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b-lapachone (b-lap) is a novel anticancer agent that selectively induces cell death in human cancer cells, by
activation of the NQO1 NAD(P)H dehydrogenase and radical oxygen species (ROS) generation. We characterized the
gene expression profile of budding yeast cells treated with b-lap using cDNA microarrays. Genes involved in tolerance
to oxidative stress were differentially expressed in b-lap treated cells. b-lap treatment generated reactive oxygen

15 species (ROS), which were efficiently blocked by dicoumarol, an inhibitor of NADH dehydrogenases. A yeast mutant in
the mitocondrial NADH dehydrogenase Nde2p was found to be resistant to b-lap treatment, despite inducing ROS
production in aWTmanner. Most interestingly, DNA damage responses triggered by b-lap were abolished in the nde2D
mutant. Amino acid biosynthesis genes were also induced in b-lap treated cells, suggesting that b-lap exposure
somehow triggered the General Control of Nutrients (GCN) pathway. Accordingly, b-lap treatment increased

20 phosphorylation of eIF2a subunit in a manner dependent on the Gcn2p kinase. eIF2a phosphorylation required Gcn1p,
Gcn20p and Nde2p. Gcn2p was also required for cell survival upon exposure to b-lap and to elicit checkpoint
responses. Remarkably, b-lap treatment increased phosphorylation of eIF2a in breast tumor cells, in a manner
dependent on the Nde2p ortholog AIF, and the eIF2kinase PERK. These findings uncover a new target pathway of b-lap
in yeast and human cells and highlight a previously unknown functional connection between Nde2p, Gcn2p and DNA

25 damage responses.

Introduction

Having accumulated mutations that overcome cell-cycle and
apoptotic checkpoints, the main obstacle to survival faced by a
cancer cell is the restricted supply of nutrients and oxygen. Posi-

30 tron-emission tomography (PET) imaging of various solid
tumors, including head and neck cancer, soft tissue sarcoma,
breast cancer, and glioblastoma multiforme, has revealed that
they all have some degree of hypoxia.1 Although tumors secrete
angiogenic factors to promote vasculature growth, this often is

35 not sufficient to provide optimal oxygen and nutrients to the
tumor or dispose of wastes.2 Therefore, in addition to hypoxia,
cells in a developing tumor can also experience low glucose, pH
and amino-acid supplies. Hypoxic tumor cells are known to be
more resistant to current treatment modalities3 and numerous

40 studies have shown that the low oxygen availability within solid
tumors correlates with a poor clinical outcome.4,5 Therefore,
understanding the mechanisms which tumor cells employ to sur-
vive adverse conditions is crucial to the development of more
effective therapies.

45Under nutrient deprivation conditions, eukaryotic cells tran-
siently inhibit protein synthesis to avoid misfolding of proteins
which could compromise cell viability. This response forms part
of a protective mechanism triggered by several stimuli and is
generically known as “integrated stress response” (ISR).6 Transla-

50tion inhibition is achieved by posttranslational modification of
the eukaryotic translation initiation factor 2 (eIF2). Nutrient
stress activates protein kinases that phosphorylate eIF2 in Ser51
of its a subunit (eIF2a).6 Phosphorylated eIF2a behaves as a
competitive inhibitor of the eIF2B exchanger, thus blocking eIF2

55recycling. As the concentration of eIF2 normally exceeds that of
eIF2B, very modest increases of eIF2a phosphorylation can
completely inhibit protein synthesis initiation and favor selective
translation of some mRNAs.6 Some of these mRNAs encode
transcription factors that regulate a gene expression program that

60allows cells to adapt to nutrient stress.7

ISR is a well-conserved pathway throughout evolution. In
budding yeast, Gcn2p protein kinase is the responsible of phos-
phorylating eIF2a at serine 51 under amino-acid deprivation.8

Stimuli other than amino acid have been reported to trigger
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65 Gcn2p, such as purine starvation,9 glucose limitation and etha-
nol,10 high salinity,11 rapamycin12 and volatile anesthetics.13 In
mammals, mGcn2p is the kinase in charge of responding to
nutrient deprivation, but there are 3 other additional eIF2a kin-
ases responding to several stresses: PERK (misfolded proteins in

70 the ER), PKR (double-stranded RNA) and HRI (heme depriva-
tion) (reviewed in14). Interestingly, ISR activation has been
found linked to DNA damage in both yeast 15,16 and
mammals.17,18

b-lapachone (b-lap), a natural product from the lapacho tree
75 (Tabebuia avellaneda), induces cell death in a wide spectrum of

human cancer cells but not in normal cells.19 Potent anti-tumor
activity in xenografted human cancer models has also been
reported19,20. Although b-lap inhibits the catalytic activity of
topoisomerase I, the concentrations required are above the ones

80 that induce apoptosis19. Its cytotoxicity has also been reported to
be dependent on the activity of NADPH:Quinone oxidoreduc-
tase enzyme NQO121. However, b-lap treatment triggered apo-
ptosis in cells that are deficient in NQO121. We have previously
reported that b-lap activates in yeast a G1/S checkpoint in a

85 Mec1p/Tel1p and XMR complex related fashion, what could be
of significance for b-lap anti-tumor activity, given the conserved
nature of this checkpoint.22

Here we present a challenge for the reported mechanism of
action of b-lap. Inhibition of ROS production induced by b-lap

90 in yeast did not relieve the G1/S checkpoint activation. More-
over, a mutant lacking the dehydrogenase Nde2p showed toler-
ance to the compound without abolishing ROS production. IRS
activation is demonstrated to mediate b-lap action, as mutants
for this pathway modulate its toxicity. Furthermore, the dehydro-

95 genase Nde2p is necessary for b-lap-induced full activation of
IRS, this way linking 2 pathways previously unrelated. Finally,
our study shows that these responses are as significant in mamma-
lian cells as in yeast.

