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ABSTRACT

Tob2, an anti-proliferative protein, promotes deadenylation through recruiting Caf1 deadenylase to themRNApoly(A) tail
by simultaneously interactingwithbothCaf1 andpoly(A)-bindingprotein (PABP). Previously,we found that changes in Tob2
phosphorylation can alter its PABP-binding ability and deadenylation-promoting function. However, it remained unknown
regarding the relevant kinase(s).Moreover, it was unclearwhether Tob2phosphorylationmodulates the transcriptome and
whether thephosphorylation is linked toTob2’s anti-proliferative function. In this study,we found that c-Junamino-terminal
kinase (JNK) increases phosphorylation of Tob2 at many Ser/Thr sites in the intrinsically disordered region (IDR) that con-
tains two separate PABP-interacting PAM2 motifs. JNK-induced phosphorylation or phosphomimetic mutations at these
sitesweaken theTob2–PABP interaction. In contrast, JNK-independentphosphorylationof Tob2at serine254 (S254)great-
ly enhances Tob2 interactionwith PABPand its ability to promotedeadenylation.Wediscovered thatboth PAM2motifs are
required for Tob2 to display these features. Combiningmass spectrometry analysis, poly(A) size-distribution profiling, tran-
scriptome-widemRNAturnover analyses, and cell proliferation assays,we found that thephosphomimeticmutationatS254
(S254D) enhances Tob2’s association with PABP, leading to accelerated deadenylation and decay of mRNAs globally.
Moreover, the Tob2–S254Dmutant accelerates the decay of many transcripts coding for cell cycle related proteins and en-
hances anti-proliferation function. Our findings reveal a novel mechanism by which Ccr4–Not complex is recruited by Tob2
to themRNA3′′′′′ poly(A)-PABP complex in a phosphorylation dependentmanner to promote rapid deadenylation anddecay
across the transcriptome, eliciting transcriptome reprogramming and suppressed cell proliferation.
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phosphorylation

INTRODUCTION

The degradation of cytoplasmic mRNA transcripts plays an
essential role inmodulation of gene expression and quality
control of mRNA biogenesis (Garneau et al. 2007; Shyu
et al. 2008; Reznik and Lykke-Andersen 2010). Deadenyla-
tion, the shortening of mRNA 3′ poly(A) tail, is an initiating
and rate-limiting step of mRNA degradation (Cao and Par-
ker 2001; Chen and Shyu 2011). Deadenylation itself be-
gins by recruitment of the Pan2–Pan3 and the Ccr4–Not
deadenylase complexes to the targeted mRNA (Shyu
et al. 2008; Chen and Shyu 2011; Du et al. 2016). Much
has been learned about the important role of deadenyla-
tion in reprogramming the maternal transcriptome during
oocyte maturation and early embryogenesis (e.g., see
Weill et al. 2012; Lim et al. 2016; Mishima and Tomari

2016; Morgan et al. 2017). However, the transcriptomes
of mammalian somatic cells also undergo reprogramming
and it is unclear what role deadenylation may play in this
context.
Recent studies have shed light on this important issue.

For example, histone acetyltransferases p300 and CBP
were shown to mediate acetylation of Caf1a (CNOT7)
deadenylase, leading to accelerated mRNA degradation
at the transcriptome level during adipocyte differentiation
(Sharma et al. 2016). Additionally, we found that cell prolif-
eration can be regulated by altering expression of two iso-
forms of Pan3, which profoundly impacts deadenylation
and mRNA turnover across the transcriptome (Chen et al.
2017). Earlier, we showed that the interaction of Tob pro-
teins with PABP that promotes deadenylation is linked to
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Tob’s anti-proliferative function (Ezzeddine et al. 2012;
Huang et al. 2013). This raised an important question as
to whether Tob proteins exert their anti-proliferative func-
tion by reprogramming the transcriptome via promoting
global mRNA deadenylation and decay.

The human Tob proteins (Tob1 and Tob2) are encoded
by paralogous genes belonging to the mammalian BTG/
Tob family of anti-proliferative factors that regulate cell
growth in a variety of cell types (Mauxion et al. 2009; Win-
kler 2010). The Tob proteins have a highly conserved ami-
no-terminal domain, the BTG domain, which interacts
strongly with Caf1 deadenylase (Miyasaka et al. 2008;
Mauxion et al. 2009; Winkler 2010), a catalytic subunit of
the large Ccr4–Not complex (Collart 2016). Tob proteins
are unique among the BTG family members in that they
can bind PABP (Okochi et al. 2005) via two separate
PABP-interacting motifs (PAM2 motifs) present in a long
carboxy-terminal domain with an extensive intrinsically dis-
ordered region (IDR) (Albrecht and Lengauer 2004; Huang
et al. 2013). The eukaryotic translation termination factor 3
(eRF3) contains two overlapping PAM2 motifs that bind
PABP in a mutually exclusive manner (Hoshino 2012;
Osawa et al. 2012), and all other known PAM2-containing
proteins haveonlyonePAM2motif (Albrecht and Lengauer
2004; Kozlov et al. 2010). It’s unclear as to whether both
PAM2 motifs are required for Tob proteins to interact
with PABP.

The anti-proliferative function of BTG/Tob proteins
is closely linked to their ability to enhance deadenylation
and requires functional Caf1 deadenylases (Mauxion
et al. 2008; Doidge et al. 2012; Ezzeddine et al. 2012).
The simultaneous interaction of Tob proteins with PABP
and Caf1 accelerate deadenylation without significantly
changing the overall decay rate of the deadenylated
RNA body (Ezzeddine et al. 2007, 2012). Mutating the
two PAM2motifs or introducing multiple phosphomimetic
mutations to the carboxy-terminal IDR of Tob2 weakens its
interaction with PABP and also compromises both its abil-
ity to promote transcript deadenylation and its anti-prolif-
erative function (Ezzeddine et al. 2012; Huang et al. 2013).
Collectively, these findings suggest that the anti-prolifera-
tive function of Tob proteins is controlled by one or more
signaling pathways that change the proteins’ phosphoryla-
tion state, altering their interactions with PABP and thus
their ability to promote deadenylation.

In this study, we conducted kinase screening and phos-
phosite mapping to identify the sites of phosphorylation in
Tob2 and the kinases involved; used mass-spectrometry
analysis to reveal potential recruitment of Ccr4–Not com-
plex by Tob2; and used transcriptome-based approaches
to assess the impact of Tob2 and S254D phosphomimetic
mutant on global mRNA deadenylation and decay. The re-
sults support the notion that Tob2 promotes global mRNA
turnover in a signaling-dependent manner, which repre-
sents a mode of cytoplasmic mRNA clearance that helps

to reprogram the transcriptome during mammalian
somatic cell growth and differentiation.

RESULTS

JNK-induced Tob2 phosphorylation down-regulates
Tob2–PABP interaction.

Previously, we found that calyculin A, a potent phospha-
tase inhibitor (Suganuma et al. 1990), increases the
phosphorylation level of Tob2 and reduces Tob2’s PABP-
binding ability (Huang et al. 2013). To gain further insights
into mechanistic connections between Tob2’s phosphory-
lation level and its functions, we set out to identify kinase(s)
involved in the reduction of Tob2’s PABP-binding ability.
We reasoned that treating Tob2-expressing cells with an
inhibitor selective for a relevant kinase prior to calyculin
A “trapping” would decrease the calyculin A-induced
phosphorylation of Tob2. Combining this approach with
western blot analysis, we tested 10 different kinase inhibi-
tors and found that c-Jun amino-terminal kinase (JNK)
inhibitor diminishes the calyculin A-induced phosphoryla-
tion of Tob2 (Supplemental Fig. S1A). The results suggest
an involvement of the JNK pathway in increasing the Tob2
phosphorylation and decreasing Tob2–PABP interaction.

We then tested if expression of a constitutively active
JNK1 (CA-JNK1) would increase the Tob2 phosphoryla-
tion level and reduce the Tob2–PABP interaction. We per-
formed a coimmunoprecipitation (co-IP) western blot
analysis to compare Tob-PABP interactions in the cells
with or without CA-JNK1 expression. To help evaluate
the change in Tob2–PABP interaction, we developed a
Relative PABP-binding Index (RPBI) with the RPBI value
for the interaction betweenWT Tob2 and PABP in the con-
trol condition set as 1 (Supplemental Fig. S1B). To assess
the linearity of response of the western blot detection,
we did a diagnostic co-IP western blot analysis using in-
creasing amounts (1/4× to 4×) of lysates prepared from hu-
man 293T cells transfected with plasmid DNA encoding
wild type (WT) Tob2–V5 along with or without the plasmid
DNA encoding CA-JNK1 mutant (Supplemental Fig. S1C;
Lei et al. 2002). The results showed that expression of CA-
JNK1 induced the production of hyper-phosphorylated
Tob2 proteins, leading to a pattern with multiple bands.
In contrast, the migration or banding pattern of PABP or
Caf1 was not changed. Moreover, the expression of CA-
JNK1 diminishes Tob2’s interaction with PABP by ∼2.5-
fold under all five co-IP reactions tested, with an average
of RPBI values of 0.40±0.03. The small standard deviation
indicates that our co-IP protocol properly captured the as-
sociation of PABP with Tob2 in a way proportional to the
amount of Tob2 proteins present in the lysates prepared
from cells with or without JNK activation and that the line-
arity of response of the western blot detection covers up to
an order of magnitude (1/4× to 4×) of Tob2 protein level.
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We then test whether expression
of CA-JNK1 also increases the Tob2
phosphorylation level and reduces
the Tob2–PABP interaction in human
U2OS cells. Western blot analysis
shows that in cells expressing of CA-
JNK1, an increased phosphorylation
level of Tob2was observed, accompa-
nied by a decreased amount of PABP
pulled down by Tob2 (Fig. 1A, RPBI
= 0.30±0.05). In contrast, changes in
Tob2phosphorylation level caused lit-
tle change in the ability of Tob2 to
pull down Caf1 (Fig. 1A). Similar re-
sults were also observed using mouse
NIH3T3 cells (Supplemental Fig. S2A).
In addition, expression of a JNK1dom-
inant-negative mutant (JNK1-DN) to
block potential background activity
of JNK has little effect on Tob2’s inter-
action with PABP (Supplemental Fig.
S2B). Together, these results indicate
that JNK-induced phosphorylation of
Tob2 diminishes the protein’s PABP-
binding ability.
To further substantiate the above

