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ABSTRACT

Histone biogenesis is tightly controlled at multiple
steps to maintain the balance between the amounts
of DNA and histone protein during the cell cycle. In
particular, translation and degradation of replication-
dependent histone mRNAs are coordinately regu-
lated. However, the underlying molecular mecha-
nisms remain elusive. Here, we investigate remodel-
ing of stem-loop binding protein (SLBP)-containing
histone mRNPs occurring during the switch from the
actively translating mode to the degradation mode.
The interaction between a CBP80/20-dependent
translation initiation factor (CTIF) and SLBP, which
is important for efficient histone mRNA translation,
is disrupted upon the inhibition of DNA replication
or at the end of S phase. This disruption is me-
diated by competition between CTIF and UPF1 for
SLBP binding. Further characterizations reveal hy-
perphosphorylation of UPF1 by activated ATR and
DNA-dependent protein kinase upon the inhibition of
DNA replication interacts with SLBP more strongly,
promoting the release of CTIF and eIF3 from SLBP-
containing histone mRNP. In addition, hyperphos-
phorylated UPF1 recruits PNRC2 and SMG5, trigger-
ing decapping followed by 5′-to-3′ degradation of hi-
stone mRNAs. The collective observations suggest
that both inhibition of translation and recruitment of
mRNA degradation machinery during histone mRNA
degradation are tightly coupled and coordinately reg-
ulated by UPF1 phosphorylation.

INTRODUCTION

In mammals, two different types of cap-binding proteins
initiate translation in the cytoplasm (1). One is a nuclear
cap-binding complex (CBC), a heterodimer of nuclear cap-
binding proteins 80 and 20 (CBP80/20), and the other is
a cytoplasmic cap-binding protein, eukaryotic translation

initiation factor (eIF) 4E. In the nucleus, newly synthesized
mRNAs first associate with CBC and are exported from the
nucleus to cytoplasm via the nuclear pore complex. During
or after mRNA export, the CBC is replaced by eIF4E in
the cytoplasm [i.e. CBC-bound mRNAs are precursors of
eIF4E-bound mRNAs (1,2)].

Although both CBC and eIF4E have a common abil-
ity to recruit ribosomes, the mechanisms are quite differ-
ent. In the case of translation of CBC-bound mRNAs, the
cap-bound CBC recruits CBC-dependent translation ini-
tiation factor (CTIF), which is an eIF4G-like protein, by
direct interaction (3). Since CTIF is enriched in the cyto-
plasmic side of the nuclear envelope and is also localized
to the nucleus (3), the recruitment of CTIF toward the 5′-
end of mRNA by CBC may occur in the nucleus or dur-
ing mRNA export via the nuclear pore complex. Our recent
data showed that CTIF directly binds to eIF3g (4), which is
a component of eIF3 complex. This observation suggests
that CBP80-CTIF at the 5′-end of mRNA recruits the eIF3
complex that, in turn, recruits the small subunit of ribosome
(40S), initiating the first round (or pioneer round) of trans-
lation (1,3,5). However, our and other groups have reported
that the translation of CBC-bound mRNAs occurs multiple
times (3,6–8). Therefore, we will hereafter refer to this as
CBC-dependent translation (CT), regardless of the number
of translation initiations (3).

The cap structure-bound CBC is replaced by eIF4E with
the action of importin �/� in a translation-independent
manner (9). Then, the cap-bound eIF4E recruits eIF4GI/II,
which recruits eIF3 and eventually the 40S ribosome, driv-
ing the expression of bulk amount of polypeptides in the
cytoplasm (10). For comparison, we hereafter refer to this
as eIF4E-dependent translation (ET).

Besides molecular differences in CT and ET, these two
modes of translation play distinct roles in gene expression.
For instance, it is known that nonsense-mediated mRNA
decay (NMD) is mainly coupled to the first round of trans-
lation (5,11,12). The NMD is a well-characterized mRNA
surveillance mechanism by which aberrant transcripts or
cellular transcripts harboring premature translation termi-
nation codons are selectively recognized and eliminated by

*To whom correspondence should be addressed. Tel: +82-2-3290-3410; Fax: +82-2-923-9923; E-mail: yk-kim@korea.ac.kr

C© The Author(s) 2014. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/42/14/9334/1278785 by H

anyang U
niv Lib user on 12 April 2022



Nucleic Acids Research, 2014, Vol. 42, No. 14 9335

an action of UPF1 during translation termination (13–17).
Since CBC-bound mRNAs are precursors of eIF4E-bound
mRNAs (1,2), it is expected that the first round of transla-
tion is largely driven by CBC rather than eIF4E. In addi-
tion to NMD, the translation of a majority of replication-
dependent histone mRNAs in the cytoplasm largely occurs
on CBC-bound mRNAs rather than eIF4E-bound mRNAs
(18). Accordingly, degradation of replication-dependent hi-
stone mRNAs largely occurs on CBC-bound mRNAs (18).

The abundance of replication-dependent histone mRNA
(hereafter called histone mRNA, if not specified) is tightly
controlled by a series of mechanisms (19,20). Tight regula-
tion of histone mRNA translation and stability are essen-
tial for balancing the amounts of DNA and histone pro-
tein during cell cycle, which is achieved by a unique stem-
loop structure at the 3′-end of histone mRNAs, instead of
conventional polyadenylated sequences found in most eu-
karyotic mRNAs. The unique stem-loop structure provides
a binding platform for stem-loop binding protein (SLBP),
which plays a critical role in the entire lifespan of histone
mRNAs including pre-mRNA processing, mRNA export,
translation and degradation (19–21). A recent study showed
that overall shape rather than the sequence of the stem loop
is important for SLBP binding, although a single nucleotide
in the stem region is directly recognized by SLBP (22).

Here, we investigate possible remodeling of histone mes-
senger ribonucleoprotein (mRNP) during the transition
from active translation to rapid degradation. We show
that ataxia telangiectasia and Rad3-related kinase (ATR)
and DNA-dependent protein kinase (DNA-PK), both of
which belong to the phosphoinositide 3-kinase-related ki-
nases (PIKKs) family (23), are activated and trigger UPF1
phosphorylation upon the inhibition of DNA replication.
The hyperphosphorylated UPF1 plays dual roles in re-
modeling of histone mRNP. It interacts with SLBP more
strongly, promoting the release of CTIF and eIF3 from
SLBP-containing histone mRNPs, consequently repressing
translation of histone mRNAs. At the same time, it more
strongly associates with proline-rich nuclear receptor coreg-
ulatory protein 2 (PNRC2) and SMG5, both of which are
previously known to trigger NMD (24–30), consequently
rendering histone mRNAs more vulnerable to degradation.
In this way, SLBP-containing histone mRNPs undergo dra-
matic remodeling mediated by UPF1 phosphorylation dur-
ing the switch from active translation mode to rapid degra-
dation mode.

