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Abstract: The 2'-5-oligoadenylate synthetase (OAS)/RNase L system protects hosts against
pathogenic viruses through cleavage of the exogenous single-stranded RNA. In this system, an
evolutionally conserved RNA quality control factor Dom34 (known as Pelota (Pelo) in higher
eukaryotes) forms a surveillance complex with RNase L to recognize and eliminate the exogenous
RNA in a manner dependent on translation. Here, we newly identified that ATP-binding cassette
sub-family E member 1 (ABCE1), which is also known as RNase L inhibitor (RLI), is involved in the
regulation of exogenous RNA decay. ABCE1 directly binds to form a complex with RNase L and
accelerates RNase L dimer formation in the absence of 2'-5" oligoadenylates (2-5A). Depletion of
ABCE1 represses 2-5A-induced RNase L activation and stabilizes exogenous RNA to a level
comparable to that seen in RNase L depletion. The increased half-life of the RNA by the single
depletion of either protein is not significantly affected by the double depletion of both proteins,
suggesting that RNase L and ABCEI act together to eliminate exogenous RNA. Our results indicate
that ABCE1 functions as a positive regulator of exogenous RNA decay rather than an inhibitor of
RNase L.

Keywords: ABCE]; oligoadenylate synthetase; Ribonuclease L; exogenous RNA; RNA quality
control

1. Introduction

The innate immune system is made of host defenses against infection that can be activated
immediately by recognizing pathogen-associated molecular patterns (PAMPs) or danger-associated
molecular patterns (DAMPs). In higher vertebrates, the innate immune system depends on interferon
(IFN)-signaling pathways. Among the first discovered IFN-induced antiviral defense mechanisms,
the canonical 2'-5-oligoadenylate synthetase (OAS)/RNase L system is an RNA cleavage pathway
that responds to viral dsRNAs as PAMPs [1,2]. In response to the dsRNAs, OAS produces a unique
oligonucleotide 2'-5' oligoadenylates (2-5A), which acts as a second messenger to trigger
dimerization and activation of latent RNase L. RNase L endonuclease cleaves viral single-stranded
RNA and limits viral replication [3,4]. Recently, an RNA quality control factor Dom34/Pelota was
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identified as a restriction factor for a positive-sense single stranded RNA virus [5]. Pelota functions
in selective targeting of exogenous viral RNA: Pelota directly binds RNase L to form a surveillance
complex to recognize and eliminate the exogenous RNA in a manner dependent on translation [5].

On the other hand, it has been reported that the activity of RNase L is modulated by ATP-
binding cassette sub-family E member 1 (ABCE1) also known as RNase L inhibitor (RLI). ABCE1/RLI
was identified from screening of an expression library by the ability to bind 2-5A. ABCE1/RLI was
found to antagonize the binding of 2-5A with RNase L and partially inhibit RNase L [6]. Nevertheless,
it seems that ABCE1 does not readily bind 2-5A and does not compete for it [6]. Furthermore, ABCE1
does not degrade 2-5A [6]. In addition, previous reports have shown that ABCE1 influences the viral
replication process [6-8], but little has been reported on whether ABCE1 affects the stability of viral
RNAs.

Besides the inhibition of RNase L, ABCE1 has diverse functions: HIV capsid assembly, ribosome
biogenesis, translation initiation and tissue homeostasis [9-13]. Notably, two papers by Khoshnevis
et al. and Pisarev et al. reported that ABCE1 has a novel important role in translation termination and
ribosome recycling by dissociating ribosomes into large and small subunits [14,15]. Since then, the
function of ABCE1 has been extensively investigated as a ribosome recycling factor [14,16-19].
ABCE]1 interacts with eukaryotic releasing factor (eRF)1 or Pelota to dissociate ribosomes either after
translation termination of normal mRNAs or after recognition of stalled ribosomes on aberrant
mRNAs, respectively [14,16,18]. Interestingly, RNase L interacts with the translation factors: Pelota
and eRF3 (a cofactor of eRF1) [5,20]. In addition, we have recently shown that RNase L degrades
exogenous RNAs in a manner dependent on translation [5]. The fact that both ABCE1 and RNase L
are closely related to translation prompted us to consider the idea that ABCE1 might be a cofactor
rather than an inhibitor of RNase L.

Here, we show that ABCEI1 directly interacts with RNase L and Pelota to function in the decay
of exogenous RNA. Our results indicate that ABCE1 acts as a positive regulator of exogenous RNA
decay rather than an inhibitor of RNase L.