findings, we tested the effect of a
JNK activator, anisomycin (Iordanov
et al. 1997), on the phosphorylation
and PABP-binding ability of Tob2
(Fig. 1B). Western blot analysis readily
detected phospho-JNKs (p-JNKs) in
U2OS cells treated with anisomycin
(Fig. 1B), confirming activation of
JNKs. The co-IP western blotting
results show an increase in Tob2
phosphorylation in anisomycin-treat-
ed cells. Concomitantly, the ability of
Tob2 to pull down PABP was sig-
nificantly decreased in anisomycin-
treated cells with a RPBI of 0.70±0.09
(P<0.002), while Tob2 pull down of
Caf1 was not altered (Fig. 1B). Collec-
tively, we conclude that JNK-mediated
phosphorylation impairs the interac-
tion between Tob2 and PABP.

JNK-independent
phosphorylation of S254 in the
second PAM2 motif of Tob2
increases Tob2 interaction with
PABP

We used mass spectrometry (mass
spec)-based phosphosite-mapping

B

A

C

FIGURE 1. JNK activation weakens Tob2–PABP interaction through phosphorylating multiple
serine and threonine residues in the intrinsically disordered region (IDR) of Tob2. (A) Co-IP
western blot analysis showing that expression of constitutively active JNK1 (CA-JNK1) in
U2OS cells increased phosphorylation of Tob2–V5 and diminished its interaction with PABP.
In contrast, Tob2 interaction with Caf1 deadenylase was not affected by CA-JNK1 expression.
Transfection with empty vector and western blot probed for actin served as negative controls.
Bar graph shows the relative changes of Tob2–PABP interactions in the presence of CA-JNK1
expression using the calculated relative PABP-binding index (RPBI) values as described in
Supplemental Figure S1B. The RPBI for Tob2–PABP interaction in the absence of CA-JNK1
was set as 1. All data represent the normalized mean±SD (n=4). (B) Co-IP western blot anal-
ysis showing that anisomycin, a JNK agonist, increased Tob2–V5 phosphorylation and weak-
ened its interaction with PABP. JNK activation was verified by detection of p-JNK by the
phospho-SAPK/JNK (Thr183/Tyr185) antibody. Actin served as a negative control. Bar graph
shows the RPBI values for Tob2–PABP interactions in the cells with or without anisomycin treat-
ment. The RPBI for Tob2–PABP interaction in the cells without anisomycin treatment was set as
1. All data represent the normalizedmean±SD (n=3). P values were obtained from t-test. Cell
extracts for IP experiments were prepared from U2OS cells transiently transfected with plas-
mids encoding the indicated proteins. (C ) Schematic diagram of the Tob2 domain structure
and phosphorylation sites. Tob2–V5 immunoprecipitates were prepared fromU2OS cells with-
out (Ctrl) or with CA-JNK1 expression for mass-spectrometry mapping of phosphorylated sites
in Tob2 (Supplemental Table S1).
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using U2OS cells expressing Tob2–V5 in the presence of
CA-JNK1 or an empty vector (control) to identify Tob2
residues whose phosphorylation affects the protein’s
PABP-binding activity (Fig. 1C). Consistent with our previ-
ous observations (Huang et al. 2013), most phosphoryla-
tion of Tob2 occurs in the intrinsically disordered region
(IDR) that harbors the two PABP-interacting PAM2 motifs
(Fig. 1C; Supplemental Table S1). As expected, more
phosphorylated residues were detected in cells expressing
CA-JNK1 than in control cells (Fig. 1C). Twelve Ser (S)/Thr
(T) residues were found to be phosphorylated in cells ex-
pressing CA-JNK1. Four of these phosphorylated residues
were also found in control cells (Fig. 1C, black); the remain-
ing eight residues were phosphorylated only in CA-JNK1
cells (Fig. 1C, red).

We then introduced one or two phosphomimetic muta-
tions [Ser (S)/Thr (T)→Asp (D)/Glu (E)] at a time in the twelve
sites and assessed the effects on Tob2’s PABP-binding ac-
tivity by co-IPwestern blot experiments (Supplemental Fig.
S3). The results revealed that phosphomimetic mutation of
S254, located at the fourth position in the second PAM2
motif of human Tob2 (Supplemental Fig. S4), was unique
in that it greatly increased thepull downof PABP compared
toWTTob2 (Fig. 2A; Supplemental Fig. S3). All other phos-
phomimetic mutations tested either modestly reduced the
Tob2–PABP interactionor hadnoeffect (Supplemental Fig.
S3). These observations (Figs. 1C, 2A; Supplemental Fig.
S3) reveal an unexpected, JNK-independent phosphoryla-
tion at S254 that increases Tob2–PABP interaction, an ef-
fect opposing that caused by JNK-induced hyper-
phosphorylation.

When all of the phosphorylation sites detected in the
presence of CA-JNK1 except S254 were simultaneously
converted to Asp or Glu residues, the resulting mutant
(Tob2–PM11) pulled down much less PABP than did WT
Tob2 (Fig. 2B), confirming again the negative effect of
JNK-induced phosphorylation on Tob2–PABP interaction
(Fig. 1A,B). Thus, there are at least two distinct mecha-
nisms for regulating the interaction between Tob2 and
PABP through selective phosphorylation. JNK-dependent
phosphorylation of several Ser/Thr residues in the IDR of
Tob2 decreases its PABP-binding (Fig. 1), whereas the
JNK-independent phosphorylation of Tob2 at S254 in-
creases its PABP-binding activity (Fig. 2A).

In light of the finding that S254D increases Tob2’s PABP-
binding activity (Fig. 2A), we analyzed the sequences of
other human PAM2-containing proteins. Among the hu-
man PAM2-containing proteins identified thus far, Tob1
and Tob2 are the only ones that carry two separate
PAM2 motifs (Albrecht and Lengauer 2004; Huang et al.
2013; Xie et al. 2014). A sequence alignment
(Supplemental Fig. S4) shows that only the second PAM2
motif of Tob1 and the sole PAM2 motif of PAIP1 also
have a serine residue at the fourth position of the PAM2
motif (Ser268 of Tob1 and Ser129 of PAIP1). To test wheth-

er phosphorylation of these serine residues affects the
interaction of Tob1 or PAIP1 with PABP, we created the
phosphomimetic mutants Tob1–S268D and PAIP1–
S129D for co-IP western blot analysis. The results show
that like Tob2–S254D mutant, Tob1–S268D mutant also
pulled down significantly more PABP than WT Tob1 (Fig.
2C). In contrast, PAIP1–S129D had no significant effect
on PAIP–PABP interaction (Fig. 2D). These results reveal
a novel, regulatory action on PABP-binding by phosphory-
lation of the serine residue at the fourth position in the sec-
ond PAM2 motif of the Tob proteins.

Both PAM2 motifs of Tob2 are critical for S254D-
enhanced Tob2–PABP interaction

The present finding that the PABP-interacting ability of
Tob2 can be enhanced by phosphorylation at a single
site (S254) in its second PAM2motif (Fig. 2A) raises a ques-
tion as to whether the interaction of Tob2 with PABP or the
enhancing effect of phosphorylation at S254 requires both
PAM2 motifs. To address the question, we mutated the
conserved phenylalanine residue in the first, second, or
both PAM2 motifs to alanine residue to create Tob2–
F140A, Tob2–260A, or Tob2–FF mutant, respectively.
The results of co-IP western blot analyses (Fig. 2E) confirm
our previous observation that Tob2–FF lost the ability to
pull down PABP (Ezzeddine et al. 2007). Moreover, disrup-
tion of either PAM2 motif dramatically decreased the
PABP-binding activity of Tob2 with a combined RPBI value
of 0.52, which is only half of that of WT Tob2 (Fig. 2E), in-
dicative of a synergism between the two PAM2 motifs to
achieve full PABP-binding.

