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ABSTRACT

Eukaryotic cells preserve genome integrity upon
DNA damage by activating a signaling network that
promotes DNA repair and controls cell cycle progres-
sion. One of the most severe DNA damage is the
DNA double-strand break (DSB), whose 5 ends can
be nucleolitically resected by multiple nucleases to
create 3'-ended single-stranded DNA tails that trigger
DSB repair by homologous recombination. Here, we
identify the Saccharomyces cerevisiae RNA binding
protein NplI3 as a new player in DSB resection. NpI3
is related to both the metazoan serine-arginine-rich
and the heterogeneous nuclear ribonucleo-proteins.
NPL3 deletion impairs the generation of long ssDNA
tails at the DSB ends, whereas it does not exacerbate
the resection defect of exo7A cells. Furthermore, ei-
ther the lack of NpI3 or the inactivation of its RNA-
binding domains causes decrease of the exonucle-
ase Exo1 protein levels as well as generation of un-
usual and extended EXO1 RNA species. These find-
ings, together with the observation that EXO17 overex-
pression partially suppresses the resection defect of
npl3A cells, indicate that Npl3 participates in DSB re-
section by promoting the proper biogenesis of EXO1
mRNA.

INTRODUCTION

Eukaryotic cells deal with DNA damage through a mul-
tifaceted cellular response, known as DNA damage re-
sponse (DDR), which promotes DNA repair and couples it
with cell cycle progression (1). DNA double-strand breaks
(DSBs) are among the most severe lesions. DSBs can be
repaired by either non-homologous end-joining (NHEJ),
which directly rejoins together the two broken ends, or ho-

mologous recombination (HR) that uses intact homologous
duplex DNA sequences as a template for accurate repair (2).

HR is promoted by the nucleolytic degradation of the
5" DSB ends (a process referred to as resection) to yield 3’
single-stranded DNA (ssDNA) tails that invade the homol-
ogous duplex and prime reparative DNA synthesis (2). DSB
resection is a two-step process that involves multiple nucle-
ases and helicases. A protein complex, which is called MRX
(Mrel1-Rad50-Xrs2) in the budding yeast Saccharomyces
cerevisiae and MRN (Mrel1-Rad50-Nbsl) in mammals,
initiates resection together with the Sae2/CtIP protein by
catalyzing an endonucleolytic cleavage of the 5'-terminated
DNA strands. This cleavage creates a substrate for two par-
tially overlapping pathways, which depend on the nucleases
Exol and Dna2, respectively, and promote the generation
of long ssDNA tails (reviewed in 3,4). While Exol is a 5'-3
exonuclease capable of efficiently degrading the 5’ end on
duplex DNA, the endonuclease Dna2 requires the helicase
activity of Sgsl (orthologue of mammalian BLM) to effi-
ciently remove small fragments from DNA ends (3.4).

DSB end degradation is tightly controlled by both posi-
tive and negative regulators, which tune the action of spe-
cific resection factors. While the cyclin-dependent kinase
(Cdkl in yeast)-Clb complexes stimulate the activities of
both Sae2 and Dna2, the Ku complex and Rad9 inhibit
the action of Exol and Sgs1-Dna2, respectively (3-5). Exol
action is also inhibited through phosphorylation by the
checkpoint kinase Rad53 (6) and regulated by the ssDNA-
binding complex Replication Protein A (RPA), which pro-
motes Exol action in vivo, and limits Exol-dependent
degradation by increasing Exol turnover at DNA ends in
vitro (7,8). Given the efficiency of Exol exonuclease (8),
these multiple controls on its action can be important
to prevent excessive DNA degradation that could lead to
genome instability.

DSB repair is coupled with cell cycle progression by a
checkpoint pathway, whose key players are the protein ki-
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nases Mecl and Tell, orthologs of mammalian ATR and
ATM, respectively (1). While Tell is recruited to blunt or
minimally processed DNA ends through interaction with
MRX (9), Mecl and its interactor Ddc2 (ATRIP in mam-
mals) are activated by extended RPA-coated ssDNA that
is produced by resection (10). Once activated, Mecl and
Tell propagate the checkpoint signal to the effector kinases
Rad53 and Chkl (Chk2 and Chkl in mammals, respec-
tively), whose activation requires the adaptor Rad9 (53BP1
in mammals) and leads to temporarily arrest cell cycle pro-
gression (1).

Increasing evidence suggests the existence of inti-
mate connections between RNA metabolism, DDR and
genome integrity (11). Pre-mRNA molecules are co-
transcriptionally processed by the addition of both a 5'-
methylguanosine cap and a 3’ poly(A) tail, and eventually
spliced before they are exported to the cytoplasm and trans-
lated. These events are mediated by RNA-binding proteins
(RBPs), most of which belong to the conserved protein
families of heterogeneous nuclear ribonucleo-proteins (hn-
RNPs) and mammalian serine-arginine-rich (SR) proteins
(11). RBPs also protect mRNAs from degradation and con-
tribute to quality control systems that recognize and tar-
get to degradation improperly processed mRNAs (12,13).
In eukaryotes, mRNAs are mainly degraded either by the
exosome multi-subunit complex, which includes both endo-
and 3'-5 exoribonuclease activities, or by the Xrn family of
5'-3" exoribonucleases (13,14).

In both yeast and mammals, several RBPs participate to
the DDR and the stress response. Many of these RBPs bind
to nascent transcripts and prevent transcription-associated
genome instability by packaging pre-mRNAs into ribonu-
cleoprotein particles. This packaging limits the genera-
tion of DNA:RNA hybrids, which could induce replica-
tion stress and DNA damage by interfering with the pro-
gression of DNA replication forks (reviewed in 11,15). Fac-
tors involved in RNA metabolism play also more direct
roles in the DDR by either recruiting DDR proteins to the
site of damage or regulating the expression of repair and
checkpoint genes at different levels (11). Finally, the con-
served nonsense-mediated decay (NMD) pathway was re-
cently found to limit HR in S. cerevisiae undamaged cells
by controlling the transcript and protein levels of HR fac-
tors (16).

One of the most abundant S. cerevisiae RBPs is Npl3,
which shares structural homologies with both SR and hn-
RNPs protein families, as it possesses two conserved RNA-
recognition motifs (RRMs) and a serine- and arginine-
rich C-terminal domain (17). Npl3 is recruited to tran-
scribed regions through the interaction with RNA poly-
merase II (18,19), and participates in pre-mRNA process-
ing and packaging as well as in mRNA export and trans-
lation (12). Npl3 accumulates at the 3’ end of transcribed
genes (20) and seems to play a role in transcription ter-
mination, although this role is somehow controversial. In
fact, studies with reporter constructs indicated that Npl3
prevents both early transcription termination and recog-
nition of polyadenylation cryptic sites by competing with
polyadenylation/termination factors (18,21,22). However,
recent genome-wide analyses showed significant termina-
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tion defects in the absence of Npl3, suggesting that Npl3
promotes transcription termination (23).

