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Pemetrexed has demonstrated clinical activity in non-small cell lung cancer (NSCLC) as well as other
solid tumors. It transports into the cells via reduced folate carrier (RFC) and is polyglutamated by
folypolyglutamate synthetase (FPGS). Pemetrexed directly inhibits several folate-dependent enzymes
such as thymidylate synthase (TS), dihydrofolate reductase (DHFR), and glycinamide ribonucleotide
formyltransferase (GARFT). We investigated the effects of genetic variations and the expression of RFC,
FPGS, TS and DHER enzymes on drug sensitivity to pemetrexed in NSCLC cells. Polymorphisms in
REC, FPGS, and DHFR were genotyped in four NSCLC cells - A549, PC14, HCC-1588, and H226.
Real-time RT-PCR and Western blot was performed to evaluate mRNA transcripts and protein of these
genes. The cytotoxicity of pemetrexed was measured by SRB assay. In PC14 and H226 cells, increased
mRNA expressions of RFC and FPGS were associated with higher cytotoxicity to pemetrexed. 2R/2R
genotype of TS and its increased mRNA expression were associated with drug resistance to pemetrexed
in A549 cells, whereas 3R/3R genotype in TS with decreased mRNA expression was associated with
higher sensitivity in H226 cells. After pemetrexed treatment, an inverse change of DHFR mRNA and
protein expression was found. The strongest linkage disequilibrium (LD) was discovered between
-1726C>T and -1188A>C SNP of DHER gene. Our findings suggest the cytotoxic effect of pemetrexed
may be associated with genetic polymorphisms and the expression level of genes involved in peme-

trexed metabolisms in NSCLC cells.
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deoxyuridylate (dUMP)9l| 4] deoxythymidylate (dTMP)Z %
49 et dgstE e HgE S8k a0 TH10]. 9%
Aol A TS Talo] £& S8 7 5-FUY Fasrt
A3Fa AEE] Y Ao YEE, TS B A i ok
< TSER 33 93] =Hdd= A7 237 AAH[2].

A9 2R/3RY G/C T34 AT ZAZ T fluoropyr-
imidineS F ot o A WHE- 7] A E(repeat nucleo-
tide)o] Zolo} F4F ol wet E & Aol7}t A5l
Hi1Eo], TS 7% 9] fluoropyrimidines| °F&<] &<t &7}
£ 3T F Sle FHA AEYe] L ATH2,10]

DHFRE AE Y2 G4te] f94E w TS 2H4-E29l di-
hydrofolate (DHF)7} tetrahydrofolate (THF)2 &%= 2}
Ao A Agats G4, AE U AL AEAAFe] P43
?l 9&-S& 3Hr}25]. DHFR 34 d<&(exon)d AEE
(intron) AA & THOE AA 9 FE9 A4 4
48 A7 JEE9] 19 bp AEREH 9 bpe 3}3037]/\1
o] DHFR #do] za38 b gel Aoz dHAT7,19].
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HAIZH MM SEtgA 4fEES (Real-time PCR)

34 E cDNAE RFC, FPGS, TS % DHFRZ Fast Start
Universal SYBR mastermix (ROX) 2X (Roche, Gelrmany)g
o] &3to] AAIZF AFA FHEL AHuhE (real-time PCR),
(Stratagene, Cedar Creek TX)Z 3t¥ T} A7 FFH T8
249 Zo|n(primer)T Table 13 2t} AAZF H#FH T
Fas M-S 95°ColA 30%, 62~65°CAlA 30%9t



Table 1. Primer sequences used for real-time PCR

Gene Primer sequence (5" to 3')
REC F : CGT CAA GAC CAT CAT CAC TIT CA

R : CAG GAT CAG GAA GTA CAC GGA GTA T
PGS F : CTA TGC CGT CIT CTG CCC TAA C

R : ACC TGG TCC AGT GTC ACT GTG A
TS F : CAC ACT TTG GGA GAT GCA CAT ATT

R : TTC GAA GAA TCC TGA GCT TTG G
DHER F : ATG CCT TAA AAC TTA CTG AAC AAC CA

R : TGG GTG ATT CAT GGC TTC CT

REC, reduced folate carrier; FPGS, folylpolyglutamate synthe-
tase; TS, thymidylate synthase; DHFR, dihydrofolate reductase.

