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Background: TIS11 proteins control the degradation of mRNA containing AU-rich elements (ARE).

Results: Drosophila dTIS11 activates the polysomal deadenylation of the ARE mRNA Cecropin Al.

Conclusion: Drosophila dTIS11 controls fewer aspects of ARE mRNA decay as compared with its mammalian homologs.
Significance: TIS11 proteins may have acquired additional functions to control mRNA decay during evolution from inverte-

brates to mammals.

The destabilization of AU-rich element (ARE)-containing
mRNAs mediated by proteins of the TIS11 family is conserved
among eukaryotes including Drosophila. Previous studies have
demonstrated that Tristetraprolin, a human protein of the
TIS11 family, induces the degradation of ARE-containing
mRNAs through a large variety of mechanisms including dead-
enylation, decapping, and P-body targeting. We have previously
shown that the degradation of the mRNA encoding the antimi-
crobial peptide Cecropin A1 (CecAl) is controlled by the TIS11
protein (dTIS11) in Drosophila cells. In this study, we used
CecAl mRNA as a model to investigate the molecular mecha-
nism of dTIS11-mediated mRNA decay. We observed that dur-
ing the biphasic deadenylation and decay process of this mRNA,
dTIS11 enhances deadenylation performed by the CCR4-CAF-
NOT complex while the mRNA is still associated with ribo-
somes. Sequencing of mRNA degradation intermediates
revealed that the complete deadenylation of the mRNA triggers
its decapping and decay in both the 5’-3’ and the 3’-5" direc-
tions. Contrary to the observations made for its mammalian
homologs, overexpression of dTIS11 does not promote the
localization of ARE-containing mRNAs in P-bodies but rather
decreases the accumulation of CecA1 mRNA in these structures
by enhancing the degradation process. Therefore, our results
suggest that proteins of the TIS11 family may have acquired
additional functions in the course of evolution from inverte-
brates to mammals.

The dynamic control of mRNA stability is one of the key
strategies used by eukaryotic cells to regulate gene expression.
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The controlled degradation of mRNAs containing an AU-rich
element (ARE)® in their 3'-untranslated region is a prototypical
example of such post-transcriptional control of mRNA degra-
dation. In mammals, ARE-containing mRNAs are targeted by
an array of RNA-binding proteins, among which one of the
most extensively studied is the Tristetraprolin (TTP) protein
(see Ref. 1 for a recent review). TTP belongs to a family of
evolutionary conserved zinc finger RNA-binding proteins able
to bind AREs, thereby accelerating mRNA degradation. First
identified as a regulator of TNF-« production (2), TTP has
since been recognized to control the degradation of a large vari-
ety of ARE mRNAs including mediators of the inflammatory
and the anti-inflammatory responses (3, 4). The TIS11 protein
family contains three members in humans and four members in
mice. These multifunctional proteins can favor the decay of
ARE mRNAs by acting at several levels in the mRNA degrada-
tion pathway. Deadenylases are key players in the control of
mRNA degradation (5). TTP has been initially shown to stim-
ulate deadenylation of ARE-containing messenger RNAs, sug-
gesting that this protein could favor deadenylase recruitment
(6). An in vitro analysis suggested that the poly-A specific ribo-
nuclease (PARN) deadenylase was involved in TTP-mediated
deadenylation of mRNAs (7). This hypothesis was sustained by
the fact that PARN is required for ARE mediated-decay (AMD)
in human HeLa cells (8). More recently, it has been demon-
strated that the CCR4-CAF-NOT deadenylation complex par-
ticipates in the in vivo deadenylation of an ARE-containing
reporter mRNA in murine fibroblasts, suggesting that this com-
plex s involved in the ARE-mediated deadenylation of mRNAs
(9). Recent in vitro and in vivo experiments confirmed that in
mammals, TTP is able to recruit the deadenylase CAF1 through
its interaction with the NOT1 adapting factor and targets ARE
mRNAs to rapid deadenylation (10-12). The interaction
between the deadenylation machinery and TTP is regulated by
the MAPK-activated protein (MAPKAP) kinase 2-dependent

° The abbreviations used are: ARE, AU-rich element; TTP, Tristetraprolin; AMD,
ARE-mediated decay; cRACE, circularized rapid amplification of ¢cDNA
ends; CCR4, carbon catabolite repression 4; CAF1, CCR4 associated factor 1.
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phosphorylation of TTP (10, 11). Although deadenylation
seems to play a major role in TTP-mediated mRNA decay in
mammals, the observation that TTP can promote AMD when
the poly(A) tail is artificially replaced by a histone 3’ end-pro-
cessing sequence suggests that TTP can exert its effects
through alternative mechanisms (13).

The detection of the ARE-binding proteins TTP and BRF1 in
complex with the decapping machinery and the observation that
decapping of mammalian ARE mRNAs can be a limiting step in
the degradation process suggested a mechanism in which TTP
could also induce AMD by promoting mRNA decapping (14). This
proposed mechanism is further supported by the fact that TTP
activates DCP2 decapping activity in vitro (15).

In eukaryotes, RNA degradation enzymes are found concen-
trated in P-bodies, which are considered as “factories for
mRNA decay” (see Ref. 16) for review). The mammalian mem-
bers of the TIS11 protein family are all found at least partially
localized in P-bodies (17). The observation that ARE mRNAs
are specifically targeted to P-bodies (18) and that in some cases
inhibition of P-body formation prevents AMD (19) suggested
that an additional function of TTP and of related mammalian
proteins was to deliver ARE mRNAs to degradation in P-bodies.
Alternatively, P-bodies could function as reservoirs to seques-
ter ARE mRNAs from the translational machinery when
mRNA decay is delayed (18). ARE mRNA degradation can
occur through the 3'-5’ exosome-dependent degradation path-
way (20, 21). However, in mammalian cells, the observation that
both ARE mRNAs and TTP proteins accumulate in P-bodies
when the 5'-3" degradation pathway is inhibited suggested that
this mode of degradation is favored in TTP-mediated ARE
mRNA decay (18, 19). Altogether, these observations indicate
that in mammals, TTP and the other members of the TIS11
family are multipotent proteins, which favor AMD by enhanc-
ing several crucial steps in the mRNA degradation process.

