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S phase block following MEC1ATR inactivation occurs without
severe dNTP depletion
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ABSTRACT
Inactivation of Mec1, the budding yeast ATR, results in a permanent
S phase arrest followed by chromosome breakage and cell death
during G2/M. The S phase arrest is proposed to stem from a defect
in Mec1-mediated degradation of Sml1, a conserved inhibitor of
ribonucleotide reductase (RNR), causing a severe depletion in
cellular dNTP pools. Here, the casual link between the S phase
arrest, Sml1, and dNTP-levels is examined using a temperature
sensitive mec1 mutant. In addition to S phase arrest, thermal
inactivation of Mec1 leads to constitutively high levels of Sml1 and
an S phase arrest. Expression of a novel suppressor, GIS2, a
conserved mRNA binding zinc finger protein, rescues the arrest
without down-regulating Sml1 levels. The dNTP pool in mec1 is
reduced by ∼17% and GIS2 expression restores it, but only partially,
to ∼93% of a control. We infer that the permanent S phase block
following Mec1 inactivation can be uncoupled from its role in Sml1
down-regulation. Furthermore, unexpectedly modest effects of mec1
andGIS2 on dNTP levels suggest that the S phase arrest is unlikely to
result from a severe depletion of dNTP pool as assumed, but a
heightened sensitivity to small changes in its availability.
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INTRODUCTION
Budding yeast Mec1 belongs to the conserved ATM/ATR family of
signal transducers involved in a range of processes, including DNA
damage repair, checkpoint response, cell cycle regulation, and
meiosis (Kato and Ogawa, 1994; Weinert et al., 1994; Abraham,
2001; Carballo et al., 2008). In addition, Mec1 and its mammalian
counterpart ATR, are essential during unperturbed proliferation,
whereby their inactivation leads to permanent DNA replication
block followed by a fatal mitotic catastrophe in the respective
organism (Brown and Baltimore, 2000; Casper et al., 2002; Cha and
Kleckner, 2002; Eykelenboom et al., 2013).
The replication block in mec1 cells was proposed to stem from a

defect in the Mec1-Rad53-Dun1 dependent removal of Sml1 at the
onset of S phase (Zhao et al., 1998, 2001; Zhao andRothstein, 2002).
Sml1 is an inhibitor of the ribonucleotide reductase (RNR), which
catalyses the rate limiting step in dNTP synthesis (Desany et al.,

1998; Zhao et al., 1998, 2001; Zhao and Rothstein, 2002). Rad53,
a homolog of mammalian CHEK2, is an essential downstream
effector kinase of Mec1 (Allen et al., 1994; Matsuoka et al., 1998).
Dun1 is another serine/threonine kinase and responsible for Sml1
phosphorylation and degradation (Zhao et al., 2001; Zhao and
Rothstein, 2002). According to this view, the Mec1-Rad53-Dun1-
dependent Sml1 removal and ensuing RNR activation would
promote the dNTP production. In support for this view, it was
shown that dNTP levels inmec1- or rad53-hypomorphs and a dun1Δ
strain were reduced by as much as 46% compared to aMEC1 control
strain (Zhao et al., 2001; Fasullo et al., 2010; Hoch et al., 2013).

Notably, however, nearly all analyses on a lethalmec1 allele [e.g.
mec1Δ or mec1-kd (kinase dead)] have been performed in a strain
background that was either deleted for SML1 or over-expressing
RNR1, a requirement for maintaining viability of a mutant lacking
Mec1’s essential function (e.g. Desany et al., 1998; Zhao et al.,
1998). As a result, while it is clear that absence of Mec1 causes
dNTP pool to decrease, the true extent of the reduction and whether
it would be sufficient to account for the replication arrest remain
elusive. Here, we addressed these questions utilizing a temperature
sensitive mutant,mec1-4,whichmaintains its viability at permissive
temperature in an otherwise wild-type background, circumventing
the need to exogenously manipulate Sml1 and/or RNR activity (Cha
and Kleckner, 2002).

