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The poly(A) tail of mRNAs plays pivotal roles in the posttranscriptional control of gene expression at both
translation and mRNA stability. Recent findings demonstrate that the poly(A) tail is globally stabilized by
some stresses. However, the mechanism underlying this phenomenon has not been elucidated. Here, we
show that arsenite-induced oxidative stress inhibits deadenylation of mRNA primarily through downreg-
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PAM2 be observed under HRI-depleted conditions. These results highlight the essential role of Tob and Pan3 in
HRI the stress-induced global stabilization of mRNA.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Eukaryotic cells have evolved various stress response systems
to preserve the accurate regulation of gene expression. Of those
systems, stabilization of the mRNA poly(A) tail and the inhibition
of translation were reported to be important phenomena in mRNA
metabolism under stress conditions. They have been shown to
induce the reprogramming of translation and mRNA decay to
regulate selective gene expression for adaptation and responses
to stresses.

Under non-stress conditions, the 3’ poly(A) tail of mRNA binds
to the 5’ cap together with the cytoplasmic poly(A) binding pro-
tein, PABPC1, which specifically interacts with the poly(A) tail,
and circularizes mRNA to activate translation by recruiting the ter-
minating ribosome to the next round of translation [1-3]. On the
other hand, the poly(A) tail also regulates the stability of mRNA
[4], and poly(A) tail shortening, which is termed deadenylation,
is the rate-limiting step in mRNA decay [5]. Thus, the poly(A) tail
plays a crucial role in the post-transcriptional control of gene
expression. A previous study showed that the poly(A) tail is
stabilized under stress conditions [6-8]. However, the molecular
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mechanism and target of stress that induces stabilization of the
mRNA poly(A) tail remain unclear. Deadenylation is generally
mediated by two major deadenylase complexes, Pan2-Pan3 and
Caf1-Ccr4 [9]. The Pan2-Pan3 complex consists of catalytic sub-
unit Pan2 and regulatory subunit Pan3 [10], and both the Cafl
and Ccr4 subunits exhibit the catalytic activity of deadenylase
[11-13]. We previously reported that the termination of transla-
tion triggers mRNA deadenylation [14], and proposed a mechanism
of mRNA deadenylation in which the termination complex eRF1-
eRF3 is released from PABPC1 after the termination of translation
and the two deadenylase complexes are then recruited to PABPC1
to degrade the poly(A) tail of mRNA [15,16]. We also demonstrated
that the anti-proliferative protein Tob is involved in deadenylation.
In this mechanism, Pan3 and Tob mediate the recruitment of dead-
enylase complexes to PABPC1 by directly binding to PABPC1 via
their PAM2 motifs. Furthermore, eRF3 has a PAM2 motif, and reg-
ulates the initiation of deadenylation by competing with Pan3 or
Tob for the binding of PABPC1 [15,17]. Thus, PAM2 motif-contain-
ing proteins as well as deadenylases play pivotal roles in mRNA
deadenylation. Therefore, it is conceivable that any of the factors
involved in deadenylation may be targeted by stresses to inhibit
deadenylation. We herein show that arsenite stress induces degra-
dation of the two PAM2-containing proteins, Tob and Pan3, and
downregulation of Tob and Pan3 is the primary cause responsible
for the stabilization of the mRNA poly(A) tail.
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Fig. 1. Arsenite-induced oxidative stress inhibits mRNA deadenylation. (A) T-REx-HeLa cells were co-transfected with a pFlag-CMV5/TO-BGG reporter plasmid and pCMV-
5 x Flag-EGFP reference plasmid. One day later, B-globin mRNA was induced by tetracycline for 2 h, and the cells were harvested at a specified time after the shutoff of B-
globin mRNA transcription and addition of arsenite (lanes 6-10). To mark the fully deadenylated (A0) B-globin mRNA, B-globin mRNA that was induced to be expressed by the
treatment with tetracycline for 24 h (lane 11) was digested with RNase H in the presence of oligo(dT) (lane 12). B-Globin mRNA was detected by Northern blot analysis. (B)
The average length of the poly(A) tails at each time point was measured. Error bars represent the standard deviation of three independent experiments. (C) The distribution of
B-globin mRNA was visualized by quantifying the signal intensity from (A). (D-F) As in (A-C), except that cells were co-transfected with a pFlag-CMV5/TO-BGG-cMyc 3’ UTR

reporter plasmid and pCMV-5 x Flag-GST-CAT reference plasmid.