AMD is a conserved mechanism among eukaryotes. In yeast,
CTH2p, the homolog of TTP, regulates the stability of mRNAs
important for iron metabolism through an ARE-dependent
process (22). Recently, we and others have shown that AMD is
conserved in Drosophila. In this organism, dTIS11 regulates the
stability of ARE-containing mRNAs including messenger
RNAs involved in the immune response, such as antimicrobial
peptide-coding mRNAs (23-25). We have observed that AMD
requires the CAF1 protein in Drosophila. However, the molec-
ular mechanism of mRNA decay mediated by proteins of the
TIS11 family remains so far mostly uncharacterized in inverte-
brates. By using the mRNA encoding the Cecropin A1l (CecAl)
antimicrobial peptide as a model substrate of AMD, we
explored the involvement of dTIS11 in several steps of mRNA
degradation. We observed that the deadenylation and decay of
CecAl mRNA is a biphasic process. The initial deadenylation
occurs in the absence of mRNA decay, and the final deadenyla-
tion occurs while the messenger is still loaded on polysomes
and is the key step controlled by dTIS11 to target the mRNA for
degradation. Interestingly, in Drosophila cells, ARE-containing
mRNAs are neither specifically addressed to P-bodies nor do
they seem to be preferentially targeted for decapping. Our
results suggest that the activity of dTIS11 is mainly based on its
capacity to enhance deadenylation in Drosophila cells and that
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proteins of this family may have acquired additional functions
later in the course of evolution from invertebrates to mammals.

EXPERIMENTAL PROCEDURES

Reagents—Actinomycin D and DNA oligonucleotides were
purchased from Sigma-Aldrich. Hygromycin B and peptidogly-
can (Escherichia coli K12) were purchased from InvivoGen.
Tobacco acid pyrophosphatase was purchased from Epicenter,
and T4 RNA ligase was from New England Biolabs.

Plasmids and dsRNAs—Expression vectors coding for
dTIS11 and GFP were prepared by cloning corresponding RT-
PCR products in the pMT/V5-His vector (Invitrogen). CAF1
c¢DNA was amplified with a 3’ primer replacing the natural stop
codon by a HA tag and cloned in the pMT vector. The CAF1-
D53A/E55A dominant negative form was obtained by site-di-
rected mutagenesis to replace aspartate 53 and glutamate 55 by
alanines. dsRNAs were prepared by in vitro transcription
(MEGAscript RNAi, Ambion) of either PCR products or
c¢DNAs cloned in the pBluescript vector. Amplified sequences
were selected with the E-RNAi software (26).

Cell Culture, Transfection, and RNAi Experiments—S2 cells
were maintained at 25 °C in Schneider medium (Invitrogen)
supplemented with 10% fetal bovine serum. Highly transfect-
able S2 subclone (kind gift of N. Silverman, University of Mas-
sachusetts, Worcester, MA) were stably transfected with
FuGENE® HD (Roche Applied Science) and maintained in
Schneider medium supplemented with 300 ug/ml hygromycin
B. For RNAi experiments, cells were grown in the presence of
dsRNA (5 pg/ml) for 7 days.

RNA Analysis—In Drosophila cells, negative cross-talks
operating in the immunodeficiency (Imd) pathway result in
transient activation of the Cecropin A1 promoter in response to
peptidoglycan stimulation (Ref. 27 and references therein).
This process allowed us to evaluate the stability of CecAl
mRNA for several hours after stimulation of S2 cells with pep-
tidoglycan and without the addition of potentially toxic phar-
macological inhibitors of transcription. However, as this kinetic
of transcriptional shutdown cannot be precisely controlled,
evaluations of CecA1 mRNA stability over short periods of time
were performed in the presence of actinomycin D to achieve
rapid transcriptional inhibition. Northern blot and RT-PCR
were performed as described elsewhere (23). For high resolu-
tion Northern blot, RNA samples were separated by electro-
phoresis on 3% agarose gels. Molecular weight markers were
prepared by in vitro transcription of defined size cDNAs using
32P_labeled UTP. In vitro deadenylated CecA1 mRNA was pre-
pared by hybridization of total RNA with oligo(dT) (18-21-
mer) at 37 °C for 30 min in the presence of 1 unit of RNase H.
Circularized rapid amplification of cDNA ends (cRACE) anal-
ysis was performed according to the adaptation of Rissland and
Norbury based on previously described methods (Ref. 28 and
references therein). Briefly, total RNA from S2 cells was puri-
fied with TRI Reagent® (Molecular Research Center). Samples
were treated or not with alkaline phosphatase and tobacco
acidic phosphatase to remove the cap structure prior to circu-
larization with T4 RNA ligase. cDNA clones obtained by RT-
PCR amplification of the CecAl mRNA using divergent
primers (forward, GGCCAGAATGAGAGCGACGAAAACG;
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reverse, ATCGAACGCGTTGGTCAGCAC) were cloned in the
PCRII vector (Invitrogen) and sequenced. The selected primers
allowed the detection of mRNA degradation extending 120 nucle-
otides and 180 nucleotides from the 5" and 3’ ends, respectively.