2. Materials and Methods

2.1. Cell Culture and Transfection

HeLa cells (CCL-2, ATCC) were grown in Dulbecco’s modified Eagle’s medium (Nissui
Pharmaceutical, Tokyo, Japan) supplemented with 5% fetal bovine serum at 37 °C and 5% CO:x.
Transfection of siRNA and in vitro transcribed RNA was performed using Lipofectamine RNAiMAX
(Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s instruction.
Transfection of 2-5A and plasmid DNA was performed using Neon™ Transfection System
(Invitrogen Life Technologies, Carlsbad, CA, USA) and Polyethyleneimine MAX (Polysciences,
Warrington, PA, USA), respectively, according to the manufacturer’s instructions.

2.2. siRNAs, in Vitro Transcribed RNA, 2-5A and Plasmids

The sequence of siRNAs for luciferase and RNase L was previously described [5]. ABCE1 siRNA
consisted of 5-r(GAU UCU AGA AGA UGA CCU A) d(TT)-3'. 5xFlag-EGFP mRNA was transcribed
as described previously [5]. p5xFlag-RNase L, p5xMyc-RNase L, p5xFlag-Pelota and p5xMyc-GST
were previously described [5,21]. 2-5A, a tetra-adenylate (pA2'p5'A2'p5'A2'p5'A), was synthesized,
purified by reversed phase HPLC and analyzed by MALDI-TOF/MS as described previously [22]. To
construct p5xFlag-ABCE1 and p5xMyc-ABCE1, cDNA encoding ABCE1 was amplified by RT-PCR
using HeLa total RNA as a template and inserted into EcoRI and EcoRYV sites of p5xFlag [23] and
p5xMyc [24], respectively. To construct pABCEI], inverse PCR was performed to remove the Flag-tag
from p5xFlag-ABCEL.

2.3. Northern Blotting

The decay rate of exogenous RNA was calculated as described previously [5]. HeLa cells were
transfected with siRNA to downregulate the specified proteins. Forty-eight hours after siRNA-
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transfection, the cells were further transfected with 5xFlag-EGFP mRNA for 1 h, and then the cells
were washed with phosphate-buffered saline to completely shut off supply of 5xFlag-EGFP mRNA.
Subsequently, the cells were harvested at the specified time after PBS wash. Total RNA was isolated
from the transfected cells using an acid guanidinium thiocyanate-phenol-chloroform extraction
method and analyzed by northern blotting using DIG-labeled RNAs as described previously with
minor modifications [25]. Total RNA was resolved in a 1.8% agarose/1xMOPS/2% formaldehyde gel.
After overnight capillary transfer to a membrane in 20xSSC, the membrane was UV-crosslinked,
prehybridized in DIG Easy Hyb (Sigma-Aldrich, St. Louis, MO, USA) at 68 °C for 1 h and then
hybridized with DIG-labeled RNA probes diluted in DIG Easy Hyb (Sigma-Aldrich, St. Louis, MO,
USA) at 68 °C overnight. The membrane was washed twice with 2x55C/0.1% SDS for 5 min at r.t.,
twice with 0.1x55C/0.1% SDS for 20 min and 15 min at 68 °C, and once with 1xWashing buffer (Sigma-
Aldrich, St. Louis, MO, USA) for 2 min at r.t. The membrane was then blocked with 1% blocking/
1xMaleic acid buffer (Sigma-Aldrich, St. Louis, MO, USA) for 1 h, followed by incubation in anti-DIG
(1:20,000) (Sigma-Aldrich, St. Louis, MO, USA)/1% blocking/1xMaleic acid buffer for 30 min. The
membrane was washed twice with 1xWashing buffer for 15 min at r.t., and then equilibrated in
1xDetection buffer (Sigma-Aldrich, St. Louis, MO, USA) for 5 min. The signals were developed using
CDP-Star (Sigma-Aldrich, St. Louis, MO, USA).

2.4. Protein Purification

GST-RNase L protein was purified as described previously [5]. GST-RNase L was produced in
Escherichia coli DH5a with bacterial expression vectors by adding 0.5 mM IPTG. The cells were lysed
in buffer (50 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM DTT, 2 ug/mL aprotinin, 1 mM PMSF) and
the recombinant protein was affinity-purified using Glutathione Sepharose 4B (GE Healthcare Life
Sciences, Pittsburgh, PA, USA). 5xFlag-ABCE1 protein was purified from HEK293T cells. HEK293T
cells expressing 5xFlag-ABCE1 were lysed in buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 0.5% Nonidet P-40, 1 mM DTT, 10% glycerol, 0.25% sodium deoxycholate, 5 pug/mL RNase A
and 1xprotease inhibitor cocktail (nacalai tesque, Kyoto, Japan)). The lysate was immunoprecipitated
with anti-Flag M2 agarose (Sigma-Aldrich, St. Louis, MO, USA, A2220) at 10 °C for 1 h. After five
washes with wash buffer (20 mM Tris-HCl (pH 7.5), 500 mM NaCl, 0.5% Nonidet P-40, 1 mM DTT
and 10% glycerol), the precipitated protein was eluted with elution buffer (20 mM Tris-HCl (pH 7.5),
500 mM NaCl, 0.5% Nonidet P-40, 1 mM DTT, 10% glycerol and 500 ug/mL FLAG peptide). The
eluted protein was purified and concentrated with Amicon Ultra 30K (Merck Millipore, Darmstadt,
Germany).