Results

100 Analysis of b-lap transcriptomal program triggered in yeast
We have previously reported that b-lap was cytotoxic in bud-

ding yeast and triggered the DNA damage-dependent Mre11-
Tel1p checkpoint in yeast cells.22 This finding was later con-
firmed in human cells,23 thus validating our experimental

105 approach. To gain further insights into the molecular mechanism
of b-lap action, we analyzed the gene expression profile of yeast
cells treated with b-lap using cDNA microarrays. We used Sig-
nificance Analysis of Microarrays to identify differentially
expressed genes between b-lap/vehicle treated yeast cells. Any

110 given gene was considered to be differentially regulated when its
expression was at least 1.5 fold higher o lower in the b-lap treated
cells versus untreated cells. Following these criteria, 212 genes
were induced and 52 genes were repressed in b-lap treated cells.
We performed a functional classification of induced/repressed

115 genes according to Gene Ontology (GO) terms using the GO
Term Finder tool (Table 1). In the set of differentially expressed

genes the “oxidative stress response” functional category was
clearly represented. Within this category, most of the genes were
categorized in the “cellular response to oxidative stress” and “cell

120redox homeostasis” processes, and mainly functionally grouped
as “oxidoreductase activity”. As b-lap cytotoxity in tumor cells
was reported to be associated to NQO1-mediated ROS genera-
tion, these categories were somehow expected. Surprisingly,
another prominent functional category overrepresented was

125“amino acid biosynthesis” (Table 1), partially overlapping and
including other related categories as “amine biosynthesis”,
“amino acid metabolism” and many biosynthetic pathways for
each amino acid in particular. This noteworthy representation
suggested that the drug was altering amino acid homeostasis.

130b-lap cytotoxicity is not mediated by ROS production
in yeast

To validate the findings observed in the microarrays experi-
ment, we measured the ability of b-lap treatment to generate
ROS in budding yeast. As expected, b-lap treatment induced

135ROS in yeast cells (Fig. 1A), which were efficiently inhibited by
dicoumarol, a competitive inhibitor of NQO1 NADH dehydro-
genase, further extending the parallelism between yeast and
tumor cells. Analysis of the differentially expressed genes using
the YEASTRACT analysis software, revealed that most of the

140regulated genes were under the control the Yap1p (38.8% of the
analyzed genes) and Skn7p (24.4%) transcription factors, known
to mediate transcription in response to oxidative stress. Accord-
ingly, yeast yap1D and skn7D mutants, but not an unrelated
tor1D mutant, were hypersensitive to b-lap treatment (Fig. 1B).

145Surprisingly, preincubation with dicoumarol did not alleviate
b-lap cytotoxicity in any strain tested (Fig. 1B), suggesting that
b-lap cytoxicity was due to mechanisms other than oxidative
stress.

Table 1 A. Functional classification of b-lap differentially induced genes

Biological process p-value

Amine biosynthesis 1.6 exp-11
Amino acid biosynthesis 1.6 exp-11
Amino acid metabolism 9.3 exp-10
Biosynthesis of amino acids of the glutamine family 6.1 exp-08
Lysine metabolism 5.3 exp-07
Lysine biosynthesis 6.7 exp-07
Arginine biosynthesis 1.6 exp-06
Arginine metabolism 1.6 exp-06
Metabolism of amino acids of the glutamine family 1.9 exp-05
Metabolism of amino acids of the aspartate family 1.0 exp-02
Metabolism of non protein amino acids 1.3 exp-02
Catabolism of amino acids 1.5 exp-02
Response to reactive oxygen species 1.8 exp-02
Biosynthetic processes of amino acids of the aspartate family 2.3 exp-02
Amine catabolic processes 2.9 exp-02
Metabolism of ornithine 3.6 exp-02
Biosynthesis of glutamate 3.9 exp-02

B. Functional classification of b-lap differentially repressed genes.
Transport of electrons 1.2 exp-02
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We reported previously that in budding
150 yeast b-lap treatment triggered a G1/S

checkpoint and increased histone H2A phos-
phorylation.22 We explored whether ROS
generation was involved in these responses,
preincubating cells with dicoumarol before

155 b-lap exposure. Preincubation with dicou-
marol partially relieved but did not eliminate
the checkpoint responses triggered by b-lap
exposure (Fig. 1C). Furthermore, b-lap-
induced histone H2A phosphorylation

160 remained unaffected by dicoumarol either in
asynchronous or G1 arrested cells (Fig. 1D).
Taken together these data indicated that
b-lap treatment generated ROS in yeast
cells, which were permissive to either b-lap

165 cytotoxicity or the DNA damage response
triggered by the drug. These findings clearly
challenged the reported mechanism of drug
action.