RNA Fluorescent in Situ Hybridization—The CecAl anti-
sense RNA probe was synthesized by in vitro transcription of a
320-bp fragment of the CecAl ¢cDNA and incorporation of
biotinylated UTP. S2 cells were seeded on glass coverslips. Sam-
ples were washed twice with phosphate-buffered saline (PBS),
fixed with paraformaldehyde 4% for 30 min, rinsed three times
in PBS for 10 min, and treated with ethanol at 70, 90, and 100%
for 3 min followed by 3 min in ethanol at 90 and 70%, respec-
tively. Coverslips were rinsed in PBS and treated with 0.1% pep-
sin for 15 min at 37 °C. Final fixation was performed in parafor-
maldehyde 4% for 10 min before rinsing three times for 10 min
in PBS. Samples were hybridized overnight with the CecAl
antisense probe at 42 °C in hybridization buffer (5% formamide,
2.25X saline/sodium phosphate/EDTA, 10% dextran, 2.5X
Denhardt’s solution, 100 pg/ml tRNA, 5 mMm DTT, 100 ug/ml
salmon sperm DNA, and 40 units/ml RNase OUT® (Invitro-
gen)). Samples were rinsed consecutively for 5 min in 3X SSC
and NTE buffer (Nad-Tris-EDTA) before treatment with
RNase A (in NTE) at 50 pg/ml for 30 min at 37 °C and rinsed
again three times in NTE for 5 min and 30 min in 2X SSC. Final
wash was performed in 0.1X SSC at 57 °C for 1 h. Signal was
amplified by the Tyramide amplification method (TSA)
(Molecular Probes) according to the manufacturer’s instruc-
tions and Oregon green as fluorescent label. Coverslips were
rinsed in water and mounted with fluorescent mounting
medium (Dako) supplemented with 4',6-diamidino-2-phe-
nylindole (100 pg/ml) and sealed with nail polish before imag-
ing on a Zeiss observer inverted microscope with a 100X objec-
tive. In combined FISH/immunofluorescent experiments,
samples were not treated with pepsin, and GFP was detected
with an anti-GFP antibody and Alexa Fluor 594-labeled sec-
ondary antibody due to loss of intrinsic fluorescent properties
of the GFP during the FISH procedure.

Polysome Fractionation—S2 cells were treated by cyclohexi-
mide (100 ug/ml) for 5 min and harvested in buffer containing
25 mm Hepes, 100 mm KCl, 5 mm MgCl,, 0.5% Nonidet P-40, 2
pg/ml heparin, and 10 png/ml cycloheximide. Cell extracts were
cleared by centrifugation at 12,000 X g for 10 min and loaded
onto 15-50% linear sucrose gradients. Samples were ultracen-
trifuged at 200,000 X g for 3 h in a SW40.1 rotor and subse-
quently fractionated with a gradient fractionator (Brandel).

RESULTS

Overexpression of dTIS11 Accelerates the Degradation of
CecA1 mRNA but Does Not Alter the Biphasic Profile of mRNA
Deadenylation and Decay—General nRNA deadenylation and
decay is a biphasic process in eukaryotes. The first slow and
synchronous deadenylation shortens the poly(A) tail without
detectable decay of the mRNA. The second phase of deadeny-
lation is less synchronous and is accompanied by mRNA decay
(recently reviewed in Ref. 29). In Drosophila S2 cells, the mRNA
encoding the antimicrobial peptide Cecropin Al is rapidly
accumulated in response to the activation of the Imd pathway
by Gram-negative peptidoglycan. Due to the ARE present in its
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3'-UTR, this messenger RNA is also rapidly degraded. The
analysis of the deadenylation process of the CecA1l mRNA is
facilitated by its small RNA body size (353 nucleotides) and can
be directly evaluated by Northern blot. Therefore, the degrada-
tion of CecAl mRNA is a useful model to study the mechanism
of AMD in Drosophila cells. We have previously shown that this
mRNA is deadenylated by a two-step mechanism (23). Our
RNAi experiments indicated that both dTIS11 and CAF1 were
necessary for the second phase of deadenylation, whereas
depletion of these proteins alone had no detectable influence on
the first phase of deadenylation (23).

To better delineate the influence of dTIS11 on the deadeny-
lation and decay mechanism of Drosophila ARE-containing
mRNAs, we established S2 cell lines stably transfected with an
expression vector where dTIS11 or GFP coding sequences were
placed under the control of the Metallothionein gene promoter.
S2 cells were treated with copper sulfate to induce the accumu-
lation of GFP or dTIS11 (Fig. 1C) and stimulated with pepti-
doglycan to transiently activate CecAI gene expression (27).
We observed that CecAl mRNA accumulation over time is
significantly reduced in cells overexpressing dTIS11 as com-
pared with cells expressing GFP (Fig. 1A, compare left and right
panels and Fig. 1B), demonstrating that the accumulation of
dTIS11 is sufficient to enhance CecAl mRNA degradation. In
GEFP control cells, the average length of the CecAl mRNA is
markedly decreased during the initial 2 h of stimulation (Fig.
1A, lanes 2—4), suggesting a rapid deadenylation of the mRNA
after synthesis, whereas a decrease in the total amount of
mRNA is initiated only after 2 h of stimulation (Fig. 1B). As
described previously (23), this degradation phase of the mRNA
is concomitant with a further decrease in length of the remain-
ing pool of messenger RNA (Fig. 14, lanes 4—8). In dTIS11-
overexpressing cells, CecA1 mRNA degradation is detectable as
soon as 1 h after stimulation (Fig. 1B), whereas this mRNA is
already partially deadenylated as indicated by the smear detect-
ablein Fig. 1A (lane 11). Transcriptional blockade by actinomy-
cin D during peptidoglycan stimulation further confirmed the
absence of mRNA degradation during the initial phase of
CecAl mRNA deadenylation in control cells (Fig. 1D, lanes
2-8,and Fig. 1E). Interestingly, in dTIS11-overexpressing cells,
this initial deadenylation of ~70— 80 nucleotides occurs more
rapidly as it is completed after 15-30 min of actinomycin D
treatment (Fig. 1D, compare lane 8 with lanes 11-12). How-
ever, the total amount of CecA1 mRNA remains constant and
not significantly different from the level observed in control
cells during this period of time (030 min after actinomycin D
addition, Fig. 1E). After 30 min of actinomycin D treatment, we
observed a processive deadenylation and decay of the CecAl
mRNA pool (Fig. 1D, lanes 12—16). Therefore, although dTIS11
is able to accelerate the deadenylation and the decay process of
CecAl mRNA, our observations suggest that this factor is only
able to trigger mRNA decay when the poly(A) tail has been
markedly reduced from its initial size.