To see if either one or both of the two PAM2 motifs are
required for the enhancing effect of S254D mutation on
the Tob2–PABP interaction, we introduced F140A,
F260A, or both mutations into Tob2–S254Dmutant to cre-
ate the S254D/F140A, S254D/F260A, and S254D/FF mu-
tants, respectively. Co-IP western blot analyses (Fig. 2F)
show that when either one or both of PAM2 motifs were
disrupted, S254D mutation no longer enhanced PABP-
binding. Together, these results indicate that the two
PAM2 motifs function synergistically to constitute an inte-
grated unit required for effective Tob2–PABP interaction,
and also for displaying the enhancing effect of S254
phosphorylation.

Interplay between JNK-induced
and JNK-independent phosphorylation
in modulation of Tob2’s PABP-binding activity

To assess how the combination of JNK-induced and JNK-
independent phosphorylation of Tob2 would affect its
PABP-binding activity, we introduced PM11 mutations
(mimics JNK-induced phosphorylation) into the S254D
mutant (mimics JNK-independent phosphorylation) to
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create the Tob2–PM12 mutant. This mutant was overex-
pressed in U2OS cells and the Tob2–PABP interactions
were analyzed by co-IP western blot experiments (Fig. 3).
The results showed that the amount of PABP pulled
down by the PM12 mutant was much less than that pulled
down by S254D but was more than that pulled down by
PM11 (Fig. 3A). Similar results were obtained when CA-
JNK1 was coexpressed with Tob2–S254D mutant (Fig.

3B). The amount of PABP pulled down by Tob2–S254D
mutant in the presence of CA-JNK1 was less than that in
the absence of CA-JNK1 (Fig. 3B; compare lanes 3,4) but
more than the amount of PABP pulled down by WT Tob2
in the presence of CA-JNK1 (Fig. 3B; compare lanes 2,4).
In contrast, none of these manipulations affected the
Tob2–Caf1 interaction. The data not only corroborate
our finding that JNK-induced phosphorylation of Tob2 at

E F

BA

C D

FIGURE 2. Effects of different mutations in the Tob2 IDR on Tob2–PABP interaction. (A) Co-IP western blot analysis showing that phosphomi-
metic mutation of the serine at the fourth position of the second PAM2motif of Tob2 (S254D) enhances Tob2 interaction with PABP but has little
effect on the Tob2–Caf1 interaction. Transfection with empty vector and western blot probed for actin served as negative controls. Bar graph
shows the RPBI values for the relative PABP pulled down. The RPBI for wild type (WT) Tob2–PABP interaction was set as 1. All data represent
the normalized mean±SD (n=3). (B) Co-IP western blot analysis showing that a Tob2 mutant with phosphomimetic changes of 11 ser/thr sites
in the IDR (PM11) weaken the interaction between Tob2 and PABP. Transfection with empty vector and western blot probed for GAPDH served as
negative controls. Bar graph shows the RPBI value for the relative PABPpulled down. The RPBI forWTTob2–PABP interactionwas set as 1. All data
represent the normalized mean±SD (n=3). (∗∗∗) P<0.001 and (∗∗∗∗) P<0.0001 (t-test). (C,D) Co-IP western blotting results showing that substi-
tution of aspartate for the serine at the fourth position of the second PAM2 motif in Tob1 (S268D) greatly enhances Tob1 interaction with PABP,
whereas a similar phosphomimetic substitution in the sole PAM2motif of PAIP1 (S129D) has little effect. Transfection with empty vector and west-
ern blot probed for actin (C ) or Caf1 (D) served as negative controls. Bar graphs show the RPBI values for the relative PABPpulled down normalized
to Tob1 or PAIP1. The RPBI for WT Tob2–PABP interaction was set as 1. All data represent the normalized mean±SD (n=2). P values were ob-
tained from t-tests. n.s., P>0.05, not significant in t-test. (E,F ) Co-IP western blotting results showing that the two PAM2motifs in Tob2 cooperate
to expand the range of PABP-interaction strengths. Mutation of the highly conserved phenylalanine in the first (F140A) or second PAM2 motif
(F260A) of Tob2 WT (E) or S254D mutant (F ) greatly reduces their interactions with PABP. Double mutation (F140A/F260A; FF) of Tob2 WT
(E) or Tob2–S254D (F ) knocked out Tob2’s ability to interact with PABP. The interaction of Tob2 with Caf1 was not affected. A schematic diagram
of the arrangement of Tob2 domains and the F140A and F260Amutations is shown below panels E and F. Transfection with empty vector served
as a negative control. Bar graphs show the RPBI values for the relative PABP pulled down. The RPBI forWT Tob2–PABP interaction was set as 1. All
data represent the normalized mean±SD (n=2) except that Tob2–S254D (FF) mutant in panel F was tested only once. (∗∗) P<0.01 and (∗∗∗) P<
0.001 (t-test). Cell extracts for IP experiments were prepared from U2OS cells transiently transfected with plasmids encoding the indicated
proteins.
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multiple sites in the IDR down-regulated Tob2–PABP
interaction but also corroborate the positive effect of
JNK-independent phosphorylation of Tob2 S254 on the
Tob2–PABP interaction. Moreover, combination of the
two distinct modes of Tob2 phosphorylation elicits com-
bined effects on the Tob2–PABP interaction (Fig. 3).
These results indicate that the interplay between JNK-in-
duced and JNK-independent phosphorylation modulates
Tob2’s PABP-binding activity.

The two distinct modes of Tob2 phosphorylation
affect the deadenylation-enhancing function of Tob2

Interaction between Tob2 and PABP is required for Tob2’s
deadenylation-enhancing function (Ezzeddine et al. 2007,
2012). Given that Tob2–S254D mutation increases the
interaction of Tob2 with PABP (Fig. 2A), we performed
time-course experiments using the Tet-off driven tran-
scription pulse-chase approach and northern blot analysis
(Xu et al. 1998) to assess the S254D mutant’s effects on
deadenylation of a newly synthesized population of stable
β-globin mRNA driven by the Tet-off promoter. This re-
porter mRNA population is fairly homogenous in poly(A)
tail length. The results (Fig. 4A,B) show that WT Tob2 ac-
celerates deadenylation of β-globin mRNAs but has little
effect on the decay of the deadenylated RNAbody, consis-
tent with previous observations (Ezzeddine et al. 2007,
2012). The half-life of β-globin mRNA in cells expressing
WT Tob2 is similar to that in control (vector only) cells

B

A

FIGURE 3. Effects of JNK-induced phosphorylation and the corre-
sponding phosphomimetic mutations on the interaction of Tob2 WT
or S254D mutant with PABP. (A) Co-IP western blotting results show-
ing that simultaneous phosphomimetic mutation at 11 ser/thr sites in
the IDR tomimic JNK-induced hyper-phosphorylation of the Tob2WT
(PM11) or the Tob2–S254D mutant (PM12) weakened Tob2 interac-
tions with PABP but not with Caf1. (B) Co-IP western blotting results
showing that ectopic expression of the constitutively active JNK1 iso-
form (CA-JNK1) increased phosphorylation of both Tob2 WT and
S254D mutant and diminished their interactions with PABP. The
Tob2 interactions with Caf1 were not affected. Transfection with emp-
ty vector and western blot probed for actin served as negative con-
trols. Bar graphs show the RPBI values for the relative PABP pulled.
The RPBI for WT Tob2–PABP interaction was set as 1. All data repre-
sent the normalizedmean±SD (n=2). (∗∗) P<0.01, (∗∗∗) P<0.001 and
n.s. (P>0.05; not statistically significant by t-test). Cell extracts for IP
experiments were prepared from U2OS cells transiently transfected
with plasmids encoding the indicated proteins.
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FIGURE 4. (Legend on next page)
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(Fig. 4A, t1/2 =∼15 h). On the other hand, Tob2–S254D ex-
pression enhances not only the deadenylation but also the
degradation of β-globin mRNA (Fig. 4A, t1/2 =∼7 h).
We then checked the effects of Tob2–S254D and Tob2–

PM11 mutants on global deadenylation by poly(A) size-
distribution profiling (PASDP) analyses (Huang et al.
2013; Chen et al. 2017) of the entire steady-state cytoplas-
mic mRNA populations (Fig. 4C,D). A typical poly(A) size
distribution profile exhibits two broad peaks, which result
from the biphasic nature of deadenylation mediated by
two distinct deadenylase complexes, that is, Pan2–Pan3
and Ccr4–Not complexes, respectively (Fig. 4C,D; Huang
et al. 2013; Chen et al. 2017). The results show that expres-
sion of either WT Tob2 or Tob2–S254D decreased the
amount of mRNAs with longer 3′ poly(A) tails and hence
the first peak of the profile (Fig. 4C,D). It appears that
both WT Tob2 and Tob2–S254D proteins are able to pro-
mote shortening of the poly(A) tails all the way through the
end of the second phase without going through the Pan2–
Pan3 mediated first phase. This is consistent with our ob-
servations that both WT Tob2 and Tob2–S254D enhance
deadenylation of individual reporter mRNAs (Fig. 4A,B).
Moreover, consistent with our observation that S254D pro-
motes the deadenylation-enhancing function of WT Tob2
(Fig. 4A,B), the amount of mRNAs with longer poly(A) tails
in the presence of Tob2–S254D mutant was less than that
in the presence of the WT Tob2 (Fig. 4C,D). When Tob2–

PM11 mutant was overexpressed, the accumulation of
mRNAs with longer poly(A) tails is more than that of WT
Tob2 (Fig. 4C,D). Thus, the PM11mutation, which reduces
the ability of Tob2 to interact with PABP (Fig. 2B), compro-
mises the deadenylation-promoting function of Tob2 (Fig.
4C,D). Moreover, a combination of the negative and pos-
itive effects caused by respective PM11 and S254D muta-
tions was observed when Tob2–PM12 was overexpressed,
resulting in the amount of mRNAs with longer poly(A) tails
similar to that ofWT Tob2 (Fig. 4C,D). It is worth noting that
bothWT Tob2 and PM12mutant exhibit similar strength of
PABP binding (Fig. 3A). Thus, the effects of Tob2, Tob2–
S254D, Tob2–PM11, and Tob2–PM12 proteins on global
deadenylation are in parallel with their effects on Tob2–
PABP interaction. Collectively, our data indicate that the
deadenylation-enhancing function of Tob2 can be modu-
lated through the interplay between two distinct ways of
regulating its phosphorylation,which elicit opposite effects
on Tob2’s PABP-binding activity.