Similar to other RBPs, Npl3 prevents transcription-
associated genome instability by limiting the accumulation
of DNA:RNA hybrids (20). Interestingly, several findings
suggest additional Npl3 functions in the DDR. In particu-
lar, cells lacking Npl3 are highly sensitive to DSB-inducing
agents (20) and to the expression of the EcoRI endonucle-
ase (24). Furthermore, Npl3 shows negative genetic inter-
actions with the MRX complex (25), and Npl3 inactivation
increases the sensitivity of rad52 or ku mutants to genotoxic
agents (20). Finally, checkpoint-dependent Npl3 phospho-
rylation after methyl methanesulfonate (MMS) treatment
suggests that Npl3 activity may be regulated in response to
DNA damage (26).

Here, we show that Npl3 promotes both checkpoint acti-
vation and the generation of long ssDNA tails at the DSB
ends. These functions are at least partially linked to the reg-
ulation of Exol abundance through the control of EXOI
mRNA biogenesis. Altogether, our results identify a new
function of Npl3 in the response to DSBs and contribute
to define the role of this multifunctional RBP in preserving
genome stability.

MATERIALS AND METHODS
Yeast strains and media

Strain genotypes are listed in Supplementary Table S1. All
the strains are derivatives of JKM139 strain, which was
kindly provided by J. Haber (Brandeis University, Waltham,
MA, USA). The centromeric plasmid carrying the retO-
RNHI allele (27) and the control vector were kindly pro-
vided by A. Aguilera (University of Seville, Sevilla, Spain);
the EXOI 2p plasmid (28) and the control vector by E.
Alani (Cornell University, New York, NY, USA); the con-
trol vector and the centromeric plasmids carrying the wild
type NPL3 or the mutant alleles npl3-FI60L, npl3-SNK
(L2258, G24IN, E244K), and npl3-LSNK (FI160L, 12258,
G24IN, E244K) (29) by J. Lee-Soety (Saint Joseph’s Uni-
versity, Philadelphia, PA, USA). Gene deletions and gene
tagging were obtained by one-step PCR methods. Cells
were grown in YEP medium (1% yeast extract, 2% pep-
tone) supplemented with 2% glucose (YEPD) or 2% raffi-
nose (YEPR). 3% galactose was added to YEPR-growing
cells to induce HO expression (YEPRG). The HO-cut effi-
ciency was evaluated after quantitative PCR (qPCR) with
a primer pair that overlaps the HO cut site and gives rise
a product only when the locus is uncut, and primers at the
TRP3 locus as a control. The cleavage efficiency was cal-
culated by dividing the difference between the values of the
HO-specific product calculated with the ACt method before
and two hours after galactose addition to the value of the
HO-specific product before induction.

DSB resection

DSB end resection was analyzed on alkaline agarose gels
by using a single-stranded RNA probe complementary to
the unresected DSB strand as described in (30). This probe
was obtained by in vitro transcription using Promega Ribo-
probe System-T7 and plasmid pML514 containing a 900-
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bp fragment of the M AT locus (coordinates 200 870 to 201
587 on chromosome III) as a template. Quantitative anal-
ysis of DSB resection was performed by calculating the ra-
tio of band intensities for ssDNA to total amount of DSB
products. The resection efficiency was normalized with re-
spect to the HO cleavage efficiency by subtracting the value
of the uncut band from the total amount of DSB products
for each time point.

Quantitative reverse transcriptase PCR (qRT-PCR)

Total RNA was prepared with the Bio-Rad Aurum total
RNA mini kit. First strand cDNA was synthetized with
the Bio-Rad iScript™ cDNA Synthesis Kit. After qRT-PCR
on a MiniOpticon Real-time PCR system (Bio-Rad), EXO/
RNA levels were quantified using the AACt method and
normalized to ALG9 RNA levels. Primer sequences are
listed in Supplementary Table S2.

Northern blot

Total RNA was resolved on a 1% agarose gel in formalde-
hyde gel running buffer (2.2 M formaldehyde, 20 mM
MOPS pH 7.0, 8 mM sodium acetate, | mM EDTA pH 8.0).
The gel was stained with ethidium bromide to detect 18S
and 25S ribosomal RNA and then transferred on a nitro-
cellulose filter. A BamHI-BglIl DNA fragment (1437 bp)
internal to the EXO/ coding sequence (+628 to + 2065 from
the ATG initiation codon) was extracted from pML546
plasmid, labeled with [«-32P]-dATP by random priming,
and used as a probe. pML546 was constructed by insert-
ing a 3109 bp Xhol-NotI blunt fragment containing the
EXOI gene from pEAmM67 2 plasmid (28) into the Sall-
Smal YEpLac195 vector (31).

5’ rapid amplification of cDNA ends (RACE)

5 g of total RNA was subjected to reverse transcription
using SuperScript™ II (Invitrogen) and an EXOI specific
primer to obtain the EXOI 5 partial cDNA ends. After
RNA degradation with RNaseH1 and poly(A) tailing of the
ss-cDNA, a second DNA strand was synthetized starting
from a Qt (QroraL) primer containing both an oligo-dT se-
quence capable of annealing with the appended poly(A) tail
and a unique sequence. The resulting cDNA was used as a
template for two subsequent rounds of amplification using
primers that anneal to the Qrt sequence and EXO! specific
primers. The PCR products were run on 1.5% agarose gels
and visualized with ethidium bromide. Primer sequences are
listed in Supplementary Table S2.

ChIP analysis

ChIP analysis was performed as previously described (32).
Chromatin extracts from both NPL3-HA and NPL3 strains
were immunoprecipitated with anti-HA antibodies. Input
and immunoprecipitated DNA were purified and analyzed
by qPCR. Data are expressed as fold enrichment at the HO-
induced DSB over that at the non-cleaved A RO locus, after
normalization of ChIP signals to the corresponding input
for each time point. Fold enrichment was then normalized
to the efficiency of DSB induction.

