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Pemetrexed is a novel multitargeted antifolate that
inhibits one or several key folate-requiring enzymes
of the thymidine and purine biosynthetic pathways, in
particular, thymidylate synthase (TS), dihydrofolate
reductase (DHFR), and glycinamide ribonucleotide
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formyltransferase (GARFT). Previous studies have
1identified a plethora of mechanisms of antifolate
resistance frequently associated with alterations in
influx and/or efflux transporters of (anti)folates as
well as in folate-dependent enzymes. These include
inactivating mutations and/or down- regulation of the
reduced folate carrier (RFC), DHFR, TS and
folylpolyglutamate synthase (FPGS). Whether all of
above mentioned alterations would result in
pemetrexed-resistance is not well demonstrated.
Therefore, a clear characterization of the mechanisms
to overcome pemetrexed-resistance is required.
Originally, we have proposed to characterize the drug
resistance and reversal of resistance of pemetrexed
in human lung adenocarcinoma in a three-year interval
as following: (1) the first goal is to establish
pemetrexed-resistant cells and analyzed the
differential expressed genes. (2) The second goal is
to compare and analyze the suitable chemotherapeutic
drugs as second line therapy for patient whom has
permetrexed refractory. The sensitive and resistant
genes for permetrexed treatment will be determined.
Because we only have funded for one year with total
of NT $601, 000, therefore, we started a collaboration
with Prof. Hsu, who was also interested in pemetrexed
regulated pathways, to complete our goal in this
proposal. We have published one article (Pemetrexed
induces both intrinsic and extrinsic apoptosis
through ataxia telangiectasia mutated/p53-dependent
and -independent signaling pathways.) Yang TY, Chang
GC, Chen KC, Hung HW, Hsu KH, Wu CH, Sheu GT, Hsu SL.
Mol Carcinog. 2011 Nov 15. [Epub ahead of print].
With IF:3.265 (ONCOLOGY 63/184, 34.2%). There are
more data under collection for one more manuscript
for submission.

lung adenocarcinoma, antifolate, drug resistance,
pemetrexed
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Pemetrexed is a novel multitargeted antifolate that inhibits one or several key
folate-requiring enzymes of the thymidine and purine biosynthetic pathways, in particular,
thymidylate synthase (TS), dihydrofolate reductase (DHFR), and glycinamide ribonucleotide
formyltransferase (GARFT). Previous studies have identified a plethora of mechanisms of
antifolate resistance frequently associated with aterations in influx and/or efflux transporters of
(anti)folates as well as in folate-dependent enzymes. These include inactivating mutations and/or
down- regulation of the reduced folate carrier (RFC), DHFR, TS and folylpolyglutamate synthase
(FPGS). Whether al of above mentioned alterations would result in pemetrexed-resistance is not
well demonstrated. Therefore, a clear characterization of the mechanisms to overcome
pemetrexed-resistance is required.

Originally, we have proposed to characterize the drug resistance and reversal of resistance of
pemetrexed in human lung adenocarcinoma in athree-year interval asfollowing: (1) the first goal
is to establish pemetrexed-resistant cells and analyzed the differential expressed genes. (2) The
second goal isto compare and analyze the suitable chemotherapeutic drugs as second line therapy
for patient whom has permetrexed refractory. The sensitive and resistant genes for permetrexed
treatment will be determined.

Because we only have funded for one year with total of NT $601,000, therefore, we started a
collaboration with Prof. Hsu, who was also interested in pemetrexed regul ated pathways, to
complete our goal in this proposal. We have published one article (Pemetrexed induces both
intrinsic and extrinsic apoptosi s through ataxia tel angi ectasia mutated/p53-dependent and
-independent signaling pathways.) Yang TY, Chang GC, Chen KC, Hung HW, Hsu KH, Wu CH,
Sheu GT, Hsu SL. Mol Carcinog. 2011 Nov 15. [Epub ahead of print]. With IF:3.265
(ONCOLOGY 63/184, 34.2%). There are more data under collection for one more manuscript
for submission.
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Introduction:
Part 1. Molecular basis of pemetrexed resistance

¢ Antametabolitesinhibition of 5-FU, methotrexate (M T X), and pemetrexed

Antimetabolites have been maor therapeutic agents for the treatment of cancer for many
years. Antimetabolitesin clinical practice include the inhibitors of thymidylate synthase (TS) and
dihydrofolate reductase (DHFR) (Jackman & Calvert, 1995; Rustum et a, 1997). TSisacritical
enzyme in DNA synthesis because it is rate-limiting in the production of thymidine nucleotides,
which are required exclusively for DNA synthesis. For many years, the fluoropyrimidine
5-fluorouracil (5-FU) has been the most frequently used TS inhibitor. 5-FU remains a major agent
in the treatment of breast cancer, colon cancer, and many other malignancies. DHFR inhibitors
such as methotrexate (MTX), trimetrexate, edatrexate, and others are al folate analogues. MTX
has activity in a variety of cancers, including hematologic malignancies and breast, lung, and
head and neck cancers. The development of new folate-based TS and DHFR inhibitors has been
hampered by the occurrence of unexpected severe and sometimes lethal toxicities, including
stomatitis, neutropenia, and sepsis (Calvert & Bunn, 2002).

