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Growth factors and essential nutrients
are key controllers of eukaryotic
cell proliferation. In their absence, cells
may enter into a quiescent (G ) state. In
yeast, nitrogen and/or carbon limitation
causes downregulation of the conserved
TORC1 and PKA signaling pathways
and consequently activation of Riml5, a
member of the PAS protein kinase fam-
ily. Rim15 orchestrates the initiation of
the G, program in part by coordinating
transcription of Msn2/4- and/or Gisl-
dependent genes with~ posttranscrip-
tional protection of the corresponding
mRNAs via direct phosphorylation of
Igo1/2. Here, we show that several fac-
tors including Ccr4, the Lsm-Patl com-
plex, and Dhh1, which are implicated in
mRNA decapping activation, participate
in the decay of specific mRNAs during
initiation of the G program when Igo1/2
are absent. Accordingly, Igol/2 likely
play a key role in preventing the decap-
ping and subsequent 5'-3" degradation of
a set of nutrient-regulated mRNAs that
are critical for cell differentiation and
chronological life span.

Introduction

All living cells appear to be capable of
exiting the normal cell cycle and enter-
ing a reversible state termed quiescence or
G-zero (G,), which is typically character-
ized by low metabolic activity, including
low rates of protein synthesis and tran-
scription. Initiation of the G, program
is a highly coordinated process, which
requires downregulation of conserved
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nutrient-, growth factor- and/or hormone-
responsive signal transduction pathways.
In the yeast Saccharomyces cerevisiae,
downregulation of the nutrient-regulated
kinase activities of the conserved 7arget
Of Rapamycin Complex 1 (TORCI),
or-the protein kinase A (PKA) had been
found to drive cells into a G -like state
and to significantly extend chronological
life span (CLS).""* In contrast, loss of the
kinase activity of Riml5 prevents access
to G, and decreases CLS.” TORCI (via
its substrate Sch9) and PKA are thought
to signal in parallel pathways to positively
regulate ribosome biogenesis and growth
and, by maintaining Rim15 in an inac-
tive state in the cytoplasm, to negatively
regulate entry into G_.*"* The molecu-
lar mechanisms linking Rim15 to distal
readouts such as the expression of specific
nutrient-regulated genes (e.g., HSP26;
see below), trehalose and glycogen accu-
mulation, and CLS extension involve the
stress-response and post-diauxic shift tran-
scription factors Msn2/4 and Gisl, 31
respectively, as well as the recently iden-
tified paralogous Riml5 target proteins
Igol and Igo2.” Intriguingly, during ini-
tiation of the G program, phosphoryla-
tion by Rim15 stimulates Igo proteins to
associate with both Lsm12, which likely
binds to the 3' unrranslated region (UTR)
of mRNAs in a complex with Pbpl and
Pbp4,'“" as well as with the decapping
activator Dhh1. This latter event appears
to be key for newly expressed mRNAs to
be both sheltered from degradation via
the 5'-3' mRNA decay pathway and chan-
neled towards stress granules (SGs) for
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Figure 1. Model depicting a role for Igo1 and Igo2 in protection of specific mRNAs, which are induced during initiation of the G, program. In expo-
nentially growing cells, phosphorylation of Rim15 (on Ser'®' by the TORC1 target Sch9 and on Thr'®” by the cyclin-cyclin-dependent kinase complex
Pho80-Pho85)%'° mediates tandem 14-3-3 binding to guarantee optimal sequestration of Rim15 in the cytoplasm, where it is kept inactive through
additional PKA-mediated phosphorylation events.>® TORC1 inactivation (e.g., following treatment of cells with rapamycin or following nutrient starva-
tion) causes initiation of the G, program in part by abrogating the cytoplasmic retention of Rim15. Nuclear Rim15, presumably released from PKA-me-
diated inhibition,?® has a dual role in controlling gene expression by activating transcription of Msn2/4- and Gis1-dependent genes (1) and protecting
the corresponding transcripts from degradation via an Igo1/2-dependent mechanism (2-7).*" Accordingly, Rim15-dependent phosphorylation of
Ser®in Igo1 and Ser® in Igo2 (both of which likely shuttle between the cytoplasm and the nucleus) leads to the formation of specific messenger
ribonucleoprotein (MRNP) complexes (possibly already in the nucleus as depicted or, alternatively, in the cytoplasm) that contain at least Igo1/2,
Lsm12, the poly(A)-binding protein Pab1 interactor Pbp1, and Pbp4, as well as a nutrient-regulated mRNA (e.g., HSP26) that needs to be translated as
part of the quiescence program (2). To this end, the cytoplasmic mRNP complexes likely associate with translation initiation factors and ribosomes for
direct translation (3). Alternatively, they may transiently assemble (to some extent in PBs) with 5'-3' degradation factors (4). Notably, Dhh1 may either
be incorporated into HSP26 mRNA-containing mRNPs while they reside in the nucleus, or—as depicted in our model—join the corresponding mRNPs
in the cytoplasm (e.g., during or following their unloading from ribosomes and disassembly of translation initiation factors) (5). The interaction of
p-Ser®“-lgo1 with Dhh1 presumably prevents decapping and subsequent 5'-3' degradation of the associated mRNA and promotes both disassembly of
5'-3' degradation factors from the mRNP (6) and reassembly of translation initiation factors (7), a process that may specifically occur in stress granules
(SGs). Such mRNP complexes (that may still contain Igo1/2) are thought to exit SGs and to subsequently associate with ribosomes for translation of the
corresponding mRNA (8). In the absence of functional Igo1/2, mRNAs such as the HSP26 mRNA remain unguarded from Dcp1/2- and Xrn1-mediated
decapping and 5'-3' decay (9), respectively, and are therefore prone to degradation.