Other techniques

Flow cytometric DNA analysis was determined on a
Becton-Dickinson FACScan. Rad53 was detected by us-
ing anti-Rad53 polyclonal antibodies (AB104232) from Ab-
cam. Anti-Rfa2 and anti-Rad9 polyclonal antibodies were
kindly provided by B. Stillman (Cold Spring Harbor Lab-
oratory, Cold Spring Harbor, NY, USA) and N. Lown-
des (University of Ireland, Galway, Ireland), respectively.
Quantitative analysis of phosphorylation normalized to the
cut efficiency was performed by calculating the ratio of band
intensities for slowly-migrating bands to the total amount
of protein, and dividing the obtained values by the cleavage
efficiency evaluated by qPCR.

RESULTS

Npl3 promotes the activation of a Mecl-dependent check-
point

The hypersensitivity of np/3 mutant cells to DSB-inducing
agents (20,24) suggests that Npl3 is involved in the re-
sponse to DSBs. To explore further this hypothesis, we
asked whether the lack of Npl3 affects the checkpoint re-
sponse to a single DSB that is generated by the HO endonu-
clease, whose gene is expressed from a galactose-inducible
promoter in JKM 139 haploid cells (33). Galactose addition
to these cells induces the generation at the M AT locus of a
single DSB that cannot be repaired by HR because the ho-
mologous donor loci HML and HMR are deleted (33). This
HO-induced DSB triggers a Mecl-dependent checkpoint
that causes a G2/M cell cycle arrest, as well as the phos-
phorylation of both the checkpoint effector kinase Rad53
and the Mecl interactor Ddc2 (34-36). We analyzed cell
cycle progression and phosphorylation of Rad53 and Ddc2
after the induction of a single irreparable DSB in wild type
and npl3 A cells carrying a fully functional Ddc2-HA tagged
variant. The cleavage efficiency was evaluated by quantita-
tive PCR (qPCR) at the HO cut site 2 h after galactose ad-
dition. Cells carrying the deletion of MECI and kept viable
by the lack of the ribonucleotide reductase inhibitor Smil
were used as a control (37).

When Gl-arrested cell cultures were spotted on
galactose-containing plates, wild type cells arrested as
large-budded cells for at least 8 hours after HO induction,
while mecl A smll A cells, which are unable to activate the
checkpoint, formed microcolonies with more than two
cells within 4-6 hours (Figure 1A). Although the cleavage
efficiency was reduced to 82% in npl3 A cells compared to
wild type (95%), 60% of npl3 A cells formed microcolonies 8
hours after HO induction, when >80% wild type cells were
still arrested (Figure 1A), indicating that Npl3 contributes
to arrest the cell cycle in response to an irreparable DSB.

Rad53 and Ddc2 phosphorylation, which causes de-
creased electrophoretic mobility of the proteins, was ana-
lyzed by western blot of comparable amounts of protein
extracts (Supplementary Figure S1) after galactose addi-
tion to cell cultures exponentially growing in raffinose. As
the HO cleavage efficiency was reduced in npl3 A cells com-
pared to wild type (85% versus 97%), we also performed
quantitative analyses of Rad53 and Ddc2 phosphoryla-
tion by calculating the ratio of slowly-migrating phospho-
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Figure 1. The lack of NPL3 impairs Mecl signaling activity. (A) YEPR Gl-arrested cell cultures of JKM 139 derivative strains were plated on galactose-
containing plates to induce HO expression (time zero). At the indicated time points, 200 cells for each strain were analyzed to determine the frequency
of unbudded cells, large budded cells and microcolonies with more than two cells. (B and C) Exponentially growing YEPR cell cultures expressing a fully
functional Ddc2-HA protein were transferred to YEPRG (time zero). Protein extracts prepared at the indicated time points were subjected to western
blot with anti-Rad53 (B) or anti-HA (C) antibodies. Quantitative analysis of Rad53 and Ddc2 phosphorylation was performed by calculating the ratio of
band intensities for slowly-migrating bands to total amount of protein, and dividing the obtained values by the HO cleavage efficiency. Cut efficiency was
evaluated as the difference in the normalized amount of qPCR products obtained with a primer pair that amplifies only the uncut M AT locus before and
2 h after galactose addition. (D) YEPR G2-arrested cell cultures were transferred in YEPRG (time zero) in the presence of nocodazole. Protein extracts
were analyzed by western blot with anti-Rad53 antibodies. Quantitative analysis of Rad53 phosphorylation was performed as in (B). (E and F) YEPD
Gl-arrested cell cultures were released in fresh medium containing camptothecin (CPT) (50 wM) (E) or methyl methanesulfonate (MMS) (0,02%) (F).
Rad53 phosphorylation was monitored by western blot with anti-Rad53 antibodies. (G) Phleomycin (15 pg/ml) was added to YEPD G2-arrested cell
cultures kept arrested in G2. Protein extracts were subjected to western blot with anti-Rad53 antibodies.
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rylated forms to total protein amount, and normalizing this
value with respect to the efficiency of DSB formation eval-
uated by qPCR. Slowly-migrating Rad53 bands appeared
2-3 hours after HO induction and then became prevalent
in wild type extracts (Figure 1B). Conversely, the unphos-
phorylated Rad53 species remained abundant until the end
of the experiment in npl3 A extracts although some slowly-
migrating bands appeared 3-4 hours after HO induction
(Figure 1B), indicating that Npl3 promotes the HO-induced
Rad53 phosphorylation. Npl3 enhances also the phospho-
rylation of the Mecl-specific target Ddc2, as the amount
of phosphorylated Ddc2 was lower in np/3A extracts than
in wild type after HO induction (Figure 1C). Altogether,
these results indicate that Npl3 promotes the activation of
the Mecl-dependent checkpoint in response to a single ir-
reparable DSB.

As cells lacking Npl3 showed growth defects (20), we
asked whether their checkpoint defect could be ascribed to
alterations in cell cycle progression. This was not the case,
because Rad53 phosphorylation was defective in npl3 A cells
even when the HO cut was induced in cells arrested in G2
with nocodazole and kept in G2 throughout the experiment
(Figure 1D).

To test whether Npl3 participates to checkpoint activa-
tion specifically after a single HO-induced DSB, we ana-
lyzed Rad53 phosphorylation in wild type and npl3 A cells
treated with different genotoxic agents. Cell cultures were
arrested in G1 with a-factor and released in the presence of
the topoisomerase poison camptothecin (CPT) or the alky-
lating agent MMS. As expected (38), Rad53 phosphoryla-
tion was slightly induced by CPT in wild type cells (Figure
1E). However, this phosphorylation was further reduced in
npl3 A cells (Figure 1E). Similarly, Rad53 was less phospho-
rylated in MMS-treated npl3 A cells than in wild type (Fig-
ure 1F). Conversely, Rad53 was efficiently phosphorylated
in both wild type and npl3 A cells arrested in G2 and treated
with the DSB-inducing drug phleomycin (Figure 1G). As
checkpoint activation in all these conditions depends specif-
ically on Mecl (38,39), these results suggest that Npl3 is
not directly required to activate Mec1 but rather to generate
specific signals that activate Mecl.