+*+.ﬂ-" Sites of Action of
Fﬂlate and i &, Pemetrexed
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Fig |. A diagrem depicting the sites of action of various antifolate drugs and the interaction of folate and homacyutaine
metabolisrm, Mate that methionine synthaie is vitamin B, dependent. Any reduction in the activity of methionine synthase caused
by poor availability of intracellular folate or vitamin B ; deficiency will ncrease hamacyitsine levels because of & reduction In the rate
af corversion of homocysteine to methionine. FH;, dihpdrofolave; FH,, tetrahydrofolate; CHFH, methenyltetrahydrofolate;
CH,FH, methylenstetrahydrofolate; ©H,FH,, methyltetrahydrofolate; DHFR, dibydrofolate reductase; TS, thymidylate synthase;
GARFT, glycinamide ribonuclestide formyltransferase; AICAR, aminoimidazolcarboxamide ribayyltransferase.

¢ Mechanisms of pemetrexed action.

Pemetrexed (Alimta, LY 231514, Eli Lilly and Co, Indianapolis, IN) was devel oped because
it inhibits at least three key enzymes involved in DNA synthesis including TS, DHFR, and
glycinamide ribonucleotide formyltransferase (GARFT), as shown in Fig 1 (Calvert & Bunn,
2002). Pemetrexed enters cells via the reduced folate carrier (RFC), with transport kinetics
similar to that of MTX, and binds to folate receptor-a. with a very high affinity, similar to that of
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folic acid (Zhao et a, 2000). Pemetrexed also appears to be a substrate for multidrug resistance
protein transporters (Wielinga et al, 2005; Zeng et al, 2001). Intracellularly, pemetrexed is
polyglutamated to the active pentaglutamide by a reaction catalyzed by folylpolyglutamate
synthase (FPGS). Pemetrexed is one of the best substrates for FPGS when compared to other
antifolates such as MTX (Goldman & Zhao, 2002). Pemetrexed can be considered a prodrug,
because its pentaglutamate form is the predominant intracellular form, and is over 60-fold more
potent in its inhibition of TS than the parent compound (Shih et al, 1998). Polyglutamation traps
pemetrexed and enhances its intracellular retention. The parent drug is polyglutamated 90- to
200-fold more efficiently than MTX and 6- to 13-fold more efficiently than the GARFT inhibitor,
lometrexol (Shih et al, 1997). The increased cellular retention of polyglutamated pemetrexed
forms may explain the success of the 3-week administration schedule. Pemetrexed inhibits
multiple enzyme targets involved in both pyrimidine and purine synthesis. One of these primary
enzyme targetsis TS, afolate-dependent enzyme, catalyzes the transformation of dUMPto dTMP,
Inhibition of TS resultsin decreased thymidine necessary for DNA synthesis (Schultz et al, 1999).
In addition to TS, pemetrexed inhibits DHFR, aminoimidazole carboxamide ribonucleotide
formyltransferase, as well as GARFT; the latter is a folate-dependent enzyme that is involved in
purine synthesis (Shih et al, 1997). These targets are related to the cytotoxicity of pemetrexed,
because both thymidine and hypoxanthine are required to circumvent cellular death caused by
pemetrexed (Shih et al, 1997). Pemetrexed is 30-200 times more potent an inhibitor of TS than of
aminoimidazole carboxamide ribonucleotide formyltransferase or GARFT, suggesting that its
cytotoxicity may be mediated predominantly through TS inhibition.

M echanisms of antifolates resistance overview

The antifolates were the first class of antimetabolites to enter the clinics more than 50 years
ago. Over the following decades, a full understanding of their mechanisms of action and
chemotherapeutic potentia evolved along with the mechanisms by which cells devel op resistance
to these drugs. These principals served as a basis for the subsequent exploration and
understanding of the mechanisms of resistance to pemetrexed. This section describes the bases
for intrinsic and acquired antifolate resistance within the context of the current understanding of
the mechanisms of actions and cytotoxic determinants of these antifolates. This encompasses (1)
impaired drug transport into cells, augmented drug export, (2) impaired activation of antifolates
through polyglutamylation, augmented hydrolysis of antifolate polyglutamates, (3) increased
expression and mutation of target enzymes.