Nde2p mediates b-lap responses in yeast
170 The fact that dicoumarol, an NADH

analog and a competitive inhibitor of
NADH dehydrogenases, efficiently blocked
ROS generation, suggested the involvement
of a NADH oxidoreductase in ROS produc-

175 tion. To identify such target we screened
b-lap toxicity in a set of strains deleted for
the 9 nonessential candidate NADH oxidor-
eductases in yeast, which could somehow
mediate b-lap toxicity. These included

180 Oye2,3p enzymes, the mitochondrial
Nde1p, ¡2p, Ndi1p oxidoreductases, the Cbr5p and Mcr1p
cytochrome b oxidoreductases, and the Lpd1 encoding dihydroli-
poamide dehydrogenase. Interestingly, the nde2D mutant strain
was resistant to b-lap cytotoxicity (Fig. 2A). This resistance was

185 not due to a decrease in ROS production, as ROS levels gener-
ated by b-lap treatment in the nde2D mutant were similar to the
WT (Fig. 2B). Surprisingly, b-lap-induced ROS production was
significantly lower in the oye2D mutant strain. This result indi-
cated that i) the tolerance of the nde2D mutant to b-lap was

190 independent of oxidative stress and ii) Oye2p dehydrogenase par-
tially mediated ROS generation in yeast.

We next explored the b-lap dependent checkpoint responses
in the WT and nde2D mutant strains. To do so, G1-synchron-
ised WT and nde2D strains were treated with b-lap for 1 hour

195 and then released into S-phase. Remarkably, the nde2D mutant
already exhibited a G1 delay in the G1/S transition, which was
not further exacerbated by b-lap treatment regardless the pres-
ence or absence of dicoumarol (Fig. 2C, D). b-lap-induced his-
tone H2A phosphorylation was only partially affected in the

200 nde2D mutant (Fig. 2E). However, b-lap treatment failed to
trigger rad53p phosphorylation in the nde2D mutant (Fig. 2F).
Therefore, an intact Nde2p was required for the DNA damage
response and cytotoxicity triggered by b-lap.

The GCN pathway mediates b-lap cytotoxicity
205As mentioned above, one of the functional categories signifi-

cantly enriched in the set of differentially induced genes was
“amino acid biosynthesis”. In fact, a transcription factor revealed
by YEASTRACT tool analysis was Gcn4p (25.5% of the ana-
lyzed genes). In yeast, amino acid starvation favors the accumula-

210tion of uncharged tRNAs and triggers the GCN pathway, a
nutrient-sensing pathway that transiently inhibits translation ini-
tiation and, simultaneously, favors selective translation of the
GCN4 mRNA. The major transducer of the GCN pathway is
the Gcn2p kinase that phosphorylates eIF2 in its a-subunit in

215response to amino acid limitation. Gcn1p and Gcn20p are adap-
tor proteins that bind to ribosomes and interact with Gcn2p,
mediating its activation by uncharged tRNAs.6-9

During the first steps of translation initiation, the initiator
methionyl tRNA is recruited to the small ribosomal subunit in a

220ternary complex containing activated, GTP-bound eIF2. AUG
recognition triggers GTP hydrolysis and dissociation of inactive
eIF2-GDP. The binary complex eIF2-GDP dissociates slowly
and eIF2 binds more tightly to GDP than GTP. eIF2B is a heter-
opentameric guanine nucleotide exchange factor that recycles

225eIF2 from a GDP- to a GTP-bound form that is competent for
translation initiation. eIF2B comprises a regulatory subcomplex

Figure 1. Oxidative stress does not mediate cell responses to b-lap in yeast. (A) ROS production
in aWT strain treated with or without b-lap in the presence or absence (mock) of dicoumarol. (B)
Growth of the WT, yap1D, skn7D and tor1D strains treated during one hour with b-lap, in the
presence or absence of dicoumarol. (C) G1/S progression of a WT strain synchronised in G1 with
a-factor and treated (closed symbols) or not (open symbols) with b-lap during 1 hour in the
presence (triangles) or absence (circles) of dicoumarol. (D) Immunodetection of phospho-H2A
(p-H2A) in asynchronous and G1-arrested cultures of theWT strain treated with b-lap§ dicouma-
rol. Even loading of the gels was confirmed by immunodetection of H2A protein levels. Quantita-
tion of the phosphorylated band is shown below as a percent of the intensity of the highest
signal, arbitrary assigned as 100. b-lap: 10 mg/ml; dicoumarol: 50 mM.

www.landesbioscience.com 3Cell Cycle



composed of Gcd2p,
Gcd7p, and Gcn3p, and a
catalytic subcomplex con-

230taining Gcd1p and Gcd6p.
The regulatory complex
(Gcd2p/Gcd7p/Gcn3p)
interacts stably with eIF2
with a binding preference

235for phosphorylated eIF2 (p-
eIF2a) which, in its GDP-
bound form, is an inhibitor
of eIF2B. Gcd2p, Gcd7p,
and Gcn3p together medi-

240ate this inhibition of eIF2B
activity by p-eIF2a.24,25

In response to amino
acid limitation Gcn2p is
activated and produces p-

245eIF2a at levels that block
(but not fully) general trans-
lation but selectively
increase translation of
GCN4 mediated by short

250open reading frames
(uORFs) in the leader of
GCN4 mRNA.