The Initial Deadenylation of CecAl mRNA Is Indifferently
Performed by the PAN2-PAN3 and CCR4-CAFI-NOT Com-
plexes, whereas the Late Deadenylation Phase Relies Solely on
the CCR4-CAF1-NOT Complex and on CAF1 Catalytic Activity—
To identify the enzymatic activities involved in the different
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FIGURE 1. dTIS11 accelerates the degradation of CecA1 mRNA but does not alter the biphasic profile of mMRNA deadenylation and decay. A, S2 cells
stably transfected with GFP or dTIS11 expression vectors were incubated in the presence of peptidoglycan for the indicated periods of time. Total RNA was
extracted, and 8 ug were analyzed by Northern blot using the indicated riboprobes for hybridization. In vitro deadenylated mRNA sample (dT) and radiolabeled
RNAs (M) were added for size reference. NI, non induced. A high exposure time autoradiography is reproduced to reveal the differences between control and
transfected cells upon long stimulation with peptidoglycan. B, fourindependent Northern blots performed as in A were quantified by Phosphorimager, and the
ratio of CecA1/Rp49 signal was plotted as a function of time. PEP, peptidoglycan. C, analysis of GFP and dTIS11 protein levels by Western blot (Wb). Protein
extracts from cells transfected with GFP or dTIS11 expression vectors were analyzed by Western blot using a primary antibody directed against the V5 tag fused
to GFP and dTIS11. D, S2 cells were stimulated with peptidoglycan for 15 min before the addition of actinomycin D (Act D) for the indicated periods of time
before analysis as in A. E, three independent experiments performed as in D were quantified by Phosphorlmager, and the ratio of CecA1/Rp49 signal was
plotted as a function of time. In Band E, error bars represent S.D. for each time point. Mean values were tested for statistical significance by a one-tailed Student’s
ttest. **, p < 0.01, ***, p < 0.001.

deadenylation steps of CecA1 mRNA, S2 Drosophila cells were
treated with dsRNA targeting messenger RNAs encoding all the
Drosophila deadenylation complexes described so far (5),
including the PAN2-PAN3 complex, which was reported in
mammals to be responsible for the initiation of general mRNA
deadenylation (30). Following incubation with dsRNA, cells
were stimulated with peptidoglycan. After 30 min, actinomycin
D was added for short periods of time to observe the initial
phase of CecA1 mRNA deadenylation. As shown in Fig. 24 (left
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panel), the size of CecA1 mRNA is rapidly reduced after acti-
nomycin D treatment (compare lanes 2 and 4). Pretreatment of
cells with dsRNAs targeting mRNAs encoding CAF1 or PAN2
and PAN3 proteins efficiently reduces the accumulation of
these mRNAs (Fig. 2B) but has no effect on the shortening of
CecAl mRNA (Fig. 24, second and third panels). Similarly,
knockdown of mRNAs encoding CCR4, Nocturnin, and Angel
deadenylases does not affect the initial deadenylation of the
mRNA (not shown). However, the combined knockdown of
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calculated. C, S2 cells transfected with plasmids encoding GFP or a dominant negative form of CAF1 were incubated in the presence of peptidoglycan for the
indicated periods of time. Total RNA was extracted, and 8 g were analyzed by Northern blot using the indicated riboprobes for hybridization. dT designates
in vitro deadenylated mRNA generated by incubation of RNA with oligo(dT) and RNase H, and M designates radiolabeled RNAs. D, protein levels of GFP and the
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E, three independent Northern blots performed as in C were quantified by Phosphorlmager, and the ratio of CecA1/Rp49 signal was plotted as a function of
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Not4 Not1

PAN2, PAN3, and CAF1 leads to the accumulation of the full-
size CecA1 mRNA (Fig. 24, right panel), thereby indicating that
the PAN2-PAN3 complex and CAF1 protein play redundant
functions in controlling the initial phase of CecAl mRNA
deadenylation.

The CAF1 protein belongs to the CCR4-CAF1-NOT com-
plex involved in general mRNA deadenylation in eukaryotes.
Both the CCR4 and the CAF1 components of this complex con-
tain deadenylase domains. Although only CCR4 seems to be

OCTOBER 12,2012+VOLUME 287+-NUMBER 42

catalytically involved in deadenylation in yeast, both proteins
are active in mammals (9). In Drosophila, CAF1 has been iden-
tified as the main enzyme involved in the general deadenylation
of mRNAs (Ref. 31 and references therein). Because we previ-
ously described that CAF1 was necessary for the second dead-
enylation phase and for the decay of ARE mRNAs in Drosophila
(23), we determined whether the intrinsic catalytic activity of
CAF1 was required for the deadenylation of CecA1 mRNA. S2
cell lines were transfected with vectors encoding the GFP or a
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deadenylated CecAT mRNA sequence. Results were plotted on a vertical scattered plot, and means = S.E. are indicated for each experimental condition.

dominant negative form of CAF1 (Fig. 2D). We compared the
accumulation of CecAl mRNA in response to prolonged pep-
tidoglycan stimulation of these cell lines. The expression of the
catalytic mutant form of CAF1 has little effect on the accumu-
lation of CecA1 during the initial 3 h of peptidoglycan stimula-
tion corresponding to the initial phase of mRNA deadenylation
but significantly increases the amount of CecAl mRNA
detected during the later phase of deadenylation and decay
occurring after 3 h of stimulation (Fig. 2, Cand E). The ability of
the dominant negative form of CAF1 to inhibit the secondary
deadenylation of the mRNA was further confirmed by the
broader band detected on Northern blot after 4 h of stimulation
with peptidoglycan (Fig. 2C).