Alterationsin TS

(Overexpression of TS) Acquired resistance to antifolates that target TS has been associated with
increased expression or, in a few cases, mutations in this enzyme that ater drug binding.
Overexpression of TS is an important mechanism of resistance in small lung cancer cell lines
selected in the presence of pemetrexed (Ozasa et a, 2009). As observed with DHFR, this is
frequently associated with gene amplification. For example, resistance to ZD1694 in human
lymphoblastoid (O'Connor et al, 1992), and ovarian carcinoma cell lines (Freemantle et al, 1995)
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were associated with TS amplification. The relationship between the increase in expression and
the level of resistance can vary. Hence, while 20,000-fold resistance in human lymphoblastoid
cells was associated with a 1,000-fold increase in the TS protein level, 14-fold resistance in
ovarian carcinoma cells was associated with only a 2.5-fold increase in TS activity. Recently,
Ozasa et al. (Ozasa et al, 2010) established pemetrexed-resistant small cell lung cancer cell lines
to investigate the mechanisms of acquired resistance to pemetrexed. They found the TS gene
expression was significantly increased in resistant cells. Knockdown of TS expression using
SIRNA enhanced pemetrexed cytotoxicity in PC6 / MTA-4.0 cells. Their results suggested that
up-regulation of the expression of the TS gene may have an important role in the acquired
resistance to pemetrexed. In addition, TS may be a predictive marker for pemetrexed sensitivity
in lung cancer.

Thefirst goal of thisproject wasto determinethe major genes associated with pemetrexed
resistance. We will examinethe RFC, ABCC, ABCG, FPGS, GGH, DHFR, TSand GARFT
expression and possible mutations.

Part 2. Reversal of pemetrexed resistance with other chemotherapeutic drugs

We directly examined the response of A549/A400 subline, a permetrexed- resistant lung
cancer cell line, with different chemotheraputic drugs and found severa interesting data for
further investigation. The first novel finding is A549/A400 subline is more sensitive to vincristine
than parental A549 cells. Thisis avery surprising data that indicate permetrexed resistance could
be relived by another chemotheraputic drug. Another finding is that A549/A400 subline, only
developed a cross-resistance with gemcitabine (Gemzar) and MTX but not to docetaxel and 5-FU.
These data indicate the sequential use of a chemotheraputic drug affect efficacy of pemetrexed
treatment. A recent article have mentioned that in NSCLC, prior gemcitabine-base treatment has
higher objective response rate and progression-free survivals with subsequent pemetrexed therapy
(Sun et a, 2009). Another article also reported that sequential administration of pemetrexed
followed by docetaxel may provide the greatest anti-tumor effects for lung cancer treatment
(Kano et a, 2009). Recently, Wu et al. have shown downregulation of TS and DHFR genes and
upregulation of p21, p27, Lcn-2, and nm23-H1 genes may serve as new biomarkers for predicting
responsiveness to pemetrexed (Wu et a, 2010). Therefore, we proposed to examine how
vincristine re-sensitize the pemetrexed-resistant cell lines in vitro and in vivo with
A549/A400 subline.

Significance of this project: The sensitive and resistant genes for pemetrexed treatment will be
determined. Therefore, those genes can be applied clinically to develop new strategies for lung
cancer patients who are suitable to use pemetrexed as first-line chemotherapy. Also, the patients
who developed pemetrexed resistance can have better opportunity to overcome drug resistance
with follow up treatment.
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Pemetresed, a new-generation antidolate, has demonstrated promeng Sngle-agent activity in from- and second-
brie treatrments of non-small cel g cancer. Howeyer, 1he molecular mechanism of pemetrexssd-medisted antituman
afimby remaing unclear, The ourent study shows thal pemetremed induced DR damage and (aspase-2, -3, -3, and -
4 actwation in A54Y cels and that treatment with caspase inhibitars sigrificandly abolished cell death, suggesting a
taspase-dependent apoptatic mecharsm. The malsculsr svents of pemetressd-medisted apopiods was ssocisled
with the activation of atasia telangieciasia mutabed [ATRVRSI-dependent and -independent signabrg pathweias,
wihich promoted intrirse and extrinsic apoptoss by upregulating Bax, PUMA, Fas, DR4, and DRS and activating the
caspase sgnaling cascade. Supplementaton with dTTP allwed normal S-phase progression and rescusd apopdotic
death in reponse o pemetressd. Cherall, aur lindings revesl that the decrease of thymidylale spnthase and 1he
crease of Bax, PUMA, Fas, DR, and ORS QENes may serve a5 beomarkers Fa predCiing respansivensss 1o peme-
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Lung cander is the leading canse of cancer death
lor men and women in most industiializesd coun-
trics, and by 2008, there were an estimated 1,61
millian new cases, representing 12.7% of all new
cancers 1. Mon-small cell lung cancer accownts
lor approximately BO-RSS of cancer cases |2,3).
host patients with non-small oell heng cancer
have lacally advanced or metastatic disease at the
time of disgnoss, and a large proportion of
patients wha initially present with the early stage
of non-small cell lung cancer ultimately relapse
with metastatic disease and require systemic treat-
ments [3]. Chplatinum-hased combination chens-