To explore whether
b-lap treatment activated

255the GCN pathway we mea-
sured the phosphorylation
status of eIF2a in WT yeast
cells by western blot using
a commercially available

260polyclonal antibody that
specifically recognizes eIF2a
phosphorylated at serine 51
(see methods). We observed
that b-lap exposure incre-

265mented eIF2a phosphoryla-
tion in WT yeast cells
(Fig. 3A). As expected,
eIF2a phosphorylation was
dependent on Gcn2p, as

270well as Gcn1-20p (Fig. 3A).
Taken together, these data
indicated that b-lap some-
how was able to induce a
stress condition, which trig-

275gered the activation of the
GCN pathway.

We next addressed
whether the GCN pathway
was mediating b-lap toxic-

280ity, by measuring cell

Figure 2. The NADH oxidoreductase Nde2p mediates cell responses to b-lap in yeast. (A) Drop test of NADH oxidor-
reductase deletion strains and their isogenic WT treated with b-lap (B) ROS production in WT, oye2D, oye3D, nde1D,
and nde2D strains treated with b-lap. (C;D) G1/S progression of WT (C) and nde2D (D) cultures synchronised in G1
with a-factor in the presence (closed symbols) or absence (open symbols) of b-lap and dicoumarol. (E) Immunode-
tection of phospho-H2A (p-H2A) in WT and nde2D strains treated with b-lap § dicoumarol. Even loading of the gels
was confirmed by immunodetection of total H2A protein. Quantitation of the phosphorylated band is shown below
as a percent of the intensity of the highest signal, arbitrary assigned as 100. (F) Immunodetection of phospho-
Rad53p (p-Rad53p) levels in WT and nde2D strain treated with b-lap for the indicated times. Quantitation of the
phosphorylated bands is shown below as a percent of the intensity of the highest signal (expressed as relationship
between phosphorylated and no-phosphorylated forms), arbitrary assigned as 100. b-lap: 10 mg/ml; dicoumarol:
50 mM.
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viability in the above-men-
tioned GCN mutants treated
with b-lap. Interestingly
only the gcn2D mutant was

285 sensitive to the drug
(Fig. 3B). Accordingly, a
yeast strain GCN2c express-
ing a constitutively active
mutant of the Gcn2p kinase

290 was significantly more resis-
tant to b-lap than the WT
(Fig. 3B). These data indi-
cated that the Gcn2p kinase
specifically and not a fully

295 functional GCN pathway
mediated b-lap toxicity. We
then analyzed the involve-
ment of Gcn2p in b-lap
dependent checkpoint

300 responses. Thus, we mea-
sured b-lap-induced histone
H2A phosphorylation, in
asynchronous (Fig. 3C) and
G1 arrested (Fig. 3D) WT,

305 gcn2D and GCN2c strains.
Remarkably, histone H2A
phosphorylation was signifi-
cantly decreased in the
GCN2c gain-of-function

310 mutant, both in asynchro-
nous/G1 arrested cultures.
Indeed, in absence of Gcn2p
b-lap treatment promotes
higher levels H2A phosphor-

315 ylation in asynchronous culture. Therefore, Gcn2p was required
both for the cytotoxicity and for the DNA damage responses trig-
gered by exposure to b-lap.

Given the fundamental nature of the GCN pathway, and the
activation of Gcn2p by b-lap in yeast, we analyzed the eIF2a

320 phosphorylation status in human MCF7 breast cancer cells
treated with the drug. As shown, b-lap treatment efficiently
increased eIF2a phosphorylation in MCF7 cells (Fig. 4B). Inter-
estingly, eIF2a phosphorylation correlated with b-lap cytotoxic-
ity (Fig. 4A). In human cells, phosphorylation of eIF2a is

325 controlled by 4 protein kinases: the double-stranded (ds) RNA-
activated protein kinase (PKR), the hemin-regulated inhibitor
kinase (HRI), the pancreatic eIF2a or PKR-like endoplasmic
reticulum (ER)-related kinase (PEK/PERK), and the general con-
trol nonderepressible-2 (GCN2) kinase. Each kinase is activated

330 by distinct stresses that decrease protein synthesis by an appropri-
ate response: PKR by double-stranded RNA [dsRNA], HRI by
heme deficiency, PEK/PERK by misfolded proteins in the ER,
and GCN2 by amino acid deprivation/UV irradiation. To iden-
tify the eIF2a kinase involved in b-lap cytotoxicity, we tested

335 b-lap cytotoxicity in GCN2-/- and PERK¡/¡ knockout mice
embryonic fibroblasts (MEFs). Remarkably, PERK¡/ ¡

340

345

350

355

360

365

370(Fig. 4D) but not GCN2¡/¡ (Fig. 4C) MEFs were highly sensi-
tive to b-lap treatment. Therefore, b-lap treatment activated the
ISR pathway in human cells, being PERK kinase the major deter-
minant of b-lap cytotoxicity, thus validating our findings in

375yeast.

b-lap requires Nde2p for full Gcn2p activation and eIF2
phosphorylation

As both Nde2p and Gcn2p were required for b-lap toxicity in
yeast, we next evaluated whether they were somehow functionally

380connected. We analyzed the status of eIF2a phosphorylation in
b-lap treated WT and nde2D cells. We showed that b-lap depen-
dent eIF2a phosphorylation dramatically decreased in nde2D
cells (Fig. 5A). The closest human orthologues of Nde2p are the
AIF and AMID NADH dehydrogenases by sequence compari-