We tested whether subunits of the CCR4-CAF1-NOT com-
plex were required for the second phase of CecA1 mRNA dead-
enylation. We confirmed that the depletion of CAF1 inhibits
the last deadenylation step of CecAl mRNA (Fig. 2F). Inhi-
bition of Not1 and Not3 expression also induces the accumu-
lation of a partially deadenylated form of CecAl mRNA. In
contrast, knockdown of Not4 and Caf40 had no effect on CecA1l
mRNA deadenylation (Fig. 2G). Altogether, our results show
that the catalytic activities of CAF1 as well as the NOT1 and
NOT3 subunits are required to induce the second phase of
CecAl deadenylation and to target this mRNA to degradation,
suggesting that CAF1 deadenylase is active on CecA1 mRNA in
the context of the CCR4-CAF1-NOT complex. Because total
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depletion of NOT subunits cannot be achieved by RNAi, we
cannot determine at this point whether all subunits of this com-
plex are required for the deadenylation of this ARE-containing
mRNA, but our results suggest that a decrease in the abundance
of NOT4 and CAF40 does not affect the deadenylating activity
of the complex toward ARE mRNAs.

Decapping Conditions CecAl mRNA Degradation and Occurs
Only on Fully Deadenylated Messenger RNA Molecules—
In mammals, proteins of the TIS11 family are able to enhance
the decay of ARE mRNAs by stimulating mRNA decapping.
TTP and BRF-1 can interact with the Dcpl-Dcp2 decapping
complex. TTP has also been shown to activate decapping in
vitro (15), and the decapping activator Lsm1 is essential for
AMD in mammalian cells (19). Alternatively, decapping of
mammalian ARE mRNAs can also be achieved by the Nudt16
decapping factor (32). Analysis of the general mRNA degrada-
tion pathway in mammals indicates that decapping can take
place after the initial phase of deadenylation or later when the
mRNA has reached a fully deadenylated state (30).

To analyze the influence of decapping on AMD in Drosophila
cells, we assessed the degradation of CecA1 mRNA in S2 cells
where decapping has been inhibited by depletion of the DCP1/2
components of the decapping complex and of the Me31b
decapping co-activator (Fig. 3 B). Cells were stimulated with
peptidoglycan for increasing periods of time, and CecAl
mRNA decay was evaluated by Northern blot (Fig. 34). As
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described previously for Figs. 14 and 2C, signal quantification
shows that the peak concentration of CecA1 mRNA is reached
after 2 h and reduced by 48% after 4 h of stimulation with pep-
tidoglycan. However, the inhibition of the decapping activity by
depleting Me31B and Dcpl/2 favors the accumulation of a
short form of CecAl messenger RNA co-migrating with in vitro
deadenylated molecules (Fig. 3A, right panel). Therefore, our
data suggest that decapping favors the subsequent degradation
of this messenger.

In mammals, decapping can occur after the first or second
phase of mRNA deadenylation (Ref. 29 and references therein).
We evaluated the polyadenylation state of capped and
decapped CecA1 mRNA molecules by cRACE methods (Ref. 28
and references therein). We isolated total mRNA from S2 cells
induced by peptidoglycan for 6 h. As described previously (23),
under these conditions, the initial deadenylation phase of
CecAl mRNA has been completed, and the remaining mRNA
is engaged in the second phase of deadenylation and decay. To
distinguish capped and decapped mRNAs, total RNA was
either directly self-ligated with T4 RNA ligase or ligated after
treatment with shrimp alkaline phosphatase followed by treat-
ment with tobacco acid pyrophosphatase. Under direct ligation
conditions, only mRNA devoid of cap structure and presenting
a 5’-monophosphate end can be self-ligated. Removal of this
5'-terminal phosphate with alkaline phosphatase impairs self-
ligation of decapped mRNA, whereas subsequent treatment
with pyrophosphatase generates 5'-phosphate from initially
capped mRNA, allowing the self-ligation of these mRNA mol-
ecules. The region containing the junction of the 5" and 3’ ends
of CecAl mRNA was specifically amplified by RT-PCR on both
populations of self-ligated RNA. PCR products were ligated
into the pCRII plasmid, and individual clones were sequenced
for each experimental condition. Analysis of cDNA sequences
obtained from a pool of decapped mRNA shows that under this
condition, the 3’ end of CecA1 mRNA is shortened on average
from 61 nucleotides downstream from the cleavage and poly-
adenylation site of the full-length CecA1 mRNA (Fig. 3C, left
panel, left column). The same analysis performed on cDNA
sequences generated from capped mRNA indicates that the
3’end is intact and carries a short poly(A) tail of 20 nucleotides
on average (Fig. 3C, left panel, right column).

The presence of a short poly(A) tail on all cDNA clones gen-
erated from capped mRNA and the absence of poly(A) tail on all
clones generated from decapped mRNA suggest that decapping
occurs after the last phase of deadenylation when the mRNA is
fully deadenylated. Moreover, these data show that the degra-
dation of decapped CecA1 mRNA molecules can occur in the 3’
to 5’ direction as demonstrated by the 3’ truncation of 50% of
c¢DNA clones derived from decapped mRNA. A parallel analysis
of the 5" sequence shows that decapped CecA1 mRNA can also
be degraded in the 5’ to 3’ direction, whereas as expected,
capped mRNA are protected from 5’ exonucleolytic degrada-
tion (Fig. 3C, right panel). An analysis of the 5’ region by the
RNAfold algorithm (33) predicted two hairpin structures cen-
tered at position 48 and 83 (not shown). These structures could
contribute to the enrichment of intermediate degradation
products observed around these positions in the mRNA (Fig.
3C, right panel).
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The ability of dTIS11 to stimulate the decapping mechanism
of ARE mRNAs could not be evaluated by this approach
because the presence of long poly(A) tails on CecAl mRNA
molecules from dTIS11-depleted cells disrupts the cRACE pro-
cedure.® However, because we previously observed that deple-
tion of dTIS11 blocks the secondary deadenylation and decay
phase of ARE-containing mRNAs (23), we can conclude that
dTIS11 is active on ARE-containing mRNA before the decap-
ping step.