subsequent translation (Fig. 1). Given the
conserved nature of Igo proteins,” these
findings indicate that stabilization of spe-
cific mRNAs is a critical determinant of
cell differentiation and CLS.

The mRNA Decapping Pathway
Targets HSP26 mRNAs in the
Absence of Igo1 and Igo2

To further define the molecular func-
tion of Igol/2, we performed a genome-
wide screen for mutations that suppress
the defect of igoIA igo2A cells in HSP26
expression during initiation of the G/

program. To this end, we constructed
an HSP26-yEmREFP reporter gene that

expresses, under the control of the yeast
HSP26 promoter, a new yeast enhanced
variant of the mCherry monomeric red
fluorescent protein (yEmREFP),' which
confers a vivid purple color to wild-type
cells during and following initiation of the
G, program. As expected, only wild-type
cells containing the HSP26-yEmREFP
reporter plasmid (pXL029), but not cor-
responding 7imI5A or igoIA igo2A cells,
were able to form purple colonies when
grown for five days on plates containing
synthetic defined (SD) medium (Fig.
2A). Next, we crossed an igolA igo2A
strain (XL111; MATa, igolA::NatMX4,
igo2A:: HphMX4,  canlA::STE2pr-His5,
hpIA, wra3A, his3AI; derived from
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strain Y7092; C. Boone lab collection),
harboring the HSP26-yEmREFP reporter
plasmid, with the Euroscarf collection
of 4,857 viable gene deletion mutants
essentially as described earlier.” The
resulting triple mutant collection was
screened for mutants that, unlike Zgo/A
igo2A cells, were able to express HSP26-
yEmRFP and consequently form purple
colonies. Notably, since Rim15 controls
both activation of transcription (via a
still partially understood mechanism
that implicates the transcription factors
Msn2/4 and Gisl) and posttranscrip-
tional stabilization of mRNAs (by a pro-
cess that implicates Igo1/2) (Fig. 1), we
reasoned that candidate mutations that
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Figure 2. The 5'-3' mRNA degradation pathway targets HSP26 mRNAs in the absence of Igo1/2. (A) Individual strains were constructed by backcrosses
between the single knock-out strains from the Euroscarf collection and isogenic wild-type (BY4742), XL126 (MATw, rim15A:NatMX6) or XL122-16D
(MATe, igo1A::NatMX4, igo2A::HphMX4) cells, transformed with the HSP26-yEmRFP reporter plasmid (pXL029), patched on SD-medium-containing
plates, and grown for 5 days at 30°. Expression of yEmRFP under the control of the HSP26 promoter confers to cells a purple color. (B) Loss of Pat1
suppresses the defect of igoTA igo2A, but not that of rim15A cells in rapamycin-induced HSP26 mRNA expression. Northern blot analyses of HSP26 and
of rapamycin-repressible SSB1 were performed with wild-type and indicated mutant strains prior to (0) and following a rapamycin treatment (RAP; 0.2
mg ml”) of 1 hror 2 hr. Bar graphs show the relative level of HSP26 mRNA per rRNA (quantified by Phosphor-Imager analysis and arbitrarily set to 1.0 for
exponentially growing wild-type cells). All samples were run on the same gel (identical film exposure time). (C) Loss of Pat1 fully suppresses the defect
of igo1A igo2A, but not that of rim154, in rapamycin-induced Hsp26 protein expression. Cell extracts from the same strains as in (B), treated (2 hr, 4 hr
and 6 hr) or not (0 hr) with rapamycin, were analyzed by SDS-PAGE, and immunoblots were probed with specific anti-Hsp26 antibodies. Ponceau S
staining of the membranes prior to immunoblot analysis serves as loading control.