2.5. Immunoprecipitation and Western Blotting

Immunoprecipitation analyses were performed as described previously [5]. After the cells were
lysed in buffer A (20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM MgClz, 0.5% Nonidet P-40, 1 mM
DTT and 1xprotease inhibitor cocktail (nacalai tesque, Kyoto, Japan)) or buffer B (20 mM Tris-HCl
(pH 7.5), 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 1 mM DTT, 10% glycerol, 0.25% sodium
deoxycholate, 5 ug/mL RNase A and 1xprotease inhibitor cocktail (nacalai tesque, Kyoto, Japan)) on
ice for 30 min, the lysate was then centrifuged at 20,400x g for 20 min, and the supernatant was
subsequently rotated with anti-Flag M2 agarose (Sigma-Aldrich, St. Louis, MO, USA, A2220) at 10 °C
for 1 h. The agarose resin was then washed three times with each buffer, and proteins retained on the
agarose resin were eluted using SDS-PAGE sample buffer for western blotting.

2.6. Antibodies

Antibodies used for western blotting were as follows: anti-Pelota (raised against His-tagged
Pelota(220-385)) [5], anti-RNase L (raised against His-tagged RNase L(1-333)) [5], anti-GAPDH
(raised against His-tagged GAPDH) [26], anti-ABCE1 (raised against His-tagged ABCEL), anti-Flag
(Sigma-Aldrich, MO, USA, F3165, Cell Signaling Technology, 2368, Danvers, MA, USA, 2368) and
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anti-Myc (Sigma-Aldrich, St. Louis, MO, USA, 11667149001, Santa Cruz Biotechnology, sc-789, Dallas,
TX, USA, sc-789).

2.7. Statistical Analysis

p-values were determined using the two-tailed Student’s t test for paired samples. * p <0.05, ** p
<0.01. Error bars represent mean + SEM.

3. Results

3.1. ABCE1 Directly Binds RNase L

Previous studies reported that ABCE1 interacts with eRF1 or Pelota to dissociate ribosomes
either after translation termination of normal mRNAs or after recognition of stalled ribosomes on
aberrant mRNAs, respectively. Interestingly, RNase L interacts with the translation factors: Pelota
and eRF3 (a cofactor of eRF1) [5,20]. Moreover, we showed that RNase L directly binds to Pelota
when RNase L is activated to form a dimer [5]. These findings led us to speculate that ABCE1 may
form a complex with RNase L. To test this idea, we performed a coimmunoprecipitation assay using
deoxycholate-solubilized cell extract, where RNase L forms a dimer in the absence of 2-5A to a level
comparable to that seen in the presence of 2-5A (Supplementary Figure S1). Under this condition, we
validated interactions among Pelota, ABCE1 and RNase L (Figure 1A,B). 5xFlag-Pelota coprecipitated
with endogenous RNase L and 5xMyc-ABCE1 (Figure 1A) and 5xFlag-ABCE1 coprecipitated with
endogenous Pelota and endogenous RNase L (Figure 1B). Notably, ABCE1 neither enhanced nor
reduced the interaction between Pelota and RNase L (Figure 1A). To examine if the interaction
between RNase L and ABCE1 was direct or not, we next purified GST-RNase L from E. coli and
5xFlag-ABCE1 from HEK293T cells and then performed a pull-down experiment. 5xFlag-ABCE1
coprecipitated with GST-RNase L (Figure 1C), indicating that ABCE1 directly binds to form a
complex with RNase L. We have previously reported that RNase L also directly interacts with Pelota
[5]. Furthermore, previous study reported that ABCE1 directly interacts with carboxy-terminal
domain of Pelota on the ribosome [18]. Considering these findings, together with the fact that ABCE1
directly binds to RNase L, it is reasonable to assume that ABCE1, RNase L and Pelota are functionally
related.
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Figure 1. ABCE1 directly binds RNase L. (A) HeLa cells expressing 5*Myc-GST or 5*Myc-ABCE1 in
combination with 5xFlag-Pelota were lysed in buffer B and the lysates were subjected to
immunoprecipitation with anti-Flag-M2 agarose. Proteins coprecipitated with 5xFlag-Pelota were
analyzed by western blotting with the indicated antibodies (1 = 2). (B) HeLa cells expressing 5xFlag-
ABCE1 were lysed in buffer B and the lysates were subjected to immunoprecipitation with anti-Flag-
M2 agarose. Endogenous proteins coprecipitated with 5xFlag-ABCE1 were analyzed by western
blotting with the indicated antibodies (1 = 2). (C) Purified 5xFlag-ABCE1 and recombinant GST-RNase
L were incubated with Protein G Sepharose 4 Fast Flow mixed in advance with either anti-Flag
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antibody or mouse IgG (control) in buffer B at 10 °C for 1 h. GST-RNase L coprecipitated with 5xFlag-
ABCE1 was analyzed by western blotting with the indicated antibodies (1 = 2).