2. Materials and methods
2.1. Cell culture and DNA/RNA transfection

T-REx Hela cells were cultured in Dulbecco’s modified Eagle’s
medium (Nissui) supplemented with 5% fetal bovine serum.
DNA/RNA transfection was performed using Lipofectamine 2000
(Invitrogen) or Lipofectamine RNAi Max (Invitrogen) as described
previously [18,19].

2.2. siRNA

The sequence of siRNAs for luciferase and Tob were described
previously [20]. The sequence of other siRNAs were the following:
Tob2 siRNA (5’ r(CUCUCUGUCUAUGCAUUCA)(TT) 3'), Pan3 siRNA
(5° 1(GUCUCACAGAUUCCUAUUU)J(TT) 3'), HRI SsiRNA (5
r(CUUAAUGAGGUCUGCUAAA)I(TT) 3').

2.3. Antibodies

The antibodies used in this study were anti-elF2o (FL-315,
SANTA CRUZ) and anti-elF2a-P (phospho-Ser52, assay designs).

Anti-Pan3, and anti-Pan2 antibodies were raised against Pan3 (1-
149 a.a.) and Pan2 (1-357 a.a.), respectively. Anti-Tob [20], anti-
GAPDH [19], anti-GSPT [21], and anti-PABPC1 [22] were described
previously. The anti-Caf1 antibody was a kind gift from Dr. Ann-Bin
Shyu [23].

2.4. RNA analysis

The transcriptional pulse-chase analysis, total RNA isolation and
Northern blot analysis were performed as described previously
[18,20].

3. Results
3.1. Arsenite-induced oxidative stress inhibits mRNA deadenylation

Environmental stress globally inhibits mRNA deadenylation
[6-8]. However, the underlying mechanism has not been eluci-
dated. To examine the effects of stress on mRNA deadenylation
in more detail, we first confirmed the inhibition of mRNA deadeny-
lation during arsenite-induced oxidative stress using a tetracycline
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Fig. 1 (continued)

regulatory transcriptional pulse-chase analysis [15]. We monitored
the kinetics of two reporter mRNAs. One is a stable -globin repor-
ter with B-globin 3’ UTR (hereafter referred to as B-globin mRNA)
[15], and the other is an unstable B-globin reporter with c-myc 3’
UTR (c-myc mRNA) [18]. T-RExX HeLa cells were co-transfected with
a plasmid expressing either p-globin or c-myc reporter mRNAs and
a reference plasmid expressing either 5 x Flag-EGFP or 5 x Flag-
GST-CAT mRNAs as a transfection/loading control. After transcrip-
tion was induced by tetracycline for 2 h, arsenite was added to the
cells, and the kinetics of newly synthesized mRNA was analyzed.
As shown in Fig. 1A-C, the deadenylation rate of B-globin mRNA
was significantly decreased by arsenite, while that of c-myc mRNA
was also decreased during arsenite stress (Fig. 1D-F). These results
indicate that the deadenylation of both stable B-globin and unsta-
ble c-myc reporter mRNAs are inhibited during arsenite-induced
oxidative stress.

3.2. Tob and Pan3 are selectively degraded during arsenite-induced
oxidative stress

We previously reported the mechanism of mRNA deadenyla-
tion, in which the translation termination factor eRF3 and two
major cytoplasmic deadenylase complexes, Pan2-Pan3 and Cafl-
Ccr4-Tob, play central roles through their binding to PABPC1
[15]. Thus, we hypothesized that any of these factors may be tar-
geted by arsenite-induced oxidative stress to inhibit deadenyla-
tion. To examine this, we analyzed the expression levels of Tob,
Pan3, PABPC1, eRF3, Caf1, and Pan2 proteins during arsenite stress