MATERIALS AND METHODS

Plasmid constructions

The following plasmids were used in this study: pcDNA3-
FLAG and pcDNA3-FLAG-CTIF (3); pcDNA3-FLAG-
SLBP-WT, pcDNA3-FLAG-SLBP-W75A, pCMV-
Myc-SLBP, pCMV-Myc-SLBP(1–127), pCMV-Myc-
SLBP(128–270), pBiFC-SLBP-VN, pBiFC-CTIF-VC
and pRSF-GST-SLBP(1–127) (18); pcDNA3-FLAG-
UPF1(WT), pcDNA3-FLAG-UPF1(G495R/G497E)
(renamed pcDNA3-FLAG-UPF1-HP in this study),
and pCMV-Myc-PNRC2 (25); pMS2-HA and pCMV-
Myc-UPF1(WT) (31); pCMV-Myc-UPF1(HP) (6);

His-CTIF(365–598) (4); pmCMV-Gl Norm or Ter (32);
pmCMV-GPx1 Norm or Ter (33) and phCMV-MUP (34).

To construct plasmid pcDNA3-FLAG-SLIP1, which
encodes FLAG tagged full-length human SLIP1 cDNA,
a NotI/KpnI fragment from pcDNA3-FLAG was lig-
ated to a polymerase chain reaction (PCR)-amplified
fragment that contained human SLIP1 cDNA and was
digested with NotI/KpnI, respectively. The full-length
human SLIP1 cDNA was amplified using pCMV-
SPORT6-SLIP1 (18) and two oligonucleotides: 5′-
CGGAATTCCGGCGGCCGCTATGGGGGAGCC
CAGTAGAGAGGAGTATAAAATC-3′ (sense) and
5′-GGGGTACCCTAGTCGGAGACTTCGCTGTAG
TAATACTTGTG-3′ (antisense), where the underlined
nucleotides specify the NotI and KpnI sites, respectively.

To construct RLuc-8bs plasmid, a BamHI/EcoRI
fragment of no intron (35) was ligated to a BamHI/EcoRI
fragment of PCR product that contained eight tandem
repeats of MS2bs. The PCR was performed using pcFLuc-
MS2bs (31) as a template and two oligonucleotides: 5′-
CGGGATCCCCTTTGTTCCCTAAGTCCAACTACC-
3′ (sense) and 5′-GGAATTCCAATGTATCTTATCATTC
TGCTCG-3′ (antisense), where the underlined nucleotides
specify the BamHI and EcoRI sites, respectively.

To generate RLuc-SL-8bs plasmid, a HindIII/BamHI
fragment of RLuc-8bs plasmid was ligated to two frag-
ments: (i) a HindIII/NheI fragment of RLuc-8bs plasmid,
which contains RLuc cDNA and (ii) a NheI/BamHI
fragment of a PCR product that contains cDNA cor-
responding to HIST2H2AA mRNA 3′UTR lacking U7
snRNP-binding site. The PCR was performed using (i)
reverse-transcribed total-cell cDNAs from HeLa cells as a
template and (ii) two oligonucleotides: 5′-CGGCTAGCGC
TGACGTCCGGCCCAAGTGGGCC-3′ (sense) and 5′-
CGGGATCCTGGGTGGCTCTGAAAAGAGCCTTT-
3′ (antisense), where the underlined nucleotides specify the
NheI and BamHI sites, respectively.

To generate pMS2-HA-MBP, the XhoI/NotI fragment
of pMS2-HA-PNRC2 (25) was ligated to the XhoI/NotI
fragment of the PCR product that was amplified us-
ing pMAL-p4X (New England Biolabs) as a template
and two oligonucleotides: 5′-CCGCTCGAGATGAAA
ATAAAAACAGGTGCACGCATC-3′ (sense) and 5′-
ATAAGAATGCGGCCGCTTAAGTCTGCGCGTCT
TTCAGGGCTTCATC-3′ (antisense), where the un-
derlined nucleotides specify the XhoI and NotI sites,
respectively.

To construct pHA-MBP, the NheI/NotI fragment
of pMS2-HA-MBP was ligated to the NheI/NotI
fragment of the PCR product that was amplified us-
ing pMS2-HA-MBP as a template and two oligonu-
cleotides: 5′-CTAGCTAGCCGCCATGTACCCAT
ACGACGTTCCAGACTACGCTC-3′ (sense) and 5′-
ATAAGAATGCGGCCGCTTAAGTCTGCGCGTCT
TTCAGGGCTTCATC-3′ (antisense), where the un-
derlined nucleotides specify the NheI and NotI sites,
respectively.