suppress the HSP26-yEmRFP expression
defect in both 7imI5A and igoIA igo2A
cells are very likely to play a role inregu-
lating transcription rather than mRNA
stability. To more specifically focus on the
role of Igo proteins in posttranscriptional
mRNA stability control, such mutations
were eliminated in a secondary screen fol-
lowing which we retained a total of five
gene deletions that were able to suppress
the defect of igoIA igo2A cells, but not
that of 7imI5A cells. In line with and con-

firming our previous results,” our screen

identified the ccr4A and dhbhIA mutations,
both of which prevent mRNA decay at
early steps of the 5'-3' mRNA decay path-
way,? as igoIA igo2A suppressor mutations
(Fig. 2A). Interestingly, all three addi-
tional, newly identified suppressor muta-
tions (i.e., lsmIA, lsm6A and patIA) affect
genes whose products are constituents of
the Lsm1-7/Patl (Lsm-Patl) complex that
activates mRNA decapping following
deadenylation.”’ Notably, the other sub-
units of this complex are either essential
(Lsm2-5), or their absence did not signifi-
cantly suppress (Lsm7) the 7golA igo2A
phenotype in our assays (data not shown).

www.landesbioscience.com

To assess further whether loss of Lsm-
Patl function can also suppress the defect
of igoIA 7go2A cells in HSP26 expression
following TORCI inactivation, we next
measured HSP26 mRNA and Hsp26
protein levels in rapamycin-treated wild-
type, rimI5A, igoIA igo2A, patIA, patIA
rimI5A and patIA igoIA igo2A cells. As
expected, loss of Patl fully suppressed
the defect of igoIA igo2A cells, but not
that of rimI5A cells, in rapamycin-
induced HSP26 expression (both at the
mRNA and protein levels; Fig. 2B and
C). These results further support the idea
that Rim15 likely has a dual role in con-
trolling gene expression by (i) activating
transcription (Fig. 1) and (ii) protecting
the corresponding transcripts from deg-
radation via an Igol/2-dependent mech-
anism that specifically antagonizes the
process of mRNA decapping activation.
In line with such a model, we previously
found that loss of the 5-3' exonucle-
ase Xrnl, which causes processing bod-
ies (PBs) to increase in number and size
due to the entrapping of non-degraded
mRNAs,” allowed 7golA igo2A cells, but
not 7imI5SA cells, to accumulate HSP26
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mRNAs, which then failed to be trans-
lated into proteins.”

mRNA decapping is thought to occur
in multiple, sequential steps, which
include the partial deadenylation of the
poly(A) tail by the NOT-Ccr4 complex,
recruitment to the corresponding oli-
goadenylated mRNAs of the Lsm-Patl
complex—which, as recently shown
in metazoans, serves as a scaffold that
binds (via Patlb) both deadenylation
and decapping enzymes*>*—and Dhhl-
mediated activation of decapping fol-
lowing remodeling of the 5' structure
of the mRNA.2% Since a defect in any
of these steps in the mRNA decapping
process can suppress the phenotype of
igoIA igo2A cells in HSP26 mRNA (and
Hsp26 protein) expression and given
the finding that Igo proteins (following
phosphorylation by Rim15) interact with
Dhh1," Igo proteins are likely to inhibit
mRNA decapping at a stage from which
mRNAs can still successfully be retrieved
for translation (following disassembly of
5'-3" decay factors and assembly of trans-
lation initiation factors that may possibly
occur within stress granules) (Fig. 1).