385son. To test whether b-lap induced phosphorylation of eIF2a
was dependent on AIF and/or AMID, we downregulated AIF
and AMID expression by transfecting MCF7 cells with specific
siRNAs for their respective mRNAs. Transfection with either
siAIF1 or siAMID siRNAs significantly decreased AIF1 and

390AMID mRNA levels as measured by quantitative real time PCR
(Fig. 5B, C). Remarkably, b-lap dependent eIF2a phoshorylation

Figure 3. The Gcn2p kinase mediates b-lap toxicity in yeast. (A) Immunodetection of phospho-eIF2a (p-eIF2a) in
WT, gcn1D, gcn2D and gcn20D strains treated with b-lap at the indicated times. Even loading of the gels was con-
firmed by PonceauS staining of membranes after transfer. Quantitation is shown below as a percent of the inten-
sity of the highest signal, arbitrary assigned as 100. (B) Viability of the WT and GCN pathway mutant strains
(gcn1D, gcn2D, gcn3D, gcn4D, gcn20D and GCN2c) treated during one hour with b-lap. (C;D) Immunodetection of
phospho-H2A (p-H2A) in asynchronous (C) and G1-arrested (D) cultures of WT, nde2D and GCN2c strains treated
with b-lap for the indicated times. Even loading of the gels was confirmed by immunodetection of total H2A pro-
tein. Quantitation is shown below as a percent of the intensity of the highest signal for WT cells, arbitrary assigned
as 100.
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was markedly reduced in siAIF1 silenced MCF7 cells but not in
siAMID cells (Fig. 5D) or cells transfected with a control unrelated
siRNA (siCONT, Fig. 5D). Therefore, these data revealed a con-

395 served functional link between Nde2p and Gcn2p, which was con-
served throughout evolution.

Discussion

b-Lapachone is a potential anticancer agent that induces cell
death in human cancer cells with a wide spectrum of activity

400 selectively inducing apoptosis in transformed cells but not in pro-
liferating normal cells, an unusual property that is not shared by
conventional chemotherapeutic agents. Initially it was reported
that b-lap cytotoxicity did not involve DNA damage, but
recently we and others groups have demonstrated that b-lap-

405 induced cell death is initiated by the induction of DNA damage
and checkpoint activation.22,26 To further characterize the
molecular mechanism of b-lap-induced cell death, we analyzed
the profile of gene expression of WT yeast cells treated with the
drug. As expected, categories as ROS response and electron trans-

410 port were present in this analysis (Table 1). Nevertheless, this
strong response involving ROS production, although important,

is not the primary cause of b-lap toxicity in
budding yeast as indicated by the fact that
dicoumarol does not affect viability, and it

415does not abolish the G1/S transition delay
or histone H2A phosphorylation triggered
by b-lap (Fig. 1).

It was reported that anticancer effects of
b-lap are due to the NQO1-dependent oxi-

420doreduction of the drug, resulting in a futile
cycling wherein b-lap is reduced to an
unstable hydroquinone that spontaneously
reverts to its parent structure using 2 oxygen
molecules. This cycle leads to ROS genera-

425tion, DNA damage, g-H2AX foci forma-
tion, PARP-1 hyperactivation, and
subsequent loss of ATP and NADC.27 A
screening for yeast NADH oxidoreductases
revealed that ROS generation is dependent

430on Oye2p (Fig. 2B), although deficiency in
this activity does not modulate b-lap toxic-
ity. In a similar manner it was described in
Trypanosoma cruzi that TcOYE (Oye2p
homolog) specifically catalyzed one-electron

435reduction of menadione and b-lap to semi-
quinone-free radicals with concomitant gen-
eration of superoxide radical anions.28

The dehydrogenase activity screening
also revealed that a deficiency in Nde2p

440leads to resistance to b-lap treatment with-
out affecting ROS production (Fig. 2A, B).
Furthermore, this deficiency abrogated the
G1/S delay and Rad53p phosphorylation
normally triggered by b-lap, partially

445decreasing the levels of histone H2A phosphorylation observed
inWT cells (Fig. 2C–F). This fact could mean that in the absence
of Nde2p, b-lap treatment is still able to promote DNA damage,
but this damage is either easily repaired or it has not enough mag-
nitude to trigger a complete checkpoint response. At this regard it

450was proposed by Rouse and Jackson 29 that DNA damage could
be either quickly repaired or it persists depending on the nature
of the damage and/or the genomic context. If the lesion is not
repaired quickly enough, Mec1p-Lcd1p complex is recruited and
Mec1p phosphorylates targets in the vicinity of the lesion, such

455as H2A (local response). Then, if full repair occurs the global
DNA damage response is averted. If not, a global response is trig-
gered that includes Rad53p phosphorylation and cell-cycle arrest.
Thus, the relevance of Nde2p in modulating the grade of lesion
could be a reflection of its role in bioactivating the drug, working

460at this regard in a similar way than NQO1.
Alternatively Nde2p could play a role in the proper coupling

between DNA damage detection and later events involved in
slowering cycle. Supporting this idea, a Dnde2 mutant has higher
repair efficiency in experiments with linearized plasmids