CDK-cyclin complexes are involved in the
phosphorylation of Tob2 at S254

An approach combining Kinase Substrate Predictor (ver-
sion 2.0) in PhosphoNet (http://www.phosphonet.ca/
kinasepredictor.aspx) and the in vitro kinase assay was
used to pinpoint kinase candidates for phosphorylation
of Tob2 at Ser254. We used a S254A Tob2 peptide for a
“non-phosphorylatable 254” control (i.e., a control for
background kinase activity). A list of the top 48 candidate
kinases most likely to target the S254 was generated (Sup-
plemental Table S2) from 500 kinases scored in the in silico
analysis using Kinase Substrate Predictor. Out of the 48 re-
combinant kinases tested, 16 produced significant (i.e.,
>1000 CPM) phosphorylation of a WT peptide, with
more than 50% change from control (i.e., CFC>50%) (Ta-
ble 1). The top 9 kinase candidates, with the most robust
phosphorylation and CFC>90%, are all cyclin-dependent
kinase (CDK-cyclin) complexes. The top five were CDK1-
cyclinA2, CDK2-cyclinA2, CDK2-cyclinA1, CDK2-cyclinE1,
and CDK1-cyclinA1. This is of particular interest because
the minimal threshold model of cell cycle control postu-
lates that either CDK1 or CDK2 bound to cyclinA is suffi-
cient to control all stages of interphase (Hochegger et al.
2008).
We then performed a co-IP experiment followed by

mass spec analysis to see if any kinases were associated
with WT Tob2 or Tob2–S254D proteins. We first filtered
out proteins whose levels in the pull-down pool of the neg-
ative control account for over 20%of those in either theWT
or S254D Tob2–V5 pull-down pools. We thus identified 86
proteins associated with both WT Tob2 and Tob2–S254D
proteins (Supplemental Table S3), including two CDKs
(CDK1 and CDK4). This observation complements our
results from the in vitro kinase assay (Table 1), strongly

FIGURE 4. Phosphomimetic mutation at S254 of Tob2 further en-
hances Tob2’s ability to promote mRNA deadenylation. (A)
Northern blot and time-course experiment results showing the accel-
erating effects of ectopic expression of Tob2 WT or S254D mutant
protein on deadenylation of β-globin mRNA. Poly(A)– RNA samples
(A−) were prepared with oligo(dT) and RNase H treatment. The auto-
rads of the gels were scanned for densitometric analysis of each band
using ImageJ software. RNA half-lives (t1/2) in hours (h) were deter-
mined by least-square analysis of semilogarithmic plots of normalized
mRNA concentration as a function of time. (B) Comparisons of the β-
globin poly(A) shortening profiles in the presence of Tob2 WT or
S254D mutant with the profile in control (Ctrl) cells. The autorads of
the gels in panel A were scanned for densitometric analysis of each
lane using ImageJ software. Western blot showing levels of ectopical-
ly expressed Tob2WT and S254Dmutant proteins. GAPDH served as
a loading control. (C ) (Upper) Denaturing gel showing changes in poly
(A) size distribution of the entire mRNA population in control cells,
cells ectopically expressing Tob2 protein, or cells ectopically express-
ing Tob2’s mutant derivatives as indicated. LaneM: size markers as la-
beled to the right of the gel in nucleotide (nt). (Lower) Western blot
showing levels of ectopically expressed Tob2 protein and its mutant
derivatives. Caf1 served as a loading control. (D) The poly(A) size dis-
tribution profiles of the gel in panelCwere obtained by densitometric
analysis of each lane using ImageJ software. Note that a typical poly
(A) size distribution profile (Ctrl) exhibits two peaks at ∼150 nt and
∼50 nt as a result of the biphasic deadenylation mediated by two dif-
ferent deadenylase complexes (i.e., Pan2–Pan3 and Ccr4–Not com-
plexes), respectively. Total cytoplasmic RNA samples and cell
extracts were prepared from U2OS cells transiently transfected with
plasmids encoding the indicated proteins.
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suggesting that Tob2 S254 phosphorylation is likely cata-
lyzed by various CDK-cyclin complexes. Consistently, it
was previously reported that CDK2 and CDK4 are found
to be immuno-precipitated along with Tob2 via Caf1 pull-
down (Ikematsu et al. 1999). Mass spec analysis also de-
tected two distinct phosphatase catalytic subunits,
PPP2CA and PPP3CA (Supplemental Table S3). Taken to-
gether, these observations strongly support the notion
that several different CDK-cyclin complexes are involved
in the phosphorylation of Tob2 at S254.

Transcriptome-wide effects of Tob2 S254
phosphorylation on mRNA turnover

To investigate the effect of the S254D phosphomimetic
mutation on mRNA decay at the transcriptome level, we
adaptedmetabolic labeling RNA-IP sequencing protocols,
which combine bromouridine (BrU) pulsing and BrU-RNA-
IP with high-depth RNA-sequencing (Imamachi et al. 2014;
Paulsen et al. 2014), and performed a global mRNA half-
life profiling analysis. The methodology does not involve
transcription inhibitors, which can have profound and var-
ied side-effects, so disturbances in cell physiology aremin-
imized. We also established U2OS double-stable lines
expressing the tTA transcription factor to support induc-

tion of WT Tob2 (served as a control for overexpression
of Tob2 protein per se), Tob2–S254D mutant, or an empty
vector (served as a negative control) expression driven
by the Tet-off promoter in the absence of doxycycline.
Cells with or without induction were labeled briefly with
BrU, followed by variable lengths of uridine chase
and extraction of cytoplasmic RNA for subsequent analy-
ses (Fig. 5A).

Using the BrU-RNA samples for high-depth RNA-seq
followed by decay rate measurements, we were able to
calculate half-lives (Chen et al. 2018) for more than 3400
different transcripts that followed strong first-order decay
kinetics under both uninduced and induced conditions
for the expression of vector only, WT Tob2, and Tob2–
S254D (Supplemental Table S4). Cumulative fraction plots
show significantly shorter half-lives for the majority of
mRNAs across the transcriptome when Tob2–S254D ex-
pression was induced (Fig. 5B, P=2.2×10−16, t-test). In
contrast, WT Tob2 overexpression had a very modest
effect on mRNA stability at the transcriptome level (Fig.
5B, P=0.02168, t-test). No significant RNA stability
change across the transcriptome was observed in control
cells (Fig. 5B, P=0.8268, t-test). Western blot analysis
shows that the WT Tob2 and Tob2–S254D proteins are
induced to a similar level (Fig. 5C), indicating that the pro-
found mRNA destabilization by S254D mutant at the
transcriptome level (Fig. 5B) is not due to doxycycline in-
duction or the effect of overexpression per se.
Combined scatter and density plots of the data further
show that Tob2–S254D expression decreased the half-
lives of both stable and unstable transcripts (Fig. 5D).

In a biological repeat experiment using Tob2–S254D
expressing double-stable cell line, we were able to
calculate half-lives for more than 3500 different tran-
scripts under both induced and uninduced conditions
(Supplemental Table S4, S254D [R2]). The results of the
cumulative fraction plot and combined scatter and densi-
ty plot for the second replicate (Supplemental Fig. S5A,B)
are fully consistent with those from the first replicate (Fig.
5B,D). RT-qPCR validation results of three transcripts with
different stabilities (Supplemental Fig. S5C) are consistent
with those obtained from the transcriptome data.
Collectively, the results with the phosphomimetic mutant
support the notion that Tob2 phosphorylation at S254
elicits profound destabilization of mRNA across the
transcriptome.