by Western blotting (Fig. 2A). Among these proteins, the expres-
sion level of the Tob protein was rapidly decreased by the exposure
to arsenite. The expression level of the Pan3 protein was also
decreased, although with slower kinetics than that of Tob
(Fig. 2A lanes 5-7). Thus, Tob and Pan3 were selectively degraded
during arsenite stress. We attributed the observed decrease in
protein levels to proteolysis, because a previous study reported
that the Tob protein was degraded by proteasome during ultravio-
let (UV)-induced stress [24]. We pretreated T-REx Hela cells with
the proteasome inhibitor MG132 before the addition of arsenite
and examined the effects of MG132 on the arsenite-induced degra-
dation of Tob and Pan3 (Fig. 2B, lanes 12-16). As shown in Fig. 2B,
MG132 repressed arsenite-induced Tob degradation. On the other
hand, MG132 did not significantly affect the expression level of
Pan3 (Fig. 2B, lanes 12-16). Taken together, these results indicate
that arsenite induces the proteasomal degradation of Tob and
other proteases are involved in the arsenite-induced degradation
of Pan3.

3.3. siRNA-mediated knockdown of Tob and Pan3 can recapitulates
stabilization of the mRNA poly(A) tail observed during arsenite stress

The above results led us to hypothesize that arsenite may inhibit
deadenylation through degradation of Tob and Pan3. To test this,
we utilized an siRNA-mediated knockdown strategy. First, we
investigated the deadenylation kinetics of the stable B-globin
mRNA. T-REx Hela cells were co-transfected with a plasmid
expressing B-globin reporter mRNA, a reference plasmid expressing



326 R. Yamagishi et al. / Biochemical and Biophysical Research Communications 455 (2014) 323-331

. 02 46 8

A 2 x dilution
Time (h)
. kDa
(WB: anti-Tob) 45— "™
(WB: anti-Pan3) M7 .

(WB: anti-PABPC1) 897 —

(WB: anti-GSPT) 89— ==

. —————

(WB: anti-Caf1) 351

(WB: anti-Pan2) M7= =

(WB: anti-GAPDH) 35 = — =~ T T =———

1

Iw

23 456178

MG132 (-) MG132 (+)
2 x dilution 2 x dilution
Time(h) M 0 2 4 6 8 Time(h) MM 0 2 4 6 8
kDa kDa
474 = - (WB: anti-Tob) 47
] i 112+ - e bas bl B
"= === " (WB:anti-Pan3) —dalkal -4 Aok

84—|--—

36—|- -
112—|"""

————1
,__.-_-_|

- ————| (WB: anti-PABPC1)

84—|""' TN (WB: anti-GSPT)

(WB: anti-Caf1)

= ——

36—|_ -

(WB: anti-Pan2) 112—| = ey = 'S"f"‘""‘

36—|"" “"“-‘-| (WB: anti-GAPDH) 36—| - —--—-—‘{

2 3 456178

9 10 1112 13 14 15 16

Fig. 2. Tob and Pan3 are selectively degraded during arsenite-induced oxidative stress. (A) T-REx-HeLa cells were harvested at a specified time after the addition of arsenite,
and proteins were analyzed by Western blotting with the indicated antibodies. The three leftmost lanes, which analyzed two-fold dilutions of cellular protein, show that the
conditions used for Western blotting were semi-quantitative. (B) As in (A), except that MG132 was added to cells 30 min prior to the addition of arsenite.

5 x Flag-EGFP mRNA as a transfection/loading control, and either
Tob1/Tob2 siRNA, Pan3 siRNA, or control siRNA, and deadenylation
kinetics were monitored as above. The knockdown of Tob inhibited
the deadenylation of pB-globin mRNA, the kinetics of which were
similar to those during arsenite stress (Fig. 3A-C). On the other
hand, the knockdown of Pan3 specifically inhibited the early phase
of deadenylation (Fig. 3B), the kinetics of which were slightly differ-
ent from those during arsenite stress. The expression of Tob and
Pan3 was confirmed by Western blotting with the indicated anti-
bodies (Fig. 3D). These results suggest that the stress-induced inhi-
bition of B-globin mRNA deadenylation is mainly caused by the
degradation of Tob, and only partially by that of Pan3.