Npl3 promotes the generation of ssDNA at DSBs

Mecl activation requires the formation of RPA-coated ss-
DNA, which is generated by the 5'-3' nucleolytic degrada-
tion of the DSB ends (10). In both Schizosaccharomyces
pombe and human cells, RPA loading at DSB ends was
found to be inhibited by the presence of DNA:RNA hy-
brids (40,41). As Npl3 counteracts the accumulation of
DNA:RNA hybrids during transcription (20), the reduced
Mecl activation in np/3 A cells could be due to the inabil-
ity of these cells to remove DNA:RNA hybrids from the
DSB ends. If this were the case, the checkpoint defect of
npl3 A cells should be alleviated by high levels of ribonucle-
ase H1 (RNase H1), which is known to remove DNA:RNA
hybrids in vivo (27). We therefore transformed wild type
and npl3 A cells carrying the HO system with a centromeric
plasmid carrying the RNase H1-encoding gene (RNH1) un-
der the control of zetO promoter, which acts as a strong
promoter in the absence of tetracyclin (27). As expected

(20), the tetO-RNHI plasmid suppressed the hypersensi-
tivity of npl3 A cells spotted on plates with MMS (Figure
2A). However, the hypersensitivity to CPT of the same cells
was only very slightly suppressed by RNase H1 overpro-
duction (Figure 2A), which was also unable to restore the
HO-induced checkpoint in cells lacking Npl3. In fact, np/3 A
cells carrying either the terO-RNHI plasmid or the empty
vector showed similar defects in both Rad53 phosphoryla-
tion (Figure 2B) and cell cycle arrest after HO induction
compared to wild type cells (Supplementary Figure S2).
This finding indicates that the checkpoint defect of npl3A
cells is not likely due to DNA:RNA hybrid accumulation.
We then asked whether Npl3 promotes DSB processing
by directly monitoring ssDNA generation at the DSB ends.
Galactose was added to cell cultures arrested in G2 with
nocodazole to produce the HO-induced DSB in cells that
were then maintained in G2. Because ssDNA is resistant to
cleavage by restriction enzymes, we measured the 5 strand
degradation of one DSB end by following the loss of Sspl
restriction fragments at different time points after galactose
addition by Southern blot of genomic DNA under alkaline
conditions, using a single-stranded RNA probe that anneals
to the unresected 3’ strand on one side of the break (Figure
2C and D). We then evaluated the resection efficiency by
calculating the ratio of band intensities for ssDNA to total
amount of DNA, normalized with respect to the efficiency
of DSB formation for each time point (Figure 2E). The 1.7
and 3.5 kb resection fragments (r1-r2 in Figure 2C-E) ap-
peared with similar kinetics in both wild type and npl3A
cells, suggesting that the lack of Npl3 does not affect initia-
tion of DSB resection. However, the generation of resection
fragments longer than 3.5 kb (r3-r7 in Figure 2C-E) was
severely affected by the absence of Npl3 (Figure 2D and E),
indicating that np/3 A cells are specifically impaired in exten-
sive resection. Thus, Npl3 is dispensable to initiate DSB re-
section, whereas it is required to produce long ssDNA tails.

The Npl3 RNA-binding domains are required for Npl3 func-
tions in the DDR

Npl3 binds RNA through the RNA recognition motifs
RRMI1 and RRM2 (17). We therefore investigated whether
the integrity of Npl3 RRMs is required for cell survival in
the presence of DNA damage and/or HO-induced check-
point activation. We transformed npl3 A cells with either an
empty centromeric plasmid or with similar plasmids carry-
ing wild type NPL3, the np/3-FI160L allele, which inactivates
RRMI, the npl3-SNK (L2258, G241 N, E244K) allele, which
inactivates RRM2, and the npl3-LSNK (FI60L, L2258,
G241N, E244K) allele, which disrupts both RRM domains
(17,29). Cells expressing the np/3-FI60L allele were as sen-
sitive as wild type to CPT (Figure 3A) and phosphorylated
Rad53 similarly to wild type cells after HO-induction (Fig-
ure 3B and Supplementary Figure S3). By contrast, np/3-
SNK and npl3-LSNK cells were more sensitive than wild
type to CPT, although their hypersensitivity was less pro-
nounced compared to npl3A cells (Figure 3A). Further-
more, the HO-induced Rad53 phosphorylation was reduced
innpl3-SNK and np/3-LSNK mutants, similar to npl3 A cells
(Figure 3B).
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values are represented with error bars denoting SD (n = 5).

We also analyzed whether the integrity of Npl3 RRM do-
mains is required for resection by measuring ssDNA gener-
ation at the HO-induced DSB in np/3-LSNK mutant cells.
Similar to the absence of Npl3, the np/3-LSNK allele im-
pairs long-range resection. In fact, the r3-r7 resection frag-
ments accumulated less efficiently in both np/3A and npl3-
LSNK cells than in wild type (Figure 3C and D). These re-
sults indicate that the RRM domains are required to sup-
port Npl3 functions in the DDR, with RRM2 playing a
major role, suggesting that Npl3 regulates specific RNA
molecules involved in the DDR.

The lack of Npl3 reduces Exol levels

Npl3 might either directly participate in resection or sup-
port DSB processing by promoting the expression of re-
section proteins. To discriminate between these two pos-
sibilities, we first evaluated whether Npl3 is recruited to

DNA ends. Chromatin immunoprecipitation (ChIP) and
real-time qPCR were performed after generation of an HO-
induced DSB in G2-arrested cells expressing a fully func-
tional Npl3-HA variant. Similar amounts of DNA at 0.6
or 5.4 kb from the HO-cut site were recovered in immuno-
precipitates from cells expressing either the Npl3-HA vari-
ant or untagged Npl3 both before and after DSB formation
(Supplementary Figure S4). This suggests that Npl3 is not
bound/recruited to DSB ends and thus does not directly
participate in resection.