S254D enhances Tob2’s anti-proliferation effect

Previous studies reported that compromising the deade-
nylation-enhancing activity of Tob2 results in a reduction
of its ability to suppress proliferation (Miyasaka et al.
2008; Mauxion et al. 2009; Doidge et al. 2012; Ezzeddine
et al. 2012). Given the profound enhancing effect of the
Tob2–S254D phosphomimetic mutation on mRNA

TABLE 1. Candidate kinases for Tob2 phosphorylation at S254

Kinase ID WT (CPM) Control (CPM) CFC

CDK1-cyclinA2 158,638 11,723 93%

CDK2-cyclinA2 121,836 5296 96%
CDK2-cyclinA1 88,871 3858 96%

CDK2-cyclinE1 85,549 3170 96%

CDK1-cyclinA1 60,960 5138 92%
CDK3-cyclinE1 56,104 1655 97%

CDK5-p25 49,147 3885 92%

CDK5-p35 41,594 2154 95%
CDK16-cyclinY 20,124 1227 94%

ERK2 10,344 564 95%

p38 delta 8882 1152 87%
NLK 4365 1938 56%

ERK1 2845 546 81%

p38 gamma 2454 498 80%
p38 beta 1607 354 78%

CDK1-cyclinB1 1504 298 80%

Candidate kinases for Tob2 phosphorylation at S254 were identified by
in vitro kinase assay (Supplemental Table S2). A pair of 12-a.a. peptides
(a WT and a “non-phosphorylatable 254” control) encompassing S254
residue were synthesized. For the “non-phosphorylatable 254” control
peptide, an alanine instead of a serine was synthesized at position corre-
sponding to WT S254. This “non-phosphorylatable 254” peptide was
used as a control for background phosphorylation by each kinase tested.
Kinases displaying more than 1000 counts per minute (CPM) from phos-
phorylating a WT peptide and a percentage of change from control
(CFC) >50% in terms of phosphorylation activity are listed here.
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deadenylation and decay (Figs. 4, 5B,D), we assessed its
effect on Tob2’s anti-proliferation function. From the tran-
scripts found in both biological replicates of Tob–S254D
data sets (Supplemental Table S5), we identified 1295
transcripts whose half-lives were reduced in both repli-
cates by at least 1.3-fold when the expression of Tob–
S254D was induced. Using the DAVID Bioinformatics Re-
source to perform KEGG pathways analysis, we found

that the top twelve hits were mostly
related to cell proliferation and can-
cer, including Ribosome biogenesis,
Transcription mis-regulation in can-
cer, Signaling pathways regulating
pluripotency of stem cells, Bladder
cancer, Hippo signaling pathway,
Cell cycle, and Pathways in cancer
(Supplemental Table S6). We also
looked for enriched Gene Ontology
(GO) terms of these transcripts.
Among the top 10 functional catego-
ries, most associated GO terms were
related to regulation of transcription.
Importantly, cell cycle is ranked the
fourth with 33 genes listed as being
affected (Supplemental Table S7).
The results of these analyses indicate
that many cell cycle, cell growth and
cancer related mRNAs are desta-
bilized by Tob2 with the phosphomi-
metic mutation at S254. They also
provide a transcriptomic view of
Tob2-affected genes, a view which is
fully consistent with Tob proteins be-
ing categorized as anti-proliferative
(Matsuda et al. 2001; Mauxion et al.
2009; Winkler 2010).

We then performed cell growth as-
says using the double-stable U2OS
cell lines that support expression of
WT Tob2, Tob2–S254D, or an empty
vector driven by the Tet-off promot-
er. The results show that Tob2–
S254D expression significantly sup-
pressed cell growth and exerted a
stronger inhibitory effect than did
WT Tob2 (Fig. 6A). To corroborate
this result, we carried out a clono-
genic assay to determine the effect
of expressing Tob2–S254D on sup-
pressing U2OS cell survival and pro-
liferation to large colonies. The
results (Fig. 6B,C) show that Tob2–
S254D exhibited much stronger inhi-
bition of colony formation than WT
Tob2 did. Collectively, we conclude

that the S254D phosphomimetic mutation enhances
Tob2’s anti-proliferation effect.

DISCUSSION

Evidence has accumulated during the past decade to sup-
port the notion that global modulation of mRNA turnover
plays an essential role in cellular homeostasis by

B

A

C D

FIGURE 5. Tob2–S254D elicits profound destabilization of mRNA across the transcriptome.
(A) Outline of the workflow for bromouridine (BrU) metabolic labeling and transcriptome-
based RNA-seq analyses of mRNA decay rates. (B) Cumulative fraction plots showing the dis-
tribution of mRNAhalf-lives of the qualified transcripts exhibiting strong first order decay kinet-
ics with (blue line) and without (red line) induction of empty vector, WT Tob2 or S254D
expression (Supplemental Table S4). The P values were calculated by t-test. (C ) Western
blot analysis showing induced WT Tob2 or Tob2–S254D and corresponding endogenous
Tob2 proteins, with endogenous Caf1 serving as a loading control. (D) Combined scatter
and frequency plot analysis of the half-lives of 3490 transcripts exhibiting strong first order de-
cay kinetics with (y-axis) and without (x-axis) induction of Tob2–S254D expression. Red: most
dense; dark blue: least dense. Transcripts with unchanged stability fall on or near the diagonal,
dashed red line. Cell extracts and total cytoplasmic RNA samples were prepared from double-
stable U2OS cells whose expression of V5-tagged WT Tob2, Tob2–S254D, or vector only is
controlled by the Tet-off promoter (see Materials and Methods for details).
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reprogramming the transcriptome in response to diverse
biological and physiological stimuli (Kawai et al. 2004;
Gruber et al. 2014; Chávez et al. 2016; Sharma et al.
2016; Chen and Shyu 2017; Chen et al. 2017). Abnormal
mRNA turnover activities can lead to tumorigenesis, chron-
ic inflammation and cardiovascular diseases (Anderson
2010; Goodarzi et al. 2014; Griseri and Pagès 2014;
Faraji et al. 2016; Gray and Gray 2017), and an aberrant
transcriptomemay be an underlying driver of these pathol-
ogies. Yet, for mammalian cells it remains largely unknown
how global mRNA turnover is modulated to reshape the
transcriptome and what underlying mechanisms and
trans-acting factors are involved. In this study, we have
used directed and transcriptome-based approaches to as-
sess whether and how Tob2, an anti-proliferative factor ca-
pable of simultaneously interacting with PABP and Caf1
deadenylase, promotes global mRNA deadenylation and
decay to reprogram the transcriptome.

Our previous results indicated that the carboxy-terminal
intrinsically disordered region (IDR) of Tob2 can be revers-
ibly phosphorylated at multiple ser/thr sites, directly mod-
ulating Tob2’s interaction with PABP (Huang et al. 2013).
Tob2 hyper-phosphorylation decreased its PABP binding
in cells, whereas in vitro dephosphorylation of Tob2 in-
creased its interaction with PABP (Huang et al. 2013). Re-
sults in the present study demonstrate the involvement

of JNK in Tob2 hyper-phosphoryla-
tion. We found that JNK activation
increases Tob2 phosphorylation, de-
creasing its interaction with PABP
(Fig. 1A,B; Supplemental Fig. S2). In
contrast, JNK inhibition can diminish
the hyper-phosphorylation level of
Tob2 induced by calyculin A, a gene-
ral phosphatase inhibitor (Supple-
mental Fig. S1). These manipulations
of Tob2 phosphorylation had little ef-
fect on Tob2’s interaction with Caf1.
Our mass-spec based mapping re-
sults have localized the phosphoryla-
tion sites induced by JNK1 to the
IDR of Tob2 (Fig. 1C; Supplemental
Table S1). Phosphomimetic mutations
at 11 of these sites (PM11 mutant)
markedly decreases Tob2–PABP in-
teraction (Fig. 2B), an effect similar
to that observed in the phosphomi-
metic mutant created previously
based on in silico analysis (Supple-
mental Fig. S6; Huang et al. 2013).
Mutating only one or two of the 11
sites either modestly reduces Tob2–
PABP interaction or has no effect
(Supplemental Fig. S3), suggesting
that phosphorylating multiple ser/thr

sites in the IRD of Tob2 is critical to achieve significant re-
duction in Tob2–PABP interaction. These data also pro-
vide direct evidence to support our previous hypothesis
that phosphorylation at the IDR of PAM2-containing pro-
teins (e.g., Tob, Pan3, and GW182) modulates their inter-
actions with PABP (Huang et al. 2013). Collectively, these
findings demonstrate that activation of JNK signaling
leads to hyper-phosphorylation of Tob2, significantly
weakening its interaction with PABP.