Accumulation of CecA1 mRNA in P-bodies Is Not Required
for Its Degradation—In mammals, TTP and BRF1, two proteins
of the TIS11 family, specifically deliver ARE mRNAs to P-bod-
ies (18). Indeed, in human cells, the accumulation of
ARE-mRNAs in P-bodies correlates with cellular levels of
TIS11 proteins. Depleting TTP and BRF1 by siRNA reduces the
accumulation of ARE-mRNAs in P-bodies, whereas overex-
pression of TTP enhances the accumulation of an ARE mRNA
to P-bodies (18). These observations suggest that one function
of TIS11 proteins in mammals is to stimulate mRNA decay by
enhancing the contact between ARE mRNAs and degradation
factors concentrated in P-bodies. Alternatively, these factors
could silence gene expression by localizing ARE mRNAs away
from the translation machinery (18).

To determine whether this function of TIS11 proteins is con-
served in invertebrates, we evaluated the localization of CecAl
mRNA in the course of degradation in Drosophila cells by RNA
FISH experiments. As shown in Fig. 44, CecA1 mRNA is barely
detectable in the cytoplasm of unstimulated S2 cells. After 30
min of stimulation by peptidoglycan, CecA1 mRNA accumu-
lates in the cytoplasm. The localization of the messenger
remains unchanged upon prolonged exposure of the cells to
peptidoglycan. CecA1 mRNA is homogeneously distributed in
the cytoplasm during the deadenylation and decay process and
does not concentrate in cytoplasmic foci (Fig. 44, pictures 2-5,
and Fig. 4B, lanes 2-5). Interestingly, in cells treated with acti-
nomycin D, CecA1 mRNA is detectable in cytoplasmic granules
in ~15% of the cells (Fig. 44, pictures 67, and Fig. 4C) con-
comitantly with the accumulation of a fully deadenylated form
of this molecule (Fig. 4B, lanes 6 7). Co-localization of these
granules with overexpressed DCP1 proteins identifies them as
P-bodies (Fig. 4D). In mammals, the formation of P-bodies is
stimulated by depletion of the mRNA degradation machinery
(18). Therefore, accumulation of CecA1 mRNA in P-bodies
could result from a depletion of the RNA degradation machin-
ery induced by actinomycin D in S2 cells.

We have previously observed that dTIS11 does not localize in
P-bodies in Drosophila S2 cells (23). However, to determine
whether dTIS11 could favor the accumulation of CecA1 mRNA
in P-bodies as described in mammals, we analyzed the localiza-
tion of CecA1 mRNA in cells treated with peptidoglycan and
actinomycin D after inhibition of dTIS11 expression by RNAI.
This experiment revealed that depletion of dTIS11 inhibited
the accumulation of CecA1 mRNA in P-bodies (Fig. 4E). The
number of cells containing detectable CecA1 mRNA in P-bod-
ies increased with the duration of actinomycin D treatment,

6 C.Vindry, unpublished observations.
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FIGURE 4. Differential localization of CecA1 mRNA in S2 cells treated or
not with actinomycin D. A, S2 cells were stimulated with peptidoglycan
(PEP) alone or peptidoglycan with the addition of actinomycin D (ActD) for the
indicated periods of time. Cells were fixed and hybridized with an in vitro
transcribed antisense biotinylated CecA1 riboprobe. Fluorescent labeling
was performed with the TSA-Oregon green labeling kit (Molecular Probes).
Samples were mounted in Dako fluorescent mounting medium in the pres-
ence of DAPI and observed at 1000 X magnification. B, total RNA extracted
from cells treated as in A were analyzed by Northern blot as described in the
legend for Fig. 1. dT designates in vitro deadenylated mRNA generated by
incubation with oligo(dT) and RNase H, and M designates radiolabeled RNAs.
C, three independent experiments were performed as in A. For each experi-
mental condition in every experiment, 300 cells were observed individually at
630X magnification to count CecA1 mRNA-positive granules. D, cells were
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and after 4 h, this accumulation was approximately four times
lower in cells treated with a dsSRNA directed against dTIS11 as
compared with untreated cells (Fig. 4F). Similarly, depletion of
CAF1 decreased CecAl mRNA accumulation in P-bodies. In
mammals, it has been reported that the formation of P-bodies
requires active deadenylation (9). Because we have shown that
dTIS11 induces CecA1 mRNA deadenylation, our observations
that dTIS11 and CAF1 depletion inhibits the accumulation of
CecAl mRNA in P-bodies could be the consequence of the
inhibition of the deadenylation process rather than the ability of
dTIS11 to actively target ARE mRNAs to P-bodies.

We further tested the ability of dTIS11 to directly address
CecAl mRNA to P-bodies by comparing the localization of
CecAl mRNA in cells overexpressing a GFP-dTIS11 fusion
protein or GFP alone. In both conditions, no CecA1 mRNA
granule is observed in the absence of actinomycin D (Fig. 4G,
pictures 1—4 and 8—11). Upon treatment with actinomycin D
after peptidoglycan stimulation, the number of cells containing
detectable CecAl mRNA in cytoplasmic foci is markedly
reduced in cells transfected with GFP-dTIS11 as compared
with cells transfected with GFP alone (Fig. 4, G and H), corre-
lating with the highest degradation rate of the CecA1 mRNA in
the presence of high amount of dTIS11 (Fig. 1A). Therefore,
contrary to the observations made for TTP in mammalian cells
(18), overexpression of dT1S11 in Drosophila cells is not able to
induce the accumulation of an ARE mRNA in P-bodies. The
ability of ARE mRNAs to localize in P-bodies in the presence of
actinomycin D in S2 cells could be a consequence of the dead-
enylation induced by dTIS11 protein and the inhibition of deg-
radation potentially induced by actinomycin D.