RESULTS AND DISCUSSION
We began the analysis by performing a multi-copy suppressor
screen for mec1-4 (Fig. S1). The screen identified GIS2 (glucose
inhibition of gluconeogenic growth suppressor 2) as a novel
suppressor (Fig. 1A): The only other suppressors identified were
MEC1 and RNR1 (Fig. S1). GIS2 was originally isolated based its
role in alternative carbon source utilization (Balciunas and Ronne,
1999). Subsequently, it was shown to encode a conserved zinc
finger protein, whose orthologs include the fission yeast Byr3,
identified as a negative regulator of the RAS/PKA pathway (Wang
et al., 1991) and CNBP/ZNF9, an essential mammalian protein,
implicated in myotonic dystrophy type 2 (Rajavashisth et al., 1989;
Liquori et al., 2001).

To rule out the possibility that GIS2 was an allele specific
suppressor, we examined its effects on a different mec1 allele,
mec1-40: While mec1-4 contains a single amino acid alteration in
the conserved kinase domain, mec1-40 carries an alteration in the
N-terminal HEAT (Huntington, elongation factor 3, protein
phosphatase 2A, Tor1) repeat domain (Perry and Kleckner, 2003;
E. Waskiewicz and R.C., unpublished results). Introduction of a
multi-copy plasmid carrying GIS2 (pGIS2) also suppressed
mec1-40 temperature sensitivity, demonstrating that the
suppression was not allele-specific (Fig. S2A); however, it was
not able to rescue a null (mec1Δ) or a kinase dead (mec1-kd) (data
not shown). Notably, GIS2 did not rescue lethality conferred by
temperature sensitive alleles of YCG1, TOP2, ESP1 or DBF4,Received 13 October 2015; Accepted 26 October 2015

1Stem Cell Biology and Developmental Genetics, National Institute for Medical
Research, MRC, London NW7 1AA, UK. 2Department of Medical Biochemistry and
Biophysics, UmeåUniversity, UmeåSE 901 87, Sweden. 3NorthWestCancer Research
Institute, School of Medical Sciences, Bangor University, Bangor LL57 2UW, UK.

*Author for correspondence (r.cha@bangor.ac.uk)

This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution and reproduction in any medium provided that the original work is properly attributed.

1739

© 2015. Published by The Company of Biologists Ltd | Biology Open (2015) 4, 1739-1743 doi:10.1242/bio.015347

B
io
lo
g
y
O
p
en

http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.015347/-/DC1
http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.015347/-/DC1
http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.015347/-/DC1
mailto:r.cha@bangor.ac.uk
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0


encoding for a condensin subunit, topoisomerase II, separase, or the
regulatory subunit of Cdk7-Dbf4 kinase, respectively; thus, GIS2 is
not a suppressor of general temperature sensitivity (Fig. S2B).
To test whether the GIS2 suppression was mediated by restoring

Mec1’s function in responding to replication stress or DNA damage,
we assessed the effects of pGIS2 on sensitivity of mec1-4 to
hydroxyurea (HU) or methyl methanesulfonate (MMS),
respectively. GIS2 did not rescue the drug sensitivity (Fig. S2C),
suggesting that the suppression was independent of the role of Mec1
in mediating responses to HU or MMS.
The effects of GIS2 on S phase progression were assessed. In

a MEC1 strain carrying either pGIS2 or a control YEp24 plasmid
(pCont), genome duplication was initiated and completed within
40 min following α-factor arrest/release (Fig. 1B). A mec1-4 strain
carrying pCont initiated genome duplication but failed to complete, in
agreement with previous reports (Cha and Kleckner, 2002; Hashash
et al., 2012). In contrast, DNA replication in the same mec1-4 strain
carrying pGIS2 was completed by t=40 min. We infer that the GIS2
rescue of mec1 lethality is mediated by promoting efficient genome
duplication, therebyaverting the downstream fatalmitotic catastrophe.
To test whether the GIS2 suppression was dependent on the