Generation of ssDNA at DSBs is promoted by several
proteins, which control either initiation (Mrell, Rad50,
Xrs2 and Sae2) or extension (Dna2, Sgs1 and Exol) of re-
section (3,4). To assess whether Npl3 supports DSB pro-
cessing by promoting the expression of resection factors,
we measured the amount of the above proteins by western
blot of protein extracts from wild type and npl3 A cells ex-
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pressing fully functional tagged versions of these proteins
and treated with galactose to induce the HO cut. Similar
amounts of Sgsl (Figure 4A), Mrell and Xrs2 (Supple-
mentary Figure S5A and B) were detected in wild type and
npl3 A cells, indicating that Npl3 does not control the lev-
els of these proteins. Consistent with the checkpoint defect
of npl3 A cells, Xrs2 and Sgs1, which are known to undergo
DNA damage-induced phosphorylation (39,42), were less
phosphorylated in np/3 A cells compared to wild type (Fig-
ure 4A and Supplementary Figure S5B). The amount of
Dna2 (Figure 4B), Rad50 and Sae2 (Supplementary Fig-
ure S5C and D) was higher in np/3 A cells than in wild type.
However, it is unlikely that these effects can account for

the resection defect of npl3A cells. In fact, overexpression
of neither SAE2 nor DNAZ2 affects ssDNA generation at
DSB ends in wild type cells (43,44). Furthermore, Rad50
forms the MRX complex together with Mrell and Xrs2,
and Mrell was found to be limiting for the recruitment
of the MRX complex to DSBs (45), suggesting that high
Rad>50 levels should not affect DSB resection because they
do not increase MRX recruitment to DSBs.

Interestingly, the amount of Exol was strongly reduced
in npl3 A cells compared to wild type both in raffinose and
after galactose addition (Figure 4C). As Exol levels were
not affected by treatment with the proteasome inhibitor
MG132 of either wild type or npl3A cells exponentially
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growing in glucose (Supplementary Figure S6), altogether
these data indicate that Npl3 promotes Exol production
independently of both the DNA damage and the carbon
source.

We investigated whether the integrity of the Npl3 RRM
motifs is important to regulate Exol levels by evaluating
the amount of MYC-tagged Exol in cells expressing RRM 1
and/or RRM2 defective Npl3 variants. The amount of
Exol, quantified using Pgk1 as a normalization control, was
reduced of ~70% in YEPD exponentially growing npl3 A
cells compared to wild type (Figure 4D). Npl3 interaction
with RNA is important to regulate Exol levels, as we de-
tected a similar reduction in np/3-LSNK and np/3-SNK mu-
tant cells, although inactivation of only RRM1 did not af-
fect Exol amount (Figure 4D).

NPL3 and EXOI belong to the same epistasis group for re-
section

As Exol is required for extensive resection of DNA ends
(46,47), the low Exol levels in np/3 A cells could be the cause
of the resection defect of these cells. If this were the case,
npl3 A and exol A cells should show a similar resection de-
fect, and the lack of Exol should not increase the resection
defect of npl3 A cells. When we monitored ssDNA genera-
tion at the HO-induced DSB, both exo/A and np/3A sin-
gle mutant cells efficiently initiated resection, but were im-
paired in the generation of the r3-r7 ssDNA products, and
a similar defect in long-range resection was detectable in
npl3A exol A double mutant cells (Figure 4E). Although
the HO-cut is induced more efficiently in exol A cells (98%)
than in both np/3A and npl3 A exol A cells (83% and 79%,
respectively), a quantitative analysis of the resection prod-
ucts normalized to the cleavage efficiency confirmed that the
resection kinetics were similar in these three mutant strains
(Figure 4F).

The lack of Exol exacerbates the hypersensitivity to
DNA damaging agents of mutants affecting other resection
pathways, such as sae2 A or sgsi A (47,48). Similarly, NPL3
deletion increased the hypersensitivity to CPT of sae2A
cells (Supplementary Figure S7A). Furthermore, the npl3 A
sgsl A spores obtained by tetrad dissection of a sporulated
NPL3/npl3A SGSI1/sgsl A diploid strain generated very
small colonies (Supplementary Figure S7B), suggesting that
Npl3 and Sgsl participate in different pathways to support
cell viability. Conversely, EXOI deletion neither increased
the growth defect nor the hypersensitivity to CPT of npl3A
cells (Figure 4G), indicating that Exol and Npl3 belong to
the same resection pathway.

Exol high levels partially restore resection in npI3 A cells

If the low Exol amount causes the resection defect in np/3 A
cells, increased Exol levels are expected to restore resection
in these cells. We therefore monitored the resection kinetics
in wild type and npl3A cells carrying a high copy number
2 plasmid with the EXOI gene (28). The EXOI 2. plas-
mid markedly increased the amount of long resection prod-
ucts in npl3A cells compared to the empty vector (Figure
5A and B). In particular, npI3A cells with the empty vec-
tor were specifically impaired in the generation of resection

fragments longer then 3.5 kb, while these longer ssDNA
fragments appeared in npl3A cells carrying the EXOI 2
plasmid. This indicates that Npl3 promotes the generation
of long ssDNA tails by positively regulating Exol levels.

To verify that the EXOI 2p plasmid increased Exol
amount in the absence of Npl3, a 2. plasmid either empty
or carrying the EXOI-MYC allele was transformed into
wild type and npl3A cells expressing the Exol-Myc vari-
ant from the £XO! genomic locus. Although the Exol lev-
els were increased by the EXOI-M YC 2. plasmid in both
wild type and npl3 A cells, some fast-migrating Exol forms
appeared specifically in np/3 A cells (Figure 5C), suggesting
that overproduced Exol may be unstable in the absence of
Npl3. This might explain why the EXOI-M YC 2. plasmid
only partially restores resection in np/3A cells (Figure SA
and B).

Interestingly, the EXOI 2. plasmid partially suppressed
the hypersensitivity to CPT of npl3 A cells (Figure 5D), in-
dicating that the hypersensitivity of cells lacking Npl3 is at
least partially due to the resection defect. Conversely, this
plasmid did not suppress the hypersensitivity to MMS of
npl3A cells (Figure 5D), nor the elevated levels of spon-
taneous recombination caused by the Npl3 lack (Supple-
mentary Figure S8). To measure mitotic recombination fre-
quency, we used strains carrying the his3-513:: TRPI::his3-
537 heteroallelic duplication on chromosome XV (49) and
transformed with either the EXOI 2. plasmid or the empty
vector. As expected (20), NPL3 deletion increased 12.8-fold
the recombination frequency at the HIS3 locus compared
to wild type cells (Supplementary Figure S8). The EXO!
2 plasmid did not reduce, but rather slightly increased
the recombination frequency in both wild type and np/3A
cells (Supplementary Figure S8), indicating that the high re-
combination frequency in npl3 A cells is not due to the low
amount of Exol.