dTIS11 Stimulates the Polysomal Deadenylation of ARE-con-
taining mRNA—Because dTIS11 does not induce CecAl
mRNA accumulation in specialized degradation structures
such as P-bodies, we determined whether it promotes mRNA
deadenylation once these are released in the cytoplasm or
whether this protein targets polysome-associated mRNA mol-
ecules. Therefore, we analyzed the polysome distribution of
CecAl mRNA in S2 cells transfected with GFP or dTIS11
expression constructs. Cells were stimulated with peptidogly-
can for 1 or 3 h, and cytoplasmic extracts were separated by
ultracentrifugation on sucrose gradients. In cells overexpress-
ing a GFP control construct and stimulated with peptidoglycan
for 1 h, CecAl mRNA is mainly distributed in 80 S and poly-
somal fractions, whereas partially degraded mRNAs are found
in the ribosome-free fraction (Fig. 5B, left panel). Interestingly,
a minor shortened form of CecA1 mRNA is also present in the
ribosomal fractions. This minor form co-migrates with an in

stimulated with peptidoglycan and actinomycin D as indicated, and com-
bined FISH/immunofluorescence experiments were performed as described
under “Experimental Procedures.” E, S2 cells were treated with dsRNA
directed against dTis11 or Cafl mRNA for 7 days before a FISH experiment
performed as in A. F, cells treated as in E and incubated in the presence of
actinomycin D for increasing periods of time. For each experimental condi-
tion, the presence of CecA1T mRNA-containing granules was evaluated on a
total of 300 independent cells. G, S2 cells transfected with a GFP or dTIS11-
GFP expression vector were stimulated with peptidoglycan alone or pepti-
doglycan and actinomycin D for the indicated periods of time. FISH experi-
ments were performed as described under “Experimental Procedures.” H, the
presence of CecAT mRNA-containing granules was evaluated on 300 trans-
fected cells for each experimental condition.
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three fractions of the polysome region were also pooled together. Equal volumes of pooled fractions were analyzed by Northern blot using a CecA1 antisense
riboprobe. dT designates an in vitro deadenylated mRNA generated by incubation with oligo(dT) and RNase H, and M designates radiolabeled RNAs. C, cell
extracts from S2 cells stably transfected with GFP expression vector and stimulated with peptidoglycan for 3 h were analyzed as in B. D, three independent
Northern blots performed as in B were quantified with a Phosphorlmager. The ratio of deadenylated/total CecA1 signal was calculated for each experimental
point. The deadenylated fractions were defined as the bands co-migrating with the in vitro deadenylated form of CecAT mRNA. Error bars represent S.D. for each

experimental condition. Mean values were tested for statistical significance by a one-tailed Student’s t test. *, p < 0.05; **, p < 0.01.

vitro deadenylated CecAl mRNA, suggesting that the deadeny-
lated form of CecAl mRNA can be found in association with
the translational machinery. The ectopic expression of dTIS11
strongly enhances the proportion of this fully deadenylated
form of CecA1l mRNA in the 80 S and polysomal fractions (Fig.
5B, right panel, and Fig. 5D). Upon dissociation of polysomes by
puromycin, all CecA1 mRNA molecules were shifted toward
the top of the gradient (data not shown), further confirming
that both adenylated and deadenylated CecA1 mRNA mole-
cules can be found in association with polysomes. Stimulation
of the cells with peptidoglycan for 3 h further enhances the
deadenylated form of CecA1 mRNA associated with polysomes
(Fig. 5, B and C, compare left panels). As described in Fig. 1,
dTIS11 overexpression greatly increases the degradation of
CecAl mRNA after 3 h of stimulation with peptidoglycan, and
this mRNA is no more detectable in polysomes in such experi-
mental conditions (not shown). Altogether, our data indicate
that dTIS11 promotes the deadenylation of CecAl mRNA
while still associated into polysomes and accelerates its
degradation.
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DISCUSSION

The destabilization of ARE-containing mRNAs mediated by
proteins of the TIS11 family is conserved among eukaryotes.
Previous studies have demonstrated that TTP, a human protein
of the TIS11 family, induces the degradation of ARE-containing
mRNAs through a large variety of mechanisms including dead-
enylation, decapping, and P-body targeting. Sequence align-
ment of TIS11 family members reveals a high degree of conser-
vation in the CCCH zing finger RNA-binding region (34),
whereas other regions of the protein are poorly conserved
between invertebrates and mammals, suggesting that the
molecular mechanism controlling the activity of TIS11 proteins
may have evolved in the course of eukaryotic evolution.

We have investigated the molecular mechanism mediating
the action of the Drosophila dTIS11 protein on the ARE-con-
taining mRNA coding for the antimicrobial peptide CecAl. We
observed that the degradation of CecA1 mRNA is initiated by a
two-step deadenylation mechanism. We have shown that CAF1
is required for the late deadenylation of the CecAl mRNA.
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Moreover, CAF1 requires the presence of at least the NOT1
and NOT3 proteins to deadenylate this mRNA. Our data also
suggest that the PAN2-PAN3 and CCR4-CAF1-NOT deadeny-
lation complexes play a redundant role at the beginning of the
deadenylation process because the initial deadenylation phase
is inhibited solely when proteins from both complexes are
depleted. Our results corroborate previous data indicating that
both the PAN2-PAN3 and the CCR4-CAF-NOT complexes
were involved in mRNA deadenylation in Drosophila (35).

The ability of TIS11 family members to enhance the dead-
enylation of ARE-containing mRNAs has been clearly estab-
lished in mammals (6,9). TTP is able to recruit CAF1 deadeny-
lase, and this interaction relies on the recruitment of NOT1 by
the C-terminal region of TTP (10-12). We have also observed a
co-immunoprecipitation of dTIS11 with the CCR4-CAF1-
NOT complex (data not shown), suggesting that the ability of
TIS11 proteins to recruit the CCR4-CAF1-NOT complex on
ARE-containing mRNAs has been conserved from inverte-
brates to mammals. By depletion of CCR4-CAF1-NOT com-
plex subunits, we observed that NOT1 and NOTS3 are required
for the second deadenylation phase of CecA1 mRNA, whereas
depletion of NOT4 and CAF40 does not alter this process.
Although we cannot exclude the requirement of NOT4 and
CAF40 on the basis of RNAi depletion experiments, our results
confirm previous observations that CAF1, NOT1, NOT2, and
NOTS3 are required for the general deadenylation mechanism
of mRNA in Drosophila and that NOT4 and CAF40 do not
seem necessary for this process. Moreover, NOT4 was not
detected as a stable component of the CCR4-CAF1-NOT com-
plex (31).