For bacterial production of His-UPF1(295–914), a
BamHI/XhoI fragment of pGEX-6p-1-UPF1(295–914) (a
gift from Haiwei Song) was cloned into a BamHI/XhoI
fragment of FP-His vector, a modified pET vector (No-
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Figure 1. CTIF–SLBP interaction is disrupted upon the inhibition of DNA replication or at the end of S phase. (A) IPs of FLAG-CTIF. HEK293T cells
were either untreated or treated with 5 mM HU for 20 min before cell harvest. Total-cell extracts were subjected to IP using either �-CTIF antibody or
nonspecific rabbit (r) IgG. The levels of co-immunopurified endogenous SLBP and CBP80 were normalized to the levels of immunopurified endogenous
CTIF. The normalized levels obtained in the IP of CTIF without the treatment of HU were arbitrarily set to 1. (B) IPs of FLAG-SLBP. As in Figure 1A,
except that cells were transiently transfected with plasmid expressing either FLAG or FLAG-SLBP. (C) BiFC analysis for CTIF–SLBP interaction upon
HU treatment. HeLa cells were transiently co-transfected with plasmids expressing SLBP-VN and CTIF-VC. Right after transfection, cells were either
untreated (-) or treated (+) with 5 mM HU. After 8 h, the cells were fixed and observed by confocal microscopy. (D) IPs of FLAG-CTIF at the different
stage of cell cycle. HEK293T cells transiently expressing FLAG-CTIF were synchronized by DTB. The extracts obtained from cells harvested 3 h (mid-S
phase) and 8 h (late S phase) after the release of DTB were subjected to IPs using �-FLAG-conjugated agarose beads. The levels of co-immunopurified
cellular SLBP, CBP80 and SLIP1 were normalized to the levels of immunopurified FLAG-CTIF. The normalized levels obtained in the IP of FLAG-CTIF
at mid-S phase were arbitrarily set to 1. Each panel of results is representative of at least three independently performed transfections followed by IPs or
BiFC analyses.
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Figure 2. Artificial insertion of histone stem-loop structure to the 3′UTR of the reporter mRNA promotes an associate of CBC and CTIF with mRNA
in a HU-independent and -dependent manner, respectively. (A) A schematic diagram of the MBP pull-down assay. HEK293T cells were co-transfected
with a reporter plasmid either RLuc-8bs or RLuc-SL-8bs, and an effector plasmid expressing MS2-HA, HA-tagged MBP (HA-MBP) or MS2-HA-MBP.
Two days after the transfection, the cells were cross-linked with formaldehyde. Total-cell extracts were harvested and subjected to MBP pull-down assay
using amylose beads. (B) MBP pull-down assay using RLuc-8bs mRNA and RLuc-SL-8bs mRNA. The proteins and the reporter mRNAs purified by the
MBP pull-down assay were analyzed by western blotting using the indicated proteins (top) and RT-PCR using specific oligonucleotides and �-[32P]-dATP,
respectively. (C) MBP pull-down assay using RLuc-SL-8bs mRNA after HU was either treated or not. As performed in Figure 2B, except that the cells
were treated or not treated with HU for 20 min. Each panel of results is representative of at least two independently performed transfections followed by
MBP pull-down experiments.
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Figure 3. ATR and DNA-PK activated upon the inhibition of DNA replication triggers UPF1 phosphorylation and promotes UPF1–SLBP interaction.
(A) IP of endogenous CTIF in the presence of OA. HeLa cells were treated with either ethanol (0 nM) or OA (75 nM) for 5 h before IP. Total-cell
extracts were analyzed either before or after IP using �-CTIF antibody or rIgG. The levels of co-immunopurified SLBP and SLIP1 were normalized to
the levels of immunopurified CTIF. The normalized levels obtained in the IP of CTIF with the treatment of ethanol were arbitrarily set to 1. (B) IP of
FLAG-CTIF in the presence of PIKK inhibitors. HeLa cells transiently expressing FLAG-CTIF were pre-treated with 15 mM caffeine, 20 �M ATM/ATR
inhibitor, 140 �M LY294002 or 1.3 �M ATM inhibitor for 2 h before cell harvest. Cells were either untreated or treated with 5 mM HU for 1 h before
cell harvest. IPs were performed using �-FLAG antibody. The level of phosphorylated FLAG-CTIF (p-FLAG-CTIF) was determined by western blotting
using �-phospho-S/TQ antibody. The results in panels A and B are representative of at least three independently performed transfections and IPs. (C)
IP of FLAG-UPF1 using extracts of cells treated with either 5 mM HU or HU/alkaline phosphatase (AP). HeLa cells were transiently transfected with
plasmid expressing FLAG-UPF1. Cells were either untreated or treated with 5 mM HU for 1 h before cell harvest. IPs were performed using �-FLAG-
conjugated agarose beads. The immunopurified complex was or was not treated with AP. The level of phosphorylated FLAG-UPF1 (p-FLAG-UPF1)
was determined by western blotting using �-phospho-S/TQ antibody. To show that western blotting used in this study was sufficiently semi-quantitative,
3-fold serial dilutions of total-cell extracts are represented in the four left-most lanes. (D) IP of FLAG-UPF1-WT and FLAG-UPF1-HP. HeLa cells were
transiently transfected with plasmid expressing either FLAG, FLAG-UPF1-WT or -HP. Total-cell extracts were either untreated or treated with RNase
A and subjected to IP using �-FLAG antibody-conjugated agarose beads. The levels of phosphorylated FLAG-UPF1 (p-FLAG-UPF1) were determined
by western blotting using �-phospho-S/TQ antibody (top). The levels of p-FLAG-UPF1 and co-immunopurified SLBP were normalized to the levels
of immunopurified FLAG-UPF1. The normalized levels obtained in the IP of FLAG-UPF1-WT were arbitrarily set to 1. Complete removal of cellular
RNAs by RNase A treatment was confirmed by RT-PCR using �-[32P]-dATP (bottom). To show that the RT-PCR used in this study is sufficiently semi-
quantitative, RT-PCR products of 2-fold serially diluted total RNAs were loaded in the four left-most lanes. The results in panels C and D are representative
of at least three independently performed transfections and IPs.
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Figure 4. UPF1 competes with CTIF for binding to SLBP. (A) HeLa cells were depleted of either CTIF or UPF1 using specific siRNA and then re-
transfected with plasmid expressing FLAG-SLBP. Total-cell extracts were analyzed either before or after IP using �-FLAG-conjugated agarose beads. The
levels of co-immunopurified cellular UPF1 and CTIF were normalized to the levels of immunopurified FLAG-SLBP. The normalized levels obtained from
the IP of FLAG-SLBP in the presence of Control siRNA were set to 1. (B) HeLa cells were transiently transfected with the equivalent amount of plasmid
expressing FLAG-SLBP and gradually increasing amounts of plasmid expressing either Myc-UPF1-WT or -HP. Total-cell extracts were subjected to IP
using �-FLAG-conjugated agarose beads. (C) In vitro competition assay results. E. coli lysates that express GST or GST-SLBP (1–127) were mixed with
His-UPF1(295–914) in the presence of gradually increasing amounts of purified His-CTIF (365–598). Purified recombinant bRIP1 (ribosome-inactivating
protein 1 from barley seeds), which served as a negative control, was added to the reactions to ensure addition of equal amounts of total protein. After
GST pull-down, the purified proteins were analyzed by western blotting (WB) using �-GST antibody (upper) or �-6xHis antibody (lower). The locations
of molecular weight (MW) markers are indicated on the left. Asterisk indicates nonspecific bands or degradation products of GST-SLBP (1–127). Each
panel of results is representative of at least two independently performed experiments.
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vagen) containing a cleavable TEV protease site at the
amino-terminus.

Cell culture and transfections

Cells used in this study were grown in Dulbecco’s Mod-
ified Eagle’s Medium (DMEM; Lonza) containing 10%
fetal bovine serum (FBS; Lonza). For immunoprecipita-
tion (IP), HeLa and HEK293T cells were transiently trans-
fected with the indicated plasmids using either calcium-
phosphate or Lipofectamin 2000 (Invitrogen), as previously
described (3,25,30,36). For siRNA transfection, HeLa cells
were transfected with 100 nM in vitro-synthesized siRNA
(Invitrogen) using Oligofectamine (Invitrogen), as previ-
ously described (3,25,30,36). The following siRNAs were
used: Control siRNA (31), UPF1 siRNA (31), CTIF siRNA
(3), PNRC2 siRNA (25), SMG5 siRNA (24), SMG6 siRNA
(27,28), SMG7 siRNA (24), TUTase 1 siRNA (37) and TU-
Tase 3 siRNA (37).

When indicated, cells were treated with 5 mM hydrox-
yurea (HU; Sigma-Aldrich) for 20 min or 60 min before cell
harvest. When indicated, cells were treated with ATM/ATR
inhibitor (20 �M; Calbiochem), ATM inhibitor (1.3 �M;
Calbiochem), LY294002 (140 �M; Calbiochem) or caffeine
(15 mM; Sigma) for 2 h before cell harvest, or okadaic acid
(OA; 75 nM; Sigma-Aldrich) for 5 h before cell harvest.