72°ColA 3022 40 715 AYATh WL ZH L A 2T
mRNA %8 /g2 housekeeping gene?! glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)} 4t 4 Hl-&S Hlw
st Al W o] whE d¥stel AEHS A

FHE 24 (Genotyping)

%41 20% 914 DHFRY] fr34t & 4(SNP)& &<13t
7] 918} DHFR 345 23 @714<E E4(direct se-
quencing analysis) 3}tk A4 @71ME 402 g%
SNP+= ZZEE(promoter)oll $|xg+ -1726C>T, -1188A>C
9} 825G>A °|%iL, exon 1o §Xg 721A>T o]tk
RFC (80G>ASt 696T>C), FPGS (263T>C, 1270C>T<}
1370C>T), TS (2R/3R$} 6del) % DHFR (1726C> T,
-1188A>C, -825A>GS} 721A>T)| SNPE 2§ st #¢

S PCR3M #1138 & T8t 09 24 A =
g}o] &= Table 2} Zt}.

47§ SNP= primer3 (http://primer3.sourceforge.net/ we-
bifphp) T2 o7 AP, 1Y £l o] 83 pri-
mer®] @7IMET 2712 Table 22 UEFYTE 7 A ZF0l A
genomic DNAE FZ3}o] 20 pl ¥-3-4 & Yo A 95°Cell 4]
5%, 94°Cell A 302, 60°Cell A 132, 72°CollA 1+, 72°Cell A
0% 3¢ SFs3e =
V3.1 cycle sequencing kit$} ABI prism 3100 sequencerZ 2]
HAE7IME E42 Adste] RFC, FPGSS DHFR®] 4% <
AT TS F8= $E3 4HES 12% polyacrylamide
geloll X 717]99-53ke] 28bp repeat 7= 2R/3RS T34
frA¥E Ak VNTR G>C SNPE= Haelll, TS 1494del
62 Dra 1¢] AFEAE o] &3l 1 AHES 20% poly-
acrylamide gelol A &138} % .

Z3 4H&2 BigDye Terminator

A‘”E EA{ 37(1

47)9) H2AEH L MEFE trypsin/EDTAZ A 2] 8o
AEE B A vl A wlold %, 1,000 rpmoll A 5% 5t
A4 Este AEE FAAZ vy HEEY wj X8

Journal of Lite Science 2010, Vol. 20. No. 1 105

Table 2. Primer sequences used for amplification of the four

genes
Gene SNP  Primer sequence (5 to 3')
80G> A F : CTG ACT CCA CCC CTC CIT
R : CCG CGT GAA GIT CIT GIC
RFC 696T > C F : AAG CGC AGC CTC TTC TTC
R : TGC ACG TAG TAG ACC ACC AG
BASG F : ACA ATA AGC TGG GCC TA G
PGS R : TAG GTG CCT TIT GIT TIT GG
1270CST F : TCT GCC CTA ACC TGA CAG AG
R : TGT GAA ATG CAG CTG AAG AC
R or 3R F : GTG GCT CCT GCG TIT CCC CC
R : CTG CGA GCC GGC CAC AGG
s 6 del/ins F : CAA ATC TGA GGG AGC TGA GT
R : CAG ATA AGT GGC AGT ACA GA
AT6CST F : AGG TTC CTIT CGG ATC CAC TC
R : CCC TCT GTIG CCT TTG CTA CA
18> C 1 A6 GAG TC T €6 TG e
DHER SBASG F : CTG GGG AAC TGC ACA ATA TG
R : CAG GTC TCC TGA CIC CCA TT
TASC F : GGA CCG TCA CCT TCC CTA AA