Next, we investigated the deadenylation kinetics of unstable
c-myc mRNA. To identify the deadenylases responsible for c-myc
mRNA deadenylation, the effects of the overexpression of
nuclease-deficient Cafl (Cafl D161A) and Pan2 (Pan2 D1083A)
on c-myc mRNA deadenylation were analyzed. T-REx Hela cells
were co-transfected with a plasmid expressing c-myc mRNA, a
reference plasmid expressing 5 x Flag-GST-CAT, and either

pCMV-5 x Myc-Pan2 D1083A, pCMV-5 x Myc-Cafl D161A or, as
a control, pCMV-5 x Myc, and deadenylation kinetics were ana-
lyzed. The overexpression of Cafl D161A almost completely
repressed the rate of deadenylation of c-myc mRNA (Supplemen-
tary Figure lanes 11-15), whereas Pan2 D1083A had no significant
effect on the rate of deadenylation (Supplementary Figure lanes 6-
10). These results demonstrate that the Caf1-Ccr4-Tob complex,
but not the Pan2-Pan3 complex, is responsible for c-myc mRNA
deadenylation. Therefore, we hypothesized that arsenite inhibits
the deadenylation of c-myc mRNA through degradation of Tob
and, thus analyzed the effects of the knockdown of Tob on c-myc
mRNA deadenylation. T-REx HeLa cells were co-transfected with
a plasmid expressing c-myc mRNA, a reference plasmid expressing
5 x Flag-GST-CAT, and either Tob1/Tob2 siRNA or control siRNA,
and deadenylation was monitored as above. As shown in Fig. 3D-
F, the knockdown of Tob repressed c-myc mRNA deadenylation,
the kinetics of which were similar to those during arsenite stress.
These results suggest that the stress-induced inhibition of c-myc
mRNA deadenylation is caused by the degradation of Tob. Thus,
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Fig. 3. siRNA-mediated downregulation of either Tob1/Tob2 or Pan3 recapitulates the inhibition of mRNA deadenylation during arsenite-induced oxidative stress. (A) T-REx
Hela cells were co-transfected with a pFlag-CMV5/TO-BGG reporter plasmid, pCMV-5 x Flag-EGFP reference plasmid, and either Luciferase siRNA (lanes 1-5), Tob1/Tob2
siRNAs (lanes 6-10), or Pan3 siRNA (lanes 11-15). One day later, p-globin mRNA was induced by tetracycline for 2 h. Cells were harvested at the specified time after the
shutoff of B-globin mRNA transcription. Fully deadenylated mRNA (A0) was marked as in Fig. 1A. (B) The average length of the poly(A) tails at each time point was measured.
(C) The distribution of B-globin mRNA was visualized by quantifying the signal intensity from (A). (D) Proteins were analyzed by Western blotting with the indicated
antibodies. The three leftmost lanes, which analyzed two-fold dilutions of cellular protein, show that the conditions used for Western blotting were semi-quantitative. (E-H)
As in (A-D), except that cells were co-transfected with a pFlag-CMV5/TO-BGG-cMyc 3’ UTR reporter plasmid, pCMV-5 x Flag-GST-CAT reference plasmid, and either

Luciferase siRNA ((E) lanes 1-5) or Tob1/Tob2 siRNAs ((E) lanes 6-10).

we conclude that arsenite induces the degradation of Tob and Pan3
to inhibit mRNA deadenylation.

3.4. Arsenite-induced inhibition of mRNA deadenylation is not
dependent on HRI-mediated inhibition of translation

Arsenite not only induces stabilization of the mRNA poly(A) tail,
but also inhibits protein synthesis by phosphorylating the initia-
tion factor elF2a, which disrupts the elF2-GTP-tRNAM®t ternary
complex [25]. This suggests that the inhibition of mRNA deadeny-
lation by arsenite might be dependent on the inhibition of transla-
tion during arsenite stress. A previous study demonstrated that the

arsenite-induced phosphorylation of elF2a and inhibition of pro-
tein synthesis requires heme-regulated inhibitor kinase (HRI)
[26]. Thus, we performed the knockdown of HRI and analyzed
the deadenylation kinetics of reporter mRNA during arsenite stress.
T-REx HeLa cells were co-transfected with a plasmid expressing B-
globin mRNA or c-myc mRNA, a reference plasmid expressing
5 x Flag-EGFP mRNA or 5 x Flag-GST-CAT mRNA as a transfec-
tion/loading control, and either HRI siRNA or control siRNA, and
deadenylation kinetics were monitored as in Fig. 1. Arsenite
induced the phosphorylation of elF2a, which was completely
inhibited by the knockdown of HRI. Under this HRI knockdown
condition, the arsenite-induced inhibition of mRNA deadenylation
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Fig. 3 (continued)
was still observed for both B-globin (Fig. 4B, compare lanes 11-15 observed during arsenite stress (Fig. 3). Although arsenite also