We observed that overexpression of TIS11 accelerates the
decay of CecA1 mRNA (Fig. 1), whereas we have previously
shown that dTIS11 is essential for the late, CAF1-dependent
deadenylation but is not required for the early deadenylation of
ARE mRNAs (23). Therefore, the ability of TIS11 to stimulate
the CAF1-dependent deadenylation of ARE mRNAs might be
timely controlled. Phosphorylation events could transiently
inactivate the ability of TIS11 to stimulate CAF1-induced dead-
enylation as observed with the TTP protein in mammals (10,
11). Alternatively, when both deadenylation complexes are
present, early deadenylation of ARE mRNAs could be preferen-
tially carried out by PAN2-PAN3 and therefore would prevent
TIS11 from modulating the early steps of deadenylation in a
CAF1-dependent manner. Our observations that a dominant
negative form of CAF1 preferentially inhibits the late deadeny-
lation of the CecA1 mRNA but does not alter the early dead-
enylation step (Fig. 2C) are in accordance with this hypothesis.
However, these models are not mutually exclusive, and both
mechanisms could coexist in vivo. Overall, our results suggest
that dTIS11 enhances a general mechanism of mRNA
deadenylation.

In mammals, evidence suggests that other deadenylases
could mediate TTP function. Poly-A specific ribonuclease
(PARN) deadenylase has been involved in AMD and was shown
to interact with TTP in vitro (7, 8), although this interaction is
not detected in cells overexpressing both factors (11). TTP is
also able to recruit PAN2 deadenylase in a phosphorylation-de-
pendent manner, suggesting that this enzyme could also partic-

35536 JOURNAL OF BIOLOGICAL CHEMISTRY

ipate in TTP-induced mRNA deadenylation (11). In Drosoph-
ila, the absence of PARN ortholog and the implication of the
PAN2-PAN3 complex in the initial dTIS11-independent dead-
enylation phase of CecAl mRNA suggest that the activity of
dTIS11 protein is concentrated on the second deadenylation
phase of ARE-containing mRNAs, where it enhances the
CAF1-induced deadenylation of ARE-containing mRNA.

In eukaryotes, the removal of the cap structure is believed to
occur on transcripts with short poly(A) tails but not necessarily
on fully deadenylated mRNAs (30). In our cRACE analysis, the
absence of residual poly(A) tail on decapped CecA1 mRNA and
the systematic presence of a poly(A) tail on capped mRNA sug-
gest that decapping occurs only on fully deadenylated CecAl
mRNA molecules. These observations could reflect the fact
that the accelerated deadenylation induced by dTIS11 reduces
the probability for the decapping machinery to trap an mRNA
molecule before completion of the deadenylation process.
Alternatively, partially deadenylated CecAl mRNA could
remain inaccessible to the decapping machinery. Because
depletion of dTIS11 leads to the accumulation of partially dead-
enylated CecA1 mRNA (23), whereas decapping occurs on fully
deadenylated messenger RNA, it is unlikely that dTIS11 influ-
ences the decapping of ARE-containing mRNA in Drosophila,
contrary to what has been observed with TTP (15).

By depleting components of the decapping machinery, we
have observed the accumulation of a fully deadenylated form of
CecAl mRNA. Moreover, by the cRACE approach, we have
observed the degradation of CecAl mRNA core only of
decapped mRNA, suggesting that decapping is required for
mRNA degradation. Sequencing of cRACE ¢cDNA clones also
revealed that the core of CecA1 mRNA can be degraded both
from the 5" and from the 3’ ends. In mammals, ARE mRNA
silencing involves the delivery of transcripts to P-bodies by TTP
or by the related protein BRF-1 (18). In S2 cells, we detected
CecAl mRNA in P-bodies at late stages of mRNA degradation
only when cells were treated with the transcription inhibitor
actinomycin D. Moreover, this actinomycin D-dependent
localization of CecA1l mRNA in P bodies is markedly reduced
by dTIS11 overexpression (Fig. 4, G and H), suggesting that in
contrast to its mammalian counterparts, dTIS11 is devoid of
the ability to address ARE-containing mRNA to P-bodies. We
also observed that preserving CecAl mRNA from deadenyla-
tion by depletion of dTIS11 or CAF1 also abolished its mi-
gration into P-bodies in response to actinomycin D (Fig. 4E).
Therefore, the migration of CecAl mRNA into P-bodies in
these conditions might be caused by the accumulation of dead-
enylated CecAl mRNA in waiting for further degradation due
to the saturation of the degradation machinery. In mammals,
ARE mRNAs migrate into P-bodies in normal degradation con-
ditions, but the amount of ARE mRNA localized in these struc-
tures is enhanced by depleting components of the RNA degra-
dation machinery. Altogether, these observations could reflect
the fact that the degradation machinery is more rapidly satu-
rated in mammalian cells than in Drosophila S2 cells.

The general model of mRNA degradation suggests that ribo-
some dissociation is necessary for mRNA decapping and deg-
radation (36). However, recent studies suggest that in yeast,
mRNA degradation can occur in polysomes (37). In the major
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eukaryotic mRNA degradation pathway, mRNA decay is con-
comitant with the second phase of mRNA deadenylation
(reviewed in Ref. 29). Our observation that dTIS11 enhances
the second phase of CecA1 mRNA deadenylation before decap-
ping without further addressing to P-bodies suggests that
dTIS11 could target CecA1 mRNA in polysomes. This hypoth-
esis is confirmed by our observation that the second phase of
CecAl mRNA deadenylation occurs in polysomes and is accel-
erated by overexpressing dT1511. In agreement with this obser-
vation, both the CCR4-CAF1-NOT complex and TTP have
been detected in polysomes (38, 39). Therefore, the polysomal
deadenylation of ARE-containing mRNAs might represent the
ancestral function of TIS11 family members, whereas new
functions could have emerged in the course of evolution leading
to the optimization of AMD.
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