Quantitative real-time PCR and RT-PCR using �-[32P]-
dATP

Quantitative real-time PCR (qRT-PCR) analyses using the
LightCycler system (Roche) were performed with single-
stranded complementary DNA and gene-specific oligonu-
cleotides with the LightCycler 480 SYBR Green I Mas-
ter Mix (Roche) as previously described (3,25,30). The RT-
PCR using �-[32P]-dATP was performed as previously de-
scribed (3,25,30). Oligonucleotides used for amplification of
HIST2H2AA mRNAs, HIST1H1C mRNAs, H3F3A mR-
NAs, Gl mRNAs, GPx1 mRNAs, MUP mRNAs, RLuc-
8bs mRNAs, RLuc-SL-8bs mRNAs, �-actin mRNAs and
GAPDH mRNAs were previously reported (3,18).

TUTase 1 mRNAs and TUTase 3 mRNAS were
amplified using two specific oligonucleotides: 5′-
TCGTGAGGTTCTCACACCAG-3′ (sense) and 5′-
GATGACCATCATTGTAAGGG-3′ (antisense) for TU-
Tase 1 mRNAs, and 5′-GATGCTTGCATCCCCAATAC-
3′ (sense) and 5′-TTGGTGATACAGCATGACTC-3′
(antisense) for TUTase 3 mRNAs.

For amplification of uridylated HIST2H2AA mRNAs
and uridylated HIST1H1C mRNAs, oligo d(A)18 were
used to synthesize cDNA. qRT-PCRs were performed us-
ing the same oligonucleotides used for amplification of
HIST2H2AA mRNAs and HIST1H1C mRNAs, respec-
tively.

IP and western blotting

Two days after plasmid transfection, cells were harvested
and centrifuged, suspended in 500 �l of NET-2 buffer [50
mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM phenyl-
methanesulfonylfluoride, 2 mM benzamidine, 0.05% NP-
40] containing 100 U of RNase inhibitor (Fermentas) and

sonicated using a Branson Sonifier 250. After centrifuga-
tion, the supernatant was subjected to IP as previously
described (3,25,30). Where indicated, the supernatant was
treated with 2 �g of RNase A (Sigma) before IP and in-
cubated for 15 min at 37◦C. When indicated, cells were
incubated with 1% of formaldehyde (Sigma-Aldrich) in
phosphate-buffered saline for 10 min before harvesting (38).

The following antibodies were used for western blotting:
FLAG and �-actin (Sigma-Aldrich), Myc (Calbiochem),
HA (Roche), CBP80 (4), eIF4E, eIF3a, and phospho-S/TQ
(Cell Signaling Technologies), eIF3b and eIF3c (Santa Cruz
Biotechnology), eIF4GI (a gift from S. K. Jang), CTIF (3),
SLBP (39), SLIP1 (40), UPF1 (a gift from L. E. Maquat),
PNRC2 and DCP1A (25), SMG5 (Abcam), SMG6 (a gift
from S. Ohno), SMG7 (Bethyl), GST (Amersham) and
6xHis (GE Healthcare).

Bimolecular fluorescence complementation assay

Bimolecular fluorescence complementation (BiFC) assay
using HeLa cells was performed as previously described
(18), except that HeLa cells were co-transfected with the
plasmids pBiFC-SLBP-VN and pBiFC-CTIF-VC and were
immediately treated with 5 mM HU in DMEM containing
10% FBS for 8 h. The cells were observed with a LSM510
META confocal microscope (Carl Zeiss). Venus enhanced
fluorescent protein (VFP) expression was measured using
excitation at 500 nm and emission at 535 nm (41).

Double thymidine block

For the synchronization and release of cell cycle, the dou-
ble thymidine block (DTB) method was performed as pre-
viously described (18).

Protein expression, purification and GST pull-down assay

GST-SLBP(1–127) was overexpressed in Escherichia coli
BL21(DE3) by the addition of 1 mM isopropylthio-�-
galactoside when the optical density (600 nm value) was 0.5.
The cells were incubated for additional 20 h at 18◦C. Total-
cell extracts were directly used for in vitro GST pull-down
experiments without further purification (18). Recombi-
nant His-CTIF(365–598) and His-UPF1(295–914) were pu-
rified as previously described (4).

RESULTS

CTIF–SLBP interaction is abolished upon the inhibition of
DNA replication or at the end of S phase

Previous reports showed that rapid degradation of histone
mRNAs requires translation promoted by SLBP (42–44)
and that SLBP is also important for rapid degradation of
histone mRNA upon the inhibition of DNA replication or
at the end of S phase during cell cycle (19,20). Recently,
our group identified CTIF as SLBP-interacting protein and
found that the CTIF–SLBP interaction is important for ef-
ficient histone mRNA translation (18). Furthermore, we
showed that rapid degradation of histone mRNA largely
takes place during CT but not ET (18). These previous ob-
servations led us to test the histone mRNP remodeling that
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Figure 5. PNRC2 and SMG5 associate with SLBP in a way that depends on UPF1 phosphorylation. (A) HEK293T cells were transiently transfected
with plasmids expressing FLAG-SLBP and Myc-PNRC2. Cells were either treated or not treated with 5 mM HU for 20 min before cell harvest. Total-cell
extracts were treated with RNase A and subjected to IP using �-FLAG-conjugated agarose beads. (B) HEK293T cells were transiently transfected with
either UPF1 siRNA or nonspecific control siRNA. Two days later, cells were retransfected with plasmids expressing FLAG-SLBP and Myc-PNRC2. Cells
were treated with HU for 20 min before cell harvest. Total-cell extracts were treated with RNase A and subjected to IP using �-FLAG-conjugated agarose
beads. The levels of co-immunopurified proteins were normalized to the levels of immunopurified FLAG-SLBP. The normalized levels obtained in the IP
of FLAG-SLBP in the presence of control siRNA were arbitrarily set to 1. Each panel of results is representative of at least two independently performed
transfections and IPs. (C) As performed in Figure 5B, except that HEK293T cells were transfected with plasmids expressing FLAG-SLBP and either
Myc-UPF1-WT or Myc-UPF1-HP. Each panel of results is representative of at least two independently performed transfections and IPs.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/42/14/9334/1278785 by H