The present results also revealed a contrasting instance
where phosphorylation of Tob2 actually up-regulates its in-
teraction with PABP. This involves S254 at the fourth posi-
tion of Tob2’s second PAM2 motif (Supplemental Fig. S4),
which is the most frequently detected site of phosphoryla-
tion in human Tob2 (Fig. 1C; Supplemental Table S1).
S254 in Tob2 was also found to be phosphorylated in
mammalian cells by four different deep phosphoproteo-
mics studies (Pflieger et al. 2008; Franz-Wachtel et al.
2012; Mertins et al. 2013, 2016). Two lines of evidence
support the notion that phosphorylation of Tob2 S254 is
JNK-independent. First, inhibition of residual JNK activity
in proliferating cells by overexpressing a dominant-nega-
tivemutant of JNK1 has little effect on Tob2–PABP interac-
tion (Supplemental Fig. S2B). Second, none of the JNK
isoforms was scored in our in vitro kinase assay (Table 1).
Notably, in addition to enhancing Tob2–PABP interaction

BA

C

FIGURE 6. Effects of expression of Tob2 WT or Tob2–S254D mutant on cell proliferation. (A)
Cell growth assay of control U2OS cells and cells expressing Tob2WT or the Tob2–S254Dmu-
tant. Results shown represent three biological repeats, each consisting of eight technical re-
peats. All data in bar graph represent the normalized mean±SD (n=3). (∗) P<0.05 and n.s.
(not statistically significant; P>0.05) by t-test. (B) Clonogenic assay of colony forming abilities
of control U2OS cells and cells induced to express Tob2WT or the Tob2–S254Dmutant. (Left)
Colonies visualized by crystal violet staining after 12 d of growth under uninduced (+tetracy-
cline) or induced (−tetracycline) conditions. (Right) Phase-contrast images of colonies taken
prior to crystal violet staining. Red bar: 250 µm. (C ) Western blot analysis of Tob2 protein ex-
pression, with GAPDH as a loading control. Quantitation of the western blot results from three
repeats indicates that the slight difference ofWT Tob2 versus S254Dmutant protein levels nor-
malized to GAPDH is not statistically significant (n=3; P=0.50; t-test).
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and Tob2’s ability to accelerate deadenylation, phospho-
mimetic mutation at S254 (S254D) also promotes the de-
cay of mRNA (Figs. 2–5). The results from poly(A) size-
distribution profiling assay (Fig. 4B,D) and mRNA turnover
analysis across the transcriptome (Fig. 5) show that the
S254D phosphomimetic mutation greatly enhances
Tob2’s ability to promote global mRNA deadenylation
and decay. The majority of the transcripts, whether inher-
ently stable or labile, undergo accelerated decay in the
presence of the Tob2–S254D mutant (Fig. 5D). We pro-
pose that Tob2 promotes global mRNA turnover in a phos-
phorylation-dependent manner, which represents a novel
way of cytoplasmicmRNA clearance to help reprogram the
transcriptome in mammalian somatic cells during their
growth and differentiation. Phosphorylation at the fourth
position of the second PAM2 motif of Tob1 in vivo was
also found by a deep phosphoproteomics approach
(Sharma et al. 2014). Our present finding that phosphomi-
metic changes at these particular positions of Tob1 and
Tob2 enhance their interactions with PABP (Fig. 2A,C) sup-
ports a phosphorylation-dependent regulation of Tob pro-
teins’ PABP-binding activities, and thus their effects on
global mRNA turnover.
A more detailed regulatory context of Tob2 phosphory-

lation at S254 is provided by our findings from mass-spec
and in vitro kinase analyses that suggest connections to
PP2B and PP2C phosphatases and CDK-cyclin complexes,
particularly CDK1, CDK2, and CDK4 (Table 1; Supplemen-
tal Table S2). A previous study also reported that CDK2
and CDK4 were coimmunoprecipitated along with Tob2
by Caf1 pulldown (Ikematsu et al. 1999). One possibility
is that a CDK-cyclin complex, indirectly brought to Tob2
by Caf1, phosphorylates S254 in Tob2 to regulate deade-
nylation. The CDK-cyclin complexes are key players in reg-
ulating cell cycle progression (Taulés et al. 1998;
Hochegger et al. 2008; Chenette 2010; Enserink and
Kolodner 2010). The developing picture at this point has
Tob2 subjected to dynamic, reversible phosphorylation
at S254 as cells go through different phases of cell cycle
during proliferation.
Tob proteins are unique among the large family of

PAM2-containing PABP-interacting proteins in having
two separate copies of the PAM2 motif (Supplemental
Fig. S4; Albrecht and Lengauer 2004; Huang et al. 2013).
Our results show that both PAM2 motifs must be present
for maximal interaction of Tob2 with PABP (Fig. 2E) and
for the enhancing effect of the S254D mutation on
PABP-binding (Fig. 2F). It is possible that having this sec-
ond PAM2 motif gives Tob2 a wider range of PABP inter-
action strengths than in members with only one PAM2
motif, allowing a finer tuning of global mRNA deadenyla-
tion and decay for transcriptome reprogramming.
Our co-IP/mass spec results show that both Caf1 and

PABP are in the list of Tob2-associated proteins (Table 2;
CNOT7, CNOT8, and PABP). Consistent with the co-IP/

western blot analysis (Fig. 2A), muchmore PABP associates
with Tob2–S254D than with WT Tob2 (Table 2). Moreover,
10 out of 11 members of the human Ccr4–Not complex
were among the top 20% of most frequently detected pro-
teins in the Tob2-associated proteins list (Table 2;
Supplemental Table S3). It is worth noting that the co-IP/
mass spec results show the levels of the detected mem-
bers of Ccr4–Not complex are generally higher in the
Tob2–S254D pull-down than in the WT Tob2 pull-down
(Table 2), while co-IP western blot analysis shows that
changes in Tob2 phosphorylation level have little effect
on the ability of Tob2 to pull downCaf1 (Fig. 1A). One pos-
sibility is that the phosphorylation of S254 helps stabilize
the interaction of Tob2 with the Ccr4–Not complex, which
could contribute to Tob2’s ability to recruit the entire
Ccr4–Not complex and thus further enhances deadenyla-
tion. These results (Table 2) further support the notion
that Tob2 promotes global mRNA turnover in a phosphor-
ylation-dependent manner.
The present results shed new light on the recruitment

model for Tob2-mediated mRNA turnover we proposed
previously (Ezzeddine et al. 2007, 2012). In the updated
model, upon phosphorylation of S254, possibly by a
CDK-cyclin complex, the carboxy-terminal IDR region of
Tob2 adopts a structure that better orients the two PAM-
2 motifs for favorable PABP interactions (Fig. 7A). The

TABLE 2. PABP and components of the Ccr4–Not complex
pulled down by WT Tob2 or by Tob2–S254D

Human component (M.W. in kDa)

Detected
peptide
countsa

Ratio
WT S245Db S254D/WT

CNOT1 (266.8) 360 481 1.34

CNOT2 (59.7) 200 291 1.45
CNOT3 (81.8) 76 121 1.59

CNOT6/Ccr4a (63.3) 25 33 1.32

CNOT6L/Ccr4b (63) 52 90 1.73
CNOT7/Caf1a (32.7) 68 45 0.66

CNOT8/Caf1b (33.5) 30 81 2.71

CNOT9 (33.6) 53 99 1.86
CNOT10 (82.3) 86 142 1.65

CNOT11 (55.2) 73 80 1.09

PABPc (70.6) 150 403 2.69
Tob2 (36.6) 90 90 1

PABP and Ccr4–Not complex components pulled down by WT Tob2 or
by Tob2–S254D are listed here.
aTotal ion current of peptide fragments from the indicated proteins (back-
ground subtracted).
bTotal ion current of peptides from the indicated protein normalized to
that of WT Tob2 and multiplied by 90.
cIncludes peptides from PABPC1 and PABPC4 proteins, the two major
cytoplasmic forms of PABP.
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S254 phosphorylation step has an important mechanistic
implication in deadenylation and decay—it allows Tob2
to bring the Caf1 and Ccr4 deadenylases in the Ccr4–
Not complex to the close proximity of the 3′ poly(A)-
PABP complex for accelerated removal of the poly(A) tail
in a wide range of transcripts, thereby enhancing the glob-
al deadenylation and also subsequent decay of the RNA
body (Fig. 7B). Onemight also envisage that when cells ex-
perience a stress, activated JNKs rapidly phosphorylate
multiple ser/thr sites in the IDR, weakening the Tob2–
PABP interaction and leading to a pause of Tob2-mediat-
ed global mRNA turnover.

Increasing evidence shows that the Ccr4–Not complex is
important in cytoplasmic mRNA turnover (Collart 2016;
Bresson and Tollervey 2018; Webster et al. 2018; Yi et al.
2018). Our present results reveal a novel mechanism for
signal-dependent recruitment of the Ccr4–Not complex
by Tob2 to the 3′ poly(A)-PABP complex of mRNAs, pro-
moting global mRNA deadenylation and decay, clearing
cytoplasmic mRNAs, and eliciting transcriptome repro-
gramming to regulate cell growth. This paradigm may be

a useful guide to future studies of how signaling-depen-
dent changes in the interactions between PABP and its
many binding partners achieve global modulations of
mRNA fate in response to diverse cellular and environmen-
tal stimuli.

MATERIALS AND METHODS

Plasmid constructs

The plasmids pTet-BBB (Xu et al. 1998), Tob1–V5, Tob2–V5,
Tob2–FF (Ezzeddine et al. 2007), MS2–Tob2–V5 (Ezzeddine
et al. 2012), Paip1–V5 (Craig et al. 1998), and Caf1–V5 (Zheng
et al. 2008) were created as described previously. The plasmids
pcDNA-FLAG-MKK7B2-JNK1a1 coding for the constitutively ac-
tive JNK1 isoform and pcDNA-FLAG-MKK7B2-JNK1a1(APF)
coding for the dominant-negative JNK1 isoform were gifts from
Roger J. Davis (Addgene plasmids # 19726 and # 19730).
We used the In-Fusion cloning kit (Clontech) and followed the
manufacturer’s protocol to create Tob2–V5 plasmid derivatives
carrying the S117D, S199D, S222D, T224E/S226D, S232D,
T244E, S251D, S254D, PM11, PM12, F140A, or F260A mutation,
Tob2–S254D–V5 plasmid derivatives carrying the F140A, F260A,
or F140A/F260A (FF) mutation, plasmid Tob1–S268D–V5, plas-
mid Paip1–S129D–V5, pLVX–Tob2–V5, and pLVX–Tob2–
S254D–V5. The pLVX-tight-puro tetracycline-inducible lentivirus
expression vector (Clontech) was used to construct the pLVX–
Tob2–V5 and pLVX–Tob2–S254D–V5 plasmids. All resulting plas-
mids were confirmed by DNA-sequencing.