The EXOI 2y plasmid was also unable to restore the
DSB-induced checkpoint in np/3A cells. In fact, HO-
induced npl3 A cells carrying either the empty vector or the
EXOI 2. plasmid showed similar defective Rad53 phos-
phorylation compared to wild type cells (Figure SE and
Supplementary Figure S9), indicating that the checkpoint
defect of npl3 A cells cannot be ascribed only to the resection
defect. This result, together with the finding that the lack
of Exol only very slightly affects the HO-induced Rad53
phosphorylation despite the resection defect (35,50), sug-
gests that Npl3 might control the levels of other check-
point proteins. However, we detected similar amounts of
the three RPA subunits Rfal, Rfa2 and Rfa3 in wild type
and npl3A cells (Supplementary Figure SI0A-C). Fur-
thermore, the abundance of the checkpoint proteins Tell,
Ddc2, Rad53, and Rad9 was unaffected by the absence
of Npl3 (Supplementary Figure S10D-F). Conversely, the
amount of Mecl was slightly lower in np/3A cells than in
wild type (Supplementary Figure SIOE). However, a Mecl-
dependent checkpoint is strongly activated in npl3A cells
treated with phleomycin (Figure 1G), suggesting that the
slightly reduced amount of Mecl detected in npl3A cells
does not likely account for the checkpoint defect of the same
cells. Altogether these results indicate that Npl3 plays two
functions in the DDR: it promotes DSB resection by regu-
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lating Exol levels and it contributes to checkpoint activa-
tion by regulating some still unknown targets.

NpI3 and Exol are required for checkpoint activation after
UV irradiation

If the Npl3-mediated control of Exol protein levels is bi-
ologically relevant, we expect exol A and npl3A cells to
show some common phenotypes. Exol is required to acti-
vate the checkpoint after UV treatment in non-cycling cells
by promoting the generation of large ssDNA gaps during
nucleotide excision repair (NER) processing (51). We then
asked whether np/3 A cells fail to activate the UV-induced
checkpoint in G1- and G2-arrested cells, similarly to exol A
cells. Wild type, npl3A and exol A cells were arrested ei-
ther in G1 with a-factor or in G2 with nocodazole, UV
irradiated, and transferred in fresh medium containing «-
factor or nocodazole, respectively, to maintain the cell cy-
cle arrests, as confirmed by FACS analyses (Supplementary
Figure S11). As expected (51), Rad53 hyperphosphorylated
forms appeared immediately after UV irradiation in wild
type cells arrested either in G1 (Figure 5F) or in G2 (Figure
5G), while they were strongly reduced in similarly treated
exol A cells (Figure SF and G). Also the lack of Npl3 im-
paired Rad53 phosphorylation in both G1 (Figure 5F) and
G2 (Figure 5G), although to a lesser extent than the ab-
sence of Exol (Figure SF and G), possibly because Exol is
not totally absent in npl3A cells (Figure 4C and D). Thus,
similarly to Exol, Npl3 is required for checkpoint activa-
tion after UV irradiation in G1 and in G2. As Npl3 is not
required per se to activate the checkpoint, at least in G2-
arrested cells (Figure 1G), these results suggest that the low
Exol levels in npl3 A cells are not sufficient to efficiently pro-
cess the UV lesions and generate enough ssDNA to activate
the checkpoint in non-cycling cells.

Abnormal EXOI RNA species are produced in the absence of
Npl3

Genome-wide analyses have shown that the absence of Npl3
results in either down- or up-regulation of many protein-
coding genes (20,23,52). These analyses did not show signif-
icant differences in EXOI expression in npl3 A versus wild
type cells, suggesting that Npl3 controls the abundance of
the Exol protein by acting at post-transcriptional level. To
verify this possibility, we first employed quantitative reverse
transcriptase PCR (qQRT-PCR) to measure the amount of
EXOI RNA either in the presence or in the absence of Npl3.
Total RNA was extracted from wild type, np/3A and exol A
cells exponentially growing in YEPD and subjected to re-
verse transcription followed by quantitative real-time PCR
with primer pairs located either inside the £XO/ coding
region (PP1 in Figure 6A) or the 4LGY control gene. The
amount of EXOI RNA was not diminished in the absence
of Npl3 (Figure 6B). Rather, we found a modest increase
of EXOI RNA levels in npl3 A cells compared to wild type
(Figure 6B). The levels of the Exol protein (Figure 4C and
D) were monitored by using a tagged version of the protein
generated by inserting a 18 MYC epitopes coding sequence
just before the EXOI stop codon. Similarly to EXOI RNA,
the EXOI-M YC RNA was slightly more abundant in np/3 A

cells than in wild type (Figure 6B), indicating that neither
Npl3 nor the insertion of the MYC coding sequence into
the EXOI gene affects EXOI transcription.

If Npl3 promoted EXOI pre-mRNA processing, npl3 A
cells should accumulate aberrant RNA molecules. Thus, the
same RNA extracts were analyzed by northern blot with a
1437 nt DNA probe complementary to the EXOI coding
sequence (Figure 6A). The probe was specific for the EXO!
RNA species, as no signal was detected in RNA prepared
from exol A cells (Figure 6C). In wild type RNA extracts
this probe revealed a single band that migrated between the
two ribosomal RNA (rRNA) species 25S (3392 nt) and 18S
(1798 nt), as expected for the EXOI RNA, whose length
should be approximately 2400 nt, considering that the aver-
age S. cerevisiae mRNA consists of the protein coding se-
quence (2109 nt for EXOI) plus 260 nt of 5" and 3’ untrans-
lated sequences (53). The same probe detected at least 3 ad-
ditional longer bands in the np/3A RNA preparation (Fig-
ure 6C), indicating that the absence of Npl3 leads to the gen-
eration of longer than normal EXOI RNA molecules. Sim-
ilarly, a single EXOI RNA species migrating just below the
3392 nt-long 25S rRNA was detected in cells carrying the
EXOI-MYC construct, while at least an additional longer
band was present in RNA extracts from npl3A EXOI-MYC
cells (Figure 6D). Furthermore, longer than normal EXO/
RNA molecules were produced also in np/3-LSNK cells,
where both Npl3 RRM domains were inactivated (Figure
6E). Thus, extended £XOI RNA species are produced in
the absence of Npl3 or of its RNA-binding capacity, sug-
gesting that Npl3 might regulate initiation, termination or
processing of the EXO! transcript.