anyang U
niv Lib user on 12 April 2022



9342 Nucleic Acids Research, 2014, Vol. 42, No. 14

Figure 6. Downregulation of PNRC2 or SMG5 increases the levels and half-lives of replication-dependent histone mRNAs without affecting oligouridy-
lation. (A and B) HeLa cells were transiently transfected with the indicated siRNA. Three days later, cells were treated with 5 mM HU for 1 h. Total-cell
proteins and RNAs were purified. (A) Western blotting demonstrating specific downregulation by siRNA transfection. (B) qRT-PCR of HIST2H2AA
mRNAs, HIST1H1C mRNAs and H3F3A mRNAs. The levels of replication-dependent histone mRNAs, HIST2H2AA mRNAs and HIST1H1C mR-
NAs were normalized to the levels of replication-independent histone mRNA, H3F3A mRNAs. The relative ratios of normalized levels obtained from
cells treated with HU to those obtained from cells untreated with HU in the presence of each siRNA were calculated. The relative ratio (fold-change)
obtained in the presence of control siRNA was arbitrarily set to 1. (C and D) Half-lives of HIST2H2AA mRNAs and HIST1H1C mRNAs. HeLa cells
were transiently transfected with the indicated siRNA. Three days later, cells were treated with 5 mM HU. Total-cell RNAs were purified at the indicated
time points after HU treatment. The levels of HIST2H2AA mRNAs (C) or HIST1H1C mRNAs (D) were normalized to the levels of H3F3A mRNA.
The normalized levels of HIST2H2AA mRNAs (C) or HIST1H1C mRNAs (D) were plotted as a function of time after HU treatment. The symbols and
bars in each panel represent the mean and standard deviation of at least three independently performed transfections and qRT-PCRs. (E and F) As in
Figure 6A and B, except that cells were treated with HU for 20 min. (E) Western blotting demonstrating specific downregulation by siRNA transfection.
(F) qRT-PCR of oligouridylated HIST2H2AA mRNAs and HIST1H1C mRNAs. The levels of oligouridylated HIST2H2AA mRNAs and HIST1H1C
mRNAs were normalized to the levels of H3F3A mRNAs. The ratios of normalized levels obtained from cells treated with HU to those obtained from
cells untreated with HU in the presence of each siRNA were calculated. The columns and bars in each panel represent the mean and standard deviation
of at least three independently performed transfections and qRT-PCRs. **P < 0.01, *P < 0.05 as determined by Student’s t-test.
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Figure 7. The proposed model for the histone mRNP remodeling occurring during switching from active CT and rapid mRNA degradation. The details
are described in the discussion section. AUG, translation initiation codon; STOP, translation termination codon; 20, CBP20; 80, CBP80; 40, 40S ribosome
subunit; 60, 60S ribosome subunit.

takes place during the transition from active translation to
rapid degradation.

The results of IPs revealed that the amount of endoge-
nous SLBP that co-immunopurified with endogenous CTIF
was reduced 5-fold following treatment with HU for 20 min
(Figure 1A), suggesting that the inhibition of DNA replica-
tion promotes the dissociation of CTIF and SLBP. Of note,
the association between CBP80 and CTIF was not affected,
which is reasonable because many cellular mRNAs are con-
sidered to use CTIF for CT (3). Consistent with previous re-
ports showing that CT preferentially uses CTIF rather than
eIF4GI/II (3,4,18), eIF4GI was not observed in the IP of
CTIF under our conditions.

The reciprocal IP using FLAG-SLBP showed that the
amounts of endogenous CTIF, eIF3a, eIF3b and eIF3c c
o-immunopurified with FLAG-SLBP were reduced by 5-,
3-, 5- and 3-fold, respectively, upon HU treatment (Fig-
ure 1B). There was no significant change in the association

between CBP80 and SLBP upon HU treatment, consistent
with the previous report showing the direct interaction be-
tween CBP80 and SLBP (45). Furthermore, an introduc-
tion of the W75A mutation in the translation-activating do-
main of SLBP caused the dissociation of CTIF and eIF3
components from SLBP-containing complex (Supplemen-
tary Figure S1). It is known that the corresponding mutant
fails to interact with CTIF (18) and loses the ability to en-
hance histone mRNA translation without affecting histone
pre-mRNA processing (40,42,46). Given that a CTIF di-
rectly interacts with eIF3 (4), these results suggest that the
presence of eIF3 in SLBP-containing complex is due to the
CTIF–SLBP interaction.

To more clearly demonstrate that the CTIF–SLBP inter-
action is disrupted upon HU treatment, we employed BiFC
approaches (41) using SLBP-fused N-terminal fragment
of yellow Venus enhanced fluorescent protein (SLBP-VN)
and CTIF-fused C-terminal fragment of yellow Venus en-
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hanced fluorescent protein (CTIF-VC). The results showed
the significant enrichment of fluorescent signals on the cyto-
plasmic side of the perinuclear region when cells expressed
both SLBP-VN and CTIF-VC (Figure 1C), indicating the
in vivo interaction between CTIF and SLBP. The fluores-
cent signals significantly disappeared upon HU treatment
(Figure 1C). We could not observe any significant fluores-
cent signals when SLBP(W75A)-VN was coexpressed with
CTIF-VC under the same conditions (18). All these results
suggest that the inhibition of DNA replication promotes the
release of CTIF from SLBP-containing complex.

It is known that SLIP1 forms heterodimer or a het-
erotetramer with SLBP (47) and is required for histone
mRNA translation (40,47). Therefore, we next investigated
SLBP-interacting protein 1 (SLIP1)-containing complex
using IP. The results showed that SLBP and CTIF, but
not eIF4E and eIF4GI, co-immunopurified with FLAG-
SLIP1 in an RNase A-resistant manner (Supplementary
Figure S2A), suggesting the association between CTIF and
SLIP1. In addition, whereas comparable amounts of co-
immunopurified SLBP were observed in the IP of FLAG-
SLIP1, less CTIF co-immunopurified with FLAG-SLIP1
upon treatment with HU (Supplementary Figure S2B), sug-
gesting that HU treatment promotes CTIF-SLIP1 dissoci-
ation without affecting SLIP1–SLBP interaction.

The release of CTIF from SLBP-containing complex
was further demonstrated during the cell cycle (Figure
1D). The cell cycles of HEK293T cells transiently ex-
pressing FLAG-CTIF were synchronized and released by
DTB. The extracts obtained from cells harvested at 3 h
(mid-S phase) and 8 h (late S phase) after the release
of DTB were subjected to IPs using �-FLAG-conjugated
agarose beads. The results showed that SLBP and SLIP1
efficiently co-immunopurified with FLAG-CTIF at mid-S
phase. On the other hand, ∼10-fold less SLBP and SLIP1
co-immunopurified with FLAG-CTIF at the late S phase.
Consistent with the results in Figure 1A, CBP80-CTIF as-
sociation was not significantly changed during cell cycle.
All results in Figure 1 suggest that CTIF is released from
the SLBP-containing histone mRNPs upon the inhibition
of DNA replication or at the end of S phase.

Artificial insertion of histone stem-loop structure into 3′UTR
renders mRNA more associated with CBC and CTIF, the lat-
ter of which is released from mRNP upon HU treatment

We next investigated histone mRNP remodeling using re-
porter mRNAs either containing or not containing histone
stem-loop structure. To this end, we employed bacterio-
phage MS2 coat protein (MS2) and maltose-binding pro-
tein (MBP) system (Figure 2A), by which MS2-binding sites
(MS2bs)-containing mRNP can be recovered on amylose
beads via the MS2-fused MBP because of the strong and
selective interaction between MS2 and MS2bs. We designed
two reporter constructs, RLuc-8bs and RLuc-SL-8bs, both
of which contained RLuc cDNA followed by eight tan-
dem repeats of MS2bs. The RLuc-SL-8bs contained a hi-
stone stem-loop structure (SL) lacking U7 snRNP-binding
site between RLuc cDNA and MS2bs. The resulting RLuc-
SL-8bs mRNA would end in poly(A) tail rather than the
stem-loop structure, because of the lack of the cleavage sig-

nal right after the stem-loop structure. Three effector con-
structs were also generated: MS2-HA, HA-MBP and MS2-
HA-MBP.

