N
\
[CsDMAP]Br = N+/\/\/ N'-Pentyl-N,N-dimethylaminopyridinium bromide 24,38 = 2.68 1.19 + 0.19 > 60
‘ Br
~ ==
N
|
[CsDMAP]Br = /‘\/\\/‘\_ N'-Hexyl-N,N-dimethylaminopyridinium bromide 6.08 + 0.60 0.57 +£0.11 > 60
| Brr
N e
l
[C,DMAP]Br PN S~~~  N-Heptyl-N.N-dimethylaminopyridinium bromide  3.65 + 0.24 0.56 -+ 0.22 = 60
| er
~ =
N
|
DMAP | Y N, N-Dimethylaminopyridin = 60 > 60 = 60
~ =

32. &4 OlEH HIF-la 20E Soi HIF-la HE |AEAS &

[C;DMAP]Br

e
o
19
=
oh
rr

H=oHM PDKIDF GLUTIS Egtst HIF 28 S&EA 230l et [C;DMAP]Bre
ZdetsS EOlohUCH Math SHOUA 12A12H S HCT116 MIXES BHGHH PDKI1t
GLUTI mRNA 80| 2% ZJtetCh(Fig. 2a). [C;DMAP]BrE 0|&E% Xcl= PDKILt

GLUT] 259 M&AS-RC mRNA 2SS ZAAZUCHFig. 2a). BHUHE, Mot &3
OIA 4Al2t SOt HCT116 MIZEE BHAMAS [, HIFIAS mRNA 282 B3It AU,
[C;DMAP]BrE 0OlEol= OtF F&0| 8l A2z QI RUCHFig 2b). Z2UE Sof
[C;DMAP]BrJt MIE WS =& HEZ0 &= FA 1, 8AF =2 X85 Sol Mat
& =T HIF-1al2 SHE dHetts AE e = &

2

Atst 2 QICH HIF-1a2 =0 O
[C;DMAPIBrel  2iHl OIHLIBZES #0I5I| <o [C,DMAPIBrI)} HIF-1a2 PHD
inhibitor-CoCL 0l 2lo S & =SHO 0IXl= F&ES ZARMUCE HCT116 AMIEZE 200

ror

_']3_
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M CoCl, 220U A 6AI2t SO ol HIF-1a 2l =&0| SItetCh(Fig. 2¢). MatAS
ol 2lof RE= HIF-1a 2
C= HIF-102 =HS Motk E=ChFig. 2c). 2UE Sl &t EXHQ XHO|

[C;DMAP]BrOil 2/8F HIF-1o. =& M0 20Hes 2 == UCH

A
JA
2
&
o
fol
K
=]
Ir
0
o
?3
)
<
>
=
o
)
f
0
Q
@)
2
10
=l
10

(a) (b) (c)

1000 -
HIF-1a 2 mn en . ;

- 100

[«2]
Q
o

<3 Sz 5
g% §%’ g%’ B-Actin |-—--——|
Q > > Q>
& ﬁ 300 ‘D\E i’ 500 % 5 & - 126 25 5 10
£z 52 Tz P ———
Sz é g & & [C;DMAPIBF (M)
CoCl, - 200 pM
0 0 0
- 125625 5 10 - - 126 25 5 10 - - 126 25 § 10
[C;DMAPIBr (M) [C;DMAP]Br (M) [C;DMAP]Br (M)
Nor Hy Nor Hy Nor Hy

Figure 2. HCT116 MIZO0A HIF-laa HE&E KRAEX2 MALA-FELSHIL CoCh RE
HIF-1a =&0 [C,DMAP]BrJt 0lXl= Z&. (a) PDKIYt GLUTI mRNAS| Z&, (b)
HIFIAS] mRNA Z¥H, (¢) CoCLH HFZ-=&= HIF-1a

CtS2 &, green fluorescence hypoxia detection probeE AIESHH M LH At &
S ZHGIRCH HCTI16 NIES 8AI2H SO HAA BA0A [C;DMAPIBr (1.25, 2.5, 5
or 10 uM), Hoechst 33342 (1 pg/mL), hypoxia probe (0.5 UuM)Z Xl L HHLSHH,
NZENA =4 F2o| A&t SItotL, 0] E&2 AA0 2o A& S ACH HCTI116
NIZ0l [C;DMAPIBr& AIE8t XMile MHitas F20IGHH 2 AIZCH
(Fig. 3). 0= [C;DMAPIBrE 0|28t XI2JF HNZE W &h sE2 SIAIHRSES LIE
LHOH, [C;DMAPIBrIt MIE L &t =FS =222M HIF-102 S22 AH&tCes
HE BEEC