3.2. ABCE1 Functions in the Decay of Exogenous RNA

We previously reported that Pelota and RNase L act together to eliminate exogenous RNA in a
manner dependent on translation [5]. The above results that ABCE1 directly binds Pelota and RNase
L prompted us to investigate if ABCE1 functions in the decay of exogenous RNA as in the case of
Pelota and RNase L. We have developed a method that measures the half-life of the exogenous RNA
such as a viral RNA by using in vitro transcribed RNA [5]. HeLa cells were depleted of ABCE1 and/or
RNase L for 48 h and then transfected with 5xFlag-EGFP mRNA. RNA isolated from the cells was
analyzed by northern blotting (Figure 2A). Down-regulation of ABCE1 and RNase L expressions was
confirmed by western blotting (Figure 2B). Consistent with our expectation, ABCE1 depletion
stabilized exogenous RNA to a level comparable to that seen in RNase L depletion, and the increased
half-life of the RNA by the single depletion of either protein is not significantly affected by the double
depletion of both proteins, suggesting that ABCE1 functions in the decay of exogenous RNA in
cooperation with Pelota and RNase L.
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Figure 2. ABCE1 and RNase L act together to eliminate exogenous RNA. (A) ABCE1 and RNase L
were depleted in HeLa cells by using siRNA. Following depletion of ABCE1 and/or RNase L, the cells
were further transfected with 5xFlag-EGFP mRNA for 1 h and cultured in growth medium over time.
5xFlag-EGFP mRNA and GAPDH mRNA were analyzed by northern blotting. The leftmost five lanes
analyzed two-fold dilutions of total RNA as standard curve. The levels of 5xFlag-EGFP mRNA were
normalized to the levels of GAPDH mRNA to depict the decay rate (mean + SEM, n = 3) and to
calculate the half-lives (average ti2 + SEM, n = 3). (B) The levels of ABCE1 and RNase L in (A) were
determined by western blotting (1 = 3).

3.3. ABCE1 Does Not Affect RNase L Activity in HeLa Cells

The above results suggest that ABCE1 is a positive regulator of exogenous RNA decay, which is
inconsistent with a previous notion that ABCEL is an inhibitor of RNase L. Thus, to obtain clues to
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the role of ABCE1 in exogenous RNA decay, we investigated if ABCE1 affects the enzyme activity of
RNase L by detecting rRNA cleavage in HeLa cells. HeLa cells were transfected with each plasmid
expressing either 5xMyc-GST (control), ABCE1, 5xMyc-ABCE1 or 5xMyc-RNase L. Twenty-four
hours after plasmid-transfection, the cells were further transfected with 2-5A (0.2 uM) to activate
RNase L. Activation of RNase L in HeLa cells was monitored by rRNA cleavage products. As shown
in Figure 3A, rRNA cleavage products were observed two hours after 2-5A transfection (Figure 3A,
lanes 1-4) and were further potentiated by RNase L transfection (Figure 3A, lanes 13-16).
Overexpression of ABCE1 did not affect the degradation of rRNAs (Figure 3A, compare lanes 1-4
with lanes 5-12). The effect of ABCE1 over expression was not observed even at high concentration
of 2-5A (2 uM) (Supplementary Figure S2A,B). Thus, we next examined the effect of ABCE1-depletion
on the degradation of rRNA. HeLa cells were depleted of ABCE1 or RNase L for 48 h, and the cells
were transfected with 2-5A (0.2 uM) to activate RNase L. As compared to the control case with
luciferase siRNA, RNase L-depletion almost eliminated the rRNA cleavage products (Figure 3C,
compare lanes 1-4 with lanes 9-12). In a similar manner, ABCE1 knockdown slightly but
reproductively decrease the rRNA cleavage products (Figure 3C, compare lanes 1-4 with lanes 5-8).
On the contrary, we could not observe the effect of ABCE1 depletion at high concentration of 2-5A (2
uM) (Supplementary Figure S2C,D). Atleast under our conditions, ABCE1 does not act as an inhibitor
against RNase L. The levels of protein expression were confirmed by western blotting (Figure 3B,D).
Next, we further investigated the ability of ABCE1 to inhibit RNase L by examining formation of
active dimer of RNase L. HeLa cells were transfected with plasmids expressing two different epitope-
tagged versions of RNase L, and dimer formation was assessed by coimmunoprecipitation (Figure
3E). As reported previously, Flag-tagged RNase L coimmunoprecipitated with Myc-tagged RNase L
(Figure 3E, lane 7), and the interaction was markedly potentiated by the presence of 2-5A (Figure 3E,
lane 11). In this condition, ABCE1 did not affect the binding between Flag-tagged RNase L and Myc-
tagged RNase L (Figure 3E, lane 12). To our surprise, overexpression of ABCE1 promoted the binding
between Flag-tagged RNase L and Myc-tagged RNase L (Figure 3E, compare lane 7 with lane 8). Even
more interestingly, ABCE1 was released from RNase L by addition of 2-5A (Figure 3E, compare lane
8 with lane 12). Thus, it is possible that ABCE1 contributes to the dimerization of RNase L as with 2-
5A and competes with 2-5A for the binding to RNase L. These results further substantiate our
conclusion that ABCEL1 acts as a positive regulator of exogenous RNA decay rather than an inhibitor
of RNase L.
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Figure 3. ABCE1 does not inhibit RNase L activity. (A) HeLa cells were transfected with p5xMyc-GST,
pABCEI, p5xMyc-ABCE1 or p5xMyc-RNase L for 24 h, and the cells were further transfected with 2-
5A (0.2 pM) using Neon™ Transfection System. rRNAs were analyzed by SYBR-Gold staining. (B)
The levels of proteins in (A) were determined by western blotting. (C) HeLa cells were transfected
with siRNA against either luciferase (control), ABCE1 or RNase L for 48 h, and the cells were further
transfected with 2-5A (0.2 uM) using Neon™ Transfection System. rRNAs were analyzed by SYBR-
Gold staining. (D) The levels of proteins in (C) were determined by western blotting. (E) HeLa cells
expressing various combinations of the indicated proteins were lysed in buffer A and the lysates were
rotated with anti-Flag M2 agarose in the presence or absence of 2-5A (0.2 uM). Proteins
coprecipitating with 5xFlag-RNase L were analyzed by western blotting with the indicated antibodies