Mec1-Rad53-Dun1 pathway (Zhao et al., 2001; Zhao and

Rothstein, 2002), we assessed the effects of GIS2 on a mec1-4
dun1Δ double mutant (Fig. 1C). Deletion ofDUN1 shows synthetic
growth defects with hypomorphic mec1 mutants (e.g. Zhao and
Rothstein, 2002). Similarly, we observed synthetic interaction
between DUN1 and mec1-4, whereby dun1Δ lowered restrictive
temperature of a mec1-4 strain from 30°C to 27°C (Fig. 1C).
Nevertheless, pGIS2 improved viability of a mec1-4 dun1Δ mutant
at 27°C, indicating that the suppression did not require the Mec1-
Rad53-Dun1 signalling.

Next, we assessed the effects of pGIS2 on steady-state Sml1
levels. During unchallenged proliferation, Sml1 undergoes S-phase-
and MEC1/RAD53/DUN1-dependent downregulation (e.g. Zhao
et al., 2001). As expected, we observed a notable reduction in the
Sml1 levels in a MEC1 strain between t=10-30 and 70-90 min
following an α-factor arrest/release, corresponding to the first
and presumably the second round of S phase, respectively
(Fig. 2; Fig. S3). A similar S-phase-dependent reduction in Sml1
levels was observed in a mec1-4 culture released at 23°C between
t=40 and 80 min (Fig. 2). The notable delay in the timing is likely
due to the lower temperature utilized to maintain viability of the
mutant. The latter confirms that mec1-4 cells are proficient in
promoting the S-phase-dependent Sml1 destruction at permissive
temperature. At 30°C, however, Sml1 levels in the mutant continued
to increase and were maintained at high levels despite the fact that

F 10 20 30 40 minB

M
E

C
1

m
ec

1-
4

pGIS2

pGIS2

pCont

pCont

1C 2C

A

pCont

pMEC1

23ºC 30ºC
MEC1

mec1-4

MEC1

mec1-4

MEC1

mec1-4
pGIS2

C 23ºC 27ºC 30ºC
+
ts
+
ts
+
ts
+
ts

+
+
Δ
Δ
+
+
Δ
Δ

-
-
-
-
+
+
+
+

Fig. 1. GIS2 suppression of mec1 lethality and replication defect.
(A) MEC1 or mec1-4 strains carrying the indicated plasmids were grown at
permissive temperature (23°C) tomid-log phase before being diluted toOD600
of 0.5. Ten-fold serial dilutions were spotted and incubated at the indicated
temperature for two days. pCont, YEp24 plasmid; pMEC1 or pGIS2, YEp24
carrying either MEC1 or GIS2, respectively. (B) Log phase cultures of strains
with the indicated genotypes were α-factor arrested at permissive temperature
(23°C) and released into fresh YPD at 30°C. Samples were collected every
10 min and subjected to FACS analysis. The positions of 1- or 2-cell DNA
content (1C or 2C) are as indicated. (C) Strains with the indicated genotypes
were subjected to spot-test as described in A. ‘+’ or ‘ts’ in the MEC1 column
corresponds to MEC1 or mec1-4 allele, respectively. ‘+’ or ‘Δ’ in the DUN1
column corresponds to DUN1 or dun1Δ allele, respectively. ‘+’ or ‘−’ in the
GIS2 column corresponds to pGIS2 or pCont, respectively.
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Fig. 2. Effects of GIS2 on S phase progression and cell-cycle-dependent
fluctuation in Sml1 levels. (A) Strains with the indicated genotypes were
α-factor arrested at 23°C and released into fresh YPD at either 23°C or 30°C.
Western blot analysis using an α-MYC antibody was performed to detect MYC-
Sml1. * indicates non-specific band used as a loading control; N, no-tag control
sample. (B) The amounts of 3MYC-Sml1 in the western blots were quantified
and normalised to the non-specific band (*) in the corresponding lane. These
values were normalised to the value at t=0 (‘αF’) in each culture as a means to
assess cell cycle dependent fluctuation in Sml1 levels. (C) Results of FACS
analysis on samples analysed in A,WT corresponds toMEC1, ts corresponds
to mec1-4, ts+pGIS2 corresponds to mec1-4+pGIS2.
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the cells were in S phase (Fig. 2; Fig. S3). Introduction of pGIS2
promoted efficient genome duplication in the mec1-4 strain at 30°C
(Fig. 2C). Remarkably, however, the Sml1 levels in the latter did not
decrease, but increased, during genome duplication (Fig. 2). The
current observation eliminates Sml1 downregulation as a
mechanism underlying the GIS2 suppression. Furthermore, it
demonstrates that the replication defect following Mec1
inactivation can be decoupled from Sml1 stabilization.
To test whether the GIS2 suppression might be mediated by an