R : TCC CCA ATG AGT GGT GTA GC

RFC, reduced folate carrier; FPGS, folylpolyglutamate synthe-
tase; TS, thymidylate synthase; DHFR, dihydrofolate reductase.
Primers are designed based on RFC, FPGS, TS, and DHEFR gene.
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Fig. 1. Expression level of the RFC, FPGS, TS and DHFR mRNA transcripts period The expression of (A) RFC and (B) FPGS, TS, and
DHER in four cell lines. cDNA was prepared by reverse transcription from total RNA using a specific primer. Each bar represents
the relative expression of the gene concerned versus the housekeeping gene, GAPDH, as determined by real-time RT-PCR.



Fig. 2. TS 28 bp repeat VNTR and 5-UTR G>C genotyping.
The purified PCR products were separated on 12% poly-
acrylamide gel and visualised by ethidium bromide
staining. Lane 1,3, homozygous 2R/2R genotype in A549
and HCC-1588 cells; Lane 2,4, 3RCC/3RCC genotype in
PC14 and H226 cells (left). TS 5UTR G>C genotyping
was performed by Haelll enzyme digestion. Each geno-
type with 3C allele showed digested fragments of 94 bp
and 44 bp, while 3G and 2R allele showed digested frag-
ments of 66 bp and 44 bp (right).

HCC-1588% H226 Al £F A& 3 A =2 DHFR mRNA
HEo g v & BATHFig. 1B).

7o E4M(genotyping)

M EZHG MEFANA pemetrexedd FEAFZA
RFC, FPGS, TSS} DHFRY Az T3 AL ZAlshgoh
DHFR Z 2 R E o] 94|38k -1726C>T, -1188A >C SNPE A2
A4 B33 e (linkage disequilibrium, LD)oll A1t} &
3 DHFR ZZ R H 299 3719 332 PC149 HCC-1588
AEFNA ZF F5A 18 255 B FPGSY
263A>G9} DHFR 721A>#318 E423 A AxF<
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A5498} PCIUM EFol| A 242 GGoF AC F338S 24y, H
HArn) HoF Al EF9 HCC-15883 H26 Al 25 RFo A&
AA FTRES YeET 78 FAAAQ] TS F34¢] 5UTR
repeat £4] A3}, A5499} HCC-1588 M| EF9 M= 2R/2R
Aol 3lal, PCl49F H226& 3R/3R A& o]t FPGSY
1270C>TH370C > T, TS 3UTR] 6del/insHrAE-& L& Al
EFoA FUg P = YEFyiil(data not shown), RFC 80
G>AT thakd Jej o] frHdo] BxH e As & F
AATH(Table 3).

Pemetrexed?| MZ=M =X

4748 vl 2N EH G A EF]A pemetrexedE 0.01~30
uM FEE 72X 7 S st 7 Al EFeith ofEo] AlE
54& A8 A

AAE 2+ N EFY ICpzko] 0.07~048 uM B9 & Yebyt
T} A5499} PC14 Al 9] ICxgko] 242} 0.48+0.08 uMZ} 0.08
+0.01 uM$ 3L, PCl4 A Z 3ol Bla] A549 A EF7} 6H) =2
ICohe ATk FEH 2 & A5499) PCl4= Hal FEFE
(30 uM)oll A Z+7} 23.79% 9} 28.74% 9] Aot AIE7F BF
5| Ath(Fig. 3A).

ARG HY A FEF HCC-15883 H226 Al EF 9] 1Cs)
Zhe 74z} 0.33+0.01 uMT} 0.07+0.01 uME UERE L, H226
ANEZFE RE AEFAA 7HE 22 AX54S BT &
o AEEAS HO HCC-1588 Al EFHE FEY Hus
521 30 uMoll A 37.07% 9] Aotde AMEZF BEE AL 7HF
=2 AZEAS e H26 AZEFE Aolide AE7}
19.14% 2 B2 5 A ch(Fig. 3B).