(n=2).
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4. Discussion

Here, we demonstrated that ABCE1 directly binds Pelota and RNase L to function as a positive
regulator of exogenous RNA decay. It was unexpected that ABCE1 does not inhibit but rather
promotes the activity and dimerization of RNase L. From these results together with our previous
observations [5], we propose the following model for exogenous RNA decay (see also Figure 4); (i)
ribosome stalls at a secondary structure formed on exogenous RNA [27], (ii) Pelota recognizes the
empty A site of the stalled ribosome [5], (iii) meanwhile, ABCE1 enhances dimerization of RNase L
(Figure 3E), (iv) OAS3 activated by the exogenous RNA produces 2-5A, which in turn activates RNase
L [5], (v) activated RNase L dimer associates with Pelota [5] and then releases ABCE1 (Figure 3E), (vi)
ABCE1 binds to form a complex with Pelota (Figure 1A,B) to dissociate the stalled ribosome, and (vii)
RNase L cleaves the exogenous RNA.

ABCETI is one of the most evolutionarily conserved proteins from archaea to mammals and has
diverse functions. ABCE1 was first identified from an expression library by the ability to bind 2-5A
[6]. Meanwhile, the evidence for a role in translation was reported in the interaction of ABCE1 with
eukaryotic initiation factors and the 40S ribosome subunit, implicating that ABCE1 might play a role
in translation initiation [9,10,28,29]. Furthermore, ABCE1 is now well studied as a ribosome recycling
factor in translation termination and mRNA quality controls together with eRF1 and Pelota,
respectively [14,16-19]. We recently demonstrated that Pelota/Dom34 recognizes stalled ribosomes
on exogenous RNA and dissociates the ribosomes to trigger the exogenous RNA decay [5]. Since
ribosome dissociation by Pelota depends on ATP-hydrolysis by ABCE1 [30], it is reasonable to
assume that ABCEL1 is also involved in the dissociation of stalled ribosomes on exogenous RNA
(Figure 4). In this study, we have shown for the first time that ABCE1 acts as a positive regulator of
exogenous RNA decay. Furthermore, we have proposed that RNase L selectively degrades
exogenous RNAs with Pelota-ABCE1 in a manner dependent on translation. Most recently, two
reports have shown that under conditions that cells are treated with a potent trigger poly(I:C), RNase
L degrades endogenous mRNAs, which is called 2-5A-mediated decay (2-5AMD) [31,32].
Interestingly, Rath et al. demonstrated that RNase L activated by dsRNA degrades endogenous
mRNAs, while RNase-L-resistant poly(A)* transcripts are enriched with noncoding RNAs,
suggesting that RNase L sensitivity of RNA correlates with their translational activity [31]. The 2-
5AMD is similar to the exogenous RNA decay in the sense that it seems to be dependent on 2-54,
RNase L and translation; however, in our condition that measures exogenous RNA decay, we detect
specifically the degradation of exogenous RNA but can neither detect degradation of endogenous
mRNAs nor rRNAs (e.g., Figure 2A, see GAPDH mRNA and rRNA). In addition, we showed here
that the effect of ABCE1 depletion on the 2-5A-induced rRNA cleavage was observed at lower
concentration (0.2 uM) but not at higher concentration (2 uM) of 2-5A (Figure 3C and Supplementary
Figure 52). Therefore, under the condition where a potent trigger poly(I:C) induces degradation of
endogenous mRNA and rRNA as described in the two papers, RNase L might be fully activated and
the regulation by ABCE1 might be bypassed.
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Figure 4. Proposed model for the ABCE1-mediated exogenous RNA decay. Pelota is recruited to the
ribosome stalled on exogenous RNA. ABCE1 directly interacts with RNase L to enhance its
dimerization, thereby accelerating formation of 2-5A-bound active dimer. ABCE1 released from
RNase L interacts with Pelota and dissociates the ribosomes into large and small subunits. The
activated RNase L degrades the exogenous RNA.