therapy s the sandard front-line treatment lof
patients with advanced mone-small cell hong cancer,
The median survival time and Lyt survival
tate are only approximately B mo and 33%, respec-
tively [4].

Pemetrexed is 2 multiple-targeted antifolate oy-
totaxic agent, which pobently inhibits thymidylate
synthase (TS), glycinamide ribonucleotide formyl-
transferase, and dihydrofolate meductase [5], In the
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past decade, pemetrexed has had an increasingly
established male In the treatment of patients with
advanced nonssmall cell lung cancer, especially
adenacancinoma. The phase 10 trals ave shown
thai pemetrexed has equal efficacy and favorable
toxicity and safety profiles compared to previously
standard cybotoxic drogs in firste and second-line
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treaiment [6,7). Clinical trials have demonsiealed
the survival bencfit of pemetresed as a malnte-
nance thempy following cisplatin-based doublet
chemotherapy in advanced noge-small cell lung
cancer [8], Undoubtedly, pemetresed will be ex-
fensively used in non-small ocll lung  cancer
patients. Previous studies have shoswn that antifo-
Bates case mature and nasoent D& doulble stranmd
bireaks in human non-small cell lung cancer A54%
cells [9] and In human colon cancer cells [10], Cell
cycle kinetics indicates that S-phase arrest is esens
tial for the induction of DRA damage. Howsever,
relatively little is known about the events keading
from strand breaks to cell death after pemetrexed
treatment. The aim of the current study wias bo exe
amine the meain phammacological sspects and the
responsible mechanisms of pemetrexed activity in
humian non-small cell lung cancer oells, This is the
first report that describes the involvement of ataxia
telangiectasia mutated (ATM) and p33-dependent
and -independent  consequences In pemetrexed-
indiswed growth amest and apoptosis in huaman
nca-small cell lung cancer oells.

BASTERIALS SRD METHODRS
Reagenis

Femetrexed  was  dissolvsd  in sterile  water.
KLISSRE (KL was purchased from Calbiochem
(VWE International AB, Stockhodm, Swedeni. Pib-
thrin-ee (PFT and caffeine (CA) were punchased
from Sigma Co,o (5L Louwis, MOR Anti-Fas asd
anti-Fas lgand antibodies were puarchased  from
B} Biosciences Pharmingen {fan Diego, CAj.
Anti-phosphorylated pS3™'* was purchased from
Cell Signaling Technology (Danvers, MAL Anti-f-
actin, antl-Bax, anti-Bel-2, antl-p2177™4 ant.
pd7Eand anti-pS3 antibodies and AT siENA
werd purchased from Santa Crue Biobechnology
fhanta Cmiz, CAk Anti-TWNE-melated  apopiosks-
indicing ligand (TRAIL} recepior 1 {[¥RE), amti-
TRAIL receptor 2 (DES), and antisphosphorylated
ATM™ "™ antibodies were obtained from Abcam
PLC (Cambridge, UKh Anti-yHZAX™'™ antibody
was  purchased from  Upstate  Blotechnology
(Temeoula, CA) Caspases2, -3, <8, 4, 12 activity
assay ki were purchased from B&D Systems
iMinneapolis, MNIL. The caspase-2 inhibitor (Z-
VIWATLFME, caspase-3 inhibitor (2-DEVTGFME),
caspase8 inhibitor (ZIETISFME), and caspasesS
inhitdtor  (Z-LEHD-FAME)  were purchased  Trnom
Kamiya Biomedical Company (Thousand Oaks,
CAk dTTF was ohtained from Promega BioScken-
ces, Inc {3an Luis Obispo, CA).

ol Cuithune

The human non-small cell lung cancer AS49
fwidlelstype p53p and H1X9 (p33 nolly cell lines
were  olained [rem Amesican Type  Cullune

felovacular Carcmogenass

Callection (ATCC; Manassas, WA and culiumsd
in KPS 1644 supplemiented with 5% fetal bovine
serum, 2 mM glutamine, and antibiotics {100 undt/
ml penicillin and 10 pgiml steeptomycing, at
I7°C in A 5% COy humidified atmosphere, The
culture medium was changed every 2 d, A stable
clone expressing p:3 shEMA in ARS oells,
narmed AS49-30mpa3 was established as previously
described [11].