Cell culture, transfection, immunoprecipitation,
and western blot analysis

All cells used were cultured at 37°C with 5%CO2. U2OS and 293T
cells were cultured in high glucose DMEM (Invitrogen) containing
10% fetal bovine serum (Invitrogen) and 1× penicillin/streptomy-
cin/glutamine (Gibco). For culturing NIH3T3-B2A2 cells, a stable
cell line harboring the tetracycline-responsive transcription factor
tTA (Xu et al. 1998), the medium above was supplemented with
500 ng/mL tetracycline (Sigma-Aldrich). For culturing U2OS sta-
ble cell lines harboring the tetracycline-responsive transcription
factor tTA (see below), 200 ng/mL doxycycline (Sigma-Aldrich)
was included in the medium. The sources for kinase inhibitors
were: Calbiochem (Akt inhibitor IV, Roscovitine, SL0101), Cell
Signaling (Y-27632), and Selleckchem (SB216763, SB203580,
SP600125, Rapamycin, U0126, LY294002). Calyculin A was pur-
chased from Cell Signaling. Transfections, immunoprecipitation
and western blot analyses were performed as described previous-
ly with modifications (Huang et al. 2013; Chen et al. 2017). Briefly,
cells were lysed at 4°C in co-IP lysis buffer (50mMTris pH 7.4, 150
mM NaCl, 0.4% NP-40, 1 mM EGTA, and 10% glycerol) with pro-
tease and phosphatase inhibitors (2 mM sodium orthovanadate,
2 mM sodium pyrophosphate, 10 mM sodium fluoride, 1 mM
phenylmethylsulfonyl fluoride, 1× complete Protease inhibitor
from Roche, 1× phosphatase inhibitor cocktail 3 from Sigma-
Aldrich). RNase A (Sigma-Aldrich) was added to lysate at final
concentration of 1µg/µL. Lysates were incubated at 4°C for 1 h
with rotation to digest RNA. One-tenth of the lysate was saved

B

A

FIGURE 7. A hypothetical model for phosphorylation-dependent
regulation of Tob2 function. Refer to the Discussion for details. (A)
Three different patterns of Tob2 phosphorylation that weaken or
strengthen the Tob2–PABP interaction. (B) Tob2 phosphorylation at
S254 proposed to favor alignment of the two PAM2 motifs, strength-
ening interactions with PABP and optimally positioning the Ccr4–Not
complex and the 3′ poly(A)–PABP complex to facilitate poly(A) remov-
al. For simplicity, some known phosphorylation sites in the IDR are
omitted from the cartoons.
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for input protein level examination, and the rest of the lysate was
incubated with anti-V5 agarose affinity beads (Sigma-Aldrich) at
4°C with rotation for 2 h to pull down V5-tagged protein. The
beads were subject to five washes with the lysis buffer and one
wash with phosphate-buffered saline (PBS). The protein samples
were resolved on a 7.5% or 10% SDS-PAGE and then transferred
to Immobilon-P or PVDF membranes (Millipore). Different anti-
bodies used for the western blot analysis were diluted in the ratio
as follows: 1:1000 for goat anti-Tob2 antibody (Santa Cruz
Biotechnology); 1:20,000 for rabbit anti-PABPC1 antibody (a
gift fromR.E. Lloyd, Baylor College ofMedicine); 1:20,000 for rab-
bit anti-Caf-1 antibody (Yamashita et al. 2005); 1:50,000 for
mouse anti-V5-HRP conjugated antibody (Invitrogen); 1:20,000
for rabbit anti-GAPDH-HRP conjugated antibody (Santa Cruz
Biotechnology); 1:1000 for rabbit anti-JNK antibody and rabbit
anti-phospho-JNK (Thr183/Tyr185) antibody (Cell Signaling);
1:2000 for rabbit anti-FLAG antibody (Sigma-Aldrich); 1:10,000
for anti-beta-actin HRP-conjugated monoclonal antibody (Santa
Cruz Biotechnology); and 1:4000 for anti-rabbit secondary anti-
bodies (Bethyl). The membranes were probed with SuperSignal
West Pico chemiluminescent solution (Thermo Fisher Scientific).
Western blot densitometric images were acquired and analyzed
using either GeneGnome (Syngene) and GeneSnap software or
Bio-Rad ChemiDoc Imaging and Image Lab software.

Creating U2OS stable cell lines

We adopted the Lenti-X Tet-off Advanced Inducible Expression
System (Clontech). To create stable U2OS tet-off line expressing
tTA, we first used lipofectamine 2000 to transfect 293T cells
with the following plasmids to produce viral particles: pLVX-Tet-
off advance (Clontech), psPAX2 (Addgene plasmid # 12260; a
gift from Didier Trono), and pMD2.G (Addgene plasmid #
12259; a gift from Didier Trono). The medium was replaced
24 h after transfection, and virus-containing media were collected
8–32 h later. For viral infection, U2OS cells were seeded in a
12-well plate and cultured overnight. The medium was then re-
placed with virus-containing medium and culture continued for
24 h to allow infection. The infected cells were further cultured
for 10 d while undergoing G418 (400 µg/mL; Thermo Fisher
Scientific) and doxycycline (50 ng/mL; Sigma-Aldrich) double se-
lection. Fifty surviving cells were seeded in a 10-cm dish to grow
for another 10 d in selection medium. Individual colonies were
identified, amplified and characterized for proper doxycycline re-
sponsiveness as described previously (Xu et al. 1998). U2OS sub-
clone 29 (U2OS-29) was used for creating U2OS double-stable
lines that support WT Tob2–V5, Tob2–S254D–V5 mutant, or vec-
tor (control) expression in a doxycycline-dependent manner. To
create these double-stable lines, 293T cells were transfected
with the following plasmids to produce viral particles: pLVX-
tight-puro (Clontech), psPAX2, pMD2.G and either pLVX–Tob2–
V5 or pLVX–Tob2–S254D–V5 plasmids. The medium was re-
placed 24 h after transfection and the virus-containing media
were collected 24–48 h later. For viral infection, U2OS-29 cells
were seeded in six-well plates in medium containing 200 ng/mL
doxycycline. After overnight incubation, the medium was re-
placed with virus-containing medium and culture continued for
6–8 h before the virus-containingmediumwas replaced with fresh
medium containing 200 ng/mL doxycycline. After overnight incu-

bation, the cells were replated in medium containing doxycycline
(200 ng/mL) and puromycin (4 µg/mL) and cultured for 48 h. The
mediumwas then replaced with freshmedium containing doxycy-
cline (200 ng/mL) and a lower level of puromycin (500 ng/mL) and
cultured for another 48 h. Surviving cells from individual plates
were pooled, allowed to grow to the desired density, and stored
as double-stable lines. Individual double-stable lines were veri-
fied for inducible expression of WT Tob2–V5 or Tob2–S254D–
V5 in the absence of doxycycline by western blot analysis.

Northern blot analysis and poly(A) size-distribution
profiling assay

Time course experiments using the tTA-expressing NIH3T3 sta-
ble cell line (B2A2) (Xu et al. 1998) were performed as described
previously (Chen et al. 2008). Briefly, cells were transfected with
vector, Tob2–V5 or Tob2–S254D–V5 expressing plasmid, along
with the pTet-BBB reporter plasmid, and were cultured in medi-
um containing tetracycline (30 ng/mL) for 42–48 h. This was fol-
lowed by a 2 h incubation in fresh medium without tetracycline
to allow transient expression of the reporter mRNAs driven by
the Tet-off promoter. Tetracyclinewas added back to themedium
at a final concentration of 500 ng/mL to stop transcription from
the Tet-off promoter, and cells were harvested at different time
points for RNA extraction. Total cytoplasmic RNAwas isolated us-
ing the RNeasy Mini kit (Qiagen). Northern blot analysis (Chen
et al. 2008) and poly(A) size distribution profile analysis (Huang
et al. 2013; Chen et al. 2017) were performed as described previ-
ously. The RNA body of rabbit β-globin mRNA used as a reporter
mRNA in the northern blot analysis has a size of 770 nt in length
plus about 210 nt of a poly(A) tail. The experiments were per-
formed twice with reproducible results. Autoradiograms were
scanned and the resulting digital images analyzed for poly(A)
size distribution profiles using ImageJ software (NIH).