The exogenous RNA decay is thought to function as an antiviral defense mechanism that
eliminates exogenous viral RNA and our previous study identified Pelota as well as RNase L as
restriction factors for EMCV replication [5]. In contrast, we also identified ABCE1 as a factor
promoting rather than restricting EMCV replication, which appears to be somewhat inconsistent with
the notion that ABCEL1 acts as a positive regulator of exogenous RNA decay. In this context, it has
been reported that ABCEL1 influences viral replication process [6-8] and functions in HIV-1 capsid
assembly [11]. Although it has not been demonstrated at present whether ABCEI1 is also involved in
the capsid assembly of EMCV, the phenotype we have observed in the previous paper might be
explained by the role in viral replication.

Although we have demonstrated ABCEL1 as a positive regulator of exogenous RNA decay, it is
still incompletely understood how ABCE1 enhances dimer formation of RNase L. The data in Figure
3E shows that ABCE1 enhances dimer formation in the absence of 2-5A. However, the addition of 2-
5A further accelerates dimer formation and releases ABCE1 from the RNase L dimer. The fact that
RNase L could form a dimer in the absence of 2-5A is novel and unexpected, but the RNase L's
potential to form a dimer in the absence of 2-5A was also observed in Figure 1 and Supplementary
Figure S1. Therefore, these data suggest that ABCE1 binds RNase L in the absence of 2-5A and
enhances dimer formation of RNase L. Although it is not clear at present whether the RNase L dimer
formed in the absence of 2-5A is latent or active, it is reasonable to assume that ABCEl-mediated
formation of RNase L dimer enhances formation of 2-5A-bound active RNase L dimer. Moreover, it
is also a matter of debate whether ABCE1 dissociates stalled ribosomes on exogenous RNA to
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accelerate exogenous RNA decay. Further studies will be required to elucidate the precise roles of
ABCE1 on exogenous RNA decay.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1.

Author Contributions: T.N., S.H. designed the experiments; T.N. performed the majority of the experiments,
K.O., Y.O. performed the experiments at revision; R.G. prepared recombinant protein; N.H. gave technical
assistance with RNA decay analysis; Y.K. (Yoshiaki Kitamura), Y.K (Yukio Kitade) synthesized 2-5A and
presented comments; T.N., S.H. wrote the paper; S.H. conceived the idea and directed the study. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was funded by JSPS Grant-in-Aid for Scientific Research (B) [JP17H03635 to S.H.]; Program
on the Innovative Development and the Application of New Drugs for Hepatitis B from Japan Agency for
Medical Research and development, AMED [JP17fk0310111 to S.H]; TAKEDA Science foundation [JOSEI32912
to S.H.].

Acknowledgments: We thank the members of our laboratories for reagents, technical assistance and helpful
discussions.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Silverman, R.H. Viral encounters with 2’,5"-oligoadenylate synthetase and RNase L during the interferon
antiviral response. J. Virol. 2007, 81, 12720-12729, doi:10.1128/]V1.01471-07.

2. Hovanessian, A.G.; Brown, R.E.; Kerr, LM. Synthesis of low molecular weight inhibitor of protein synthesis
with enzyme from interferon-treated cells. Nature 1977, 268, 537-540.

3. Ireland, D.D.; Stohlman, S.A.; Hinton, D.R.; Kapil, P.; Silverman, R.H.; Atkinson, R.A.; Bergmann, C.C.
RNase L mediated protection from virus induced demyelination. PLoS Pathog. 2009, 5, €1000602,
doi:10.1371/journal.ppat.1000602.

4. Jha, B.K; Polyakova, I; Kessler, P.; Dong, B.; Dickerman, B.; Sen, G.C.; Silverman, R.H. Inhibition of RNase
L and RNA-dependent protein kinase (PKR) by sunitinib impairs antiviral innate immunity. J. Biol. Chem.
2011, 286, 26319-26326, doi:10.1074/jbc.M111.253443.