[ omet Assay

Cells were inculated with or without 1 g
Fi‘l'l'lEll'l!‘I'E‘d for 16, 24, and 48 h, and then embed-
aed in 1.5 of low-melting agarose and spread on
microsoope shides which had covered with 1% nor
mal-melting agarose. The cells were lysed (lysis
buffer: 5 M MaCl, 100 mM EDTA, 100 mM Tris,
1% Triton-X 1000 for 10 min on ice, After bysis, the
cells were immersed 0 alkaline solutsom (003 M
MatH, 1 mi EDTA, pH 13} For 10 min on jo and
electrophoresed at 300 mA and 25 V for 25 min o
wrwingd the DAL The slides were mewtralieesd in
buffier (4 M Tris=-HC, pH 7.5) for 5 min before
staining with a solution with 20 pg'ml ethidiwm
bremide in phosphate-buffered saline (FBS), Ethi-
dium bromede-stained nuclel were abserved and
photographied using & fluonscemnce  micmoscope,
[I'I'Iﬁgﬁi aof A minimium of 100 cells [EeT Anzatment
were analveed using the Cometheons  softwang
iTritek Corporation, Sumerdwck, YA). The tail mo-
memnt [H DMA in tadl = tail length (am)] was used
a5 parameter 5 evaluate DA IIIBI'I'Ii,EE.

Pratean Preparation and 'Westarm Blot analyss

The cells were cultuned with or without peme
tremed for the indicated times. After treatmment,
bath adherent and floating cells were harvested,
wished twice with iceacold PES and lysed in boe
wold modified KIFA buffer. Afver 30 min of incals-
tion on koe, the cells were {E'Fltrlfllg'liﬂ at 108k dHay
for 30 min at 4°C, and the supernatants were col-
lected. The protein concentration was determined
wiing the Bradford method. For Western blot anal-
ysis, equal amounts of tatal protein were boaded
omtn SDS—polyvacrvlamide gels and the profeins
electrophoretically transferrsd onte a FYDF mems
brame {Millipore, Bediord, MAL Immunollols were
analyzed using specific primary antibodies, After
probing with horseradish - peroxidase-conjugated
secondary antibody for 1 h, proteins were vasoals
ized using an enhanoad chemilumimescence delec-
ton kit (ECL Kits; Amersham Life Science],

TUMEL Asmay for dpoptatic Cells

The tesied cells were treated with pemmeiresed
for the Indicated time perlods, washed with [HS
twice, fixed in 2% paraformalkdehyde for B min
and then permeatiloos] with 001% Trbon K- 100
FB& lof 30 min at moom empecatuee. Afver sashing
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with PBS, terminal translerase-meediared QUTP-1u-
orescensin nlck end-labeling (TUNEL) assay was
performed according to the manufacturer's instruc-
tions (Besehringer, Mannhein, Germany), The cells
were imcubated in TUNEL reaction buller in a 37°C
humidificd chamber for 1 h in the dark, then
rinsed twice with "BS% and incubated with [T
(1 mg'mLy at 37°C for 10 min. The stained cells
wierg visualized using a fluorescence micTosCope,
The changes In flserescence were Investigated un-
ider a fluorescence microsoope or analvaed wsing
fow cytometry. TUNEL-positive cells were counted
s -iplil-ptl:ltll: cells,

Caspane ACtivily Assays

Cells Iysates wene obbgined from 1 phd peme
tremed-treated or untreated oells and tested for cas-
pase-2, -3, -5, 9, and -12 activithes by the addition
of the fuoregenic peptide substrate (100 @30 for
caspase-2  (VDVAD-ARC), caspase-3 (DEVD-AFC),
caspase-H (IETI-AFCE  caspase-d (LEHL-AFC),
and caspase-12 [ATADRAFC) conjugated with the
flwomeseent eporter molecule 7samino-d-trifluon.
I!I'IE'“I].'| cowmarin  (R&D 5-]-'5I.EI!|13I. The CHSpase
cleaved the flecrogenic peptide and released a
flsorochrome that was excited by Llight at 408 nm
and emitted Auorescendoe at 505 nm. The level
ol aspase enEVmatic sovity in the cell lvsate
was directly  propertional to the fluorescence
signal that was detected using a fluorescent micno-
plate  reader  (Flooroskan  Ascent;  Labsysterns,
Helsinki, Finlandp.