increase in RNR activity, we assessed its effects on RNR1
transcription induction at the onset of S phase (Fig. 3A). In all
strains, the level of RNR1 transcripts following α-factor arrest/
release peaked at the first time point, t=10 min. The levels in theWT
and mec1-4+pGIS2 strains gradually decreased back to the basal
level by 40 min (Fig. 3A), coinciding with the completion of bulk
genome duplication in these cultures (Fig. 1B). Importantly
however, pGIS2 did not increase the level or duration of RNR1
mRNA induction the mec1-4 culture (Fig. 3A). We also assessed
effects of pGIS2 on levels of Rnr1 protein as well as RNR2, 3, and 4
transcripts, where no noticeable difference was observed (Fig. 3B;
Fig. S3). Taken together, we conclude that the GIS2 suppression is
not mediated by an increase in RNR expression.
In yeast, additional mechanisms of controlling dNTP production

exist; for example, the dATP feedback inhibition of RNR and
regulation of Rnr1, 2, 3, and 4 sub-cellular localization (Chabes
et al., 2003; Yao et al., 2003; Lee et al., 2008). Instead of testing
potential involvement of each of these mechanisms, we decided to
directly assess the effects of GIS2 on dNTP pools. Following a
temperature shift from 23°C to 30°C, both MEC1 and mec1-4
cultures exhibited a transient reduction in the dNTP levels followed
by a recovery (Fig. 4A). The dNTP levels in a mec1-4 strain
transformed with pCont were reduced to ∼83% of a MEC1 control
strain (Fig. 4B). Ectopic expression of GIS2 led to an increase;
however, the extent was limited, restoring dNTP levels to only
∼93% of the control. Thus, the replication arrest and its rescue
conferred by Mec1 inactivation and GIS2, respectively, are both
accompanied by unexpectedly modest changes in dNTP levels. The
current observations are reminiscent of a rad53 allele lacking key
Mec1 phosphorylation sites, which was similarly shown to reduce
dNTP pool by only ∼15% (Hoch et al., 2013).

dNTP levels in mec1- or rad53-hypomorphs, or a dun1Δ can be
reduced by as much as 46% of a control (Zhao et al., 2001; Fasullo
et al., 2010; Hoch et al., 2013). Notably, all of these mutants are
viable, which indicates that that genome duplication is possible even
when dNTP levels fall below those that we observed inmec1-4 cells.
We also found that mec1-4 cells in a SK1 background had ∼30%
higher dNTP levels compared to aMEC1 strain in a different genetic
background of a comparably sized genome (∼17 Mb), which was
used as a control in the above mentioned mec1-/rad53- hypomorph
studies (Fig. 4B; 390 pmoles vs 296 pmoles/108 cells). Taken
together these observations strongly suggest that the dNTP pool in a
mec1-4 strain would have been sufficient to support genome
duplication under normal condition, and thereforewas unlikely to be
the sole cause of the arrest. The ratio among four different dNTPs in
mec1-4 was comparable to MEC1 (Fig. 4C), ruling out the
possibility that the replication block is due to imbalance in dNTP
precursors (Kumar et al., 2010).