Real-time quantitative RT-PCR analysis

Reverse transcription was performed using 100–200 ng of BrU-en-
riched RNA sample in a 20 µL reverse transcription reaction con-
taining MultiScribe reverse transcriptase (Applied Biosystems).
The reaction was incubated at 25°C for 10 min followed by an in-
cubation at 37°C for 120 min and then at 85°C for 5 min. After re-
verse transcription, PCR reactions were performed using the
C1000 touch CFX96 real time system (Bio-Rad) according to the
manufacturer’s protocol. Each 20 µL reaction contains 1×
TaqMan Gene Expression Assay (Applied Biosystems), which
has premixed TaqMan MGB probes and primers, 1× TaqMan
Universal Master MixII (Applied Biosystems), which has DNA po-
lymerase, dNTP, salt and buffer, and 2 µL of cDNA from reverse
transcription. Half-lives of mRNAs were determined by least
squares regression of each time point data set to a one-exponen-
tial decay equation (Chen et al. 2008).

Bromouridine metabolic labeling of RNA
and RNA-immunoprecipitation

Bromouridine (BrU) metabolic labeling of RNA and RNA-immuno-
precipitation (RNA-IP) followed a protocol modified from Paulsen
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et al. (2013) and Imamachi et al. (2014). Briefly, 7.5 × 106 U2OS
double-stable cells were seeded per 15-cm dish, with two dishes
for each time point. After overnight incubation, cells were pulse-
labeled for 2 h with 10 mM BrU (TCI Chemicals) and then cultured
in medium containing 20 mM uridine (Sigma-Aldrich). Cells for
the 0 h time point were harvested immediately, whereas cells
for the other time points were incubated at 37°C with 5% CO2

for an additional 0.5, 1, 2, 4, or 6 h before harvesting. In each
case, cytoplasmic RNA was extracted using the RNeasy Mini Kit
(Qiagen) following the manufacturer’s protocol. For BrU-RNA-IP,
20 µg of anti-BrU mAb (BD Pharmingen) and 250 µL of
Dynabeads Protein G slurry (Invitrogen) were first mixed and incu-
bated at 4°C overnight with gentle agitation. RNA sample (100
µg) was added to the antibody-Dynabeads mixture and agitated
at 4°C for 4 h before the BrU-RNA was eluted from the antibody-
Dynabeads complex using the RNeasyMini Kit clean-up protocol.
The final eluted BrU-RNA was in 50 µL of RNase-free ddH2O and
the concentration was measured using Quant-iT RiboGreen RNA
Assay Kit (Thermo Fisher Scientific). The BrU-RNA integrity and
lack of any significant rRNAs contamination were confirmed using
the Agilent Bioanalyzer 2100 and Agilent RNA 6000 Pico Kit
reagents.

RNA-sequencing and decay rate calculation across
the transcriptome

cDNA libraries were prepared from the BrU-RNA time-course
samples using the TruSeq Stranded Total RNA Kit (Illumina).
An aliquot of each of the libraries was analyzed on an Agilent
DNA 1000 chip (Agilent) to assess the size distribution. RNA se-
quencing (75 nt paired-end) was conducted on an Illumina Hi-
Seq 4000 (Sequencing and Microarray facility, MD Anderson
Cancer Center). Subsequent RNA-seq data processing and
RNA half-life calculations were done by TACGenomics. The re-
sulting 75 nt paired-end RNA-seq reads were first mapped to
the latest UCSC transcript set using Bowtie 2 version 2.1.0
(Langmead and Salzberg 2012) and the gene expression level
was estimated using RSEM v1.2.15 (Li 2011). We only consid-
ered genes with transcript expression levels ≥10 TPM
(Transcripts Per Million) in high-depth RNA-sequencing. The ex-
pression level of each transcript was normalized to that of the β-
actin (ACTB_NM_001101) transcript. RNA decay rates across the
transcriptome were calculated as described previously (Chen
et al. 2017) using a custom R script (Chen et al. 2018).
Transcripts whose half-life estimates could not be accurately de-
termined, as indicated by a high residual value (>0.5) for the
root-mean-square deviation (RMSD) between experimental and
fitted values, were filtered out. Supplemental Table S4 lists the
calculated half-lives of the final group of transcripts under
each treatment. The raw RNA-sequencing data have been
deposited in the Gene Expression Omnibus under accession
numbers GSE137170 and GSE149684.

In vitro kinase assay

In vitro kinase assays were perform by the Kinexus Bioinformatics.
Two 12-a.a. peptides synthesized by Kinexus for the assays:
Tob2–S254 WT peptide (APQSQLSPNAKK) was used as a phos-
phorylatable substrate and Tob2–S254A (APQSQLAPNAKK)

was used as a non-phosphorylatable control for background ki-
nase activities. Purified recombinant kinase proteins were tested.
Briefly, all kinase assays were performed at room temperature for
20–40 min depending on the kinase in a final reaction volume of
25 µL according to the following assay reaction recipe:
Component 1 includes 5 µL of diluted active protein kinase
(10–50 nM final protein conc in the assay); Component 2 includes
5 µL of assay solution of test substrate; Component 3 includes
10 µL of kinase assay buffer; Component 4 includes 5 µL of
[gamma-33P] ATP (250 µM stock solution, 0.8 µCi). The kinase as-
say was initiated by the addition of [gamma-33P] ATP and was ter-
minated by spotting 10 µL of the reaction mixture onto a
multiscreen phosphocellulose P81 plate. The multiscreen phos-
phocellulose P81 plate was washed three times for ∼15 min
each in a 1% phosphoric acid solution. The radioactivity on the
P81 plate was counted in the presence of scintillation fluid in a
Trilux scintillation counter.

Mass spectrometry

Cells expressing Tob2–V5 or Tob2–S254D–V5 protein were lysed
in co-IP lysis buffer (50 mM Tris pH 7.4, 15 mM NaCl, 1% NP-40,
1 mM EGTA, 10% glycerol, and 2% BSA) containing protease
and phosphatase inhibitors (2 mM sodium orthovanadate,
2 mM sodium pyrophosphate, 10 mM sodium fluoride, 1 mM
phenylmethylsulfonyl fluoride, 1× Complete Protease Inhibitor
[Roche], and 1× Phosphatase Inhibitor Cocktail 3 [Sigma-
Aldrich]). RNA was digested with RNase A (Sigma-Aldrich). After
centrifugation to remove cellular debris, each lysate was adjusted
to 0.5 mg/mL protein and precleared with anti-HA agarose beads
(Sigma-Aldrich). Anti-V5 agarose beads (Sigma-Aldrich) were pre-
blockedwith the co-IP lysis buffer overnight before adding to pre-
cleared lysate for immuno-precipitation. Interactions between the
anti-V5 beads and Tob2–V5 or Tob2–S254D–V5 proteins were
disrupted with V5 peptide elution buffer (0.4 mg/ml V5 peptide
[Sigma-Aldrich]) in 25 mM Tris pH 7.4, 100 mM NaCl, and
0.05% Triton X-100. The eluted proteins were concentrated
with a 10 kDa cut-off centrifugal filter (Amicon) before SDS-
PAGE electrophoresis. Gel bands containing proteins of interest
were excised, digested, and analyzed by microcapillary LC/MS/
MS (Taplin Mass Spectrometry Facility, Harvard Medical
School). Peptide sequences and protein identities were deter-
mined bymatching protein databases with the acquired fragmen-
tation pattern using Sequest software (Thermo Fisher Scientific)
(Eng et al. 1994). All databases include a reversed version of all
the sequences, and the peptide data were filtered to a 1%–2%
false discovery rate. The final group of qualified proteins found
to be coimmunoprecipitated in the control, Tob2–V5 or Tob2–
S254D–V5 samples are listed in Supplemental Table S3.

The MS2–Tob2–V5 fusion protein was used for mass-spec
phospho-site mapping. The MS2 tag encoding an RNA-binding
domain from MS2 phage increases the molecular mass of
Tob2–V5 by ∼20 kDa and helps the separation of MS2–Tob2–
V5 from the IgG heavy-chain during gel electrophoresis, thus sim-
plifying subsequent mass-spec analysis. Two sets of phospho-site
assignment scores, Ascore andModScore (Beausoleil et al. 2006),
were used to localize the phosphate(s) present in individual Tob2
peptides (Supplemental Table S1), with the threshold for confi-
dent assignment set at >13.
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Cell proliferation and clonogenic assays

Proliferation assays used a CyQUANT Cell Proliferation Kit
(Invitrogen) and followed the manufacturer’s protocol. For each
assay, eight replicate aliquots of 100 µL medium containing 1×
103 cells were pipetted on a 96-well plate (Corning).
Fluorescence intensities were measured with an Infinite 200
PRO plate reader (Tecan). For clonogenic assay, duplicate ali-
quots of 2×103, 5× 103 or 1× 104 cells were seeded with 3 mL
of medium in six-well plates. The medium was changed every
4 d for a period of 12 d of incubation. On day 12, crystal violet
(0.05% w/v) staining was performed and capture of images was
done using a Leica DMI 400B inverted light microscope system.
Phase-contrast images were captured prior to crystal violet
staining.

Statistical analysis

For western blot analyses, cell growth assays and cumulative frac-
tion plots, all grouped data are presented as mean±SD.
Student’s t-test was used to determine statistical significance be-
tween groups. When exact P values are not indicated, they are
represented as follows: (∗) P<0.05, (∗∗) P<0.01, (∗∗∗) P<0.001,
(∗∗∗∗) P<0.0001, (n.s.) P>0.05.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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