465(Fig. S1) and increased basal levels of histone H2A phosphoryla-
tion (Fig. 2E). This could count for the hypersensitivity of this
strain to genotoxic agents such as phleomycin, UV or

Figure 4. The GCN pathway mediates b-lap toxicity in human and mouse cells. (A) Cell viability of
MCF-7 cells treated with increasing doses of b-lap. (B) Immunodetection of phospho-eIF2a (p-
eIF2a) in MCF-7 cells treated with 4 mg/ml of b-lap for the indicated times. Even loading of the
gels was confirmed by total eIF2a immunodetection. Quantitation is shown below as a percent
of the intensity of the highest signal, arbitrary assigned as 100. (C;D) Cell viability of mouse
embrionyc fibroblasts (MEFs) of GCN2¡/¡ (C) and PERK ¡/¡ (D) knock-out mice and their corre-
spondent wild-type cell line treated with the indicated doses of b-lap.
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hidroxyurea (Fig. S2). In a similar way, it
was proposed that NQO1 plays a role in p53

470 stabilization in oxidative stress conditions,
mediating p53-dependent responses after
DNA damage.30

Microarray analysis also indicated that a
relevant category of genes induced by b-lap

475 included amino acid biosynthesis (Table 1).
This category was previously observed to be
equally represented in genes differentially
expressed by a mutant GCN2c with the
GCN pathway constitutively active,15 sug-

480 gesting a potential activation of this pathway
by the drug. Exploring this possibility we
observed phosphorylation of the initiation
factor eIF2a in response to b-lap treatment
(Fig. 3A). This phosphorylation was totally

485 dependent on Gcn2p, and on the activators
Gcn1-20p (Fig. 3A). Nevertheless, b-lap
toxicity does not seem to be mediated by a
functional GCN pathway, but by Gcn2p
itself (Fig. 3B). Indeed, it was demonstrated

490 that a GCN2c gain of function mutant was
resistant to treatment showing a significant
decrease in the level of phosphorylation of
histone H2A both in asynchronous and G1
arrested cells (Fig. 3B–D). All these data sug-

495 gest that b-lap activation of Gcn2p mediates
toxicity in conditions where no amino acid
deprivation occurs. In a similar way, it was
reported before that the genotoxic agent
MMS also activates Gcn2p in a Gcn1/20p

500 dependent manner.15 It is tempting to spec-
ulate that the activation of Gcn2p by the
interaction of Gcn1/20p with an anomalous
structure in DNA could explain the activa-
tion of this pathway. Supporting this idea,

505 we have observed that Gcn2p activation by
b-lap is fully dependent on the Xrs2-Mre11-
Rad50 checkpoint complex in a Mec1p-
Tel1p independent way (Fig. S3). Once
active, Gcn2p could modulate effectors that

510 strengthen checkpoint/repair responses.
In a similar approach, we observed that

b-lap also triggered phosphorylation of the
initiation factor eIF2a in MCF7 breast can-
cer at doses that compromise cell viability

515 (Fig. 4A, B). Our studies in mammalian cells
indicated that is PERK and not GCN2 the
kinase responsible of b-lap toxicity (Fig. 4C, D). At this respect,
it was recently described in MDA-MB-231 cells that death
induced by b-lap treatment could be mainly due to induction of

520 ER stress.31 Although with our data we cannot discard a differ-
ence in the nature of stress induced by the drug between yeasts
and mammalian cells, as it was reported that ER stress inhibitors
attenuates mitochondria-mediated cell death caused by b-lap,31

it is important to remark that recent evidences suggest a strong
525connexion between DNA damage and ER stress.32-34 Indeed, the

integrated stress and DNA damage responses are known to share
components. For example, cell cycle arrest after UV irradiation is
mediated in part by phosphorylation of eIF2a by GCN2 or
PERK, with a mechanism of kinase activation not fully under-

530stood.35,36 It was also short time ago described that in

Figure 5. b-lap requires Nde2p/Aif1p for full GCN pathway activation. (A) Immunodetection of
phospho-eIF2a (p-eIF2a) in WT and nde2D strains treated with 4 mg/ml b-lap for the indicated
times. Even loading of the gels was confirmed by PonceauS staining of the membranes after
transfer. Quantitation is shown below as a percent of the intensity of the highest signal, arbitrary
assigned as 100. (B; C) Real-time PCR quantitation of AIF1 (B) and AMID (C) mRNA levels in MCF-
7 cells transfected with control (siCONT), AIF1 (siAIF1) and AMID (siAMID) siRNAs, respectively.
(D) Immunodetection of phospho-eIF2a (p-eIF2a) in MCF-7 cells transfected with control
(siCONT), AIF1 (siAIF1) and AMID (siAMID) siRNAs, treated or not with 4 mg/ml b-lap. Even load-
ing of the gels was confirmed by immunodetection of total eIF2a protein. Quantitation is shown
below as a percent of the intensity of the highest signal, arbitrary assigned as 100.
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mammalian cells, CHK1 was activated by agents that induce ER
stress, which resulted in a G2 cell cycle delay.32

Finally, we explored the potential connection between Nde2p
and Gcn2p, as they both were involved in modulating b-lap tox-

535 icity, demonstrating that Nde2p is required for a proper activa-
tion of Gcn2p (Fig. 5A). Actually, in mammalian cells this effect
was mediated by the Nde2p ortholog AIF but not AMID
(Fig. 5D). Accordingly, it was recently described in mammalian
cells that b-lap treatment caused AIF translocation to nucleus.31

540 Moreover, siRNAs targeting AIF attenuated cell death caused by
b-lap treatment, highlighting the similarity between yeast Nde2p
and AIF.