To the best of our knowledge, these are the first direct dNTP pool
measurements in a strain expressing a lethal mec1 allele without
altering Sml1 or RNR activity. While the results confirm a Mec1’s
role in promoting dNTP synthesis, they reveal that loss of this
function is unlikely to be a direct cause of themec1 replication arrest.
To date, ∼80 direct targets of Mec1 have been identified. They
include components of the RPA complex (Rfa1 and Rfa2; Smolka
et al., 2007), the GINS complex (Psf1; De Piccoli et al., 2012), and
the MCM-helicase complex (Mcm4 and Mcm6; Randell et al.,
2010), all of which are directly involved in DNA replication.
Therefore, inactivation ofMec1might result in a system-wide failure
in genome duplication stemming from inability to phosphorylate key
components of the replication machinery. Under such condition,
DNA replication might become acutely sensitive to dNTP levels,
whereby even a modest reduction in dNTP pool, which would not
impair normal genome duplication, triggers a permanent arrest.

Most known suppressors of mec1 lethality are involved in dNTP
synthesis or its regulation (e.g. Desany et al., 1998; Zhao et al.,
1998; Tsaponina et al., 2011). In yeast, the rate of replication fork
progression correlates with the dNTP pool size (Malinsky et al.,
2001; Sabouri et al., 2008; Odsbu et al., 2009; Poli et al., 2012).
Furthermore, elevated levels of dNTP can promote fork progression
through DNA lesions that normally block its progression (Malinsky
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Fig. 3. Effects of GIS2 on levels of the RNR1 transcripts and proteins. (A) Effects of GIS2 on G1/S transition-dependent RNR1 induction. MEC1 or mec1-4
strains carrying either pCont or pGIS2were released from α-factor arrest at 23°C into fresh YPD at 30°C. Samples were collected and subjected to FACS (Fig. 1B)
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quantified and normalized to theACT1 signal in corresponding sample. For each strain, the normalized values were then expressed relative to the values obtained
for the α-factor sample, which was set to 1. The average of two independent experiments is shown. The error bars show ±s.e.m. (B) Effects of GIS2 on
steady state Rnr1-HA levels. MEC1 or mec1-4 strains carrying either pCont or pGIS2 were grown to mid-log phase at 23°C before being shifted to 30°C for four
hours. Upper panel: western blot analysis was performed using an α-HA and an α-tubulin antibodies. Lower panel: average levels of the HA-Rnr1 protein,
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et al., 2001; Sabouri et al., 2008; Odsbu et al., 2009; Poli et al.,
2012). These observations suggest thatGIS2 suppression ofmec1-4
acts also via its effects on dNTP levels. Gis2 regulates protein levels
of several hundred target mRNAs that are enriched in ribosome
assembly, chromatin structure, GTPase activity, and stress
signalling (Sammons et al., 2011; Scherrer et al., 2011). However,
none of the well-known components of the Mec1 signalling
network (e.g. SML1, DUN1, RNR1-4, HUG1, DIF1, RAD53,
RAD9, or TEL1) is targeted by Gis2. Therefore, the mechanism
underlying the GIS2-dependent dNTP pool increase is likely to be
pleiotropic and indirect.
Current observations are reminiscent of the effects of dNTPs on

mammalian genome duplication, in particular, with regard to
oncogene-induced replication stress: It was shown that many
consequences of the stress (e.g. DNA damage, fragile site
expression, genome instability, and/or cell death) can be either
exacerbated or rescued by changes in dNTP levels (Aird et al., 2013;
Mannava et al., 2013; Olcina et al., 2013; Lopez-Contreras et al.,
2015). Evidence presented above provides a fresh insight into the
phenomenon that even a modest change in dNTP availability could
result in a profound consequence.

MATERIALS AND METHODS
Yeast strains and media
All strains were of the SK1 background unless noted (Table S1).
Hydroxylamine mutagenesis of MEC1 and isolation of the temperature

sensitive mec1-4 allele were previously described (Cha and Kleckner,
2002). Multi-copy suppressor screen for mec1-4 is described in Fig. S1. To
obtain a synchronous culture for cell cycle analysis, cultures grown to mid-
log phase at 23°C (permissive temperature for mec1-4) were arrested with
5 µg/ml α-factor for 3 h before being released to fresh YPD [1% (w/v) yeast
extract, 2% (w/v) bacto-peptone, 2% (w/v) glucose] media at the indicated
temperature.