In order to verify whether the abnormal EXOI tran-
scripts in npl3A cells are extended at the 5" end, we per-
formed 5 rapid amplification of cDNA ends (5-RACE)
on wild type and np/3A RNA extracts that were subjected
to reverse transcription with an EXO]! specific primer. A
poly(A) tail was added to the resulting cDNA, which was
then used as a template for two subsequent PCR reactions
with primers annealing to the appended tail and to the
EXOI coding sequence. A PCR with primers located at the
S’ tail and 248 bp downstream the EXO! initiation codon
revealed a ~400 bp abundant product and two weak smaller
products in wild type extracts, while a single slightly bigger
band was detected in np/3 A (Figure 6F). Although this re-
sult suggests that Npl3 influences the use of different tran-
scription start sites in £XO/ promoter, the small difference
in length at the 5’ of the EXO! transcripts does not likely ac-
count for the extended RNA species observed by northern
blot in npl3 A cells (Figure 6C and E).

We then evaluated whether these transcripts were ex-
tended at the 3’ end, as Npl3 was recently found to pre-
vent transcriptional readthrough of both protein-coding
and non-coding genes (23). We therefore performed qRT-
PCR analyses with different primer pairs located either in-
ternally to the EXOI coding sequence (PP1 and PP2), or
100, 300, 850, 1000 bp (PP3-PP6, respectively) downstream
to the stop codon (Figure 6A). The RNA levels estimated
with the different primer pairs were normalized with respect
to the RNA levels evaluated with the PP1 primer pair, which
were set to 1.0 for each strain (Figure 6G). The RNA lev-
els estimated with the primer pair located immediately be-
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fore the stop codon (PP2) were almost identical to those
evaluated with the primer pair internal to the EXOI coding
sequence (PP1) in both wild type and np/3 A extracts (Fig-
ure 6G). Strikingly, only np/3 A extracts generated products
with the primer pairs located downstream to the stop codon
(PP3-PPo6) (Figure 6G), although the amount of these prod-
ucts was lower (almost 40%) than that of the products ob-
tained with primer pairs internal to the EXOI coding se-
quence (Figure 6G). These results indicate that a substan-
tial fraction of EXOI RNA is not properly terminated in
the absence of Npl3, thus generating RNA molecules with
long 3’ tails that extend at least 1000 bp downstream to the
EXOI stop codon.

Rrp6 controls the levels of the EXO1 RNA

It is known that 3’-extended RNAs might be unstable and
targeted to degradation by the RNA decay systems. In par-
ticular, defects in 3’-end processing result in nuclear reten-
tion and degradation of faulty transcripts mainly by the nu-
clear exosome (14). To test whether the nuclear exosome de-
grades the extended EXO! RNA molecules produced in the
absence of Npl3, we checked if these abnormal EXO/ RNAs
further accumulate in np/3 A cells lacking the exosome cat-
alytic subunit Rrp6, whose lack was reported to impair via-
bility of npl3 A cells (54). In our genetic background, np/3 A
rrp6 A spores generated by sporulation and tetrad dissec-
tion of a NPL3/npl3A RRP6/rrp6 A diploid gave rise to
very small colonies, which could be further propagated in
YEPD, despite their growth defect (Figure 7A and E). We
then subjected to both qRT-PCR and northern blot anal-
ysis the EXOI RNAs derived from exponentially growing
wild type, npI3A, rrp6 A and npl3 A rrp6 A cells. Both anal-
yses revealed higher levels of EXOI RNA in npl3A rrp6 A
cells than in npl3 A and rrp6 A single mutants (Figure 7B and
C). The intensity of the bands detected by the EXOI probe
in the northern blot, and in particular that of the slowest
migrating band, was higher in np/3A rrp6 A RNA extracts
than in np/3A (Figure 7C), suggesting that Rrp6 partially
removes abnormal RNA intermediates that accumulate in
the absence of Npl3.

As the amount of the 2400 nt-long EXOI RNA species
was also higher in np/3A rrp6 A cells compared to npl3A
cells (Figure 7C), we asked whether the absence of Rrp6
also increased the levels of Exol protein in cells lacking
Npl3. Indeed, the amount of the Exol-MYC tagged variant
was slightly higher in exponentially growing npl3 A rrp6 A
cells than in npl3 A cells (Figure 7D). This suggests that, in
the presence of improperly processed transcripts, the exo-
some targets not only the faulty, but also some functional
EXOI RNA molecules. Interestingly, although npl3 A rrp6 A
cells grew poorly on YEPD plates (Figure 7A and E), they
formed colonies in the presence of CPT more efficiently
than np/3 A cells (Figure 7E), similarly to what we observed
with the overexpression of the EXOI gene (Figure 5D).
Taken together, these results indicate that Npl3 promotes
proper maturation of the EXOI RNA, thus preventing its
degradation by the nuclear exosome.

DISCUSSION

Resection of DSB ends is a two-step process, which is ini-
tiated by MRX and Sae2 that induce an endonucleolytic
cleavage of the 5'-terminated DNA strands. This cleavage
promotes the access of the Exol and Dna2 nucleases, which
allow the generation of long ssDNA tails (reviewed in (3,4)).
Here, we show that the lack of the RBP Npl3 impairs the
generation of long stretches of ssDNA at DSB ends and de-
creases the amount of the exonuclease Exol. Furthermore,
the lack of Exol does not exacerbate the resection defect of
npl3 A cells, while high Exol levels partially restore resec-
tion in these cells, indicating that Npl3 supports long-range
resection by ensuring the production of a sufficient amount
of Exol.