Taken together all our data indicate that b-lap toxicity is
mediated by a ROS-independent alternative pathway at least par-

545 tially conserved in yeast and human cells. This toxicity involves
the action of the dehydrogenase Nde2p and the activity of eIF2
kinase Gnc2p in yeast, being the corresponding mammalian
homologues AIF and PERK. The insights on the mechanism of
action of this drug uncover a novel putative link between Nde2p,

550 Gcn2p and DNA damage response mechanisms, highlighting
new potential therapeutic uses for the drug associated to these
described pathways such as diabetes, aging and
neurodegeneration.

Materials and Methods

555 Yeast growth assays
Yeast strains are described in Table S1. Standard methods for

yeast culture and manipulations were used.37 YPD medium con-
tained 2% glucose, 2% peptone and 1% yeast extract. b-lapa-
chone (3,4-dihydro-2,2-dimethyl-2H-naphtho[1,2-b]pyan-5,6-

560 dione; Sigma-Aldrich) was dissolved in DMSO and diluted in
YPD at a final dose of 10 mg/ml, unless indicated. Dicoumarol
(3,30-Methylene-bis[4-hydroxycoumarin]; Sigma-Aldrich) was
dissolved in mild basic water and diluted in YPD at the corre-
sponding dose.

565 For analysis of cell growth by drop test, cells growing logarith-
mically in liquid YPD medium were 10-fold serially diluted, and
volumes of around 3 ml were dropped with a stainless steel repli-
cator (Sigma-Aldrich) on solid plates containing 2% Bacto-Agar
(Pronadisa) and YPD medium with the corresponding treat-

570 ments as indicated. Growth was recorded after 2–5 days in all
cases.

For viability assays, exponentially growing cultures in liquid
YPD were collected by centrifugation, and an equal number of
cells were plated onto YPD plates containing the corresponding

575 treatments. Colonies were quantitated after 2–5 days in all cases.
Data are represented as mean § SE of at least 2 independent
experiments, each one done in duplicate.

Microarray analysis
Yeast cells were grown to mid-log phase and treated for an

580 hour with DMSO or 4 mg/ml b-lap. Total RNA was purified by
standard procedures and labeled by incorporation through

reverse transcription of 5-(3-aminoallyl)-2-deoxi-UTP (aa-
dUTP) to single-stranded cDNA. Cy3 or Cy5 flurophores
(Amersham) were coupled to aa-cDNA.

585Microarrays were kindly supplied by Dr. J. Ari~no. Hybridiza-
tion was carried out manually using Telechem hybridization
chambers, according to manufacturer instructions. Briefly, 30
minutes prehybridization was performed with 0,1% SDS and
0,1 mg/ml BSA. Then, hybridization was done over-night at

59050�C with 0,1% SDS and 0,1 mg/ml salmon sperm DNA.
Arrays were washed at 42�C and dried by centrifugation at
600 g. Microarray images were registered with a scanner (Axon
Instruments) at 10 mm resolution. Then, the images were ana-
lyzed and normalized with GenePix software (Axon Instru-

595ments). Points with twice more intensity at least in a channel
than average base were selected. Acuity (Axon Instruments) and/
or SAM 38 were used to normalize and analyze data. One gene
was considered differentially regulated when its expression was at
least 1,5 higher or lower than control (FDR < 6%).

600Collected data were deposited at NCBI Gene Expression
Omnibus (GEO, accession number GSE15412)

The groups of genes with changes in expression regarding
functional biological processes were evaluated through Gene
Ontology and FatiGo plus 39 databases. For detection of genes

605under control of transcription factors YEASTRACT 40 database
was used (http://www.yeastract.com).

G1/S checkpoint analysis
The yeast cells used in this study have all BY4741 genetic

background (MATa). Cultures of these cells were arrested in G1
610phase of cell cycle with 4 mg/ml mating pheromone a-factor

(Sigma-Aldrich) and incubated or not with the corresponding
treatments for an hour. For quantification of re-entrance in cell-
cycle, cells were washed twice with saline buffer and resuspended
in culture medium without a-factor. At time points indicated,

6151 ml samples were harvested and fixed with 75 mL formalde-
hyde. The percentage of budded cells (G1 assay) was scored by
microscopic observations at different time points after release.
Figures shown are representative of at least 3 independent
experiments.