The MBP pull-down results showed that (i) HA-MBP
and MS2-HA-MBP, but not MS2-HA, were enriched in
the MBP pull-down (Figure 2B, top), (ii) RLuc-8bs mRNA
and RLuc-SL-8bs mRNA were enriched only in the pull-
down of MS2-HA-MBP (Figure 2B, bottom) and (iii) SLBP
was detected only when RLuc-SL-8bs mRNA was puri-
fied using MS2-HA-MBP (Figure 2B, top), demonstrating
specific pull-down of proteins and mRNAs. Next, the lev-
els of copurified endogenous proteins were analyzed us-
ing western blotting (Figure 2B, top). Endogenous CBP80,
CTIF, eIF3b, eIF4E and eIF4GI copurified with RLuc-8bs
mRNA. However, greater amounts of CBP80 and CTIF
and less amounts of eIF4E and eIF4GI copurified with
RLuc-SL-8bs mRNA, relative to RLuc-8bs mRNA. In ad-
dition, comparable levels of copurified eIF3b were observed
when RLuc-8bs mRNA and RLuc-SL-8bs mRNA were pu-
rified using MS2-HA-MBP. Considering that CBC-bound
mRNP is a precursor form of eIF4E-bound mRNP (2),
all these data indicate that SLBP binding to the reporter
mRNA stabilizes the association of CBP80 and CTIF with
mRNA, inhibiting efficient replacement of CBC by eIF4E.

Using the same system, we further tested the effect of
HU treatment on histone mRNP remodeling. The results
of pull-down experiments using the MS2/MBP system
showed that less amounts of CTIF and eIF3b copurified
with RLuc-SL-8bs mRNA upon HU treatment (Figure
2C). To the contrary, the associations of CBP80 and SLBP
with RLuc-SL-8bs mRNA were not significantly affected,
supporting our conclusion that CTIF is released from the
SLBP-containing histone mRNPs upon the inhibition of
DNA replication.

ATR and DNA-PK activated by the inhibition of DNA repli-
cation promote the release of CTIF from SLBP complex

In this study, we observed that CTIF is released from SLBP-
containing complex upon HU treatment (Figures 1 and 2).
And it is known that that histone mRNA degradation in-
duced by HU treatment is blocked by treatment with PIKK
inhibitors (48,49). Therefore, it is plausible the dissociation
of CTIF and SLBP upon HU treatment involves PIKK sig-
naling.

The above possibility was demonstrated by several ex-
periments. Treatment of HeLa cells with OA, a potent in-
hibitor of protein phosphatase 2A (50), inhibited the as-
sociation of CTIF with SLBP and SLIP1 by 3-fold (Fig-
ure 3A), indicating that a protein phosphorylation is in-
volved in the dissociation of CTIF from SLBP and SLIP1.
The dissociation between CTIF and SLBP upon HU treat-
ment was selectively blocked in the presence of caffeine,
ATM/ATR inhibitor, and LY294002, but not ATM in-
hibitor (Figure 3B). Caffeine and LY294002 are a gen-
eral inhibitor for PIKKs (51) and a selective inhibitor for
DNA-PK (52), respectively. Consistent with the change of
CTIF–SLBP interaction upon treatment of inhibitors, the
treatment of cells with caffeine, ATM/ATR inhibitor and
LY294002, but not ATM inhibitor, reversed the abundance
and the half-life of replication-dependent histone mRNAs,

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/42/14/9334/1278785 by H

anyang U
niv Lib user on 12 April 2022



Nucleic Acids Research, 2014, Vol. 42, No. 14 9345

HIST2H2AA mRNA and HIST1H1C mRNA decreased
by HU treatment (Supplementary Figure S3), relative to
a replication-independent histone mRNA, H3F3A mRNA
(53,54). All these observations suggest that activated DNA-
PK and/or ATR promotes the dissociation of CTIF and
SLBP and consequently triggers rapid degradation of his-
tone mRNAs upon HU treatment.

UPF1 is phosphorylated and associates with SLBP more
strongly upon the inhibition of DNA replication

Previous reports showed that SLBP more strongly interacts
with UPF1 in HU-treated cells and that DNA-PK and ATR
trigger UPF1 phosphorylation and rapid histone mRNA
degradation (48,49). In this study, we found that DNA-
PK and/or ATR promote dissociation of CTIF and SLBP
(Figure 3) and rapid histone mRNA degradation (Supple-
mentary Figure S3). Therefore, it is plausible that UPF1
phosphorylation by DNA-PK and ATR activated upon HU
treatment affects CTIF–SLBP interaction. To test this pos-
sibility, we performed a series of IPs followed by western
blotting using �-phospho-S/TQ antibody, which recognizes
the specific residues (SQ and TQ) of PIKK substrates (55).
In addition, the immunoprecipitated complex was either
untreated or treated with alkaline phosphatase (AP), which
removes all phosphate groups, and then analyzed by west-
ern blotting.

In the case of IP with FLAG-SLBP (Supplementary
Figure S4A), �-phospho-S/TQ antibody did not react
with immunopurified FLAG-SLBP, consistent with a pre-
vious report (49), indicating that SLBP is not a target
for DNA-PK and ATR. Western blotting results of co-
immunoprecipitates revealed that CT components includ-
ing CBP80, CTIF and eIF3b (which is a common compo-
nent of both CT and ET), but not ET components includ-
ing eIF4E and eIF4GI, efficiently associated with SLBP,
consistent with a previous report (18). Intriguingly, CTIF
and eIF3b were dissociated from SLBP-containing complex
upon HU or HU/AP treatment, consistent with results in
Figure 1B. Since CTIF directly interacts with eIF3 (4), it
is likely that the eIF3 complex is released along with CTIF
from the SLBP complex upon HU treatment. On the other
hand, CBP80-SLBP interaction was marginally affected
upon HU or HU/AP treatment, due to direct interaction
between CBP80 and SLBP (45), as observed in Figure 1A
and B. Furthermore, UPF1 was enriched in IP of FLAG-
SLBP upon HU treatment but not HU/AP treatment, sug-
gesting that UPF1 associates with SLBP more strongly
upon HU treatment in a phosphorylation-dependent man-
ner.