Fluorescence activated cell scan (FACS) analysis
Cells were fixed [40% (v/v) ethanol, 0.1 M sorbitol] for 3 h and incubated
overnight at 37°C with RNase solution (50 mMTris-HCl pH 7.5, 100 µg/ml
RNaseA). The next day, the cells were treated with 500 µl of pepsin solution
(50 mM HCl, 5 mg/ml pepsin) for 5 min or longer at room temperature
being resuspended in 1 ml SYTOX solution (50 mMTris-HCl pH 7.5, 1 µM
SYTOXGreen; Invitrogen, Molecular Probe). After an overnight incubation
at 4°C, samples were analysed on a Becton Dickinson Flow Cytometer
(Hashash et al., 2012).

Western blotting and antibodies
Whole cell extracts from ∼107–108 cells were prepared from cell
suspensions in 20% tricholoroacetic acid (TCA) by agitation with glass
beads. Precipitated proteins were solubilized in SDS-PAGE sample butter
and analysed by SDS-PAGE and western blotting. Antibodies for western
blotting were mouse monoclonal α-HA (1:1000; NIMR, London, UK),
α-MYC (1:1000; NIMR, London, UK), and rat monoclonal α-tubulin
(1:5000; Abcam).

Measurement of dNTP levels
NTP and dNTP extraction and quantification were performed as described
(Jia et al., 2015).
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Poli, J., Tsaponina, O., Crabbé, L., Keszthelyi, A., Pantesco, V., Chabes, A.,
Lengronne, A. and Pasero, P. (2012). dNTP pools determine fork progression
and origin usage under replication stress. EMBO J. 31, 883-894.

Rajavashisth, T., Taylor, A., Andalibi, A., Svenson, K. and Lusis, A. (1989).
Identification of a zinc finger protein that binds to the sterol regulatory element.
Science 245, 640-643.

Randell, J. C. W., Fan, A., Chan, C., Francis, L. I., Heller, R. C., Galani, K. and
Bell, S. P. (2010). Mec1 is one of multiple kinases that prime the Mcm2-7 helicase
for phosphorylation by Cdc7. Mol. Cell 40, 353-363.

Sabouri, N., Viberg, J., Goyal, D. K., Johansson, E. and Chabes, A. (2008).
Evidence for lesion bypass by yeast replicative DNA polymerases during DNA
damage. Nucleic Acids Res. 36, 5660-5667.

Sammons, M. A., Samir, P. and Link, A. J. (2011). Saccharomyces cerevisiae
Gis2 interacts with the translation machinery and is orthogonal to myotonic
dystrophy type 2 protein ZNF9. Biochem. Biophys. Res. Commun. 406, 13-19.

Scherrer, T., Femmer, C., Schiess, R., Aebersold, R. and Gerber, A. P. (2011).
Defining potentially conserved RNA regulons of homologous zinc-finger RNA-
binding proteins. Genome Biol. 12, R3.

Smolka, M. B., Albuquerque, C. P., Chen, S. H. and Zhou, H. (2007). Proteome-
wide identification of in vivo targets of DNA damage checkpoint kinases. Proc.
Natl. Acad. Sci. USA 104, 10364-10369.

Tsaponina, O., Barsoum, E., Åström, S. U. and Chabes, A. (2011). Ixr1 is
required for the expression of the ribonucleotide reductase Rnr1 andmaintenance
of dNTP pools. PLoS Genet. 7, e1002061.

Wang, Y., Xu, H. P., Riggs, M., Rodgers, L. and Wigler, M. (1991). byr2, a
Schizosaccharomyces pombe gene encoding a protein kinase capable of partial
suppression of the ras1 mutant phenotype. Mol. Cell. Biol. 11, 3554-3563.

Weinert, T. A., Kiser, G. L. and Hartwell, L. H. (1994). Mitotic checkpoint genes in
budding yeast and the dependence of mitosis on DNA replication and repair.
Genes Dev. 8, 652-665.