We also found that Npl3 is required to activate a Mecl-
dependent checkpoint in response to different kinds of
DNA damage, but it is dispensable for checkpoint acti-
vation after phleomycin treatment in G2 (Figures 1 and
5). As Exol is required to generate long stretches of ss-
DNA (35,51,55), which are the signals that activate Mecl
at least in response to both DSBs and UV-induced DNA le-
sions (10,34,35,55,56), the reduced Exol amount in npl3A
cells could account for the checkpoint defect of the same
cells. However, EXOI overexpression does not alleviate the
checkpoint defect of np/3 A cells experiencing a single DSB.
This result, together with the finding that the lack of Exol
causes a very mild, if any, checkpoint defect in response to
a single DSB (35,50), suggests that Npl3 regulates the func-
tions of other proteins involved in checkpoint activation
besides Exol. Although genome-wide transcription anal-
yses showed that most checkpoint genes are not signifi-
cantly downregulated in the absence of Npl3 (20), a very
mild decrease of MECI gene expression was reported in
npl3 A cells (23), which also show a slight reduction in Mecl
protein abundance (Supplementary Figure S10E). Further-
more, npl3 A cells show increased amounts of SAE2 mRNA
(23) that correlate with increased levels of the Sae2 protein
(Supplementary Figure S5D). As high Sae2 levels have been
shown to counteract Mecl-dependent checkpoint activa-
tion (50), the checkpoint defect of np/3 A cells might be due
to the high Sae2 levels. Thus, we speculate that the check-
point defect of npl3A cells may result both from a defect
in ssDNA generation due to low Exol levels and from a
mild deregulation of factors involved in checkpoint signal-
ing, such as Sae2 and Mecl. These Mecl and Sae2 misregu-
lations are likely not sufficient to impair checkpoint activa-
tion by themselves, as the checkpoint is strongly activated in
npl3 A cells treated with phleomycin. However, they might
impair Mecl recruitment/activation in response to DNA le-
sions that require extensive nucleolytic processing to be de-
tected by Mecl, such as DSBs or UV-induced DNA lesions.

The idea that Npl3 regulates other DDR factors besides
Exol is also supported by the observation that the lack
of Npl3 causes hypersensitivity to DSB-inducing agents,
whereas EXOI deletion does not (47,55). Accordingly,
EXOI overexpression partially rescues the hypersensitiv-
ity to CPT of npl3A cells, while it does not affect the hy-
persensitivity of the same cells to MMS. This result also
suggests that Exol is important to repair the damage in-
duced by CPT, while other defects can contribute to the hy-
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Figure 7. Rrp6 limits the accumulation of abnormal EXOI RNAs in the absence of Npl3. (A) Meiotic tetrads from diploid cells with the indicated genotype
were dissected on YEPD plates that were incubated at 30°C for 3 days, followed by spore genotyping. (B, C) Total RNA was extracted from exponentially
growing YEPD cultures of the indicated strains and subjected to both qRT-PCR as in Figure 6B and northern blot as in Figure 6C-E. (D) The same
amounts of protein extracts prepared from exponentially growing cell cultures with the indicated genotypes and expressing the Exol-MYC tagged protein
were either stained with Coomassie or subjected to western blot with anti-MYC antibodies. (E) Exponentially growing cell cultures of the indicated strains

were spotted out onto YEPD plates with or without CPT.

persensitivity to MMS of npl3 A cells. One of these defects
might be the replication stress caused by the accumulation
of transcription-dependent DNA:RNA hybrids in the ab-
sence of Npl3. In fact, overproduction of RNaseH1, which
removes these hybrids in vivo (20,27), suppresses the hyper-
sensitivity to MMS (Figure 2A) and reduces the high levels
of spontaneous mitotic recombination caused by the lack of
Npl3 (20). On the contrary, EXOI overexpression does not
reduce the recombination frequency in np/3 A cells (Supple-
mentary Figure S8).

How does Npl3 control the abundance of the Exol pro-
tein? As the low Exol amount in npl3 A cells does not cor-
relate with a decrease in total EXOI RNA levels (Figure
6) (20,23), we exclude that Npl3 promotes EXO/ transcrip-
tion. Rather, the extended EXOI RNA species detected in
the absence of Npl3 may be due to termination defects and
transcription readthrough. In fact, defects in transcription
termination were seen for approximately 30% of protein-
coding genes in npl3 A cells (23), and we found that a region
1000 bp downstream to the EXOI stop codon was tran-
scribed in npl3A cells but not in wild type, while we did
not find a significant extension of the EXO/ RNA 5 end
in the absence of Npl3. Furthermore, Npl3 was found to be
co-transcriptionally recruited to DNA at highly transcribed
genes (among which EXOI), where it distributes in a gradi-
ent that increases toward the 3’ end of the coding region
(20), and to bind both the 5’ (23,52) and the 3’ ends of mR-
NAs (52). Npl3 inactivation is also known to impair mRNA

export and to cause the accumulation of transcripts in the
nucleus (57). Taken together, these results suggest that, in
the absence of Npl3, some EXOI nascent transcripts are
not appropriately packaged, thus possibly interfering with
the transcription termination process and forming abnor-
mal EXOI RNA species that are not exported to the cyto-
plasm and/or not efficiently translated.

These abnormal EXO1 RNAs are likely degraded, at least
in part, by the nuclear exosome, as the lack of Rrp6 in np/3 A
cells results in a further accumulation of extended EXO!
RNA species. Accordingly, the exosome was found to de-
grade transcripts that are not co-transcriptionally packaged
because of mutations in the THO complex, which, similarly
to Npl3, is required for pre-mRNA processing and export
(58). The lack of Rrp6 slightly increases Exol protein lev-
els in npl3 A cells, suggesting that in the presence of faulty
transcripts Rrp6 can sequester and/or degrade also func-
tional RNAs. Rrp6 was found to prevent chromatin release
of aberrant transcripts when co-transcriptional pre-mRNA
processing fails, thus eventually providing these transcripts
with additional time to complete their maturation (59,60).
Furthermore, Rrp6 was recently reported to participate in
mRNA nuclear retention caused by Npl3 inactivation. In
fact, while np/3 temperature-sensitive mutant cells accumu-
late mRNAs in the nucleus at the restrictive temperature,
mRNAs are partially released in the cytoplasm in npl3 rrp6
double mutant cells (61). Interestingly, Rrp6 deletion also
partially suppresses the temperature sensitivity of these np/3
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mutant cells, suggesting that part of the improperly pack-
aged mRNAs produced in the absence of Npl3 may be func-
tional, although incompetent for export (61).

Exol is an evolutionarily conserved processive exonucle-
ase that can degrade several kilobases of DNA (7,8) and
is implicated in a variety of DNA metabolic processes in-
cluding DNA repair as well as processing of both stalled
replication forks and uncapped telomeres (2,5,62-64). Exol
action is modulated by both positive and negative regula-
tors, which control Exol access to DNA and limit exces-
sive DNA degradation (3,4,6-8). Exol expression is also in-
duced during yeast meiosis to promote meiotic DSB pro-
cessing and crossing over (65). In mammals, splicing of
EXOI transcripts is facilitated after DNA damage by a
splicing complex that contains the DDR protein BRCALI
(66). The Npl3-mediated regulation of Exol amount that
we show here represents another level of control of Exol
activity that guarantees the availability of suitable amounts
of Exol to respond to DNA damage and maintain genome
integrity.
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