-

_']4_
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w
o
o

Hypoxia
Probe

Hoechst
33342

-
[4)]
o

Hypoxia probe/Hoechst 33342
Fluorescence level (%)

o

Merge

- 12525 5 10
[C,DMAP]Br (UM)

[C;DMAP]Br
(M)

Nor Hy

Figure 3. HCT116 AIX W &2 sSZ0 [C;DMAPIBrot OIX

=
—
HAMe & &8, (b) & =22 28 HIE, scale bar)t ==+5 HA&ASO0|ChH

MIZE L AbA e ZEO| J|xD
A DIE=2CS2|0}e
= C 9| [C,DMAP]Br

= HHUS=S Z2&06t)| foil HCT116 A0l

t
S ATP dH0l DXl &= XZAIGHALH 1A S 2D

HU ol

0l2] Melst ZIH, HCT116 MEOIA S|4 AtA AHS(OCR)
| DIEZC2I0F ATP AA40] BMGHH 2 AGHACHFig. 4a). 012, [C,DMAP]BrS IS

0

1

St HCT116 MIZ0l & HIIGIAS [H OCR L ATP MAH0l Al 2 A6HACHFig. 4b).
JJeiLt dimethylamino Z&J|Jt 8l= [C,Py]BrE ALES HMele AHE Helet 8E =2
2% 0IEEZE2I0F OCR ¥ ATP &

DIE2&ci0t =82 9N &4
o

0=

A o0l 9E2 =X UUCHFig 5). 2WEO2
S 2550 SASHAES  pyridinumH 20120
_J'\_

dimethylamino?| XI2t0| ER&2 &

_']5_
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& -
100 -@- [C;,DMAP]Br 2.5 pM F 100
-O- [C,DMAP]Br 5 pM ®e
- -O- [C,DMAP]Br 10 pM 58
= [ =3e.+)
< a 53
%5 50 g E 50
© So
— = Kk
: - : v v—W < hk
o Oligomycin ~ Rotenone/Antimycin A 5 e
0 20 40 60 80 100 - 25 5 10
Time (min) [C;DMAP]Br (uM)
(b)
==
100 1 @ [C,DMAP]Br 2.5 uM $ 100
-O- [C,DMAP]Br 5 pM T e
- -O- [C,DMAPIBr 10 uM 58
= c 0o
= 53
% 50 8 é 50
© Sa
=
<
Oligomycin
0 ! : gomyt . : 0
0 20 40 60 80 100 - 25 5 10

Time (min) [C,DMAPIBr (1M)
Figure 4. HCT116 MIXZ LH &t AHIEW 0IE2E2(0t2 ATP M& 0 [C;DMAP]Brot
OIXlE 98 (a) A8l [C;DMAPIBrE Xc2lottd B & JIZE OCR ATP M
A =T (b) BILB HCTI16 MIZO0l =& [C;DMAP]Br =2 & OCR ATP A

—
150 - - ]

1 -O- [C;Py]Br 10 uM

Z 100 i 5

o | ]

(&) 1

© 50 ! % :
i r ]

6 Oligomycin  Rotenone/Antimycin A

0
0 20 40 60 80 100 [CPylBr - 10uM
Time (min)

@ -

! -O- [C;Py]Br 10 pM 1
I = 4
I

1

1

! ]
1 #

: , J

. Drug Oligomycin ~ Rotenone/Antimycin A 0

1
1
1
1
1
1
1
1
1
1
1
0 20 40 60 80 100 [C/PylBr - 10uM
Time (min)

Figure 5. HCT116 MIZ W &tA A0 0EZZ2I012) ATP MA 0 [C,Py]BrIt DI X
= & (a) AFXO0l 10 uM [C/Py]BrE HM2Iot0] B & JIZ= OCR =& & ATP M