Consistent with this view, Igo proteins
appear to reach SGs following a transient
stopover in PBs in glucose-limited cells.”

Outlook

While our studies have pinpointed a role
for Igo proteins in stabilization of nutri-
entregulated mRNAs, which appears
to be critical for both initiation of the
G, program and proper setup of CLS,”
they also rise a number of interesting
issues to be tackled in the future. For
instance, rapamycin-induced expression
of the HSP26-LacZ and HSP26-yEmRFP
reporter genes, like expression of HSP26,
was strongly dependent on Igol/2, indi-
cating that either the promoter region or
the 5' UTR of HSP26 critically defines
the fate of the corresponding mRNA by
a process that implicates Igol/2. One
attractive model, to be tested in this con-
text, is that Rim15 may be recruited to
specific promoter regions to coordinate
both temporal and spatial activation of
Igol/2 and ensure timely co-transcrip-
tional loading of activated Igol/2 onto
Lsm12-, Pbpl- and Pbp4-containing
messenger ribonucleoprotein . (mRNDP)
complexes. An alternative model” that
can be experimentally addressed is that
activated Igol/2 may be able to (directly
or indirectly) bind to a specific structure
or sequence motif within the 5" UTR of
nutrient-regulated mRNAs such as the
HSP26 mRNA. Moreover, our present
findings suggest that Igol/2 inhibit 5'-3'
mRNA decay of mRNAs by interfering
with the mRNA decapping activation
system. Future studies that specifically
focus on structural/functional aspects of
the interaction between Igol/2 and Dhh1
(and possibly the Lsm-Patl complex)
are therefore very likely to significantly
enhance our general understanding of the
mechanisms that control mRNA decay.
Finally, the closest homolog of Igol/2 in
mammals, i.e., ARPP-19, has previously
been suggested to control axon growth
and synaptic plasticity specifically by
stabilizing the growth-associated pro-
tein-43 (GAP-43) mRNA in response to
nerve growth factor treatment.” Thus, an
exciting challenge will be to test whether
the homologs of Igo proteins in higher
eukaryotes may have an evolutionarily

conserved role in mRNA stability con-
trol, which—as observed in yeast—may
be critical for cell differentiation and life

span.
Acknowledgements

We thank Neta Dean for plasmids,
Johannes Buchner and Mick Tuite for
antibodies, Charles Boone for yeast strains
and Marie-Pierre Péli-Gulli for critically
reading the manuscript. This research was
supported by the Canton of Fribourg and
a grant from the Swiss National Science
Foundation (laboratory of C.D.V.).

References
1. De Virgilio C, Loewith R. The TOR signalling

network from yeast to man. Int ] Biochem Cell Biol
2006; 38:1476-81.

2. De Virgilio C, Loewith R. Cell growth control: little
eukaryotes make big contributions. Oncogene 2006;
25:6392-415.

3. Powers RW, 3rd, Kaeberlein M, Caldwell SD,
Kennedy BK, Fields S. Extension of chronological
life span in yeast by decreased TOR pathway signal-
ing. Genes Dev 2006; 20:174-84.

4. Kaeberlein M, Burtner CR, Kennedy BK. Recent
developments in yeast aging. PLoS Genet 2007; 3:84.

5. Reinders A, Biirckert N, Boller T, Wiemken A, De
Virgilio C. Saccharomyces cerevisiae cAMP-dependent
protein kinase controls entry into stationary phase
through the Riml15p protein kinase. Genes Dev
19985 12:2943-55.

6. Fabrizio P, Pozza F, Pletcher. SD,  Gendron CM,
Longo VD. Regulation of longevity and stress resis-
tance by Sch9 in yeast. Science 20015 292:288-90.

7. Wei M, Fabrizio P, Hu J, Ge H, Cheng C, Li L, et al.
Life span extension by calorie restriction depends on
Rim15 and transcription factors downstream of Ras/
PKA, Tor and Sch9. PLoS Genet 2008; 4:13.

8. Wanke V, Pedruzzi I, Cameroni E, Dubouloz F,
De Virgilio C. Regulation of G entry by the
Pho80-Pho85 cyclin-CDK complex. EMBO ] 2005;
24:4271-8.