Immunafiusresence Staning

The oells were seedid onta coverslips, tmsated
with of withaut 1 pM permetresed lor 48 h oand
harvested, The cells were washed twice with PRS,
incubated with 0.2 pb MitoTracker probe at 37°C
for 1 b, and then Rxed with 2% paraformaldelyde
At ooom o Temperatung for 20 min. The cells
were permeabilized with O01% Triton K- 100/RS
solutboon at reom temperabure for 3 min. After air
drvinmg, the cells were incubated with a ooaoecko-
nal antibody against Bax at 37°C for 1 h, The
coverslips were then washed three times with RS
and  detected  with  flworeseesin isothiscoyvanate
(FITC)-comjugated secombary antibodies.

SIRMA Trarsfecton

The expression of ATM was Enocked down by
transient transfection of ATM specilic siBNA. AS49
cells {2 = W cells per well) were seeded In six-well
plates overnight. siEMA (25 or 50 nkd) was mixed
with & pL of lipofectamine 2000 (Invitrogen| dilut
ed im antibiotic-rree medium. Complex formation
was allowed to proceed for 30 min at room: tem-
perature prior o adding siEMNA dropwise to cells
and inculsating with cells for 24 b Afber treatment,
the media were changed to normal groswil meedia

Muokrusr Carminogancsts

containing 1 pM pemetrexed for the indicated
times,

Satstical Anakysis

The HI,E'.I!EE- presented in the current soedy e
representative of at least three separate exper-
ments with similar pattern. The data were pre-
serbed a4 means £ S0 from theee indepedent
experiments. Statistical differences wene evaluated
using Stucdent’s r-test and considered significant at
P 005, U DD, o TUUP < (LD0).

RESLILTS

Fermetrexed Indyced DH& Damage and
Campase Activatian

Ts i & mafer tanget of pemetrexed The inhibi-
tiom of T% redeces dTTP and increases dUTE in
cells The continwed imbalance in STTRAUTE poals
i5 Emown b cause [ERA damage (DMA strand

breakage) [9,02] and induces downstream events,
leading to apoptosis. To examine the possible DA
clammage and DMA stramad breaks tha ane generated
in pemetrexed-inzated cells, the Comel assay was
performed in AS49, AS49-shp53, and H1299 cells
As showm in Figure 1A (upper panel), a representa-
tive micrograph of DRA fuomsoently stained DNA
in oells showwed undamaged and superceiled DMNA
remalning within the neclear cell membrane in
confral cells. However, pemetrexed-treated  oells
displaved dematured DRNA Fragments migrating owt
feom cell in a keng oemet Lail. DMNA dampge was
ohserved as early as 16 h and reached a maximum
at an incubation period of 48 h. The comet il
moments indreasisd in s timesdependent manner
in pemetiensd-treated  AS4E, ASHSIpSE,  and
H1259 cells (Flgure 1A, lower panel).

A good béological correlation exists hetwesn
DNA damage and cvtotoxicity, especially apoptotic
coll dbeaih, and the activation of the caspase signal-
ing cascadle ks one of the hallmark features of apo-
prosis. It s necessary to measure the caspase
activity in responise B pemetrexed stimoli in this
study, As depicted in Flgore 1B, treatment with
1 puhd pemetrened significantly increased the activ-
ities of caspases2, o3&, <&, and & but not casapase:12
coptpaned to controls Additionally, Caspase inhils-
tors were used o define whether a particular cas-
pase plaved a crucial robe in pemetrexed-induced
apopbisis. As depicted in Figune 1 all of the tests
el caspase inhibitors (including the caspase-2, -3,
-5 and <% inhibitors) effectively bocked peme-
trexed-triggersd cell death, Thess results indicate
that both intrinsic amd extrinse caspases wene res
quired lor pemetrexed-indwoesd cell death,

Pemetrexed triggers both intrinsie and extrinsk
apaptosis Bel-2 family members are evolutionanly
conserved and essential mediators in the intrns:
apoplotic pathway in mitochondria, Therefore, the
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Fas ligand, DR4, and DR5) and Bel-2 family
proteins  (PUMA  and  Bax) and  subsequently
activated  the cospase cascade, leading to both
intrinsic and extrinsic apoptotic cell death. Same
of these results have been confirmed in W1299
cells, suggesting that pemetrexed may  dctivate
somme common signaling events in lung cancer
cells,