Yao, R., Zhang, Z., An, X., Bucci, B., Perlstein, D. L., Stubbe, J. and Huang, M.
(2003). Subcellular localization of yeast ribonucleotide reductase regulated by the
DNA replication and damage checkpoint pathways. Proc. Natl. Acad. Sci. USA
100, 6628-6633.

Zhao, X. and Rothstein, R. (2002). The Dun1 checkpoint kinase phosphorylates
and regulates the ribonucleotide reductase inhibitor Sml1. Proc. Natl. Acad. Sci.
USA 99, 3746-3751.

Zhao, X., Muller, E. G. D. and Rothstein, R. (1998). A suppressor of two essential
checkpoint genes identifies a novel protein that negatively affects dNTP pools.
Mol. Cell 2, 329-340.

Zhao, X., Chabes, A., Domkin, V., Thelander, L. and Rothstein, R. (2001). The
ribonucleotide reductase inhibitor Sml1 is a new target of the Mec1/Rad53 kinase
cascade during growth and in response to DNA damage.EMBO J. 20, 3544-3553.

1743

RESEARCH ARTICLE Biology Open (2015) 4, 1739-1743 doi:10.1242/bio.015347

B
io
lo
g
y
O
p
en

http://dx.doi.org/10.1126/science.1071398
http://dx.doi.org/10.1126/science.1071398
http://dx.doi.org/10.1016/S0092-8674(03)00075-8
http://dx.doi.org/10.1016/S0092-8674(03)00075-8
http://dx.doi.org/10.1016/S0092-8674(03)00075-8
http://dx.doi.org/10.1016/S0092-8674(03)00075-8
http://dx.doi.org/10.1016/j.molcel.2012.01.007
http://dx.doi.org/10.1016/j.molcel.2012.01.007
http://dx.doi.org/10.1016/j.molcel.2012.01.007
http://dx.doi.org/10.1101/gad.12.18.2956
http://dx.doi.org/10.1101/gad.12.18.2956
http://dx.doi.org/10.1101/gad.12.18.2956
http://dx.doi.org/10.1016/j.celrep.2013.10.027
http://dx.doi.org/10.1016/j.celrep.2013.10.027
http://dx.doi.org/10.1016/j.celrep.2013.10.027
http://dx.doi.org/10.1016/j.celrep.2013.10.027
http://dx.doi.org/10.1093/nar/gkp1064
http://dx.doi.org/10.1093/nar/gkp1064
http://dx.doi.org/10.1093/nar/gkp1064
http://dx.doi.org/10.1371/journal.pgen.1002978
http://dx.doi.org/10.1371/journal.pgen.1002978
http://dx.doi.org/10.1371/journal.pgen.1002978
http://dx.doi.org/10.1371/journal.pgen.1002978
http://dx.doi.org/10.1128/MCB.00474-13
http://dx.doi.org/10.1128/MCB.00474-13
http://dx.doi.org/10.1128/MCB.00474-13
http://dx.doi.org/10.1128/MCB.00474-13
http://dx.doi.org/10.1007/978-1-4939-2596-4_8
http://dx.doi.org/10.1007/978-1-4939-2596-4_8
http://dx.doi.org/10.1007/978-1-4939-2596-4_8
http://dx.doi.org/10.1007/978-1-4939-2596-4_8
http://dx.doi.org/10.1093/nar/22.15.3104
http://dx.doi.org/10.1093/nar/22.15.3104
http://dx.doi.org/10.1093/nar/22.15.3104
http://dx.doi.org/10.1093/nar/gkq128
http://dx.doi.org/10.1093/nar/gkq128
http://dx.doi.org/10.1093/nar/gkq128
http://dx.doi.org/10.1016/j.molcel.2008.08.018
http://dx.doi.org/10.1016/j.molcel.2008.08.018
http://dx.doi.org/10.1016/j.molcel.2008.08.018
http://dx.doi.org/10.1126/science.1062125
http://dx.doi.org/10.1126/science.1062125