5. Nogimori, T.; Nishiura, K.; Kawashima, S.; Nagai, T.; Oishi, Y.; Hosoda, N.; Imataka, H.; Kitamura, Y.;
Kitade, Y.; Hoshino, S.I. Dom34 mediates targeting of exogenous RNA in the antiviral OAS/RNase L
pathway. Nucleic Acids Res. 2019, 47, 432449, doi:10.1093/nar/gky1087.

6.  Bisbal, C.; Martinand, C.; Silhol, M.; Lebleu, B.; Salehzada, T. Cloning and characterization of a RNAse L
inhibitor. A new component of the interferon-regulated 2-5A pathway. J. Biol. Chem. 1995, 270, 13308-13317.

7.  Martinand, C.; Salehzada, T. Silhol, M.; Lebleu, B.; Bisbal, C. RNase L inhibitor (RLI) antisense
constructions block partially the down regulation of the 2-5A/RNase L pathway in encephalomyocarditis-
virus-(EMCV)-infected cells. Eur. . Biochem. 1998, 254, 248-255, d0i:10.1046/j.1432-1327.1998.2540248 x.

8. Martinand, C.; Montavon, C.; Salehzada, T.; Silhol, M.; Lebleu, B.; Bisbal, C. RNase L inhibitor is induced
during human immunodeficiency virus type 1 infection and down regulates the 2-5A/RNase L pathway in
human T cells. J. Virol. 1999, 73, 290-296.

9.  Chen, Z.Q.; Dong, J.; Ishimura, A.; Daar, I.; Hinnebusch, A.G.; Dean, M. The essential vertebrate ABCE1
protein interacts with eukaryotic initiation factors. J. Biol. Chem. 2006, 281, 7452-7457,
doi:10.1074/jbc.M510603200.

10. Dong, J.; Lai, R.; Nielsen, K.; Fekete, C.A.; Qiu, H.; Hinnebusch, A.G. The essential ATP-binding cassette
protein RLI1 functions in translation by promoting preinitiation complex assembly. . Biol. Chem. 2004, 279,
42157-42168, doi:10.1074/jbc.M404502200.

11.  Zimmerman, C.; Klein, K.C,; Kiser, P.K,; Singh, A.R,; Firestein, B.L.; Riba, S5.C.; Lingappa, ].R. Identification
of a host protein essential for assembly of immature HIV-1 capsids. Nature 2002, 415, 88-92,
doi:10.1038/415088a.

12. Mills, EW.; Wangen, ].; Green, R.; Ingolia, N.T. Dynamic Regulation of a Ribosome Rescue Pathway in
Erythroid Cells and Platelets. Cell Rep. 2016, 17, 1-10, d0i:10.1016/j.celrep.2016.08.088.

13. Liakath-Ali, K.; Mills, EW.; Sequeira, I.; Lichtenberger, B.M.; Pisco, A.O.; Sipild, K.H.; Mishra, A,;
Yoshikawa, H.; Wu, C.C.; Ly, T.; et al. An evolutionarily conserved ribosome-rescue pathway maintains
epidermal homeostasis. Nature 2018, 556, 376-380, doi:10.1038/s41586-018-0032-3.



Viruses 2020, 12, 174 11 of 11

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Pisarev, A.V.; Skabkin, M. A.; Pisareva, V.P.; Skabkina, O.V.; Rakotondrafara, A.M.; Hentze, M.W.; Hellen,
C.U.; Pestova, T.V. The role of ABCE1 in eukaryotic posttermination ribosomal recycling. Mol. Cell 2010, 37,
196-210, doi:10.1016/j.molcel.2009.12.034.

Khoshnevis, S.; Gross, T.; Rotte, C.; Baierlein, C.; Ficner, R.; Krebber, H. The iron-sulphur protein RNase L
inhibitor functions in translation termination. EMBO Rep. 2010, 11, 214-219, doi:10.1038/embor.2009.272.
Pisareva, V.P.; Skabkin, M.A.; Hellen, C.U.; Pestova, T.V.; Pisarev, A.V. Dissociation by Pelota, Hbs1 and
ABCE1 of mammalian vacant 80S ribosomes and stalled elongation complexes. EMBO ]. 2011, 30, 1804—
1817, doi:10.1038/emb0j.2011.93.

Gerovac, M.; Tampé, R. Control of mRNA Translation by Versatile ATP-Driven Machines. Trends Biochem.
Sci. 2019, 44, 167-180, doi:10.1016/j.tibs.2018.11.003.

Becker, T.; Franckenberg, S.; Wickles, S.; Shoemaker, C.J.; Anger, A.M.; Armache, ].P.; Sieber, H.;
Ungewickell, C.; Berninghausen, O.; Daberkow, I.; et al. Structural basis of highly conserved ribosome
recycling in eukaryotes and archaea. Nature 2012, 482, 501-506, doi:10.1038/nature10829.