The DMNA damage response is a highly orchestrat-
ed and complex signaling event [24]. Many DNA-
damaging agents, especially those that generate
DMA doublestrand breaks, are known o activate
ATM and induce ATM-dependent apopiosis [25].
[n response to DMNA darnage, ATM rapidly phos-
phorylates §ts downstream targets, including his-
tone HEAX and p53 at Serl3® and  Serls,
respectively  [20,21,26,27].  Pemetrexed Induces
AT autophosphorvlation In human mesothelio-
ma cell lines, and CA-medlated sensitizatlon of
pemetrexed activity in these cells s assoclated
with an increase in pemetrexed-induced ATM
phosphorylation [28]. The present study showed
that pemetrexed induced cell oycle S-phase armest,
DOMA damage (Figures 1A and &), and subsequent
phus]phur}'lntinn of ATMM'™, HZAXM™, and
p53*"* Figure 5A). Functionally, we found that
ATM  signaling  was  largely  responsible  for
SH2ZAKY and pa1*'* phosphorylation and activa-
tion during pemetrexed treatment, As a result, in-
hikbition of ATM by pharmacological inhibitors or
genetic knockdown suppressed  H2ZAXY™ and
pa3™™* phosphorylation under our experimental
comditions [Figune' B and E) (e resualts further
suppart the significance of the ATM pathway
in pemetrexed-mediated injurious events, includ.
ing PUMA and Fas induction, amd apoptosis,
which were reduced following ATM  inhibition
(Figure 5C-F). However, inhibition and knock-
down of ATM only partially blocked pemetrexed-
mediated cell death. Therefore, the possibility that
the pemetrexed-induced cytotoxlclty may also in-
valve other molecules cannot be excluded.

The molecule p53 plays a critical role In the cel-
lular response to DNA damage by regulating genes
involved In cell cycle progression, genomic insta-
bility, and apoptosis [29]. The importance of p53
in chemotherapy-induced apoptosis of cancer cells
is well established. It is noted that greater than
50 of lung tumors lose p53 function [30-32]. Pre-
vious studies demonstrated that treatment with
antifolate drugs induce DMA damage and psd acti-
vation [12,33,34]. Moreower, the status of pi3 s an
important determinant of pemetrexed sensitivity
in colon cancer cell lings [35] and in patients with
codorectal cancer [36], Conversely, several studies
have suggested that pemetrexed-induced cell death
is independent of the presence of wild-fvpe ps3
[37,38]. In the current study, A5S49 cells that
were  treated with pS3 inhibitor PFT became
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less (mot more) sensitive too pemetrexed-induced
cytotoxicity (Figure 48}, The possible impact of
pad status on the sensitivity to pemetrexed was
Further investigated wsing one pair of relaved cell
lines (A549 and AS49pSEshBNA cells) and pal-
null H1299 cells, which revealed that functional
P53 atabus was not associated with cellular toxicity
response to pemetrexed (Figures 4C and 6R), Based
on our data, we concluds that pa3 status alone is
nat a wseful predictor of pemetrexed efficacy.

The activation of caspase cascade is one of the
biomarkers of apoplosis [39]. Our data clearly dem-
onstrated that pemetrexed-associated apoplosis is
mediated through the caspase activation pathway
in AS49 cells. Twoe distinct pathways upstream of
the caspase cascade have been Identified: (1) death
receptor-induced apoptosls {extrinsic  pathwavi,
and {2) mitochondrlal stress-induced apoptosls (in-
trinslc pathway) [40]. Death receptors (e.g.. Fas,
THEF-R, and TRAIL-E: DRE4, DR5) tgeer caspase-8
activation, and  the B2 family - molecule-
provoked mitochondria events activate caspase-9.
[n human colorectal cancer cell lines, pemetrexed-
induced apoptosis is accompanied by increased
Bax protein expression and caspase-%7-3 activation
[4], In multiple myeloma cell lines, pemetrexed-
triggeredd cell death is associated with the regula-
tion of Bel-2 family proteins and the activation of
ciaspase-8, 4, amd -3 [41] Owr study in human
nar-small cell lung cancer AS49 cells revealed that
I,'II:,'I‘IEII:TFE':I.I:-;] inichaced Bax anmd PUMA llFrl'fEl..lhltil:ﬂ'l.
EiiI.-l."l'u:;‘i:l'l;!'I Hax |::-:|,'|r13'5.$i|:}1'| I'}'_g,' shBMA ar I;H,'I{inl.," [
[rression of Bel-2 in AS49 cells etfectively inbilited
pemetrexed-mediated  apoptosis,  These  suggest
that Bel-Z family molecules are required for peme-
trexed-mediated cylotoxicity. In addition, our cur-
rent study showed that Fas and TRAIL receptors
(DR4 and DRS) were increased after pemetrexed
treatment. The Fas neutralizing antibody  and
DR4:Fc  antagonist obvicusly  inhibited  peme-
trexed-induced cell death, Indicating that the
death receptor-mediated extrinsic apoptotic path-
way was also a necessary process in pemetrexed-
triggered cell death., These findings agree with
those of Longley et al. [33], who have shown that
the Fas signaling pathway is an important media-
tor of pemetrexed-induced cell death. Moreowver,
we demonstrated  that upregulated PUMA  and
death receptors (Fas, DR4, and DRE3) were accom-
panied by pemetrexed-mediated  cytotoxicity in
FIN299 cells, As previously shown, transcription of
PUMA and death receptor genes may be regulated
by pil-dependent as well as -independent mecha-
nisma [42]. Our results indicate that pemetrexied
induced TUMA and death receptor expression in
H1Z29% cells, which lack functional pﬁ], SI,JEE'E"SI;'-IIIE
a padindependent mechanism.