Next, the IP results with FLAG-CTIF (Supplementary
Figure S4B) revealed that, although CTIF was phospho-
rylated by PIKK under normal conditions, its phospho-
rylation was not affected by HU treatment, indicating
that CTIF is not a target for DNA-PK and ATR. West-
ern blotting results of co-immunoprecipitates showed that
both SLBP and SLIP1 were dissociated from FLAG-CTIF-
containing complex upon HU or HU/AP treatment. In ad-
dition, consistent with the results in Figure 1A, comparable
amount of CBP80 was detected in the IP of FLAG-CTIF
in a way that is independent of HU treatment, which is rea-

sonable because CTIF is considered to be involved in CT
of most cellular mRNAs (3). As expected, ET components,
eIF4E and eIF4GI were not detected in IP of FLAG-CTIF.
Of note, the AP-treated FLAG-CTIF exhibited a slightly
faster migration and failed to interact with CBP80, impli-
cating the possible role of DNA-PK- and ATR-independent
CTIF phosphorylation in its association with CBP80.

The results of the IP with FLAG-UPF1 showed that �-
phospho-S/TQ antibody strongly reacted with immunop-
urified FLAG-UPF1 when the cells were treated with HU
(Figure 3C), which supports the previous report (49) show-
ing that UPF1 is a target for DNA-PK and ATR. In addi-
tion, more SLBP was enriched in the IP of FLAG-UPF1
upon HU treatment, but not HU/AP treatment (Figure
3C). These observations suggest that UPF1 is phosphory-
lated by DNA-PK and ATR activated upon HU treatment,
and that the phosphorylated form of UPF1 more strongly
associates with SLBP.

To further confirm the effect of UPF1 phosphoryla-
tion on UPF1–SLBP interaction, IP was carried out us-
ing a wild-type (WT) UPF1 and a hyperphosphorylated
form of UPF1, UPF1-HP, in which two glycine residues at
amino acids 495 and 497 are mutated to arginine and glu-
tamate, respectively (6). Although comparable amounts of
FLAG-UPF1-WT and FLAG-UPF1-HP were immunopu-
rified, FLAG-UPF1-HP was ∼6-fold more phosphorylated
than FLAG-UPF1-WT (Figure 3D, top). Notably, endoge-
nous SLBP co-immunopurified by 4- to 6-fold more with
FLAG-UPF1-HP than with FLAG-UPF1-WT in a RNase
A-resistant manner, indicating that SLBP interacts more
strongly with hyperphosphorylated UPF1 than hypophos-
phorylated UPF1. Complete removal of cellular RNAs by
RNase A treatment was confirmed by reverse transcription-
PCR (RT-PCR) using �-[32P]-dATP (Figure 3D, bottom).

Hyperphosphorylated UPF1 competes with CTIF for binding
to SLBP

Considering that (i) CTIF dissociates from SLBP upon the
inhibition of DNA replication or at the end of S phase (Fig-
ures 1 and 2) and (ii) histone mRNA degradation requires
an interaction between SLBP and UPF1 (48), (iii) hyper-
phosphorylated UPF1 associates more strongly with SLBP
upon HU treatment (Figure 3C and D), it is conceivable
that UPF1 competes with CTIF for binding SLBP. This
possibility was demonstrated by three approaches: IPs using
the extracts of cells depleted of CTIF or UPF1 (Figure 4A),
IPs of SLBP in the presence of overexpressed UPF1-WT or
-HP (Figure 4B), and in vitro GST pull-down experiments
using purified recombinant proteins (Figure 4C).

First, downregulation of CTIF using small interfering
RNA (siRNA) increased the association of FLAG-SLBP
and UPF1 by 3-fold (Figure 4A). In addition, downregula-
tion of UPF1 increased the association of FLAG-SLBP and
CTIF by 5.3-fold, indicating competition between CTIF
and UPF1 for binding to SLBP.

Second, the association between FLAG-SLBP and en-
dogenous CTIF was gradually inhibited when Myc-UPF1-
WT or Myc-UPF1-HP was gradually overexpressed (Figure
4B). Importantly, overexpression of Myc-UPF1-HP more
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strongly inhibited the CTIF–SLBP interaction, compared
to overexpression of Myc-UPF1-WT.

Third, to perform in vitro GST pull-down analysis, three
recombinant proteins were purified: (i) GST-tagged N-
terminal half of SLBP, SLBP(1–127), which contains a
translation-activation domain (40,42,46) and are sufficient
for binding to CTIF (18) and UPF1 (Supplementary Fig-
ure S5), (ii) 6xHis-tagged N-terminally deleted form of
CTIF, His-CTIF(365–598), which contains a minimal re-
gion for binding SLBP (18) and (iii) 6xHis-tagged UPF1
lacking the N-terminus and C-terminus, His-UPF1(295–
914) (25). We failed to obtain recombinant His-tagged full-
length UPF1, because recombinant full-length UPF1 was
very unstable under our conditions. The results of in vitro
GST pull-down analysis showed that GST-SLBP(1–127) di-
rectly interacted with purified recombinant His-UPF1(295–
914) (Figure 4C), suggesting that UPF1(295–914) is suffi-
cient for binding SLBP and the remaining region of UPF1
may be involved in regulation of this interaction. Intrigu-
ingly, the interaction between GST-SLBP(1–127) and His-
UPF1(295–914) was inhibited by adding increasing amount
of recombinant His-CTIF (365–598).

Taken together with the results in Figure 3, our obser-
vations suggest that, when DNA replication is inhibited,
DNA-PK and ATR are activated and triggers UPF1 hy-
perphosphorylation. The hyperphosphorylated UPF1 asso-
ciates with SLBP more strongly and promotes the release
of CTIF from SLBP-containing histone mRNPs, leading
to translational inhibition and rapid degradation of histone
mRNAs.

PNRC2 and SMG5 are complexed with SLBP in a UPF1
phosphorylation-dependent manner

It is previously known that histone mRNA degradation
involves 5′-to-3′ and 3′-to-5′ exoribonucleolytic pathways
(37). In particular, oligouridylation of the 3′-end of histone
mRNA by terminal uridylyl transferases (TUTases) is criti-
cal for the loading of the Lsm1–7 complex (37,56), which
recruits a decapping complex composed of DCP1A and
DCP2 (57). Given that (i) hyperphosphorylated UPF1 more
strongly interacts with SLBP (Figures 3D and 4), (ii) UPF1–
SLBP interaction is important for histone mRNA degra-
dation (48,49) and (iii) hyperphosphorylated UPF1 recruits
PNRC2, SMG5, SMG6 and SMG7 for efficient NMD as
has been reviewed (13–17), therefore we hypothesized that
hyperphosphorylated UPF1 may recruit PNRC2, SMG5,
SMG6 or SMG7 for histone mRNA degradation in a way
that is either coupled or not to TUTases recruitment.