620Cell lines culture
Cells were incubated at 37�C with 5% CO2. MCF7 cell line

and GCN2¡/¡, PERK¡/¡ and their wild type counterparts
MEFs were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Lonza) with 4,5 g/l glucose and supplemented with

62510% Fetal Bovine Serum (FBS), 1 mM glutamine, penicillin
(10 mg/ml), and streptomycin (100 mg/ml). GCN2¡/¡,
PERK¡/¡ and their wild type counterparts MEFs were kindly
provided by Dr. RC Wek and were described elsewhere.41

ROS production measurements
630Intracellular concentration of Reactive Oxygen Species (ROS)

was measured using the dihydrorhodamine-123 method.42

Briefly, yeast cells in exponential growth phase were collected by
centrifugation and washed twice with water to eliminate all traces
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of culture medium. The cells were then resuspended en 1 ml dis-
635 tilled water plus 5 mg of the fluorescent probe dihydrorhodamine

123 (Sigma-Aldrich) from a 2,5 mg/ml ethanol stock solution.
Correspondent treatment was added at the same time of dihydro-
rhodamine 123. ROS production was monitored by analysis of
fluorescent spectra between 500 and 550 nm in a Perkin Elmer

640 LS50B fluorimeter.

Immunoblotting
Yeast strains were grown to mid-log phase and then submitted

to treatment. After treatment, equal number of cells was collected
and proteins were extracted by the Trichloroacetic acid (TCA)

645 method as described previously.22 Protein extracts were then cen-
trifuged and resuspended in alkaline Laemmli buffer. Samples
were boiled for 5 minutes and soluble extracts were recovered
after centrifugation. 20 mg of total cellular protein was subjected
to SDS-polyacrylamide gel electrophoresis and transferred to

650 nitrocellulose (HybondTM, Amersham Biosciences) filters. Uni-
form gel loading was confirmed by Ponceau S staining of mem-
branes after transfer.

For MCF7 experiments, cells seeded on p100 plates were
scraped with 750 ml/plate of 50 mM HEPES pH 7.5, 400 mM

655 KCl, 1% NP40, 10% glycerol, 200 nM phenylmethylsulfonyl
fluoride, 2 mg/ml aprotinine, 5 mg/ml leupeptine, 5 mg/ml pep-
statine and phosphatase inhibitors cocktails 1 and 2 (Sigma-
Aldrich). 25 mg of soluble protein extract was subjected to SDS-
PAGE and transferred to PVDF (Immobilon-P; Millipore) fil-

660 ters. Uniform gel loading was confirmed by Ponceau S staining
of membranes after transfer.

Phosphorylated H2A was detected with an antiphospho-H2A
antibody (Ser129) from Abcam. An antiphospho-Rad53p anti-
body43 was used for detection of phosphorylation of kinase

665 Rad53p. Phosphorylated eIF2a was detected with an antiphos-
pho-eIF2a antibody (Ser51) from New England Biolabs. Immu-
nocomplexes were visualized by enhanced chemiluminiscence
detection (Amersham) using a HRP-conjugated anti-rabbit IgG
(BioRad) or anti-mouse IgG (Abcam).

670 The figures show an experiment representative of at least 2
independent ones with essentially identical results.

Quantitations of Western Blot band intensities were perfomed
using the ImageJ program. When possible, intensities were nor-
malized with the respective control. In all the cases, values were

675 expressed as percentages of the strongest intensity.

MTT viability assays
We followed the procedure published in44 with slight modifi-

cations. Briefly, the day before treatment medium from logarith-
mic phase growing cells was removed and substituted for 0,5%

680 FBS DMEM. Cells were then treated with b-lap during 3 hours,
after which medium was removed and substituted with fresh
medium without drug. The day after treatment, medium was
removed and cells were incubated with 1 mg/ml MTT (Sigma-
Aldrich) in culture medium for 2–3 hours. Dye was then

685extracted from the intact, viable cells with a solution of 0.1N
HCl and 10% Triton (v/v) in isopropanol. The absorbance of
solubilised dye at 570 nm was then determined using an ELx800
microplate reader (Biotek Instruments). Quantitation of the
extracted MTT by spectrophotometry was normalized to mock-

690treated cultures.

siRNA transfection
Small interfering RNA (siRNA) technology was used to knock

down AIF1 and AMID expression. A control ON-TARGETplus
Non-Targeting siRNA or specific ON-TARGETplus SMART-

695pool-Human AIF or AMID siRNAs (Thermo Scientific Dhar-
macon) were transfected into MCF7 cells with Lipofectamine
2000 (Invitrogen) (100 nM final siRNA concentration). After
48 h in culture with siRNA, cells were harvested and protein
extracts were analyzed by immunoblotting as described above.

700The efficiency of RNA interference was confirmed by quanti-
tative real-time PCR. Total RNA was extracted using TRI-
reagent (Sigma-Aldrich) and treated with RNAse-free DNase
(Invitrogen). Gene expression was analyzed by real-time RT-
PCR using Brilliant SYBR-Green QPCR Master-Mix (Strata-

705gene). The human-specific primers used were: AMID-forward;
AAGATCAACAGCTCCGCCTA, AMID-reverse;
CGCTGCTTCACAGAGTTGAC, AIF1-forward;
TCTTCCCCGAGAAAGGAAAT, AIF1-reverse; AACTCAA-
CATTGGGCTCCAG. The constitutively expressed L19 ribo-

710somal gene was used as control to normalize mRNA expression
(L19-forward; 50-GCGGAAGGGTACAGCCAAT-30, L19-
reverse; GCAGCCGGCGCAAA).

Statistics
Depending on the type of experiment, data were analyzed

715with either the Student’s t-test or the Mann-Whitney test. Values
are given as means § SEM. In all of the cases, differences were
considered statistically significant at P � 0.05. P values of �0.05,
0.01 and 0.01 were indicated by *, **, and *** in all figures,
respectively. Unless otherwise stated, all data represent the media

720of independent experiments, each performed in triplicate.
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