A variety of DMNA-damaging agents, including -
irradiation and doxorubicin, have been shown o
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induce either G1 or G2 arrest, which is mediated
by pad [43-45], The current study showed that
pemetrexed induced DNA damage with S-phase
cell cycle arrest amd ATMpS3 activation, There-
fore, it was important to assess the role of the
ATMIpA3 activation in pemetresed-mediated 5
phase arrest, However, inhibition of ATM and p&3
h:,' ] phamla.-l:l'nll.'hgil.".]l inhifitor and siEMNA-Basaed
Enockdown did not affect the pem-EIrHveﬂa'il'u.iul."l.?d
S-phase arrest in AS49 cells {Figure &), suggesting
that ATM and pi3 plaved a passive role in the
pemettexed-induced perturbations in the cell cy-
cle. Furthermaore, pemetrexed treatment in & pas-
nil] lung cancer cell line, H1299 gells, also caused
S-phase arrest. Accordingly, pemetrexed-induced
S-phase arrest appeared to be a universal event re-
gardless of the ps3 phenotype. We also demon-
strated that the phosphorylation of ATM and ps3
in response to pemetrexed-treatment was delayed
and could only be detected after exposure times of
at least 2448 h (Figures 44 and 5A) Therefore,
the carly detection of 5-phase arrest and comet for-
mation {Figures 1A and 64) in the absence of
ATM, H2AX, and p53 phosphorylation in peme-
trexed-exposed cells is consistent with a mecha-
nism of pemetresed-mediated  genotoxicity  that
does not result in direct DNA strand breaks, but
invalves the depletion of dTTP pools leding to
the S-phase arrest, which perturbs the progression
of DA-replication forks amd caes DNA double-
strain damage, This wias confirmed by demonstrat-
ing that, when supplemented with  exogenous
dTTPR, the pemetrexed-treated cells were able to
immediately resume a nomal DNA replication
(Figure TA). Similar results have been previously
reported and show that pemetrexed-dependent
DNA damage originates from dTTP depletion fol-
lowed b its reduced incorporation into DMA and
subsequent S-phase arrest [46).

Based on our Andings, a signaling cascade s pro-
posed im Flgure 8. Pemetrexed-induced inhibition
of TS I non-small cell lung cancer causes a mas-
slve dTTP depletion followed by S-phase arrest and
genotoxic stress. In addition, pemetrexed activates
DXNA damage/stress  response  genes,  Including
ATM, vHZAX™"' ™ and ps3*'"*, Pemetrexed indu-
ces the expression of PUMA, which facilitates the
mitochondrial translecation of Bax, leading to cas-
pase-90-3  activation and apoptosis. Meanwhile,
pemetrexed increases the expression of Fas and
TRAIL receptors followed by caspase-8/-3 activa-
tion amd  apoptosis, Importantly, inhibition of
ATM and p53 partially suppresses the expresion of
PUMA amd death receptors and attenuates peme-
frexed-induced cvtotoxicity, suggesting that both
ATM pad-dependent and -independent pathways
contribnted to |.1'r|..|g a.{'l'i'l.'il:}'. Recause soame of the
results have Been confirmed in H1294% cells, we I"|_1_,'a
pothesized that pemetrexed may acltivate some
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Figure B, Schematic dagram of the mokoular eeenis of peme-
traad-mediabed apapiosEs in human lung adendoannoma AS4S
cels. The depletion of dTTF keels by pernetresed windd caise 5-
phase cell opcle aemest and DA damage fiodbeywaeacd by thee aCtiwatiom
of AThMpS3-deperdent and -independent signaling pathways,
which promated mnnsic and asnnsk apopied ool death by
uprequlating Bax, FUMA, Fis, OR4, and DRS and activating the

caspase signaling cascack.

common signaling events in different non-small
cell I|||r'|lﬂI cancer oell Ty pes.
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