To test the above possibility, we first investigated the pos-
sible association between SLBP and UPF1-interacting fac-
tors (PNRC2 and SMG5–7) using IPs. The results showed
that PNRC2 and SMG5, but not SMG6 and SMG7, were
preferentially enriched in the IP of SLBP in a RNase A-
resistant and HU-dependent manner (Figure 5A), indicat-
ing that SLBP is preferentially complexed with PNRC2
and SMG5. Consistent with the direct interaction between
PNRC2 and DCP1A (25), Myc-PNRC2 and endogenous
DCP1A were observed in IP of SLBP, supporting a 5′-to-
3′ degradation of histone mRNAs (48,58).

Our observation that SLBP associates with PNRC2 and
SMG5 (Figure 5A) led us to test whether UPF1 functions
to bridge SLBP and PNRC2/SMG5 complex in histone
mRNA degradation. This was evident by downregulation-
coupled IPs. The results showed that specific downregula-
tion of UPF1 using siRNA drastically inhibited association
of SLBP with Myc-PNRC2, SMG5 and DCP1A (Figure
5B). These data indicate that UPF1 functions as an adaptor
to link SLBP and PNRC2/SMG5.

We next asked if the recruitment of PNRC2, SMG5
and DCP1A to SLBP-containing complex is depen-
dent on UPF1 phosphorylation. To this end, cells were
overexpressed with either UPF1-WT or UPF1-HP. And
then the change in the composition of SLBP-containing
complex was assessed by IPs. The results showed that
greater amounts of PNRC2, SMG5 and DCP1A co-
immunopurified with FLAG-SLBP when cells were overex-
pressed with UPF1-HP, compared with UPF1-WT (Figure
5C). These data suggest that UPF1 phosphorylation pro-
motes the recruitment of PNRC2, SMG5 and DCP1A to
SLBP-containing histone mRNP.

PNRC2 and SMG5 are functionally involved in replication-
dependent histone mRNA degradation

The results in Figure 5 suggested that the recruitment of
PNRC2/SMG5 to histone mRNP via UPF1 triggers his-
tone mRNA degradation. To clearly demonstrate this pos-
sibility, HeLa cells were depleted of PNRC2, SMG5, SMG6
or SMG7 and the level of histone mRNAs was measured
by qRT-PCR. As a positive control, CTIF was downregu-
lated, since CTIF downregulation inhibits efficient CT and
consequently blocks rapid degradation of histone mRNAs
(18). The specific downregulations by siRNAs were con-
firmed by western blotting (Figure 6A). The qRT-PCR re-
sults showed that downregulation of CTIF, PNRC2 and
SMG5, but not SMG6 and SMG7, significantly increased
the abundance (Figure 6B) and half-lives (Figure 6C and D)
of HIST2H2AA mRNA and HIST1H1C mRNA, indicat-
ing that PNRC2 and SMG5 are involved in histone mRNA
degradation when DNA replication is inhibited.

It is previously shown that the decapping of histone
mRNA is mediated by oligouridylation of the 3′-end of his-
tone mRNA, loading of the Lsm1–7 complex onto oligouri-
dine, and recruitment of the decapping complex (48). In
addition, our results suggested the existence of an addi-
tional pathway for 5′-to-3′ degradation of histone mRNAs.
Therefore, we next investigated the possible crosstalk be-
tween the oligouridylation-mediated 5′-to-3′ degradation
and the PNRC2/SMG5-mediated 5′-to-3′ degradation of
histone mRNAs. To this end, we compared the level of
oligouridylated histone mRNAs upon PNRC2 or SMG5
downregulation. Western blotting demonstrated the spe-
cific downregulation by siRNAs (Figure 6E). qRT-PCR
results showed that, consistent with our previous report
(18), downregulation of CTIF completely blocked the HU
treatment-induced oligouridylation of HIST2H2AA mR-
NAs and HIST1H1C mRNAs (Figure 6F). This is reason-
able because CTIF is necessary for histone mRNA trans-
lation, which precedes histone mRNA degradation. To the
contrary, downregulation of PNRC2 or SMG5 did not sig-
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nificantly affect the level of oligouridylated histone mRNAs
(Figure 6F), suggesting that PNRC2/SMG5-mediated 5′-
to-3′ degradation of histone mRNAs occurs independently
of the oligouridylation of the 3′-end of histone mRNA. In
support of this conclusion, double downregulation of TU-
Tase 1 and 3, which are involved in oligouridylation of hi-
stone mRNA (37), had no significant effect on the compo-
sition of SLBP-containing complex (Supplementary Figure
S6).

DISCUSSION

In this study, we investigate the remodeling of replication-
dependent histone mRNP occurring during the switch from
an actively translating mode to an mRNA degrading mode
(Figure 7). A majority of histone mRNAs are actively trans-
lated in the cytoplasm with CBC bound to the 5′-end (18)
and with SLBP bound to the 3′-end of histone mRNAs
(19,20). Both CBC (3) and SLBP (18) have a common abil-
ity to recruit CTIF, possibly inducing a circularization of
histone mRNPs. In support of this possibility, direct inter-
action between CBP80 and SLBP has been also reported
(45). With the help of these multiple cross-interactions, the
circularized histone mRNP would be stabilized. It is un-
known which protein, CBP80 and/or SLBP, is primarily
involved in the recruitment of CTIF. Nonetheless, the re-
cruited CTIF can direct the efficient CT of histone mRNAs
(18), since (i) CTIF directly interacts with eIF3 complex via
eIF3g (3,4) and (ii) tethered CTIF promotes translation of
a downstream open reading frame (4).

When the cells encounter DNA replication stress, histone
mRNPs undergo drastic remolding, which is favorable to
mRNA degradation. Either ATR or DNA-PK or both are
activated, leading to hyperphosphorylation of UPF1 (Fig-
ure 3). UPF1 hyperphosphorylated by ATR or DNA-PK
associates with SLBP more strongly than does CTIF (Fig-
ures 3D and 4), resulting in the release of CTIF and CTIF-
associating eIF3 from SLBP-containing complex (Figures
1B and 5; Supplementary Figure S4). As a result, the CT of
histone mRNA would be inhibited and the hyperphospho-
rylated UPF1 may recruit either TUTases by an unknown
mechanism (37) and/or PNRC2/SMG5 (in this study) via a
direct interaction between UPF1 and PNRC2 (25). The re-
cruited TUTases triggers the oligouridylation of the 3′-end
of histone mRNAs and then the Lsm1–7 complex is loaded
onto the oligouridylated sequences (48). Eventually, the
Lsm1–7 recruits decapping complex (57). As an alternative
pathway, the recruited PNRC2/SMG5 may directly interact
with decapping complex (25) without affecting oligouridy-
lation (Figure 6). The decapping complex joined through
two independent routes would cleave cap structure trigger-
ing 5′-to-3′ degradation of histone mRNAs (Figure 7). His-
tone mRNAs could be also degraded in a 3′-to-5′ direction
by exosome (48,56).

In summary, we demonstrate that the remodeling of hi-
stone mRNPs from CTIF-containing SLBP complex to
UPF1-containing SLBP complex is critical for the switch
from efficient CT to rapid histone mRNA degradation.
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