9. DPedruzzi I, Dubouloz F, Cameroni E, Wanke V,
Roosen J, Winderickx J, et al. TOR and PKA signal-
ing pathways converge on the protein kinase Rim15
to control entry into G, Mol Cell 2003; 12:1607-13.

10. Wanke V, Cameroni E, Uotila A, Piccolis M, Urban
J, Loewith R, et al. Caffeine extends yeast lifespan by
targeting TORCI1. Mol Microbiol 2008; 69:277-85.

11. Jorgensen P, Rupes I, Sharom JR, Schneper L, Broach
JR, Tyers M. A dynamic transcriptional network
communicates growth potential to ribosome synthesis
and critical cell size. Genes Dev 2004; 18:2491-505.

12. Urban J, Soulard A, Huber A, Lippman S,
Mukhopadhyay D, Deloche O, et al. Sch9 is a major
target of TORCI in Saccharomyces cerevisiae. Mol
Cell 20075 26:663-74.

13. Pedruzzi I, Biirckert N, Egger P, De Virgilio C.
Saccharomyces cerevisiae Ras/cAMP pathway controls
post-diauxic shift element-dependent transcription
through the zinc finger protein Gisl. EMBO J 2000;
19:2569-79.

14. Cameroni E, Hulo N, Roosen J, Winderickx J, De
Virgilio C. The novel yeast PAS kinase Rim15 orches-
trates G -associated antioxidant defense mechanisms.

Cell Cycle 2004; 3:462-8.

RNA Biology

20.

21.

22.

£3.

24.

25.

26.

. Talarek N, Cameroni E, Jaquenoud M, Luo X,

Bontron S, Lippman S, et al. Initiation of the
TORCl-regulated G, program requires Igol/2,
which license specific mRNAs to evade degradation
via the 5'-3' mRNA decay pathway. Mol Cell 2010;
38:345-55.

. Swisher KD, Parker R. Localization to and effects

of Pbpl, Pbp4, Lsm12, Dhhl and Pabl on stress
granules in Sacc/f/ﬂrom}/cey cerevisiae. PLoS One 2010;

5:10006.

. Mangus DA, Smith MM, McSweeney JM, Jacobson

A. Identification of factors regulating poly(A) tail
synthesis and maturation. Mol Cell Biol 2004;
24:4196-206.

. Keppler-Ross S, Noffz C, Dean N. A new pur-

ple fluorescent color marker for genetic studies
in Saccharomyces cerevisine and Candida albicans.
Genetics 2008; 179:705-10.

. Tong AH, Evangelista M, Parsons AB, Xu H, Bader

GD, Page N, et al. Systematic genetic analysis with
ordered arrays of yeast deletion mutants. Science
2001; 294:2364-8.

Parker R, Sheth U. P bodies and the control of
mRNA translation and degradation. Mol Cell 2007;
25:635-46.

Franks TM, Lykke-Andersen J. The control of
mRNA decapping and P-body formation. Mol Cell
2008; 32:605-15.

Ozgur S, Chekulaeva M, Stoecklin G. Human Patlb
Connects Deadenylation with mRNA Decapping
and Controls the Assembly of Processing-Bodies. Mol
Cell Biol 2010; In press.

Braun JE, Tritschler F, Haas G, Igreja C, Truffault
V, Weichenrieder O, et al. The C-terminal a-a
superhelix of Patis required for mRNA decapping in
metazoa. EMBO ] 2010.

Fischer N, Weis K. The DEAD box protein Dhhl
stimulates the decapping enzyme Dcpl. EMBO ]
2002; 21:2788-97.

Irwin N, Chao S, Goritchenko L, Horiuchi A,
Greengard P, Nairn AC, et al. Nerve growth factor
controls GAP-43 mRNA stability via the phospho-
protein ARPP-19. Proc Natl Acad Sci USA 2002;
99:12427-31.

Griffioen G, Anghileri P, Imre E, Baroni MD, Ruis
H. Nutritional control of nucleocytoplasmic localiza-
tion of cAMP-dependent protein kinase catalytic and
regulatory subunits in Saccharomyces cerevisiae. ] Biol
Chem 2000; 275:1449-56.

Volume 8 Issue 1