Barthelme, D.; Dinkelaker, S.; Albers, S.V.; Londei, P.; Ermler, U.; Tampé, R. Ribosome recycling depends
on a mechanistic link between the FeS cluster domain and a conformational switch of the twin-ATPase
ABCEL. Proc. Natl. Acad. Sci. USA 2011, 108, 3228-3233, doi:10.1073/pnas.1015953108.

Le Roy, F.; Salehzada, T.; Bisbal, C.; Dougherty, ].P.; Peltz, S.W. A newly discovered function for RNase L
in regulating translation termination. Nat. Struct. Mol. Biol. 2005, 12, 505-512, doi:10.1038/nsmb944.
Yamagishi, R.; Tsusaka, T.; Mitsunaga, H.; Maehata, T.; Hoshino, S. The STAR protein QKI-7 recruits PAPD4
to regulate post-transcriptional polyadenylation of target mRNAs. Nucleic Acids Res. 2016, 44, 2475-2490,
doi:10.1093/nar/gkw118.

Nagaoka, K.; Kitamura, Y.; Ueno, Y.; Kitade, Y. 5'-O-dephosphorylated 2',5"-oligoadenylate (2-5A) with 8-
methyladenosine at the 2'-terminus activates human RNase L. Bioorg. Med. Chem. Lett. 2010, 20, 11861188,
doi:10.1016/j.bmcl.2009.12.005.

Ruan, L.; Osawa, M.; Hosoda, N.; Imai, S.; Machiyama, A.; Katada, T.; Hoshino, S.; Shimada, I. Quantitative
characterization of Tob interactions provides the thermodynamic basis for translation termination-coupled
deadenylase regulation. J. Biol. Chem. 2010, 285, 27624-27631, doi:10.1074/jbc.M110.138867.

Hosoda, N.; Funakoshi, Y.; Hirasawa, M.; Yamagishi, R.; Asano, Y.; Miyagawa, R.; Ogami, K.; Tsujimoto,
M.; Hoshino, S. Anti-proliferative protein Tob negatively regulates CPEB3 target by recruiting Cafl
deadenylase. EMBO J. 2011, 30, 1311-1323, doi:10.1038/emb0j.2011.37.

Wakiyama, M.; Ogami, K.; Iwaoka, R.; Aoki, K.; Hoshino, S.I. MicroRNP-mediated translational activation
of nonadenylated mRNAs in a mammalian cell-free system. Genes Cells 2018, 23, 332-344,
doi:10.1111/gtc.12580.

Saito, S.; Hosoda, N.; Hoshino, S. The Hbs1-Dom34 protein complex functions in non-stop mRNA decay in
mammalian cells. J. Biol. Chem. 2013, 288, 17832-17843, d0i:10.1074/jbc.M112.448977.

Rouskin, S.; Zubradt, M.; Washietl, S.; Kellis, M.; Weissman, ].S. Genome-wide probing of RNA structure
reveals active unfolding of mRNA structures in vivo. Nature 2014, 505, 701-705, doi:10.1038/nature12894.
Heuer, A.; Gerovac, M.; Schmidt, C.; Trowitzsch, S.; Preis, A.; Kétter, P.; Berninghausen, O.; Becker, T.;
Beckmann, R.; Tampé, R. Structure of the 40S-ABCE1 post-splitting complex in ribosome recycling and
translation initiation. Nat. Struct. Mol. Biol. 2017, 24, 453-460, d0i:10.1038/nsmb.3396.

Andersen, D.S.; Leevers, S.J. The essential Drosophila ATP-binding cassette domain protein, pixie, binds
the 40 S ribosome in an ATP-dependent manner and is required for translation initiation. ]. Biol. Chem. 2007,
282, 14752-14760, d0i:10.1074/jbc.M701361200.

Shoemaker, C.J.; Green, R. Kinetic analysis reveals the ordered coupling of translation termination and
ribosome recycling in yeast. Proc. Natl. Acad. Sci. USA 2011, 108, E1392-1398, doi:10.1073/pnas.1113956108.
Rath, S.; Prangley, E.; Donovan, J.; Demarest, K.; Wingreen, N.S.; Meir, Y.; Korennykh, A. Concerted 2-5A-
Mediated mRNA Decay and Transcription Reprogram Protein Synthesis in the dsRNA Response. Mol. Cell
2019, 75, 1218-1228, doi:10.1016/j.molcel.2019.07.027.

Burke, ].M.; Moon, S.L.; Matheny, T.; Parker, R. RNase L Reprograms Translation by Widespread mRNA
Turnover Escaped by Antiviral mRNAs. Mol. Cell 2019, 75, 1203-1217, d0i:10.1016/j.molcel.2019.07.029.

© 2020 by the authors. Licensee MDP], Basel, Switzerland. This article is an open access
‘@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