]
I
0

o

il

i
0
o
J
0
e

At

—

i
0

.y
o
o

i
o
(=]

o
o
'

Mitochondrial
ATP production (%)

(b)

o
o

w
o

OCR (%)
w
o
Mitochondrial
ATP production (%)
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&b =E, (b) S HCT116 MZ0 =& [CPy]BrE =& = OCR =& 2 ATP ¢t
=&

0l=, cell mitochondria stress testE€ =&ot0 0IEZE=2I0t =82 CHe OHIHE
= EQIG6IRULt. OCRE =&otJ| <o HCT116 MNEZE  oligomycin, uncoupler

al

=<

2,4-dinitrophenol (DNP)

rotenone/antimycin - AZ

ZXHO2 H25HACHFig 6a).

[C;DMAPIBr (2.5, 5, or 10 puM)E AtE0IN 1AI2F SOt HCTI116 MXEE HMclotH Ji
2 5= DNPO| od REE A0 DIE2CS2/0F 580 245D 0IE2S2]0H)
ATP MA %Al 2ABHCKFig. 6b). 9 LIRS Soll [C;,DMAP]BrI} OIE2C2/0f 35S
HAEHMOZ ANOIH HE W & === AsA2I0sE AS & = ULL
(a)
150
+-
, O [C,OMAPIBr 2.5 uM
3 -0~ [C;DMAPIBr 5 uM
__ 100 \ -O- [C,DMAPIBr 10 pM
g
6 &
8 50 -
l
0 Oligomycin DNP Rotenone/Antimycin A
0 20 40 60 80 100
Time (min)
(b)
£ 100 < 100 £ 100
c o =
2 ® S
g 5 w| 8
a @O * =
g 50 " £ 5 - 2 50 -
= g gf -
a o = =
g X% cE)é < *k o
0 - 0 - 0 -
25 5 10 25 5 10 - 25 5 10

[C;DMAPIBr (M)

Figure 6. HCT116 MIXZ2l 0IE2E

[C,DMAPIBr (M) [C;DMAPIBr (M)

clot JIs0l [C;DMAPIBrJt OIXl= Fgk (a) Olc

[C;DMAPJBr2 X2I8 HCTI16 MZ Uf &4 2HIE, (b) %2 X2/ HCTI6 HZO
e 28, Fl S8, 02l ATP M4 =,
- ']7 -
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OIE25c2l0t 28 9H =2 JIx= HIHLISS =06l otJ| ?Ioil [C;DMAP]Brot
HCT116 MXE2 OIE2=cI0t ANEEH S 240 0lXe ges MM =

s 12 g4 D

= =

=
ro
=
=3
&
[¢)]

=

=
=< .
[l rotenone TS SHSE M0 AMOIACH 5L EZ2AH0UA [C;DMAP]Br (1.25,
25,5, 0or 10 pM)Z HeldotH S 1 #4801 AN E ChFig. 6). 1LE S 1 &4
= 2HM8 [C;DMAPIBre s%(5 uM)= S& JIE Q2 succinate?t ascorbate/TMPDO| 2l

B SEE =8 W ¥ =2 IVUls AH VS UEHNX 2L=ChFig 8a 2 b).

U

ZUEOCZ [C,DMAPIBrOll /8t OIE2E2|0t OCRE ZA= =M Wi f= =€
M Ivel g4dit= 2H80 S 12 A X HHES & = UL St
&, [C;DMAP]Br= 2ZANES ME ssHES AMotl, OIEZEcCl0ot dXANMEH S S8
M1 EdsE AEEOZ ANST2ZMN HIF-1a 2l 243tE Mot & s3It U
g2 838 4 U
200
-8 Rotenons 2 umM .
-@- [C;DMAP]Br 1.25 pM §
. - [C,DMAPBr 2.5uM |
F -0 [C;DMAPJBr 5 pM %
=505 1% -0 [C;DMAPIBr 10 uM i
8 3
[=8
: , i £
i Malate/Pyruvate Drug Rotenone <
0 20 -IiIO 6{) 80 100 - 12525 5 10 Rot
Time {min} [C;DMAPIBr (uM) 2 pM
Figure 7. 0IE2C2|0t MAUNMEH SH 128 240 [C;DMAPIBrot OlXl= Q& 0l
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