At AEFoF AT F AEFE Thekdt IGogk
QA HAFAE Fd AEFAN M S AEEA
Q1 H226 (0.07 uM) M EF9] ICs3t 2 A A EFo A
=& AXEAS Yehd PCl4 (0.08 uM)9) 1Csgk HlS:3
FEo 2 etk & A AZFA ICo#tel 7 =&
A549= HHAY H g A EF0) A ICxgko] =& HCC-1588
o Hlg ICs gro] =L, 470 A EFA 71 32 AE s
4 B3E UEHITH(ICx=048 uM ¢} 033 uM).

Table 3. The distribution of genotypes in RFC, FPGS, TS, and DHFR genes

RFC FPGS TS DHFR
80 696 263 1270 1370 5UTR 3UTR 6 -1726  -1188 825 721
G>A T>C A>G C>T  C>T  repeat del/ins C>T A>C A>G A>C
A549 GG cC GG cC CC CG/CG Ins6 TT cC AA AC
PCl4 GG cC GG cC CC CC/CC TIns6 cC AA GG AC
HCC-1588  AG CT AA cC CC CG/CG TIns6 cC AA GG AA
H226 GG cC AA cC CC CC/CC  TIns6 CT cC AG AA

REC, reduced folate carrier; FPGS, folylpolyglutamate synthetase; TS, thymidylate synthase; DHFR, dihydrofolate reductase. UTR,
untranslated region; repeat, 28-bp double or triple tandem repeats; del/ins, 6 bp insertion/deletion polymorphisms
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Fig. 3. The cytotoxicity of pemetrexed in (A) adenocarcinoma cells and (B) squamous cell carcinoma cells. The cells were treated
with increasing concentration of pemetrexed for 72 hr and viable cells were measured by SRB assay. Data were presented
as meantSD of three independent experiments. ICsy values calculated using Sigma plot V9.0.
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gol Hx z%alf& % RFC mRNA &S vlastgloh
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mRNA 2&o] 718 9 PCl4 AEFNA 713 B Uet
Wal, A5499F H260 A= FEAe] § ok&A 2 A g
RFC mRNA 28 o] tha 728l A|v}, HCC-1588 A X3
o ME k% 28] F RFC mRNA o] Fof Ao uls) $7}

st A% B ATHFig. 4).

FPGS mRNA 28 A%

OFE g & RE A EF o)A FPGS mRNA &3 J&7}
ol AL BAEYTh HCC-1588 A EFo A & X7 A

of vla) 48] A= FAde AFS BT, 2389 mRNA
Has B OE AEF ve) g & Wk =S Yel
th(Fig. 4)

TS mRNA 23 AE

oFE)e] & TS mRNA B & A5991 4 oF 4v) A,
PCl4 A EZo) = oF ou) A5 whao] 7+ad AL o 2
ARA T, HCC-15883 H226 4 EF-0)| M+ oF %
3l mRNA 28 A= o]z} VehdA] eggteh Ak Al 230
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E5 H|AMEZH G MEZFOIA pemetrexed2] ME=YT RHSY ClEdniol dahy ZAt
Suof - HHet ZEe - A - Tas - 2
CHEYUsta e AE Yo Rsta T SR A7, HEAREY Fuah

v E 9 A] = (pemetrexed, alimta®)& %3] % (mesothelioma) 3} H] 2 M ZH ¢t (non-small cell lung cancer)<
H] 33 thofst gl A Gat(folate) AL GO Bojste dalE 2o E4E JAstd FUaFE Y
OFx3d Fg4A (multitargeted antifolate)$] pemetrexedv= G4t AZY 8 o] 5524 reduced folate car-
rier (RFO)E 53l AX WZ Y% $ folylpolyglutamate synthetase (FPGS)ol &3 Z2|2FEITIAHA
(polyglutamate) =42 &/d= 1 thymidylate synthase (TS)¢} dihydrofolate reductase (DHFR)E 333}
Ao dHA ok 2HF o] MZ OE HLAEH S AZFE A3t pemetrexed®] ATl Hofst
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