http://dx.doi.org/10.1126/science.1062125
http://dx.doi.org/10.1101/gad.256958.114
http://dx.doi.org/10.1101/gad.256958.114
http://dx.doi.org/10.1101/gad.256958.114
http://dx.doi.org/10.1101/gad.256958.114
http://dx.doi.org/10.1016/j.ajpath.2012.09.011
http://dx.doi.org/10.1016/j.ajpath.2012.09.011
http://dx.doi.org/10.1016/j.ajpath.2012.09.011
http://dx.doi.org/10.1016/j.ajpath.2012.09.011
http://dx.doi.org/10.1126/science.282.5395.1893
http://dx.doi.org/10.1126/science.282.5395.1893
http://dx.doi.org/10.1371/journal.pone.0007617
http://dx.doi.org/10.1371/journal.pone.0007617
http://dx.doi.org/10.1371/journal.pone.0007617
http://dx.doi.org/10.1016/j.molcel.2013.10.019
http://dx.doi.org/10.1016/j.molcel.2013.10.019
http://dx.doi.org/10.1016/j.molcel.2013.10.019
http://dx.doi.org/10.1016/S0092-8674(03)00033-3
http://dx.doi.org/10.1016/S0092-8674(03)00033-3
http://dx.doi.org/10.1038/emboj.2011.470
http://dx.doi.org/10.1038/emboj.2011.470
http://dx.doi.org/10.1038/emboj.2011.470
http://dx.doi.org/10.1126/science.2562787
http://dx.doi.org/10.1126/science.2562787
http://dx.doi.org/10.1126/science.2562787
http://dx.doi.org/10.1016/j.molcel.2010.10.017
http://dx.doi.org/10.1016/j.molcel.2010.10.017
http://dx.doi.org/10.1016/j.molcel.2010.10.017
http://dx.doi.org/10.1093/nar/gkn555
http://dx.doi.org/10.1093/nar/gkn555
http://dx.doi.org/10.1093/nar/gkn555
http://dx.doi.org/10.1016/j.bbrc.2011.01.086
http://dx.doi.org/10.1016/j.bbrc.2011.01.086
http://dx.doi.org/10.1016/j.bbrc.2011.01.086
http://dx.doi.org/10.1186/gb-2011-12-1-r3
http://dx.doi.org/10.1186/gb-2011-12-1-r3
http://dx.doi.org/10.1186/gb-2011-12-1-r3
http://dx.doi.org/10.1073/pnas.0701622104
http://dx.doi.org/10.1073/pnas.0701622104
http://dx.doi.org/10.1073/pnas.0701622104
http://dx.doi.org/10.1371/journal.pgen.1002061
http://dx.doi.org/10.1371/journal.pgen.1002061
http://dx.doi.org/10.1371/journal.pgen.1002061
http://dx.doi.org/10.1128/MCB.11.7.3554
http://dx.doi.org/10.1128/MCB.11.7.3554
http://dx.doi.org/10.1128/MCB.11.7.3554
http://dx.doi.org/10.1101/gad.8.6.652
http://dx.doi.org/10.1101/gad.8.6.652
http://dx.doi.org/10.1101/gad.8.6.652
http://dx.doi.org/10.1073/pnas.1131932100
http://dx.doi.org/10.1073/pnas.1131932100
http://dx.doi.org/10.1073/pnas.1131932100
http://dx.doi.org/10.1073/pnas.1131932100
http://dx.doi.org/10.1073/pnas.062502299
http://dx.doi.org/10.1073/pnas.062502299
http://dx.doi.org/10.1073/pnas.062502299
http://dx.doi.org/10.1016/S1097-2765(00)80277-4
http://dx.doi.org/10.1016/S1097-2765(00)80277-4
http://dx.doi.org/10.1016/S1097-2765(00)80277-4
http://dx.doi.org/10.1093/emboj/20.13.3544
http://dx.doi.org/10.1093/emboj/20.13.3544
http://dx.doi.org/10.1093/emboj/20.13.3544


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