and 16-20, and C) and c-myc reporter mRNAs (Fig. 4D, compare induces the inhibition of translation by activating the elF2a kinase
lanes 11-15 and 16-20, and E). These results indicate that arsenite HRI, the arsenite-induced inhibition of deadenylation can be
inhibits mRNA deadenylation irrespective of the HRI-mediated observed under HRI-depleted conditions (Fig. 4). From these

phosphorylation of elF2a. results, we conclude that the stress-induced stabilization of the

mRNA poly(A) tail is caused by the degradation of Tob and Pan3.

4. Discussion Since the two PAM2-containing proteins Tob and Pan3 mediate

the recruitment of Caf1-Ccr4 and Pan2 deadenylases to PABPC1-

In yeast and mammals, cellular stress generally induces stabil- ~ bound mRNA, it is conceivable that the proteolytic degradation of

ization of the mRNA poly(A) tail. However, the mechanism under- Tob and Pan3 leads to the dissociation of Cafl1-Ccr4 and Pan2
lying this phenomenon has not been elucidated. Stress-induced deadenylases from mRNA and, thus, inhibits deadenylation.

stabilization of the mRNA poly(A) tail is recognized as a global phe- We previously showed that, in addition to the role of Tob in the

nomenon regardless of the mRNA species [6-8]. This prompted us ~ general deadenylation and decay of mRNA [15,16], Tob also func-

to speculate that the factors involved in general mRNA deadenyla-  tions in the transcript-specific regulation of deadenylation through

tion may be targeted by stress. We previously proposed a mecha-  binding to sequence-specific RNA-binding proteins, CPEB and
nism of mRNA deadenylation, in which the termination factor CPEB3. Tob recruits Caf1 to CPEB and CPEB3 to accelerate deadeny-
eRF3 dissociates from the poly(A)-binding protein PABPC1 after ~ lation and decay of their specific targets, including c-myc and
the termination of translation, and in turn, the deadenylase com-  AMPA receptor (GluR2) mRNAs [18,20]. The transcript-specific reg-
plexes, Pan2-Pan3 and Tob-Caf1-Ccr4, associate with PABPC1 to  ulation by Tob-Caf1-Ccr4 via binding to CPEBs appears to be dom-
degrade the poly(A) tail [15,16]. Thus, we analyzed the expression inant over the general regulation of deadenylation via PABPC1 [20].
levels of Tob, Pan3, PABPC1, eRF3, Caf1, and Pan2 proteins during ~ In this study, we examined c-myc mRNA as a representative exam-
arsenite stress and found that the levels of Tob and Pan3 proteins  Ple of short-lived mRNAs and found that c-myc mRNA is also sta-
are selectively decreased during arsenite stress (Fig. 2A). The arse- bilized during arsenite stress (Fig. 1D). The siRNA-mediated
nite-induced degradation of Tob, but not Pan3, appears to be med- knockdown of Tob can recapitulate stabilization (Flg. 3) Thus, even
jated by the proteasome. The siRNA-mediated knockdown of Tob in the case of unstable c-myc mRNA, stress-induced stabilization of
and Pan3 can recapitulate stabilization of the mRNA poly(A) tail ~ the poly(A) tail is also explained by the degradation of Tob.
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We here showed that Pan3 as well as Tob is selectively down- stress-induced stabilization of the mRNA poly(A) tail appears to
regulated during arsenite stress. However, the degradation of be mainly due to the degradation of Tob.
Pan3 is slower than that of Tob (Fig. 2A) and does not appear to
be mediated by proteasome (Fig. 2B). Furthermore the knockdown
of Pan3 leads to modest stabilization of the mRNA poly(A) tail over Conflict of interest
that of Tob (Fig. 3B). Consistent with previous findings in which
Tob-Caf1-Ccr4 was identified as the major mRNA deadenylase, The authors declare that they have no conflict of interest.
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